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EXECUTIVE SUMMARY

The objective of this research was to experimentally and theoretically investigate the
radiation-induced extinction of gaseous diffusion flames in ug. The pg conditions were required
because radiation-induced extinction is generally not possible in /-g but is highly likely in ug.
In I-g, the flame-generated particulates (e.g. soot) and gaseous combustion products that are
responsible for flame radiation, are swept away from the high temperature reaction zone by the
buoyancy-induced flow and a steady state is developed. In ug, however, the absence of
buoyancy-induced flow which transports the fuel and the oxidizer to the combustion zone and
removes the hot combustion products from it enhances the flame radiation due to: (i) transient
build-up of the combustion products in the flame zone which increases the gas radiation, and (ii)
longer residence time makes conditions appropriate for substantial amounts of soot to form which
is usually responsible for most of the radiative heat loss. Numerical calculations conducted
during the course of this work show that even non-radiative flames continue to become "weaker"”
(diminished burning rate per unit flame area) due to reduced rates of convective & diffusive
transport. Thus, it was anticipated that radiative heat loss may eventually extinguish the already
"weak" pg diffusion flame. While this hypothesis appears convincing and our numerical
calculations support it, experiments for a long enough ug time could not be conducted during the
course of this research to provide an experimental proof. Space shuttle experiments on candle
flames [Dietrich, Ross and T’ien, 1995] show that in an infinite ambient atmosphere, the
hemispherical candle flame in g will burn indefinitely. It was hoped that radiative extinction
can be experimentally shown by the aerodynamically stabilized gaseous diffusion flames where
the fuel supply rate was externally controlled. While substantial progress toward this goal was
made during this project, identifying the experimental conditions for which radiative extinction
occurs, for various fuels, requires further study.

To investigate radiation-induced extinction, spherical geometry was used for the ug
experiments for the following reasons: (i) It reduces the complexity by making the problem one-
dimensional. Thus, it is convenient for both experimental measurements and theoretical
modeling. (ii) The spherical diffusion flame completely encloses the soot which is formed on the
fuel rich side of the reaction zone. This increases the importance of flame radiation because now
both soot and gaseous combustion products co-exist inside the high temperature spherical
diffusion flame. It also increases the possibility of radiative extinction due to soot crossing the
high temperature reaction zone. (iii) For small fuel injection velocities, as is usually the case for
a pyrolyzing solid, the diffusion controlled flame in ug around the pyrolyzing solid naturally
develops spherical symmetry. Thus, spherical diffusion flames are of interest to fires in pyg and
identifying conditions (ambient atmosphere, fuel flow rate, fuel type, fuel additives, etc.) where
radiation-induced extinction occurs was considered important for spacecraft fire safety.

During the course of this research, it was also found that the absence of buoyant flows
in g and the resulting long reactant residence times significantly change the thermochemical
environment and hence the flame chemistry. Thus, for realistic theoretical models, knowledge
of the formation and oxidation rates of soot and other combustion products in the thermochemical
environment existing under pg conditions was essential. This requires detailed optical and gas
chromatographic measurements that are not easily possible under pg conditions. Thus,
supplementary /-g experiments with detailed chemical measurements were conducted. The



spherical burner, however, was not suitable for these detailed /-g experiments due to the complex
buoyancy-induced flow field generated around it. Thus, a one-dimensional counterflow diffusion
flame was used. At low strain rates, with the diffusion flame on the fuel side of the stagnation
plane, conditions similar to the ug case are created -- soot is again forced through the high
temperature reaction zone. Furthermore, high concentration of combustion products in the
sooting zone can be easily obtained by adding appropriate amounts of CO, and H,0 to the fuel
and/or the oxidizer streams. These I-g experiments were used to support the development of
detailed chemistry transient models that include soot formation and oxidation for both ug and /-g
cases.

To understand the radiative-extinction process and to explain the experimental results,
transient numerical models for both ug and I-g cases were developed. These models include
simplified one-step chemistry and gas radiation. Soot formation and oxidation and soot radiation
was included only for the transient /-g case along with the simplified one-step chemistry. Within
the assumptions, both the ug and /-g models predicted radiative extinction of diffusion flames
due to gas radiation. While this was very encouraging, detailed chemistry and transport
properties need to be included in these models. This was done only for the I-g steady-state
counterflow diffusion flame both with & without enhanced H,O concentrations. The I-g
experiments were particularly important for validating these models because for cases where
flame extinction does not occur, a steady state is predicted. This steady-state condition was
directly compared with the detailed experimental measurements.

The research conducted during the course of this project was published in the following
articles:

1. Atreya, A, Wichman, I, Guenther, M., Ray, A. and Agrawal, S. "An Experimental and

Theoretical Study of Radiative Extinction of Diffusion Flames," Second International

Microgravity Combustion Workshop, Cleveland, OH, NASA Conference Publication 10113,

September, 1992.

Atreya, A. and Agrawal, S. "Effect of Radiative Heat Loss on Diffusion Flames in Quiescent

Microgravity Atmosphere,” Annual Conference on Fire Research, NIST, October, 1993.

3. Atreya, A., and Agrawal, S., "Extinction of Moving Diffusion Flames in a Quiescent
Microgravity Environment due to COy/H,0/Soot Radiative Heat Losses," First ISHMT-ASME
Heat and Mass Transfer Conference, 1994.

4. Atreya, A, Agrawal, S., Sacksteder, K., and Baum, H., "Observations of Methane and Ethylene

Diffusion Flames Stabilized around a Blowing Porous Sphere under Microgravity Conditions,”

AJAA paper # 94-0572, 1994.

Atreya, A., Agrawal, S., Shamim, T, Pickett, K., Sacksteder, K. R. and Baum, H. R. "Radiant

Extinction of Gaseous Diffusion Flames," 3rd International Microgravity Conference, April,

1995.

6. Pickett, K., Atreya, A., Agrawal, S., and Sacksteder, K., “Radiation from Unsteady Spherical
Diffusion Flames in Microgravity,” AIAA paper # 95-0148, January 1995.

7. Atreya, A. and Agrawal, S., "Effect of Radiative Heat Loss on Diffusion Flames in Quiescent
Microgravity Atmosphere,” Combustion & Flame, (accepted for publication), 1995.

8. Arreya, A., Agrawal, S., Sacksteder, K. R., and Baum, H. R. "Unsteady Gaseous Spherical
Diffusion Flames in Microgravity - Part A: Expansion Rate” being prepared for submission
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RESEARCH RESULTS

1. INTRODUCTION AND OBJECTIVES

The absence of buoyancy-induced flows in ug and the resulting increase in the reactant
residence time significantly alters the fundamentals of many combustion processes. Substantial
differences between I-g and pg flames have been reported in experiments on candle flames (1,
2], flame spread over solids [3, 4], droplet combustion {3, 6] and others. These differences are
more basic than just in the visible flame shape. Longer residence times and higher concentration
of combustion products in the flame zone create a thermochemical environment which changes
the flame chemistry and the heat and mass transfer processes. Processes such as flame radiation
(and its interaction with the flame chemistry), that are often ignored under normal gravity,
become very important and sometimes even controlling. This is particularly true for conditions
at extinction of a ug diffusion flame. As an example, consider the droplet burning problem. The
visible flame shape is spherical under pg versus a teardrop shape under I-g. Since most models
of droplet combustion utilize spherical symmetry, excellent agreement with the experiments is
anticipated. However, ug experiments show that a soot shell is formed between the flame and
the evaporating droplet of a sooty fuel [5, 6]. This soot shell alters the heat and mass transfer
between the droplet and its flame resulting in significant changes in the burning rate and the
propensity for flame extinction.

Under I-g, the buoyancy-generated flow, which may be characterized by the strain rate,
assists the diffusion process to transport the fuel and the oxidizer to the combustion zone and
remove the hot combustion products from it. These are essential functions for the survival of
the flame which needs fuel and oxidizer. Numerical calculations [7] show that even flames with
no heat loss become "weak" (diminished burning rate per unit flame area) in the absence of flow
or zero strain rate. Thus, as the strain rate (or the flow rate) is increased, the diffusion flame
which is "weak" at low strain rates is initially “strengthened” and eventually it may be "blown-
out." The computed flammability boundaries show that such a reversal in material flammability
occurs at strain rates around 5 sec’! [8]. Also, model calculations of zero strain rate transient
diffusion flames show that even gas radiation is sufficient to extinguish the tlame [7]. Yet, the
literature substantially lacks a systematic study of low strain rate, radiation-induced, extincuon
of diffusion flames. Experimentally, this can only be accomplished under microgravity

conditions.

The lack of buoyant flow in ug also enhances the flame radiation due to: (i) build-up of
combustion products in the flame zone which increases the gas radiation, and (ii) longer residence
times make conditions appropriate for substantial amounts of soot to form which is usually
responsible for most of the radiative heat loss. Thus, it is anticipated that radiative heat loss may
eventually extinguish the already "weak" ug diffusion flame. While this is a convincing
hypothesis, space shuttle experiments on candle flames show that in an infinite ambient
atmosphere, the hemispherical candle flame in g will bumn indefinitely [1]. It was our goal to
experimentally and theoretically find conditions under which radiative extinction occurs for
aerodynamically stabilized gaseous diffusion flames. Identifying these conditions (ambient
atmosphere, fuel flow rate, fuel type, fuel additives, etc.) is important for spacecraft fire safety.
Thus, the objective of this research was to experimentally and theoretically investigate the
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radiation-induced extinction of gaseous diffusion flames in ug and determine the effect of flame
radiation on the "weak" ug diffusion flame. Scientifically, this requires understanding the
interaction of flame radiation with flame chemistry.

To experimentally investigate radiation-induced extinction, spherical geometry was used for
pg for the following reasons: (i) It reduces the complexity by making the problem one-
dimensional. Thus, it is convenient for both experimental measurements and theoretical
modeling. (ii) The spherical diffusion flame completely encloses the soot which is formed on the
fuel rich side of the reaction zone. This increases the importance of flame radiation because now
both soot and gaseous combustion products co-exist inside the high temperature spherical
diffusion flame. It also increases the possibility of radiative extinction due to soot crossing the
high temperature reaction zone. (iii) For small fuel injection velocities, as is usually the case for
a pyrolyzing solid, the diffusion controlled flame in pg around the pyrolyzing solid naturally
develops spherical symmetry. Thus, spherical diffusion flames are of interest to fires in ug.

To theoretically investigate the radiation-induced extinction limits, knowledge of the rates of
production and destruction of soot and other combustion products in the thermochemical
environment existing under pg conditions is essential. This requires detailed optical and gas
chromatographic measurements that are not easily possible under pg conditions. Thus,
supplementary I-g experiments with detailed chemical measurements were conducted. The
spherical burner, however, is not suitable for these detailed /-g experiments due to the complex
buoyancy-induced flow field generated around it. Thus, a one-dimensional counterflow diffusion
flame was used. At low strain rates, with the diffusion flame on the fuel side of the stagnation
plane, conditions similar to the ug case are created -- soot is again forced through the high
temperature reaction zone. Furthermore, high concentration of combustion products in the
sooting zone was easily obtained by adding appropriate amounts of CO, and H,O to the fuel
and/or the oxidizer streams. These /-g experiments supported the development of detailed
chemistry transient models for both ug and /-g cases. Interestingly, understanding the effect of
increased concentration of combustion products on sooting diffusion flames is also important for
several 1-g applications. For example, many furnaces and engines use exhaust gas recirculation
for pollutant control. Similarly, oxidizing soot by forcing it through the reaction zone is an
excellent method of controlling soot emissions, if the flame is not extinguished. The effect of
increased water vapor concentration on sooty diffusion flames is also important for water mist
fire suppression technology. Thus, the fundamental knowledge generated during this research
has wide spread -g applications in addition to helping develop a fire safe pg environment.

2. PREVIOUS RESEARCH

An extensive review on ug combustion has recently been published by Law and Faeth [9].
Thus, only relevant aspects are summarized here. In the literature, propagation and extinction
of premixed flames (both under pg and 1-g conditions) has received much more attention than
diffusion flames. Some excellent work on premixed flames may be found in references [9-14].
Relatively fewer studies on mechanisms of diffusion flame extinction are available [8, 15-20].
Of these, even fewer have included flame radiation as the extinction mechanism [19, 20]. This
is not surprising, because under /-8 conditions flame radiation does not extinguish diffusion
flames. Even in very sooty diffusion flames, the excess particulates are simply ejected from the



flame tip (where it is locally extinguished) and convected away by the buoyant flow field.
Typically, in /-g, extinction is caused by high strain rates generated by buoyant or forced flows
and has been a subject of numerous studies (see for e.g., [21]). However, in g, strain rates are
very low and excess flame-generated particles and products of combustion become efficient
radiators of chemical energy and may cause radiative-extinction. To the best of author’s
knowledge, to-date there is no systematic study of the radiative-extinction hvpothesis; although
numerical models supporting it have recently been presented [7, 22-25]. Much related work in
this area is currently underway by Drs. T. Kashiwagi, H. Baum, J. T'ein, H. Ross, K. Sacksteder,
E. Willams, C. Law, G. M. Faeth, C. Avedisian, S. Bhattacharjee and R. Altenkirch. Their work
is described in Refs. [9, 26-28] and the references cited therein. In summary: Combustion
research prior to this work had focused primarily on problems that may be characterized by
moderate to high strain rates. Combustion products do not accumulate near the reaction zone
at these strain rates and soot is not produced in significant quantities. Thus, flame radiation was
Jjustifiably ignored and few studies that investigate the effect of flame radiation on extinction are
available in the literature. Furthermore, low strain rates available under ug conditions, open
a much less investigated fundamental branch of combustion science, i.e., - understanding the
interaction of flame radiation with flame chemistry in addition to the limit phenomenon of
radiation-induced flame extinction.

Counterflow diffusion flames (used in the I-g supporting experiments) have been extensively
used in the past to study the extinction phenomena due to high strain rates and inert gas dilution
(Tsuji, Sheshadri, Law and others, see for e.g. [29-31]). However, despite their obvious 1-D
advantages, they have rarely been used to study particulate formation in flames and have never
been used to investigate radiative extinction at low strain rates. The primary reason for this is
that particulate formation is associated with long residence times - or low strain rates - and such
flames are very difficult to stabilize under /-g conditions. The buoyant high-temperature gases
in the combustion zone alter the flow field until the ideal counterflow ceases to exist. To
overcome the buoyancy effect, flow rates of fuel and oxidizer are increased, which in tum
reduces the residence times and the particulate formation rate. Thus, despite the obvious
advantage of 1-D species and temperature fields, many investigators have been forced to use
more complicated co-flow or Parker-Wolfhard bumers to study soot formation rates. We
designed a special low-strain-rate, high-temperature and controlled composition, 1-D counterflow
diffusion flame burner to enable reproducing the thermochemical environment present under (g
conditions and to measure the thermal, chemical and sooting structure of radiating diffusion

flames.

3. EXPERIMENTAL APPARATUS

Microgravity Experiments
The pg experiments were conducted in the 2.2 sec drop tower at the NASA Lewis

Research Center. The experimental drop-rig used is shown in Figure l. It consists of a test
chamber, burner, igniter, gas cylinders, solenoid and metering valves, thermocouples with signal
processors, photodiodes with electronics, video camera, computer and batteries to power the
computer and the solenoid valves. The spherical bumner (1.9 cm in diameter) was constructed
from a porous ceramic material. Two gas cylinders (150 cc & 500 cc) charged with various
gases between 15 to 45 psig were used to supply the fuel to the porous spherical burmer. Typical
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gas flow rates used were in the range of 3-25 cm?/s. Flow rates to the burner were controlled
by a needle valve and a gas solenoid valve was used to open and close the gas line to the bumer
upon computer command. An igniter was used to establish a diffusion flame. After ignition the
igniter was quickly retracted from the burner and secured in a catching mechanism by a
computer-controlled rotary solenoid. This was necessary for two reasons (i) The igniter provides
a heat sink and will quench the flame (ii) Upon impact with the ground (after 2.2 sec) the
vibrating igniter may damage the porous burner.

As shown in the figure, the test chamber has a 5" diameter Lexan window which enables
the camera to photograph the spherical diffusion flame. The flame growth was recorded either
by a 16mm color movie camera or by a color CCD camera which was connected to a video
recorder by a fiber-optic cable during the drop. Since the flow may change with time, it was
calibrated for various settings of the needle valve for all gases. A soap bubble flow meter was
used for this purpose. An in-line pressure transducer was used to obtain the transient flow rates.
Changes in the cylinder pressure during the experiment along with the pressure-flow rate
calibration, provides the transient volumetric flow rates. However, the flow rates during the
experiments were found to be nearly constant.

Ground-Based Counterflow Diffusion Flame Experiments

The I-g ground-based supporting experiments were performed in the counterflow diffusion
flame apparatus schematically shown in Figure 2 (for further details see Ref.[32-34]). In this
apparatus, an axis-symmetric diffusion flame was stabilized between the two preheated fuel and
oxidizer streams in a specially-constructed ceramic burner. Two streams of gases which can be
electrically preheated impinge against each other to form a stable stagnation plane, which lies
approximately at the center of the bumer gap. Upon ignition, a flat axis-symmetric diffusion
flame roughly 8cm in diameter was established above the stagnation plane. All measurements
are taken along the axial streamline. Co-flowing nitrogen was introduced along the outer edge
of the bumer to eliminate oxidizer entrainment and to extinguish the flame in the outer jacket.
Methane, ethylene, oxygen, nitrogen, helium and carbon dioxide used during the experiments are
obtained from chemical purity gas cylinders and their flow rates are measured using calibrated
critical flow orifices. Water vapor was generated by passing a stream of inert gas (helium or
nitrogen) through a distilled water saturater maintained at a specified temperature. To determine
the detailed diffusion flame structure, very low strain rates (= 6-8 sec’) were employed in order
to increase the reactant residence time as much as possible and thus obtain a thick reaction zone
convenient for measurements. The inert gases in the fuel and/or oxidizer streams were also
substituted by various amounts of CO, and H,0O to simulate increased concentration of
combustion products in the reaction zone. Experimental measurements consisted of: (1)
temperature profile, (ii) profiles of stable gases, light hydrocarbons (up to benzene) and PAH,
(iii) profiles of laser light scattering, extinction, and fluorescence across the flame, (iv) Laser
induced fluorescence for OH profile measurements, and (v) spatially resolved spectral radiative

emission profiles.

As shown in the figure, is a beam of argon-ion laser operating at 350/514/1090nm. This
beam was modulated by a mechanical chopper and then directed by a collimating lens to the
center of the burmer. This beam was used for classical light scattering and extinction
measurements. A photomultiplier tube and a photodiode were used to detect the scattered and
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transmitted signals respectively. These signals are processed by a lock-in amplifier interfaced
with a microcomputer. The extinction coefficient was experimentally corrected for gas absorption
by subtracting the extinction coefficient of a reference flame. This reference flame is carefully
chosen by slightly reducing the fuel and the oxidizer concentrations such that soot scattering is
reduced to less than 0.5% of the original flame. Emission from soot particles was not observed
from this blue-yellow "scattering limit" flame. Laser-induced broadband fluorescence (LIF)
measurement were made by operating the laser at 350/488nm and detecting the fluorescence
intensity at 514+10nm. This signal was taken proportional to the PAH concentration. In the
subsequent data reduction, the soot aerosol was assumed monodispersed with a complex
cefractive index of 1.57-0.56i. OH measurements were made by using a pulsed UV laser to
excite the molecules and detecting the fluorescence by an ICCD spectrograph. This spectrograph
was also used to make spatially'resolved measurements of radiative emission.

Temperatures were measured by 0.076mm diameter PtUPt-10%Rh thermocouples. The
thermocouples were coated with Si0, to prevent possible catalytic reactions on the platinum
surface. They were traversed across the flame in the direction of decreasing temperature at a rate
fast enough to avoid soot deposition and slow enough to obtain negligible transient corrections.
For radiation corrections, separate experiments were performed to determine the emissivity of the
SiO, coating as a function of temperature. The maximum radiation correction was found to be
150K. The temiperature measurements were repeatable to within +25K. Chemical species
concentrations in the flame were obtained by an uncooled quartz microprobe and a gas
chromatograph. A 70 pm sampling probe was used for most of the analysis except for the
heavily sooting flame where a larger (90 pm) probe was used. This probe was positioned radially
along the streamlines to minimize the flow disturbance. Concentrations of stable gases (H,, CO,,
0,, N,, CH,, CO and H,0), light hydrocarbons (up to C,) and PAH were measured. This data
was reduced via. a model to obtain the production and destruction rates of various species.

4. RESEARCH RESULTS

As discussed above, radiation-induced extinction was investigated in pg using spherical
diffusion flames and the supporting /-g experiments were conducted using counterflow diffusion
flames. The purpose of the supporting /-g experiments was to quantify the detailed thermal,
chemical and sooting structure of low strain rate radiative diffusion flames in the thermochemical
environment encountered under g conditions. The data from /-g experiments was needed for
the development of detailed chemistry transient models for both ug and I-g cases. In this
section, first a theoretical formulation for transient radiative diffusion flames is discussed to show
the relationship between I-g and pg parts of the study. Next, progress on the ug experiments is
described followed by the progress on the /-g experiments. Several papers have been published
during the course of this research. These are presented in the Appendices.

4.1  Transient Radiative Diffusion Flames

Since we are interested in radiative-extinction and the processes that induce it, the theoretical
formulation must be transient. Also, eventually detailed chemistry and transport properties must
be included to better understand the interaction between radiation and chemistry that leads to the
limit phenomenon of radiative extinction. To this end, we are linking the Sandia Chemkin code

10



with our transient programs. The steady-state version of the Sandia Chemkin code with detailed
chemistry and transport properties has been successfully implemented (see Appendices). For the
transient problem, however, initially the simplest case with constant pressure ideal gas reactions
& Le=1 is considered. Also, an overall one-step reaction was assumed. This is represented by:
N-2
V. F +v,0 — E v.P; with q°, the standard heat of reaction, given by:
il
N-2
g° =hiM.v, + hoM,v, - E h°Myv, and Q = q°/M;V; is the heat released per unit mass of
i=l
fuel. Within these assumptions, we may write the following governing equations for any
geometrical configuration (spherical or counterflow) [14]. Numerical solution of these equations
for the transient counterflow case is presented in the Appendices.

Mass Conservation: %? +V{p" =0 (1)
. . Y, _- o = 5
Species Conservation: P +pVVY,-V{pDVY) =w, (2)
. oh* S I S _ 0 S /= . -
Energy Conservation: pZ_ + p¥ VR -V(pDVA") =~ h;w,-V«{3,) - Q5 (3
i
Ideal Gas: pT=p_T. 4

Here, the symbols have their usual definitions with p = density, T = temperature, v =
velocity, Y, = mass fraction of species i, h* = sensible enthalpy, w; = mass production or
destruction rate per unit volume of species i and D = diffusion coefficient. The last three terms
in Equ (3) respectively are: the chemical heat release rate due to gas phase combustion, the
radiative heat loss rate per unit volume and the chemical heat released due to soot oxidation. The
above equations, however, are insufficient for our problem because soot volume fraction must
be known as a function of space and time to determine the radiative heat loss. To enable
describing soot in a simple manner [Note: initially, a very simple soot model was considered],

we define the mass fraction of atomic constituents as follows: =2, (Mj\'{/ M)Y,  where M, is the
i

molecular weight of species i, M; is the atomic weight of atom j and v} is the number of atoms
of kind j in specie i. Assuming that the only atomic constituents present in the hydrocarbon
flame are C, H, O & Inert and with Y, = ® = p, {, /p (where: p= soot density & f,= soot

volume fraction), we obtain: &, + &y + o + &, + pfifp =1 . Defining & + & = & and Z;
= E¢/Ye., we obtain Z=[(€ppZ+ p.fJ e} as the conserved scalar for a sooty flame. This yields
the following soot conservation equation:

Soot Conservation: p%?— +p7 V(@) - V{pD (@) =17 -rs = 1, (3)

The corresponding fuel equation becomes:

11



. . .
Fuel Conservation:  p—2 +p¥V(Z,)-V{pDV(Z,)] = - 1 (g ) = - M et (6)
at YF«: 4 4 YF,,

The oxygen conservation equation for Z, defined as Zg = £/Y,.. is obtained as:

. Z, ...
Oxygen Conservation: P~ +pVV(Z) -V{pDV(Z)] =0 (7

Under conditions of small soot loading, the soot terms in the energy and the fuel conservation
equations (3) & (6), may be ignored. Thus, Equ.(6) may be considered homogeneous to a good
approximation and becomes similar to Equ. (7). Thus, @ calculated from the soot equation can
be used to determine the radiative heat loss term in the energy equation.

The above formulation requires a description of soot formation (n‘zs"; ) and oxidation (n'zg"; )

terms. To experimentally determine these terms, measurements of soot volume fraction, soot
number density, temperature, velocity and species profiles were needed. These measurements
were not possible under yg conditions. Thus, a supporting /-g experiment that can determine
these terms in an enhanced combustion products environment (simulated ug) was used. The most
convenient /-g experimental configuration is one that simplifies the above PDE’s to ODE’s. One

such flame configuration is the counterflow diffusion flame which was used to determinerfz;".

andn‘z;; . [The counterflow diffusion flame apparatus used for these experiments had the

following additional advantages: (i) Its special construction enabled obtaining strain rates as low
as 6 sec’’. This increases the reactant residence time and yields a thick reaction zone convenient
for determining the detailed thermal, chemical and sooting structure of the diffusion flame. (ii)
The reactants were preheated and the desired mixture with combustion products was created to
match the ug thermochemical environment. (i) The optical and gas chromatographic equipment
was used to make spatially resolved profile measurements of: temperature; stable gases; light
hydrocarbons (up to benzene); PAH; laser light scattering and extinction for soot; laser induced
fluorescence for OH & PAH; and spectral radiative emission. These flame structure
measurements are presented in the Appendices and were used for developing detailed chemistry
models for /-g and ug cases. (iv) Some flames were also established on the fuel side of the
stagnation plane. This enables soot to oxidize as it approaches the reaction zone and makes the

flames very radiative.]

4.2 Progress on ug Experiments
(A spherical diffusion flame supported by a low heat capacity porous gas burner)

Significant progress has been made on both experimental and theoretical parts of the ug
research despite the fact that radiative extinction could not be experimentally proven due to short
pg times. The accomplishments are briefly summarized below and the papers are presented in
the Appendices:
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1. Atreya, A, Agrawal, S., Sacksteder, K., and Baum, H., "Observations of Methane and Ethylene
Diffusion Flames Stabilized around a Blowing Porous Sphere under Microgravity Conditions,”
AIAA paper # 94-0572, 1994. APPENDIX B

2. Pickern, K., Atreya, A., Agrawal, S., and Sacksteder, K., "Radiation from Unsteady Spherical
Diffusion Flames in Microgravity,” AIAA paper # 95-0148, January 1995. APPENDIX C

3. Atreya, A., Agrawal, S., Shamim, T., Pickett, K., Sacksteder, K. R. and Baum, H. R. "Radiant
Extinction of Gaseous Diffusion Flames," 3rd International Microgravity Conference, April,
1995. APPENDIX D

4. Atreya, A., Agrawal, S., Sacksteder, K. R., and Baum, H. R. "Unsteady Gaseous Spherical
Diffusion Flames in Microgravity - Part A: Expansion Rate" being prepared for submission
to Combustion and Flame.

5. Atreya, A., Agrawal, S., Pickett, K., Sacksteder, K. R., and Baum, H. R. "Unsteady Gaseous
Spherical Diffusion Flames in Microgravity - Part B: Radiation, Temperature and Extinction"
being prepared for submission to Combustion and Flame.

The above experimental and theoretical work is briefly described below:

ug Experimental Work: The pg experiments were conducted in the 2.2 sec drop tower at the
NASA Lewis Research Center. A low heat capacity porous spherical burner was used to produce
an aerodynamically stabilized gaseous spherical diffusion flame [It is important to note that such
flames are very difficult to obtain even in pg and considerable time and effort was devoted
toward obtaining these flames]. Several pg experiments under ambient pressure and oxygen
concentration conditions, were performed with methane (less sooty), ethylene (sooty), and
acetylene (very sooty) for flow rates ranging from 4 to 28 cm’s. Two ignition methods were
used for these experiments: (i) The bumer was ignited in /-g with the desired fuel flow rate and
the package was dropped within one second after ignition. This method is suitable only for very
low flow rates. (ii) The burner was ignited in /-g with the lowest possible flow rate (~2.5 cm’/s)
to make a very small flame and create the smallest possible disturbance. The flow was then
switched to the desired flow rate in ug just after the commencement of the drop. However, in
all the experiments with different fuels and flow rates, radiative extinction was not observed. It
appears that longer pg time may be required. The following measurements were made during
the ug experiments:

1. The flame radius was measured from photographs taken by a color CCD camera. Image
processing was used to determine both the flame radius and the relative image intensity.
A typical sequence of photographs is shown in Appendices B & C.

2. The flame radiation was measured by three photodiodes with different spectral
absorptivities. The first photodiode essentially measures the blue & green radiation, the
second photodiode captures the yellow, red & near infra-red radiation, and the third
photodiode is for infra-red radiation from 0.8 to 1.8 um. Results of these measurements
are presented in Appendices C & D.

3. The flame temperature was measured by two S-type thermocouples and the sphere surface
temperature was measured by a K-type thermocouple. In both cases 0.003" diameter wire
was used. The measured temperatures were later corrected for time response and
radiation. The temperature results are also presented in Appendices C & D.
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It was interesting to note that for all fuels (methane, ethylene and acetylene), initially the
flame is blue (non-sooty) but becomes bright yellow (sooty) under ug conditions (see the
progressive flame growth for methane in Appendix B). Later, as the ug ume progresses, the
flame grows in size and becomes orange and less luminous and the soot luminosity seems 10
disappear. A possible explanation for this observed behavior is suggested by the theoretical
calculations of Refs. [7, 24 & Appendix E]. As can be seen from Fig. 6 of Appendix E, the soot
volume fraction first quickly increases and later decreases as the local concentration of
combustion products increases. Essentially, further soot formation is inhibited by the increase
in the local concentration of the combustion products and soot oxidation is enhanced [Refs. 32-
35]. Also, the high temperature reaction zone moves away from the existing soot leaving behind
a relatively cold (non-luminous) soot shell (soot-shell was visible for ethylene flames). Thus, at
the onset of pg conditions, initially a lot of soot is formed in the vicinity of the flame front
resulting in bright yellow emission. As the flame grows, several events reduce the flame
luminosity: (i) The high concentration of combustion products left behind by the flame front
inhibits the formation of new soot and promotes soot oxidation. (ii) The primary reaction zone,
seeking oxygen, moves away from the soot region and the soot is pushed toward cooler regions
by thermophoresis. Both these effects increase the distance between the soot layer and the
reaction zone. (iii) The dilution and radiative heat losses caused by the increase in the
concentration of the combustion products reduces the flame temperature which in turn reduces
the soot formatién rate and the flame luminosity.

It was further observed that, for the same fuel flow rate, methane flames eventually
become blue (non-sooty) in approximately one second, ethylene flames became blue toward the
end of the ug time (i.e. ~2 sec) while acetylene flames remained luminous yellow throughout the
2.2 sec pg time (although the intensity was significantly reduced as seen by the photodiode
measurements in Figure 2). This is because of the higher sooting tendency of acetylene which
enables soot formation to persist for a longer time. Thus, acetylene soot remains closer to the
high temperature reaction zone for a longer time making the average soot temperature higher and
the distance between the soot and the reaction layers smaller. Eventually, as is evident from
Figure 2, even the acetylene flames will become blue in pg. From Figure 2 we note that the
peak infrared, visible and UV radiation intensities occur at about 0.1 sec which almost
corresponds to the location of the first thermocouple whose output is plotted in Figures 3 & 4
as Tgas(l). From the temperature measurements presented in Figures 3 & 4, we note that: (i)
The flame radiation significantly reduces the flame temperature (compare the peaks of the second
thermocouple [Tgas(2)] with those of the first [Tgas(l)] for both ethylene and acetylene) by
approximately 300K for ethylene and 500K for acetylene. (In fact, the acetylene flame seems to
be close to extinction at this instant.) (i) The temperature of the acetylene flame is about 200K
lower than the ethylene flame at the first thermocouple location. (iii) The final gas temperature
is also about 100K lower for the acetylene flame, which is consistent with larger radiative heat
loss. Thus, it seems that a higher fuel flow rate and/or a sootier fuel and/or an enhanced CO,
& H,O atmosphere will radiatively extinguish the flame.

The data from the photodiodes was further reduced to obtain the total soot mass and the
average temperature of the soot layer. This is plotted in Figures 5 & 6. These figures show that
the average acetylene soot shell temperature is higher than the average ethylene soot shell
temperature. The total soot mass produced by acetylene peaks at 0.2 seconds which corresponds

14



(w12) snipuy vy

Time (sec)

Figure 2

Acetylenc Experiment #76

Incident Radiation Measured by Photodiodes

0.01 0.02

Q
v

3

Flame Radius for Methane

(1w2) sNIpEY AW

Temperatures for Acetylene {expt# 73, 75, 76]

2000

Temperatures for Ethylene {expt# 93, 95, 96]

2000

g g 3
] T M
Mswmmw__ __ 3 ~
SR
MT - MWT “ m
. .ix_!m.-"... LR .
! _ i
| 1/ n
i i i
.m. .ﬁllllx NS S0/ SO —
b I
I
1 s
J.
1 o
g g g

U:.n_EoMooatam ..:o:.mm % 51D

- 1300

“’ ~
Iy
pe-H 2
P
Boaeed 4]~
E

$

TIME (sec)

Ficure 4

TIME (sec)

perature for Acetylene

-
<

Soot Mass & T:

ioure 3

i
Soot Mass & 'Igmﬁerarurc for Ethylenc

(o) aammaaduia g 1005

2
il § g o
V HIKDS : * P H
t i 1 ‘o
1 o
m o
VNS JEN. § [ SIS S
I A
] 1%, 9 i
' (N '
] N ]
| <] ¢ ' "
i b A )
Shainbel St -r band tulnints Riminked siubehty'
1 o i
‘.
: i
; .
P S, S YO f..»nw...ﬂul--hluiu.;
- -
RRER AR 15 ] ﬁa.n
| 1
o Dl
T o T .w A |||,.vxe. ﬁ“uuu T
I | oo ! ]
] i e .,.* ‘
. ' °¥
DU LRI N S O B B
- ] © < Y
o Q o o

(dw1) ssmpy Joog§ [MO],

(o) ammaduia |, 100§

04

02

TIME (sec)

TIME (sec)

Figure 6

gure 5

i



to the peak of the first thermocouple [Tgas(1)], explaining the large drop in temperature. Also,
the acetylene soot shell is cooling more slowly than the ethylene soot shell which is consistent
with the above discussion regarding the photographic observations. Thus, for ethylene the
reaction layer is moving away faster from the soot layer than for acetylene. This is also
consistent with the fact that ethylene soot mass becomes nearly constant but the acetylene soot
mass reduces due to oxidation. Finally, the rate of increase in the total soot mass (i.e. the soot
production rate) should be related to the sooting tendency of a given fuel. This corresponds to
the slope of the soot mass curves in Figures 5 & 6. Clearly, the slope for acetylene is higher.

Figure 1 shows the measured and calculated flame radius for methane flames plotted
against yg time. Two sets of data are shown: (i) low flow rate flames where the flame was
ignited in /-g and the package was dropped, and (ii) high fuel flow rate flames that were ignited
in ug. This data was obtained both by visually measuring the radius of the outer faint blue flame
region from the photographs, and by using video image processing and defining the radius by a
threshold intensity. The two methods of determining the flame radius were within the
experimental scatter. Since, methane is the least radiative flame, it is expected that a model with
only gas radiation (i.e. without soot radiation) may compare favorably. Model calculations are
also shown in Figure 1 (these will be discussed later). The flame radius measurements show a
substantial change in the growth rate from initially being roughly proportional to t*to eventually

(after radiative heat loss) being proportional to ',

ug Modeling Work: As a first step, it was of interest to see if the transient expansion of ug
spherical diffusion flames could be predicted without including soot and flame radiation and in
the limit of infinite reaction rates. This simple model was very informative and was presented
in Ref.[36] & NASA Technical Memorandum 106766. Thus, our more recent work with a
second order overall finite rate reaction and gas radiation is described here. The gas radiation
model and other reaction rate constants used were identical to those described in Appendix A &
E. Equations (1) through (4) for the 1-D spherical case were numerically solved assuming Le
=] and p?D = constant. Boundary conditions at R = R; were:

at R=R;: T=T_ Y.=1; Y,=0; Y,=0; and Fuel injection rate = M@ =47tR,.2(pv)aR‘

where R, was taken as 0.15 cm, and as R - =: T=T_; ¥z=0; Y;=Yp; Yp=Y,.. Also, initial
spatial distribution of temperature and species based on infinite reaction rate solution was
assumed.

Model calculations for four cases are shown in Figures 7, 8 and 9. The four cases were:
(1) Case 1 - No flame radiation & fuel flow rate = 22 cm’/s of methane; (ii) Case 2 - same as
case | but with gas radiation; (iii) Case 3 - same as case 2 but with increased ambient product
concentration, Y,.= 0.2 instead of zero; (iv) Case 4 - same as case 2 but with a step change in
fuel flow rate from 2 cm’/s until flame radius of 1.3 cm and 22 cm®/s thereafter. Figure 7a
shows several calculated flame radii for different fuel flow rates for both with and without flame
radiation. Clearly, the flame radius increases with the fuel flow rate and decreases substantially
due to gas radiation. Essentially, as the gas inside the spherical flame looses heat via radiation,
its temperature falls and its density increases. Thus, the spherical flame collapses as is evident
from Figures 8 and 9 which are time sequences of gas density and velocity. Figure 9 actually
shows that there is a reversal in the gas velocities near the flame zone due to the collapsing
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spherical flame. However, the net flame radius still increases, albeit slowly. Figure 7b shows
that for Case 3 the flame temperature falls below 1000K within 1 second. Thus, radiative
extinction is possible for certain atmospheres. Also, as seen from Figure 7d, the burning rate per
unit area decreases as the flame expands and radiation contributes to decrease it further.

4.3 Progress on 1-g Experiments
(An axis-symmetric low strain rate counterflow diffusion flame)

Significant progress has been made on both experimental and theoretical parts of the /-g
which may be briefly summarized as follows:

a) Theoretical modeling of zero strain rate transient diffusion flame with radiation (Ref. 7).

* Atreya, A, and Agrawal, §., "Extinction of Moving Diffusion Flames in a Quiescent
Microgravity Environment due to CO/H,0/Soot Radiative Heat Losses,” First ISHMT-
ASME Heat and Mass Transfer Conference, 1994. (Appendix A)

* Atreya, A. and Agrawal, S., "Effect of Radiative Heat Loss on Diffusion Flames in
Quiescent Microgravity Atmosphere," Combustion & Flame, {accepted for publication),
1995. (Appendix E)

b) Theoretical nfodeling of finite strain rate transient counterflow diffusion flame with radiation

(Refs. 24, 25).

* Shamim, T., and Atreya, A., "A Study of the Effects of Flame Radiation on Transient
Extinction of Strained Diffusion Flames," Joint Technical Meeting of Combustion
Institute, paper: 95S-104 pp.553, 1995. Currently being prepared for submission to
Combustion and Flame. (Appendix F)

* Shamim, T., and Atreya, A., "Numerical Simulations of Radiative Extinction of Unsteady
Strained Diffusion Flames,” Symposium on Fire and Combustion Systems, ASME
IMECE, November, 1995. (Appendix G)

* Shamim, T. and Atreya, A. "Dynamic Response of Radiating Flamelets Subject to Variable
Reactant Concentrations,"” Proceedings of the Central Section of the Combustion Institute,
1996. The corresponding paper “Transient Response of a Radiating Flamelet to Changes
in Global Stoichiometric Conditions." is being prepared for submission to Combustion and
Flame. (Appendix L & O)

¢) Experimental work on counterflow diffusion flames to determine the soot formation and

oxidation rates (Refs. 32, 33).

* Armeya, A. and Zhang, C., "Experiments and Correlations of Soot Formation and
Oxidation in Methane Counterflow Diffusion Flames,” submitted to International
Symposium on Combustion, Not accepted, currently being revised for submission to
Combustion and Flame. (Appendix H)

* Zhang, C. and Atreya, A. "Measurements of Soot Volume Fraction Profiles in
Counterflow Diffusion Flames Using a Transient Thermocouple Response Technique,”
Submitted to The Intemnational Symposium on Combustion, Not accepted, currently being
revised for submission to Combustion and Flame. (Appendix I)

* Atreya, A., Zhang, C., Kim, H. K., Shamim, T. and Suh, J. "The Effect of Changes in the
Flame Structure on Formation and Destruction of Soot and NOy in Radiating Diffusion
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Flames," Accepted for publication in the Twenty-Sixth (Intermational) Symposium on
Combustion, 1996. (Appendix J)

* Zhang, C, Atreya, A., Kim, H. K., Suh, J. and Shamim, T, "The Effect of Flame Structure
on Soot Inception, Growth and Oxidation in Counterflow Diffusion Flames," Proceedings
of the Central Section of the Combustion Institute, 1996. (Appendix M)

*  Zhang, C, Atreya, A., Shamim, T, Kim, H. K. and Suh, J., "Measurements of OH, CH, C,
and PAH in Laminar Counterflow Diffusion Flames," Proceedings of the Central Section
of the Combustion Institute, 1996. (Appendix N)

d) Detailed chemistry simulation of the effect of enhanced water vapor concentration on
radiative counterflow diffusion flames.

e Crompton, T. and Atreya, A. "The Effect of Water on Radiative Laminar Hydrocarbon
Diffusion Flames - Part A: Experimental Results," being prepared for submission to
Combustion Science and Technology.

*  Suh, J. and Atreya, A. "The Effect of Water on Radiative Laminar Hydrocarbon Diffusion
Flames - Part B: Theoretical Results," being prepared for submission to Combustion
Science and Technology. Also published in the proceedings of the International
Conference on Fire Research and Engineering, Sept, 1995. ,

o Suh, J. and Atreya, A., "The Effect of Water Vapor on Radiative Counterflow Diffusion
Flames," “Symposium on Fire and Combustion Systems, ASME IMECE, Nov. 1995.

(Appendix K)

Experiments on counterflow diffusion flames were conducted to determine the soot
particle formation and oxidation rates. This geometry was adopted for the ground-based
experiments and modeling because it provides a constant strain rate flow field which is one-
dimensional in temperature and species concentrations. The strain rate is directly related to the
imposed flow velocity and the one-dimensionality of this flame simplifies experimental
measurements and analysis. As noted earlier in Section 4.1, this is the simplest flame for
experimentally determining the RHS of Equ. (5). Two types of counterflow diffusion flames are
being investigated: (1) A low-strain-rate diffusion flame which lies on the oxidizer side of the
stagnation plane. Here, all the soot produced is convected away from the flame toward the
stagnation plane. Thus, soot formation is the dominant process. (2) A low-strain-rate diffusion
flame which lies on the fuel side of the stagnation plane. Here, all the soot produced is
convected into the diffusion flame. This enhances flame radiation as the soot is oxidized. The
second configuration is especially relevant to the ug experiments. The experimental results for
the flame on the oxidizer side of the stagnation plane are described in Ref. [32] and a soot
formation model developed based on these results is being prepared for publication (Ref. [33]).

To theoretically investigate the extinction limits of diffusion flames, first a simple case
of zero strain rate one-dimensional diffusion flame with flame radiation was examined [Ref. 7].
Next strained diffusion flame calculations with flame radiation were conducted. These are
presented in the Appendices. As a first step, constant properties, one-step irreversible reaction
and unity Lewis number were assumed. The equations were numerically integrated to examine
the conditions under which radiation-induced extinction occurs. The soot formation and oxidation
rates were obtained from the counterflow diffusion flame experiments. Surprisingly, calculations
show that extinction occurs due to gas radiation as in the spherical diffusion tlame case.
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ABSTRACT

In this paper we present the results of a theoretical calculaton for radiadon-induced
extinction of a, one-dimensional unsteady diffusion flame in a quiescent microgravity
environment. The model formulation includes both gas and soot radiation. Soot volume fraction
is not a priori assumed, instead it is produced and oxidized according to temperature and species
dependent formation and oxidation rates. Thus, soot volume fraction and the resulting flame
radiation varies with space and time. Three cases are considered (i) a non-radiating flame, (i1)
a scarcely sooty flame, and (iii) a very sooty flame. For a non-radiating flame, the maximum
flame temperature remains constant ¢ 1d it does not extinguish. However, the reaction rate
decreases as t* making the flame "weaker.” For radiating flames, the flame temperature
decreases due to radiative heat loss for both cases resulting in extinction. The decrease in the
reacton rate for radiating flames is also much faster than t*. Surprisingly, gas radiation has a
larger effect on the flame temperature in this configuration. This is because combustion products
accumulate in the high temperature reaction zone. This accumulation of combustion products
also reduces the soot concentration via oxidation by OH radicals. At early times, before a
significant increase in the concentration of combustion products, large amount of soot is formed
and radiation from soot is also very large. However, this radiative heat loss does not cause a
local depression in the temperature profile because it is offset by the heat release due to soot
oxidation. These results are consistent with the experiments and provide considerable insight into
radiative cooling of sooty flames. This work clearly shows that radiative-extinction of diffusion
flames can occur in a microgravity environment.

INTRODUCTION

The absence of buoyancy-induced flows in a microgravity environment and the resulting
increase in the reactant residence time significantly alters the fundamentals of many combustion
processes. Substantial differences between normal gravity and microgravity flames have been
reported during droplet combustion!, flame spread over solids?, candle flames® and others. These
differences are more basic than just in the visible flame shape. Longer residence time and higher



concentration of combustion products create a thermochemical environment which changes the
flame chemistry. Processes such as soot formation and oxidation and ensuing flame radiation,
which are often ignored under normal gravity, become very important and sometimes controlling.
As an example, consider the droplet burning problem. The visible flame shape is spherical under
microgravity versus a teardrop shape under normal gravity. Since most models of droplet
combustion utilize spherical symmetry, excellent agreement with experiments is anticipated.
However, microgravity experiments show that a soot shell is formed between the flame and the
evaporating droplet of a sooty fuel'. This soot shell alters the heat and mass transfer between
the droplet and its flame resulting in significant changes in the burning rate and the propensity
for flame extinction. This change in the nature of the process seems to have occurred because
of two reasons: (i) soot formed could not be swept out of the flame due to the absence of
buoyant flows, and (ii) soot formation was enhanced due to an increase in the residence time.

Recently, some very interesting observations of candle flames under various atmospheres
in microgravity have been rcponcd3 . It was found that for the same atmosphere, the burning rate
per unit wick surface area and the flame temperature were considerably reduced in microgravity
as compared with normal gravity. Also, the flame (spherical in microgravity) was much thicker
and further removed from the wick. It thus appears that the flame becomes "weaker” in
microgravity due.to the absence of buoyancy generated flow which serves to transport the
oxidizer to the combustion zone and remove the hot combustion products from it. The buoyant
flow, which may be characterized by the strain rate, assists the diffusion process to execute these
essental functions for the survival of the flame. Thus, the diffusion flame is "weak" at very low
strain rates and as the strain rate increases the flame is initially "strengthened" and eventually it
may be "blown out.” The computed flammability boundaries* show that such a reversal in
material flammability occurs at strain rates around 5 sec™.

The above experimental observations suggest that flame radiation will substantially
influence diffusion flames under microgravity conditions, particularly the conditions at extinction.
This is because, flame radiation at very low or zero strain rates is enhanced due to: (i) high
concentraton of combuston products in the flame zone which increases the gas radiation, and
(i1) low strain rates provide sufficient residence time for substantial amounts of soot to form
which is usually responsible for most of the radiative heat loss. This radiative heat loss may
extinguish the already "weak" diffusion flame. Thus, the objective of this work is to theoretically
investigate the reason why the diffusion flame becomes "weak" under microgravity conditions
and determine the effect of flame radiation on this "weak" diffusion flame. This will lead to
radiation-induced extinction limits. This work is important for spacecraft fire safety.

THE MODEL PROBLEM

We note that the problem at hand is inherently transient and to study the effect of flame
radiation we must focus on the reaction zone. Also, since the reaction zone is usually thin
compared with other characteristic dimensions of the flame, its basic soucture is essentially
independent of the flame shape. Thus, we consider a simple model problem consisting of an
unsteady one-dimensional diffusion flame (with flame radiation) initiated at the interface of two
quiescent half spaces of fuel and oxidizer at time t=0. Zero gravity, constant properties, one-step



irreversible reaction and unity Lewis number are assumed. A novel feature of the formulation
presented below is that soot volume fraction is not a priori specified to determine the ensuing
flame radiaton. Instead, soot is produced and oxidized according to the temperature and species
concentration dependent formation and oxidation rates. Thus, the soot volume fraction and its
location within the flame evolve as a function of space and time. The soot formation and
oxidation rates used here are obtained from the counterflow diffusion flame experiments and
models of Refs. 5 and 6. A large activation energy asymptotic analysis of this problem without
flame radiation may be found in Ref. 7. A schematic of the physical problem along with the
imposed boundary conditions is presented in Figure 1 and the corresponding equations are:
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. i Figure 1 : Schematic of the Model Problem
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Symbols used in the above equations are defined in the nomenclature. The reaction rate,
Wes 1s modelled by a second order Arrhenius expression. Preexponential factor and the actvaton
energy are chosen for methane undergoing a one-step irreversible reaction F+vo - (1+v) P, wherey
1s the mass-based stoichiometric coefficient. Fuel depleted as a result of soot formation, though
usually small, is also included in the model via the term (- - @y ), which is zero when
negative.



Energy Conservation:
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In this equation, the source terms include heat released by the primary reaction and soot
oxidaton and heat lost via flame radiation. The soot oxidation term is clearly zero when
negative. Emission approximation is used to describe the radiative heat flux from the flame.
Thus, V-0, = 40T (a,,+a,,) where, a,, and a,, are Planck mean absorption coefficients for
combustion products (co,, #,0) and soot respectively. Planck mean absorption coefficients for
combustion products were obtained from Ref. 8 and for soot we have useda,,=11.86 £,T cm™
obtained from Ref. 9.

Soot Conservation:
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Here, both production and oxidative destruction of soot are considered, but soot diffusion is
ignored. A simplified equation for the net soot production rate (production - oxidation) is taken
from Refs. 6 & 7. Also, average number density is used to avoid including the soot nucleation
rate equation. The net mass production rate of soot per unit volume is thus described by:
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In this equation, the combined atomic mass fraction of carbon and hydrogen is taken to represent
the hydrocarbon fuel according to €,=£.+£,, where the subscripts F, C & H denote fuel, carbon
and hydrogen respectively. Finally, the boundary conditions, as depicted in Figure 1, are: ¥, =
Yoo T =T, Yp=0at1=0, x>0 &att>0,x 5>ecand Yp =Y., Y, =0, T=T_art =0,
x<0&art>0,x— -oo. '

The incompressible form of the above equations is obtained by using Howarth

x
transformaton z = f de’, where x = 0 defines the location of the material surface that
]

coincides at t = 0 with the original fuel-oxidizer interface. As a result of this choice, v = 0 at
x =0. Assuming p2p=pZp_ and defining the reaction rate as w, = A, p?y,Y,exp (-£,/RT) We
obtain:
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SOLUTION:
Analytical Solution

For infinitely fast gas-phase reactions and no flame radiation a simple, well known,
analytical solution is obtained.

2/D.E

nz——————-%erfc( Z ) (13)

Here, B = Yf - Yo/v and B = Y + C,T/Q, are the Schvab-Zeldovich variables. The flame lies
at the location n,, = 1/(1+v¥,./Y¥,.). Thus, for unity equivalence ratio (E=1) based on free
stream concentrations, the flame lies at z = 0. For non-unity equivalence ratios [fuel rich (E>1)
or fuel lean (E<1) conditions] the flame will travel as vt in either direction. This is evident from
Equ. (13) by simply substituting 1 = nq. The three possible cases are plotted in Fig. 2 for
methane.  The constants used are'’: for 0,=47465 J/gmof fuel, C,=1.3 J/gmX,
T.=295 K, v=4 , p.=1.16x1073 gm/cm® ,and D.=0.226 cm?/sec. The flame conditions are:
(@) Yp=0.5, Ypu=0.125. (b) ¥Yum=0.5, Yo =0.0625. (C) ¥u=0.25, Yn=0.125. Forcas ()
the flame travels towards the fuel side because of excess oxygen (Fig. 2b). Similarly, for case
(c) it travels towards the oxygen side because of excess fuel (Fig. 2c). However, for case (a) the
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equivalence ratio is unity and hence the flame is stationary. It simply becomes thicker with time
(Fig. 2a).

Numerical Solution

The above equations were numerically integrated by using a finite difference Crank-
Nickolson method where previous time step values were used to evaluate the nonlinear reaction
terms. Care was taken to start the diffusion flame with minimum disturbance. Ideally, the
problem must be started such that the two half spaces of fuel and oxidizer, as illustrated in Fig.
1, begin a self-sustaining reaction at t=0. This ignition of the reactants may be spontaneous or
induced by a pilot. For high activation energy, spontaneous ignition will take a long time during
which the reactants will diffuse into one other developing a thick premixed zone which will burn
prior to establishing a diffusion flame. This will change the character of the proposed problem.
Thus, ignition was forced (piloted) by artificially making the fuel-oxidizer interface temperature
as the adiabatic flame temperature. Only Egs. (8-10) were solved during this period. Ignition
was assumed when the reaction rate at the interfacial node becomes maximum (i.e. dw,/dt = 0).
After this instant, the interfacial node was not artificially maintained at the adiabatic flame
temperature because the combustion process becomes self-sustaining and all the equations
described above are used. For the calculations presented below, the time taken to ignite was
4x10° sec. A uniform grid with grid size Az=3x10"3 cm and a time-step of At=1x10"* sec was
used. Typical calculation for 0.4 seconds physical time took 5 hours on a Sun Sparkstation.

To limit the computational domain which extends from +o to -oo, the analytical solution
presented above was used to compute the temperature at the desired final time (0.4 sec in the
present case). The location from the origin where the temperature first becomes equal to ambient
(within machine error) was used to apply boundary conditions at infinity in the numerical
calculations. This was further confirmed by checking the space derivatives (gr/dx ) at these
boundaries during the calculations. Since inital soot volume fraction is zero, the governing
equation (Eq. 12) will produce a trivial solution if explicit or implicit finite difference methods
are used. Thus, for first step, an implicit integral method was used to obtain the soot volume
fraction. At the end of the first time step the soot volume fracton is of the order 108 It is
important to note that Equ. (12) can self-initiate soot formation despite the absence of a soot
nucleation model.

For the calculations presented below, we have used the following data: for gas reactions!?:

pA,=3.56x10° sec™, E;=122KJ/mole. For soot reactions we have used>*® A,=10° gm/cm’sec for
Case 1 and 10’ gm/cm’sec for Case 2, z,=150 xJ/mole, p,=1.86 gm/cm’. We assume that
soot oxidizes to CO releasing heat 0,=9 XxJ/gm of soot.

RESULTS AND DISCUSSION

Results of calculations for three cases are presented here. These are labeled as Cases
0,1&2 in Figure 3. Case 0 is the base case with finite reaction rates but without soot formation
and flame radiation. Case 1 represents a barely sooting flame and Case 2 represents a highly
sooting flame. As noted above, Aj for Case 2 is increased ten times over Case 1. Based on our

6



previous work (Refs.5&6), Ap for most hydrocarbon fuels is expected to fall between Cases 1&2.

Let us first consider the overall results. Figure 3 shows that in the absence of external
flow (i.e., zero strain rate) and without soot formation and flame radiation (Case 0), the peak
flame temperature becomes constant while the reaction rate decreases as t* and the reaction zone
thickness increases [note: in Fig.3 the ordinate has been multiplied by t*]. Since the maximum
flame temperature remains constant, extinctdon does not occur. However, for Cases 1 & 2, the
peak flame temperature decreases with time faster than 1" and eventually extinction (as identified
by some pre-defined temperature limit) will occur. This (radiation-induced extinction) is also
evident from Figure 4 where the temperature profiles at different times are plotted for Cases 1
& 2. Clearly, the flame temperature decreases due to flame radiation and the flame thickness
increases because of diffusion.

The net amount of soot formed as a function of space and time is shown in Figure 5. The
seot volume fraction for Case 1 is two orders of magnitude smaller than for Case 2. Physically,
Case 1 represents a barely sooting blue flame and Case 2 represents a fairly sooty blue-yellow-
orange flame. However, despite the differences in the magnitude of the soot volume fraction for
the two cases, it first increases and later decreases with time and its spatial distribution shifts
toward the fuel side for both cases. This decrease in the soot volume fraction occurs because
of two reasons: (i) A reduction in the flame temperature due to radiation reduces the soot
formation rate, and (ii) A buildup in the concentration of CO, and H,O near the high-temperature
reaction zone, increases the OH radical concentration which reduces the formaton of soot
precursors and assists in soot oxidation (see Refs.6 & 7). This increased OH radical
concentration is also responsible for shifting the soot profile toward the fuel side.

The effect of soot formation on flame radiation is shown in Figure 6. Here, radiation
from both combustion products and soot is plotted as a function of space and ume. As expected,
soot radiation for Case 2 is substantally larger than for Case 1 while the gas radiation is
approximately the same [Note: the scales of the two figures are different]. This soot radiation
decreases with time because both the soot volume fraction and the flame temperature decrease.
The effect of soot radiation is to reduce the peak flame temperature by about 100K (see Fig.3)
with the difference diminishing with increasing time. Surprisingly, as seen in Fig. 3, the effect
of gas radiation on the peak flame temperature is much larger and increases with time, becoming
1000K at 0.4 sec. This is because at zero strain rates the combustion products accumnulate in the
high temperature reaction zone. As noted above, these combustion products are also responsible
for the reduction in the soot volume fraction.

Another interesting observation is that despite the large asymmetry introduced by soot
radiation at initial times (Fig. 6), Figure 4 shows that the temperature profiles are essentially
symmetrical. This implies that the heat lost via soot radiation [5th term of Eq. (11)]
approximately equals the heat produced via soot oxidation [4th term of Eq. (11)]. Since both
occur at the same location, a discernible local depression in the temperature profile is not
observed. This fact is experimentally substantiated by our low strain rate counterflow diffusion
flame experiments (Ref. 6 & 7). It is also consistent with the observation that radiation from a
soot particle at these high temperatures will quickly quench the particle unless its temperature
is maintained via some local heat release. In the present case, this heat release is due to soot



oxidation. Thus, a portion of the fuel that is converted into soot oxidizes at a location different
from the main reaction zone and nearly all the heat released during this process is radiated away.
The remaining fuel is oxidized at the main reaction zone resulting in a lower heat release and
hence a reduced peak flame temperature. This is the justification for including the last term in
Eq. (8) and the 4th term in Eq. (11). These terms account for fuel consumption and heat released
due to net soot formation (or oxidation) and provide valuable new insight into the mechanism
of radiative cooling of sooty flames.

The above conclusion is also clear from Figure 7 which shows the spatial distribution of
soot and temperature for Cases 1 & 2 at 0.2 seconds after ignition. Note that while the peak
temperature is about 75K lower for Case 2, the profile is nearly symmetrical about the origin for
both cases despite the sharp & narrow soot peaks on the fuel side. Also note that the magnitude
of the soot peak (soot peak for Case 2 is about two orders of magnitude larger than for Case 1)
had a negligible effect on the symmetry of the temperature profile. Figure 7 is also qualitatively
very similar to our low strain rate counterflow diffusion flame experimental measurements.

Finally, we note that emission approximation was used in the flame radiation formulation.

Since the reaction zone thickness is of the order of a few cenumeters, self-absorption of radiation
may become important and in some cases it may alter the extinction limit.

CONCLUSIONS:

This paper presents the results of a theoretical calculation for radiation-induced extinction
of a one-dimensional unsteady diffusion flame in a quiescent microgravity environment. The
model formulation includes both gas and soot radiation. Soot volume fraction is not a priori
assumed, instead it is produced and oxidized according to temperature and species dependent
formation and oxidation rates. Thus, soot volume fraction and the resulting flame radiation varies
with space and time. Three cases are considered (i) a non-radiating flame, (ii) a scarcely sooty
flame, and (iii) a very sooty flame. For a non-radiating flame, the maximum flame temperature
remains constant and it does not extinguish. However, the reaction rate decreases as t* making
the flame "weaker.” For radiating flames, the flame temperature decreases due to radiative heat
loss for both cases resulting in extinction. The decrease in the reaction rate for radiating flames
is also much faster than t". Surprisingly, gas radiation has a larger effect on the flame
temperature in this configuration. This is because combustion products accumulate in the high
temperature reaction zone. This accumulation of combustion products also reduces the soot
concentration via oxidation by OH radicals. At early times, before a significant increase in the
concentration of combustion products, large amount of soot is formed and radiation from soot
is also very large. However, this radiative heat loss does not cause a local depression in the
temperature profile because it is offset by the heat release due to soot oxidation. These results
are consistent with the experiments and provide considerable insight into radiative cooling of
sooty flames. This work clearly shows that radiative-extinction of diffusion flames can occur in
a microgravity environment. In the present model self-absorption of the radiation was neglected
which in some cases may alter the extinction limits because of relatively thick reaction zone
[O(cms)] . Further work is required.
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NOMENCLATURE

Ra_sl:-‘@:-h-‘mm on >R

N

N X ¥ T 9 9 a0l

Planck mean absorption coefficient
Frequency Factor

Specific heat

Diffusion Coefficient
Activation Energy

Soot volume fraction

Thermal conductivity

Soot surface growth rate

Soot oxidation rate

Atomic weight

Radiative heat flux

Heat of combustion per unit mass
Time

Temperature

Velocity

Reacticn rate

Molecular weight

Distance

Mass fraction

Density distorted coordinate

GREEK

MmO O < A

Thermal diffusivity

Schvab-Zeldovich variable

Mass based stolichiometric coefficient; number of moles
Soot mass fraction

Density

Variable defined in Eq.(7)

Subscripts

g W 0O WQ ™M

Fuel
Gas

Oxygen
Products (H;,0, CO,}

Soot
Free stream

10



FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Schematic of the Model Problem

Analytical solution. Temperature distribution as a function of distance for various
equivalence ratios. (a) Equivalence ratio (E) is unity (b) E< 1 (¢) E> L.

Maximum reaction rate and temperature as a function of time. Note that reaction
rate is multiplied with t*,

Numerical solution. Temperature distribution as a function of distance at various
instants. (a) Case 1, less sooty flame, (b) Case 2, very sooty flame.

Soot volume fraction as a function of distance at various instants. (a) Case 1, less
sooty flame, (b) Case 2, very sooty flame.

Radiative Heat Loss as a function of distance at various instants. (a) Case 1, less
sooty flame, (b) Case 2, very sooty flame.

Soot volume fraction and Temperature distribution at t = 0.2 seconds. (a) Case 1,
less sooty flame, (b) Case 2, very sooty flame.
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Abstract

This paper ’ presents the experimental and
theoretical resuits for expanding methane and ethylene
diffusion flames in microgravity. A small porous sphere
made from a low-density and low-beat-capacity insulating
material was used to uniformiy supply fuel at a constant
rate 10 the expanding diffusion flame. A theoretical
model which includes soot and gas radiation is formulated
but only the problem perwining (o the ransient expansion
of the flame is solved by assuming constant pressure
infinitely fast one-step ideal gas reaction and unity Lewis
number. This is a first step toward quantifying the effect
of soot and gas radiation on these flames. The
theoretically calculated expansion rate is in good
agreement with the experimental results. Both
2xperimental and theoretical results show that as the flame
radius increases, the flame expansion process becomes
diffusion coozolled and the flame radius grows as vt
Theoretical calculations also show that for a constant fuel
mass injection rate a quasi-steady state is developed in the
region surrounded by the flame and the mass flow rate at
any location inside this region equals the mass injection
rate.

I. Introduction

The absence of buoyancy-induced flows in a
microgravity environment and the resuiting increase in the
reactant residence time  significandy alters the
fundamentals of many combustion processes. Substantial
differences between normal gravity and microgravity
flames have besn reported during droplet combustion(1],
flame spread over solids{2.3], candie flames{4] and others.
These differences are more basic than just in the visible
flame shape. Longer residence ume and higher
concentration of combustion products create a

thermochemical environment which changes tbe flame
chemisuy. Processes such as soot formation and
oxidation and ensuing flame radiation. which are often
ignored under normal gravity, become very imporant and
sometimes controlling. As an example, consider the
dropiet burning problem. The visible flame shape is
spherical under microgravity versus a teardrop shape
under normal gravity. Since most models of droplet
combustion utilize spherical symmetry, excelient
agreement with experiments is anticipated. However,
microgravity experiments show that a soot shell is formed
between the flame and the evaporating droplet of a sooty
fuel{1]. This soot shell alters the beat and mass transfer
between the droplet and its flame resulting in significant
changes in the burning rate and the propensity for flame
extinction. This change in the nawre of the process
seems (0 have occurred because of two reasons: (i) The
soot formed couid not be swept out of the flame due 0
the absence of buoyant flows. Instead. it was forced 0 go
through the high temperature reaction zone increasing the
radiative heat losses, and (ii) soot formation was enhanced
due (o an increase in the reactant residence tme.

Recently, some very interesting observations of
candle flames under various atmospheres in microgravity
have besn reported(4]. It was found that for the same
atnosphere, the burning rate per unit wick surface area
and the flame temperamre were considerably reduced in
microgravity as compared with normal gravity. Also. the
flame (spherical in microgravity) was much thicker and
further removed from the wick. It thus appears that the
flame becomes "weaker® in microgravity due o the
absence of buoyancy generated flow which serves ©
transport the oxidizer to the combustion zone and remove
the hot combustion products from it. The buoyant tlow,
which may be characterized by the strain rate, assists the
diffusion process to execute these essendal functions for



the survival of the tlame. Thus. the diffusion flame is
“weak" at very low strain rates and as the strain rate
increases the flame is inidally "swengthened” and
cvenwally it may be "blown-out.” The computed
tflammability boundaries{3] show that such a reversal in
material flammability occurs at strain rates around 5 sec™.
Model calculations tor a zero strain rate /-D diffusion
Name show that even gas radiation is sufficient 10
extinguish the tlame(6].

The above observations suggest that flame
radiaton will substandally influence diffusion tlames
under microgravity conditions, particularly the conditions
atextnction. This 1s because, flame radiation at very low
or zero suain rates is enhanced due to: (i) high
concentration of combustion products in the {lame zone
which increases the gas radiation, and (ii) low strain rates
provide sutticient residence time for substantal amounts
ol soot to torm which is usually responsible tor most ot
the radiadve heat loss. [t is anticipated that this radiative
hicat loss may extinguish the already "week” diffusion
tlame. ‘

To investgate the possibility of radiation-induced
cxtincton limits under microgravity conditions. spherical
geometry is chosen. This is convenient for both
cxperiments and theoretical modeling. In this work, a
porous spherical bumer is used to produce spherical
diffusion flames in pg. Experiments conducted with this
bumer on methane (less sooty) and ethylene (sooty)
diffusion flames are described in the next section. A
yeneral theoredcal model for transient radiative diffusion
tlames is then formulated and calculations are presented
tfor the transient expansion of the sphencal diffusion
flame.  These calculations are compared with the
cxpenmental measurements in the discussion secuon.
This work is the first necessary step toward investigating
radiadve-exunctuon of spherical diffusion flames.

1. Experimental Apparatus and Results

The pg experiments were conducted in the 2.2
sec drop tower at the NASA Lewis Research Center. The
experimental drop-rig used is schematically shown in
Color Plate 1. [t consists of a test chamber. bummer,
igniter, gas cylinder, solenoid valve. camera. computer
and batteries 0 power the computer and the soienoid
valves. The spherical burner (1.9 cm in diameter) is
constructed from a low density and low heat capacity
porous ceramic material. A 130 cc gas cylinder at
approximately 46.5 psig is used to supply the {uel to the
porous spherical bumer. Typical gas flow rates used were
in the range of 3-15 cm’/s. Flow rates to the burner are
controlled by a needle valve and a gas solenoid vaive is
used 0 open and close the gas line to the burner upon

computer command. An igniter s used (o establish a
diffusion tlame. After ignidon the igniter is quickly
retracted from the burner and sccured in a calching
imechanism by a computer-conuolled rotary solenoid.
This was necessary for two rcasons (i) The igniter
provides a heat sink and will quench the tlame (ii) Upon
impact with the ground (after 2.2 sec) the vibraung igniter
tmay damage the porous bumer.

As shown in the Color Plate L. the test chamber
has a 5" diameter Lexan window which enables the
camera (0 photograph the spherical diffusion rlame. The
lame growth can be recorded either by a 16mm color
movie camera or by a color CCD camera which is
connected to a video recorder by a tiber-optic cable
during the drop. Since the fuel flow may change with
time. it had to be calibrated for vanious seuings of the
needle valve for both methane and cthylenc. A soap
hubble ow meter was used to calibrate the tlow tor
various constant gas cylinder pressurcs.  Constant
pressures were obtained by connectng the cylinder to the
main 200 1b gas cylinder using a guick-disconnect. An
in-line pressure transducer was used (0 obtain the yansient
{low rates. Changes in the cylinder pressure during the
experiment along with the pressure-flow rate calibrauon,
provides the transient volumetric flow rates. These are
shown plotted in Figure |.
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Figure [: Yolume flow razes versus time.

In Figure 1. the letters "M”™ and "E" represent
methane and ethylene respectively and the letters "L~
“M"™ and "H" represent low, medium and high flow rates.
Thus, MM implies medium flow rate of methane. Note
that low flow rate for methane is nearly equal to the
medium flow rate of ethylene. For these experiments. the
gas velocity at the burmer wall was between 0.25-1
covsec.

The porous spherical bumer produced a nearly
spherical diffusion flame in microgravity. Some observed



Picture of the microgravity spherical diffusion flame apparatus
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Schematic of the microgravity spherical diffusion flame apparatus
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disturbances are attributed to stow large-scale air mouon

inside the test chamber. Several microgravity experiments
were pertformed  under ambient pressure and  oxygen
concentration condidons for different {low rmtes of
methane and ethylene (as shown in Fig. 1). Methane was
chosen o represent a non-sooty fuel and ethylene was
chosen to represent a moderately sooty tuel. In these
cxperiments, igniton was always initated in 1-g just prnor
to the drop. The package was typically dropped within
one second after ignidon. The primary reason for not
ignitng in pg was the loss of time in heating the igniter
wire and in stabilizing the tlame after the inital ignition
disturbances. Some photographs [rom these experiments
are shown in the Color Plate 2.

The tlame radius measured [rom such
photographs along with the model predictions (o be
discussed later) are shown in Fig. 2. As expected. for the
same tlow rates it was tound that ethylene tlames were
inuch soouer and smaller. [immediately atter dropping the
package, the tlame shape changed from a wardrop shape
(sce Color Plate 2) 16 a spherical shape (although it was
not always completely spherical. probably because of slow
large-scale air moton persisting inside the test chamber).
The photographs shown in the Color Plate 2 are for
medium {low rates of methane and low tlow raees of
cthylene. [or the data presented in Fig. 2, an average
tflame radius detzrmined {rom the photographs was used.
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Figure 2: Flame radius versus lime

[t is interesting o0 note that for both methane and
cthylene (see the progressive flame growth in Color Plate
2), iniualtly and in l-g (e.g. photographs ‘e’ & ') the
tflame is ncarly blue (non-sooty) but becomes bright
yellow (sooty) immediately after the onset ol ug
conditions. Later, as the pg time progresses. the flame
Jrows in size and becomes orange and less Jluminous and
Lthe soot seems to disappear. A possible explanation tor
this observed behavior is suggested by the theoreucal
calculations of Ref. 6. The soot volume fraction first
quickly increases and later decreases as the local
concentration of combustion products increases.
Essentally, further soot {ormation is inhibited by the
increase in the local concentration of the combustion
products [Ref.7.8] and soot oxidation is enhanced. Thus,
at the onset of ug condidons, inivally a lot of soot is
formed in the vicinity of the tlame (ront (the outer faint
blue envelope) resulting in bright yellow emission. As
the (lame grows. several events rcduce the 1lame
luminosity: (i) The soot is pushed oward cooler regions
by thermophoresis. [n fact for sooter fuels this feads ©
the formation of a soot shell. (ii) The high concentration
of combustion products left behind by the flame [ront
inhibits soot formation and promotes soot oxidation. (iii)
The dilution and radiative heat losses caused by the
increase in the coacentration of combustion products
reduces the flame temperature which in wm reduces the
soot formation rate and the flame luminosity.

Figure 2 shows the average measured f(lame
radius for methane and ethyiene pg diffusion flames
plotted against time. This is the radius ot the outer faint
blue region of the flame as measured trom the
photographs. To a good approximation this may be
considered as the flame front location. Thus, as a first
step. it will be interesting and imporant to determine if
the transient expansion of the ug spherical diffusion flame
can be theoreucally predicted without counsidering soot
formation and oxidation kinetics and flame radiation.

111. Mode! Formulation

As noted above, the spherical diffusion flames
are expanding and changing their luminosity with time.
Thus. the general theoretical formulation must be transient
and must include flame radiation. For the simplest case
of constant pressure ideal gas reactions with Le=1, we
may write the following goveming equations for any
geometrical configuration (spherical or countertiow

geometry):

Mass Conservation:

¥ g -0 (h
= A(:20)
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Energy Conservation:

Dah’*P
3

=Y hW,-Qpns -V,

PR -V-(pDVh"

!

Constant Pressure ldeal Gas:
3

pT=p_T_ vur pa’'=const.

Here, the symbols bave their usual definitons
with p = density, T = (emperature, v = velocity, Y; =
mass fraction of species i, h’ = sensible enthalpy, w, =
mass production or destruction rate per unit volume of
species 1 and D = diffusion coetficient. The last three
terms in Equ (2) respectively are: the chemical heat
release rate due to gas phase combustion. chemical heat
reicased due o soot oxidaton and the radiatve heat loss
rate per unit volume. The above equations, however, are
insutticient for our “problem because the sool volume
fraction must be known as a function of space and time
to determine the radiative heat loss. To enable describing
soot volume fraction in a simple manner, we define the
mass (raction of atomic constituents as follows:

é/. =Z: (MI.V/‘: /M;) Y, . where M, is the molecular weight

of species i. M, is the atomic weight of atom j and viis
the number of atoms of kind j in specie i. Assuming that
the only alomic constituents present in the hydrocarbon
flame are C. H. O & Inertand with Y, =P =p, . /p
(where: p,= soot density & f, = soot volume {raction).
we  obtain: C‘C * C.;-{ * C.o - ';/ * p,fv/p = 1 .
Defining & + &, = &r and Ze = & /Ye. and Z, = &,
/Y., we obtain Z=[(9F)F-Zr+p;fv/p] as the
conserved scalar for a sooty flame. This yields the
foliowing soot. fuel and oxidizer conservation equations

in terms of their scalar variables:
Soot Conservation:

pi‘f—m FV(®) -V {pD V()]
ag

)
=g =g = My,
Fuel Conservation:
Pidz{i +pVV(Z,)-V{pDV(Z,)]
1 me, &)

= -__(rr'zi’ M) =T
F- F-

Oxygen Conservation:

Z
pi_".+p\T-V(z‘,)-v-(pDV(zo)1=o (6)
al

Under conditions of small soot loading. the soot
terms in the fuel and energy conservation equauons can
be ignored except when studying radiative extnction.
Thus, Equ (5) may be considered homogeneous to a good
approximation. Also, as a first crude approximation. the
heat lost by flame radiation may be subtracted from the
heat of combustion in the form of a radiatve {raction.
Thus, the energy equation (Equ(2)) can also be made
homogeneous if written in terms of the ol enthalpy (h
= 3, Y, (h? + h)). This approach may be adequate for
calculating the observed expansion rate of the spherical
diffusion tlames. but it is completely inadequate tor
predicting radiative extnction. However. the great
mathemaltical advantage of this approach is that it makes
Lgs. (2. 4. 5. & 6) identical and only one conserved scalar
cquation need be considered. As a tirst siep, it is of
interest (0 see how well the transient expansion ot the py
spherical diffusion tlames be predicted without rigorously
considering soot and gas radiation. This will also help in
quantifying the effect of soot and gas radiation by
comparison with more detailed calculations. Re-writing
the above equations in spherical coordinates. we get

Mass Conservation:

_a.?_*_l_a_(r:p\-') =U (7)
gt r-ar

Fuel Conservation:

2§¢pvi’§-___‘ a(r:pDEE =0 (3)
ol dar r:drk or .

These two equations along with the ideal gas law
at constant pressure, Equ.(3), are sufficient (o describe the
transient growth of non-radiatve spherical diffusion
flames and are expected 10 approximate this growth in the
presence of flame radiation. [t is also assumed that a fast
one-step overall reaction occurs at the flame surface. This

N-2
is represenzd by: v _F + v O — E v, P, with
i=l
q° as the standard beat of reaction and Q = q’/Mgvg the
beat released per unit mass of fuel Clearly,
N-2
hoaMovo - z h‘.°Mivl.- The
i=l

corresponding initial and boundary conditions for a sphere

g° =h M v, +

of radius 'R’ blowing fuel gases at a rate M (1) are
discussed below and illustrated in Figure 3.
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Contnuity, ltuel mass Iracion and cnergy
conservauon at the surtace of the sphere vield:

M(!) ( (9a)
=pV
4mR? P )"
MOy _y yoopp) o o
411:R:{ Yl =P “or 2
A , o

M0 h2-)=-pD _a_h_\| o
4R or L,

Here, Ye_ & b’_ are the fuel mass fracton and enthalpy
of the incoming fuel stream and Y and h'y are the
corresponding values at the outer surface of the sphere.
The ambient values of fuel and oxidizer enthalpies are

taken 0 be equal i.e. h_ = he. = h,_ and Z=1 &
p=p, for ambient conditions on the fuel side and Z=0 &
p=p, for ambient conditions on the oxidizer side. Now,
for high fuel injection rates, Yo = Yg ; b'_ = b’y and
Z, = | and the corresponding diffusion terms in Equs. 9b
& 9c become zero. For a given mass injection rate |
M (1) ], these conditions are also satisfied as R—+0. Thus,
for a point fuel source, the boundary conditions atl the
source are simplified.  Other initial and boundary
conditions are: At t=0, Z(r,0); p(r.0) & v(r.0) are the
spatial distributions corresponding to the flame at t=0, as
shown in Figure 3. Also, at the flame surface [r=r{1)]

Z=Z =(1+Y, M,V /Y, M. v,)" andas o=,

~)

Z—-0; v—0 & b*—h’.. All other variables can be easily
obtained in terms of Z by utlizing the linear relationships
between the conserved scalars [Ref.10]. For constant
pressure ideal gas rcacuons these linear reladonships
vield:

ForR<sr<r (1)

-1
P (10)

h2(1-2)

M) _ D ap
drrp, p or

M) QZ,( v @Dy
mrp, nl| B}

These cquations. along with Equ. (8). arc
sufficient to provide all the distributions in the rcgion
between the porous sphere and the tlame. In Equ. (11).
the first term on the right hand side represents the
injection velocity and the sccond term accounts {or the
increase in the velocity due to the decrease in density.
The third term is identically zero if the distnibution of Y,
within the porous sphere (r<R) is identical to that in the
gasie. ¥ =V, (Z-Z)/(1-Z) . Noeat=R Y,
= Y and Z = Z;. Also note that the third term becomes
zeto for high injection velocities and small 'R’ since
Zy—1 & Y- Y. InEqu (11), p and (dp / dr) can
be expressed entirely in terms of Z through Equ. (10).
Thus. Equ. (8) along with the appropriate boundary
conditons is sufficient to determine Z(r,0).

Al the flame surface r=r/t):

Al the flame surface, the 7' = Z*' = Z, and all
its derivatives are continuous. Here, '-' represents the
fuel side and '+’ represents the air side. Also, T(r,”, t) =
T@r, 0 =T,. p(r, 0 = p{r;, ) = p,and v(r,", 1) = v(r,,
t) = v, Other jump conditions at the flame surface are
obuained from species and energy balances as follows
(assuming Le =/ & D =D, ):

)
oY, _ [ M| 9, (12)
“or vh My, || or n

G I L B oY, (13)
o o, Lo L, or .,

In terms of Z. both Equs. (12) & (13) are
identically satisfied if the first derivatives of Z are equal
at the flame surface. Thus, for the solution of Equ. (8) in



——

the domain r > r,. we only need to find expressions tor p
and v in terms of Z.

Forr,(t) <r <ee:

QY. (14)

p =p,l+

rz
4

In the derivadon of Equ. (15), gas velocity and
density at the flame front are made continuous i.e. v{r,",
U= V(fr'. ) = v and p(r{" )= p(r{'_ 1) = Pe- Thus, Ve in
Equ. (15) can be obtained from Egu. (11). Once again,
the third term inside the bracket of Equ (15) becomes
zero for reasons discussed above. Egus. (14). (15) and
(8) along with the boundary conditions are sufficient to
determine Z(r.t) for r>r,.

[V Soludon

Before discussing the solution procedure, let us
examine the porous sphere used in the experiments. This
sphere is quite small (19 mm dia.) and is comstructed
from a high porosity, low density and low heat capacity
insulating material. Thus. its capacity to store heal and
mass is negligible compared to the fuel injection rate
which is injected inside the sphere (see Fig. 3). Hence,
couditions inside the material of the sphere equilibrate on
a time scale much shorter than the flame expansion time
i.e. convection balances diffusion for any variable under
consideration that can be described by an equation similar
to Equ. (8). Neglecting radiation from the surface of the
sphere, conservation conditions yieid equations identical
to Equs. 9(a) and 9(b) where ambient coaditions are
assumed (o exist near the ceanter of the sphere.
Physically, the only purpose the porous sphere serves is
to provide a radially uniform flow and it does not
participate in energy and species balances because of its
low siorage capacity, Thus, the boundary conditions at
the source can be applied at an arbitrarily small radius 'R’
(chosen for numerical convenience) such that Y. =
Yer: b, = b'g and Z; = |. This considerably simplifies
Egs. (11) & (15).

Equation (8), with Egs. (10) & (11) for the {uel
stde and Egs. (14) & (I5) for the air side were
numerically solved using the method of lines. A
computer package entided DSS2 was employed for this
purpose. The calculated results for the tlame location are
shown plotied by dotted lines in Fig. 2. Property values
used were thosz for air (p,=1.16 x 10” gm/cm,. D, =
0.226 cm’/s. T. =298K. Cp =i.35 J/kgK) and the
diffusion coefficient was assumed to vary as T*? as
predicted by kinetic theory of gases. Heat of combustion
(Q) and mass based stoichiometric coetficient (v) used
for methane and ethylene were Q=47465 J/gm and v=4
and Q=47465 l/gm and v=3.429 respecuvely. No
assumpuons other than those stated above were made to
maitch the experimental data. [nigal spadal distribution of
Z(r.0) required {or the flame at the start of ug ume (i.c. at
1=0) was taken as:

-Ryerfc M(Z
200y = ere] LZRVETE 2D (16)
lr/-R)

V Results and Discussion

Figure 2 shows the average radius of the outer
faint bluc regions for both methane and ethylene pg
diffusion flames plotted against ime. This radius was
measured from the photographs. As stated above. the
corresponding calculated results for the flame location are
shown plooed with doued lines. Given the
approximations made in the modsl and the experimental
errors, the comparison between the experimentl and
predicted flame radius is quile encouraging.

Numerical calculations also  yield the
instantaneous velocity and density profiles around the
porous sphere during the flame expansion. These are
shown plotted in Figures 4 & 5. Staring from the porous

Wethane L=0.23anc

Fuel Flow Rate Llcm3/e

L= . 800uq
el 765000

LI

v (em/sec)

r {cm)
Figure 4: Radial velocity distribution at various instants



sphere (r=0.95), the gas velocity drops sharply and
becomes a minimum at the flame location (r=r).
Surprisingly, the mass tlow rate at any location r < r, is
tound to be equal w0 the mass injection rate (i.c.

in p'vr: ._.M([) ). This implies that a similarity exists in
the normalized coordinate r/r{t) in the region r < r{t).

The density profiles in this region (Fig. 3) also show a
similarity. Further retlection shows that this is o be

1.22-03 T T : —
8 P (=0 Wesc
\=0.250ea i
1.QT-03+4 1=0.40es o
t=0.750ma |
t=1.0Ceec |
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2 2 4 ] 8 10

i r (em)

Figure 3: Radial density distribution at various instants

expected. In this problem. a constant temperature
(adiabatic flame (emperature) spherical flame is
propagating outward starting from a small radius. [n the
spherical geomeury, heat loss {rom the region surroundad
by the flame is not possible. Thus, the only heat required
by this region from the flame (in the absence of radiation)

is 0 heat the injected mass M(t) to the flame

temperature.  Since, the injected mass is taken 0 be
constant with time. a quasi steady state is developed.
This is also observed in the density gradients at the tlame
on the fuel side (which are constant and are proporuonal
(0 the temperature gradients). Applying a sitmple energy
balance over the region r < r,, we obtain:

M D (dp v
- = (17)
47rr,:p° p/(??l !

M(1)
dmr; o

Using Equ. (11) we find that at the flame
v, = M)/ 4= P,f[' [t is impornant (o note that this

is possible only because the injection rate is not varying
with time.

VI Conclusions

In this work, experimental and theoretical results
for expanding methane and ethylene diffusion flames in
microgravity are presented. A small porous spiere made
from a low-density and low-beat-capacity insulating
material was used to uniformly supply fuel at a constant

rate to the expanding diffusion flame. A theoretical
model which includes soot and gas radiaton is formulated
but only the problem peraining to the transient expansion
of the tlame is solved by assuming constant pressure
infinitely fast one-step ideal gas reaction and unity Lewis
number. This is a first step toward quanufying the effect
of soot and gas radiation on these tlames. The
theoretically calculated expansion rate is in good
agreement with the experimental results. Both
experimental and theoretical results show that as the flame
radius increases, the flame expansion process becomes
diffusion controlled and the flame radius grows as V.
Theoretical calculations also show that for a constant fuel
mass injection rate a quasi-steady state is developed in the
region surrounded by the flame and the mass flow rate at
any location inside this region equals the mass injection
rate.
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Abstract

This paper presents the experimental results
of flame temperature and radiation for expanding
spherical diffusion flames in microgravity. A small
porous sphere madé from a low-density and low-
heat-capacity insulating material was used to
uniformly supply fuel, at a nearly constant rate, to
the expanding spherical diffusion flame. Three
gaseous fuels methane, ethylene and acetylene were
used with fuel flow rates ranging from 12 to 28
ml/sec. Time histories of the radius of the spherical
diffusion flame, its temperature and the radiation
emitted by it were measured. The objective is (o
quantify the effect of soot and gas radiation on these
diffusion flames. The experimental results show that
as the flame radius increases, the flame expansion
process becomes diffusion controlled and the flame
radius grows roughly as Y. While previous
theoretical calculations for non-radiative flames show
that for a constant fuel mass injection rate a quasi-
steady state is developed inside the region
surrounded by the flame, current experimental results
show a substantial reduction in the temperature and
flame luminosity with time.

I. Introduction

The absence of buoyancy-induced flows in
a microgravity environment and the resulting
increase in the reactant residence time significantly
alters the fundamentals of many combustion
processes. Substantial differences between normal
gravity and microgravity flames have been reported
during droplet combustion(l}], flame spread over
solids{2,3], candle flames{4] and others. These
differences are more basic than just in the visible

flame shape. Longer residence time and higher
concentration of combustion products create a
thermochemical environment which changes the
flame chemistry. Processes such as soot formation
and oxidation and ensuing flame radiation, which are
often ignored under normal gravity, become very
important and sometimes conwolling. As an
example, consider the droplet burning problem. The
visible flame shape is spherical under microgravity
versus a teardrop shape under normal gravity. Since
most models of droplet combustion utilize spherical
symmetry, excellent agreement with experiments is
anticipated. However, microgravity experiments
show that a soot shell is formed between the flame
and the evaporating droplet of a sooty fuel(1]. This
soot shell alters the heat and mass transfer between
the droplet and its flame resulting in significant
changes in the burning rate and the propensity for
flame extinction. This change in the nature of the
process seems to have occurred because of two
reasons: (i) The soot formed could not be swept out
of the flame due to the absence of buoyant flows.
Instead, it was forced to go through the high
temperature reaction zone increasing the radiative
heat losses, and (ii) soot formation was enhanced
due to an increase in the reactant residence time.

Recently, some very interesting observations
of candle flames under various atmospheres in
microgravity have been reported(4]. It was found
that for the same atmosphere, the burning rate per
unit wick surface area and the flame temperature
were considerably reduced in microgravity as
compared with normal gravity. Also, the flame
(spherical in microgravity) was much thicker and
further removed from the wick. It thus appears that
the flame becomes "weaker" in microgravity due to



the absence of buoyancy generated flow which
serves to transport the oxidizer to the combustion
zone and remove the hot combustion products from
it. The buoyant flow, which may be characterized
by the strain rate, assists the diffusion process to
execute these essential functions for the survival of
the flame. Thus, the diffusion flame is "weak" at
very low strain rates and as the strain rate increases
the flame is initially "strengthened” and eventually
it may be "blown-out.” The computed flammability
boundaries[5] show that such a reversal in material
flammability occurs at strain rtates around 5 sec,
Model calculations for a zero strain rate /-D
diffusion flame show that even gas radiation is
sufficient to extinguish the flame[6].

The above observations suggest that flame
radiation will substantially influence diffusion flames
under microgravity conditions, particularly the
conditions at extinction. This is because, flame
radiation at very low or zero strain rates is enhanced
due to: (i) high concentration of combustion
products in the flame zone which increases the gas
radiation, and (ii) low strain rates provide sufficient
residence time for substantial amounts of soot to
form which is usually responsible for most of the
radiative heat loss. [t is anticipated that this
radiative heat loss may extinguish the already
"week" diffusion flame.

To investigate the possibility of radiation-
induced extinction limits under microgravity
conditions, spherical geometry is chosen. This is
convenient for both experiments and theoretical
modeling. In this work, a porous spherical burner is
used to produce spherical diffusion flames in ug.
Experiments conducted with this burner on methane
(less sooty), ethylene (sooty), and acetylene (very
sooty) diffusion flames are described in the next
section. This work is a continuation of the work
reported in Ref. [11] and provides the necessary
insight and measurements needed for modeling
radiative-extinction of spherical diffusion flames.

II. Experimental Apparatus and Resuits

The pg experiments were conducted in the
2.2 sec drop tower at the NASA Lewis Research
Center. The experimental drop-rig used is
schematically shown in Figure 1. It consists of a
test chamber, burner, igniter, gas cylinder, solenoid

valve, camera, computer and batteries to power the
computer and the solenoid valves. The spherical
burner (2.18 cm in diameter) is constructed from a
low density and low heat capacity porous Ceramic
material. A 500 cc gas cylinder at approximately 15
psig is used to supply the fuel to the porous
spherical burner. Typical gas flow rates used were
in the range of 12 -28 cm’s. Flow rates to the
burner are controlled by a needle valve and a gas
solenoid valve is used to open and close the gas line
to the burner upon computer command. An igniter
is used to establish a diffusion flame. After ignition
the igniter is quickly retracted from the burner and
secured in a catching mechanism by a computer-
controlled rotary solenoid. This was necessary for
two reasons (i) The igniter provides a heat sink and
will quench the flame (ii) Upon impact with the
ground (after 2.2 sec) the vibrating igniter may
damage the porous burner.

As shown in the Figure 1, the test chamber
has a 5" diameter Lexan window which enables the
camera to photograph the spherical diffusion flame.
The flame growth can be recorded either by a 16mm
color movie camera or by a color CCD camera
which is connected to a video recorder by a fiber-
optic cable during the drop. Since the fuel flow may
change with time, it had to be calibrated for various
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Low 18.9 17.2
ETHYLENE
High 21.2 18.2
Medium 16.9 14.9
Low 13.5 11.9
ACETYLENE
High 20.2 18.7
Medium 18.0 17.0
Low 16.3 15.7
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settings of the needle valve for all fuels. A soap
bubble flow meter was used to calibrate the flow for
various constant gas cylinder pressures. Constant
pressures were obtained by connecting the cylinder
to the main 200 lb gas cylinder using a quick-
disconnect. An in-line pressure transducer was used
to obtain the transient flow rates. Changes in the
cylinder pressure during the experiments change the
volumetric fuel flow rates slightly. These are shown
in Table 1 for the experiments reported here.

The porous spherical burner produced a
nearly spherical diffusion flame in microgravity.
Some observed disturbances are aitributed to slow
large-scale air motion inside the test chamber and
non-uniform fuel injection from the burner. Several
microgravity experiments were performed under
ambient pressure and oxygen concentration
conditions for different flow rates of methane,
ethylene and acetylene (as listed in Table. 1).
Methane was chosén to represent a non-sooty fuel,
ethylene was chosen to represent a moderately sooty
fuel and acetylene was chosen to represent a very
sooty fuel. In these experiments, ignition of a very
low flow rate of H, was initiated inl-g and the flow
was switched to the desired flow rate of the given
fuel in pg just after the commencement of the drop.
The package was typically dropped within one
second after the establishment of the H, flame.
Photographs of these experiments are shown in the
Color Plates 1.2 & 3.

The flame radius measured from these
photographs are shown in Fig. 2. For the same flow
rates it was found that ethylene and acetylene flames
were much sootier and smaller. The flame shape is
not always completely spherical because of the fuel
injection non-uniformities and slow large-scale air
motion persisting inside the test chamber. The
photographs shown in the Color Plates 1, 2 & 3 are
for methane, ethylene and acetylene respectively. For
the data presented in Fig. 2, an average flame radius
determined from the photographs was used.

It is interesting to note that for all the fuels
(see the progressive flame growth in the Color
Plates) initially the flame is nearly blue (non-sooty)
but becomes bright yellow (sooty) under pug
conditions. Later, as the pg time progresses, the
flame grows in size and becomes orange and less
luminous and the soot seems to disappear. (A soot-
shell is also visible in the ethylene photographs.) A

possible explanation for this observed behavior is
suggested by the theoretical calculations of Ref. 6.
The soot volume fraction first quickly increases and
later decreases as the local concentration of
combustion products increases. Essentially, further
soot formadon is inhibited by the increase in the
local concentration of the combustion products
[Ref.7,8] and soot oxidation is enhanced. Thus, at
the onset of pug conditions, initially a lot of soot is
formed in the vicinity of the flame front (the outer
faint blue envelope) resulting in bright yellow
emission. As the flame grows, several events reduce
the flame luminosity: (i) The soot is pushed toward
cooler regions by thermophoresis. In fact, for
sootier fuels this leads to the formation of a soot
shell. (ii) The high concentration of combustion
products left behind by the flame front inhibits soot
formation and promotes soot oxidation. (iii) The
dilution and radiative heat losses caused by the
increase in the concentration of combustion products
reduces the flame temperature which in turn reduces
the soot formation rate and the flame luminosity.
This effect is clearly evident from the incident
radiation measured by the three photodiodes and
shown in Figures 5, 7 & 8. The photodiodes are not
spectrally flat. As shown in Figure 3, detector |
essentially measures the blue & green radiation,
detector 2 primarily captures the yellow, red & near
infra-red radiation, and detector 3 is for infra-red
radiation up to 1.8 um.

Our previous calculadons [11] for non-
radiating spherical diffusion flames (schematically
shown in Figure 10), show that the temperature and
therefore the density becomes nearly uniform inside
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Figure 10: Schematic of the Model Problem
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() () () (a)
PLATI 2 - Lithylene Flames: (a) 0.033 sce alter microgravity onset, (b) 0.067 sec. (¢) 0.133 see, (d) 0.33 see, (e) 1O7 see, (1) 1.20
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(d) {c) (h) (a1)
PLATI 3 - Acetylene Flames: (a) 0.033 sec after microgravity onset, (b) 0.067 sec, (¢) 0.10 sec. (d) 0.20 see, () 037 see, (1) 0.50
see, (g) 1.90 sec, and (h) 2.13 sce. (High Now rate)
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the flame. The density profiles in this region (Fig.
11) also show a similarity. In the theoretical
problem, a constant temperature (adiabatic flame
temperature) spherical flame is propagating outward
starting from a small radius. In the spherical
geometry, heat loss from the region surrounded by
the flame is not possible. Thus, the only heat
required by this region from the flame (in the
absence of radiation) is to heat the injected mass to
the flame temperature. Since, the injected mass is
taken to be constant with time, a quasi steady state
is developed. This is also observed in the density
gradients at the flame on the fuel side (which are
constant and are proportional to the temperature
gradients). However, the experimentally measured
temperature profiles (see Figures 4, 6 & 8) show a
substantial drop in the temperature profile. This is
due to radiative heat loss.

VY1 Conclusions

In this work, experimental results for
expanding methane, ethylene and acetylene diffusion
flames in microgravity are presented. A small
porous sphere made from a low-density and low-
heat-capacity insulating "material was used to
uniformly supply fuel at a constant rate to the
expanding diffusion flame. Three gaseous fuels
methane, ethylene and acetylene were used. Time
histories of the radius of the spherical diffusion
flame, its temperature and the radiation emitted by
it were measured. The experimental results show
that as the flame radius increases, the flame
expansion process becomes diffusion controlled and

the flame radius grows roughly as Yt While
previous theoretical calculations for non-radiative
flames show that for a constant tuel mass injection
rate a quasi-steady state is developed inside the
region surrounded by the flame, current experimental
results show a substantial reduction in the
temperature and flame luminosity with time.
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INTRODUCTION

The absence of buoyancy-induced flows in microgravity significantly alters the fundamentals of
many combustion processes. Substantial differences between normal-gravity and microgravity flames have
been reported during droplet combustion[1], flame spread over solids[2,3], candle flames[4] and others.
These differences are more basic than just in the visible flame shape. Longer residence time and higher
concentration of combustion products create a thermochemical environment which changes the flame
chemistry. Processes such as flame radiation, that are often ignored under normal gravity, become very
important and sometimes even controlling. This is particularly true for conditions at extinction of a ug
diffusion flame.

Under normal-gravity, the buoyant flow, which may be characterized by the strain rate, assists the
diffusion process to transport the fuel & oxidizer to the combustion zone and remove the hot combustion
products from it. These are essential functions for the survival of the flame which needs fuel & oxidizer.
Thus, as the strain rate is increased, the diffusion flame which is "weak" (reduced buming rate per unit
flame area) at low strain rates is initially "strengthened” and eventually it may be "blown-out." Most of
the previous research on diffusion flame extinction has been conducted at the high strain rate "blow-off™
limit. The literature substantially lacks information on low strain rate, radiation-induced, extinction of
diffusion flames. At the low strain rates encountered in ug, flame radiation is enhanced due to: (i) build-up
of combustion products in the flame zone which increases the gas radiation, and (ii) low strain rates
provide sufficient residence time for substantial amounts of soot to form which further increases the flame
radiation. It is expected that this radiative heat loss will extinguish the already "weak" diffusion flame
under certain conditions. Identifying these conditions (ambient atmosphere, fuel flow rate, fuel type, etc.)
is important for spacecraft fire safety. Thus, the objective of this research is to experimentally and
theoretically investigate the radiation-induced extinction of diffusion flames in pg and determine the effect
of flame radiation on the "weak" pg diffusion flame.

RESEARCH APPROACH

To investigate radiation-induced extinction, spherical and counterflow geometries are chosen for
ug & I-g respectively for the following reasons: Under ug conditions, a spherical bumner is used to



produce a spherical diffusion flame. This forces the combustion products (including soot which is formed
on the fuel side of the diffusion flame) into the high temperature reaction zone and may cause radiative-
extinction under suitable conditions. Under normal-gravity conditions, however, the buoyancy-induced
flow field around the spherical burner is complex and unsuitable for studying flame extinction. Thus, a
one-dimensional counterflow diffusion flame is chosen for /-g experiments and modeling. At low strain
rates, with the diffusion flame on the fuel side of the stagnation plane, conditions similar to the ug case
are created -- the soot is again forced through the high temperature reaction zone. The /-g experiments
are primarily used to determine the rates of formation and oxidation of soot in the thermochemical
environment present under ug conditions. These rates are necessary for modeling purposes. Transient
numerical models for both ug and I-g cases are being developed to provide a theoretical basis for the
experiments. These models include soot formation and oxidation and flame radiation and will help
quantify the low-strain-rate radiation-affected diffusion flame extinction limits.

RESULTS

Significant progress has been made on both experimental and theoretical parts of this research. This
may be summarized as follows: '

1) Experimental and theoretical work on determining the expansion rate of the ug spherical diffusion
flame. Preliminary results were presented at the AIAA conference (Ref. 5).

2) Theoretica] modeling of zero strain rate transient diffusion flame with radiation (Ref. 6)."

3) Experimental and theoretical work for determining the radiation from the ug spherical diffusion
flame. Preliminary results were presented at the AIAA conference (Ref. 7).

4) Theoretical modeling of finite strain rate transient counterflow diffusion flame with radiation (Ref
8).

5) Experimental work on counterflow diffusion flames to determine the soot formation and oxidation

rates (Ref. 9).
The above experimental and theoretical work is briefly summarized in the remainder of this section.

Experimental Work: The ug experiments were conducted in the 2.2 sec drop tower at the NASA Lewis
Research Center and the counterflow diffusion flame experiments (not described here) were performed at
UM. For the g experiments, a porous spherical bumner was used to produce nearly spherical diffusion
flames. Several experiments, under ambient pressure and oxygen concentration conditions, were performed
with methane (less sooty), ethylene (sooty), and acetylene (very sooty) for flow rates ranging from 4 to
28 cm’/s. These fuel flow rates were set by a needle valve and a solenoid valve was used to open and
close the gas line to the burmer upon computer command. Two ignition methods were used for these
experiments: (i) The burner was ignited in /-g with the desired fuel flow rate and the package was
dropped within one second after ignition. (ii) The burner was ignited in /-g with a very low flow rate of
H, and the flow was switched to the desired flow rate of the given fuel in ug just after the commencement
of the drop. Following measurements were made during the pg experiments:

i) The flame radius was measured from photographs taken by a color CCD camera. Image
processing was used to determine both the flame radius and the relative image intensity. Sample
photographs are shown in Photos El to E3 for ethylene and Al to A3 for acetylene.

ii) The flame radiation was measured by the three photodiodes with different spectral absorptivities.
The first photodiode essentially measures the blue & green radiation, the second photodiode
captures the yellow, red & near infra-red radiation, and the third photodiode is for infra-red
radiation from 0.8 to 1.8 ym.

iii) The flame temperature was measured by two S-type thermocouples and the sphere surface
temperature was measured by a K-type thermocouple. In both cases 0.003" diameter wire was
used. The measured temperatures were later corrected for time response and radiation.



It is interesting to note that for both ethylene and acetylene (see the progressive flame growth in the
Color Photos) initially the flame is blue (non-sooty) but becomes bright yellow (sooty) under ug
conditions. Later, as the ug time progresses, the flame grows in size and becomes orange and less
luminous and the soot luminosity seems to disappear. A possible explanation for this observed behavior
is suggested by the theoretical calculations of Ref. 6 & 8. The soot volume fraction first quickly increases
and later decreases as the local concentration of combustion products increases. Essentially, further soot
formation is inhibited by the increase in the local concentration of the combustion products and soot
oxidation is enhanced [Ref.9,10]. Also, the high temperature reaction zone moves away from the already
present soot leaving behind a relatively cold (non-luminous) soot shell. (A soot-shell is clearly visible in
the ethylene Photo E2.) Thus, at the onset of pg conditions, initially a lot of soot is formed in the vicinity
of the flame front (the outer faint blue envelope in the photographs) resulting in bright yellow emission.
As the flame grows, several events reduce the flame luminosity: (i) The high concentration of combustion
products left behind by the flame front inhibits the formation of new soot and promotes soot oxidation.
(ii) The primary reaction zone, seeking oxygen, moves away from the soot region and the soot is pushed
toward cooler regions by thermophoresis. Both these effects increase the distance between the soot layer
and the reaction zone. (iii) The dilution and radiative heat losses caused by the increase in the
concentration of the combustion products reduces the flame temperature which in turn reduces the soot
formation rate and the flame luminosity.

Upon further opservation, we note that the ethylene flames become blue toward the end of the pg time
while the acetylene flames remain luminous yellow (although the intensity is significantly reduced as seen
by the photodiode measurements in Figure 2). This is because of the higher sooting tendency of acetylene
which enables soot formation to persist for a longer time. Thus, acetylene soot remains closer to the high
temperature reaction zone for a longer time making the average soot temperature higher and the distance
between the soot and the reaction layers smaller. Eventually, as is evident from Figure 2, even the
acetylene flames will become blue in ug. From Figure 2 we note that the peak radiation intensity occurs
at about 2.5 cm flame radius which corresponds to a time of about 0.2 seconds. This is almost the
location of the first thermocouple whose output is plotted in Figures 3 & 4 as Tgas(l). From the
temperature measurements presented in Figures 3 & 4, we note that: (i) The flame radiation significantly
reduces the flame temperature (compare the peaks of the second thermocouple with those of the first for
both fuels) by approximately 300K for ethylene and 500K for acetylene. (In fact, the acetylene flame
seems to be on the threshold of extinction at this instant.) (ii) The temperature of the acetylene flame is
about 200K lower than the ethylene flame at the first thermocouple location. (iii) The final gas temperature
is also about 100K lower for the acetylene flame, which is consistent with larger radiative heat loss.

The data from the photodiodes is further reduced to obtain the total soot mass and the average
temperature of the soot layer. This is plotted in Figures 5 & 6. These figures show that the average
acetylene soot layer temperature is higher than the average ethylene soot layer temperature. The total soot
mass produced by acetylene peaks at 0.2 seconds which corresponds to the peak of the first thermocouple,
explaining the large drop in temperature. Also, the acetylene soot layer is cooling more slowly than the
ethylene soot layer which is consistent with the above discussion regarding the photographic observations.
Thus, for ethylene the reaction layer is moving away faster from the soot layer than in the case of
acetylene. This is also consistent with the fact that ethylene soot mass becomes nearly constant but the
acetylene soot mass reduces due to oxidation. Finally, the rate of increase in the total soot mass (i.e. the
soot production rate) should be related to the sooting tendency of a given fuel. This corresponds to the
slope of the soot mass curve in Figures 5 & 6. Clearly, the slope for acetylene is higher.

The flame radius measurements, presented in Figure 1, show a substantial change in the growth rate
from initially being roughly proportional to t'? to eventually (after significant radiative heat loss) being
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proportional to t'*. In Ref. 5, we had developed a
model for the expansion rate of non-radiating flames
which is currently being modified to include the

§
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effects of radiant heat loss. ~
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Theoretical Work: Due to lack of space, only our Jroo0

most recent theoretical work is summarized here. In o

this work, to quantify the low-strain-rate radiation-
induced diffusion flame extinction limits, a
computational model has been developed for an
unsteady counterflow diffusion flame. So far, only the T ar ez 63 o4 _ o3 ot o7 o8 or
radiative heat loss from combustion products (CO, and B

H,0) have been considered in the formulation. The
computations show a significant reduction in the flame
temperature due to radiation. The adjacent figure
shows the time variations of the maximum flame temperature for various values of the strain rates. This
plot shows that for flames with strain rates less than 1 s™', the effect of gas radiation is sufficient to cause
extinction. These results agree with our earlier study [6] at zero strain rate where gas radiation was also
found to be sufficient to cause extinction. Clearly, additional radiation due to soot will extinguish the

flames at higher strain rates.
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Reduction in Maximum Flame Temperature with
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[n this paper we present the results of a theoretical calculadon for radiadon-induced
exunction of a one-dimensional unsteady diffusion flame in a quiescent microgravity
environment. The model formulation includes both gas and soot radiation. Soot volume fraction
ts not a priori assumed. instead it is produced and oxidized according to temperature and species
dependent tormation and oxidation rates. Thus. soot volume fraction and the resulting tlame
radiation varies with space and time. Three cases are considered (i) a non-radiating flame, (ii)
a scarcely sooty flame, and (iii) a very sooty flame. For a non-radiating flame. the maximum
flame temperawre remains constant and it does not extinguish. However, the reaction rate
decreases as * making the flame "weaker." For radiating flames, the flame temperature
decreases due to radiative heat loss for both cases rcsuln'ngLin extincuon. The decrease in the
reaction rate for radiating flames is also much faster thant™. Surprisingly, gas radiation has a
larger ctfect on the flame temperature in this configuration. This is because combustion products
accumulate in the high temperature reacdon zone. This accumulation of combustion products
also reduces the soot concenmation via oxidation by OH radicals. At early times. before a
significant increase in the concentration of combustion products. large amount of soot is formed
and radiation from soot is also very large. However, this radiative heat loss does not cause a
local depression in the wemperawre profile because it is otfset by the heat release due to soot
oxidauon. These results are consistent with the experiments and provide considerable insight into
radiative cooling of sooty flames. This work clearly shows that radiative-exznction of diffusion
flames can occur in 2 quiescent microgravity environment.
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. Radiative heac rlux
Heat of combuscion per unic mass
Time
Temperarcure

- o Q0

<

Velccicy
Reacrion race

¥ X

Molecular weight
Discancs

X

Mass fracrion

N

Density distorced ccordinace

G
a Thermal diffusivity

B Schvab-Zeldovich variabls

v Mass based stoichiometric ccerficienc; number of moles
] Sooc mass fraccion

p Densicy .

3 variable defined in £q. {7)_

Subscripts

F fuel

g Gas

o Oxygen

2 Produccs (#,0, CO,)
5 Soot

Freae stream

INTRODUCTION

The 2bsence of buoyancy-induced flows in a microgravity environment and the resulting
increase in the reactant residence dme significanty alters the fundamentals of many combustdon
processes. Substandal differences between normal gravity and microgravity flames have been
reported during droplet combustion(1], flame spread over solids [2], candle flames [3] and others.
These differences are more basic than just in the visible flame shape. Longer residence time and
higher concentration of combustion products create a thermochemical environment which ch.an.gcs
the flame chemisary. Processes such as soot formation and oxidation and ensuing flame rad.tan.on.
which are often ignored under normal graviry, become very important and sometimes contolling.
As an example, consider the droplet burning problem. The visible flame shape is sphercal under
mictogravity versus a teardrop shape under normal gravity. Since most models of. @plct
combusuon udlize spherical symmetry, excellent agreement with experiments is andcipated.
However, microgravity experiments show that a soot shell is formed between the flame and the
evaporating droplet of a sooty fuel {1]. This soot shell alters the heat and mass wansfer bctwcgn
the droplet and its flame resulting in significant changes in the burning rate and the propensity
for flame extncdon. This change in the nanwre of the process seems to have occurred because
of two reasons: (i) soot formed could not be swept out of the flame duec to the absence of



buoyant tlows, and (ii) soot formation was enhanced dus (o an increase in the residence time.

Recently, some very interesting observations of candle flames under various atmospheres
in microgravity have been reported (3]. [t was found that for the same atmosphere, the bumning
rate per unit wick surface area and the flame temperature were considerably reduced in
microgravity as compared with normal gravity. Also, the flame (spherical in microgravity) was
much thicker and further removed from the wick. [t thus appears that the tlame becomes
“weaker” in microgravity due to the absence of buoyancy gencrated flow which serves to
tansport the oxidizer 10 the combustion zone and remove the hot combustion products from it.
The buoyant flow, which may be characterized by the smain rate, assists the diffusion process 10
execute these essendal functions for the survival of the flame. Thus, the diffusion flame is
‘weak” at very low smain rates and as the smain rate increases the flame is inidally
“srengthened” and eventually it may be "blown out.” The computed flammability boundaries

(4] show that such a reversal in material flammability occurs at srain rates around 3 sec’t,

The above expenmental observations suggest that flame radiation will substantally
influence diffusion tlames under microgravity conditions. particularly the conditions at extinction.
This is because. tlame radiation at very low or zero smain rates is enhanced dus to: (i) high
concenmatdon of combusdon products in the flame zone which increases the gas radiation. and
(i) low smain rates+ provide sutficient residence time for subsiandal amounts of soot to form
which is usually responsible for most of the radiative heat loss. This radiative hear loss may
exunguish the already "weak" diffusion flame. Thus, the objective of this work is to theoretically
investigate the reason why the diffusion flame becomes "weak” under microgravity conditions
and deterrmuine the effect ot flame radiation on this "weak" diffusion flame. This will lead to0
radiation-induced extinction limits. This work is important for spacecratt fire sarety.

THE MODEL PROBLEM

We note that the problem at hand is inherently mansient with finite rate kinedcs and flame
(gas and soot) radiation. Thus, to study the effect of flame radiation on the re2cton zone, we
must rocus on the simplest possible (planar) geomemy. While no attempt is made t0 modzl the
spherical flame geomewy around a fuel droplet in microgravity, the work of Law [5] suggests
that the present results are representadve. This is to be expected because the reaction zoae is
usually thin compared with other characteristic dimensions of the flame, rendering the basic flame
structure essendally independent of the flame shape. Thus. we consider a simple model problem
consisting of an unsteady one-dimensional diffusion flame (with flame radiation) ininated at the
intertace of two quiescent half spaces of fuel and oxidizer at tme t=0. Zero gravity, constant
properues, one-step irreversible reacdon and unity Lewis number are assumed. A novel feamre
of the formuladon presented below is that soot volume fraction is not a priori specified to
determine the ensuing flame radiation. Instead. soot is produced and oxidized according 1o the
temperature and species concentration dependent formadon and oxidation rates. Thus, the soot
volume fracdon and its location within the flame evolve as a funcdon of space and time. The
simplest possible (but realistic) soot formaton and oxidadon model obtained from counterflow
diffusion flame experiments of Ref. 6 is used here to simplify the analysis. A large actvadon
energy asymprotc analysis of this problem withour soot formation and flame radiation may be
found in Ref. 7. A schemaric of the physical problem along with the imposed boundary

3
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conditons is presented in Fignrevl and the corresponding equations are:
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Conninuiry:

%g 3w (1)

o
Q
X

where p is the density,  the time and v the velocity normal to the fuel-oxidizer interface induced
by volumeric expansion.

Species Conservation:
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Symbols used in the above equations are defined in the nomenclature. The reaction rate,
w.. is modelled by a second order Arrhenius expression. Prezxponential factor and the activaton
crfcrgy are chosen for methane undergoing a one-step irreversible reaction £+vo - (1+v) P; wherey
is the mass-based stoichiomermric coefficient. Fuel depleted as a result of soot formadon, though
usually small, is also included in the model via the term (mz' - mee' ), which is zero when
negatve.

Energy Conservation:

-
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In this equation, the source terms include heat released by the primary reacdon and soot
oxidaton and heat lost via flame radiation. The soot oxidaton term is clearly zero when
ncgative. Emission approximadon is used to describe the radiative heat flux from the flame.
Thus, Vo, = 40T (g,,+a,,) where, a and a,, are Planck mean absorption coefficients for
combuston products (co,, #,0) and soot respectively. Planck mean absorption coefficients for



cornbustion products were obrained from Ref. § and for soot we have useda_, =11.86 £,7 cmt
obtained from Ref. 9.

Sootr Conservaton:

£.p,
p

_é_dﬁ + pv__ = (m;;'-—m"‘) , where, ¢= (6)

ox s

Here, both production and oxidative destruction of soot are considered. but the thermophoretic
soot diffusion is ignored for simplicity. Note that the thermophoretic soot diffusion coefficient
is substandally smaller than the corresponding gas diffusion coefficients. While ignoring soot
diffusion wiil inroduce an error in the location of the soot zone relative to the peak flame
(emperature, this error is expected to be smail and of the same order of magnitude as that
introduced by assuming unit Lewis number, constant properties, equal diffusion coefficients for
all gases and one swep chemical reactions. Thus. this assumprion is made to enable
simplifications such as : p*D=const. A simplified equatuon tfor the net soot production rate
(production - oxidation) is taken tfrom Refs. 6 & 10. Also., average number density is used to
avoid including’the soot nucleation rate equadon. The net mass producton rate of soot per unit
volume is thus described by:

ij{

e e 2/3
m,p “.'Tlsa = Apfv (EF-

Y, (7)

mlu

{o)exp(-E,/RT); where§,=1
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[n this equation. the combined atomic mass fraction of carbon and hydrogen is taken 10 represent
the hydrocarbon fuel according o ¢,=¢.+%,, where the subscripts F, C & H denote fuel, carbon
and hydrogen respectvely. Finally, the boundary conditions. as depicted in Figure 1. are: ¥, =
Vo T =T Ye=0a1=0,x>0&att1>0,x 5 =and Y=Y, Y, =0T=T_art=0,
< &art> 0, x — -oo,

The incompressible form of the above equations is obtained by using Howarth
ransformadon z = f udxf where x = O defines the locaton of the material surface that

coincides at t = 0 wuh Lhc original fuel-oxidizer interface. As a result of this choice, v =0 at
x =0. Assuming p3p=p2p_ and defining the reaction rate as w, = AgplY,Y,exp(-Z,/RT), WC
obtain:

3z, ?y,
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SOLUTION
Analytical Solution

For infinitely fast gas-phase reactions and no flame radiation. a simple, well known,
analydcal soludon is obtained.

erfc( =1 ) (13)

2/D_¢t

Here. B = Y - Vp/vand B = ¥, + C,TIQ, are the Schvab-Zeldovich vanables. The flame lies
at the locaton n,, = 1/(1+vy, /7,.). Tixus. for unity equivalence rado (E=1) based on free
stream concenmaaons, the flame lies at z = 0. For non-unity equivalencs rados (fuel rich (E>1)

. or fuel lean (E<1) conditions] the flame will ravel as Vt in either direction. This is evident from

Equ—43} by simply substituting 11 = ng.  The three possible cases are plotted in Fig. 2 for

methane. The constants used are (11]: forp,=47465 J/gm of fuel
Cp=1.3 J/gmK, T.=295K. v = 4., p_=1.16x10"3 gm/cm® ,and D.=0.226 cm’/sag. The flame
conditions are: (8) Y5.=0.5, 7n=0.125.  (b) Yp=0.5,  Ya=0.0625.

(€) You=0.25, ¥.=0.125. For case (b) the flame travels towards the fuel side because of
excess oxygen (Fig. 2b). Similarly, for case (c) it mavels towards the oxygen side because of
excess fuel (Fig. 2c). However, for case (a) the equivalence rado is unity and hence the flame
is stationary. It simply becomes thicker with tme (Fig. 2a).

Numerical Solution

The above equadons were numerically integrated by using a finite difference Crank-

8



Nickolson method where previous time step values were used to evaluate the nonlinear reaction
erms. Care was taken 0 start the diffusion flame with minimum disturbance. [ceally, the
problem must be started such that the two nalf spaces of fuel and oxidizer. as illustrated in Fig.
l. begin a self-sustaining reaction at =0. This ignition of the reactants may be spontaneous or
induced by a pilot. For high acdvation energy, spontaneous ignidon will take a long time during
which the reactants will diffuse into one other developing a thick premixed zone which will bum
prior to establishing a diffusion flame. This will change the character of the proposed problem.
Thus, ignidon was forced (piloted) by artficially making the fuel-oxidizer interface temperature
a5 the adiabanc ftanre MMS%) were solved during this period. Ignidon
was assumed when the reacdon rate at the interfacial node becomes maximum (i.e. dw,/dc = o).
After this instant, the interfacial node was not ardficially maintained at the adiabatic flame
temperature because the combustion process becomes self-sustaining and all the equadons
described above are used. For the calculadons presented below, the time taken to ignite was
4x107* sec. A uniform grid with grid size Az=3x10"* cmand a time-step of Ac=1x10~ seq was
used. Typical calculation for 0.4 seconds physical time took 5 hours on a Sun Sparkstation.

To limit the compurational domain which extends from +e< (0 -eo, the anaivtical soluton
presented above was used 10 compute the temperature at the desired final time (0.4 sdg in the
presentcase). Thé location from the origin where the temperature first becomes equal to ambient
(within machine error) was used to apply boundary conditions at infinity in the numerical
calculations. This was further confirmed by checking the space derivatives (37/3x ) at these

———>eundaries during the calculations. Since inidal soot volume fraction is zero, the goveming
' equation (I;:Q\/\iZ) will produce a mrivial soludon if explicit or implicit finite difference methods
are used. Thus, for first step, an implicit integral method was used to obtain the soot volume
fraction. At the end of the first time step the soot volume fraction is of the order 10%0, It is
important to note that Equ—(12) can self-inidate soot formation despite the absence of a soot

IS

nucleation model. LT
For the calculations presented below. we have used the following data: for gas reactons
(11]: pa,=3.56x10% sec™, E,=122'1€J/mole. For soot reactons we have used[6,10]
A,=10° gm/cm’sec for Case | and lO’gm/cm’se"r‘;:' for Case 2,
“Z,-150 XJ/mole, p,=1.86 gm/cm*. We assume that soot oxidizes to CO releasing heat
— 70,=9 XJ/gm of scoc.

—

RESULTS AND DISCUSSION

Results of calculatons for three cases are presented here. These are labeled as Cases
0.1&2 in Fig@f®)3. Case 0 is the base case with finite reacton rates but without soot formartion
and flame radiation. Case 1 represents a barely sooting flame and Case 2 represents a highly
sootdng flame. As noted above, A_ for Case 2 is increased ten dmes over Casc 1. Based on our
previous work (Refs.6&10), A for most hydrocarbon fuels is expected to fall between Cases
1&2.

Let us first consider the overall results. Figure 3 shows that in the absence of external
flow (i.e., zero strain rate) and without soot formadon and flame radiatlion (Case 0), %hc peak
flarne temperature becomes constant while the reacdon rate decreases as % and the reaction zone



thickness increases [note: in Fig.3 the ordinate has been multiplied by ¢“]. Since the maximum
flame temperature remains constant. exdncdon does not occur. However, for Cases | & 2, the
peak flame temperanire decreases with time faster than ¢'- and eventually extinction (as identified
by some pre-defined temperature limit) wiil occur. This (radiation-induced extinction) is aiso
evident from Fignre, 4 where the temperature profiles at different times are plotted for Cases |
& 2. Clearly, the tlame temperamure decreases due to flame radiation and the flame thickness
increases because of diffusion.

The net amount of soot formed as a function of space and time is shown in Figﬁi‘n\i. The
soot volume fracdon for Case 1 is two orders of magnitude smaller than for Case 2. P}xysically,
Case | represents a barely sooting blue flame and Case 2 represents a fairly sooty blue-yellow-
orange flame. However, despite the differcnces in the magnitude of the soot volume fracton for
the two cases, it first increases and later decreases with time and its spadal distribution shifts
toward the fuel side for both cases. This decrease in the soot volume fraction occurs because
of two reasons: (i) A reducton in the flame temperatre due to radiauon reduces the soot
formation rate, and (ii) A buildup in the concentration of CO- and H,O near the high-temperature
reaction zone. increases the OH radical concenmation which reduces the formaton of soot
precursors and assists in soot oxidation (see Refs.6 & 10). This increased OH radical
concentmaton is also responsible for shifting the soot profile toward the fuel side.

The effect of soat formaton on flame radiadon is shown in Fxgu‘::; 6. Here, radiadon
from both combustion products and soot is plotted as a function of space dnd time. As expected,
soot radiation for Case 2 is substanually larger than for Case | while the gas radiaton is
approximately the same (Note: the scales of the two figures are different]. This soot radianon
decreases with time bscause both the soot volume fraction and the flame temperature decrease.
The eifect of soot radiation is to reduce the peak flame temperature by about 100K (see Fig.3)
with the difference diminishing with increasing time. Surprisingly, as seen in Fig. 3, the effect
of gas radiaton on the peak flame temperarure is much larger and increases with ume, becoming
1000K at 0.4 sec. This is because at zero smain rates the combustion products accumulate in the
high temperature reacdon zone. As noted above, these combustion products are also responsible
for the reduction in the soot volume fracton.

Another interesting observation is that despite the large asymmery inooduced by soot
radiation at inigal times (Fig. 6), Figu’g.z; 4 shows that the temperature profiles are esseagally
symmerical. This implies that the heat lost via soot radiaton (Sth term.of Eg: ]
approximately equals the hear produced via soot oxidation [4th term of Eq—<11)]. Since both
occur at the same location, a discernible local depression in the temperamre profile is not
observed. This fact is experimentally substandated by our low smain rate counterflow diffusion
flame experiments. Figure 7 shows the measured soot volume fraction and flame temperature.
The fuel and oxidizer concentrations and the srain rate for this flames are 22.9%, 32.6% and 8
séx! respectively. Absence of local temperature depression is also consistent with the
observation that radiation from a soot particle at these high temperarures will quickly quench the
particle unless its temperatmre is maintained via some local heat release. In the present case, this
hear release is due to soot oxidation. Thus, a porton of the fuel that is convered into soot
oxidizes at a location different from the main reaction zonc and nearly all the heat released
during this process is radiated away. The remaining fuel is oxidized at the main reaction zonc



resulting in a lower heat release and hence 2 reduced peak flame temperature. This is the
justfication for including the last term in Eq~(3) and the 4th term in Ea{11). These terms
accounc for fuel consumption and heat released due (0 net soot formation {or oxitdauon) and
provide valuable new insight into the mechanism of radiative cooling of sooty tlames.

The above conclusion is also clear from Figure 8 which shows the spaual dismributon of
soot and temperature for Cases | & 2 at 0.2 seconds after ignidon. Note that while the peak
temperature is about 75K lower for Case 2, the prorile is nearly symmerwrical about the origin for
both cases despite the sharp & narrow soot peaks on the fuel side. Also note that the magnitude
of the soort peak (soot peak for Case 2 is about two orders of magnitude larger than for Case 1)
had a negligible effect on the symmerry of the temperature profile. Figure 8 is also qualitatively
very similar to our low strain rate countertlow diffusion flame experimental measurements as
shown in Fig. 7. The conclusions of this paper will not be altered with the inclusion of
thermophoretic soot diffusion. As the soot moves away from the high temperature reaction zone
toward the cooler regions of the flame, its conmibution to flame radiaton drops relatve 1o
gaseous radiation.  Thus, the imporance of gaseous radiation increases. However,
thermophoresis may resuit in the formation of a soot-plane similar to the soot-shell observed in
sphenical geomewy. This will indeed be quite Interesang (0 observe.

Finally, we note that emission approximation was used in the flame radiation formulation.
Since the reaction zone thickness is of the order of a few centimeters, self-absorption of radiadon
may become important and in some cases it may alter the extinction limit.

CONCLUSIONS

This paper presents the results of a theorerical calculation for radiation-induced extinction
of a one-dimensional unsteady diffusion flame in a quiescent microgravity environment. The
model formulaton includes both gas and soot radiation. Soot volume fraction is not a prioni
assumed. instead it is produced and oxidized according to temperamure and species dependent
formauon and oxidation rates. Thus. soot volume fraction and the resulting tlame radiation varies
with space and ume. Three cases are considered (1) a non-radiadng flame. (ii) a scarcely sooty
tlamne. and (iii) a very sooty flame. For a non-radiating flame, the maximum flame temperaure
remains constant and it does not extnguish. However, the reaction rate decreases as t* making
the flame "weaker." For radiating flames, the flame temperature decreases due to radiative heat
loss for both cases resulting in extincrion. The decrease in the reacton rate for radiadng flames
is also much faster than (7 Surprisingly, gas radiation has a larger cffect on the flame
temperature in this configuradon. This is becausc the combustion products accumulate in the
high temperarture reacton zone. This accumulation of combustion products also reduces the soot
concenuadon via oxidation by OH radicals. At carly times, before a significant increase in the,
concenaton of combuston products, large amount of soot is formed and radiation from soot
is also very large. However, this radiative heat loss does not cause a2 local depression in the
temperature profile because it is offset by the heat release due to soot oxidation. These results
arc consistent with the experiments and provide considerable insight into radiative cooling of
sooty flames. This model, while approximate with several assumptions, clearly shows that
radiatve-exunction of diffusion flames can occur in a microgravity environment. In the present
model sclf-absorpdon of the radiaton is also neglected. In some cases this may alter the



extinction limits because of the development of a thick reaction zone.
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Schemadc of the Model Problem

Analytcal solution. Temperature disaibution as a function of distance for various
equivalence rauos. (a) Equivalence rano (E) is unity (b) E < L (¢) E > |.

Maximum reaction rate and temperature as a funcdon of time. Note that reaction
. . . . LA
rate is multiplied with ™. '

Numerical solution. Temperature distribution as a function of distance at various
instants. (a) Case [, less sooty flame, (b) Case 2, very sooty flame.

Soot volume fracuon as a function of distance at various instants. {a) Case 1, less
sooty flarne. (b) Case 2. very sooty flame.

Radiarive Heat Loss as a tunction of distance at various instants. {a) Case 1, less
sooty tlame, (b) Case 2. very sooty flame.

Soot volume fracdon and Temperatre dismbution at t = 0.2 seconds. (a) Case i,
less sooty flame, (b) Case 2, very sooty flame.
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Numerical simulations of transient counterflow diffusion flames were conducted to quantify the
low-strain-rate radiation-affected diffusion flame extinction limits. Such limits are important for
spacecraft fire safety. The radiative effects from combustion products (CO, and H,0) were considered
in the formulation. Employing the Numerical Method of Lines, the governing equations were spatially
discretized by using a 4th order central difference formula and temporally integrated by using an
implicit backward differentiation formula (BDF). Results show a significant reduction in the flame
temperature due to radiation. For flames subjected to small strain rates, this reduction in temperature
was found to be sufficient to cause extinction. For methane flame, the extinction occurs for strain rates
less than 1 s, and the extinguishment time (disappearance of flame chemiluminescence = 1550 K) for
most of these strain rates was found to be less than second. A flammability map was plotted to show
the maximum flame temperature as a function of the strain rate and the time of radiation induced
extinction. Results were compared with an earlier study at zero strain rate and were found to be in

excellent agreement.

NOMENCLATURE
a, Planck mean absorption coefficient
A Pre-exponential factor

constant pressure specific heat of the mixture
coefficient of diffusivity of species i
enthalpy

enthalpy of formation of species i
average molecular weight

Lewis number

pressure

radiant heat loss

heat of reaction

universal gas constant

temperature

time

axial velocity

mass fraction of species i

strain rate

similarity transformation variable
thermal conductivity of the mixture
dynamic viscosity of the mixture
mass based stoichiometric ratio
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p mass density

o Stefan-Boltziman constant

v similarity transformation variable

, mass rate of production of species i
INTRODUCTION

This study was motivated by a need to quantify the low-strain-rate radiation-affected flammability limits.
Flammability limits are of practical interest specially in connection with fire safety because mixtures
outside the limits of flammability can be handled without concemn of ignition. For this reason, extensive
tabulations of limits of flammability as limits of composition or pressure have been prepared.!]
However, there are very few studies on radiation-affected flammability limits and diffusion flame
extinction limits.

One reason for such a lack of literature is that measurements have indicated that radiant losses
from the gas are relatively insignificant for small-scale lab experiments since under normal gravity
conditions the excess particulates are simply ejected from the flame tip by the buoyant flow field. But
radiant emission may have significant influence on conditions at extinction for larger scales because of
the presence of a large number of soot particles and under microgravity conditions because of very low
strain rates. ‘ :

Bonnel?! was the first one who analyzed the problem of diffusion flame extinction with flame
radiation. Using the results of a simulated experimental study, he showed that the radiative
extinguishment occurs in a zero gravity environment. The existence of a radiative extinction limit at
small strain rates was first numerically determined by T*ien®. He plotted a flammability map showing
the extinction boundaries consisting of blowoff and radiation branches. However, he only considered
the radiative heat losses from the fuel surface and neglected gas-phase radiation and absorption.

The radiative effects from soot, CO, and H,0 were considered by Kaplan et al ) in their recent
study to investigate the effects of radiation transport on the development, structure and dynamics of the
flame. Recently, Atreya and Agrawalm numerically demonstrated the occurrence of radiative-extinction
of a one-dimensional unsteady diffusion flame in a quiescent microgravity environment.

FORMULATION OF THE PHYSICAL PROBLEM

General Governing Equations

A schematic of a counterflow diffusion flame stabilized

near the stagnation plane of two laminar flows is shown

in Figure 1. In this figure, r and z denote the
independent spatial coordinates in the tangential and the '
axial directions respectively. Using the assumptions of 1 .
axisymmetric, unity Lewis number, negligible body f place
forces, negligible viscous dissipation, and negligible
Dufour effect, the resulting conservation equations of
mass, momentumn, energy and species may be simplified
to the following form:

Figure 1 Schematic of counterflow diffusion flame



along with the equation of state:
P ==
- RT N

L (/M)

The symbols used in the above equations are defined in the nomenclature. Note that in the present form
the equations do not depend on the radial direction. In this study, the radiative heat flux is modelled
by using the emission approximation, i.e., Qg = 4 6 T (2p 0, + 3pp0); Where, O is the Stefan-Boltzman
constant, and apcq, and 2,y are Planck mean absorption coefficients for CO, and H,O respectively.
These absorption coefficients were taken from Ref. [6].

Reaction Scheme
The present problem was solved by considering a single step overall reaction which may be

written as follows:

Fl+v[Q] — (AP
Here, v is the mass-based stoichiometric coefficient. Using second order Arthenius kinetics, the reaction
rate was defined as @ = A p? Yy Yo, exp(-Eg/R T). The reaction rates for fuel, oxidizer, and product
may then be written as @ = -0); Wg = -V, and @, = (14+V)w. The values of the pre-exponential factor
A, the activation energy E; for a methane flame and the other properties were obtained from Ref. [5].

Initial and Boundary Conditions
A solution of these equations requires the specification of some initial and boundary conditions
which are given as following:
Initial Conditions:
y(z,0) = w(2)
h(z,0) =h(z) or  Tz0) =T
Y,(z,0) = Y ,(2) [ n conditions or (n-1) conditions + p(z.0) ]
Here subscript "0’ represents the specified initial function.

Boundary Conditions:
The origin of our coordinate system was defined at the stagnation plane.




Yioot) = 1 Y(-o=,t) = (p_fp_)"

h(es,t) = h h(-eo,t) = hu
[or T(eot) = T, T(-oo,t) = T, ]
Yi(eo) = Y Yi(-oo,) = Y,
v(0,t) =0

The strain rate g, which is a parameter, must also be specified.
SOLUTION PROCEDURE

The governing equations form a set of nonlinear, coupled and highly stiff partial differential equations.
A closed form solution of these equations is very difficult to obtain. Hence, in the present study, the
equations were solved numerically. The numerical scheme used is called the Numerical Method of Lines
(NMOL). In this method, the equations are first discretized by applying a standard finite difference
scheme in the spatial direction which transforms PDEs into ODEs. The resulting ODEs in time are then
solved by using a time integrator such as Runge Kutta, implicit Adams method, implicit backward
differentiation formulas for stiff problems.

In the present study, a 4th order 5-point central difference forrmula was used to spatially discretize
the equations and an implicit backward differentiation formula (BDF) was used to integrate in the
temporal direction. JIn order to carry out the numerical integration, infinity was approximated by a finite
length of the order of the length scale of the problem (i.e., (D/e)* ). This was confirmed by checking
the gradients of all the variables which must vanish at the boundaries.

RESULTS AND DISCUSSION

Figures 2-4 show the results for unity equivalence ratio with T_=295K, Y _=0.125, Y, _=0.5 and strain
rate £=0.5 5. These results were obtained by dividing the computational domain into 1001 spatial nodes
(i.e., the size of spatial node was 0.05 mm). All the profiles shown are at time t= 0.001, 0.01, 0.1, 0.5,
and 0.7 second. For these results, constant c,, equal diffusion coefficients for all gases and p’D=constant
were used.

The temperature profiles show a decrease in the maximum flame temperature due to gas radiation.
The effect of gas radiation was found to be sufficient to cause extinguishment (defined as disappearance
of chemiluminescence =1550 K) in approximately 0.5 second. However, the effect of radiation was
found to decrease with an increase in strain rate. Figure 5 shows the steady state temperature profiles
for the cases with and without radiation effects for £=10.0 s. The results show that the gas radiation
reduces the maximum flame temperature by 175 K without causing any extinguishment.

Figure 6 shows the time variations of maximum flame temperature for various values of strain
rates. The plot shows that for flames with strain rates less than 1 57, the effect of gas radiation is
sufficient to cause extinction.

The results were compared with an earlier study®™ at zero strain rate. Figure 7 shows a
comparison of temperature profiles at time t=0.31 s in density distorted coordinates. Both the results
were found to be in very good agreement. A small difference at the peak temperature may be attnbuted
to the fact that in Ref, [5], the variation of molecular weight in the calculation of density was not

considered.
CONCLUSIONS

A computational model has been developed for an unsteady counterflow diffusion flame to quantify the



low-strain-rate radiation-affected diffusion flame extinction limits. The radiative effects from combustion
products (CO, and H,0) were considered in the formulation. A significant reducton in the flame
temperature due to radiation was found to occur. This reduction in temperature increases with a decrease
in strain rate and was found to be sufficient to cause extinction at low strain rates. Fora methane flame,
the extinction occurs for strain rates less than 1 s'. A flammability map was plotted to show the
maximum flame temperature as a function of the strain rate and the time of radiation induced extinction.
Results were compared with an earlier study at zero strain rate and were found to be in excellent
agreement. In the present model, the soot radiation, detailed chemistry and non-unity Lewis number

were not considered.
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ABSTRACT

In an attempt to fill the cxisting gap in the literature, time-
dependent numerical simulations of axisymmetric counterflow
diffusion flames were conducted to quantify the low-strain-rate
radiation-affected flammability limits. Such limits are impornant
for spacecraft fire safety. At low strain rates, there is an
enhancement of flame radiation due to increased accumulation of
combustion products in the flame zone and an increased rate of
soot formation. Hence radiative extinction becomes significantly
morz impocrant.

The model formulation includes the radiative effects from both
soot and combustion products (CO, and H,0) as well as soot
formation and oxidation. Employing the Numerical Method of
Lines. the governing equations were spatially discretized by using
a 4th order central difference formula and temporally integrated
by using an implicit backward differentiation formula (BDF).
Both non-sooty and sooty flames were considered. Results show
a significant reduction in the flame temperature due to radiation.
The radiation from combustion products was found to play a
dominant role. For flames subjected to small strain raes, the
radiation-induced reduction in temperature was found to be
sufficient to cause extinction. For methane flame, the extinction
occurs for strain rates less than { s™', and the extinguishment time
(disappearance of flame chemiluminescence = 1550 K (Bonne,
1971}) for most of these strain rates was found to be less than |
second. A flammability map is presented to show the maximum
flame temperature as a function of the strain rate and the time of

radiation induced extinction.

(NTRODUCTION

The objective of this study is to investigate the effects of
radiative heat losses from soot and combustion products (CO, and
H,0). This work will lead to the quantification of {ow-strain-rate
radiation-affected diffusion flame extinction limits. Such limits
are important for spacecraft fire safety. Although. there has been
a growing recognition of the importance of radiative heat losses
from flame (Chao and Law, 1993 and Kaplan et al., 1994), there
still exists a vast gap in the literature.

One reason for such a lack of literature is thal measurements
have indicated that radiant losses from the gas arc relatively
insignificant for small-scale lab experiments since under normal
gravity conditions the excess particulates are simply ejected from
the flame tip by the buoyant flow field. But radiant emission may
have significant influence on conditions at extinction for larger
scales because of the presence of a large number of soat particles
and under microgravity conditions because.of very low strain
rates. At low strain rates, there is an enhancement of flame
radiation due to increased accurnulation of combustion products
in the flame zone and an increased rate of soot formation. Hence
radiative extinction becomes significantly more important.

Bonne (1971) was the first one who .analyzed the problem of
diffusion flame extinction with flame radiation. Using the results
of a simulated experimental study, he showed that the radiative
extinguishment occurs in a zero gravity environment. The
existence of a radiative extinction limit at small strain rates was
first numerically determined by T'ien (1986). He plotied a
flammability map showing the extinction boundaries consisting of



blowoff and radiation branches. However. he only considered the
radiative heat losses from the fuel surface and neglected gas-phase
radiation and absorption. Recently. Atreya and Agrawal (1993)
numerically demonstrated the occurrence of radiative-extinction
of a one-dimensional unsteady diffusion flame. But they did not
consider the effect of induced strain rates since their formulation

was limited to a quiescent microgravity environment.
FORMULATION OF THE PHYSICAL PROBLEM

General Governing Equations
A schematic of a counterflow diffusion flame stabilized near the

stagnation plane of two laminar flows is shown in Figure 1. [n
this figure, r and z denote the independent spatial coordinates in
tangential and axial directions respectively. Using the
assumptions of axisymmetric. unity Lewis number, negligible
body forces. negligible viscous dissipation. and negligible Dufour
effect. the resulting conservation equations of mass, momentum.
energy, species and the soot mass fraction may be simplified to

the following form:

d . , (p V)
‘e ey + Y -0
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FIGURE 1 SCHEMATIC OF COUNTERFLOW
DIFFUSION FLAME

Here v is a similarity transformation variable which is related to
the radial velocity by y= u/(€ r). The above equations are closed

by the following ideal gas relations:

1

T 5w

[

p = and dh-c’zﬂ'

x|

The symbols used in the above equations are defined in the
nomenclature. Note that in the present form the equations do not
depend on the radial direction. The last term in the energy
equation represents the energy release by soot oxidation. This
term is zero when negative. In this study. the radiative heat flux
is modelled by using the emission approximation. i.c., Qe=40
T (Bpcor + 2pm0 + Zpa)s Where, 0 is the Stefan-Boltzman
constant. and 2, cgn. Bppeor dpawe 27 the Planck mean absorption
coefficients for CO,, H,O and soot respectively. The absorption
coefficients for combustion products were taken from Abu-Romia
and T'ien (1967) and for soot we have used 2, ., = 118.6 f, Tm"
obtained from Sicgel and Howell (1981).

The variable 8, in the species equation is zero for all species
except for fuel for which it takes the value of unity. This last
tecm in the fuel conservation equation represents the fucl
depletion through soot formation, and is zero when negative. The
soot conservation equation includes convection. thermophoretic
diffusion and source term. The thermophoretic velocity is defined

o (33

The soot mass fraction is related to soot volume fraction by ¢ =

f.p/p.

as:



Soot Production Model

The source term in the soot conservation equation. i.e., (m,, -
m, ). is represented by a model developed by Zhang et al., {1992)
and Atreya and Zhang (1993) and may be described as following:

(m,, - ) = 4,40 (E, - % ao) ex;{—%] ;

N (AW, a’
where £, = Ly

In this simplified model. the soot nucleation rate equation is
avoided by the use of an average number density. The value of
the pre-exponential factor for soot reaction A,, the soot activation
energy E,. the energy released during soot oxidation Q, and the
soot particle density p, were taken to be 107 kg/mis, 150
KJ/mole. 9x10° kJ/kg and 1.86x10° kg/m’ respectively (Zhang et
al.. 1992 and Atreya and Zhang. 1993).

Reaction Scheme
The present problem was solved by considering a single step
overall reaction which may be written as follows:
(F] + v (O] (1+v) (P]
Here. v is the mass-based stoichiometric coefficient.  Using

second order Arrhenius kinetics, the reaction rate was defined as
@ = A p* Y Yo exp(-E/R T). The reaction rates for fuel,
oxidizer. and product may then be written as Wg = -@; Wo = -VOL
and &, = (1+V)w. For the calculations presented here, the values
of various constants and properties were obtained from Atreya and
Agrawal (1993).

initial and Boundary Conditions

A solution of these equations requires the specification of some
initial and boundary conditions which are given as following:

Initial Conditions:

w(z.0) = y,(2)

h(z,0) =h,(z) orT(z.0)= T.,(2)

Y(z.0) = Y,,(z) [ n conditions or (n-1) conditions + p(z.0) ]

0(z.0) = 9,(2)
Here subscript '0” represents the specified initial function.

Boundary Conditions:

The origin of our coordinate system was defined at the
stagnation plane.

wleat) = 1 wi-et) = (pIp)"

h(eo,t) = h,, h(-e0,1) = hyo,

{or T(=,) = T, T(-ot) = Tiou ]

V(o0 =Y, Ym0 = Yo
vion =0

The strain rate €, which is a parameter, must also be specified.

SOLUTION PROCEDURE

The governing equations form a set of nonlinear, coupled and
highly stiff partial differential equations. A closed form solution
of these squations is very difficult to obtain. Hence. in the
present study, the equations were solved numerically. The
numerical scheme used is called the Numerical Method of Lines
(NMOL). In this method. the equations are first discretized by
applying a standard finite difference scheme in the spaal
direction which transforms PDEs into ODEs. The resuiting ODEs
in time are then solved by using a time integrator such as Runge
Kutta, implicit Adams method. implicit backward differentiation
formulas for stiff problems.

In the present study, a 4th order 5-point central difference
formula was used to spatally discretize the equations and an
implicit backward differentiation formula (BDF) was used to
integrate in the temporal direction. In order to carry out the
numerical integration, infinity was approximated by a finitc length
of the order of the length scale of the problem (i.c.. (D/e)* ).
This was confirmed by checking the gradients of all the vaniables

which must vanish at the boundaries.

RESULTS AND DISCUSSION

Figures 2-3 show the results for unity global eguivalence ratio
with T_=295K. Y,=0.125, Y,_=0.5 and strain ratc £e=0.1 s,
These results were obtained by dividing the computationai domain
into 1001 spatial nodes (i.e.. the size of spatial node was 0.03
mm). All the profiles shown are at time = 0.001, 0.01. 0.1, 0.3.
and 0.4 second. For these results, constant c,. equal diffusion
coefficients for all gases and p!D=constant were used.

The temperature profiles show a decrease in the maximum flame
temperature due to gas radiation. The effect of gas radiation was
found (o be sufficient to cause extinguishment (defined as
disappearance of chemiluminescence =1550 K (Bonne. 1971)) in
approximately 0.3 second. However, the effect of radiation was
found to decrease with an increase in strain rate. Figure 5 shows
the steady state temperature profiles for the cases with and
without radiation effects for e=10.0 s'. The results show that the
radiation reduces the maximum flame temperatre by 250 K
without causing extinction.

Figure 6 shows the development of soot volume fraction profiles
at various time intervals for strain rate of 0.1 s”'. This figure
shows that the soot volume fraction initially increases, reaching

a maximum value in approximately 0.04 s and then starts



decreasing. The figure also shows a shift of soot formation zone
towards the fuel side. The decrease in the soot formation is due
to: (i) a reduction in the flame temperature as a result of radiation:
(ii) the convection of soot to lower temperature zones: and (iii) an
increased rate of soot oxidation. The convection of the soot
volume is mainly due to expansion waves generated at the initial
stage of ignition (see Figure 2. This convection effect is furthec
assisted by the foliowing two factors: (i) the spread of products of
combustion with time increases the OH radical concentration,
which in turn increases the soot oxidation in the high temperature
zone and thus shifts the soot formation towards low temperature
zone: and (ii) the thermophoretic diffusion of soot particle. The
latter effect, however, is not very dominant. The convection of
soot volume fraction is opposed by the strain induced flow. This
opposing effect becomes important at higher strain rates. Results
at higher strain rates show a considerable decrease in the soot
volume fractions with soot formation in the higher temperature
zones. .

Figure 7 shows the time variations of maximum flame
temperature for various values of strain rates. The plot shows that
for flames with strain rates less than | s, the effect of radiation
is sufficient to cause extinction. These results show similar trends
as those obtained in our previous study (Shamim and Atreya,
1995). which included the effect of gas radiation only. The effect
of soot radiation was obtained by comparing the cases with and
without soot radiation. The difference in peak temperatures for
these two cases as a function of strain rate at time t=0.05 s is
plotted in Figure 8. The figure shows a decrease in the effect of
soot radiation with an increase in strain rates. This decrease is
due to a decrease in the soot volume fractions at higher strain
rates. However. since the radiative losses from combustion
products decrease at a faster rate with strain rates, the contribution

of soot radiation becomes more significant at higher strain rates.

CONCLUSIONS

{n order to quantify the low-strain-rate radiation-affected
diffusion flame extnction limits, the effects of radiative heat
losses on an unsteady counterflow diffusion flame were
numerically investigated. The model formulation includes the
radiative effects from both soot and combustion products (CO,
and H,0) as well as soot formation and oxidation. Both non-
sooty and sooty flames were considered.  Results show a
significant reduction in the flame temperature due to radiation.
This reduction in temperature increases with a decrease in strain
rate. The radiation from combustion products was found to play
a dominant role, specially at fow strain rates. For flames
subjected to [ow strain rates, the radiation-induced reduction in

temperature was found to be sufficient to cause extincton. For
methane flame. the extinction occurs for strain rates less than |
s'. and the extinguishment time (disappearance of flame
chemiluminescence = 1550 K) for most of these strain rates was
found to be less than | second. A flammability map is presented
to show the maximum flame temperature as a function of the
strain rate and the time of radiation induced extinction. In the
present model, detailed chemistry and non-unity Lewis number

were not considered.
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NOMENCLATURE

2, number of atoms of kind “j” in species "
a, Planck mean absorption coefficient
A pre-exponential factor

. AW atomic weight
<, constant pressure specific heat of the mixture
D, cocfficient of diffusivity of species i
E, soot activation energy
fv soot volume fraction
h enthalpy
h%; enthalpy of formation of species i
m,, soot production rate
m,, soot oxidation rate
MW average molecular weight
Le Lewis number

pressure

Qx radiant heat loss
Q. heat of reaction for soot oxidation
R universal gas constant
T temperature
t time
u, radial velocity
v axial velocity
\Z thermopheretic velocity
Y, mass fraction of species i
5, variable defined in the species equation
£ strain rate
n kinematic viscosity of the mixture
A thermal conductivity of the mixture
u dynamic viscosity of the mixwure
v mass based stoichiometric ratio
g variable defined in the soot model



p mass density

c Stefan-Boltzman constant

o) soot mass fraction

] similarity transformation variable

0 mass rate oprroduction of species i
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A Global Model of Soot Formation Derived from Experiments

on Methane Counterflow Diffusion Flames
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ABSTRACT

This paper presents a simpie model of soot formation in fuel-rich counterflow ditfusion flames.
[tis derived and tested on extensive measurements of temperature, chemical species, soot volume
fraction und particle number density in flames. In order to shed light on a global approach of soot
modelinu and thereby to admit applications of turbulent flames. Parameters critical to turbulent
diffusion llames, such as preheated reactants and dilution by primary products of combustion, were
systematically varied in our experiments. [t was proposed that the soot fcrmation in a countertlow
diffusion flame be modeled by three Arrhenius type reaction equations and one molecular particle
coaguzlation equation (soot nucleation; soot coagulation, soot surface growth and soot oxidation)
with coastants derived from measurements. The proposed model accounts for the effect of CO, and
H.O un svot reduction by using a mixture fraction variable oroportional to the unoxidized carbon
arom concentration. Soot nucization rate expression was denved from the homogeneous nucleation
theorv ind soot formation rate was assumed proportional 0 the soot surface area and the local
.noxidized carbon atom concentration. This model, along with SANDIA OPPDIF code, was
incorporated into a computation scheme. Comparison of model prediction with our experiments

1y

(CH, ilame) and with those in the literature (C,H4 flame) were made and show qualitative

sgreements. This work has suggested a global approach toward soot modeling aimed for turbulent

Jirfusion tlame calculations.



1. Introduction

The process of soot formation is of considerable interest to combustion science because it controls
the combustion efficiency, thermal radiation and smoke emission from practical combustion
systems. Turbulent diffusion flames used in these systems are known to locally consists of laminar
diffusion tlamelets [1] and they are often modeled using the tlamelet concept [2,3]. Thus, to both

understand and model soot formation in turbulent diffusion flames, it is essential to quantify soot

formation in a single diffusion tlamelet.

During the past several years, there have been many attempts of modeling soot formation.
Generaily. these efforts fall in two different approaches: reaction chemistry based model and global
scheme based model. Frenklach and coworkers [4~7] are using the most detailed chemistry scheme
which includes ’reactions up to large PAH. Similar but simpler approaches were adopted by
Lindsdedt [8] and Hall [9] to reduce the complexity by introducing acetylene and benzene as a
critical species in soot modeling. On the other hand, Kennedy et al [10], Kent et al [11] and Stewart

et al [12] are using a global species (i.e., fuel mixture fraction) to model soot formation.

While considerable progress has been made, adequately but reasonably simplified chemical
schemes which accounts for complicated chemical and transport processes in diffusion flames are
lacking. Thus, a simpler description of the sooting process which is derived from and backed by
extensive experimental measurements seems essential to the success of soot modeling. The present
work attempts to explore this unique approach: experiment-based soot modeling. We developed a
simple but comprehensive soot formation model based on extensive tlame structure measure-ments
conducted under different thermochemical environments (i.e. tor different degree of reactant preheat
and dilution by products of ccmbustion). This work, along with other efforts in the literature. are

important toward the development of a soot model used for trbulent flame application.

2. Experiment and Computation



[. apparatus and measurements

The experimental apparatus used is described in detaii elsewhere [13] Brietly, a especially
constructed ceramic burner with preheating capability is used to establish a tlat axisvmmetric
countertlow diffusion tlame approximately 8cm in diameter. The flow rates of fuel and oxidizer
streams ure determined with critical flow orifices. All the measurements are performed along the
axial stream line and one-dimensionality of the flame is confirmed by examining the temperature
profile along the radial direction. Temperature is measured using a Pt/Pt-10%Rh (wire diameter 76
um) thermocouple coated with SiO, and is corrected for radiation. Gas compositions are measured
by a direct-sampling quartz microprobe and a gas chromatograph. The local soot diameters, number
densitics and volume fractions are determined by extinction and scattering of a beam from an
Argon-ion laser operating at 514.3nm. The soot aerosol is assumed monodispersed with a refractive
index of 1.57-0.56i. Visible laser induced fluorescence (VISLIF)distribution was conducted by
exciting the flame at 488nm and detecting at 514=10nm. The location of the stagnztion plane was

also determined bby particle track photography.

The experimental conditions that were used are summarized in Table 1, which shows the fuel and
oxidizer tlow rates and concentrations, the burner preheating temperatures and the various amounts
ot CO. and H,O that were added to alter the chemical environment of the flame while keeping the
thermai environment un-changed. Also shown in Table [ are two flames by Axelbaum and
Vanderspburger {14 ,15], these two flames were used to turther test our soot model. [n our
experiments, we used very low strain rates to expand the scot formation zone for accurate spatial

measurement.

Detaiied temperature, gas species concentrations, PAH and soot profiles were measured for ail the
flames [isted in Table |. These measured profiles provided the basis for the development of the soot
model To enable comparing the sooting structure of varous tlames, a non-dimensional axial

coordinate Zn was employed (Zn=(Z-Zs)/(Zt-Zs), where Z :s the vertical distance trom the bottom



surtace of the burner and Zs and Zt are the locations of the stagnation plane and the peak flame

temperature respectively).

[1. computation

To ensure the validity ot the developed soot model and to compare the soot predictions with the
experiments, a detailed reaction mechanism-GRIMECH, afong with the code OPPDIF developed
by SANDIA [16], was implemented in the present work. The program was run using the specified
experimental boundary conditions. [t contains 177 elementary reactions and 34 species. The
governing equation and solution techniques can be found in Kee (17]. The computation provided
chemical and thermal structures of relative flames, which were subsequently compared with the
measurements. Conserved scalers (see definitions later) were thus computed and used for the

-

developed soot model to predict soot formation under the reiative flame conditions.

[1I. sooting flame structure

Temperature. velogitv and species

Figure | shows the measured and computed temperature and velocity profiles for three flames
(BA, BB and BC). Figure 2 shows the measured and computed species profiles (BC). The velocity
protiles inside these sooting tlames could not be measured because of the presence of soot particles,
which would arfect LDV, Thus. they were calculated ov specifying the measured boundary
conditions and by using the measured temperature and species profiles. Properties of the
multi-component mixture were obtained as a function of temperature from the NASA code [18].
The 1-D continuity and momentum equations employed along with the appropriate boundary
conditions may be found in Ref. [19]. The calculated velocity profiles were checked by using the
measured locations of the stagnation plane. They matched within the experimental error of #0.2mm.
[n these rigures, computatic: resuits using SANDIA code were also included. It was found that the
velocuv in the reaction zone (0<Z,<1) and hence the residence time measured from the flame front

was essentially the same for zil the flames. However. the :lame visible thickness (Z , -Z,) varied



from 6 to 8mm. Chemical species protile in Figure 2 has shown overall agreement between the

measurements and computations in chemical structure.

The measured soot volume ftractions and particle number densities are shown in Figure 3 along
with computed OH profiles. ‘While the data for other flames could not be presented here, these
results uare representative. The number density curves in Figure 3 show that the location where the
first nuclei appear (inception location) changes considerably with the flame conditions listed in
Table | (Zn varies from 0.4 to 0.85). The corresponding soot volume fractions peak values also
decrease with the shift in the inception location. From Figure i. one finds that the temperature at the
inception location varies from (400K to 1750K. Thus, it is not possible to conclude that inception
occurs at a speci,ﬁed temperature. However, OH profiles (see Figure 3) indicated that an quicker
decay ot OH from the flame resulted earlier inception (BC). Also, in our experiments, it was ‘ound
that an increase in the concentrations of CO, and H,O shifts the inception location away frorn the
flame toward the fule side. Thus, one might conclude the cnitical role played by OH in soot

formation, which is critical in modeling the nucleation site or sooting.

Figure 4 shows a comparison ot soot volume fraction and number density profiles for the BC {lame
with those available in the literature. Due to the low strain rates empioyed in our flames. the
residence time (~400ms) is much larger than the literature rlame data. Thus, the flight time t was
normaiized by the maximum residence time to make the results of different flame conditions
comparuble (tmax, the maximum flight time from the flame. was 18ms for Axelbaum's flame, 16ms
for Vandsburger's flame and 6ms for Santoro's flame [201). [t is seen that our results flame are
similar 1o those measured in the cylindrical forward-stagnation counterflow diffusion flames
(Vandsburger et al, 1984 and Axelbaum 1988), but the values are slightly lower. This may be due
to the ditterence in fuel concentration and the flame temperature. However, the fact that the two

protfiles are similar implies that the effect of higher strain rates used by Axelbaum et al. and



Vandsburger et al is essentially to compress the sooting structure rather than to alter the soot
nucleation or growth processes. The results of co-annular burner diffusion flame (Santoro (20])
are arfected by both scot formation and oxidation. Here, scot number density increase again when
the soot volume fraction decreases atter t/tmax=0.6 due to oxidation. Later, we will apply our soot

models to Vandersburger's and Axelbaum's flames.

Based on the expeniments, the structure of fuel-rich counter flow diffusion tlame is schematically
shown in Figures 5 and 6. H, production rate is also included because H, is produced by the
hydrogen abstraction reactions that occur during soot precursor formation (21]. Essentially a
three-color flame was observed which extends from Zn=0.0 toZ n=1.1. While traveling along the
centrai stream line from the oxidizer side to the fuel side. first a light blue zone is encountered in
which the peak ﬂ/ame temperature (~1900K) and primary combustion reactions occur. Next, we
encounter a bright yellow zone where the temperature is berween 1500K and 1800K. Between the
blue and the yellow zones there exists a fairly thin dark zone whose origin is unclear to the authors.
In the yellow zone, scattering by soot particles was found to be several orders of magnitude smaller
than at the stagnation plane. However, soot volume fraction, VIS LIF and other intermediate
nvdrocarbons were present in this zone. Thus, it seems that in this zone soot precursor are formed.
out their concentration is not high enough tor nucleation 0 form measurable size soot particles
(>>nm). This is probably because of oxidative attack by OH radicals. The thickness of the vellow
zone is approximately equal to the distance between the location of the sharp rise in the number
density and the location where the soot volume fraction becomes zero. Between the yellow zone
and the stagnation plane, a dark orange zone exists where tae temperature is between 1200K and
1600K  Soot inception occurs at the diffuse interface between the vellow and the orange zones.

Soot particulate scattering and soot volume fraction in the crange zone increase until we reach the

stagnation plane.

To summanze the expeniments. one would conclude: 1) a rei:able sooting tlame structure data pool



was established. which reveai the basic sooting processes under various condition. This is very
crucial to soot modeling; and 2) while it still awaits detailed flame structure study to clarify the OH
and othier key radicals' role in soot formation (this work in currently underwav in our lab), it is
phenonielogically clear that a critical species (or trace species) with enough concentration is
essentiul for soot inception to occur. Our experiments reveaied that the concentration of this trace
species may increase with (i) increase in> the tlame temperature; (i) decrease in oxygen containing
species that may, in turn, increase the OH radical concentration; and (iii) increase in the fuel

conceniration.

Thus rar. different approaches have been explored to model the inception species, (e.g., Large
PAH. Frunclach{4,7], C,H, and C,hg, Lindstedt{8], Gore [9], or arbitrarily assigned, Kennedy[10]).
Nevertneless, a ,universally applicable scheme that can quanti-tatively explain all existing
experiments is still lacking. In this work, we attempt to model the inception (nucleation) and growth

species with a simple but experimen-tally bzsed global species (the conserved scaler).
Soot model

[n the model presented here. the conserved scaler formuiation has been used to enable easy

application to turbulent diffusion tlames. By defining the atomic mass fraction of atom j as:

A M)
5/ = E(_l_) Yi
¢

sl

where M and v; denote the molecular weight and mass fraction of species i. M, denotes the atomic
weight of atom j and v, ! denotes the number of atoms of j in species i, for an arbitrary control

volume in the reaction zone we obtain:
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Here. . und p, are the gas and the soot densities ( p, taken as 1.86g/cm’) respective-ly. It is
assumcii that the fuel is a hydrocarbon and the oxidizer is air. Now, for a non-sooty flame, ¢
={¢+3,, is the fuel mass fraction which is normalized as:

{F‘{M
Z . Lt

o ™ € Fmin

Similuriv. the conserved scaler for oxygen is defined as:
£ = Lomn
. ZO RS AR 0\
{oma ™ Eamn
However. for a sooty flame, Z,.+p,¢/p is conserved. Thus. the conserved scaler is defined as:
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Here, the subscripts O, F_ represent the inlet conditions on the oxidizer and the fuel side

respectively. Substituting Z and Z, in the conservation equation we obtain the soot equation as:
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and ontdizer equation as:
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where, is the net soot production rate.
Whiie there were various sheme to define a trace species tor soot inception and growth.
Fundammtal questions still remains. Thus, we introduce a hypothesis for describing soot formation

and oxidation:
fuel (C, H ..) => soot, soox + axidizer(O, OH, or O,) - products.

Here. :uel represents unspecified hydrocarbons, fuel fragments and pyrolysis products which are
containad in Zy and the oxidizer represents oxygen or radical species that are contained in Z,. Now,
to quantirv m™,,, , first, it is essential to develop a model for the nucleation rate as a tunction of the
thermochemical environment and account for the changes that occur in the particle number density

due to vouvulation. Then, the soot mass added by surface growth and reduced by oxidation can be

calculzted.

In the ~<ilow and orange zones of a sooty tlame, the concentration of soot precursors and growth
species (large PAHs, C2H2 and other intermediate hydrocarbons) increases toward the stagnation
plane. These molecular precursors are of the order of several hundred AMU and may contain
betweea 20 to 50 carbon atoms [22]. As the PAH concentration increases and the temperature
decreuses toward the stagnation plane, attractive Van der Waals forces between these molecules
result . the formation of molecular clusters (The Van der Waals forces for large precursor
molecties are substantial and their sticking coefficient is nearly unity [22]). In accordance with the
classical homogeneous nucleation theory, it may be assumed that a critical size of these clusters

leads to varticle inception. It is suggested [22] that the incipient soot particle diameter is about 2nm



(~2000AMU) and that the average size of condensing precursors is between 200 to 400 AMU.

Thus. . cluster of'about 6 to 8 large precursor molecules is required to torm soot nuclei.

Under supersaturated conditions, the rate at which critical size nuclei are formed by condensation

of moiccules can be determined from the homogeneous nucleation theory [23] as:

2

dNy, 2 1. ad;z 2 - g
= pl(k_T)_(W) "d;u?['zlng]

where. o . is the diameter of the critical size particle, g* is the number of large molecules required
to torm u cnitical size, p, is the partial pressure of precursors, and S=p./p,, is the saturation ratio (p,
is the parual press{Jre of precursor under saturated conditions). Also, k,o and T are the Boltzmann's
constast. the surface tension of the liquid and the absolute temperature respectively. Hence, S must

be greuter than unity for nucleation to occur.

Assuminu g, g%, d.. to be constants, we obtain the nucleation rate as:

2
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@ p (k1 P
where. p is the total pressure and p,/p (= ¢, ) is the mole fraction of condensing molecules. Also,

2

A ' T
= X -4
p =l RT( T,)]

where. AHv is the heat at vaporization of the condensed molecules and T, is the absolute

temperuture when the saturation pressure equals the total pressure. Since, p, <<p ; T, >>T. Thus,



(1-T/Thy -1. Hence,

DNy

. afg'
&

2RT
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[n this cuuation, g*, AHv,y, and B are unknowns that must be determined from experiments. Also,
B/T" iy be approximated as a constant for simplicity. Assuming g* ~8 [(2000~3000AMU)/ (200
~400AM(N)] and g, proportional to the carbon available to make soot or unoxidized carbon [i.e.
fraction ot carbon not in CO,: (¢-3/88,). Note that this expression overcorrects tor carbon present
in CO icause of oxygen in H,O. However, this overcorrection is needed because ot the observed
stronu chemical effect of H20 in delaying soot nucleationi. We can rind B and AHv from the

measured dNy, /dt by plotting N, vs I/T.

! ‘Qa(nvf'nlis]n'
At high concentration of soot paricles, typical of a flame environment, a significant traction of the
obsen cd increase in particle size is due to coagulation . This process is quantitatively described by

the ecuation [24]:

N, - -;?Kow LSAILS

with
53 6T
K, - 12(4‘ )Vé(pm)mcx

Here. (i is a factor that takes into account the dispersion forces between the particles (usually a value

of 2 :ur spherical particles), and « is a tunction of the particle size distribution, retlecting the



variaticn in collision rates with different particle sizes. For a monodispersed svstem « takes the

12

value o' +"% . Thus, the generation rate of soot particles is a balance between the nucleation rate

and the coagulation rate:

Surface Growth:

Most ot'the soot in a flame is produced by surtace growth. In the global model presented here, we
assume that the soot formation rate is proportional to the surrace area of the soot particles [23] and
the local hvdrocarbon concentration assumed proportional 1o the available carbon (§.-3/8E,). This

leads i the following Arrhenius equation:

"G e ALy - SNy T

This ecuation was derived by assuming the soot aerosol to te monodispersed.

[n these tlame, O, is not present on the fuel side and the rflow is such that the soot particle are
convected to the stagnation plane. Thus. oxidation mav occur only by OH radicals whose
concen:ration is increased with increase in the local CO, and H,O concentrations. As noted earlier,
this process occurs in the veilow zone and significantly arfacts the concentration of intermediate
hvdrocrbons that lead to precursor tormation and eventually 1o soot formation. \While considerable
progress has been made toward developing a tundamental understanding of processes leading to soot

inception {24] and a model of soot inception has recently zopeared in the literature [4~7], further



work .. nceded to explain, for example, the effect of CO, andH,0. In the conserved scaler
formuiacion presented here, the details of this zone are by passed by using (,-3/8&,) in both
nuclezt:on and surface growth expressions. Hence, for these flames oxidation need not be
consicered.  However, for a typical flamelet in a turbulent flame it is necessarv o include soot

oxidai.un Thus, for the sake of completeness, soot oxidation rate may be expressed as:

m=_ = A‘azoz wéme-fﬂa
The coistants Ag and E, may be obtained from the literature [25].

[n orucr to experimentally determine the corresponding constants. calculations have been carried
out tor il the flames listed in Table 1. The overall formation rates for soot volume fraction and soot
particic number density were obtained from the global conservation equations which for the

countertlow diffusion flame become:

i

p

p%( ) - %(p,w,) M M -

and

d N d :
pvz(:) - E(IWT) = NM = Avx - IVQ

Here. the thermophoretic velocity v; was calculated from the expression:

vy = —05517-_%



To ¢\perimentally determine the model constants (A and E'R), measured number densities (which
exist unhv tor the orange zone) and soot volume fractions protiles were used along with the above
four ¢.p.utions (soot growth. soot oxidation, soot nucleation and soot particle coagulation) to yield

formatiun and nucieation rates. These rates were then normaiized according to the relative models.

Thesc results are plotted in Figures 7 and 8 defined as:

my (N ¥ e - %eo)p, ard N5 - %co)‘1

Bascd on the experimentally determined constants (Ap and Ep/R and An and En/R  for soot
formution and nucleation respectively), the proposed model were finalized and were also plotted
along with error margins in these figures.

From these two ﬁg;ures, one could make the following observations: 1) While there is considerable
scatter. which was mainly due to differentiation of measured profile data, the trend of soot forrﬁation
and nucleation rates follow the proposed model; 2) It may be necessary to include a factor in the
model. - hich retlects more accurate effect of OH. and 3) Nevertheless, it is possible to model the
compiicited soot formation processes in a counterflow diffusion flame with the above three

Arrenies (ype equations and one molecular coagulation equation.
Model test

To cnuble validation and further refinement of the proposed model, a two-step computation
schemie. which incorporates the soot model. was developed. Step |, SANDIA code OPPDIF was
used o compute flame structures with imposed experimental boundary conditions and temperature
profiles  This computation would produce the conserved scaier protile for each of the considered
flame cuse. Step 2, a set of ODE equations along with our soot model were numerically solved. The

compuivd soot number censity and soot volume fraction protiles were thus compared with



experiments.

The tfirst set of computations involved three flames (BA, BE and BC). These flames were selected
because they were less complicated by addition of CO, and H,O. The predicted soot number density
and soot volume fraction along with measurements were presented in Figure 9. It is seen that not
only did the model correctly predicted the soot particle number and soot mass, but also it reveal the
experimentally observed phenomena: as the preheating temperature increased with the reduction in

02 concentration, soot nucleation sites moved toward the flame because of the reduced OH.

The sccond set of computations were of two countertlow diffusion tflames published in the
literature (one by Axelbaum, {14] and one by Vandersbuger [15]). It is important to test our model
against these two’ﬂame because they used different fuel (C,H, as opposed to CH,). We first used
OPPDIF along with experiment conditions to compute the flame structures. Figure 10 compared
measured velocity and temperatures with computations, which showed reasonabie agreement. In
figure 11 and 12, we compare model predicted soot field with measurements. It showed qualitative
agreement.  Although the model correctly predicted the soot formation process, it slightly

underpredicted soot number censity and soot volume fraction.

Our computations using diferent fuel but identical boundary conditions has indicted apparent
difference of fuel consumption characteristics in the sooting zone (C,H, consumed far more than
CH, ahead of the flame). Thus. it might be necessary to include another factor in the soot nucleation

modea! at account for this effect
Conclusions

A simple model of soot formation is developed based on detailed measurements in countertlow

diffusion tlames. The model formulation incorporates the observed physical and chemical



phenomena pertaining to : (!) Nucleation; which occurs in the orange zone of the three-color
(blue-vcilow-orange) tlame structure and is modeled in accordance with the homogeneous
nucleation theory; (ii) Coaguiation; which significantly influences the number density in the orange
zone. A theoretical expression tor this is taken from the literature; and (iii) Surface growth; which
is taken proportional to the soot surtace area and the local unoxidized carbon concentration. This
model is intentionally cast in terms of mixture fraction variables such that it can be easily applied
to turbulent diffusion flame caiculations. It has been extensively tested against experiments where
the thermochemical environment of the flame was changed bv changing the preheating temperature

and by introducing CO2 ana H2O.

The aureement of soot prediction using the model with experiments was very encouraging.
However. many issues remain which require attention. Especially, how to account for OH effect
, which has been experimentally proved to be crucial in soot formation, and how to account for fuel
structure ctfect. These are precisely the on-going effort in our work. Nevertheless. this work has

shed lizht on a unique approach in soot modeling: experimentally based soot model.
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Preheating Temperature Fuel Oxidizzr Composition Remarks
(K) Composition
300 659%CH,-35%N, 16260,-84%He This work, BA flame
300 E5%CH,+15%N,+12% 16260,-34%He This work, [A flame
CO,+8%He
300 65%CH,+212:CQ, 16%00,-84%He This work, MA flame
+14%He
300 65%CH,+31.4%N,+3.6% 16260,-84%He This work, WAF flame
H,O
300 659%CH,~35%N, 16%0,+80.4%He~ This work, WAO flame
3.6%H.0
900 65%CH,-35%N, 11920,-89%N, This work, BB flame
900 65%CH,+15%N,+12% 11260,-89%N, This work. IBF flame
CO,+8%He
900 65%CH,+21%C0,+ 11%60,-899%N, This work. MBF flame
14%He
500 65%CH,+359%N, 112%0,-69%N.~12°.CO, This work. IBO flame
-8%He
900 55%%CH,-359%N, 11200,-54%N. -21°C0O, This work. MBO flame
-14%.He
1200 65%5CH, ~35%N, 9.7%00,-5).3%N, This work. BC flame
1200 §5%CH,+219C0O,+ 9.7%60,-%).3%N, Truas work. MCF flame
14%He
1200 53%9CH,+31.4%N,+3.6% 9.7%60,-5:1.3%N, This work, WCF flame
H,0
300 100%C.H, 21900,-75%N, Axelbaum et al
300 100%C. 1, 18250,-32%N, Vandersburger ¢t al
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Scattering Detector

Blue (primary reaction)

Yellow (LIF but no scattering)
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ABSTRACT

In this study, the previous work of Rosner et al'? is extended by a simple mathematical model. This
new model facilitates determining the profiles of soot volume fraction from measurements of the
bead radius and the transient temperature of a soot deposited thermocouple. To demonstrate the
feasibility of the developed technique, experiments were performed on a low strain-rate counterflow
diffusion flame bumer for methane and ethylene flames. Transient temperatures were measured by
2 PYPt-10%Rh fine-wire thermocouple whose bead size was determined by a microscope. These
measurements in conjunction with the model yielded the profiles of soot volume fraction. In
addition. the in-situ laser scattering/extinction measurements and the flame spectroscopic analysis
were conducted to confirm the thermocouple results. Excellent agreement was found between the
From this study, it was also found that: (i) Soot deposits on the
thermocouple can cause a "dent” in the temperature profile near the flame on the fuel side. This
phenomenon persists in yellow flames even to the extent where absorption and scattering by soot 1S
negligible (scatering-limit flame), which seems to support the concept of “transparent particles”
recently proposed by D'Anna and D'Alessio*: and (ii) The magnitude of the observed temperature
“dent” is proportional to the s00t loading of different flames. In particular. this "temperature dent”
in sooting rlames is caused by the combined effect of two competing mechanisms: soot deposition

due to thermophoresis and soot oxidation due to OH attack on soot deposits.

two measurement techniques.



INTRODUCTION

The difficulties of making thermocouple temperature measurements in sooting flames are well
documented'™?®. The thermal radiation from the junction of a thermocouple to the surroundings
forces the bead surface temperature to fall significantly below that of the adjacent gases. Such a
negative temperature gradient will, in turn, drive the surrounding soot onto the thermocouple probe
due to thermophoresis. Consequently, a layer of soot develops, which completely shields the bead
of thermocouple from the ambient gas. This further reduces the bead témperature as the result of

enhanced radiative heat loss due to (i) the higher emissivity of soot; and (ii) the continuous increase

in the bead size because of soot deposition (see Fig.1).

-

While the soot deposition complicates the temperature measurements in sooty flames, the transient
response of the thermocouple can be exploited to find the soot deposition rates, and these deposition
rates can subsequently be related to local soot loading. Thus, with the aid of an appropriate model,
local soot volume fractions can be determined from simple transient temperature measurements.
This technique will be very valuable under circumstances where expensive and cumbersome laser

diagnostics can not be afforded. such as in microgravity expenments.

Soot deposition has been of interest in many practical combustion systems. Previous work'?752

have already identified thermophoresis (which is essentially soot particulates transporting "down"
a temperarture gradient) as the dominant transzer process leading to soot deposition. A recent study
by Rosner et al* further concludes that thermophoretic properties of soot were essentially insensitive

to aggregate size and morphology. Despite the progress made in these work, the emphasis has been



10 investigate the mechanism and the rate of soot deposition onto an isothermal surface (combustors,
engine walls or cold plates for collecting soot samples from flames). In the present study, we
endeavored to extend the previous work of Rosner et al'” by developing a simple mathematical
model that facilitates determining the profiles of soot volume fraction in a sooting flame using
transient thermocouple response measurements. In addition, we applied the developed technique
to exploit further the effect of thermophoresis under various flame conditions, i.e., from a purely
blue flame (non-sooty) to a yellow-orange flame (very sooty). Experiments were performed on fuel-
rich methane and ethylene counterflow diffusion flames. Transient temperatures inside the sooting
sone were measured by a Pt/Pt-10%Rh fine-wire thermocouple (wire diameter~0.2mm) where the
bead size was detérmined by a microscope. Detailed soot volume fraction profiles were deduced

from the measured thermocouple bead size as well as the transient temperature history using the

model developed. These results were confirmed by the in-situ laser diagnostics and the flame

spectroscopic analysis.

THEORETICAL

Based on the preceding discussions, a simple analysis of soot deposition onto a thermocouple bead

is performed by assuming that':
(1) The thermocouple bead is simply a sphere and the soot deposition process is spherically
symmetric,
(2) Soot particles are spherical droplets with monodispersed distribution;
(3) The emissivity of soot is unity (e,=1),

(4) The ambient gas surrounding the thermocouple is locally isothermal and homogeneous



and falls in the low Reynolds number flow regime, thus the Nusselt number-is®:

Nu = = 2

4D

k
(5) The conversion efficiency of surface collision is 100%, i.e., the particles that collide with
the bead of thermocouple are completely absorbed into the soot layer.

(6) Local thermodynamic properties are constant for the thermocouple bead, soot deposits

and gases,

(7) The thermocouple bead and the soot deposit layer have negligible thermal "inertia”,

i.e., the thermocouple instantaneously assumes the steady state temperature for a given bead

’

size; and
(8) Heat transfer proceeds as the radiative heat loss from the "soot-coated" bead to the

ambient through a layer of non-attenuating "thin gas" and as the convective heat gain from

the ambient gases to the bead.

With these assumptions, we can derive the following equations:

Conservauon of soot mass:

4 ir:R]p‘ = 4zRJ (1)
del\ 3

where the thermophoretic mass flux can be expressed as*:

, 3p Sy d
Pl ( ! dT] -
4(1-7_') T dr ] eed murgsce
8

I



Conservation of energy:

o(T S -TY = KT, - T 3

Replacing the temperature gradient in equation (2) and using Nu=2 gives:

_(51 AT T (T TY) "
dr baad surface k R

Combining with Egs. (1) to (4), we get:

2(1 *%)(R(z,p’-R(O)’)
- f, , (5)
*ROT(0-T.
dr

3vo
k -[ T0

Since R(1) is a slowly varying function of time as compared to Tg(t) in the integrand, it can be

further approximated as (R(t,)+R(0))/2 to yield:

A(1 '%)(R(r,,)-R(O))
/. = : 6)
(T 0-TH
dr

3vo
k 4{ T0

EXPERIMENTAL METHODOLOGY
The experimental apparatus used here is described in detail in our previous paper’. Briefly, laminar
counterflow diffusion flames were stabilized on a well-designed low-strain rate flame burner. This

burner was mounted on an X-Y-Z translating stage system that allows it to be moved relative to the

optical measurement system with a resolution of 0.05mm in vertical motion. Flows of gas reactants



were measured with critical orifice flow meters. Flames selected for the present study were

summarized in Table 1.

Temperature measurements were made using a Pt/Pt-10%Rh thermocouple with a wire diameter
of 0.2 mm. The junction of the thermocouple was formed by butting Pt and Pt10%Rh wires together
and coated with SiO, to prevent catalytic reaction. The thermocouple probe was made in a triangular
configuration to minimize the heat conduction loss and was supported by a ceramic tube. For each
experiment, the thermocouple bead size was measured two times under the microscope, prior to and
after the soot deposition. The entire thermocouple assembly was mounted on a translating stage

-

whose position was recorded by the computer data-acquisition unit along with the thermocouple

temperature data.

Aside from thermocouple measurements, soot was also measured independently using the standard
light scattering and extinction techniques. A schematic illustration of the optical apparatus and the
burner is shown in Fig.2. Here a 5W Ion laser operating at 355nm, 488nm, 514nm and 1090nm lines
was used. The laser beam was modulated using a mechanical chopper to allow for synchronized
detection of the transmitted and the scattered light signal at the angles of 0° and 90° with respect to
the incident beam. Additionally, flame emission spectroscopic analysis was conducted using the
spectrograph and the ICCD detection system for studying the oxidation of soot deposits by OH
artack. Emitted light from the flame was collected at 135° with respect to the incident beam by the
detection optical fiber. The spatially resolved vmeasuremems of flame emission at 306.4nm were

made to determine the OH distribution in the flame. However, in this work, these laser diagnostics



were used only for comparison purposes because the quantity of interests is the measurement of 500t

using thermocouple response technique.

RESULTS

A typical plot of the instantaneous change in the thermocouple bead temperature in response to the
process of éoot deposition and soot oxidation (burn-up) is shown in Fig.3. This was obtained by
quickly inserting a "clean" thermocouple into the sooting zone (to detect soot deposition) and by
inserting a "soot-coated” thermocouple into the oxidizing OH zone (to detect soot burn-up).
Obviously, these two opposite processes were captured in the transient profiles of thermocouple
response. As is seen in Fig.3, soot particles continuously built up on the bead surface, forcing the
thermocouple temperature to drop throughout the sampling period. This process of soot deposition
was sustained by the negative temperature gradient between the bead and the adjacent gases as a
casult of the continuous radiative "cooling”. In contrast, soot oxidation occurred much fast. Within

approximately 20 seconds. soot deposits burned out completely and the thermocouple temperature

was siabilized at 1920K.

In order to apply the developed model to the actual soot measurements, we carefully selected two
well-defined counterflow diffusion flames suitable for probe measurement. Figs.4 and 5 illustrate
the sooting structure of the ethylene flame (a similar structure was also observed for the methane
flame). Sandia burner code’ (OPPDIF), which was modified to include gas radiation with boundary
corrections, was used to compute for the flame structure. Soot measurements were performed for

comparison with the subsequent measurements the using thermocouple response techniques. As



reported in our previous papérsz a blue-yellow-orange sooting flame structure emerged: the bright
blue primary reaction zone was on the oxidizer side of the stagnation plane; a thick(3~4mm) yellow-
orange sooting zone stayed at the fuel side and was separated from the blue flame by a thin dark
zone. Soot inception occurred at the axial position z=13.5mm (measured from the fuel side). The
newly formed soot particles were then swept downstream to coagulate and to grow until z=12.2 mm.
This relativély thick (3~4mm) and well-defined sooting zone was important for resolving the soot

volume fraction profile using a thermocouple whose bead diameter was 0.4mm.

Vuch work in the literature'™'** has been devoted to collecting soot samples from flames for
analyzing soot mo’rphology (i.e., see the recent work by Koylu, Faeth, Farias and Carvalho™). To
demonstrate the feasibility of measuring soot volume fraction profile using a thermocouple, a seﬁes
of thermocouple responses taken at different locations inside the sooting zone (flame 1) are
examined. Shown in Fig.6 are profiles of the bead temperature reduction and the reduction rate as
a result of soot deposition (dT(t.z)/dt and T(1,2)). As was predicted, thermocouple temperature taken
at the non-sooty location (flame zone) resulied in a straight line. However, once the thermocouple

was placed inside the sooting zone, Le.. from the less-sooty inception location (Az=1.59mm,

measured from the flame) to the soot growth zone (Az=5.08mm), it not only registered the

magnitude but also the rate of bead temperature drop (i... Az=1.59mm, AT, ~80K, dT/dt_,, ~03
K/S: Az=5.08mm, AT, ~130K, dT/dt_, ~2.6 K/S). These results confirm: (1) local soot deposition

is proportional (0 the 500! volume fraction and (2) it is technically feasible to determine the soot

volume fraction using the thermocouple response techniques.



Measurements of soot volume fraction using thermocouple response techniques were conducted
in two fuel-rich counterflow diffusion flames-(flame “1 and flame “2). Eq.(6) was used to determine
the soot volume fraction profiles from the measured thermocouple bead size along with the transient
temperature data. Results of these measurements and the profiles of "soot-coated" bead size are
shown in Fig.7. As is seen, the ethylene flame produced 10 times more soot as compared with the
methane flame. Correspondingly, the maximum bead size (soot coated) at the highest soot loading
location was 4.5 times that of the "clean” bead while for methane flame it was only about 50%
increase in the bead size. Also included in this figure are the soot measuremeﬁts using in-situ laser
scartering and extinction techniques. Despite a relatively lower spacial resolution of thermocouple
measurement (wh;ch was about 0.4mm in the present experiment) as compared to a much higher
resolution of optical method (which was 0.05mm), a good agreement was clearly found in soot
measurements between these two techniques, which demonstrated the feasibility of the developed
new technique. From the figure, it also seems that the thermocouple measurements overestimate
soot volume fraction in the heavy sooting zone. Thres factors may have contributed to this
discrepancy: (i) The thermophoretic velocity equation (Eq(2)), which was used to derive the soot
surface flux. could become less vigorous in the final stage of soot growth where soot can appear as
agglomerates: (ii) The constant property assumption (assumption (6)) ; and (iii) The approximation
and the quasi-steady assumption used in deriving Eq.(6), which may also over-simplify the process
in 2 heavy sooting zone. Therefore, it will benefit if a simple method could be introduced to measure

the R(t) in "real time", which will thus enable removing several assumptions made in the present

analysis.



DISCUSSION

The temperature "dent” phenomenon

It has long been known in the literature that temperature profiles normal to a flame can display
a "dent” (slope discontinuity). In the past, two hypotheses were introduced to explain the observed
phenomenon: (i) the effect of endothermic methane pyrolysis'® and (ii) the effect of exothermic
recomb'matién of radicals onto the platinum thermocouple surface'*. The second hypothesis deserved
more attention here because the phenomenon of temperature "dent” occurred exclusively in those
expeﬁments where a thermocouple was used. Similar phenomena were not reported in numerical
studies even with a full methane reaction mechanism. In line with the present work, we postulate
that the observed "/dent" phenomenon, at least in sooting flames, can be attributed to two competing
mechanisms: soot deposition on the thermocouple due to the effect of thermophoresis and soot
oxidation due to the effect of OH artack on soot deposits. The physics behind the phenomenon can

be perceived as follows: when a thermocouple travels across a sooting zone in the direction of

increasing gas temperature (i.e., from "cold” zone to "hot" zone, which favors thermophoresis), the

[§]e]
[§]e]

local gas temperature is always higher than that of the bead at each instant. Consequently, soot
accumulates on the thermocouple bead thereby reducing the bead temperature. This process can
continue until the thermocouple is brought in contact with the high temperature OH pool, where

soot deposits burn out (oxidize) via the heterogeneous reaction'”:

c,..-HE - OH - products (M.

el

The depletion of the soot layer previously deposited on the thermocouple immediately reduces the

radiative loss thereby bringing up the bead temperature. The combined effect of these two processes



can result in a "dent" in the temperature profile.

Figure 8 illustrates a result of the above-mentioned process. Here, temperature and OH profiles
for the ethvlene flame are shown. In this experiment, thermocouple was first traversed across the
flame from the "hot zone" toward the "cold zone" (thus minimizing the soot deposition due to
themophor‘esis) to generate a reference profile. Then the direction of thermocouple travel was
reversed, i.e., from the "cold zone" toward the "hot zone" (thus maximizing the soot deposition due
to thermophoresis). This resulted in the second "soot-loaded" temperature profile. These two
temperarure profiles were plotted on the same figure and a temperature "dent" was clearly illustrated.
Furthermore, thjs/ "dent” (the sharp change in the slope of the temperature profile) was found to
occur near the peak of OH zone at the fuel side of ethylene flame. Thus, this expenment confirms
our hypothesis for a sooty flame. From the results, it may also be inferred that in order to minimize
the errors associated with soot deposition during thermocouple temperature measurement, one
should traverse the thermocouple through the sooting zone in the direction of decreasing temperature
(which is least favorable to soot thermophoresis) to avoid any temperature "dent”. Furthermore, the
rate of travel of the thermocouple should be as fast as possible bﬁt equal to or less than the inherent
thermocouple response time. This method was adopted in all our temperature measurements and

pie3

has been reported in our work™ ",
p

Deposition of newly formed soot (d,<3~4nm)

For soot formation, it is always critical to identify the transition of PAH into soot particles, 1.e.,

soot inception. In our previous paper’, we found that optically measurable soot exists only in the



orange zone of the blue-yellow-orange sooting flame structure. Indeed, even at the scattering-limit
(characterized by varying the flame conditions until the light scattering due to soot is suppressed
completely as compared to the background scattering due to gases™), flames may still emit a dim
yellow color. Recently, D'Anna and D'Alessio* claimed that soot particles (typically 3~4nm) in their
early age are "transparent” (with negligible absorption and fluorescence). An interesting question
emained unanswered: Do these "transparent particles” behave like normal soot particles? i.e., Do
they still have thermophoretic properties? To clarify this issue, we applied the above thermocouple
techniques to three different flame conditions (to find the temperature "dent” due to soot): a sooting
flame (flame *2), a scattering-limit flame (flame *3) and a yellow-blue transition flame (flame "4
which essentially ’appears blue). Shown in Fig.9 are the measured temperatures and the UV
absorption profiles. It is interesting to note that the "dent" phenomenon persisted even at the
scattering-limit flame with negligible UV absorption. It only disappeared when the flame became
purely blue (non-sooty case, flame *4). This result seems to support the concept of "transparent”
particles: while soot precursors are optically "transparent” (with negligible absorption), they still

have thermophoretic properties. It further infers that soot inception begins beyond the optically-

determined scattering-limit-an interesting issue that requires further exploration.

CONCLUSIONS
In this work, we have extended the previous work of Rosner et al'? by developing a simple
mathematical model to resolve the profiles of soot volume fraction using transient thermocouple

temperature measurements. Excellent agreement was found between the soot volume fraction

profiles determined by the thermocouple technique and those determined by the in-situ laser



scattering and extinction measurements. Thus, the feasibility of this developed technique was
demonstrated. [t was further found that:
(i) Soot deposits on the thermocouple can cause a "dent” in the temperature profile near the
flame on the fuel side. This phenomenon persists in yellow flames even to the extent where
absorption and scattering by soot is negligible (scattering-limit flame), which seems to
suppbrt the concept of "transparent particles" recently proposed by D'Anna and D'Alessio;
and
(i) The magnitude of the observed temperature "dent” is proportional to the soot loading
of different flames. In particular, this "temperature dent” in a sooting flame is caused by the

combined effect of two competing mechanisms: soot deposition due to thermophoresis and

soot oxidation due to OH attack on soot deposits.

NOMENCLATURE

<, specific heat of soot

D diameter of thermocouple bead and soot particles.
f. soot volume fraction

h heat transfer coefficient

I laser power

J soot mass flux

k thermal conductivity

m’ soot mass deposition rate

Nu Nussel number



r radial coordinate
R radius of the thermocouple bead

Re Raynold number

T. ambient temperature

T, local gas temperature

Tq thermocouple bead temperature
T temperature

Z axial coordinate

Greek letters

€ emissivity

u visCosIty

ol gas density

v kinematic viscosity

o Stefan Boltzmann constant
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FIGURE CAPTION

Table 1 Flame conditions.

Figure | Sketch of the soot deposition process.

Figure 2 Schematic iflustration of the burner and the apparatus.

Figure 5 Thermocouple response to the process of (i) soot deposition and (i) soot burn-up

(oxidation) for the ethylene flame. Note that soot oxidation completes less than 20s.
In contrast, soot deposition proceeds continuously.

Figure 4 Profiles of measured temperature (corrected forr thermocouple radiation), computed
temperature and velocity for the ethylene counterflow diffusion ﬂaline. Sooting zone
was at the fuel side of the flame.

Figure 3 Profiles of measured soot volume fraction, number density and particle size using



Figure 6

Figure 7

Figure 8

Figure 9

laser scattering and extinction techniques, assuming Rayleigh scatterer model with
monodispersed distribution. This well-defined and relatively thick (~3.5mm) sooting
zone ensured the feasibility of thermocouple probe measurement.

Profiles of the transient thermocouple bead temperature reduction T(t,z) and the rate
of temperature drop dT(t,z)/dt at different locations of sooting zone. In this figure,
the location of thermocouple was measured relative to the flame (maximum
temperature).

Measurements of soot volume fraction using the thermocouple technique. Shown
are the soot volume fraction and the size of "soot-coated" thermocouple bead. Also
incl/uded are the soot measurements using laser scattering and extinction technique.
Effect of the soot deposition and the soot burn-up (oxidation) on profiles of measured
temperature. The temperatures were obtained by traversing the thermocouple across
the sooting zone in two directions (F-O: from the soot peak position toward the flame
10 maximize soot deposition: O-F: from the flame toward the soot peak location to
minimize soot deposition). Shown also are the measured and computed OH profiles.
Note that the location of the "dent” in temperature profile is coincident with the OH
peak.

Effect of soot loading on the temperature profiles. Shown are the measurements of
temperature (left), using the same techruque as in Fig.8 and the UV absorption (right;

the laser was operated at 333nm). They are for three different flames (from top to

bottom): Blue flame (no soot); Scattering limit flame (negligible soot particle

scattering) and Sooty flame.



TABLE 1
Flame Conditions

Flame # Reactants Flow Rates Flame Temp. | Observations Max. Soot
Composition (cold, cm’/s) || (uncorrected) Loading
/ 48.7%C,H, 121.0 1776 soot zone~ 1.534x10°
51.3%N, 3.5mm
84%0, 194.1 soot zone
16%He vellow orange
? 28.9%CH, 1715 1864 soot zone~ 1.010x107
71.1%He 3mm
42.6%0, 66.2 soot zone
57.4%N, vellow orange
3 22.8%CH, 231.0 1834 negligible none
77.2%He scattering
42.6%0, 66.2 inception
37 4%N, dim-vellow
4 15.3%CH, 210.4 1703 non-sooty none
84.7%He blue
42.6%0, 66.2
57.4%N.
THANG 2 ATREYA
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ABSTRACT

In this study, soot and NOy production in four counterflow diffusion flames with different
flame structures is examined both experimentally and theoretically. The distance between the
maximum temperature zone and the stagnation plane is progressively changed by changing the
inlet fuel and oxidizer concentrations, thus shifting the flame location from the oxidizer-side to
the fuel-side of the stagnation plane. One flame located at the stagnation plane is also examined.
Detailed chemical, thermal and optical measurements are made to experimentally quantify the
flame structure and supporting numerical calculations with detailed chemistry are also performed
by specifying the boundary conditions used in the experiments. Results show that as the radical-
rich, high-temperature reaction zone is pushed into the sooting zone, several changes occur in the
flame structure and appearance. These are: (i) The flames become very bright due to enhanced
soot-zone temperature. This can cause significant reduction in NO formation due to increased
flame radiation. (ii) OH concentration is reduced from superequilibrium levels due to soot and
soot-precursor oxidation in addition to CO and H, oxidation. (iii) Soot-precursor oxidation
significantly affects soot nucleation on the oxidizer side, while soot nucleation on the fuel side
seems to be related to C,H, concentration. (iv) Soot interacts with NO formation through the
major radical species produced in the primary reaction zone. It also appears that Fenimore NO
initiation mechanism becomes more important when N, is added to the fuel side due to higher
N, concentrations in the CH zone.



INTRODUCTION

The production of soot and NOy in combustion processes is of considerable practical
interest because of the need for controlling pollutant formation. Industrial furnaces that employ
non-premixed natural gas burners use several methods of reducing NOy. These are based upon
decreasing the gas temperature and/or controlling the combustion process v_ia staged introduction
of fuel or air. Bowman' and Sarofim and Flagan® present excellent reviews of these NOy control
strategies and their underlying chemical mechanisms. One method of reducing the combustion
gas temperature, and hence the NOy production rate, is via enhanced flame radiation’. For
inciustrial furnaces, this method has additional advantages because radiation is the primary mode
of energy transfer in these systerns. Thus, increasing the flame radiation also increases the
efficiency of energy transfer to the objects in the fumace, and hence the furnace productivity.

Enhanced flame radiation can be accomplished by increasing the soot production rate in
such a way that it is completely oxidized before leaving the flame zone. Thus, an important
question is - how should the non-premixed flames be configured to increase flame radiation,
reduce NOy and oxidize all the soot and hydrocarbons produced in the process? In search of
such flame configurations, a detailed experimental and theoretical study on a basic unit of a
turbulent diffusion flame (a radiating laminar flamelet) was conducted. The objective was to
explore the interrelationships between soot, NOy, transport processes and flame radiation.
Experimentally, methane counterflow diffusion flames (CFDF) were used to represent these
flamelets and their thermal, chemical and radiation structure was measured and modeled.

Clearly, if soot can be forced into the high temperature reaction zone, then flame radiation
will be enhanced and soot and other hydrocarbons will be simultaneously oxidized. Our previous

experimental work' shows that this can be accomplished by bringing the CFDF to the fuel side



of the stagnation plane (SP). To‘realizc such flame configurations, we note that: (i) In CFDFs
all particulate matter (such as soot) is essentially convected toward the SP. Thus, bringing the
soot zone closer to the reaction zone implies bringing the peak temperature region closer to the
SP. (ii) The location of the SP is determined by momentum balance and the location of the flame
is determined by stoichiometry. In an ideal diffusion flame, fuel and oxidizer diffuse into the
flame in stoichiometric proportions. Thus, by adjusting the diffusive mass flux of fuel and
oxidizer, flame locatioﬁ can be altered relative to the SP. While the diffusive mass flux can be
changed by changing the 'pD’ product, the most convenient method is to adjust the inlet fuel and
oxidizer mass fractions. To examine the benefits of changing the flame location relative to the
SP, comparisons of the detailed flame structure measurements and calculations are needed for
flames on the fuel side, on the oxidizer side and at the stagnation plane. While there have been
several previous experimental and theoretical studies of CFDF $Lrucmre(“’, ihcy have been
limited to normal flames that lie on the oxygen side of the SP. Recently, Du and Axelbaum’
have investigated limiting strain rates for soot suppression in CFDFs as a function of the
stoichiometric mixture fraction and numerically examined the structure of two flames on the fuel
and the oxidizer side of the SP. Similar studies in coflow flames have also been recently
presented by Sugiyama'® and Faeth and coworkers''. However, flame structure measurements
and comparisons for sooting flames are not available in tfxe literature. This study provides such
measurements and comparisons and investigates the effect of changes in the flame structure on
formation and destruction of soot and NO.
EXPERIMENTAL METHODS

The experiments were conducted in a unique high temperature, low strain rate CFDF

bumer. Various diffusion flame conditions were obtained by changing the inlet fuel & oxidizer



concentrations and flow rates. Low strain rates were maintained to facilitate measurements of
‘the flame structure. All measurements were made along the axial streamline of a flat
axisymmetric diffusion flame roughly 8 cm in diameter. One dimensionality of scalar variables
in the flame was confirmed by radial temperature measurements. All gases used in the
experiments were obtained from chemical purity gas cylinders and their flow rates were measured
using calibrated critical flow orifices. The complete experimental apparatus including the optical
and the gas chromatography setup is described in detail elsewhere’.

The soot volume fraction and the number density were measured by using an Ar-ion laser.
The soot aerosol was assumed monodispersed with a complex refractive index of 1.57-0.561.
These measurements were highly repeatable (within +3%). OH concentration was measured by
laser saturated fluorescence'>'>. The relative OH measurements were calibrated using detailed
chemistry calculations for a non-sooty (blue) methane flame. OH measurements were repeatable
to within =10%.

Other chemical species were measured by gas chromatographs. A quartz microprobe
(~100pm dia.) was used for extracting the gas sample from the flame. The gas sample was then
distributed via heated lines and valves to the GCs and the NOy analyzer. Gasses measured were:
CO, CO,, H,0, H,, CH,, He, O,, and N,; light hydrocarbons frorﬁ C, 10 Cg; & PAHs up to Cyq.
The GC and NO, measurements were accurate to within =5%, except for H,O which had
variations larger than =10%.

Temperatures in the flame were measured by a PUPt-10%Rh thermocouple (0. 125mm wire
diameter). The thermocouple was coated with Si0, to prevent possible catalytic reactions on the
platinum surface. It was traversed across the flame in the direction of decreasing temperature

at a rate fast enough to avoid soot deposition and slow enough to obtain negligible transient



corrections. These temperature measurements were estimated to be accurate to within +30K after
radiation corrections. However, the repeatability was within =10K.

The experimental flame conditions used for the measurernents are summarized in Table
I These flames were measured three times on separate days to check for overall repeatability.
This was found to be within the repeatability of the individual measurernents. Table I also lists
the measured locations of the peak flame temperature (and its value) and the locations of thé SP.
Note that very low strain rate flames (6-9 sec’!; defined as half the velocity gradient at the SP)
were used to facilitate flame structure measurements. In flames 1 and 2, N, was used as the
diluent for O,, whereas in flames 3 and 4, N, was used as the diluent for CH,. This was done
to simulate the effect of fuel side N, on NO formation. Helium was used as the other diluent
to help experimentally stabilize these low strain rate flames. Flame 1 was a very sooty flame
located significantly on the air side of the SP, whereas, flame 4 was on the fuel side. The
mixture fraction 'Z’ listed in the table was calculated as the sum of elemental carbon and
hydrogen mass fractions'.
NUMERICAL CALCULATIONS

To better understand the experimental results, numerical calculations with detailed
chemistry were performed by specifying the experimental boundary conditions listed in Table L.
Experimental burner separation of 29mm was used and the measured boundary temperatures and
species mass fluxes were specified as boundary conditions. Like the experiments, the model
considers a steady axisymmetric CFDF established between impinging fuel and oxidizer streams.
The governing equations for the conservation of mass, momentum, species and energy were
solved in the boundary layer form assuming potential flow at the boundary®. GRIMECH 2.11

mechanism (276 reaction equations and 50 species) with realistic multicomponent transport was



used in the numerical model. The numerical code used in this work was provided by A. E. Lutz
and R. J. Kee'®. The calculations were done using the measured temperature profiles to eliminate
uncertainties caused by the flame radiation model. Some calculations were also done by solving
the energy equation without the radiative heat loss term to evaluate the effect of flame radiation
on NOy production.

RESULTS AND DISCUSSION

Detailed flame structure measurements and calculations for the four flames are presented
in this section. Figure 1 shows the measured temperature and the measured and calculated NO
and OH concentrations for the low strain rate (~6sec’) blue reference flame. This flame was
chosen to represent a typical non-sooty blue flame studied in the literature™® with the hope that
the kinetics employed will adequately represent the flame chemistry. The relative OH
fluorescence measurements were calibrated using these calculations. The measured and
calculated NO results show good agreement, except on the fuel side. The discrepancy on the fuel
side appears to be due to the chemical mechanism employed. In sum, this figure represents the
expected level of agreement between the measured and calculated NO & OH concentrations.
Any significant differences between measurements and calculations for sooting flames could then
be attributed to the difference between assumed and real chemistry.

Figures 2, 3, 4 and 5 show flame structure measurements and calculations for the four
flames listed in Table 1. The upper graph in these figures shows the NOy structure. It contains
data for mole fractions of burner inlet species, temperature and NO concentrations. The bottom
graph in these figures shows the sooting structure. Measured soot volume fraction & number
density are plotted along with the measured and calculated H,, CO, and OH concentrations. H,

and CO were chosen because they are the primary species oxidized by OH. The locations of the



maximum flame temperature (Tmax) and SP are marked on all the graphs. The mixture fraction
'Z’ is also plotted to enable conversion from physical distance to mixture fraction coordinate.
Individual aspects of this data are compared and discussed below.

Major Chemical Species:

The calculated and measured burner inlet species profiles, presented in the upper graphs
of Figures 2-5, show good agreement for all four flames. Since the calculations were done by
using measured temperatures and experimental boundary conditions, the differences between
measured and calculated CO, H,, OH and NO profiles may be attributed to the soot formation
and oxidation process which is not represented in the chemical mechanism employed. It is
expected that the relative rates of soot formation and oxidation will change significantly with the
position of the flame relative to the SP. In earlier work®, similar calculations with C-2 chemistry
were used to infer soot nucleation propensity. While Faeth et al's' have correlated measured
soot nucleation rates with C,H, concentration. Thus, C,H, was chosen for comparison between
measurements and calculations. These comparisons are presented in Figure 6 for all four flames.
Since the C,H, measurements in the sooting region (which is expected to have the maximum
concentration) could not be obtained due to probe clogging difficulties, comparisons with the
acetylene concentration on the fuel side (before the sooting region) are meaningful. In this
region, flames 1&2 show reasonable agreement, whereas, predictions for flames 3&4 are off by
an order of magnitude. Likewise, CO and H, measurements (Figures 2-5) also show
disagreement. Measured CO and H, are higher than calculated for flames 1&2 and lower than
calculated for flames 3&4. Note that flames 1&2 were on the oxidizer side, flame 3 was very
slightly on the fuel side and flame 4 was substantially on the fuel side. While the reasons for

this discrepancy are unclear, it seems to be related to the soot formation and oxidation process



which changes significantly with the location of the flame relative to the SP. These result shows
that it is difficult to infer sooting tendencies of diffusion flames with C-2 chemistry.

Sooting Structure:

As these flames were moved closer to the SP, visibly they become very different. Flame
1 had a thick dull-yellow-orange sooting zone, whereas, flames 2, 3 and 4 were very bright
yellow with narrow sooting zones. The thickness of the sooting zone can be inferred from
Figures 2-5 and the brightness from the average temperature of the sooting zone. Since soot is
primarily convected toward the SP, the higher is the temperature at the SP, the brighter the flame
becomes. Measured temperatures at SP, listed in Table I, show that this difference can be as
large as 800K, making a significant difference in flame radiation. Essentially, as the distance
between the flame and SP is changed, soot is constrained between the OH oxidizing zone and
the location on the fuel side that satisfies appropriate conditions for soot nucleation. These
conditions are not uniquely identified by temperature alone. The temperatures at ze10 f, & N on
the fuel side vary from 1250K for flame 1 to 1750K for flame 2 to 1600K for flame 3 to 1800K
for flame 4. |

These flames have very different sooting structures. In flame 1, soot volume fraction '(f,,)
monotonically increases toward SP and the number density (N) monotonically decreases. In
flame 2, while f, monotonically increases toward SP, N first increases and then decreases,
- indicating that soot nucleation is severely affected by the presence of OH. For flames 3 and 4,
both f, & N first increase and then decrease and unlike flames 1 & 2 maximum {, does not occur
at the SP. Interestingly, while the maximum value of f, is about the same in flames 1 & 2, the
maximum N in flame 2 is about 3 times larger. While the maximum value of N correlates with

the measured C,H, concentration (not the calculated GH,), the maximum value of f, does not



correlate with the C,H, concentration. Flame 3 shows the largest f, probably because of the
.increased residence time in the acetylene rich zone, being close to the stagnation plane.

The most interesting aspect of these flames is that as the radical rich zone (identified by
peak temperature & OH concentration) is pushed into the soot zone, large discrepancies between
the measured and calculated OH concentration occur. For flame 1, measured and calculated OH
shows good agreement and OH is essentially being used to oxidize CO and H,. As evidenced
by monotonically increasing N, there seems to be little soot oxidation. OH, however, does seem
to control the soot inception location. This behavior is very different in flames 2 & 3. A
considerable reduction in the measured OH occurs signifying that soot competes for OH along
with CO and H,., This is evident from the sharp decrease in N on the oxidizer side. Similar
conclusions were obtained by Santoro' in coaxial flames, however, a corresponding increase in
the CO concentration is not observed in the present flames. In flame 4, soot and OH co-exist
perhaps due to larger velocities that carry the soot particles into the OH zome. Also, less
reduction in the OH concentration occurs due to lower f, and N. From these resuits it appears

that OH plays a significant role in determining the soot inception location on the oxidizer side.

As noted earlier, the soot inception location on the fuel side seems t0 be controlled by the CH,

concentration.

NO Structure:

Figures 2-5 show the measured and calculated NO for the four flames. Figures 2-3
correspond to the flames where N, was added to O,, whereas, Figures 4-5 correspond to the
flames where N, was added to CH,. However, for flames 1&2, the energy equation was also
solved without the radiative heat loss term to determine the effect of flame radiation on NO

production. There was approximately a 100K increase in the maximum flame temperature for



the adiabatic calculations which significantly increased the NO concentration (difference between
NO* & NOT in figures 2&3). While this difference can be directly attributed to the radiative heat
loss, measured NO is still lower than NOT by 70ppm for flamel and by 40ppm for flame2. Yet,
a good comparison was obtained for the blue flame. A possible explanation is the effect of soot
on the major radical species produced in the primary reaction zone and their subsequent effect
on NO production. In flame2, the OH concentration was significantly reduced due to soot/soot-
precursor oxidation. Thus, the O-atom concentration will also be reduced since, at least
approximately, partial equilibdu}n may be assumed'’. Thus, even if significant contribution to
N-atoms comes from the Fenimore initiation reaction’® (CH+N,=HCN+N), the corresponding
contribution from the Zeldovich initiation reaction (O+N,=N+NO) is reduced. Another possibility
is that the 40ppm difference for flame2 is due to low N, concentration in the primary reaction
zone. Calculations show that N, concentration difference is responsiblie for giving peak
NO'=75ppm for flame2 and peak NO'=145ppm for flamel despits about 100K higher
temperature for flame2. Thus, it appears that the 70 & 40ppm reduction in NO in flames 1&2
respectively is due to soot-NO interactions through the radicals in the primary reaction zone.
Figures 4-5 show measured and calculated NO for flames 3&4. These flames show much
higher NO concentration despite lower peak flame teroperatures than flame2. Thus, it seems that
the NO formation mechanism has changed. While peak value of flame3 NO is about 50ppm
lower than calculations, flame4 shows good agreement. However, 2 substantial difference exists
on the fuel side for both flames. Since this difference is similar to the blue flame, it can not be
attributed to the presence of soot. Two questions arise: (i) Why is NO so much higher in flames
3&4? (ii) What are the possible mechanisms? We first note that in flames 3&4 N, was added

to CH,, making higher concentration of N,% available in the fuel rich region. Thus, Fenimore



initiation mechanism is likely to become more effective. To check this hypothesis, calculated
N, HCN, CH & O concentrations are plotted in figure 7 for all four flames [Note: these
calculations do not contain the effect of soot]. The calculated peak NO concentrations are
directly related to the calculated N-atom concentrations and a direct correspondence between
CH&N-atom peaks and OH&O-atom profiles exists. While CH-peak for flame?2 is higher than
flame1, N-peak is lower due to lower N,% at the CH-peak (~7% N, for flame2 and ~35% N, for
flamel). For flames 3&4, CH-peaks become shorter and broader as the flame moves to the fuel
side. However, the N-atom peaks are not substantially affected due to higher N,% at the CH-
peak (~40%). Since large NO is produced by the Fenimore mechanism in flames3&4, the effect
of soot is masked. There is, however, a large discrepancy between the measured and calculated
OH concentrations for flame3 that makes a substantial difference in the measured and calculated
NO concentrations. For flamed, the difference in OH is less and a corresponding difference in
NO is also seen. Although more work is needed, it appears that: (i) soot has a large influence
on NO through the radical pool in the reaction zone, and (ii) the Fenimore mechanism becomes
much more important when N, is added to the fuel éide due to higher N, concentrations: Thus,

the relative importance of the Zeldovich mechanism shifts as N, is shifted from the O, side to

the fuel side.

CONCLUSIONS

In this work, soot and NO production in four diffusion flames with different structures
was examined both experimentally and theoretically. The distance between the primary reaction
zone and the stagnation plane was progressively changed to bring the flames from the oxidizer-
side 1o the fuel-side including one flame located at the stagnation plane. Although more work

is needed to understand the soot and NO structure of these flames, following may be concluded:
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1) C-2 chemistry does not adequately describe the minor species and radical concentrations
in sooting flames. 2) As the radical-rich, high-temperature reaction zone is pushed into the
sooting zone, the flames become very bright due to enhanced soot-zone temperature. 3) OH
concentration is significantly reduced due to soot and soot-precursor oxidation in addition to CO
and H, oxidation. 4) The presence of OH significantly affects soot nucleation on the oxidizer
side, while soot nucleation on the fuel side seems to be related to C,H, concentration. 5)
Significant reduction in NO formation occurs due to reduction in flame temperature caused by
flame radiation. 6) It seems that soot interacts with NO formation through the major radical
species produced in the primary reaction zone. 7) Tt appears that Fenimore mechanism becomes
more important when N, is added to the fuel side due to higher N, concentrations in the CH-

zone. The relative importance of the Zeldovich mechanism shifts as N, is shifted from the O,

side to the fuel side.
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Table 1

Figure 1

Figure 2

Figure 3

FIGURE AND TABLE CAPTIONS

Experimental Flame conditions

Measurements and calculations for the non-sooty blue reference flame. Calculations of NO
and OH were done using measured (and radiation corrected) temperatures and detailed
kinetics (276 reactions & 50 species). The calculated OH concentration was used to calibrate
the fluorescence measurements.

Measured and calculated (using measured temperatures) structure of Flame 1. The upper
graph shows the mole fractions of bumer inlet species, temperature, and measured and
calculated NO concentrations. Measured NO represented by *, NOT - calculated using the
measured temperatures, and NO" - calculated by using the energy equation with zero
radiative heat loss. Bottom graph shows the sooting structure. Measured soot volume
fraction & number density are plotted along with measured and calculated H,, CO, and OH
concentrations. The locations of the maximum flame temperature (Tmax) and the stagnation
plane (SP) are marked on both the graphs. Note that this flame lies on the oxidizer side of
the stagnation plane. The mixture fraction "7’ is also ploued.

Measured and calculated (using measured temperatures) structure of Flame 2. The upper
graph shows the mole fractions of bumer inlet species, temperawre, and measured and
calculated NO concentrations. Measured NO represented by *, NQT - calculated using the
measured temperatures, and NO* -calculated by using the energy equation with zero radiative
heat loss. Bottom graph shows the sooting structure. Measured soot volume fraction &
number density are plotted along with measured and calculated H,, CO, and OH
concentrations. The locations of the maximum flame temperature (Tmax) and the stagnation

plane (SP) are marked on both the graphs. Note that this flame lies on the oxidizer side of

the stagnation plane. The mixture fraction *Z’ is also plotied.



Figure 4

Figure 5

Figure 6

Figure 7

Measured and calculated (using measured temperatures) structure of Flame 3. The upper
graph shows the mole fractions of bumer inlet species, temperature, and measured and
calculated NO concentrations. The bottom graph shows the sooting structure. Measured soot
volume fraction & number density are plotted along with measured and calculated H,, CO,
and OH concentrations. The locations of the maximum flame temperature (Tmax) and the
stagnation plane (SP) are marked on both graphs. Note that this flame lies at the stagnation
plane within measurement accuracy. The mixture fraction 'Z’ is also plotted.

Measured and calculated (using measured temperatures) structure of Flame 4. The upper
graph shows the mole fractions of bumer inlet species, temperature, and measured and
calculated NO concentrations. The bottom graph shows the sooting structure. Measured soot
volume fraction & number density are plotted along with measured and calculated H,, CO,
and OH concentrations. The locations of the maximum flame temperaturé (T rhax) and the
stagnation plane (SP) are marked on both graphs. Note that this flame lies on the fuel side
of the stagnation plane. The mixture fraction *Z’ is also plotted.

Calculated and measured concentrations of Acetylene for all four flames. Lines -
calculations; Symbols - measurements.

Calculated mole fractions of O & N atoms and CH and HCN radicals in the four flames.
Solid lines in the upper graph represent CH for the four flames (F1 - F4), whereas, the solid

lines in the bottom graph represent N atoms. These calculations were done using measured

temperatures and GRIMECH21 1.



Table I - Experimental Flame Conditions
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ABSTRACT

The chemical and physical effects of water vapor on the structure
of counterflow diffusion flames is investgated both experimen-
tally and theoredcally. The experimental flame structure measure-
ments consist of profiles of temperature which are used for
computaton with detailed C, chemistry. This enables describing
the flame radiatve heat losses more accurately. The flame struc-
ture results show that OH radical concentradon increases as the
water vapor concentration is increased. This increases the flame
temperature and the CO, production rate and decreases the CO
production rate. Additional computatons performed for strained
radiat ve counterflow diffusion flames with and without gas radia-
don show that at low strain rate. gas radiation is important for
reducing the peak flame temperature, while it has a negligible
effect at high strain rates. Increase in water vapor substitution
increases the radiation effect of the water inside the flame at low
strain rates.

INTRODUCTION

Water has been, and is. the most important fire suppression
agent. Currendy, even though we have several other effective
chemical fire suppression agents, water is the most prevalent and
the only agent for large fires because of its easy accessibility.
Water is also non-toxic and is supposed to behave as an inert in a
fire. Many other chemical fire suppression agents are known to
produce toxic compounds that restricts their usage. However. a
large amount of water that is typically used to suppress a fire
causes severe water damage which sometimes exceeds the fire
damage. To limit the water damage and to minimize the water
usage. it is important (o understand the mechanisms of fire sup-
pression by water. Recendy, there is considerable enthusiasm to
use water mist as a replacement for halons. This also requires the
knowledge of adequate amount of water to efficiently suppress the

fire in the gas phase. Thus. there is a need to quantify the effect of
water vapor on flames. Even though water has been used as a sup-
pression agent for a long time, the exact mechanisms of fire sup-
pression by water are not well understood.

Water is known to have two physical effects: (i) cooling of the
burning solid by water evaporation and (ii) smothering caused by
dilution of the oxidizer and/or the fuel by water vapor. These
effects lead (o fire suppression when water is applied to the fire.
Furthermore. increase of the amount of the water inside of the
flame can increase the flame radiatdon and reduce the flame tem-
perature. However, in addition to these etfects. another effect of
water that is not well known was observed in our laboratory. This
effect is the enhancement of chemical reactions inside the flames
by walter vapor. Transient experimental results (Crompton, [993)
show an increase in the flame temperature. CO, production rate
and O, depletion rate and a decrease in the CO and soot production
rate with water substitution (fuel and oxidizer concentrations were
held constant). Furthermore. these results are different from CO-
substitution which reduced the flame temperatures and suppressed
the fire. Thus, water substitution experiments suggest that the
chemical reactions inside the flames are enhanced by water vapor.
Similar results for premixed flames have been reported carlier by
Muller-Dethlefs and Schlader (1976).

In this paper, detailed structure of counterflow diffusion flames
with water vapor is measured and calculated to investigate how the
reactions occurring inside the flame are enhanced. The counter-
flow flame configuration was chosen because it represents the
local behavior of large turbulent diffusion flames typical of fires.
Measured temperature profiles were used for calculation to
describe the radiation heat losses from the flame more accurately
and the calculations were performed with the full Cy mechanism.
In addition to these, more computations were performed using the
energy equation for various strain rates. Two different calcula-
tions, with and without gas radiation were conducted for each
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FIGURE 1. SCHEMATIC OF THE COUNTERFLOW DIFFUSION FLAME APPARATUS

strain rate and for each water vapor substitution.
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FLAME TEMPERATURE MEASUREMENTS

The counterflow diffusion flame apparatus was used for flame
temperature measurement. Schematic of this apparatus is shown in
Figure |. The gap between the fuel side and the oxidizer side was
26mm and the radius of fuel and oxidizer exit was 38.1 mm and
63.5mm respectively. The flow rate of fuel with diluent (nitrogen)
through the fuel exit was 2 liter-per-minute, while that of the oxi-
dizer with two different diluents (nitrogen and argon) was 8 liter-
per-minute. The input concentration on the fuel side was 75% CH,
and 25% N, and it was maintained constant for various water sub-
sttution to the oxidizer side flow. The input concentration on the
oxidizer side was changed as water vapor was substituted. holding
the molar concentradon of O, constant at 20%. To maintain the
same tlow field and the same heat capacity of the oxidizer flow, a
mixture of water vapor and argon was subsdtuted for nitrogen.
This maintained the same molar flow rate and roughly the same
specific heat. Therefore, the amount of oxygen which flowed into
the flame was the same for all the experiments (10, 20. 30 and 40%
of water vapor substtutions). The flame temperature profile was
measured with a coated S-type thermocouple (platinum and plati-
num with 10% rhodium). Silicone dioxide (Si0,) coating was used
to prevent catal ytic reactons.

COMPUTATIONAL METHOD

Numerical modeling of the chemical process is performed using
the Sandia Chemkin-based opposed flow diffusion flame code (Kee
and Miller. 1992). The flame is modeled as a steady state axis-
symmetric opposed flow diffusion flame using the experimentally
measured center line temperature profile. Pressure is assumed to
be constant at | atm. The reaction mechanism for methane is the
C, - mechanism which consists of 177 chemical reactions with 32
species. More chemical reactions will be added later to account for
chemical enhancement due to soot disappearance.

Governin tion

For steady state laminar stagnagon point flow in cylindrcal coor-
dinates. the mass and the momentum conservation cquations are
expressed as follows:

Mass
J 3
=(pur) +—(pvr) =0
ar ¥4 P h
Momentum
du op 3/ duy
U— +pV—+— = —|h— )
P ar P dz or az(“az) (

Introducing a new function, ¥. to normalize the r-direction veloc-
ity, u, refer to Smooke et al. (1987),

u
¥=— (3
u

where u_ is the free stream tangendal velocity at the edge of
boundary layer. u_ = ar, where ais the strain rate.

Assumning the transverse velocity. v. density. p. and species Yy (o
be functions of z-direction only, the following system of boundary
layer equations are obtained:

Mass conservation equation

i(pv) +2ap¥ =0 (4)
dz

Momentum equation
d ( ¥ VN+G °l =
=lp— j-pv— -p(¥)| =0 5)
dz sz) P dz l:p__ P ] (



Species equation

4 dYk
LY V)+V—"-w,W =0k=12..K 6)
dz Pl dz KTk (

Energy equation

K
i(ki—rJ_C Vir_ Y.V C ‘{_T_ wWh =0 (7
dz\ dz P 4z zpkkpkdzz‘,kkk €)]
kol k-1

The objective of the numerical method is to find a solution for
equadons(4~7) using a differential equation solver. In these equa-
dons k denotes k-th species. C, is the specific heat at constant pres-
sure, h, are species molar enthalpy, W, are species molecular
weights, C,, arc constant pressure specific heat for each species
and w, are the chemical production rates. Transport propertes.
viscosity f ., thermal conductivity A and species diffusion veloci-
tes Vy are also introduced.

Boundary Conditions

Boundary conditions for inlet z-direction velocity and the func-
ton ‘¥ at the inlet of fuel and oxidizer streams are specified as fol-
lows:

Fuel side: z=L

¥ =
roof
Oxidizer side: 2=-L
v Y =1

The subscripts fand o denote fuel and oxidizer respectively.

RESULTS AND DISCUSSION

Measured temperature profiles for different water vapor subsutu-
tons are shown in Figure 2. The temperature profiles have the
same shape except the peak temperature and the width. There s
also a small shift in the location of the peak temperature for the 0%
waler case. We believe that the main reasons of this small shift is
measurement error and/or change in the transport properties of the
oxidizer side of the flow with water vapor. [nterestingly, the maxi-
mum temperatures of the flames are increased with increase of
water vapor substitution (1914K for 0% to 1960K for 40% water
vapor) and the width of temperature profile is also increased. This
means that water vapor which is added to the flame has other than
a physical suppression effect. Figure 3 shows velocity profiles
with different water vapor substitutions. All velocity profiles have
nearly the same shape and the same stagnation planc location
(8.3mm from the fuel exit), because inerts are substituted with
water vapor on the same molar and heat capacity basis. Only in the
highest temperaturc zones, the velocity profiles are different
because of different heat release rates and transport characteristics
of the mixture. Figures 4 and 5 explains the effect of water vapor
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on the reaction of CO and CO-. The concentration of CO5 is grad-
ually increased with increase of water vapor additon while the
concentration of CO is decreased. The main reacton for CO, pro-
ducdon with CO is as follows:
CO+0OH=CO,+H

Therefore. the increase of CO, with decrease of CO means that the
active OH radical from water vapor which is produced in the high
temperature flame zone enhances the reaction of CO to CO,. Fig-
ure 6 shows the differences in the OH radical concentrations with
and without water vapor addition. From Figure 6, it is clear that the
presence of water vapor in the flame increases the OH concentra-
ton.

In Figure 7, calculated temperatures using the energy equation
with and without gas radiation are plotted. These calculations were
done using the same input boundary conditions as the experiment
for 10% water substitution case and are compared with the experi-
mentally measured temperature. Figure 8 shows similar results for
40% water substtution case. Gas radiation from CH,, O,. N,, CO,
CO, and H,O species in the flame was included in the calcula-
tons. These results (for 10% and 40% cases) show that locations
of the reacdon zones (maximum temperature point) are well
matched for the experiment and computations. However, the over-
all temperature profile for the radiation compensated case agrees
better with the experimental result than with the adiabatic case.
Especially for 40% water vapor substitution case (Figure 8). the
radiation compensated computation result is almost the same as the
cxpenmental result. The reason is that sooty flames were used for
the expeniments and when the amount of water vapor substitution
was increased, the decease of the soot volume fraction was visu-
ally observed. Therefore. in the 10% water vapor substdtution case,
a fair amount of soot. which was not considered in these calcuta-
tions, was present and made the difference between the experimen-
tal and the calculated results. In the 40% case, however, much less
soot was present. thus gas radiation compensated calculation result
agress well with the experimental result. Figure 9 shows the calcu-
lated adiabatic flame temperature profiles with various strain rates
for the 10% water vapor substtution case. whereas, Figure 10
shows similar results for the 40% water vapor substitution case.
Figure |1 shows the calculated radiation compensated flame tem-
perature profiles with various strain rates for the 10% water vapor
substtution case while Figure 12 shows those for the 40% water
vapor substitution case. In Figures 9 to 12, the lowest strain rate
corresponds to the experimental case. As the strain rate is
increased, the temperature profile becomes narrow and the loca-
tion of the maximum temperature moves toward the fuel side for
both adiabatic and radiation compensated cases. However, in the
adiabat¢ calculation case, the maximum temperature drops when
strain rate is increased while in the radiadon compensated calcula-
don case, the maximum temperature is increased up to certain
point and then decreased. This result is valid for both 10% and
40% water vapor substitution cases and is mainly due to the radia-
ton from water and other gases. In the low strain field. the flame is
wider than that in the high strain field as indicated by the wider
temperature profile. Thus, the gas radiaton in the flame becomes
an important factor to reduce the peak flame temperature in the
low strain field. This effect is reduced when the strain rate is
increased. i.e.. a thin flame sheet can not emit much gas radiation.
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Figure 13 shows the maximum flame temperature variation due to
increase in the strain rate. At high strain rates, the maximum flame
temperatures for adiabatic and radiation compensated calculations
are close together, while at low strain rate they are far away for
reasons mentioned previously. [ncrease of water vapor substitution
from 10% to 40% enhances the gas radiatdon inside of the flame.
From Figure 13 it can be seen that the maximum flame tempera-
tures for adiabatic cases(10% and 40% cases) are not very differ-
ent. However, for radiaion compensated cases, the 40% water
case has more radiation effect than the 10% water case. Therefore.
as expected. an increase in water vapor substtution enhances the
radiadon effect which is more pronounced for low strain rates.

CONCLUSIONS

Computations of flame structure when water vapor is added to
the counterflow diffusion flame using experimentally measured
temperature profiles are performed for 5 different water vapor con-
centration cases. Maximum temperature and CO, production
increased with an increase of water vapor concentration while CO
concentraton decreased. The concentraton of OH radical
increases with water vapor addition. This increase in the OH radi-
cal concentration explains the increase in the CO, concentration
and the maximum flame temperature.

Counterflow diffusion flame temperatures are also computed for
various strain rates with and without radiation compensation. The
radiaton compensated calculaton results are closer to the expeni-
mental results because of the gas radiadon from the flame. How-
ever, for high strain rate cases, radiaton effectis not as much as in
low strain rate cases. When water vapor substitution is increased,
the effect of water radiation is increased in low strain fields. A soot
radiadon model is required for more accurate calculations of these
sooty flames.
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Dynamic Response of Radiating Flamelets Subject to Variable
Reactant Concentrations

Tariq Shamim and Arvind Atreya’
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The University of Michigan, Ann Arbor, MI 48109-2125

The effects of reactant (fuel/oxidizer) concentraiion fluctuations on radiating flamelets using a numerical
investigation are reported in this article. The flame response to sinusoidal variarions about a mean value
of reactant concentration for various values of strain rates is examined. This work will aid in the better
understanding of wrbulent combustion. The rediative ejfects from combustion produc:s (CO, and H,0)
are also included in the formulation. The maximum flame temperature. heat release rate and the radiative
heat loss are used to describe the flame response. The results show that flame responds to fluctuations
with a time delay. The effect of the frequency of fluctuation is found to be more important than its
amplitude. Low frequency fluctuations bring abour a significant flame response causing extinciion at
large strain rates for high fluctuation amplitudes. At high frequencies relative 1o the strain rate, rapid
concentration fluctuations are distributed closely in space. These are neutralized by the resulting large
diffusion gradients. Thus the flame becomes relatively insensitive to jluctuations. The induced fluctuations

were found 1o have more prominent effect on radiation than on the reat release.

Intreduction

An investigation of transient effects on flamelet combus-
tion is useful for better understanding of wrbulent combus-
tion. The flamelet concept, which was proposed by Carrier
et al.. [1) and later developed by Peters (2], provides a
convenient mechanism to include detailed chemical kinetics
into the calculations of turbulent flames. The idea is baszd
on the wanslation of physical coordinates to a coordinate
svstzm where the mixture fraction is one of the independznt
variables. One can then express all thermochemical
variables as unique functions of two variables, the mixture
fraction and its dissipaiion rate by assuming that the
changes of thermochemical variables are dominant in the
direction perpendicular to the surface of constant mixture
f-action [3]. These unique functions have been calied “state
relationships” (4]. Consequently, the flamelet model can be
incorporated into existing turbulent combustion model
provided these state relationships are known.

A basic assumption of these flamelet models is that the
local structure of the reaction zone may be represented by an
snsemble of quasi-steady state strained laminar flame
slements which are stretched and convected by the turbulznt
flow [5]. The validity of this assumption has, howsver,
5eesn questioned in many recent studies by showing that non-
sieady effects are of considerable importance {5-7]. Conse-

‘Corresponding author

quently, there has been a growing interest in the stdy of
time dependent effects on flamelet combustion {3, 6-13].
However, most of these studies are limited to the effects of
time varying strain rate with the exception of the limited
study by Clarke and Stegan [14] and Egolfopoulos [15] on
concentration fluctuations. Furthermore, the effects of
radiative heat losses are not considered by any of these
studizs with the exception of Egolfopoulos {12).

The present siudy is an attempt to fill this existing gap in
the literature. We investigate the effects of reactant concen-
tration fluciuations on radiating flamelets in this article. The
flams responsz 10 sinusoidal variations 2bout a mean value
of reactant concentration for various values of strain rates is
examined.

A{athematical Formulation
Gzneral Govemning Equaiions

A schematic of a counterflow diffusion flame stabilized
near the stagnation plane of two laminar flows is shown in
Figure 1. In this figurs. 1 and z denote the independent
spatial coordinates in tangential and axial directions respec-
tively. Using the assumptions of axisymmetric, unity Lewis
number, negligible body forces, negligible viscous dissipa-
tion. and negligible Dufour effect, the resulting conserva-
tion equations of mass, momencum, energy and speciss may
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Oxidizer

Figure | Schematic of Counterflow Diffusion Flame

be simplifid to the following form:

-T—Zpew~5(p_v)=0
ct oz
p < G B p
(1y-_')_dL-g.‘7_.o[q;‘—&-] e =
p ) di ot p
cev s 2l
¢z p oI ol
[ -~ - - N
d 2] -?-[: —] o, k2 - 90,
[t 32 c: f:’ z il :

Here ¢ is a similarity transformation variable which is
related 1o the radial velocity by Y= u/(e r). The above
zquations are closed by the following ideal gas relations:

o= 1 and o drec T
AT & g
(v, /80
.

i

The symbols used in the above equations are defined
elsewhere {16]). Note that in the present form the equations
do not depend on the radial direction. In this study, the
sadiative heat flux is modeled by using the emission approx-

imation, i.e.. Q: =4 6 T* (3co : + 3no ) Where, 0 is the
Stefan-Boltzmann constant, and 2, cq., 2p4:0 are the Planck
mean absorption coefficients for CO, and H,O respectively.
The absorption coefficients for combustion products werz
taken from Ref. (17}

Reaction Scheme

The present problem was solved by considering a single
step overall reaction which may be written as follows:

(F1+ v (O — (1+v) [P]

Here, v is the mass-based stoichiometric coefficient. Using
second order Arrhenius kinetics, the reaction rate was
defined as w = A p° Y¢ Yo exp(-Ex/R T). The reaction rates
for fuel. oxidizer, and product may then be written as w, =
-W; Wy = -vw; and g = (l1+v)w. For the calculations
presented here, the values of various constants and proper-
ties were obtained from Ref. [16].

Initial and Boundary Conditions
A solution of these equations requires the specification of
some initial and boundary conditions which are given as
following:
Initial Conditions:
Y(z.0) =, 2)
h(z,0) =h(z) orT(z.0)=T,(2)
Y(2.0) = Y,,(2) [n conditions or (n-1) conditions + p(z,0)]
$(z.0) = ,(2) :
Here subscript ‘o’ represents the initial steady state solution.
Boundary Conditions:
The origin of our coordinate system was defined at the
stagnation planz.

U(=.0=1 Yl-=.t) = (pSp)"
h{=.} = h,, h(-=.t) = hy,.

(or T(=)=T,, T(-=) =T ]
Yi(=0)=Y,, Y==Y.
v(0,))=0

The strain ratz €. which is a parameter, must also be speci-
fied. The reactant concentration is varied by multiplying the
boundary value of either fuel or oxidizer concentzation by
(1+A=sin (2= {u).

Solution Proczdure

The governing equations form a set of nonlinear, coupled
and highly stiff partial differential equations. These equa-
tions were solved numerically using the Numerical #ethod
of Lines (NMOL). A 4th order 3-point central difference
formula was used to spatially discretize the equations and an
implicit backward differzntiation formula (BDF) was used
to intzgrate in the temporal direction. In order to carry out
the numerical integration, infinity was approximatzd by 3
finite length of the order of the length scale of the problem
(i.c., (D/€)*). This was confirmed by checking the gradi-
ents of all the variables which must vanish at the boundaries.




Results and Discussion

The parameter values used in the present calculations are
T. = 295 K. E/RT. = 49.50, pre-exponential constant A =
9.52 x 10° (m’/kg.s), Quv = 47.465 x 10° I/kg, ¥ = 0.125,
and Yo. = 0.5. The results were obtained by assuming
constant specific heat, equal diffusion coefficient for all
gases and p°D = constant. Results shown In this paper ar2
only for fuel concentration fluctuations but are applicable to
both reactants (fuzl and oxidizer) since similar findings are
obtained for oxidizer fluctuations. Figures 2-3 show the
results for szrain ratz of 10 s and sinusoidal variation in fuel
concentration of 50% amplitude and 1 Hz frequency.
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Fig. 2 Temperature Profiles
(Amp = 30%. Freq = | Hz, Strain Rate = 10s™h)

Figure 2 shows temperature profiles at various ume
intervals. The figure shows that the flame which was
initally stabilized at the stagnation plane (at 0) begins to
move towards the oxidizer side due to an increase in the iuel
concentgation. After reaching a maximum value, the
temperature starts decreasing corresponding o a decrease in
fuel concentration and the flame moves back towards the
stagnation plane. [t crosses the stagnation plane and
continues to move towards the fuel side till reaching a
minimum temperature. The flame then keeps oscillating
back and forth across the stagnation plane between these two
temperature limits, which are very close to the steady state
valuss corresponding (o the maximum and minimum fuel
concentrations. These results show that the flame tempera-
ture is substantially affzcted by fuel concentration fluctua-

tions.
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Fig. 3 Radiation Profiles
(Amp = 50%, Freq = | Hz. Strain Rate = 10 s

Similar trends are observed for the gas radiation profiles.
Figure 3 shows that the maximum gassous radiation per unit
volume is increased by 30% corresponding to an increase in
the flame temperature and radiating combustion products
caused by an increase in the fuel concentration and is
decreased by 33% corresponding to a decrease in the flame
temperature and radiating combustion products.

In Figure 4. the maximum flame temperature, which is a
good indicator of the flame response to the induced fluctua-
tions. is shown as a function of fluctuation time period. The
figure shows that the flame responds to fluctuations sinusoi-
dally with 2 ime delay. This delay or phase lag 1s due to
slow Tansport processes (convection & diffusion) which are
responsible {or ransmitting information from nozzlz to the
reaction zone. The flame response also shows 2 slight
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Fig. 4 Maximum Temperature Variations
(Amp = 50%, Freq = | Hz, Swrain Rate = 10 s



asymmety with respect to the initial maximum temperature,
i.e.. the mean maximum flame temperature around which the
flame temperature oscillates shifts to a lower value.
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Other indicators of the flame response, such as the heat
release rate (or fuel mass burning rate) and the radiative
fraction (defined as the ratio of the total heat radiated to the
total amount of heat fzleased), show similar trends (Figures
5.6). The increase or decrease in the heat release is due o0
a corresponding increase or decrease in the fuel burning rate
caused by variations in the fuel concentrations. The radia-
tive fraction profile indicates that the fuel concentration
fluctuations have more significant effect on radiation than on
the amount of heat released. Note that the radiative fraction
would rermain constant if the radiation fluctuated proportion-

ally to the heat release rate. At the limiting values of fuel
concentrations. the change in the total radiation from its
mean value is roughly twicz more than that in the heat

releass.

Effzct of Flugtuation Amplitude
Figure 7 shows that the variations in the maximum flame

£

3

v
—_—

adletivn b tint
“
i -
7
/
[
e

\
U\

Fig. 6 Variations in Radiative Fraction
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Fxo 7 Variations in Max Flame Temperature for Different
Amplitudes (Freq = | Hz, Strain Rate = 55°)

temperature as induced by different amplitudes of fuel conc-
entration fluctuations. For these results the induced frz-
quency and strain rate were setat | Hzand 5 s° ! respectively.
The results show that: i) the amplitude of fluctuations has no
effect on the time delay in the flame response: ii) the mean
maximum tzmperature around which the flame temperature
oscillates decreases with an increase in the fluctuation
amplitude; and iii) the amplitude of the flame response
increases almost linearly with an increase in the induced
fluctuation amplitude. The last conclusion can be drawn
more clearly from Figure 8. In this figure, the maximum
temperature fluctuations (normalized with the steady siate
temperature) are plotted as a function of the induced fluctu-
ations (normalized with the steady state fuel concengation).
[t can be infarr=d that for larger strain rates at high fluctua-
tion amplitude the extinction will occur.

Effect of Flucwation Frequency

In Figure 9. the variations in the maximum flame empera-
ture are ploted as a function of time for different frequen-
cies. All these results are for flames subjected to fuel
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Fig. 8 Effect of Fluctuation Amplitude on Max Flame
Temperature (Freq = | Hz, Strain Rate =355 )



fluctuations of 50% amplitude and strain rate of 10s™'. The
figure shows that the flame response is maximum at lower
frequencies and its amplitude decreases with an increass in
frequency. Similar observations are reported in the litera-
ture for flames subjected to variable strain rates {7,011, 13].
For the present conditions, the flame becomes relatively
insensitive to the induced fluctuations at frequencies higher
than 20 Hz as shown in Figure 10. This insensitivity is duz
to insufficisnt time available 2t higher frequencies for trans-
mitting relevant information to the reaction zone. Figure 9
shows that the slow transport processes also cause the phase
shift or the time delay in the flame response (0 increase with
an increase in the frequency.
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Another observation from Figure 9 can be made about the
asymmetic effect in the flame response which decreases
wWwith an increase in the induced frequency. Hence the mzan
maximum flame tzmperature around which the temperaiure
oscillates increases with an increase in the frequency.
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Fig. 10 Max Flame Temperature Fluctuations for Different
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flames with different strain rates subjected to similar
induced fluctuations. Figure 11 shows the variations in the
maximum flame temperature (normalized with steady state
temperatures) as 2 function of time for flames with different
strain rates. These flames were subjected to the induced
fluctuations of | Hz and 50% amplitude. The figure shows
that the flame response is more prominent and the amplitude
of oscillation is increased at larger strain rates. However,
the term large swrain rate is a relative one and depends upon
the frequency of induced fluctuation. Hence in Figure 12.
the maximum normalized temperature fluctuations are
plotted 2s a function of frequency/strain rate (ffe). The
figure shows that the flame response is negligible for values
of fle greater than 2 (i.2.. low strain rates). Beyond this
valye, the amplitude of ﬂumuauom increases almost
exponentially with 2 decrease in f/e. This increase in the
amplitude can be explained by considering that any informa-
tion to the reaction zone is ransported through convection
and diffusion processes. At low strain rates (high f/€), the
convection is small and thus the changes at the nozzie
cannot be completely wransmitted to the reaction  zone.
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Hence the flame response is small. As the strain rate is
increased (f/€ is decreased), the convection part increases,
thereby transporting more information and hence the flame
response is increased. Beyond cerain strain rate (f/e <
0.03). the information propagates instantaneously and the
instantaneous flame temperature agrees very closely (o the
steady state temperature values at the corresponding fuel
concentration.

Figure 11 also shows that: i) the increase in the strain rate
increases the asymmetry in the flame rzsponse; and ii) for a
fixed frequency, the phase shift in the flame response
decreases with an increase in the strain rate. This later
behavior may also be explained based on the previously
described argument about the role of the slow convection
rates at low strain rates. Other results (not shown here),
however, teveal that if the ratio f/e is kept constant, an
increase in the strain rate increases the phase lag. This
means that the increase in the information transport through
convzction processes by increasing strain rate is smaller than
the increase in fluctuations at the nozzle by a corresponding
incrzase in the frequency.

-

Conclusions

In this article. we have investigated the dynamic response

of radiating flamelet subjected to variable reactant concent-
rations, using numerical simulations. The reactant concent-
ation was varied sinusoidally and a number of flames with
different strain rates were examined. The maximum flame
tzmperature. heat release rate and the radiative heat loss
warz used 10 describe the flame response. The resulis led to
iz following conclusions:
i) The flams responds sinusoidally with a phase
shift 1o the sinusoidal induced rzactant fluctua-
tions.
it) Low frequency fluctuations bring about 2 signi-
ficant flame response causing a possible extinction
at large strain rates.
iii) The ratio of frequency over strain rate (f/€) may
be used to predict the flame tesponse (o the in-
duczd reactant fluctuations. The flame response is
instantanzous for /e s 0.05 and its amplitude
decreases exponzntially for 0.05 s f/e < 2, beyond
which the flame becomes insensitive to fluctua-
tions. Hence the transient effects must be consid-
ered in the flamelet modeling for the critical range
0.05 s f/e s 2.
iv) The effect of the frequency of induced fluctua-
tion is more important than its amplitude.
v) The induced fluctuations have more prominent
effect on radiation than on the heat release.
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The Effect of Flame Structure on Soot Inception, Growth and Oxidation in

Counterflow Diffusion Flames
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ABSTRACT

This paper presents an experimental investigation into the effect of flame structure on soot inception,
growth and oxidation. The experiments were conducted in a low strein rate counterflow burner with
the diffusion flame location progressively shifted, via fuel dilution and/or oxygen enrichment, from
the oxidizer side to the fuel side of the siagnation plane. Quecntitative chemical and physical
measurements of temperature, OH, CH, soot, major gas species and intermediate Ivdrocarbons C~C,
were performed (o spatially resolve the sooting structure of four carefully designed sooting flame
configurations: Flame [: a basic soot formation case: Flame Il: ¢ partially-affected soot formation
case, where the flame is pushed closer to the stagnation plane; Flame llf: a combined soot
formation/oxidation case, where the flame resides at the siagnation plane; cnd Flame IV: a soot

oxidation case, where the flame is on the fuel side of the stagnation plane. From this work, it may be

concluded: (1) diffusion flame structure is important in soot inception, growth and destruction,

because it is the local conditions (i.e., hydrocarbon concentrations, rich or lean, temperature, eic) that

determine the inception and rowth of soot; end (2) transport 0 the incipient soot is crucial because
. g P 14

it can either enhance 500!t growthor lead to soot destruction.

1. Introduction

[njection of a gas fuel jet into a combustor that contains
oxidizer is a common practice in many industrial furnaces.
Research progress in this front can be. found in a recent
IGRC procesdings (Dolerc, 1993). Theorztically, the
combustion process involves two gas steams (fuel and
oxidizer) that react near the interface upon mixing. At
different stages from the point of jet initiation, flame can be

locally fuel-rich or fuel-lean, depending on the associated

! Corresponding author

equivalence rauos. Consequently, combustion can produce
different amount of poliutants (soot, NO etc). Thus, an
understanding of the effect of flame configurations on soot
formation and destruction is of significance not only for
practical burner design but also for pollutant modeling (Du

and Axelbaum, 1993, Sugiyama, 1995).

In this work, we are primarily concerned with the influzace

of flame structure on soot inception, growth and destruction

Procesdings of the 1996 Technical Mexcting of the Central Staies Section of the Combustion Institute



in a well-defined 1-D planar counterflow diffusion flame.
Generally, soot inception occurs on the fuel side of the
diffusion flame where the condition that favors nucleation
exists. The transport of these newly formed soot particles is
very crucial because it can either push soot into the rich
intermediate hydrocarbon zone where they grow or it can
f5rce soot into the high temperature OH zone where they are
oxidized. To shed light on this issue, we experimentally
investigated thermal, chermnical and sooting structures of four
carefully selected tlames, whose diffusion flame locations
were progressively shifted, via fuel dilution and/or oxygen
sarichment, from the fuel side to the oxygen side of the
stagnation plane. These experiments enthance our current

understanding of soot formation and oxidation.

2. Experimental
2.1 Apparatus

The experiments were conducted in a unique, high
temperawre, low stain rate counterflow diffusion flame
ourner (Zhang et al, 1992). This burner was mountzd on an
¥.Y-Z translating stage that allows it to be moved relative
10 the optical measurzment sysiem with a resolution of 0.03
mm in perpendicular 1o the flame. Flows of gas rzactants

were measured with critical orifice flow meters.

27 Flame conditions

The equation that governs soot ransport (the flux of soot

particle number) can be expressed as:

100t

. aN
N s N ~9p-D— (D
h EL3

here, n is the axial coordinate, N is the soot number density,
v, is the gas convective velocity, vy is the thermophorstic
velocity and D 1s the s00t concentration diffusivity. vy and

D are as follows (Friedlander, 1977, Gomez and Rosner,

1994):

g, = - 3 _I"_La_. @)
- T
3
D= kT 1 o)
T, 2aRT (1,_"_)
) 7

A typical soot transport is illustrated in Fig.1: here the
flame is on the oxygen side of the stagnation plane. Soot
particle inception occurs near the interface of yellow-orange
sone. Once formed, they are pushed toward the nch
hydrocarbon zone (between flame and the stagnation) by
convection, thermophoresis and soot diffusion RHS of
Eq.(1)). Clearly, one can alter the sign of the convecton
term in Eq.(1) (i.c., flame at the fuel side) and force the
incipient soot particles flow toward the high temperature OH

reaction zone where they are oxidized.

In this work, four carefully designed sooung flame

configurations were examined: Flame [ (see Fig.1): a basic

FUEL STREAM (Methoar=laart)
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OXIDIZER STREAM (Oxygen+iaart)

Fig.1 [llustration of a sooting counterflow diffusion flame



soot formation case, where the flame was on the oxidizer

side of the stagnation plane with a thick (3—4mm) soot
growth zone, Flame II: 2 partially-affected soot formation
case, where the flame was pushed closer to the stagnation
plane, resulting in a much narrower (~0.8mm) soot growth
zone, Flame [l a combined soot formation/oxidation case,
where the primary reaction zone of the flame resided at the
stagnation plane. The convection term of soot transport in
eq.(1) changed sign. Thermophoresis and diffusion pushed
the newly formed soot particles toward the hydrocarbon
zone where they will grow and convection pushed the soot
particles into the OH radical zone where they are oxidized,
and Flame [V: a sbot oxidation case, where the flame was on
the fuel side of the stagnation plane. Here, gas convection
is expected to dominate, forcing the soot particles into the
radical-rich flame zone where significant soot oxidztion
oceurs. In addition, a reference flame (blue flame) was also
established. The selected flame conditions are summarized
in Table 1. The stagnation planes of these flames were
confirmed by flow visualization using Titanium 150~
propoxide (Ti(OC,H,),) and were also confirmzd by
numerical computations using measured (EMPETatures.

Table 1 Flame Conditions

FL= Reactants \' T flame

(emVs) x) locat

U | 28.9%CH+71.1%He | 10.1 | 362 | Oxy
42.6%0.+37.4%N, 45 | 649 | side

35

15.5%CH,+84.5%He 13.7 691 | Oxy

81.8%0,+18.2%N, 5.2 764 | side
3 23%CH,+75%N, 6.67 637 | on
43.5%0,+56.5%He 9.04 699 | SP.

21.2%CH,+78.8%N, 7.1 669 | Fuel
32.2%0,+47.8%He 9.4 676 | side

FES

Ref | 13.3%CH +84.7%He 11.2 509 | O~y
42 6%0.+37.4%N, 401 573 | side .

2.3 Measurement techniques

Temperature measurements were made using a PPt
10%Rh thermocouple with 2 wire diameter of 0.2 mm. The
junction of the tzermocouple was formed by butt-welding Pt
and Pt10%Rh wires together and coating them with Si0; to
prevent catalytc reaction. The thermocouple probe was
made in a triangular configuration to minimize wire heat
conduction loss and was supported by a ceramic tube. The
entire thermocouple assembly was mounted on a translating
stage whose position was recorded by the computer data-
acquisition unit along with the thermocouple temperature

data.

A 5W Ar-ion laser operating at 355 nm, 365am and 514nm
lines was used for broadband LIF excitation of PAH and for
scattering/extincion measurement of soot. This laser beam
was modulatzd by a mechanical chopper to allow for
synchronized detection of the signal. The transmitted laser
beam was first collected by an integrating sphere and then
measured by the photodiode to minimize possible light
deflection due 10 the dzmsity gradients in flames.  The
scattered light by soot partcles and the induced broadband
PAH fluorescence were collected by a focusing lens, at 90°
with respect 1o the incident beam, through a band filter and
detected by a photomultiplier tube. OH, CH and C, emission
spectra were collected by 2 6:1 imaging optcs into an
optical fiber coupled Oriel 237 spectrograph {(200nm
~800nm) at 1337 relative to the incident beam. To ensure
the spacial resolution of emission measurements, 2 thin
line(~0.06mm) measuring volume in the flame was achieved
by placing 2 10-um slit in front of the optical fiber (nominal
dizmeter of 200um). The spectrograph then directed the
dispersed spectrum (graungs: 600l/mm, 1200/mm and 2400
I/mm) onto a tiree-stage cooled, gated-ICCD camera. For
OH laser induced fluorsscence measurement, 2 Nd:YAG

pumped tunable dye laser was frequency doubled to produce



0.5mJ, 282.5nm, 7ns-pulses. The excited OH LIF was
typically sampled with 2 100ns gate width. 200 integrations
were used to maximize S/N ratio. [n these measurements,
both the CW and the pulsed laser beams were first
collimated and then focused by a 300mm UV coated lens
into the burner, which gave an approximate focal diameter

of 0.04mm.

Chemical species were measured by gas chromatographs
(GC). An uncooled quarz microprobe (~100um) was used
for extracting the gas samples from the flame. The sample
withdrawn was located by positioning the microprobe
relative to the burner port. The probe was also aligned
radially along the streamline to minirnize disturbance. The
multicomponent sample was extracted and distributed, via
a heated vacuum sam;l: line to four GCs for analysis. Gases
—easured were: CO, COy, H.0, Hy, CH, He, O, and Ny;
light hydrocarbons from C, to C,,and PAHup 1o Cyy.

3. Results and Discussion

Counterflow diftusion flame structure

In Figs.2 and 3, the measured temperature, chemical
species and CH and OH radical profiles are presented for 2
blue flame (C,, PAH and soot were not found). This flame
served as a2 reference for the counterflow diffusion flame
structure (the blue flame was used because it posed least
uncertainty in modzling and chemical measurements). Also
this flame was at the threshold of blue-yellow transiton- a
stight increase in tuel concentration would l2ad to a yellow-
emission flame. A similar structure (T, V, major species C,
~C, intermediate hydrocarbons but without radicals) was
reported in Tsuji's early work on forward stagnant point

fAlow countertlow ditfusion flame (Tsuji et al, 1969, 1971).

Here, the measured lemperature has been corrected for

radiation. OH peaked with the diffusion flame temperature,
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Fig.2 Flame structure I (blue flame)

while CH was slightly off to the fuel side. Both CO and H,
showed a sharp decrease near the flame on the fuel side
where CH existed. This position marked the well-kmown
water-gas shift reaction with stwong emission 2t blue
(Gaydon, 1974).

consumed in the primary reaction zone that produced

wavelengih’ These two species were

combustion products H,O and CO,. Similar to Tsuji's result,
water profile appeared broader but had a larger error in GC

measurement.

Intermediate hycdrocarbons (C.~C,) were shown in Fig.3.
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Fig.3 Flame structure {I (blue flame)

* Blue emission was attributed to either CO combustion or
CH emission in the past.



All intermediate hydrocarbons demonstrated similar profiles
and peaked at approximately the same location on the fuel
side of the flame. C, species (C,H, and C,H,) existed n a
broader zone (Z=7~16mm) while species of C; and above
existed in a relatively narrower zone (Z=10~16mm). And
the magnitude of theses species demonstrated the following

trend, indicating a build-up of PAH:

c,»C, > C, end C, (%)

Similar intermediate hvdrocarbon pool structure were found

for flames [~IV.

Effect of flame structure on soot formation and oxidation

In Fig4, OH and soot volume fraction profiles are
presented for flames [IV. C learly, for the fuel-rich case -
flame on the oxygen side, once soot inception occurs, it is
pushed away from the OH zone. (here, the gas convection,
the thermophoresis and the soot diffusion all drive soot
particles away from the flame toward the fuel side). Thus,
there is little soot oxidation, resulting in a single branch of
soot volume fraction profile. [t is interesting that flame Il
yielded higher soot volume fraction despite its lower fuzl
concentration at the fuel inlet port. This is probably because

of the higher temperature to accelerate 500 formation.
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Fig.4 Effect of OH on soot inceprion and growth

Flames II[ and [V showed very different soot formation
picture. Again, soot inception occurred on the fuel side of
the flame but very close to the OH reaction zone. However,
due to the reversed gas convection, which is the dominant
term in Eq. (1), the newly formed soot particles were forced
to pass through high temperature OH zone where the
oxidation occurrad, resulting in 2 double branched soot
profile. For flame III, since the flame resided at the
stagnation plane (v,=0), convection was less dominant than
in flame IV, heace the peak soot volume fraction (~4x107)
was still higher due o its high temperature. In flame 1V, the
convective term was dominant leaving little time for soot

growth. [t seems that soot was oxidized immediately after

the inception (se= Fig.4).

Effect of local eouivalence ratio on soot
Soot formation in premixed flames is directly related to the

C/O ratio. In the counterflow diffusion flames, however,
local C/O ratio varies from zero to infinite. Thus, the flame
structure plays 2n important role. As is seen above, flames
I~IV have different peak soot volume fractions, which are
not proportional to their wnlet fuel concentrations, i.c., flame
11[ produced 2bout § times soot higher than flame [V even

though its fuel concentrations was only slightly higher. Ttus
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Fig 6 Effect of local conditions (T, C,H,, C,H,) on soot

suggests that it is the local conditions that determune the
peak volume fraction. To further discuss this issue, the local
ratio of CH/OH is shown in Fig.5 along with the soot
volumne fraction. In all cases, the magnitude of peak CH/OH
ratio appears to correspond to that of the soot volume
fraction profile, which shows the following trend (local soot

and CH/OH ratio):

(of+ 4
oot , —:

Con flame I > flame II > flame [> flame {7 (5)

Similar trend can be observed in intermediate hydrocarbon
srofiles, ie., Fig.6 shows that flames Ll and IV had strilar
temperanure field, but the former flame had higher inter-
mediate hydrocarbons as seen from acetylene and benzene,

consequently, it generated more soot.

4. Coaclusions

From this work, it may be concluded: (1) diffusion flame
sructure is important in soot inception, growth and
is the local conditions (ie.,

destruction, because 1t

hydrocarbon concentrations, rich or lean, temperanure, eic)
that determine the inception and growth of soot; and (2)
transport of the incipient soot is crucial because it can either

enhance soot growth or lead to soot destruction.
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Measurements of OH, CH, C, and PAH in Laminar Counterflow
Diffusion ¥lames
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Department of Mechanical Engineering and Applied Mechanics
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Ann Arbor, Michigan 48109

ABSTRACT

In this work, in-situ laser diagnostic methods, flame emission spectroscopy and laser-induced

worescence, were employed for concentration measurenents o wur species: OF, CH, C, and PAH,
Y 14 b}

in sooting laminar counterflow diffusion flames. Spatially resolved flame emission spectroscopic®

measurements were performed for OH, CH and C, using a 6:] imaging optics, an optical fiber

coupled spectrograph (spectral range of 200nm~800nm) and a gated-ICCD detector. Emission Sfrom

the 306.4nm band of OH. the 431.5nm band of CH and the 516.5 nm~395.87nm Swan band system

of C; were measured. Broadband UV fluorescence (attributed to PAH) was measured by exciting the

flame with a Ci¥ laser operating at 355nm and 3635nm and detecting the fluorescence signal at

452.5237.5nm. Also, fluorescence from OH was excited at 282.5nm by a Nd:YAG pumped wnable

dve laser and detected at bands from 307nm to 318nm. These measurements help identify the

progression of the sooting process Jrom the parent fu

1o soot particles.

1. Introduction

Flame species, such 2s OH, CH, C, and PAH, are important
{0 combustion and soot chemistry. OH has been identified
2s 2 dominant oxidizer of soot particles (Neoh et al 1984),
CH. on the other hand, has been implicated in the inception
stage of soot formation through the chcmi—ionizétion
reaction of ground state CH with O and the reaction of
electronically excited CH with C.H, (Calcote, 1981); and
both C,and PAH are known to play an important role in so00t
nucleation (Gaydon, 1974, Frenklach et al, 1990). Thus,
non-intrusive and spatially resolved measurements of these

species will help understand 2nd model of soot formation

! Corresponding author

el to increcsingly complex species and finally

and oxidation in hvdrocarbon diffusion flames.

[n premixed hydrocarbon flames, emission spectrum from
OH, CH and C, are prominent (Gaydon, 1974). The well-
known C, bands, centered at 515nm green line, were first
mapped in 1857 by Swan. The visible flame spectrum
generally exhibits a strong violet-degraded band in the blue
near 431.5nm due to CH 2nd several bands in the ulra-
violet ranges due to OH (the strongest is found at 306.4nm).
Nevertheless, emission spectroscopy has, in the past, been
used primarily for detecting the overall presence of a
particular radicals in flames. Because it is a "line of sight”

measurement. [t had been very difficult to resolve the

Proceedings of the 1996 Technical Meeting of the Central States Section of the Combustion Institute



(3)) 2amjeradwia ],

(000ZTXON) SUOTIORL] S[OIN $910adS

Distance from the fuel side (mm)

01/ (W DN 101X

a o —
(] (@] ()
T MR T
Co
o O _
210 'Y
T % o0 L
Zuw I oo
°
| <« w » ﬁ
° *
[ — e —
)
g e
I_“.In.lulln.llulllll.ll.lll.\lkl ||||||||
id -~
\\
X z >
Zo—u-0-¢
. ey ] fo- . o
...:, / >u
/ >
AN [ M2
N\ u »
L] »
N\ .. >
N\ T, >
N . >
1 [ AN L. . »
o0 O N
S S 3 S

o )

o o
67/Z ‘(uonordy 9oN) §XHO ‘0D “H

15

Distance from the Fuel Side (mm)

10



~—

spacial structure of most non-planar flames. Laser induced
fluorescence (LIF), on the other hand, has an advantage
because the measurement volume {s defined by the laser
bearn. Hence, it has become one of the most widely used
technique for probing the radical species profiles (Eckbreth,

1988).

In this work, the collection optics and the detection system
have been designed 1O spatially resolve the 2TUssIon
spectroscopic measurement in a well-defined 1-D planar
counterflow diffusion flame. Profiles, normal to the flame,
of OH, CH and C, were measured. In eddition, LF
measurements were also made 1o measure OH and PAH
profiles. These radical and the intermediate hydrocarbon
profiles enable us to conceptually examine the progression

of the sooting proces/s from the parent fuel to soot particles.

2. Experimental
2.1 lApoaratus

The expenuments were conducted in a unique, high
{emperature, low staln rate counterflow diffusion flame
burner (Zhang et al, 1992). This burner was mounted on 2n
X.Y-Z tanslating stage Systzm that allows it to be moved
-slative 1o the optical measurement system with a resolution
of 0.05mm in perpendicular 0 the flame. Flows of gaseous
reactants were measured with cntical orifice flow meters.

Flames selected for the present study were summarized in

Table 1.
Table 1 Flame Coaditions
FLE Reactants \'4 T comm
{cm/s) )

1 15.3%CH,+84.7%He 11.2 509 | blue
42.6%03'?57.4%N: 4.01 573 flame

2 35.8%H,+41 2%N, 8.21 620 | No

1 9.2°A:O:«:—80.8%He 14.0 660 | HC

3 28.9%CH,+71.1%He 10.1 362 | sooty

42.6%0 +57.4%N, 45 | 649

4 | 63%CH,#35%N, 68 | 3538 | sooty
16%0+84%He 13.5 | 662

5 | 487%CH+513%N, | 68 | 336 |very
16%0.+84%He 135 | 630 | sooty

Temperature measurements were made using 2 PUPt-
10%Rh thermocouple with a wire diameter of 0.2 mm. The
junction of the thermocouple was formed by butt-welding Pt
and Pt10%Rh wires together and coating them with Si0, t©
prevent catalytic reaction. The thermocouple probe was
made in a triangular configuration t0 minimize wire heat
conduction loss and was supported by 2 ceramic tube. The
entire thermocouple assembly was mounted on a translating
stage whose position was recorded by the computer data-
acquisition unit along with the thermocouple temperature

data.

A schematic illustration of the optical apparatus and the
bumer is shown in Fig.l. A 3W Ar-ion laser operating at
355 nm, 365nm and 514nm lines was used for broadband
LIF excitation of PAH and for scattering/extncuon
measurement of soot. This laser beam was modulated using

2 mechanical chopper to allow for synchronized detection of

the signal. The transmitted laser beam was first collected by

‘ .
[___]: \ : €V E '......,,.;,., j:“‘,!.1 YA D Poload Las ‘
t

Fig.1 Expcﬁmcntal set-up
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an integrating sphere and then measured by the photodiode
to minimize possible light deflection due to the density
gradients in flames. The scattered light by soot and the
induced broadband PAH fluorescence were collected by 2
focusing lens, at 90° with respect to the incident beam,
through a band filter and detected by a photomultiplier tube.
While OH, CH and C, emission spectium was collected by
2 6:1 imaging optics into an optical fiber coupled Oriel 257
specrograph (200nm~800nm) at 135°. To ensure the spacial
esolution of emission measurement, 2 thin line (~0.06mm)
measuring volume was achieved by placing a 10-um slit in
front of the optical fiber (nominal diameter of 200um). The
spectrograph then directed the dispersed spectrum (gratings
- 600Ymm, 1200V/mm and 2400V/mm) onto a three-stage
coolzd, gated-ICCD camera. For OH LIF measurements, a
Nd:YAG pumped tunable dye laser was frequency doubled
to produce 0.5mJ, 282.5am, 7Tns-pulses. The excited OH LTF
was typically sampled with a 100ns gate width 200
integrations were used to maximize the S/N ratio. In these
measurements, both the CW and the pulsed laser beams
were first collimated and filtered and then focused by a
300mm UV coated lens inio the bumner yielding an

approximate focal diameter of 0.04mm.

)

2 Emission and LIF detection schemes
Y

The spontaneous emission bands of OH are due to a°E-°TI

‘O

wransitions. These bands are degraded to the red and show
an open rotational fine structure. In this work, the most
prominent (0,0) band of OH at 306.4nm was measured 10
vield the OH profile actoss the flame. In addition, LIF from
O was excited with the pulsed laser beam tuned near
283nm and detected from 307nm to 318nm (which covered

(0,0) and (1,1) bands).

1200 T T T T T
CH 431.5am
1000+ -
3 8007 :
3
3 630 1 OH 308.5nm li Cy Swan system(~550nm)
a .
I
& 4004 1
2004 E
|
0= —+ l T T
200 300 403 5 Q0 700 800
Wavelength (nm)
Fig.2 Emission spectrum of OH, CH and C,
CH

Despite its relative low concentration, CH emission at 431.5
nm is very strong in flames, which is due to (0.0) band of A
] wansition with a fairly open rotational suructure.  This
band was measured to yield CH profile.

c:

The well-kriown Swan system consists of a number of _
bands each with a sharp edge or head on one side and all
shaded off or degraded the same way. These bands are due
(0 *TI- *M transition. In this work, Swan bands at 512.9nm
to 595,9nm were measured to yield Co. A typical emussion
spectrum of OH, CH and C, is given in Fig.2.

PAH

The UV induced broadband wisible fluorescence is
attributed to PAH (Smyth et al, 1985; Berena et al, »l 9853).
In this work, the broadband PAH fluorescence was excited
with a CW laser operating at 355om and 365nm lines and
then detected at 452.3=27.5nm. According to Beretia, PAH
fluorescing in this band window may include the following
species: fluoranrhene, Benzperylene, Perylene, Coronene

and Anthenthrene.

2 3 Calibration’

Radical concentrations from the measured emussion and

* calibration were only made for OH and CH.



LIF can be related to measured intensity, I, and I, through

equations (Gaydon, 1974 and Eckbreth, 1988):

RT
<] = [———— = CTI, )
P An

opt
here A is the Bolzmann distribution relation (generally,
flame deviates from the equilibrium conditions, see Smyth,

etal, 1990). Likewise, for LIF we have:

Q.3

T % 1
(5] = const (=] THL =CT¥, @
Pn/ Ell

The Sandia National Laboratories computer code OPPDIF
and CHEMKIN-II (Kee, et al. 1989) were extended to
include gas radiation and were used for base flame
modeling. The prcsc;u GRIMECHS-1 mechanism is regarded
as quite adequate for a blue methane flame (flame#1, which
was not complicated by measured C, and higher species or
soot). This confidence was based upon comparisons of
measured and computed temperature and major chemical
species. The computed peak concentrations of OH and CH
were used (o place the measured OH and CH for the blue
flame on the absolute basis. The constans C, and C; were

then derived to calibrate other flames for OH and CH.

3. Resuits and Discussion

Comparison of mzasured OH with mode! computation

In Fig.3. the measured and computed OH profiles (flame

%7 and flame#3) are compared. Here, the solid lines are -

computed OH profiles and the dashed line is the OH profile
of flarne=3 obtained by LIF. Good agreement Was achieved
between measurements of OH using €mission Specirescopy
and using the LIF. For the hydrogen flame (flame#2), the
computed OH is in close agreement with measurement
except that the computed profile is broader. In contrast, the
computed OH for the sooty flame (flame#3) exhibited 2

relatively larger error in peak mole fraction, which was due

primarily to the fact that flame computations currendy lack
the capability of handling the rich-combustion and the soot
chemistry. These results show that ermission SPecoscoDy
can, indezd, be used for resolving prominent radical profiles

of OH, CH and C..

OH. CH. C., PAH and sooting structure

Fig.4 illustrates the sooting structure of flame#3 with
relative concentrations of radicals like OH, CH, C. and
important soot precursor species of PAH (radicals were
obtained by using emission Spectroscopy and PAH was
obtained by using broadband fluorescence measurement).
Basically, 2 blut—.ycllow-orangc sooting flame structure is
seen: the bright blue reaction zone, which is characterized
by CH emussion, was on the oxidizer side of the stagnation
plane; CH peaked on the fuel side slightly away from the
flame, A relatively thick (~3mm) yellow-orange zone,
where significant C, was present, was located on the fuel
side of the flame and was separated from the blue zone by
a very thin dark zone. Soot inception seemed to actually
occur at the location where C, reached its peak and where
PAH profile began torise. The incipient soot particles were
then swept downsyzam (toward the fuel side) duz to the
convection and due to the thermophoretic diffusion. Along
its path, soot parucles grew through coagulation and surface

growth. This process ceased at the stagnation plane. With
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Fig.4 Sooting structure s characterized by OH, CH, C,
and PAH



negligible soot mass diffusion and weak thermophoretic
diffusion, very litle soot was present beyond the stagnation
plane despite a significant amount of PAH.  This
emphasizes that little nucleation occurs at or below the
stagnation plane and the process is predominantly soot

growth controlled.

In light of the sooting processes in premixed flames where
the primary fuel breaks down and then builds up to soot in
the post flame zone. The above observation may lead to a
similar conceptual visualization of the main sooting
processes in a fuel-nch counterflow diffusion flame:

(i) Diffusion and convection of radicals such as OH, O and
H into the fuel-rich reactant flow’, resulting in chain-
reactions leading to the formation of unsaturated compounds
such as acetylene and larger unstable molecules,

(ii) Breakdown of some of the larger molecules, or reactions
with radicals like H and CH, to produce C. species;,

(iii) Continued growth of unsaturated compounds to form
ring-structured benzene and large PAH;

(iv) Under certain conditions, nucleation of some PAH 1mto
incipient s00t particles occurs, and

(v) In accordance with the increase in PAH concentration,
soot particles undergo a series of chemical surface reaction,
by absorbing species like acetylene, and physical reaction
like coagulation,

{(+1) In the current flame configuration, 500t was eventually
transported radially out by convection at the stagnation
plane, leaving only linle soot that diffused below the
stagnation plane. While PAH continued to diffuse towards

the fuel side.

¥ in the present work, the primary fuel diffused against the gas
convection into the flame front which lied at the oxygen side of
the staggation plane
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Fig.5 Effect of CH, C, and T on soot

C,, PAH and soot loading

As discussed above, C, and PAH are representative of
fuel-rich sooting flame, although the definite role of these
species under different flame conditions 1s vet to be
elucidated. In Figs. 5 and 6, we further examine the effect
of PAH and C, on soot loadings in two flames (flames=4 and
5). These two flames had similar thermal and flow field
sxucture (see Fig.5) with a slightly higher flame temperature
for the methane flame. Since both flames used the same
amount of oxidizer (16%0., 13.5cm/s ), they had almost
same oxidizer _con;entrations. Nevertheless, the ethylene
flame was seen to produce more C, and CH. InFig.5, note
that there is 30 tmes more C,, 2 tmes more PAH and 10

times more soot in the ethylene flame. Even though this
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Fig.6 Effect of C, and PAH on soot



comparison may not be conclusive in a quantitative sense,
the result is consistent with the above discussion: given
similar thermal and flow structure of two flames, more the

available carbon, more the soot is produced.

4, Cénclusions
Despite the current progress, flame emission Spectroscopy
has remained a lesser-used technique for radical profile

measurements. In this work, we successfully applied the

. flame emission spectroscopy to resolve OH, CH and C,

profiles in 2 well-defined 1-D diffusion flame. This, n
conjunction with LIF measurements and the numerical
flame computation, enables us lo examine the sooting
structure of counterflow diffusion flames as characterized by

OH, CH, C, and PAH.

From this work, it may be concluded that, sirilar to
premixed flames, sooting path can be derived for diffusion
flames: (i) Diffusion and convection of flame produced
radicals into fuel stream to form unsaturated hydrocarbon
compounds;(ii) Breakdown of large molecules to yield
carbon radicals and PAH; (i) Nucleation of PAH to form
incipient soot; and (iv) Soot grow via surface reaction and

coagulation.
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Absrtact

The effects of changes in global stoichiometric conditions by varying reactant (fuel/oxidizer)
concentrations on radiating flamelets using a numerical investigation are reported in this article. The
flame response to both step and sinusoidal variations about a mean value of reactant concentration for
various values of strain rates is examined. This work will aid in the better understanding of turbulent
combustion. The radiative effects from combustion products (CO, and H,O) are also included in the
formulation. The maximum flame temperature, heat release rate and the radiative heat loss are used to
describe the flame response. The results show that the flame responds to fluctuations with a time delay.
The effect of the frequency of fluctuation is found to be more important than its amplitude. Low
frequency fluctuations bring about a significant flame response causing extinction at large strain rates
for high fluctuation amplitudes. At high frequencies relative to the strain rate, rapid concentration
fluctuations are distributed closely in space. These are neutralized by the resulting large diffusion
gradients. Thus the flame becomes relatively insensitive to fluctuations. The ratio of frequency over
strain rate is identified to predict the flame response to the induced reactant fluctuations. The induced
fluctuations were found to have more prominent effect on radiation than on the heat release.

Nomenclature

a, Planck mean absorption coefficient

A Pre-exponential factor

<, constant pressure specific heat of the mixture
D, coefficient of diffusivity of species i

h enthalpy

h°,  enthalpy of formation of species i
MW  average molecular weight

Le Lewis number

p pressure

Qg radiant heat loss

Qv heat of reaction

universal gas constant
temperature

time

axial velocity

mass fraction of species i

strain rate

similarity transformation variable

3 m << X



thermal conductivity of the mixture
dynamic viscosity of the mixture
mass based stoichiometric ratio
mass density

Stefan-Boltzmann constant
similarity transformation variable
mass rate of production of species i

EeQ® <E >

Introduction

An investigation of transient effects on flamelet combustion is useful for better understanding of
turbulent combustion. The flamelet concept, which was proposed by Carrier et al., [1] and later
developed by Peters [2], provides a convenient mechanism to include detailed chemical kinetics into the
calculations of turbulent flames. The idea is based on the translation of physical coordinates to a
coordinate system where the mixture fraction is one of the independent variables. One can then express
all thermochemical variables as unique functions of two variables, the mixture fraction and its
dissipation rate by assuming that the changes of thermochemical variables are dominant in the direction
perpendicular to the surface of constant mixture fraction [3]. These unique functions have been called
“state relationships” (4]. Consequently, the flamelet model can be incorporated into existing turbulent
combustion modél provided these state relationships are known.

A basic assumption of these flamelet models is that the local structure of the reaction zone may be
represented by an ensemble of quasi-steady state strained laminar flame elements which are stretched
and convected by the turbulent flow (5]. The validity of this assumption has, however, been questioned
in many recent studies by showing that non-steady effects are of considerable importance [5-71.
Consequently, there has been a growing interest in the study of time dependent effects on flamelet
combustion [3, 6-13]. However, most of these studies are limited to the effects of time varying strain
rate. which is only one of three important parameters that need to be matched in order for the structure
of turbulent flamelet to correspond to the structure of the laminar diffusion flame [14]. The effect of the
other two parameters, reactant concentration and reactant temperature fluctuations, has not been
investigated with the exception of the limited study by Clarke and Stegan [15] (on concentration
fluctuations) and Egolfopoulos [15] (on concentration and temperature fluctuations). Furthermore, the
effects of radiative heat losses are not considered by any of these studies with the exception of
Egolfopoulos [12]. _

The present study is an attempt to fill this existing gap in the literature. We investigate the effects of
reactant concentration fluctuations on radiating flamelets in this article. It is interesting to note that
velocity fluctuations, which receive such a wide attention in the recent combustion literature, have a
relatively smaller effect on the flame through changes in the flow field and subsequent small changes
in the concentration profiles in the reaction zone [17]. The concentration fluctuations, on the other hand,
are expected to bring about a more prominent effect on the flame through changes in the equivalence
ratio. Such fluctuations are also important in practical combustors which are subjected to various
unsteady fluctuations and turbulence. The flame response to step and sinusoidal variations about a mean
value of reactant concent-ration for various values of strain rates is examined.

Mathematical Formulation
General Governing Equations




A schematic of a counterflow diffusion flame stabilized near the stagnation plane of two laminar flows
is shown in Figure 1. In this figure, r and z denote the independent spatial coordinates in tangential and
axial directions respectively. Using the assumptions of axisymmetric, unity Lewis number, negligible
body forces, negligible viscous dissipation, and negligible Dufour effect, the resulting conservation
equations of mass, momentum, energy and species may be simplified to the following form:

® Lgpey a0
ct Z
.| de 3y ) p,] \ 3y 3 v
- 2| == + € + Zl e =—m€ey —+ + — —| u—
(w p) dt ot [w o s 2\ "
Sh oh af » an) & 0
T+ Y —] — — | - w Ah V
(at Vaz) az[ c, az] ,z; Ee Cr

Here  is a similarity transformation variable which is related to the radial velocity by Y= u/(€ r). The
above equations are closed by the following ideal gas relations:

0= L 1 and  dh = ¢ dT
RT N P
(v,1mW)

i=1

The symbols used in the above equations are defined in the nomenclature section. Note that in the
present form the equations do not depend on the radial direction. In this study, the radiative heat flux
is modeled by using the emission approximation, ie., Qu=4 0T (apco, + o ); Where, 0 is the
Stefan-Boltzmann constant, and ap cos @pno ar€ the Planck mean absorption coefficients for CO, and
H,O respectively. The absorption coefficients for combustion products were taken from Ref. [18].

Reaction Scheme
The present problem was solved by considering a single step overall reaction which may be written as

follows:
[F]+ v[0,] = (1+v) [P]

Here, v is the mass-based stoichiometric coefficient. Using second order Arrhenius kinetics, the reaction



rate was defined as w = A p* Y Y, exp(-Eg/R T). The reaction rates for fuel, oxidizer, and product may
then be written as wg = -W; Wy = -vw; and w, = (1+v)w. For the calculations presented here, the values
of various constants and properties were obtained from Ref. [19].

Initial and Boundary Conditions
A solution of these equations requires the specification of some initial and boundary conditions which

are given as following:

Initial Conditions:

Y(z2,0) =Y,(2)

h(z,0) = h,(z) or T(z,0) = T (2)

Y (z,0) =Y, ,(2) [n conditions or (n-1) conditions + p(z,0)]
$(z,0) = d,(2)

Here subscript 'o’ represents the initial steady state solution.

Boundary Conditions:
The origin of our coordinate system was defined at the stagnation plane.

Y= =1 Yi=b =(psp.)"

h(e,t) =h,, h(-=,1) = hyg,

lor Teet)=T,,  T(=t)=Te]
Yi(mrt) = Yi,up Yi('wvt) = Yi‘low
vi0,)=0

The strain rate €, which is a parameter, must also be specified. The reactant concentration is varied by
multiplying the boundary value of either fuel or oxidizer concentration by (1+A*sin (2 = f 1)) for
sinusoidal variations and by using a Heaviside function for step changes.

Solution Procedure

The governing equations form a set of nonlinear, coupled and highly stiff partial differential equations.
These equations were solved numerically using the Numerical Method of Lines (NMOL). A 4th order
3-point central difference formula was used to spatially discretize the equations and an implicit backward
differentiation formula (BDF) was used to integrate in the temporal direction. In order to carry out the
numerical integration, infinity was approximated by a finite length of the order of the length scale of the
problem (i.e., (D/€)*). This was confirmed by checking the gradients of all the variables which must
vanish at the boundaries. For the calculations presented here, a uniform grid with grid size az = 1.6x107
cm and a variable time step of the order of | usec was used. The grid sensitivity was checked by
reducing the grid size by half and the results were found to be unaltered.

Results and Discussion

The parameter values used in the present calculations are T, = 295 K, E/RT,_ = 49.50, pre-exponential
constant A = 9.52 x 10° (m*/kg.s), Qqv = 47.465 x 10 J/kg, Ye, = 0.125, and Y,.. = 0.5. The results
were obtained by assuming constant specific heat, equal diffusion coefficient for all gases and p’D =
constant. Results shown in this paper are only for fuel concentration fluctuations but are applicable to
both reactants (fuel and oxidizer) since similar findings are obtained for oxidizer fluctuations.



Flame Response to Sinusoidal Variations in Reactant Concentrations

Figures 2-4 show the results for strain rate of 10 s and sinusoidal variation in fuel concentration of
50% amplitude and 1 Hz frequency. Figure 2a shows temperature and velocity profiles at various time
intervals. The figure shows that the flame which was initially stabilized at the stagnation plane (at 0)
begins to move towards the oxidizer side due to an increase in the fuel concentration. After reaching
a maximum value, the temperature starts decreasing corresponding to a decrease in the fuel concentration
and the flame moves back towards the stagnation plane. It crosses the stagnation plane and continues
to move towards the fuel side till reaching a minimum temperature. The flame then keeps oscillating
back and forth across the stagnation plane between these two temperature limits, which are very close
to the steady state values corresponding to the maximum and minimum fuel concentrations. These
results show that the flame temperature is substantially affected by fuel concentration fluctuations.

Similar trends are observed for the gas radiation profiles. Figure 2b shows that the maximum gaseous
radiation per unit volume is increased by 30% corresponding to an increase in the flame temperature and
radiating combustion products caused by an increase in the fuel concentration and is decreased by 55%
corresponding to a decrease in the flame temperature and radiating combustion products.

In Figure 3a, the maximum flame temperature, which is a good indicator of the flame response to
induced fluctuations, is shown as a function of fluctuation time period. The figure shows that the flame
responds to fluctuations sinusoidally with a time delay. This delay or phase lag is due to slow transport
processes (conveétion & diffusion) which are responsible for transmitting information from nozzle to
the reaction zone. The flame response also shows a slight asymmetry with respect to the initial
maximum temperature, i.e., the mean maximum flame temperature around which the flame temperature
oscillates shifts to a lower value.

Other indicators of the flame response, such as the heat release rate (or fuel mass burning rate) and the
radiative fraction (defined as the ratio of the total heat radiated to the total amount of heat released),
show similar trends (Figure 3b). The increase or decrease in the heat release is due to a corresponding
increase or decrease in the fuel burning rate caused by variations in fuel concentrations. The radiative
fraction profile indicates that the fuel concentration fluctuations have more significant effect on radiation
than on the amount of heat released. Note that the radiative fraction would remain constant if the
radiation fluctuated proportionally to the heat release rate. At the limiting values of fuel concentrations,
the change in the total radiation from its mean value is roughly twice more than that in the heat release.

Effect of Fluctuation Amplitude
Figure 4a shows the variation in the maximum flame temperature as induced by different amplitudes

of fuel concentration fluctuations. For these results the induced frequency and strain rate were set at |
Hz and 10 s”' respectively. The results show that: i) the amplitude of fluctuations has no substantial
effect on the time delay (phase lag) in the flame response. The phase lag is found to decrease by only
5° with an increase in the amplitude from 10% to 50%:; ii) the mean maximum temperature around which
the flame temperature oscillates decreases with an increase in the fluctuation amplitude; and iii) the
amplitude of the flame response increases almost linearly with an increase in the induced fluctuation
amplitude. The last conclusion can be drawn more clearly from Figure 4b. In this figure, the maximum
temperature fluctuations (normalized with the steady state temperature) are plotted as a function of the
induced fluctuations (normalized with the steady state fuel concentration). It can be inferred that for
larger strain rates at high fluctuation amplitude the extinction will occur.



Effect of Fluctuation Frequency

In Figure 3a, the variation in the maximum flame temperature are plotted as a function of time period
for different frequencies. All these results are for flames subjected to fuel fluctuations of 50% amplitude
and strain rate of 10 s™'. The figure shows that the flame response is maximum at lower frequencies and
its amplitude decreases with an increase in frequency. Similar observations are reported in the literature
for flames subjected to variable strain rates [7,11,13]. For the present conditions, the flame becomes
relatively insensitive to the induced fluctuations at frequencies higher than 20 Hz as shown in Figure 5b.
This insensitivity is due to insufficient time available at higher frequencies for transmitting relevant
information to the reaction zone. Figure 5a shows that the slow transport processes also cause the phase
shift or the time delay in the flame response to increase with an increase in the frequency.

Another observation from Figure 5a can be made about the asymmetric effect in the flame response
which decreases with an increase in the induced frequency. Hence, the mean maximum flame
temperature around which the temperature oscillates increases with an increase in the frequency.

Effect of Strain Rate
The effect of strain rate was investigated by simulating flames with different strain rates subjected to

similar induced fluctuations. Figure 6a shows the variation in the maximum flame temperature
(normalized with steady state temperatures) as a function of time for flames with different strain rates.
These flames were subjected to the induced fluctuations of 1 Hz and 50% amplitude. The figure shows
that the flame response is more prominent and the amplitude of oscillation is increased at larger strain
rates. However, the term large strain rate is a relative one and depends upon the frequency of induced
fluctuation. Hence, in Figure 6b, the maximum normalized temperature fluctuations are plotted as a
function of frequency/strain rate (f/€). The figure shows that the flame response is negligible for values
of f/e greater than 2 (i.e., low strain rates). Beyond this value, the amplitude of fluctuations increases
almost exponentially with a decrease in f/e. This increase in the amplitude can be explained by
considering that any information to the reaction zone is transported through convection and diffusion
processes. At low strain rates (high f/€), the convection is small and thus the changes at the nozzle
cannot be completely transmitted to the reaction zone. Hence, the flame response is small. As the strain
rate is increased (f/€ is decreased), the convection part increases, thereby transporting more information.
Consequently, the flame response is increased. Beyond certain strain rate (f/e < 0.05), the information
propagates instantaneously and the instantaneous flame temperature agrees very closely to the steady
state temperature values at the corresponding fuel concentration.

Figure 6b also shows that: i) the increase in the strain rate increases the asymmetry in the flame
response; and ii) for a fixed frequency, the phase shift in the flame response decreases with an increase
in the strain rate. This latter behavior may be explained based on the previously described argument
about the role of the slow convection rates at low strain rates. Other results (not shown here), however,
reveal that if the ratio f/€ is kept constant, an increase in the strain rate increases the phase lag. This
means that the increase in the information transport through convection processes by increasing strain
rate is smaller than the increase in fluctuations at the nozzle by a corresponding increase in the

frequency.

Flame Response to Step Changes in Reactant Concentrations

Effect of Step Size (Amplitude)



Figure 7a shows the variation in the maximum flame temperature as a function of time to both positive
and negative changes in the fuel concentrations for different step sizes (amplitudes). For all these flames
the strain rate was kept constant at 10 s™. The results reveal that: i) as expected, the flame response
increases with an increase in the step size; ii) the flame responds with a time delay to a step change and
this delay slightly decreases with an increase in the step size; and iii) the effect of a negative step (a
decrease in the fuel concentration) is more substantial on the flame than that of a positive step (an
increase in the fuel concentration) of similar size.

The time taken by the flame to reach the steady state for different step sizes is shown in Figure 7b.
Here, the steady state is defined as the condition when the maximum flame temperature attains 99% of
the total change in temperature. The figure shows that, for a similar change in temperature, the flame
reaches steady state more rapidly for positive step sizes. Furthermore, the steady state time increases
with a decrease in the positive step size whereas the trend is opposite for negative step sizes. It should
be mentioned here that a negative step change in fuel concentration moves the flame towards the
oxidizer side and a positive step towards the fuel side of the stagnation plane. Hence, the figure shows
that the nearer the flame to the reactant side which is subjected to a step change, the more rapidly the
flame reaches the steady state. :

Effect of Strain Rate

The effect of strain rate on the flame response to step changes in fuel concentrations is similar to that
caused by sinusoidal variations in fuel concentrations. Figure 8a displays the maximum flame
temperature (normalized with the steady state temperature) profiles for different strain rates. All these
flames were subject to a 50% increase in the fuel concentration. These results depict that the higher the
strain rate, the greater the flame response. Furthermore, with an increase in the strain rate, the ime delay
in the flame response decreases and the steady state condition is reached more rapidly (as shown in
Figure 8b). The physical reasoning of this behavior is same as described in the earlier section, i.e., the
increased role of convection at higher strain rates.

Conclusions
In this article, we have investigated the dynamic response of radiating flamelet subjected to variable

reactant concentrations, using numerical simulations. The reactant concentration was varied both
sinusoidally and with a step function. A number of flames with different strain rates were examined.
The maximum flame temperature, heat release rate and the radiative heat loss were used to describe the
flame response. The results led to the following conclusions:
i) The flame responds sinusoidally with a phase shift to the sinusoidal induced reactant
fluctuations.
ii) Low frequency fluctuations bring about a significant flame response causing a possible
extinction at large strain rates. The effect of the frequency is more important than its amplitude.
iii) The ratio of frequency over strain rate (f/e) may be used to predict the flame response to the
induced reactant fluctuations. The flame response is instantaneous for f/e < 0.05 and its
amplitude decreases exponentially for 0.05 < f/e < 2, beyond which the flame becomes
insensitive to fluctuations. Hence, the transient effects must be considered in the flamelet
modeling for the critical range 0.05 < f/e < 2.
iv) The induced fluctuations have more prominent effect on radiation than on the heat release.
v) The flame responds to a step change with a time delay. With an increase in the step size, the



response increases and the initial time delay decreases.

vi) For a step change, the steady state time depends upon the final location of the flame and the
strain rate: the nearer the flame to the reactant side which is subjected to a change and higher the
strain rate, the more rapidly the flame reaches the steady state.
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Figure Captions

Figure 1
Figure 2

Figure 3

Schematic of counterflow flame

Flame subjected to sinusoidal variations in fuel concentrations: a) Temperature and
velocity profiles; b) Radiation profiles (Amplitude = 50%, Frequency = 1Hz, Strain
rate = 10s)

Flame response to the induced sinusoidal fluctuations: a) Variations in maximum

flame temperature; b) Variations in heat release rate and radiative fraction (Amplitude
= 50%, Frequency = 1Hz, Strain rate = 10 s

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Effect of fluctuation amplitude: a) Variations in maximum flame temperature
(Amplitude = 50%, Frequency = |Hz, Strain rate = 10 s'"); b) Normalized maximum
temperature fluctuations

Effect of fluctuation frequency: a) Variations in maximum flame temperature;

b) Normalized maximum temperature fluctuations (Amplitude = 50%, Strain rate =
10sh

Effect of strain rate: a) Variations in normalized maximum flame temperature
(Amplitude = 50%, Frequency = 1Hz); b) Normalized maximum temperature
fluctuations for different frequency/strain rate ratios (Amplitude = 50%)

Effect of step size on the flame response to step changes: a) Variations in maximum
flame temperature; b) Steady state times for different step sizes (Strain rate = 10 s)
Effect of strain rate on the flame response to step changes: a) Variations in
normalized maximum flame temperature; b) Steady state times for different strain
rates (Step size (amplitude) = 50%)
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Maximum Temperature (K)
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Temperature (K)
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