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SUMMARY

A fundamental study of soot particle inception and growth processes has been completed which
specifically considered the effects of fuel molecular structure, fuel concentration, temperature and
operating pressure on the formation of soot particles. Coannular laminar diffusion flames burning in
air were studied for pure fuels (methane and ethene) as well as fuel mixtures involving ethene
propene, butane, 1-butene and 1,3 butadiene individually mixed with methane or ethene. The fuel
structure studies indicated that the fuel species most strongly affected the particle inception process for
the fuels studied, as opposed to the surface growth process. Surface growth rate constants, when
normalized by the available surface area, were typically within a factor of two for the fuels studied.
These findings support an interpretation in which inception controls the maximum amount of soot
formed in the flame. Studies in which fuel concentration and flame temperature were varied through
dilution of fuel with an inert species indicated that temperature effects dominate changes due to
variations in the concentration under most conditions. Local temperature and concentration
measurements were shown to be absolutely necessary to properly interpret the effects of inert dilution.
The analysis yielded an apparent activation energy of 94.5 kcal/mole for the temperature dependence.
The fuel concentration dependence, represented as [XO]“, where X is the fuel concentration at the
exit of the fuel tube, was best represented by n = 0.3. Studies of the evolution of the soot particles
in laminar diffusion flames indicated that clusters or aggregates are found in the higher parts of the
flame. These clusters, which are composed of nearly spherical primary particles, possess different
optical properties from their spherical equivalents. As compared to the Rayleigh data reduction for
spherical particles, the aggregate analysis yielded higher values of volume-mean diameter, a larger
surface area per unit volume, and lower values of the aggregate number concentration. The present
results indicate that a self-consistent interpretation of the light scattering properties of the soot aerosol
is afforded by recognizing its aggregate structure. Operating pressure effects on soot formation were
also studied and indicated that a power law representation of the form of P, where P is the operating
pressure, accurately represented the behavior of the soot volume fraction as the pressure was varied.
For studies involving the alkene species, ethene and propene, the value of n was found to be close to
first order (1.05 + 0.06 and 1.16 + 0.01, respectively). Studies of an alkane fuel, ethane, resulted
in a significantly larger value for the power dependence closer to second order in n (1.62 - 1.88,
depending on the flow rate). These results confirm the strong dependence of soot formation on the
operating pressure and furthermore point to potential fuel structure effects. Finally, studies of these
high pressure diffusion flames have resulted in the observation of the onset of buoyant instabilities
induced by changes in the pressure. A simple procedure has been described for isolating these
buoyancy effects in jet diffusion flame experiments. All that is necessary is that background pressure
be varied while maintaining constant mass flows of fuel and oxidizer into the burner. A theoretical
model for these flames indicates that this procedure isolates Richardson number (or relative buoyancy
force) as the only variable parameter, which is equivalent to varying the gravitational acceleration. A
joint series of experiments and computations involving a pressurized low speed methane/air diffusion
flame has provided strong evidence to support the theory.




1.0 RESEARCH OBJECTIVES

The primary objective of this research program was to provide additional fundamental
understanding of the processes which control soot formation under conditions applicable to future gas
turbine engine operation. The emphasis of the studies was to examine the physical and chemical
mechanisms which control soot particle inception and surface growth. The inception region is of
particular interest because it has been argued to control the amount of soot formed during the
combustion process. In the present studies, detailed measurements of both the inception and surface
growth phases were undertaken to provide the necessary basis for evaluating the relative importance
of these fundamental mechanisms on the formation of soot particles.

One particular challenge for the present studies was to acquire data over a wide range of flame
conditions. In this respect, fuel species, concentration, temperature and operating pressures were
selected as parameters for study. The results and conclusions regarding the effects of each of these
parameters will be presented in the following sections. These parameters were selected because they
are viewed as being critical to controlling soot formation in future gas turbine engines which will burn
broader specification fuels at higher pressures than currently employed in such engines. Through the
understanding gained in these studies, improved prediction capabilities are resulting which will impact

the design methodology for future gas turbine combustors.

2.0 RESEARCH APPROACH

The basic nature of the objective of the present research program required that fundamental
studies be conducted under well controlled conditions. Additionally, a capability to provide extensive
measurements of the soot particle, velocity, temperature and gas concentration fields was also
desirable. For these reasons, the studies were conducted in a laminar diffusion flame environment

burning in air to which a variety of diagnostic techniques were applied.




Fuel mixture studies employing a fuel addition approach have proven useful for the study of fuel
molecular structure and pressure effects. In these studies, well characterized methane and ethene
baseline diffusion flames have been used. To these baseline flames, controlled amounts of an
additional fuel species are added under conditions in which the total carbon atom flow rate is held
constant. In this manner, the effects of a particular fuel molecular structure can be investigated under
similar flame conditions. These studies were carried out in a coannular diffusion flame configuration
under both atmospheric and elevated pressure conditions. A high pressure diffusion flame facility
capable of operating at pressures up to twenty atmospheres was assembled for these high pressure
studies, and investigations have been conducted for a pressure range of one to ten atmospheres.

Laser-based diagnostics have been emphasized for the soot particle and velocity field
measurements in these studies. An extensive laser light scattering/extinction apparatus was utilized
for the soot particle measurements. This apparatus has the capability to provide information on the
volume fraction, particle diameter and number concentration of soot particles present in the flame.
Using light extinction and scattering measurements, additional extensive scattering measurements
obtained as a function of scattering angle and laser polarization provided a redundant measurement
capability to the extinction/scattering ratio technique. These capabilities were useful in studies
attempting to account for the aggregate nature of the mature soot particles. Velocity measurements
using a laser velocimetry technique were obtained to determine the particle paths and temporal history
of the soot formation process. From the combined laser velocimetry and light scattering
measurements, information on soot particle inception, surface growth and oxidation were obtained.

These particle and velocity measurements were complemented by thermocouple measurements for
temperature. Additionally, a quadrapole mass spectrometer, wavelength selective optical absorption
system and laser-induced fluorescence apparatus have been employed to provide information on gas
phase species present in these flames. A related activity involved the development of a sonic quartz

microprobe for sampling in particle laden flows. This technique provides new capabilities needed to




measure gas phase species in both the precursor and surface growth regions. In the particle
diagnostic area, scanning and transmission electron microscopy have been developed to allow
complementary measurements of primary particle size in soot aggregates. Thus, an approach,
involving carefully controlled experiments to which extensive diagnostic measurement techniques were
applied, was used to investigate basic mechanisms important in soot formation. Through this process,
effects controlling the production and destruction of soot particles in combustion systems could be

examined in a quantitative manner.

3.0 RESEARCH ACCOMPLISHMENTS

3.1 _Introduction

In the following sections, the accomplishments and results obtained during the current research
program are reviewed. These include results of the effects of fuel molecular structure, concentration
and temperature variations, soot aggregate processes and operating pressure. An additional section
dealing with buoyancy effects in jet diffusion flames, which arose out of the high pressure studies,
will also be reviewed. For those results for which journal articles have been prepared, a summary of
the results will be presented with the complete article included as an appendix. For the readers’
convenience, a section describing the diagnostics employed in these studies will be presented first.
This section will serve to provide the details of the individual diagnostic approaches for those

interested while allowing others to proceed directly to the results of interest.

imental Appar nd Techni
3.2.1. Burner and Flow Apparatus

Two diffusion flame facilities were used in the present studies. The first involves an atmospheric

pressure diffusion flame facility and the second is a high pressure diffusion flame apparatus.




3.2.1.1. Atmospheric Diffusion Flame Facility

The atmospheric diffusion flame facility consists of coannular diffusion flame burner, burner
chimney, positioning system and gas metering system. The burner has a coannular configuration
consisting of a 1.1 c¢m fuel tube surrounded by a 10 cm air annulus. The air passage is partially filled
with glass beads followed by a series of fine screens to provide flow conditioning. A ceramic
honeycomb 2.54 cm in thickness is used at the exit to provide a uniform flow field. The fuel tube
which extends 4.8 mm above the ceramic honeycomb also is partly filled with glass beads to
condition the flow. The fuel flow can consist of up to three gases, each metered with a separate
rotameter. This allows for mixtures of fuels as well a nitrogen dilution of the fuel for temperature
and concentration variations. These rotameters have been calibrated for various gases using a soap
bubble meter technique. The air flow is metered using a mass flowmeter which can monitor flows up
to 5 SCFM of air. To protect the flame from room disturbances, a metal chimney has been
incorporated into the burner facility. The chimney translates horizontally with the burner while
sliding vertically within the chimney. Slots machined in the chimney provide for optical access.

The burner is mounted on a pair of motorized translating stages which provide for vertical and
horizontal motion. A manual translation stage is also included to allow for adjustment in the second
horizontal direction and is used to align the burner with the laser scattering system. The motorized
stages are used to traverse the burner through the laser beam to obtain measurements over the cross
section of the flame at a particular height in the flame. The motorized translation stages have a
position resolution of 0.0127 mm which is sufficient for the present experiments. Both motorized
stages are interfaced to and controlled by an IBM-XT computer using the general purpose interface
bus (GPIB-IEEE 488). The software to control the translation stages is incorporated into the data

acquisition program for the laser scattering measurements.




3.2.1.2. High Pressure Diffusion Flame Facility

In order to provide for studies at elevated pressure, a high pressure diffusion fla; ve facility was
constructed. This facility is composed of a coannular burner, pressure vessel, positioning system and
gas metering apparatus. The design chosen provides for a significant degree of similarity between the
atmospheric and high pressure diffusion flame burners. A burner identical to that previously
described above was constructed. This burner is mounted inside a high pressure vessel capable of
withstanding the required operating pressures. The high pressure diffusion flame burner is shown in
figure 1.

Because of the mass of the pressure vessel, the approach chosen for the atmospheric system of
vertically translating the entire burner and pressure vessel is not feasible. Rather, the burner is
mounted on a motorized translation stage located internal to the pressure vessel. Electrical
connections are made through the base of the pressure vessel allowing external control of the vertical
position of the burner. To provide horizontal movement, the base of the pressure vessel is attached to
a precision ball bearing stage which requires only a few pounds of force to move horizontally with
weights as large as 1500 pounds attached. Thus, a relatively small motorized translation stage can be
used to provide horizontal movement. As with the atmospheric burner, these motorized stages are
capable of computer control using the laboratory IBM-XT personal computer. The only disadvantage
with its approach is that sufficient space must be provided within the pressure vessel to house the
vertical motion assembly and the flexible gas supply lines for the burner.

To accommodate this limitation, the pressure vessel has been constructed as two separate
sections. The lower section is constructed of 8 inch diameter carbon steel seamless pipe which is 24
inches in length. The vertical translating mechanism is mounted to the base of this lower section. In
addition to the electrical connection for the motorized translation stage, provisions for connection of

fuel and air lines are also made through this base. Internal connections to the diffusion flame burner
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Figure 1. High pressure diffusion flame apparatus
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can be made with low pressure tygon tubing since no pressure difference exists across the tubing wall
inside the pressure vessel.

The upper section of the pressure vessel, which provides for optical access to the flame region, is
30 inches in length and constructed from 6 inch diameter carbon steel pipe. This section includes
four windows which are two inches in diameter and 1/2 inch thick. These windows allow sufficient
optical access for both the laser light scattering and the laser velocimetry measurements. The
operating pressure in the burner is adjusted using manual valves located in the exhaust line of the
burner. Connection to this exhaust system is made through a second flange to which a 2 inch
diameter exhaust line has been connected. At this time, no cooling is required for the burner or
exhaust section. Temperature measurements indicated that for conditions typical for the present
experiments, the burner does not heat up significantly.

Control and measurement of the fuel and air flow rates are accomp!lished using mass flow meters
and controllers. These meters are insensitive to the operating pressure and thus can be calibrated at
atmospheric pressure while providing accurate metering at elevated pressure. The fuel metering
system allows up to three gases to be mixed using the independent mass flow controllers. These
controllers maintain a constant mass flow independent of the pressure drop across the meter. This
assures a constant mass flow rate of fuel as well as a convenient start-up capability. Otherwise, the
fuel flow rate would decrease as the operating pressure was increased, requiring continual
readjustment. Because of the relatively large air flow rate required, a mass controller approach is not
feasible for the air flow metering. The air flow rate is monitored by a mass flowmeter which requires
adjustment as the operating pressure is varied. This present burner has been designed to operate at
pressures as high as twenty atmospheres. Stable flames at pressures up to ten atmospheres have been

studied to date.

12.




3.2.2. Non-Intrusive Optical Diagnostics

A more complete understanding of soot formation and destruction processes requires the
measurement of the key properties characterizing the combusting flow. These property measurements
include soot particle size and concentration, temperature, gas phase species concentration and
velocity. Once determined, this set of measurements provides the basis from which to develop an
understanding of the temporal evolution of soot particle formation in combustion environments. To
address some of these needs, non-intrusive optical techniques have beer employed. Laser light
scattering has been used to characterize the soot particle field while laser velocimetry has been
utilized for velocity measurements. An optical absorption apparatus has been assembled to allow
wavelength selective absorption measurements to be obtained. These techniques were complemented

by intrusive probe sampling techniques to be described in a later section.

3.2.2.1. Laser Light Scattering Apparatus

The laser light scattering apparatus, utilizing a 4W argon ion laser as the light source, provided
for particle extinction and scattering measurements. Scattering measurements were made primarily at
90° although the system can be used to obtain measurements at 45° and 135° (see figure 2). The
laser source was modulated using a mechanical chopper operating at 1 kHz to allow for synchronous
detection of the transmitted and scattered light signals. A polarization rotator was also incorporated
in the system to allow adjustment of the polarization of the incident light beam. The laser beam was
focused in the burner using a 30 cm focal length lens which results in a probe beam diameter of 0.02
cm. Typically the laser was operated at the 514.5 nm laser line with an output power of about 0.5W.

The transmitted light signal was detected using a silicon photodiode. The laser light intensity was
reduced by a neutral density filter (N.D. 2.0) to a level suitable for linear photodiode response. The
scattered light was detected using a photomultiplier detector (PMT). The PMT had a narrowband
filter center at 514.5 nm with a 1 nm bandwidth incorporated in the PMT housing to help reject light

other than that generated from the particle scattering event. A pinhole with a diameter of 1 mm,
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Schematic of laser scattering/extinction system:

C = chopper, M = mirror, PR = polarization rotator, L =lens,
S = spatial filter (circular aperture), NDF = neutral density
filter, PD = photodiode, P = polarization, F = narrowband filter,
PMT = photomultiplier
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located in front on this filter, limited the measurement volume length along the beam to 0.1 cm. The
15 cm focal length collection lens used to focus the scattered light onto the PMT was arranged to
provide unity magnification. Thus, the collection volume was a cylinder approximately 0.02 ¢m in

3. The collection lens was

diameter and .1 cm in length resulting in a volume of 3.1 x 10 3 em
preceded by a polarization filter to allow polarization discrimination for the scattered light detected.
The collection solid angle was determined by a 1.27 cm aperture which is located between the
polarization filter and the collection lens. This aperture limited the collection angle to approximately
2°,

The output from each of the detectors was input into separate lock-in amplifiers which were
interfaced to the IBM-XT computer over the GPIB bus. These units are capable of full computer
control which allows for autoranging of the lock-in amplifiers. Computer software to control the
lock-in amplifiers has been integrated with the stepper motor control programs to provide a complete
data acquisition routine. These procedures provide a high degree of user independent data
acquisition.

Data taken from the lock-in amplifiers was stored on the IBM-XT internal disk. The light
scattering measurements required extensive data reduction to yield particle size information. Such
calculations were performed on computers more capable than the laboratory computer used for the
data acquisition. Thus, the IBM-XT was linked over the Mechanical Engineering Department’s
network to the University’s VAX computer facilities. This allowed for rapid data analysis and
graphical output. The necessary data reduction and plotting software have been developed for this
facility.

The scattered light detection system was calibrated to account for effects of the incident laser
power, sample volume, light collection efficiency, photomultiplier sensitivity and electronic gain of
the system. The calibration was accomplished by passing ethene, a gas with a known Rayleigh

scattering cross section, through the fuel passage of the burner and measuring the resulting scattered
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light. This procedure allowed for an absolute determination of the differential scattering cross section
per unit volume, Q(6), which is the power scattered in the direction 8 per unit incident flux.

Several approaches can be taken to determine the particle size from the above defined cross
sections. Three are of interest with respect to the instrumental set up discussed previously. These are

the ratio of scattering to extinction, Q,,, (90°)/K,,,, the ratios of the scattering signal at two angles

ext>
(dissymmetry ratio) Q,,(45°)/Q,,(90°) and Q,/(45°)/Q,(135°), and the polarization ratio,
Qhn(80°)/Q,(90°); the scattering measurement angle is specified for each quantity. Each of these
ratios has a strong dependence on particle size and represents a redundant set of data in terms of the
particle properties for particles in the Mie size region (D > \). For particles in the Rayleigh size
region (D < < M), scattering is isotropic so the dissymmetry ratio has a value of unity and the
defined polarization ration approaches zero. Thus, in this small particle limit, only the
scattering/extinction ratio yields size information. However, for soot formation processes, the rapid
coagulation and surface growth processes lead quickly to particle sizes characteristic of the Mie size
region. Because of its applicability throughout the Rayleigh and Mie size regimes,
scattering/extinction measurements have proved most useful in prior studies in this laboratory.
Recently, efforts involving dissymmetry and polarization ratio have been undertaken to consider the
effects of particle agglomeration on light sczattering measurement [1].

The laser light scattering apparatus describzd ~*ove provides a versatile instrument for
characterizing the volume fraction, particle size and number concentration of soot particles formed in
flames. Thus, processes starting from particle inception through surface growth and eventually

oxidation can be measured. Application of these techniques in the present studies has allowed an

extensive examination of soot formation in diffusion flames [2-8].
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3.2.2.2 Laser Velocimetry Apparatus

Laser velocimetry (LV) has been used to measure the velocity field to investigate the transport
processes in the laminar diffusion flame. The laser velocimeter is a conventional dual beam system
utilizing an argon ion laser operated at the 514.5 nm laser line to provide the incident laser beam.
This laser beam is then split into two parallel beams of equal intensity which are separated by a 50
mm spacing. These beams are then focused to form the LV probe volume using a lens. The
resulting ellipsoidai probe volume will vary in size as a function of the focal length of the focusing
lens. Typically, a lens with a 250 mm focal length is used resulting in a calculated probe diameter of
0.16 mm and a length of 1.7 mm. Scattered light is then collected with a second lens and focused
onto a photomultiplier tube.

Velocity measurements are obtained from the modulation frequency of the intensity of light
scattered from particles traversing the probe volume formed by the two laser beams. This scattered
light can be viewed as a signature of the interference pattern resulting from the constructive and
destructive interference of the laser beams. The period between the intensity maxima in the scattered
light signal is thus proportional to the velocity of the particles in the probe volume. Since the signals
occur randomly, digital counting techniques (burst processing) are used to obtain the frequency and
thus the velocity. The digital output of the processor is stored on an IBM-XT computer.

In order to obtain measurements in situations in which the direction of the flow reverses, a Bragg
cell is placed between the beam splitter and the focusing lens. This cell imparts a frequency offset to
one of the two beams used in forming the LV probe volume. This frequency shift allows
determination of the direction as well as the magnitude of the velocity component by providing a
frequency offset for zero velocity. The introduction of this frequency offset is also useful for
measurements in low velocity flows.

Measurements of the axial and radial components of the velocity field have been used previously

to construct the streak lines which soot particles follow in the laminar diffusion flame studies [3].

17.




This information has been critical in gaining information on the temporal evolution of the soot particle
field.
3.2.2.3 Optical Absorption System

An optical absorption apparatus was assembled to provide for wavelength selective measurements
of absorbing species in the flame studies. This system consisted of a tungsten filament lamp driven
with a highly stable D.C. power supply. The light emitted from the lamp was focused on the axis of
the burner and then passed into a spectrometer for detection. Both photomultiplier and photodiode
detectors were used for signal detection with the choice of detector subject to the wavelength range of
interest. The spatial resolution of measurements was adjusted by the use of suitable apertures placed
before and after the flame. ‘

In order to provide for rejection of background radiation and noise, the incident light was
modulated with a mechanical chopper. Signals were then measured using a lock-in detection
technique. For cases where extremely small signals are encountered, a differential reference channel
technique was assembled as well. In this approach, a portion of the incident light was directed
around the flame region. This beam was modulated using a separated mechanical chopper operating
at a different frequency from that used for the beam passing through the flame. This beam was then
recombined with the main beam and input into the spectrometer. Two lock-in amplifiers, each
operating at the separate frequencies of the mechanical choppers, were used to measure the absorption
signal as well as the incident light signal. This approach eliminates signal variations resulting from
changes in the lamp source and provided sensitivity of three parts in a thousand. Wavelength
dependent measurements of the absorption process were then obtained by scanning the spectrometer
over a desired wavelength region and recording the resulting signal. Data acquisition and control of
the spectrometer were provided by an IBM XT laboratory computer.

Analysis of the measurements was intended to provide information on both gas phase and soot

particle concentration. The measurement of gas phase species can be based on the observation that,
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as molecular weight increases, absorption shifts to long wavelengths. Thus, by a systematic
evaluation of the wavelength dependence of the absorption signals as a function of location in the

flame, the evolution of large molecular weight species can be followed.

3.2.3 Intrusive Probe Sampling for Species Concentration Measurements
231 rapole Mass Spectrometer an nventional Quartz Microprob

In order to provide more quantitative information on the species concentration, a mass
spectrometer system was assembled for these studies. This facility was obtained under support
through a DoD University Research Instrumentation Award by AFOSR.

Gas samples from the flames under study were sampled using a conventional quartz microprobe
technique similar to the approach taken by Smyth er al. [9]. The mass spectrometer selected for these
studies utilizes a quadrapole mass filter with a mass range of 1 to 500 amu. This unit (an Extrel
Model C-50) has excellent mass resolution (0.1 amu) and high sensitivity. The probe and mass
spectrometer assembly were differentially pumped. A pressure of between 1 and 10 torrs using a
vacuum roughing pump was achieved directly behind the quartz orifice which is nominally 100 um in
diameter. Sampling from this low pressure region was provided by a second probe of identical
construction. This second probe was used to introduce gases into the mass spectrometer which was
maintained at a pressure near 10 torr using a turbomolecular pumping system.

Radial profiles of the species concentration as a function of axial position were obtained by
transversing the flame in the radial direction. Similar to the optical diagnostic approaches, data
acquisition and the control of the mass spectrometer have been implemented using a laboratory
personnel computer system. This capability allowed for rapid and convenient data acquisition, while
also affording opportunities for other probing approaches, such as rapid insertion sampling. For
situations where more species specific information is required, gas chromatography techniques were

also available within the laboratory. These techniques, which were of limited use in terms of the
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flame sampling, do provide capabilities useful in unambiguously identifying the specific nature of an
observed mass peak, as well as for comparing calibration of particular species.

This system was used extensively to obtain concentration information in diluted methane flames.
These results will be described below in detail. Because the quartz microprobe could not be
employed in particle laden regions of the flame due to probe clogging, a separate sonic probe for

sampling in these regions was developed and is described next.

2.3.2 Electromechani nic Prob

As mentioned above, the need to determine gas species concentrations in regions containing soot
particles presents serious diagnostic challenges. In general, optical diagnostic techniques can measure
only a limited number of species and in some cases can not be reliably applied in the presence of soot
particles. Sampling probe techniques usually are limited by orifice clogging problems which can only
be overcome by increasing the orifice dimensions at the sacrifice of spatial resolution of the
measurements. To overcome the aforementioned orifice clogging problem, a novel sonic sampling
probe has been developed and applied to a series of laminar diffusion flames containing various
amounts of soot. A patent disclosure for this probe was submitted; and subsequently, patent rights
have been transferred to the U.S. government. The details of the design and operation of this probe
were presented at the Eastern Section Meeting of The Combustion Institute [10]. A summary of the
operation of the sonic probe along with the results of a set of comparisons obtained to validate its
operation is given below.

The approach employed to prevent clogging of the probe orifice involves mechanically oscillating
a wire through the orifice region using a spring loaded solenoid plunger whose driving circuit is
electronically interrupted periodically (see figure 3). The constant motion of the wire relative to the
quartz tube is responsible for keeping the orifice open. For the present probe, the effective orifice is
the annulus formed by an oscillating 380 um diameter Nichrome wire of uniform cross section and

the 400 um diameter orifice in the quartz tube. Therefore, the effective orifice is equivalent to a 125
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pm circular hole. The wire is soldered into a 1.59 mm (1/16 inch) tube which is attached to a spring
loaded soft iron solenoid plunger. The solenoid is activated with a 24 volt power supply providing
0.3 amperes current. The solenoid circuit is interrupted with the aid of a mini relay which is
activated by a regular series of 5 volt pulses from a function generator. When the solenoid circuit is
complete, the solenoid retracts the soft iron plunger and consequently the wire is partially withdrawn.
A small portion of the wire still extends beyond the orifice because a constant effective orifice size is
desired. The inward motion of the plunger compresses the spring behind the plunger. When the mini
relay interrupts the solenoid circuit, the compressed spring exoands and returns the plunger and the
wire to its original position. Thus, the wire can be made to oscillate through the orifice region at the
desired frequency. For the present system, an oscillation frequency of 30 Hz has been selected.

The operation of the probe was tested by sampling from a flame burning a mixture of methane
(5.6 cm3/s) and 1-butene (1.05 cm3/s) in air (2.75 scfm) where the local soot volume fraction was
4.0 x 10°. Previous studies of this flame using a probe with a 1 mm diameter orifice resulted in
clogging within 15 seconds under isokinetic sampling conditions. During initial testing, the pressure
downstream of the probe was monitored as an indicator of clogging problems. The pressure remained
constant at S torr for a period of 5 minutes indicating the probe did not clog during this time period.
By manually blocking the probe orifice, it was established that should the probe clog, the pressure
inside the probe would fall below 1 torr. To further validate operation of the probe, species
measurements with gas chromatography were carried out in the flame described above. In order to
use this low pressure sampling probe in conjunction with gas chromatography, a cylinder piston
device (figure 4) was designed and fabricated to compress the sample from 5 torr to 15 psi. The
measurements from this probe were compared with results obtained from a water cooled stainless steel
probe having a 2 mm orifice (which clogs within 5 minutes under isokinetic sampling conditions).
Good agreement (= 10%) is observed between the two probes for measurements obtained along the

centerline from the upper regions of this flame. Figure 5 presents this comparison in a plot of CO
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mole fraction versus axial position in the flame. Other species also compare as well (data not
shown). This probe was also cormpared with a conventional sonic probe (orifice 85 um) in a
relatively soot free methane flame and again the measurements compared well for the upper regions
of the flame. However, some differences have been observed in the lower parts of the flame where
steep concentration gradients are present.

In order to more closely examine these differences, a pure methane flame (CHy: 5.7 ccfs, Air:
795 cc/s), that was previously studied by Mitchell [11], was selected . Radial particle measurements
of the CO mole fraction at a height of 12 mm were made with three different probes - two
conventional sonic probes and the electromechanical sonic probe (EMS). The probe orifice sizes
were estimated by measuring the flow rate of room air through the probes under choked flow
conditions. The EMS probe has the largest orifice with an equivalent circular diameter of 0.184 mm.
The differences between various probe measurements that were observed in the lower part of the
flame are related to the positioning uncertainty of the probe and differences in the spatial resolutions
of each probe. In the lower region of diffusion flames, the species concentration gradients are steep
on the air side of the flame front. Therefore, in this region uncertainties in probe positioning and
differences in spatial resolutions have to be kept in mind when making comparisons. The effect of
the finite probe orifice diameter results in "broadening” or decreasing the steepness of the species
gradient and will be referred to as "gradient broadening”.

Figure 6 compares the radial measurements of CO mole fraction with the three different probes.
Since complete radial profiles across the entire flame were not obtained, some uncertainty in the
location of the centerline of the flame exists. In orde: to examine the probe orifice effects on gradient
broadening, the data in figure 6 are shifted slightly to provide an overlap of the region of steepest
gradient for each data set. For the region between the centerline and the peak CO mole fraction
location, there is no significant difference between the measurements from the three probes. On the

air side of the peak CO mole fraction, the probe with the smaller orifice gave CO values displaying
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steeper radial gradients. This is understandable since a smaller orifice results in better spatial
resolution and less gradient broadening.

For the present EMS probe, a nichrome wire is used to keep the orifice of the probe open.
Attempts at using a quartz fiber have not been successful, since this fiber becomes brittle once it is
exposed to the flame and breaks easily. Since the measurements from the probe with the nichrome
wire compare well with measurements using the other probes, this probe has been used to obtain
radial profiles of gas phase species in the sooty regions of the flames currently under study. Some
concerns remain about potential catalytic effects due to the nichrome wire and must be considered as
the EMS probe is used in other environments.

Table 1 indicates the fuel and air flow rates for the profiles studied with the various probes,
while figures 7 and 8 show typical radial profile measurements of N,, CO,, O, and CO in these
flames. The symbols represent actual measurements and the lines through the symbols are extended
across the flame centerline by symmetry. Fuel species measurements and moisture estimates are not

plotted.

Table 1: Fuel and air flow rates (cm3/s) for the overventilated flame studies

FLAME CH, C4Hjo C4Hg AIR
Pure Methane 9.8 - - 1298
Methane/Butane 5.6 1.05 - 1298
Methane/1-Butene 5.6 - 1.05 1298
Mitchell 5.7 - - 795
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3.2.4 Diagnostics for Temperature Measurements

Besides the particle, velocity and species concentration measurements, temperature measurements
were required to complete the data base needed to analyze the soot formation and destruction
processes. For these measurements, an intrusive measurement approach using fine wire
thermocouples was utilized.

Temperature profiles were obtained using Pt/Pt - 10% Rh fine wire thermocouples. A rapid
insertion technique similar to that described by Kent and Wagner [12] was employed to reduce the
effects of soot particle disposition. A motorized translation stage, which is controlled by a computer,
allowed rapid positioning of the thermocouple in the flame. After inserting the thermocouple and
obtaining the reading, the thermocouple was retracted to a position on the lean (air) side of the flame
where soot particles deposited on the thermocouple can be oxidized. By repeating the same sequence
for each measurement position, a complete radial profile of the temperature field was obtained.
Recent measurements have shown that this rapid insertion technique significantly reduces the effects
of soot particle deposition and improves agreement with other techniques [3,12). The difficulties of
using thermocouples, particularly in sooting flames, are well documented. Nonetheless, these
thermocouple measurements provided a suitable basis from which to investigate the evolution of the

temperature field.

3.2.5 Particle Size Analysis

The laser light scattering and extinction apparatus provides the particle measurement capability
for the present studies. Analysis of the scattering measurements is based on a MIE theory approach
for spherical particles. For completeness, a brief review of the theoretical basis for this analysis is
presented.

In general, the interaction of a particle and light wave is dependent on:

1. index of refraction of the particle, m

2. particle size, D
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3. particle number density, N

4. particle size distribution, P(D)

5. particle shape

6. wavelength of the scattered light

7. scattering geometry
Obviously, measurement of any one of the above requires knowledge of all of the other variables. In
a typical combustion environment containing soot particles, only the scattering geometry and the
wavelength of the light can be specified beforehand. The remaining unknowns are determined by an
appropriate combination of measurements to reduce the number of free parameters along with some
reasonable assumptions. It is these assumptions which can result in inaccuracies and therefore must
be considered carefully.

Combinations of scattering measurements utilizing the angular and polarization dependencies of
the scattering process, or scattering and absorption measurements, have been used to determine
particle number density and size [2-4]. In such an approach, the index of refraction is taken to be
known, the particles are assumed to be spherical and a size distribution is assumed (e.g., log-normal).

The determination of particle size and number concentration from light scattering data depends
primarily on our capability to relate the measurement of scattered and absorbed light intensity to the
particle properties. Appropriate theories have been developed for spherical particles and have been
widely applied for aerosol measurements. The particle properties of interest are the differential
scattering cross section, Cij (6), for production of scattered light at a specified direction and total

cross section for a specified particle size, C The subscripts i and j for the scattering cross section

ext:
assume letters v or h according to whether the state of polarization of the scattered (i) and incident (j)
radiation is perpendicular or parallel, respectively, to the plane of observation. For spherical particles

of isotropic material, only the case of i = j is of interest because cross polarization effects are absent.
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The relationship between these cross sections and the experimentally measured quantities are

expressed as
I, = I,NC;; (0,1)?-,m) G (1)
and
L
1 D
I, = exp-(j) N Cext (%_,m) ds @

where g, I and I are the scattered, transmitted and incident intensities respectively, N is number
concentration of particles, D is diameter, m is the refractive index, and G is a constant which
involves factors related to the sample volume and detection instrumentation. It should be noted that
the scattering cross section measurements given by equation (1) are point measurements, while the
extinction cross section is an integrated quantity over the path length L. Thus, to obtain local particle
extinction values, a data inversion technique must be utilized [19].

In an experiment, the quantities which are determined, once appropriate calibration factors have

been introduced, are

Qi = NG €)
and
Kext = N Ceyxq @

where Q;; is the volumetric scattering cross section and K., is the extinction coefficient.

Several approaches can be taken to determine the particle size from the above defined cross
sections. Three are of interest with respect to the instrumental set up discussed previously. These are
the ratio of scattering to extilnction, Qu(90°))/Key, the ratios of the scattering signal at two angles
(dissymmetry ratio) Q,,,(45°)/Q,,,(90°) and Q,(45°)/Q,(135°), and the polarization ratio

Qpp(90°)/Q,,(90°); the scattering measurement angle is specified for each quantity. Each of these
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ratios has a strong dependence on particle size and represents a redundant set of data in terms of the
particle properties for particles in the Mie size region (D > N). For particles in the Rayleigh size
region (D < < N), scattering is isotropic so the dissymmetry ratio has a value of unity and the
defined polarization ratio approaches zero. Thus, in this small particle limit, only the
scattering/extinction ratio yields size information. However, for soot formation processes, the rapid
coagulation and surface growth processes lead quickly to particles in the Mie size region.

With the particle size established, any one of the scattering cross sections can be used to find N
or f,, the soot volume fraction. The soot volume fraction, particle size and number density are

related by

3
£, = N=zD 5)
6

For a system in which simultaneous nucleation, particle growth and coagulation are present, a
particle size distribution can be assumed to exist. In this case, the previously defined particie

scattering cross sections must be averaged over the size distribution function, P(D), to yield mean

values,
@ D

C;i0) = | cii(o,%-, m) P(D) dD ©)
0 /
@ D

Cext(®) = | Cext (o,”_)‘-, m) P(D) dD ™
0

A widely used expression for P(D) is the logarithmic normal distribution that is given by

expl-(In D/Dy)%207)
/2_1ragD

@®)

P(D) =

where Dg and gg are the geometric mean diameter and geometric mean standard deviation,

respectively.
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Fuel Molecular Structure Effects

3.3.1 Introduction

Fuel molecular structure has long been recognized to have important effects on the production of
soot particles in combustion systems [13,14]. In particular for gas turbine engines, the advent of
broad specification and alternative fuels has heightened the interest in the importance of fuel structure
effects [15-18]. General correlations involving the carbon-to-hydrogen (C/H) ratio have been shown
to grossly represent the increasing tendency to form soot as the fuel hydrogen content decreases [18].
Sooting height measurements have also been shown to strongly depend on the fuel molecular structure
[14]. However, the direct investigations of the specific processes affected by changes in the fuel
structure have been much less numerous, particularly for mixing dominated conditions. The present
study has focused on this aspect of the soot formation process for diffusion flame conditions.

A series of laminar diffusion flame studies was conducted to examine the effects of fuel molecular
structure on the formation of soot particles. In order to maintain similar flame conditions, a fuel
mixture approach was employed. This fuel mixture approach, which involves introducing a known
amount of hydrocarbon fuel into a well characterized baseline flame, allows the soot production in the
flame to be significantly varied while maintaining similar flame size and shape. In order to provide a
basis for comparison, the total carbon flow rate in each flame is kept constant. This means that an
appropriate fraction of the baseline fuel is replaced by the added fuel species. With the soot
contribution from the baseline fuel known, the effect of the added fuel on soot formation can be
examined. Methane (CH,) was employed as the baseline fuel because it displays relatively low soot
particle formation and, thus, provides greater sensitivity for measuring changes introduced by varying
the fuel molecular structure. A few experiments were also conducted with ethene (C,H,) as the
baseline fuel to compare the effects between two different baseline fuels.

The experiments have emphasized the methane baseline flames. Table 2 summarizes the flame

conditions which have been studied. The experiments involving the fuel addition to methane and

31.




ethene flames were selected to examine three effects. Specifically, the experiments were intended:

(1) To systematically examine the conversion of fuel carbon to soot as function of fuel flow rate.

The experiments in which ethene or butene are added to the methane flame addressed this

point.

(2) To investigate the relative effects of changing the fuel structure in a series of fuels which

involved an alkane, alkene, and alkyne species. The experiments in which butane, 1-butene

and 1,3-butadiene were added to the flame addressed this point.

(3) To compare the effects of the baseline fuel on the conversion of fuel carbon to soot for the

fuel addition approach. Experiments in which ethene and 1-butene have been added to both

baseline flames have been utilized for this comparison.

Table 2. Flow conditions for the fuel addition studies

Baseline Fuel

CH,
CH,
CH,
CH,
CH,
CH,
CH,

CH,

Flow Rate
(<:m3 Is)

8.75
7.7
5.6
5.6
5.6
1.7
5.6

5.6

Fuel Added

C,H,
C,H,
C,H,
C,Hg
C4Hs
C4Hg
C4H1o

C4Hg

Flow Rate
(cm3 Is)

0.525
1.05
2.10
1.05
0.872
0.525
1.05

1.05

Air Flow Rate

SCFM
2.75
2.75
2.75
2.75
2.75
2.75
2.75

2.75

The analysis which is presented below focuses on the carbon conversion percentage for each of

the flames based on the amount of fuel added to the baseline flame. The contribution of the baseline

flame is subtracted from the soot present in the flame based on the studies of the atmospheric ethene
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and methane baseline flames. The carbon conversion percentage is calculated for the axial location

displaying the maximum value of F, the integrated soot volume fraction,

R
F, =2x{ f, tdr (&)
0

where R is the radius of soot particle field. The carbon conversion percentage can then be expressed

lils'msB

%conversion = x 100 (10)

- Mg Madd
where g is the soot mass flow rate at the location of maximum F, for the flame containing the fuel

addition, rhgp is the corresponding soot mass flow rate for the pure baseline flame, t, is the mass

flow rate of carbon entering the burner, mp is the mass flow rate of carbon contained as baseline fuel

and gy is the mass flow rate of carbon corresponding to the fuel species added to the flame. The

determination of the soot mass flow rate at a particular height in the flame can be calculated from:

R
hg(zy) = 270 | v(r, zg) f,(r, zy) rdr 11)
o
where z_, is the axial location where F is a maximum, p is the density of soot and v is the velocity.
Thus, the velocity profile must be known to precisely calculate the value of ;. For the present

analysis, the velocity has been assumed to be independent of r with a value for axial location z;, taken

from Ref. 3. This is a reasonable assumption for the locations for which F, is observed to be a

maximum [3]. With this assumption m can be expressed as

thy () = p Vg Fy(zy) (12)
8
where p is taken to be 1.8 g/cm3. Tables 3-5 tabulate the results of this analysis for several of the
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flames studied. Included along with the percent conversion result is the calculated adiabatic flame

temperature for each flame.

Table 3. Flow conditions for the studies of the fuel flow rate effects

Baseline Fuel Flow Rate Fuel Added Flow Rate % Conversion* Taq

(cm’/s) (cm/s) X)
CHy 8.75 CH, 0.525 21.5 2239
CH, 7.70 C,H, 1.05 19.0 2252
CHy 5.60 CHy 2.10 16.2 2280
CH4 7.70 C4Hg 0.525 36.6 2242
CH, 5.60 C4Hg 0.872 33.3 2256
CH, 5.60 C4Hg 1.05 35.1 2260

*p = 1.8 gm/cm3

As stated earlier, in the fuel addition approach, a fraction of the baseline is replaced with the
fuel species of interest subject to the constraint that the total flow rate of carbon into the flame is
maintained constant. It is of interest to ascertain if the percentage of fuel carbon converted to soot is
dependent on the amount of the baseline fuel replaced. The results tabulated in Table 3, for a
methane baseline flame in which ethene or butene was introduced, provided information on this point.
For the ethene fuel addition case, the ethene flow rate was varied by a factor 4, whereas for the 1-
butene case the flow rate was changed by a factor of 2. In the case of the 1-butene studies, the
percent conversion remained relatively constant. For the ethene case, a small systematic decrease in
the conversion percentage of fuel carbon to soot is observed with increasing ethene flow rate.
Consideration of the variation in the calculated adiabatic flame temperature (T, ) does not explain the
observed results since a decrease in the conversion percentage is opposite to the current view of the

effect of temperature on soot production. It is conceivable that the observed variation in the
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conversion percentage is within the experimental error. At present, the date supports the conclusion
that the conversion percentage is only weakly dependent on the fuel addition flow rate. The

differences observed between species with different fuel molecular structure are significantly greater
than the observed variations with respect to flow rate. This provides an experimental justification to

extend the results of these studies to more general fuel mixture conditions.

Table 4. Flow conditions for the butane, butene, and butadiene addition studies

Baseline Fuel  Flow Rate Fuel Added Flow Rate % Conversion* T,
(cm3/s) (cm3/s) K)
CH, 5.6 C4Hyo 1.05 12.2 2243
CH, 5.6 C4Hg 1.05 35.1 2260
CHy 5.6 C4Hg 1.05 4.4 2285
*» =18 gm/cm3

To specifically examine the effect of fuel molecular structure on the soot formation process, a
series of flames were examined involving C,4 species. The flames studied involved additions of
butane, 1-butene and 1,3-butadiene to a methane baseline flame. In this series, the fuel structure is
varied in terms of the arrangement of carbon bonds (single bonds and double bonds) resulting, of
course, in a variation of the carbon to hydrogen ratio. Table 4 tabulates the results of these
experiments in terms of conversion percentage of fuel carbon to soot. Figure 9 shows the integrated
soot volume fraction, F,, as a function of the axial coordinate, z.

Clearly, the results in Table 4 and figure 9 indicate a strong fuel structure effect with the
conversion percentage more than tripling. In addition, there is a systematic decrease in the axial
position where soot is first observed as the more sooty fuels are considered. This indicates that the

reactions leading to the first soot particles occur more rapidly in these flames.
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The discussion above has focused on the effects of fuel molecular structure and flow rate. An
additional important consideration is the importance of the baseline fuel which is used. To examine
this point, two fuel addition studies involving ethene and butene were compared in which the baseline
fuels were varied using methane and ethene. The results of these studies in terms of conversion

percentage are tabulated in Table 5.

Table 5. Flow conditions for flame studies of baseline fuel synergism

Baseline Fuel Flow Rate Fuel Added Flow Rate % Conversion* Tgy
(cm3/s) (cm3/s) K)
CH4 7.7 C,H, 1.05 19.0 2252
CH4 7.7 C4Hg 0.525 36.6 2242
C,Hy 3.85 C,H, 1.05 16.2 2369
C,H, 3.85 C4Hg 0.525 46.8 2359

*» = 1.8 gm/cm3

These results, as with the flow rate results previously discussed (see Table 3), do show some
sensitivity to a variation in the flame conditions. However, again, the differences are significantly
smaller than the variation resulting from the fuel structure variation. For the experiments shown in
Table S, the soot conversion percentage approximately doubles for the change in fuel species.
However, differences in the results for the various baseline flames for a particular fuel (ethene or
butene) is typically 20-25%. It is also worth mentioning that the calculated flame temperatures vary
by about 100K for the fuels studied. Thus, some of the variation may be a result of the temperature
difference. The comparison between the ethene and butene results may indicate different temperature

sensitivities since the observed effects of the baseline flame are reversed.
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The above discussion has emphasized the conversion percentage of fuel carbon to soot particles.
This quantity is very useful in illustrating the impact of the effect of fuel molecular structure on soot
formation. However, it represents a global measurement of the soot formation process. More
fundamentally significant results are realized when the detailed temperature time history characterizing

these chemically reacting systems are analyzed.

3.3.2 Soot Particle Precursor and Inception Studies

In order to examine the details of the soot formation process, it is useful to follow the temporal
evolution of the soot particle field. Thus, measurements resolved along specific particle paths are of
more use in developing quantitative results. From measurements of the axial and radial velocity
components, the necessary data to provide this information can be obtained [3].

Laser light scattering measurements for soot particle characterization and fluorescence
measurements to characterize the soot precursor field prior to particle inception were obtained in
butane, 1-butene and 1,3 butadiene mixture studies described above. The fluores. “nce measurements
were obtained by tuning the laser to the 488 nm laser line and observing the fluorescence a 514.5 nm.
Previous workers have shown that this fluorescence likely results from large hydrocarbon species,
probably aromatic in nature, which are present in the flame [20-23]. Comparisons of the observed
fluorescence intensity as the fuel is varied provide a semi-quantitative indication of the effects on the
gas phase soot precursors. Unfortunately, such measurements are not species specific and, thus, can
not add direct insight into the chemical mechanism leading to soot particle inception.

The results of these fluorescence and soot volume fraction measurements are shown in figure 10.
Figure 10 displays the results along the particle path exhibiting the maximum soot formation. The
fluorescence measurements are observed to precede the formation of soot particles and then to
increase rapidly in the early formation period. The magnitude of the fluorescence signals is observed

to be strongly dependent on the fuel molecular structure and vary in a manner very similar to the soot

volume fraction as the added fuel is varied. Comparisons along individual particle paths indicate that
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Figure 10. The soot volume fraction and fluorescence measurements along the particle paths containing
the maximum soot concentration in the annular region of the flame.
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between 20% and 70% of the soot growth occurs prior to the fluorescence achieving a maximum
value depending on the particle path location in the flame. This point raises the question as to the
participation of large hydrocarbon species in the surtace growth process since such species are
responsible for the observed fluorescence. This point will be addressed again later in this report.

The results described above lead to the following observations:

1. The species responsible for the observed fluorescence increase in proportion to the sooting
tendency of the fuels studied. In this respect, such species satisfy one criteria for representing
the soot precursors.

2. These fluorescing species precede the particle inception region throughout the flame zone.
This is, of course, a minimal condition for a precursor species.

3. Following particle inception, these species increase rapidly during a significant fraction of the
particle surface growth process. This leads to the possibility that such species contribute to
the early surface growth process as well as the inception process.

The results described above are quite consistent with results obtained recently in premixed flames
with respect to the likely importance of PAH species on soot particle inception [32,33]. Although
some work has been obtained under diffusion flame conditions, present results lack the temporal and
spatial detail necessary to compare to models of diffusion flames [2,20,23,24]. As the models
successfully developed for premixed flames are extended to mixing dominated combustion conditions,
there will be a need for a more exhaustive measurement base to provide appropriate comparisons with
model prediction. Recent experiences with modeling of soot particle surface growth and oxidation
has shown the value of detailed laminar diffusion flame measurements for model validation [1,25-
29,30). A similar effort in the area of soot precursor and particle inception phenomena is certainly
warranted. Results similar to those described above in figure 10 can be used presently for

comparisons with models for total PAH evolution. However, such comparisons would benefit greatly
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from additional measurements of stable as well as radical species in the flame. This should be a

priority area for research involving soot formation in diffusion flames.

3.3.3 Surface Growth

Although particle inception is one of the key processes in the formation of soot, it actually
accounts only for a small fraction of the mass addition. The major mass addition process involves the
surface growth stage which follows incepfion. A great deal of attention has been given to this process
in both premixed and diffusion flames [5,31,32]. Major contributions to the present understanding of
surface growth have been made by Wagner [48] and Harris [31]. The mechanisms developed in these
studies differ significantly in concept and work is continuing to further understand the surface growth
process [37-43].

Most approaches ic oot surface growth phenomena argue that acetylene, or a species closely
associated with acetylene, provides the major surface reactant. Simple mass balance considerations
provide the basis for this observation, since only acetylene appears to be present in sufficient
concentration to account for the amount of mass added to the soot particles [31]. However, other
workers have pointed out that under suitable conditions large PAH species may directly add to the
growing soot particles [32-34]. Since measurements made in diffusion flame are limited to a small
number of fuels, it is difficult to presently assess the importance of these PAH species to surface
growth processes in soot formation.

Before proceeding further it is worthwhile to review the current understanding of soot particle
surface growth process in laminar diffusion flames. In particular, the effect of fuel structure on the
amount of soot formed in the flame is useful in this discussion.

The present work at Penn State investigating laminar diffusion flames has shown that the fuel
structure effects can be taken into a- unt if variations in the available surface area are considered
(4,5,35]. This analysis implies that the initial surface area formed during the particle inception

process controls subsequent growth. Returning to the results shown in figure 10, the analysis can be
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extended to consideration of the surface growth and oxidation regions of the flame. The discussion
above focused on fuel structure effects on particle inception where clearly a strong sensitivity to the
fuel is observed. It is equally interesting to determine the effect of fuel molecular structure on the
surface growth process for soot particles formed in diffusion flames. An additional point of interest
lies in the role that large hydrocarbon species may have in the early surface growth process. This
aspect arises from the results described above, in which the fluorescence signals attributed to large
PAH species maximized at some significant fraction of the mass addition to the soot particles, thus,
allowing the possibility that these species contribute significantly to early soot growth.

The analysis has been carried out along the same particle path for which measurements are shown
in figure 10. Similar results have also been obtained for the centerline region of these flames and
discussion of those results is also included below. The present approach to the analysis is to represent

the soot mass growth rate as

13)

dm _
5 k S[C, H,)

where m is the mass of soot (g/cm3), k is the surface growth rate constant (g/cmz-s-atm), S is the
specific surface area (cmZ/cm?) and 1Cx Hy] is the species concentration reacting with the surface to
add mass (atm). In the experiments, the product of k and [C, Hy] can be determined since S and
dm/dt are determined from the combiqed light scattering and velocity measurements. This product,

k [Cy Hy], is termed the specific surface growth rate constant. The specific surface area is calculated
from the particle diameter and number density measurements, while the soot mass growth rate can be
found from the measured soot volume fraction assuming the density of soot particles is 1.8 g/cm3.
Figures 11 and 12 show the specific surface growth rate constant for the C4 fuel studies in the
annulus and along the centerline, respectively. Shortly after the particles are formed, the specific
surface growth is close to 2x104 g/cm?-s. After a period for which the rate constant is

approximately constant, the surface growth rate drops rapidly. It should be pointed out that the
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butadiene addition studies to the methane baseline flame. Results are for the particle path
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present analysis has been limited to the region of the flame before the soot volume fraction reaches a
maximum. Thus, regions where soot particle oxidation dominates have been excluded from
consideration.

Figure 13 shows the results for the ethene baseline flame studies where ethene, propene, butene
and toluene were added to the flame. Clearly the same behavior is observed in these flames. Also
shown in figure 13 are the results of a rich ethene/air premixed flame studied by Harris and co-
workers [31]. It is interesting to note that although the temporal behavior of the specific surface
growth rate differs, there is order of magnitude agreement between the value for this rate constant in
both flame systems.

From these extensive studies, it is clear that the surface growth process is similar in all the
flames studied here. Furthermore, since accounting for the differences in available surface area
substantially explains differences in the growth processes for flames of widely differing soot
concentrations, the value of the initial surface area appears to be critical to subsequent surface
growth. Additionally, these studies show that similar values of specific surface growth rate are found
throughout the flame for the fuels studied.

Before making further observations concerning the present status of understanding in the area of
soot particle surface growth, some discussion of the effect of the fluorescing species in this process is
appropriate. Clearly, if the initial surface area is important in all subsequent growth, species involved
in the first stages of surface mass addition should be carefully examined. The results described
earlier regarding soot particle inception showed that the fluorescence measurements attained a
maximum after some significant fraction of the mass due to surface growth had occurred. To
quantify the contribution of large hydrocarbon species attributed as the source of the observed
fluorescence, a series of highly spatially resolved radial profiles of the soot particle field were
obtained for closely spaced intervals along the axis of the flame. These profiles correspond to the

earliest data points shown in figure 11. With the exception of the butadiene flame, no systematic
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increase in the specific surface growth rate constant is observed. Thus, the present data do not
support a model in which the species observed in the fluorescence measurements contribute
extensively to the surface growth in the region immediately following particle inception. However,
the fluorescence results represent a global measurement of the large hydrocarbon species present in
the flame. Recent work in premixed flames by Harris [36] and McKinnon [34] supports a more
careful consideration of this matter.

Finally, the results shown in figures 11 through 13 indicate a decrease in the specific surface
growth rate constant as reaction time proceeds. This observation has been noted for both premixed
and diffusion flames. To date, however, there is no satisfactory explanation for this effect. In
general, three mechanisms can be considered as likely candidates. First, the hydrocarbon growth
species could be depleted resulting in decreased surface growth. Measurements in fuel-rich premixed
flames do not support this mechanism, however, a similar data base for diffusion flames is lacking.
A second mechanism involves a decrease in the particle surface reactivity. In this process, as the
particle ages in the high temperature flame environment, a loss of radical reactive sites (active sites)
on surface results, leading to a decrease in the surface reactivity. Finally, in the case of diffusion
flames, there is a distinct possibility that oxidation begins to compete effectively with soot growth,
causing the net growth rate to approach zero or even become negative. Previous studies have shown
that the emission of soot particles from laminar diffusion flames is strongly affected by temperature,
which soot particles influence through radiative transfer [12,24]. The specific local conditions which
govern the transition from growth to oxidative destruction is, however, presently not known. An
understanding of the transition region between the cessation of soot mass growth and the onset of
oxidation would have a significant impact on predictive modeling efforts.

Recently there has been increased interest in the specific phenomena controlling the surface
reactivity in soot surface growth processes [32,33,37-40]. Each of these studies has focussed on the

concept of active surface sites as reaction centers for the addition of carbon through reactions with gas

46.




a I I T n T 3
o 0 HARRIS 095 ]
;5 0 4 0 CaHgq i
g = O A C3H6 _
S i g~ © T~ 0 O C4Hg |
o 8% O CiHg
w o % 8 o %0 \®
2 10 \ ~
(h — R
- - \ & ]
| g i \ _
ac \
(O » { -
w
s L
w I0 |— \ —
% o \ .
n - &) _
o [ i
Y i B
o
w 8 _
Q.
o
Told 1 | 1 ! 1
20 30 40 50 60 70 80
TIME (ms)

Figure 13. The specific surface growth rate along the particle path exhibiting the maximum soot volume
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phase species such as acetylene. The objectives of these studies differ, but they do raise a set of
common features. First, soot particles possess highly reactive surfaces, exceeding by two orders of
magnitude the reactivity of pyrolytically formed carbon particles (pyrocarbon) [39]. The regeneration
of active sites appears to be related to atomic hydrogen reactions with the surface to form new
reactive sites [32,33], which have a relativity constant concentration in many situations [38,40]. This
approach has been used to reconcile the disparate observations in the literature regarding the
sensitivity of the surface growth process to the available soot particle surface area. The results of
Harris and Weiner [31,41] indicate a direct proportionality to available surface area as indicated by
eq. 13. Results from the work of Haynes et al. [42] and Weischnowsky et al. [43] indicate that the
surface growth process is independent of the available surface area. In the recent work, Harris [38],
Haynes [40] and Frenklach [32] have replace or augmented the surface area arguments with the
addition of a surface active site concentration. Although the details of the representations are
different, the basic approach involves similar concepts with regard to the importance of these surface

sites. For example, Haynes [40] represents the increase in soot volume fraction with time as:

dfv ¢
= 14

where f,, is the soot volume fraction, « is the growth reaction probability on collision, N8 is the
number density of gas phase growth species, Vg is the molecular volume of the growth species when
incorporated in the soot particle, c is the mean free speed of the gas phase growth species (8kT/x
mg)m, N, is the total concentration of active sites and A, is the active area of a single site. In this
representation the difference in the experimental results is determined by the behavior of the active
sites in the various flames. In the results of Harris and Weiner [31,41] the active site concentration
remains nearly constant and, thus, scales with particle surface area. In contrast, for the higher
temperature flame studies by Haynes et al. [42] and Weischnowsky et al. [43], the surface site

concentration is determined to decrease with time. The basis for the decay in the active surface site is
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not known, although the higher temperature flames can be argued to provide an environment in which
more rapid annealing of the soot particles may be present. Frenklach [32] has argued in a somewhat
similar manner that the state of the initial surfaces of the soot particles may differ in the two flames
with the higher temperature flames having fewer active sites.

The above work illustrates the detail to which present soot models and experiments can consider
the fundamental mechanisms controlling individual processes. Although this modeling capability is
impressive, there is little data particularly under diffusion flame conditions to compare with model
prediction. Clearly, the results of the present project point to the need for further measurements
obtained under conditions which allow detailed comparisons with mechanistic models for surface
growth.

Despite the questions concerning the specifics of the surface growth mechanism, recent efforts to
model soot particle growth in diffusion flames have met with some success in reproducing the general
features of the soot formation process [26]. However, the model representation for the surface
growth process shows a strong sensitivity to the specific surface growth rate constant. In this case,
small differences in the growth rate constant could be argued to be responsible for variations in the
sooting propensity of various fuels. In the discussion of the results shown in figures 11 through 13,
emphasis was given to the importance of the available surface area and the critical nature of the
inception process which controls initial soot surface area. Thus, we have argued along with others
[44] that inception is controlling the amount of soot ultimately formed in the flame. From the
modeling studies of Kennedy [26], this conclusion has been challenged based on the observation that
in heavily sooting flames such as those involving ethene [2,3] surface growth controls the amount of
soot formed. Since these modeling studies used the ethene data shown in figure 13 to validate the
model, the observations by Kennedy provide a good justification for carefully reconsidering the

analysis of these flames and assessing the need for further study of surface growth in laminar flames.
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In fact, it is clear that more comparisons with the model for a wider range of fuels would be
extremely valuable. For such comparisons, not only must the soot particle field be determined, but
the major gas phase species also need to be determined. This latter requirement is due to the fact that

the Kennedy mode! uses a measured mixture fraction relationship for each fuel studied [26].

3.4 _Concentration and Temperature Effects

A detailed study has been made of the relative effects of concentration and temperature on soot
formation in diluted laminar ethene/air diffusion flames employing: (1) argon and nitrogen diluted
flames at equal calculated adiabatic flame temperatures but different initial concentrations to isolate
the effect of concentration and 2) argon and nitrogen diluted flames with equal initial fuel
concentrations but different temperatures to isolate the effect of temperature. Total integrated soot
volume fraction measurements show that in argon and nitrogen diluted flames with equal calculated
adiabatic flame temperatures, the more diluted argon flames consistently display lower soot
concentrations. However, in flames of equal dilution, argon flames consistently display higher soot
concentrations than the slightly cooler nitrogen diluted flames. Local temperature measurements show
that for nitrogen and argon diluted flames with equal calculated adiabatic flame temperature, argon
diluted flames display lower temperatures in the region where soot is first formed. Mass
spectrometric measurements of gas concentrations in diluted and undiluted methane/air diffusion
flames were obtained and compared with a numerical flame model. These results show that the initial
difference in fuel concentration in diluted and undiluted flames diminishes rapidly with height.
Furthermore, laser light scattering measurements show that as inert diluent is added to the flame, soot
inception is delayed and consequently less time is available for soot growth. Based on this extensive
set of data, a quantitative assessment was made of the relative effects of temperature and
concentration indicating that for coflow diffusion flames, the role of temperature is more important
than the decrease in reaction rate due to the taduction in fuel concentration when an inert diluent is

added to the fuel flow.
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A complete treatment of the results of these studies has been submitted to Combustion Science

and Technology for publication and is attached as Appendix 1.

Analysis of Light Scattering From Soot Particles Using Optical Cross Sections for
Aggregates
Soot formed in flames usually consists of aggregates (clusters or agglomerates) of a variable
number of nearly spherical, monodisperse primary particles (monomers or spherules). In this work,
the optical properties of polydisperse aggregates are used to analyze light scattering data from a
coannular ethene diffusion flame. In previously reported studies, data have been obtained on the local
extinction and volumetric scattering cross sections from laser scattering experiments, on the flame
velocity field from laser velocimetry, and on the primary particle sizes determined by electron
microscopy. The present analysis yields the average number of primary particles per aggregate, the
mean-square radius of gyration, the soot volume fraction and the aggregation rate. It is found that
sustained collisional growth of the aggregates occurs while their primary particles grow through
heterogeneous reactions low in the flame, and contract through surface oxidation in the upper half of
the flame. A recent value of the refractive index gives internally consistent moment ratios of the
aggregate size distribution function. This method of analysis provides a more detailed and complete
description of the formation, growth and oxidation of soot aggregates in a diffusion flame.
A complete treatment of the problem of aggregate structure on interpretation of soot particle
properties is contained in Appendix 2. This appendix contains a reprint of a recent article published

in the Twenty-Third Symposium (International) on Combustion.

3.6 Operating Pressure Effects on Soot Formation

A series of laminar diffusion flames have been studied over a range of pressures between 1 and
10 atm (.1 MPa to 1.0 MPa). The coannular diffusion flame burner and laser diagnostics for soot

particle measurements were similar to those used for atmospheric flame studies previously reported.
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The coannular burner has been mounted in a high pressure cell which was extensively described
earlier. The studies undertaken involved laminar diffusion flames burning ethene (C,H,), ethane
(C,Hg) and a mixture of ethane and propene (C3Hg) in air. The measured soot volume fraction is

obtained from laser extinction measurements and is represented by [45]:
oo
- [ = fydx=CQm)In (V) (15)

where f,, is the local soot volume fraction, x lies along a laser path through the flame on a diameter,
C(\,m) is a constant which can be determined from Rayleigh light scattering theory to be

1.05x10°5 for m=1.57-0.56 i at A\=514.5nm [45], and finally I/] is the ratio of the transmitted to
incident laser power. This quantity is proportional to the total soot present at a particular axial
location in the flame. Figure 14 shows this quantity as a function of the non-dimensional axial
location for the ethene/air flames at a series of operating pressures. The non-dimensional axial

position is expressed as
n = (ZD/Q) In (1 + 1/s) (16)

where Z is the axial position, D is the diffusion coefficient, Q is the volumetric fuel flow rate and S
is the volume of air to the volume of fuel required for complete combustion.
If the increase in the maximum soot volume fraction at a particular operating pressure is related

to that pressure through a power law dependence, that is
(I fy dx) max aP® a7

then a fit to the data can be vsed to yield a value for n. Figure 15 shows the maximum soot volume
fractions as a function of the operating pressure along with the best fit value for n determined from a
linear least square procedure. For the ethene flame, the fuel flow rate was 3.9 cm3/s and n was

found to be 1.05+.06 in good agreement with the results of Flower and Bowman [45] who found
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n=1.2+0.1. It should be noted that results shown in figures 14 and 15 have taken into account the
slight burner diameter difference for the two studies. In the present study, the diameter was 1.1 cm
where as Flower and Bowman employed a burner with a 1.27 cm diameter. Also shown on figure 15
are the results for an ethene/air diffusion flame where a copper (Cu) rather than a stainless steel (SS)
fuel tube was utilized. The results are very similar for both fuel tube materials. Although the higher
heat loss characteristics of the copper fuel tube were observed to slightly reduce the amount of soot
formed as compared to the stainless steel case, the pressure dependence is largely unaffected by the
fuel tube material.

Figure 15 also shows the results obtained for flames burning ethane or an ethane/propene
mixture. For these flames, the pressure could only be varied over a range of 1 to 3 atm (.1 to .3
MPa) before a buoyancy driven flame instability was observed. These buoyancy effects, at elevated
pressure, have recently been the subject of a collaborative investigation with workers at the National
Institute of Standards and Technology (NIST) [46] and are discussed elsewhere in this report. An
analysis similar to that applied to the ethene flame studies yields pressure power dependences of
n=1.88+0.13 and n=1.62+0.24 for ethane fuel flow rates of 2.80 and 3.85 cm>/s, respectively.
These higher values of the pressure power dependence appear to be related to fuel structure effects,
the direct nature of which remains to be understood. These observations of a fuel structure
dependence are consistent with previous studies [47].

As a further investigation of fuel molecular structure effects, a mixture of ethane (2.80 cm3/s)
and propene (0.7 cm3/s) was studied and these results are also shown in figure 15. In the
ethane/propene study, the total carbon atom fuel flow rate was maintained constant with respect to the
3.85 cm3/s ethane flame. For these conditions, the value of n is observed to be 1.16+0.10, a value
similar to that observed for the ethene studies. Thus, the present studies with an alkane species
appear to yield a higher pressure dependence than observed for either of the alkene species. This

occurrence of a variation in the pressure dependence may be important in providing an understanding
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of the differences observed in premixed and diffusion flame studies at high pressure. For premixed
flames, pressure dependence studies have yielded values of n=2 [48] as compared to the values of n
between 1 and 1.2 reported for ethene. The higher values of n for the ethane flames are closer to the
values observed in premixed flames. The cause of the higher pressure dependence obtained for the
ethane diffusion flames remains to be established. Fuel structure effects may be reflected in the lower
soot volume fractions rather than explicitly different chemical mechanisms. Premixed flame studies
have examined a variety of fuels, including ethene and benzene, and obtained a p2 dependence on
pressure. The present experiments provide some important additional information for consideration in
resolving the actual pressure dependence for soot formation processes and indicate further study of

high pressure diffusion flames is required.

3.7 Isolation of Buoyancy Effects in Jet Diffusion Flame Experiments

The occurrence of instability phenomena in flames has been a topic of interest in combustion for
a variety of reasons. Instability processes have been observed to enhance mixing and, thus, accelerate
chemical reaction progress. Less favorable results have been observed to accompany combustion
instabilities as well. For gas turbine and rocket engines, combustion instabilities can present serious
operational problems and may, in fact, lead to catastrophic engine failure. In such cases, expensive
engine redesign or implementation of damping devices has been necessary to resolve the problem.
Clearly, a desirable situation would be one in which the potential benefits to enhanced mixing could
be realized without the penalties of hardware performance loss. This requires a fundamental
understanding of phenomena which controls the initiation and growth of the instability. One of the
obstacles to achieving such an understanding lies in the inability to study instability phenomena under
well controlled conditions.

In addition to the combustion instability interests, turbulence combustion phenomena may also be
influenced by instability phenomena. The occurrence of well ordered structures in turbulent fiames

has been a subject of great interest over the preceding decade. Although often observed, the
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importance of such features with respect to the transition to turbulent combustion conditions is still an
area of active investigation. An understanding of the basic mechanisms controlling the onset of these
structures is still lacking.

Recently, an interesting flame instability phenomena was observed during the study of soot
formation in high pressure diffusion flames which possesses many of the desired features for the study
of this phenomena. The flame instability was observed to evolve from a stable methane/air diffusion
flame as the pressure was raised from one atmosphere (14.7 psia) to approximately 6 psiZ (20.7 psia).
At this pressure, the flame exhibited a regular pulsation or oscillation. In order to examine this
phenomena further, a series of high speed video images of this methane flame were recorded. These
images were obtained at a framing rate of 500 frames per second and simply recorded the flame
luminosity from the soot present in the flame. Analysis of these video recordings revealed the onset
and evolution of a very regular flame structure with a repetition rate of approximately 15 Hz. Several
attempts were made to eliminate these pulsating flames by modifying the pressure chamber with
baffles or screens. These changes were intended to alter the acoustic modes of the chamber or to
impede flow recirculation. None of these approaches significantly affected the phenomena. Thus, the
observed oscillations are not believed to be an artifact of the apparatus.

Previous researchers have observed similar self-excited instabilities in laminar fuel jets [49,50].
In these studies, the fuel flow rate was varied to produce the onset of the instability. Analysis
explaining the oscillatory behavior emphasized perturbations introduced into the velocity field which
were amplified through either linear or non-linear mechanisms [49,50]. More recent work has placed
a stronger emphasis on the effect of buoyancy in both laminar and turbulent flow regimes [51,52-55].
The gerieral trends indicate that as Reynolds number increases (Re > 7000), the effect of these
buoyancy related instabilities is less important [51,55]. The present evidence is not conclusive on the
potential importance of such low frequency instabilities with regard to turbulent flows. There are

studies which indicate that the above observed instabilities can couple to the inner core flow of the jet
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and may be important in the dynamic processes which occur during transition to fully turbulent
conditions [51,54]. Recent visualization studies of atmospheric pressure diffusion flames have shown
that these flames are characterized by complex vortical structures [54].

The general flame structure of the present high pressure oscillating flames is similar to that
reported in the studies referenced in the above discussion. The observed frequency is quite close to
the 17 Hz frequency predicted by the analysis of Buckmaster and Peters [52]. Thus, it seems clear
that these instability features are buoyancy driven. Recent modelling results for unsteady buoyancy-
driven jet diffusion flames conducted at NIST have been quite successful in reproducing the general
characteristics of the observed flames [46]. In the formulation of this model, three dimensionless
parameters enter into the formulation: the Reynolds number, the Peclet number and the Richardson
number. In the present experiments, because the mass flow rates of fuel and oxidizer are maintained
at a constant value, the product of the density and inlet gas velocity remains constant as the pressure
is changed. Since the viscosity is independent of the pressure, the Reynolds number also remains
constant as the pressure is varied. In the limit of unity Lewis number, the Peclet number is equal to
the fuel jet radius multiplied by the ratio of inlet gas velocity and the binary diffusion coefficient of
the fuel. Since both the inlet gas velocity and the diffusion coefficient are inversely proportional to
the pressure, the Peclet number also remains constant. Finally, the Richardson number, which
expresses the ratio of buoyancy forces to inertial forces, can be expressed as gL/U2 where g is the
gravitational constant, L is the fuel jet radius and U is taken as the air inlet velocity. Clearly, this
number will vary with the square of the pressure through the velocity term in this ratio. Thus, the
effective gravitational acceleration will vary as the pressure squared. Consequently, in the model, a
pressure of two atmospheres can be simply simulated by choosing a gravitational constant of 4 g.

The significance of the present experimental configuration is that relative effects of buoyancy can

be examined in isolation from the other parameters. This situation is unique to this burner
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configuration and offers an excellent opportunity for investigating the fundamental aspects of the
instability onset from both experimental and theoretical modelling aspects.

Model comparisons with the imaging results described above show good agreement with respect
to the instability frequency and tip cutting location [46]. This agreement includes the predication of
the observation that the tip cutting location decreases as the pressure increases. One area where
2 ment has not been obtained to date, involves the pressure at which the onset of the instability is
observed. The model predicts a pressure of about one half that observed experimentally. Appendix 3
contains a detailed discussion of the model and experiment comparisons.

Additional experiments using ethane and ethene have also displayed similar flame instability
behavior as the pressure is increased. For each flame, however, the onset of the instability occurs at
distinctly different pressures, even though the gas flow rates are identical. Thus, a measurable fuel
dependence is observed with respect to the onset conditions. Previous studies at atmospheric
conditions have not investigated fuel related effects, because the instability frequency generally is not
strongly affected [52]. For the high pressure initiated instabilities, however, measurable fuel
constituent effects are observed and, thus, provide a potential for further insights into the instability

phenomena.




4.0 CONCLUSIONS

A fundamental study of soot particle inception and growth processes has been completed which
specifically considered the effects of fuel molecular structure, fuel concentration, temperature and
operating pressure on the formation of soot particles. Coannular laminar diffusion flames burning in
air were studied for pure fuels (methane and ethene) as well as fuel mixtures involving ethene
propene, butane, 1-butene and 1,3 butadiene individually mixed with methane or ethene. The fuel
structure studies indicated that the fuel species most strongly affected the particle inception process for
the fuels studied, as opposed to the surface growth process. Laser fluorescence measurements
indicate that the soot particle precursors concentrations increased and were observed sooner in the
flame as the sooting propensity of the fuel increased. Surface growth rate constants, when normalized
by the available surface area, were typically within a factor of two for the fuels studied. These
findings support an interpretation in which inception controls the maximum amount of soot formed in
the flame.

Studies in which fuel concentration and flame temperature were varied through dilution of fuel
with an inert species indicated that temperature effects dominate changes due to variations in the
concentration under most conditions. Local temperature and concentration measurements were shown
to be absolutely necessary to properly interpret the effects of inert dilution. In particular, small
temperature differences in the initial soot formation region, as well as the mitigation of the initial
concentration at the fuel tube exit by inter-diffusion of nitrogen from the air stream and fuel, were
shown to make simple interpretation of the effects of dilution problematic. Based on studies over a
wide range of flow conditions, it was possible to estimated the separate effects of dilution and
concentration. This estimate showed that for the conditions studied, the temperature effects dominate
over the concentration effects. The analysis yielded an apparent activation energy of 94.5 kcal/mole
for the temperature dependence. The fuel concentration dependence, represented as [X,]®, where X,

is the fuel concentration at the exit of the fuel tube, was best represented by n = 0.3.
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Studies of the evolution of the soot particles in laminar diffusion flames indicated that clusters or
aggregates are found in the higher parts of the flame. These clusters, which are composed of nearly
spherical primary particles, possess different optical properties from their spherical equivalents.
Through a combination of transmission electron microscope and laser light scattering measurements,
an analysis of the optical properties of these aggregates was developed.

A data reduction method that is based on the use of optical cross sections for aggregates was
applied to measurements of local extinction and differential scattering at three angles by soot
aggregates in a laminar ethene diffusion flame. As compared to the Rayleigh data reduction for
spherical particles, this method yields higher values of volume-mean diameter, a larger surface area
per unit volume, and lower values of the aggregate number concentration. The analysis also provides
the mean-square radius of gyration and the average number of primary particles per aggregate. Both
these quantities increase monotonically with time as is consistent with the occurrence of cluster-cluster
aggregation. Primary particle diameter is also obtained from the optical observations and it has been
independently measured by thermophoretic sampling followed by TEM analysis. By requiring the
rms difference between the two observations of primary particle size to be a minimum, information
on the allowable values of refractive index was obtained. Higher values of the real portion of the
refractive index give more plausible moment ratios of the size distribution of the aggregates. The
present results indicate that a self-consistent interpretation of the light scattering properties of the soot
aerosol is afforded by recognizing its aggregate structure. In particular, significant differences in the
surface area and number concentration are observed for soot aerosols consisting of aggregates of
primary particles. These differences have important ramifications in deriving chemical and physical
rate data from the laser scattering extinction experiment. Furthermore, when combined with TEM
analysis of the primary particles which constitute the aggregates, this analysis provides the basis for
evaluating the importance of other particle properties, such as refractive index. Thus, this method of

data analysis provides a more detailed and comprehensive description of the development and
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character of the soot aggregate population in laminar diffusion flames.

Orerating pressure effects on soot formation were also studied. These studies indicated that a
power law representation of the form of P®, where P is the operating pressure, accurately represented
the behavior of the soot volume fraction as the pressure was varied. For studies involving the alkene
species, ethene and propene, the value of n was found to be close to first order (1.05 + 0.06 and
1.16 + 0.01, respectively). Studies of an alkane fuel, ethane, resulted in a significantly larger value
for the power dependence closer to second order in n (1.62 - 1.88, depending on the flow rate).
These results confirm the strong dependence of soot formation on the operating pressure and
furthermore point to potential fuel structure effects.

Finally, studies of these high pressure diffusion flames have resulted in the observation of the
onset of buoyant instabilities induced by changes in the pressure. A simple procedure has been
described for isolating these buoyancy effects in jet diffusion flame experiments. All that is necessary
is that background pressure be varied while maintaining constant mass flows of fuel and oxidizer into
the burner. A theoretical model for these flames indicates that this procedure isolates Richardson
number (or relative buoyancy force) as the only variable parameter, which is equivalent to varying the
gravitational acceleration. A joint series of experiments and computations involving a pressurized low
speed methane/air diffusion flame has provided strong evidence to support the theory.

It is clear that much work needs to be done in order to clarify the important role that buoyancy
plays in jet diffusion flame dynamics. The results of the present studies only open the door to future
studies, which can now be performed with reasonable effort and cost-effectiveness. Future research is
also needed in order to determine the limits of usefulness of the buoyancy-isolation procedure
described here. Clearly, use of this procedure to attain very small effective gravitational accelerations
appears unreasonable, as chemical kinetics could certainly not be ignored at the low pressures
required. Additionally, enhanced soot production at low g would not be simulated by this pressure

variation technique. However, relaxation of the requirement that Lewis number be unity appears
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feasible, since Prandtl and Schmidt numbers can both be considered as independent of pressure.
Finally, since the basic model described here is not dependent on a particular geometry, other types
of diffusion flames in different burner configurations could also be considered as candidates for
buoyancy-isolation experiments. Thus, the possibilities for future research efforts in the area of

buoyancy effects in diffusion flames appear rather substantial.
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Abstract

A detailed study has been made of the relative effects of concentration and temperature on
soot formation in diluted laminar ethene/air diffusion flames employing: (1) argon and nitrogen
diluted flames at equal calculated adiabatic flame temperatures but different initial concentrations to
isolate the effect of concentration and (2) argon and nitrogen diluted flames with equal initial fuel
concentrations but different temperatures to isolate the effect of temperature. Total integrated soot
volume fraction measurements show that in argon and nitrogen diluted flames with equal calculated
adiabatic flame temperatures, the more diluted argon flames consistently display lower soot
concentrations. However, in flames of equal dilution, argon flames consistently display higher soot
concentrations than the slightly cooler nitrogen diluted flames. Local temperature measurements
show that for nitrogen and argon diluted flames with equal calculated adiabatic flame temperatures,
argon diluted flames display lower temperatures in the region where soot is first formed. Mass
spectrometric measurements of gas species concentrations in diluted and undiluted methane/air
diffusion flames were obtained and compared with a numerical flame model. These results show that
the initial difference in fuel concentration in diluted and undiluted flames diminishes rapidly with
height. Furthermore, laser light scattering measurements show that as inert diluent is added to the
flame, soot inception is delayed and consequently less time is available for soot growth. Based on this
extensive set of data, a quantitative assessment was made of the relative effects of temperature and
concentration indicating that for coflow diffusion flames the role of temperature is more important
than the decrease in reaction rate due to the reduction in fuel concentration when an inert diluent is
added to the fue! flow.

Introduction

The formation of soot particles in combustion environments involves a complex series of
chemical and physical processes which result in the conversion of carbon contained in the fuel to
carbonaceous soot particles. A variety of combustion systems have been previously examined to
investigate the specific details of the soot formation process. These studies range from simple
laboratory premixed and diffusion flames to more practical scale combustion involving, for example,
gas turbines, diesel engines and furnaces. Extensive reviews of soot formation phenomena exist
summarizing many of these studies [Glassman, 1988: Haynes and Wagner, 1981; Wagner, 1978,
1981]. These previous studies investigated the basic importance of parameters such as pressure,
temperature, and fuel molecular structure. An additional parameter of potential importance to which

recent attention has been given is fuel concentration.
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One means to investigate the ctfect of fuel concentration is through the introduction of an
inert diluent into the fuel stream. Several studies note that the addition of an inert diluent to the fuel
reduces soot concentration in laminar diffusion flames [e.g., Deardon and Long, 1968; McLintock,
1968]. This reduction is in part a result of lower flame temperatures achieved in diluted flames as
compared to the undiluted case. These lower temperatures reduce the pyrolysis reaction rates leading
to decreased soot formation rates and consequently lower soot concentrations [Glassman and
Yaccarino,1981]. Reducing the fuel concentration may also have an effect on soot concentration
through a proportional reduction in fuel species concentration in the soot formation region, i.e.,
reaction rates are decreased by lower species concentrations. The objective of the present paper is to
examine the effects of changes in temperature and fuel concentration on soot formation when an
inert diluent gas is mixed into the fuel stream of a coannular laminar diffusion flame. This study also
considers other processes that are influenced by inert dilution.

Although reduction in soot through inert diluent addition has been observed by numerous
researchers, only a few studies exist which investigate the relative roles of fuel concentration and
flame temperature. Previous studies of laminar diffusion flames have employed dilution as a means
to study temperature effects on soot formation [Glassman and Yaccarino, 1981; Santoro and
Semerjian, 1984]. In these cases the effects of decreasing fuel concentration were argued to be small
relative to the temperature reduction contribution. However, Kent observed that soot concentrations
in diluted flames are reduced by an amount that can not be explained by the reduction in flame
temperature alone [Kent and Wagner, 1984b]). Kent and Wagner [1984b]) concluded that fuel
concentration appears to be a significant factor influencing soot production rates. Markstein [1984,
1986] in a series of studies examining the radiative characteristics of laminar diffusion flames also
commented on the relative contributions of temperature and concentration effects when diluents are
added to the flame {Markstein, 1986]. Axelbaum and et al. addressed this issue quantitatively in a
series of experiments in counterflow diffusion flames [Axelbaum et al., 1988a, 1988b}. The
important conclusion from these studies is that soot formation rates depend linearly on the initial fuel
concentration. Axelbaum and Law recently extended their dilution studies to include coflow
diffusion flames [Axelbaum and Law, 1990]. They report a dilution effect for coflow flames that is
consistent with the counterflow flame results; that is, the maximum soot volume fraction increases
linearly with the fuel concentration at the burner exit. These results imply that when diluents are
added to the fuel the role of temperature in soot formation, commonly believed to be the governing
parameter of soot formation rates, is in some situations less important than fuel concentration. Recent
studies in similar coflow diffusion flames have been reported in which the temperature field is varied
through preheating of the fuel and air streams [Giilder and Snelling. 1990 Giilder. 1992]. The
results of these studies have been interpreted to support the dominant role of dilution effects on soot

formation in these laminar diffusion flame experiments. In the present investigation. the *olc of
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dilution on soot reduction is investigated by making detailed measurements of the critical quantities:
soot particle concentration, gas species concentrations and temperature.

Experimental

Investigating the role of temperature and concentration on soot formation in laminar
diffusion flames requires careful selection of experimental conditions and measurement approaches.
Following a method similar to the approach used by Axelbaum and Law [1990], dilution is studied
through a series of flames at identical calculated adiabatic flame temperatures, but which have
different initial fuel concentrations. The differences in heat capacities of argon and nitrogen in
theory permit comparison of flames with identical temperatures, but different dilutions. Therefore,
the effect of concentration is systematically isolated from temperature. Similarly, flame conditions
can be selected with identical dilutions, e.£..(50% N, and 50% Ar), but different temperatures, thus
isolating the effect of temperature on soot formation. The present study examines both flame diluent
conditions.  Desired flame temperature conditions are calculated with the NASA Chemical
Equilibrium Code [Gordon and McBride, 1976] based on the assumption that the temperatures in the
formation region of laminar diffusion flames scale with calculated adiabatic temperatures [Boedeker
and Dobbs, 1986a).

A coannular bumer operating at atmospheric pressure conditions was used to study laminar
diffusion flames burning ethene or methane. A laser scattering/extinction system was used to obtain
data on the soot particle field. The burner and light scattering apparatus have been previously
described in detail [Santoro et al., 1983] and are only briefly reviewed here. The coannular bumner
consists of an inner brass fuel tube (1.1 cm id) surrounded by an outer tube (10.0 cm id) for air flow.
A 40.5 cm long brass cylinder was used as a chimney to shield the flame from laboratory air
currents. Slots 0.476 cm high and 2.54 cm wide were machined in the chimney providing access for
the incident, transmitted and scattered light. These slots also allowed access for the thermocouple
probe. Two of the slots were modified to provide access for a mass spectrometer sampling probe
which required a 1.252 cm circular opening in the chimney. The fuel or fuel inert diluent mixture is
burned in a highly over-ventilated air flow, minimizing the effect of air flow rate [Roper et al., 1977a,
1977b]. Fuel flow rates are monitored using calibrated rotameters, while a mass flow meter measured
the air flow rates. Fuel gases had a stated purity of 99.0% and 99.5% for methane and ethene
respectively. Air was supplied from an in-i.-»:se compressor which was filtered to remove particles
and moisture. Nitrogen and argon were added to the fuel flow using separately calibrated rotameters
and had stated purities of 99.99% and 99.995% respectively. The air flow rate for the flames studied
was 1062 cm3/s. Table | summarizes the ethene flame flow conditions, which span a range of flow

rates, dilutions. and calculated adiabatic flame temperatures.
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The laser light scattering/extinction apparatus used a 4W argon ion laser operating at the
514.5 nm laser line. A mechanical chopper operating at 1 kHz modulated the laser source allowing
synchronous detection of the transmitted light signals. The laser beam was focused into the burner
using a 40 cm focal length lens and was typically operated with an output power of 0.5W. The
transmitted light was detected using a silicon photodiode. The transmitted laser light intensity was
reduced by a neutral density filter (N.D.=2) to a level suitable for linear photodiode response. The
output of this detector was input into a two phase lock-in amplifier which was interfaced to an IBM-
XT computer.

Laser light scattering measurements at a scattering angle of 90° with respect to the incident
beam could also be obtained with this system. However, in the present experiments such
measurements were only used for comparisons with previous studies and to determine the location
where soot particles first form.

The entire atmospheric burner was mounted on a three-dimensional translating stage system.
Computer controlled stepper motors were used to adjust the vertical and one of the horizontal
coordinates. This allowed radial profiles of the laser extinction to be achieved at various axial
positions in the flame.

Rapid insertion thermocouple measurements provided measurements of the temperature
distributions in the flames studied. The rapid insertion thermocouple technique [Kent and Wagner,
1984a] avoids continuous coating with soot by buming off deposited soot on the thermocouple
surface by positioning the thermocouple in the oxidation zone of the flame prior to making
measurements at a new location. Pt/Pt-10% Rh fine wire thermocouples were made from 127 pm
diameter wire. The resulting bead diameter was 160 um. A limited number of temperature profiles
were also taken with a thermocouple whose junction was made with 63.5 um wire (95 um bead
diameter) to verify some of the trends. The uncoated thermocouples were mounted on a stepper
motor stage for rapid positioning. This technique provides accurate measurement of relative changes
in the temperature as diluent species and concentrations were varied.

In order to examine the effect of diluent addition on the local gas species concentrations in
the flame. a series of mass spectrometric measurements were obtained. These measurements are
similar in approach to previous studies {Smyth et al., 1985]. Coflowing methane/air flames were
studied in order to avoid the difficulties introduced by the presence of large soot concentrations
which clog the quartz microprobe orifice used in the sampling procedure. The quartz microprobe
used in these studies had a 90 um orifice. This probe was connected to an Extrel model C50
quadropole mass spectrometer. Species mole fraction information from the measurements was
obtained using a procedure in which the spectrometer sensitivity to a particular species is measured
using a calibration mixture at room temperature. The relative sensitivities are assumed to be

independent of temperature allowing calculation of the actual mole fraction by assuming the mole
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fraction of measured species sums to unity at each measurement location [Bittner, 1981}]. An
undiluted methane flame and a 50% diluted methane (with nitrogen) flame were studied. The
methane fuel flow rate was 5.70 cm3/s for both flames with an equal amount of nitrogen added for
the diluted case. The air flow rate for these studies was 1062 cm3/s.

Analysis

In the present study, the quantity of interest is the change in soot volume fraction, f,,, resulting
from dilution of the fuel. In previous studies of laminar diffusion flames, tomographic
reconstruction approaches have proven useful in providing spatially resolved measurements of f,
from line-of-sight extinction measurements {Santoro et al., 1983]. In the present case, however,
errors associated with the tomographic reconstruction approach detract from its usefulness since small
relative variations in f,, need 1o be measured.

An alternate approach is to relate the extinction measurement to an appropriate spatial
integral of the soot volume fraction. For soot particles in the Rayleigh size limit (d<<A ) the
extinction (1/1,) is defined as the ratio of the transmitted laser intensity (/) to incident laser intensity
(o) , and is related to f, as:

[ foax= -C(A'm)ln(li) Eq-1
where x is the direction along which the laser beam propagates, c(A,m) is a constant determined from
Rayleigh theory which depends on the wavelength, A, of the laser and the refractive index , m, of soot
particles and x is the path length through the flame. As in previous work, the value of complex index
of refraction used is m=1.57-0.56i {Dalzell and Sarofim, 1969]. The constant, c¢(A,m) calculated
from this value is 1.05 x 107 cm. A measure of the total integrated soot volume fraction, F,,, can be
obtained by integrating equation (1) along the direction perpendicular to x. This integrated volume
fraction is a measure of the total amount of soot at a particular axial location and is given by

T I
FV = —-J:.c(l,m)ln(-}—)dy Eq-2.

o

where y is the direction perpendicular to x. The total integrated soot volume fraction, F,, has been
selected because it also incorporates any contributions due to changes in flame diameter as the

fuel/diluent flow rate is varied.
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Results

The ensuing sections present and discuss the experimental results from the dilution studies.
These studies address four aspects of the influence of inert additives on the reduction in soot
formation: 1) the relation between fuel species concentration and soot concentration: 2) the relation
between temperature and soot formation; 3) the evolution of species concentrations in both diluted
and undiluted flames; and 4) variation in soot particle residence time associated with dilution. Using
the information from these experiments, the relative influence of fuel concentration and temperature
is then considered for coflowing laminar diffusion flames.
Constant Adiabatic Flame Temperature Studies
Temperature Results

The approach used to determine the relationship between the degree of dilution (i.e., fuel
concentration) on soot formation involved comparing argon and nitrogen diluted flames having the
same calculated adiabatic flame temperature. Since argon and nitrogen have different molar heat
capacities, the initial fuel concentration of these flames must be different if the temperature is to be
maintained constant. To ensure that the observed differences in soot formation rates in these flames
of equal calculated adiabatic flame temperature are a result of differences in fuel concentration and
not temperature, the temperature field was determined from rapid insertion thermocouple
measurements. In addition, these measurements allow a determination of whether calculated adiabatic
flame temperatures may be used to represent the changes in temperature expected with dilution. This
may not be self evident since calculated adiabatic flame temperatures are based on the fuel/diluent
mixture being supplied to the burner and not the local fuel concentration of the flames.

Thermocouple measurements of the temperature field were obtained in the 4.90 cm3/s ethene
flames (see Table 1) whose calculated adiabatic flame temperatures were 2369K (flame 12), 2346K
(flames 5 and 6) and 2333K (flames 7 and 8). The two lower temperature conditions were
established individually for nitrogen (flames 5 and 7) and argon (flames 6 and 8) diluent. Radial
temperature profiles at several axial locations were obtained for flames 12 and 7 while the other
flames were examined only at an axial location 5 mm above the fuel tube exit. Uncorrected
measured temperatures at four selected axial locations are shown in Figure 1 for an undiluted and
diluted flame (flames 12 and 7). The radial temperature profiles of flames 12 (undiluted) and 8
(diluted), shown in Figure 1 as a function of axial position, reveal a trend expected in the temperature
field. For the displayed heights less than 50 mm from the bumer exit, temperatures are reduced in
the diluted flame. Above 50 mm the ordering of the flames reverses and the diluted flame has a
higher temperature. This reversal in temperature is due to more soot being formed in the initially

hotter undiluted flame, increasing radiative losses, thus cooling the flame to a greater extent at higher
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locations [Kent and Wagner, 1984a. 1984b; Santoro and Semerjian. 1984; Boedeker and Dobbs,
1986a. 1986b].

Careful inspection of the temperature profiles (Figure 1) reveals that low in the flame, dilution
reduces temperatures at the centerline 10 a greater extent than in the annular region [Boedeker and
Dobbs, 1986a, 1986b]. This difference in the effect of the diluent as a function of position is related
to the diffusional nature of these flames. For both the nitrogen and argon diluent cases as well as the
undiluted flame cases, nitrogen from the air stream is diffusing towards the centerline while the "fuel”
(diluted or undiluted) diffuses towards the flame front. This interdiffusional aspect of the flame
tends to mitigate the initial fuel concentration differences resulting from the addition of the diluent
species. This point will be discussed in detail in a subsequent section.

A comparison of the effect of diluent addition on the temperature profiles is further
illustrated in Figure 2. For these measurements an axial location 5 mm above the bumer exit has
been selected. This is near the location where soot is first observed to form in these flames based on
light scattering profile measurements. Since soot particles were not observed or exist in very low
concentration at this location {Santoro and Semerjian, 1984], radiation effect: due to the presence of
soot particles are absent and do not complicate the interpretation of .u.easured temperature
differences for various flame conditions. Furthermore, by selecting a location close to w.1e fuel tube
exit, potential concentration effects introduced by diluting the fuel flow are more likely to be
observed.

From the temperature profiles it is observed that in the region near the maximum
temperature, low in the flame, the measured temperature differences between the undiluted and
diluted flames are similar to the differences in calculated adiabatic flame temperature (see Figure 2,
insert). Similar results using CARS temperature measurements were obtained by Boedeker and
Dobbs [1986a, 1986b]. Furthermore, temperatures observed in flames in which diluent conditions
are chosen to result in the same calculated adiabatic flame temperature differ by less than 10K in the
region near the temperature maximum. However, as the centerline is approached from the
temperature maximum, differences between the N, and Ar diluted flames for identical calculated
adiabatic flame conditions increase with the N2 diluted flames having slightly higher temperatures.
Near the radial location (r=5 mm) where soot is formed [Santoro and Semerjian. 1984; Santoro et al.,
[983]. this difference can be as large as 33-56K (see Table 2). Positioning uncertainty with respect
to the thermocouple measurement location is not believed to be the source for these observed
differences, since both the centerline minimum and the symmetric temperature maximums in the
annular region show good positional agreement for each of the flames (see Figure 2). These
observed differences are likely due to the differences in the thermal transport properties in the
individual flames. Since the thermocouple measurements are also influenced by local thermal

transport phenomena, differences in the observed temperatures could be a result of this systematic
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variation. To investigate this possibility, an estimate of the effect of the difference in the transpornt
properties between argon and nitrogen on the thermocouple measurements was made {Bradley and
Mathews, 1568]. This estimate indicated that at most one third of the measured temperature
difference was due to variation in transport properties. Furthermore, the thermocouple measurements
were repeated for the 5 mm axial location using a smaller bead (95 pm) thermocouple. These
measurement showed very similar temperature differences as compared with the larger bead
thermocouple (160 um) measurements. Since variations in the bead diameter result in significant
differences in the heat transfer and radiative processes involving the thermocouple bead, the
insensitivity of the measured temperature gifferences to variations in the bead size suggests that the
measured differences are indeed representative of actual temperature differences in the flame.

The temperature measurement results comparing the argon and nitrogen diluted cases at the 5
mm axial location for several flames are summarized in Table 2. Listed in this table are the
calculated adiabatic flame temperature (Taop)., the maximum temperature observed (TmAX.
uncorrected for radiative effects), and the difference in the temperature (ATR=5 mm) Observed at the 5
mm radial position between the N> diluted and Ar diluted flames which is near where soot is first
observed.

The following observations can be made based on the results shown in Table 2. Flames with
similar calculated adiabatic flame temperatures achieve similar measured maximum temperatures.
For the nitrogen and argon flames with similar calculated temperatures, the observed temperature
difference between flames increases with dilution in the interior region of the flame (i.e. r= 5 mm and
AT). Thus, although dilution with differing diluents can be used to achieve similar maximum
temperature conditions, measurable differences in the temperature field will result in regions interior
to the maximum temperature region. These observations underscore the need to consider the local
temperature and concentration as well 1s the overall expected behavior of the flame in assessing the
effects of dilution.

Soot Formation Results

To investigate the variation in soot formation rate with the initial fuel concentration, the soot
yield in flames of similar temperatures but different dilutions were undertaken using three pairs of
flames, each pair at a different temperature. The variation in the total integrated soot volume fraction,
F,,, at various axial locations is shown in Figure 3 for each of the ethene flames with a flow rate of
490 cm3/s. It is interesting to note that, although addition of diluent increases the bumer exit
velocities, the height at which the peak volume fraction is reached is nearly constant in these flames
with possibly the exception of flame 4 which has the highest dilution. The height at which the soot
maximum is reached is determined by the location where the oxidizer replaces the fuel at the
centerline [Roper. 1977a, 1977b]. Thus, the rate of diffusion of oxidizer into the flame front is only

weakly dependent on the amount of fuel dilution.
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The maximum F is used as a readily determined mcasure of the sooting propensity of these
flames. The reduction in soot formed is calculated as the ratio of the maximum F,, in the diluted and
undiluted flames (see Table 1). In this comparison, the reduction inn soot may be due to temperature
and/or concentration effects. As expected, the maximum soot concentration ratios show that reducing
fuel concentration and temperature reduces the amount of soot formed. The flames which show the
largest relative reduction in soot (flames 3 and 4), the most diluted flames, show a dependence on the
soot formation rate which is directly proportional to the initial fuel concentration. This implies soot
formation rates vary with initial fuel concentration in less than a first order dependence, since a
temperature reduction effect on soot formation has not been taken into account.

Of course the motivation for establishing flames with the same temperature field but different
fuel concentration is to presumably isolate concentration effects from temperature effects. The
following discussion therefore emphasizes comparisons between diluted flames having identical
calculated adiabatic flame temperatures. Under these conditions the peak soot concentrations are
observed to decrease to a greater extent for the more heavily diluted argon flames. This result is
similar to previous observations and is argued to be a measure of the dilution effect [Axelbaum and
Law, 1990]. In order to quantify the effects of fuel concentration on soot formation rates, the
maximum F,, was taken to be related to the initial mole fraction by:

F, =[x, ]b Eg-3.
Based on the ratio of the maximum F,, values and the known initial concentrations, a value for b can
be obtained for flames with equal calculated adiabatic flame temperatures. The results of these
calculations are shown in Table 3 for several flames. As can be seen no unique value of b results and
a first order dependence does not appear to be generally valid. It should be mentioned that relatively
small changes in F, are involved in some of the results and thus the accuracy in b may not be high.

The above results indicate that the concentration effect of soot formation may not be first
order in the initial fuel mole fraction. Furthermore, for flames with the different diluents but equal
calculated adiabatic flame temperature, measurements indicate that differences in temperature exist in
the region in which soot inception occurs. The potentiai significance of these temperature

differences will be addressed in the discussion section.
Constant Concentration Studies

As a complement to the studies at constant temperature, a series of flames was also studied in
which the initial concentration of the fuel was held constant and the temperature was varied. In this

approach the variation of soot concentration due to temperature differences in pairs of ethene flames

cqually diluted with nitrogen or argon were measured. For these constant concentration studies, the
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argon flames have higher calculated adiabatic flame temperatures (see Table 1). Since argon and
nitrogen diffuse in a similar manner, these flames should have similar concentration fields. Three
pairs of flames (Flames 1 and la, Flames 3 and 3a, and Flames 6 and 7) were compared with fuel
mole fractions of 0.5, 0.5 and 0.64 respectively.

Temperature profile measurements at an axial location 5 mm above the fuel tube exit show
the maximum temperatures in the flames differed by 16-25K in agreement with adiabatic flame
temperature calculations. In addition, centerline temperatures were found to be 10-22K larger for the
argon diluted flames. Any meaningful assessment of the temperature differences between these two
locations was not possible since the argon profiles were observed to extend to a slightly larger radial
coordinate.

Measurements of the soot concentrations of these flames with the same dilution show that the
nitrogen flames with lower calculated adiabatic flame temperature produce less soot (Figure 4). Thus,
reducing temperature clearly reduces the production of soot. In conjunction with the constant
temperature studies, these results can be used to assess the relative contributions of temperature and
concentration on the soot formation process in these diluted flames.

Concentration Measurement Results

In any chemically reacting system the reaction rates must clearly be sensitive to the
concentration of the reactants. In studies where the initial fuel concentration is varied through
dilution, the occurrence of concentration effects on the soot formation process appears to be self
evident. However, such concentration effects should be related to the local concentration in the
region where soot formation and growth occur. Thus, it is important to understand the manner in
which variations in the initial fuel concentration affect species concentration at other locations in the
flame. For this reason a series of mass spectrometric profiles were obtained in an undiluted methane
flame and a methane flame in which the fuel was diluted to 50% with nitrogen. The objective of
these studies was to quantify specifically the variation in local species concentration as the initial fuel
concentration was changed. Methane/air flames were studied in order to avoid probe plugging
problems associated with regions of high soot concentration typical of ethene diffusion flames.

Radial mole fraction profiles of major species (CH4, N3, O3, CO,, CO, 1,0, and Hj) were
obtained at axial positions of 5 and 12 mm. The results for CHg4, N2, O, CO> at 12 mm were
compared with gas chromatography analysis and showed agreement to better than 10%. Figures 5
and 6 show the radial concentration profile results for both flame conditions at an axial location of
12 mm. As is clear from these results, the initial difference in the fuel concentration rapidly narrows
as diffusion of fuel and nitrogen, as well as combustion products, proceeds. Comparisons of the
measured concentrations for both flames have been made at the centerline and at a radial position of
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5 mm. The 5 mm radial position is again taken to be characteristic of the soot precursor region. For
the 5 mm axial location, the ratio of the measured concentrations in the diluted and undiluted
methane flames are 0.71 and 0.69 for the 5 mm radial location and centerline (r =0.0 mm)
respectively. At the 12 mm axial location. the values for the same two radial locations are 0.96 and
u.92 respectively. The values depart markedly from 0.5, the ratio which represents the initial
concentration ratio at the fuel tube exit for the diluted and undiluted flame cases. The rapid
interdiffusion of nitrogen from the air stream and fuel has previously been noted by Boedeker and
Dobbs [1986b]. It should also be mentioned that the temperature as well as the fuel concentration is
varied in these two methane/air diffusion flame cases. However the temperature differences are not
large enough to significantly affect the diffusion rates. A clear observation from these results is that
variations in the local fuel concentration introduced through dilution di.fer significantly from those
at the fuel tube exit.

Residence Time Results

Residence time effects have been shown to be important in diffusion flame studies of soot
formation [Santoro et al., 1987; Honnery and Kent, 1990]. In fact, the mass flow rate of soot in
laminar diffusion flames has been observed to have a squared or cubed power dependence on
residence time [Honnery and Kent, 1990]. Thus, changes in velocity which result from addition of
diluent species could affect the residence time and the ultimate soot volume fraction achieved as a
result. However the present measurements in these buoyancy dominated diffusion flames indicate
that the major observed effect of dilution with respect to residence time is a shift of the location where
soot is formed to higher axial positions. Since the location of the maximum soot volume fraction is
largely unaffected by dilution (see Figure 3), the total soot residence time is reduced. A reduction in
residence time under diluted flame conditions may account for a significant reduction in soot volume
fraction and should be accounted for separately in studies where the effects of temperature and
concentration are studied. To determine the location where soot particles first form, the scattered
light intensity at a scattering angle of 90° was measured in the lower region of flames 1, 2,9, 10, 11,
and 13 of this study. Additional light scattering measurements were taken for 3.85 cm3/s CaHy flame
diluted with 8.82 cm3/s of N» (experiment no. 7 of Santoro and Semerjian [1984]). These results,
which are shown in Figure 7 indicate that once soot particles are present the maximum scattered light
intensity at a given axial location increases rapidly with height above the bummer. Furthermore, this
figure clearly shows that as the flames are diluted with inert gas, inception is delayed, and less time for
soot growth is possible. Note that the shift in the location of the initial soot formation region could

be a result of temperature, velocity and/or concentration effects.
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Discussi

From the above results. it is clear that studies which utilize dilution of the tuel flow to vary
temperature and concentration parameters, are difficult to unambiguously interpret in terms of global
effects. Mixing and transport processes have been shown in this work to locally alter the global
dilution effects of temperature and concentration. In order to understand the relative effects of
temperature and concentration variations on soot formation processes, it is important to account for
these local effects.

There are two major observations based on the present work regarding local temperature and
concentration effects when diluents are added to the fuel flow in laminar diffusion flames. The first
involves the case when different diluents (e.g., N2 and Ar) are used to achieve constant temperature
conditions. but varying concentration conditions in the flame. The present work indicates that
although nearly equal maximum temperatures are achieved, interior to the flame front in the region
where soot particles are initially formed, temperature differences of 33-56 K are observed. The
second observation is that mixing effects due to interdiffusion of species, such as nitrogen from the
air flow and combustion products from the reaction zone, mitigate the effects of dilution rapidly in
these flames. Thus, the ratio of the local concentration between flames of varying fuel dilution can
differ significantly from initial concentration ratio at the fuel tube exit. These observations imply a
more complicated interaction between temperature and concentration effects when fuel dilution is
used to study soot formation than was anticipated in some previous work [e.g. Santoro and Semerjian,
1984].

In the discussion below, supporting evidence for the importance of the observations described
above will be given. This will be followed by an analysis which is intended to estimate the relative
importance of the contributions of temperature and concentration effects on soot formation when
fuel dilution is used as a means to alter the soot formation characteristics of the flame. The later topic
is of interest because of the present diversity of results in the literature regarding this matter
[Glassman and Yaccarino, 1981; Santoro and Semerjian, 1984; Axelbaum and Law, 1990; Giilder
and Snelling, 1990: Giilder, 1992).

It has been previously mentioned that the present studies indicate that small temperature
differences are observed near the soot formation region for diluted flame conditions of equal
calculated adiabatic flame temperatures. [t is appropriate, therefore, to inquire as to the potential
significance of such small temperature variations (AT=33-56 K) on the soot formation process.

Results from previous work by Kent and Wagner [1984b] for laminar diffusion flames and
Bohm et al. [1988] for premixed flames indicate that relatively small changes in temperature have a
significant affect on the amount of soot produced. Kent and Wagner [1984b] investigated the effect
of fuel tube lip conditions on the production of soot by replacing their water cooled fuel tip with an
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uncooled glass tip while holding all other conditions constant. They found for fuel flow rates
comparable to the present study that the maximum soot volume fraction increased by approximately
20% for the glass fuel tip. Accompanying temperature measurements made S mm above the lip of
the fuel tube showed very small differences for the two fuel tube configurations [Kent and Wagner,
1984b]. These results indicate that the soot particle formation process is quite sensitive to
temperature changes in the region of the flame near the fuel tube exit.

Studies by Bohm et al. [1988] in premixed flames show for ethene/air flames that changes in
the measured temperature of 50 K can result in approximately a factor of two change in the soot
volume fraction, fy., for temperatures between 1550 K and 1625 K. Further increasing the
temperature results in fy. reaching a maximum at about 1675 K and then decreasing for higher
temperatures. These same trends were observed for a range of C/O ratios between 0.6 and 0.8 which
correspond to an equivalence ratio between 1.8 and 2.4 for ethene bumning in air. This range of
temperatures is similar to the range for which soot particles are observed to form in laminar diffusion
flames. An interesting result of these experiments is that the observed temperature sensitivity of fyeo
varies, being larger for temperatures below 1600 K than for temperatures between 1600 K and 1675
K. Above 1675 K, fy decreases as temperature is further increased. Thus, the Bohm et al. [1988]
results clearly show that the temperature sensitivity observed for the soot formation process will
depend on the temperature region studied. In the present studies we argue that the temperature lies in
the range between 1350 K and 1625 K (see Figure 2, r=5 mm) where significant temperature
sensitivity is observed [B6hm et al., 1988). If temperatures were raised above 1650 K by some
means, one would expect a less significant temperature sensitivity or possibly a decrease in the
amount of soot formed if temperatures above 1675 are achieved. It should also be noted that the
above observations are for ethene flames. Other fuels are observed to have different temperature
sensitivities (Bohm et al., 1988; Frenklach et al., 1983] and care must be exercised in generalizing
results obtained over a specific temperature range to all hydrocarbon fuels. The critical point for the
present study is that significant temperature sensitivity has been observed for the soot volume fraction
for temperature changes of 50 K in ethene flames. Thus, the observed temperature variations
between the nitrogen and argon diluted flames in the interior regions where soot is formed is
potentially important in terms of changes in the observed soot volume fraction.

The second observation involves the effect of diffusion on the evolution of the fuel
concentration field when diluent is added to the fuel flow. The previously presented results show that
diffusion processes diminish the effects of diluting the fuel at locations downstream of the fuel tube
exit. This is particularly true for the region where soot particles are first observed to form. In order
to further investigate the generality of these observations a numerical modeling study was conducted
and compared to the mass spectrometric measurements of species concentrations in the methane/air

diffusion flame described earlier.
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A gencralized tlame sheet model for laminar diffusion flames developed by Mitchell and
coworkers [Mitchell et al.. 1980] was used to investigate the variation of fuel concentration as a
function of position in the flame. The calculations shown in Figure 8 were carried out for undiluted
and 50% nitrogen diluted ethene/air flames at fuel flow rates of 2.75 and 6.58 cm3/s. The lower fuel
flow rate conditions correspond to flames 11 and 1. This figure plots the calculated fuel mole
fraction as a function of height along the flame center line. In each case, undiluted or diluted, the
fuel mole fractions reach similar values at axial locations between 10 to 30 mm above the burner exit
depending on the fuel flow rate. These results are further examined in Figure 9 where radial profiles
are presented for Flames 11 and 1 at three axial locations (0.3 mm, 2.7 mm and 14.5 mm).
Additionally, Table 4 shows results tabulated for other fuel flow rates at specific axial locations for
selected radial positions (4.63 mm and the center line). Comparisons shown in Table 4 and in Figure
9 indicate that in the region where soot is first formed, the local fuel concentration ratio between the
diluted and undiluted flame is typically between 0.72 and 0.88. Additionally, the effect of dilution is
slightly more pronounced for the lower volumetric fuel flow rate case. For example, at z = 2.7 mm
and R = 4.63 mm, the concentration ratio is 0.76 for the 2.75 cm3/s case as compared to 0.85 for the
6.58 cm3/s flame. Thus, these modeling results show that in the region where soot is first formed, the
ratio of the fuel concentration in the diluted and undiluted flames achieves similar values to those
based on mass spectrometric measurements in the methane flames previously presented. The
experimental data shows a similar diminishing effect of the initial fuel dilution as predicted using the
flame code. This effect is a result of the rapid interdiffusion of nitrogen from the air with the fuel,
mitigating the initial dilution. Consequently, all laminar diffusion flames buming in air undergo
"dilution” by nitrogen. rapidly reducing the local fuel concentration [see also Boedeker and Dobbs,
1986a, 1986b]. From these results, one can conclude that the local concentration of fuel and
combustion products will quickly achieve similar values in both diluted and undiluted flames.
Furthermore, concentration effects, based on initial values at the fuel tube exit, will not reflect the true
concentration effects in the soot formation region.

An additional aspect of the soot formation process observed to be affected by dilution is the
change in time available for soot growth or the soot residence time. Figure 7 which shows the
maximum scattered light intensity at selected axial positions, clearly indicates that soot inception is
delayed with increased dilution of the fuel flow. To calculate the soot residence time a buoyancy
driven acceleration of 3100 cm/s? is used [Flower, 1989; Santoro et al.,1987]. The soot residence
time is then calculated assuming a flow with constant acceleration and an initial velocity determined
by the flow conditions at the fuel tube exit. For the diluted ethene flames in this study, a decrease in
soot residence time was estimated to account .or between 2% and 15% of the reduction in F, from
the undiluted flames, assuming the soot volume fraction increases linearly with time, with the largest

reductions corresponding to the 6.58 cm3/s ethene flames. In more dilute flames such as the
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nitrogen diluted ethene flame of Santoro and Semerjian [1984] (see Figure 7), the decrease in
residence time is observed to be more significant, accounting for 27% of the reduction in soot again
assuming a linear relation between F. and time.

Although the reduction in soot particle residence time with increased dilwion may be a
temperature or a concentration effect, two observations exist which suggest that the decrease in
residence time is due to a reduction in temperature.  First, the height at which soot inception occurs,
as defined by a rapid increase in scattered light intensity, is nearly the same for flames with equal
calculated adiabatic flame temperature indicating that the soot particle inception location is more
strongly influenced by temperature (see Figure 7). Additional temperature measurements are needed
to fully confirm this effect. Second, soot is observed to form at slightly larger (Ar=0.25 mm) radial
coordinates for the more dilute flames. Larger radial coordinates correspond to higher temperatures
and lower fuel concentrations. Thus, an increase in temperature is a physically more satisfying
explanation for the radial shift in the soot particle inception location.

A more quantitative assessment of the effects of temperature and fuel concentration can be
made based upon the dilution experiments previously discussed. To separate the temperature and
concentration effects on soot formation, a functional form for soot growth is assumed. The
functional dependence on temperature and concentration is taken to be similar to the form used by

Axelbaum et al. [1988]
-E,
dz > o[ X, )% S Eq4.

where « is the apparent order of the soot growth rate with respect to the initial fuel mole fraction and

E4 is the apparent activation energy. In the present analysis, the dependence on initial fuel
concentration, Xr,, is not taken to be first order. rather « is estimated from a fit to the experimental
data.

Several cautionary remarks need to be made about the use of such an expression. Soot
formation in diluted diffusion flames is affected by a series of complex interactions due to
diffusional mixing, temperature field variations, and soot formation chemistry. Furthermore, the
local soot volume fraction within the flames is a result of soot inception and subsequent surface
growth which are described by two different temperature sensitivities, i.e. apparent activation energies
[Vandsburger et al., 1984]. In addition, temperature measurements in this study have shown that
even under equal calculated adiabatic flame temperature conditions, differences in temperature in
argon and nitrogen diluted flames occur in the region where soot is first formed. Clearly such a
simple expression does not incorporate enough of the physical details of these processes to make
general use of this relationship to describe soot growth in diffusion flames justified. Instead, the

deduced values for a and E, represent purely empirical values based on a correlation to the ethene
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flames in this study. These results are then used to assess the relative importance of temperature and
concentration effects in the present study, which can be extended to studies under similar conditions.

To evaluate equation 4 for values of a and E, . the time rate of change of the total soot
volume fraction is needed. The calculation of the time coordinate is carried out in the same manner
described for the calculation of soot particle residence time. The slope of a linear least squares fit of
the Fy vs. time data in the soot growth region was taken to represent dF,/dr. Temperature values are
the calculated adiabatic flame values and Xf, is the fuel mole fraction at the fuel tube exit. Using a
nonlinear least squares curve fitting procedure applied to the results of the twelve diluted ethene
flame conditions listed in Table 1, values of a and E,; were determined to be 0.30£0.18 and
94.5+25.5 kcal/mole, respectively. It should be noted that the use of calculated adiabatic
temperatures results in apparently large activation energies. For example, if an apparent activation
energy was determined from the premixed flame results of Béhm et al. [1988] based on the variation
of fye Over the measured temperature region of 1550 K and 1600 K, one calculates a value of 68
kcal/mole. If instead the calculated adiabatic temperature of 2369 K is used with a AT of 50 K as
appropriate to an undiluted and diluted ethene/air diffusion flame, a value of 150 kcal/mole results.
Similarly, Vandsburger et al. [1984] reported the apparent activation energy for the overall soot
growth rate for an ethene counterflow diffusion flame as 41 kcal/mole. However, because actual
measured temperatures in the range 1270-1480 K were used, an assessment of the apparent activation
energy using the higher calculated adiabatic flame temperatures would result in a significantly larger
value of the apparent activation energy. Thus, interpretation of the physical meaning of this
activation energy needs to be done with care. Essentially for the present purposes E,; represents a
measure of the temperature sensitivity of the soot formation process as observed in these studies and
has no further fundamental chemical kinetic significance.

The relative effects of concentration and temperature can be deduced from this expression by
making comparisons between an undiluted and diluted flame. For example, the reduction in the fuel
concentration term comparning an ethene flame diluted with 50% nitrogen to its undiluted counterpart
is 0.81 (=(0.5/1.0)0-30) while the corresponding reduction in the exponential temperature term for
temperatures of 2310 K and 2369 K is 0.60. The ratio of the reduction in soot concentration due to
temperature effects to the reduction due to concentration effects (1-0.60)/(1-0.81), indicates a
temperature effect which is 2.1 times more important. It should be noted that this estimate is believed
to be a lower limit on the temperature dependence since other factors which would likely increase the
temperature dependence were not included in the analysis. Specifically, thermocoupie
measurements in flames which have equal calculated flame temperature show that in the region where
soot is being formed. the argon diluted flames actually have lower temperatures. Also, neglecting
changes in residence time, which appears to be more strongly influenced by temperature than

concentration, would likely lead to an underestimation of the temperature effect.
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A second assessment of the dependence on temperature can be made by direct comparison of
the soot formation rate in pairs of flames with equal concentration. In this comparison, the parameter
a need not be evaluated. The activation energy, E;, was found to be 235, 105, and 97 kcal/mole for
flame pairs 1 and la, 3 and 3a, and 6 and 7 respectively. The larger temperature dependence
displayed for the 2.75 cm3/s flames (1 and 1a) may indicate a more complex relation between fuel
flow rate and the dependence of soot formation rate on temperature than indicated by Equation 4.
One should be aware that since these values are based on comparison between only two flames they
are subject to considerable uncertainty. However, in each case these values indicate a dominant
temperature effect. These results can, therefore, be viewed as indicating an upper limit on the
temperature sensitivity of the soot formation process in fuel dilution studies.

The relative effects of concentration and temperature on the soot formation rate are shown
graphically in Figure 10. In this representation, the measured soot formation rate for diluted flames
normalized by their undiluted counterparts is shown with the corresponding ratio of the exponential
temperature term in Equation 4 for the diluted flames and their undiluted counterparts. The
exponential temperature dependence is shown for apparent activation energies, Ej, of 40, 95, and 150
kcal/mole for the calculated adiabatic flame temperature of each of the ethene flames in this study.
The dashead line represents a slope of unity, or the total reduction in the soot formation rate by both
temperature and concentration. For a given apparent activation energy, the reduction in soot
formation rate due to temperature reduction is the difference between the exponential temperature
dependence (the solid line) from unity. The contribution of concentration to the reduction in soot
formation rate with dilution is then given by the difference between the solid line and the dashed line.
For example, for an activation energy of 40 kcal/mole, concentration is nearly twice as important as
temperature in reducing soot formation in diluted flames. Figure 10 also shows that an activation
energy of 150 kcal/mole represents an upper limit, since the calculated reduction in soot formation
rate due to temperature fully accounts for the measured reduction in the soot formation rate. The
present results argue for an apparent activation energy closer to 95 kcal/mole to represent the
temperature sensitivity of the soot formation process in these diluted ethene flames. However, this
single value can not be rigorously justified for all flames conditions as the above reported variation in
E4 attests. The present results, however, do indicate that under conditions where diluents are added to
the fuel flow, the temperature effect is more important than the concentration effect.

Any attempt to further quantitatively narrow the estimate of the temperature sensitivity of the
soot formation process in terms of an activation energy is complicated by the nature of the dilution
experiments. Dilution of the fuel results in only small changes in temperature and, as shown in this
work, the local fuel concentration. Thus, highly accurate measurements of the changes in soot
particle concentration, temperature, and gas species concentration are required. This observation

highlights the difficuity in studying concentration and temperature effects through a fuel dilution
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approach where, based on the current results. coupled interactions involving thermal and mass
transport are seen to be important. The complexity of this flame environment may contribute to the
variety of interpretations regarding the effects of inert dilution on soot reduction.

Conclusions

Measurements of the decrease in soot volume fraction at various dilutions have shown that
soot is reduced considerably as both the adiabatic flame temperature and initial fuel concentration are
simultaneously decreased. Both temperature reduction and fuel concentration reduction were
considered as likely explanations for the reduction in the soot formation rate. An examination of the
decrease in the soot formation rate in flames with equal fuel concentration, but different degrees of
initial dilution, show that the more heavily diluted argon flames produce less soot than the nitrogen
diluted flames. Rapid insertion thermocouple measurements made in these flames near the region
where soot first forms show that the argon diluted flames display lower temperatures than their
nitrogen diluted counterparts. This point attests to the need for local measurements when trying to
quantitatively deduce temperature and concentration effects in diffusion flames. The use of adiabatic
temperatures to quantify small changes in temperature due to dilution appears to underestimate the
effect of temperature when comparing soot formation rates in argon and nitrogen diluted flames with
the same calculated adiabatic flame temperatures.

The results from this study suggest that the role of temperature on the soot reduction process
exceeds the reduction due to a decrease in fuel concentration. These results are consistent with the
measured and calculated effect of dilution on the local fuel concentration; that is, in the coannular
geometry, the local fuel concentration quickly approaches a similar value regardless of the initial
dilution conditions. In fact, in the region where soot is first formed, diffusion greatly reduces the fuel
concentration ratio when comparing diluted flames to undiluted flames as compared to the initial fuel
tube exit conditions. A comparison of argon and nitrogen diluted ethene flames at equal dilution
and different calculated adiabatic flame temperatures shows that temperature significantly alters the
soot formation rates. One difficulty in accessing the relative contribution of temperature is that very
small changes in temperature need to be measured accurately. In addition, dilution experiments offer
only a narrow range over which temperature can be modified and the resulting changes in
temperature and concentration are observed to be small. Although the present analysis does not lead
to a singular assessment of the relative effect of concentration and temperature on soot formation
rates in diluted flames (one may not expect this as these effects may be functions of fuel flow rate,
fuel etc. for these diffusion flames), these results support a temperature effect which is more
important than the fuel concentration effect on the soot reduction associated with inert dilution to the
fuel flow in coannular laminar diffusion flames.
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Figure Captions

Figure. 1. Uncorrected thermocouple measurements of the temperature profiles as a function of
radial position for several axial heights in an undiluted (flame 8) and diluted (flame 12) ethene
diffusion flame. The ethene flow rate is 4.90 cm3/s while the argon diluent flow rate is 4.50 cm?/s

Figure 2. Comparison of uncorrected thermocouple measurements of the temperature profile at
an axial height of 5 mm as a function of radial position. Results are presented for an undiluted
ethene flame (flame 12) and two pairs of diluted flames (flame 5 and 6 and flames 7 and 8)
which have identical calculated adiabatic temperatures (2346 and 2333 K respectively).

Figure 3. The total integrated soot volume fraction, Fy, as a function of height in the flame for a)
flames 12, 5. and 6; b) iflames 12. 7, and 8; c) flames 12, 3, and 4. The fuel mole fraction is
listed in parentheses next to the symbol identification. The lines represent a spline fit to the data.

Figure 4. The total integrated soot volume fraction, F,_as a function of height in the flames for
pairs of flames (3 and 3a) and (6 and 7) at equal dilutions of 50% and 64% respectively. The
lines represent spline fits to the data.

Figure 5. Mass Spectrometric mole fraction measurements of N2 Oz, H20, and CHy as a
function of radia! position in an undiluted methane diffusion flame burmng in air. The axlal
measurement location is 12 mm above the burner exit. The methane fuel flow rate was 5.7 cm3/s.

Figure 6. Mass Spectrometric mole fraction measurements of CO, CO,, Ha, and CoH; as a
function of radial position in an undiluted methane diffusion flame bumniig in air. The axial
measurement location is 12 mm above the burner exit. The methane fuel flow rate was 5.7 cm3/s.
Note negative CO mole fractions are a result of a differencing procedure in which the mole
fraction of CO and N3 are deduced from measurements at two different electron voltages.

Figure 7. The maximum volumetric scattering cross section, Qyy_ as a function of height for
diluted and undiluted ethene diffusion flames. Flow rate conditions in cm3/s are shown in
parentheses next to the symbol identification.

Figure 8. Comparison of the calculated fuel mole fraction as a function of height along the
center line of a diffusion flame for two ethene fuel flow rates (2.75 cm3/s and 6.58 cm?/s).
Calculations compare an undiluted and diluted (50% N,) flame case. Flow rates in cm3/s for C;H,
and N, are listed in parentheses next to the identifications of the line symbols.

Figure 9. Comparison of the calculated fuel mole fraction as a function of radial position for a
diluted (50% N,) and an undiluted ethene diffusion flame at heights of a) 0.3 mm, b) 2.7 mm, and
¢) 14.7 mm above the fuel tube. Flow rates in cm3/s for C,H, and N, are listed in pareritheses
next to the identifications of the line symbols.

Figure 10. Comparison of temperature and concentration effects on soot reduction with dilution
for the ethene flames. Plotted is the ratio of the exponential temperature dependence of the
diluted and undiluted flames versus the ratio of the soot formation rate for the corresponding
diluted and undiluted conditions. The dashed line represents the total reduction in soot formation
rate. The contributions of iemperature and fuel concentration are shown for E; of 40, 95, and
150 kcal/mole. The contributions of the temperature and concentration dependence for E;=40
kcal/mole are indicated by the arrows. The present results support a value of E, close to 95
kcal/mole.
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Table 1. Flow conditions for the diluted and undiluted laminar flames specifying fuel,
fuel flow rate (Q), diluent, initial fuel mole fraction (Xg) and calculated adiabatic flame
temperature (T,p). The total integrated soot volume fraction, F,, and the ratio expressed
in percentage of the measured F, to the F, for a pure undiluted fuel case is also given.

Exp # Fuel (Q) Diluent Xk TAD Fy % of Pure

(cm 3 /s) (K) (sz) (FIF )pure
1 C2H4(2.75) N3 0.50 2310 1.66E-06 46.7
la CoHy(2.75) Ar 0.50 2330 2.29E-06 64.7
2 C2Hy(2.75) Ar 0.37 2310 1.05E-06 29.6
3 C7H4(4.90) N3 0.50 2310 2.91E-06 51.8
3a C2H4(4.90) Ar 0.50 2330 3.70E-06 65.8
4 C2H4(4.90) Ar 0.37 2310 2.12E-06 377
5 C2Hy(4.90) N2 0.74 2346 4.90E-06 87.2
6 C2H4(4.90) Ar 0.64 2346 4.56E-06 81.2
7 C,Hy(4.90) Na 0.64 2333 4.08E-06 72.7
8 CoH4(4.90) Ar 0.52 2333 3.77E-06 67.2
9 CoH4(6.58) N3 0.64 2333 5.30E-06 74.5
10 CoHy4(6.58) Ar 0.52 2333 4.48E-06 63.0
11 CaH4(2.75) - 1.00 2369 3.54E-06 100.0
12 C2H4(4.90) -- 1.00 2369 5.62E-06 100.0
13 CoHy(6.58) -- 1.00 2369 7.10E-06 100.0
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Table 2. Comparison of thermocouple temperature measurements at an axial position of
5 mm above the fuel tube for ethene flames diluted with argon and nitrogen at the same
Maximum temperatures (Tyax) as well as
temperature differences (ATg.smm) between the nitrogen and argon diluted flames (Ty,-

calculated adiabatic flame temperature.

Ta,) are shown.

Exp. Fuel (Q) Diluent XF TAD TMAX ATR=5mm
# (cm3/s) (XK) x K)
1 CaHx(2.75) Np 0.50 2310 1934 56
2 C2H4(2.75) Ar 0.37 2310 1924
5 CoH4(4.90) N2 0.74 2346 1994 33
6 C2H4(4.90) Ar 0.64 2346 2003
7 C2H4(4.90) N2 0.64 2333 1988 56
8 C2H4(4.90) Ar 0.52 2333 1988
98.




Table 3. Comparison of fuel concentration effects for flames at similar calculated
adiabatic flame conditions.

Exp. Fuel (Q) TaD AXE* AF** p***
# (cm3/s) (K) A %
1&2  CaHy(275) 2310 26.0 36 1.50
3&4  CHu(4.90) 2310 26.0 27 1.06
5&6  CyHy(4.90) 2346 135 69 036
T7&8 C2H4(4.90) 2333 18.8 7.6 0.38
9&10 C2Hy(6.58) 2333 18.8 15 0.81
14&15  C3Hg(2.56) 2240 180 11 0.40

* AX; is the difference in fuel mole fraction and is based on a comparison of Ar and N,
diluted flam: at the same calculated temperature.

** AF, is the difference in total integrated soot volume fraction and is based on a
comparison of Ar and N, diluted flames at the same calculated temperature.

*** b is based on assuming AF,, is proportional to AXF.
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Table 4. Mitchell flame model comparisons for fuel mole fraction (Xg) in 50% diluted
and undiluted ethene diffusion flames at selected radial (R) and axial (Z) coordinates.

Fuel Flow R Z XF (Pure) XF (50%) X F (50%)

Rate (mm) (mm) Y (Dure)

(cm3/5) Xg(Pure)
6.58 4.63 03 0.482 0.351 0.727
6.58 4.63 2.7 0.256 0.218 0.849
6.58 0.00 14.5 0.504 0.401 0.795
4.90 4.63 03 0.410 0.304 0.740
4.90 4.63 2.7 0.207 0.170 0.823
4.90 0.00 14.5 0.383 0.330 0.860
2.75 4.63 03 0.298 0.220 0.738
2.75 4,63 2.7 0.132 0.101 0.764
2.75 0.00 14.5 0.215 0.189 0.879

100.




Temperature (K)

2000

1800

1600

1400

1200

1000

800

600

400

L
M
by
Ee
[ 3
" filled symbols CpHy(4.90)
3 open symbols 02H 1,(4.90)/Ar(4.50)
F L L 1 L L A 1 L 1 l ' A ks
-10 -5 0 10

Radial Position (mm)

101.




Temperature (K)

2000

1800

1600

1400

1200

1000

800

600

400

LA A (L A ot S AL SN LN RELINA BELAS (NLANLSULENY UL ANLANL AN ML AN

R~

-5

Radial Position (mm)

102.

]

3@‘%@5 ,

£ oL

o J

o¥ 8 ]

EAE O

7

1

o% 3 )

9 _

+ g 1

[

&

aA -y

s <

agj

+ AN -2333K BQ:

x Ar-2346 K E'
a Pure-2369 K
[o] N2-2346 K
[u] N2-2333K

10

>,

SR LY G

r\q L




v

integrated Soot Volume Fraction-F_ (cm?)

6x 10
5x10°C
4x10°®
3x10°
2x 10

1x10°

IIT1‘III_‘_IIIII|lll([]'llllll

T T YT T YT

—.-—- Flame 12 {1.00)
- -- Flame 5(0.74)-N
-—0--F|ame i064 AP

LA SR B LA (R R BN |

o g Lo e by 1y

bl oy

T T

[T e TR TN N ST A S I O S

A TN U NN SU R ENE N N UN

r]'ll'ﬁr]l‘lllllYllllrfllllll

TrIrrvrrrrroorrerrrrrzy

Flame 12 1.00)

i

T‘Ir'

i rvrrrg

P

"

»
IIllglllllLlLllll

P S

T

NN BN I G T I U S ST AN A SN A Y

II‘I_"TI‘li

IJJ_IIIllljllllJIllljllll_LlJ

llllllll‘[ﬁfllrll'llllI]llll

rrrr1rrrrrrrrrryoort

LENLINS SRR

3

.

& -~ "
L T WS I

rrryyrryjyrrrrrorr

PR B AT U BV S A AN B R

T

IlllllL‘Ll.lllLLlllll‘llllJll

o

10 20 30 40
Height (mm)

50 60

103.

70

80




v

Integrated Soot Volume Fraction-F_(cm?)

5x10°

4x10°

3x10°®

2x10°

1x10®

T T 1 Ll lﬁ_f T T l T T T T l T T L4 T 1 T T T T ]’ T Ty L TT T 14 L] f Lk R
[ 4~ ]
L yd ‘4..--> 4
) £ A .
- NI :
o . ’ \. v T
L / Iy 7 A “\ -
- l" \ .‘ _j

Y o~ AN
[ / 4 ’ S e \ '.\
F R4 ’ «Q A E
t / ‘ 7’ , ’ ~ N \a :
. .
t /)r’ v , h AN -J
° -
/s e

[ LIrd 7’ T
[ /8' , » — ao— Fame 6 (Ar) )
7 ]
C 2 ---8---Fame 7 (N .
- ’,° 4
[ /,', o - —o- -Fame 3(N) ]
| €. -7 - -9 - Flame 3a (An) |
-5 r of

ST AT VIS WO Y ST U S A SN S U G NG SN VAN VU W N S ST ST NN WA VT NN S GO AT VAN W S G S
10 20 30 40 50 60 70 80

Height (mm)
104.

R"-\\;rc_‘Sc\-’\ F:Q. "‘




Mole Fraction

Mole Fraction

08 ——
.. '.-
8
07 F CH4-570c0s s e
06 E H=12mm . ..' . N2
" - s 02
0.5 - o
b L a4 H20
0.4 ¢ CH4
0.3 S
0.2 [-eoeecccccescene,, M a, .' ., YT 249900800 0000
LI A“‘“‘““‘ ‘A:A . o
0.1
0
-20 -10 0 10 20
Radial Position (mm)
0.8 —_—
", o
0.7
-
o 6 CH4'5.70 CC/S .m. s N2
) N2 -5.70 cd/s
0.4
0.3
0.2
0.1
0
-20 -10 0 10 20

Radial Position (mm)

105.

> [ c -
1 Clace mei o 0 <




Mole Fraction

Mole Fraction

- ® [ ]

é‘ CH4-570ccls o e o

- ®

P H=12mm . .o .'. ¢ s CO

- [ ]

g— .' -:. Py ® CO2

o . .'. - 3. -'. a

— s [ a H2

L . Szt . .

3 . - e C2H2

E . -,

g_ . .‘ UYL TYYYRT ey “AA‘A‘ .

E A R T oo000, 4

E 338 m;gm;;_,.....u.. et ’.......ﬁm

3 P "

- L ' 11 J L i 1 1 1 1 I I i ] 1 X 1
-20 -10 0 10 20

Radial Position (mm)
[ 1 .'

o P ®

; CH4-570cc/s ¢ o .

E N2 -570cc/s .

E H=12mm |, ° * . =0

he [ ]

= cO

s ", .

E. * * na a H2

C " e L

- . T e ‘s ' caw

o . ] % o

: I. Y ™

- . . .

- [ ] , o- L

:’. L ]

: .0“0.... .00

i!!'mh!- ealelsnnrssiaag, !:A:AA“‘“A“ u!!!!!!!!!!!!!

'y . A 'l A 4 1 l 2 | S | 1 AL L L 'l A

-20 -10 0 10 20

Radial Position (mm)

106.




(cm"sr’”

Q
vv,max

1075

1078

1077

108

1079

Trjlrlflrﬁ*[fT!lITT]!IIIﬁIﬁT]!I

g a
- . “
b + °© 7
X
E 4 3
C a o ]
L + - h
°

- (w) b o] ‘,":
F x ]
- + ]
- . ® -4

L. D a ¢
¢, ° x 1
+ -

a * o
- a ® x .
E o] -
c O  C2H4(2.75)+Ar(4.76) 2 ]
- o  C2H4(2.75) ]
- o  C2H4(2.75)+N2(2.75) 1 A
- X C2H4(3.85)+N2(8.82) Santoro and Semerjian

+ C2H4(6.58 13
g a  C2H4(6.58) + N2(3.67) 9 T
®  C2H4(6.58) + Ar(6.05) 10
1 1 1 l L1 L l il 1 l ) W l | H l W l 1 L ' 1t 1
4 6 8 10 12 14 16 18

Height (mm)

107.

‘\)nc_/L‘_; b3 s /—;q,

-




Fue! Mole Fraction

1.0

0.8

0.6

0.4

0.2

0.0

T '71 . T I T L) | T ¥ T ] L l

CH (6.58)

5 —— - - CH(6.58)N6.56) _

LN CH(275) J

A - — - - CH 2 TSINL2TS) 1
20 40 60 80 100 120

Height (mm)
los.

2.




Fuel Mole Fraction

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

111]’]11_1'7']'ll]TlTITTl'Illlr"'nﬂll TT

LN A S A A R AR A

Ll

.
A
AU W YN ESNPUS U S S N AT SO T S SO S SR A

CoHy(2.75)

- CoH4(R.75YN,(2.75)

H=03mm

AN B R N B S S R A SO St AL B AR S (LA BN S

LllJ'IlllJlllllullllLlll_l_lLLI_llllllLL

IIT'Il[m

TT"Y]"'IIIIY']‘FIT]

LA B B A BB B

PEESSUE VTS AN ST T

T

LN AL B S SN B AL ML Sk B A S L SN B S BN BN A A

C,H(2.75)

- CoHy(2.75¥No(2.75)

H=27mm

AUTI IRETI EVRTUINRTE FRNE AURTE INUTH NS

l YlT'TT‘lITII’II'IYII“I'II!I

TITT

T T

PN S GV N VA SO S U N0 T VAN WU S VAT U WA SO U Y

T

r1Tll‘Tl‘Il‘lTl’_1Tll‘TTIIIT1

CoHy(2.75)

-+ CoHy(2.75)N,(2.75)

H=147mm

j_lllllllllllllIllLJllllll_LllllLllllJl

1

2

3

4

Radius (mm)

109,

~




1.0

0.9 Temperature Effect

0.4 s 4

B Ea=40kcalmole
¢ Ea=95kcal/mole

® Ea =150 kcalmole

1 " L.

0.2 0.4 0.6

0.8 1.0

110.

1.2




APPENDIX 2

Analysis of Light Scattering From Soot Using Optical Cross Sections for Aggregates

Published in the Twenty-Third Symposium (International) on Combustion,
The Combustion Institute, pp. 1525-1532 (1990)

111.




Fwentv-Third Svmposiun International on Combustion/The Combustion Insutate 120/pp 15231552

ANALYSIS OF LIGHT SCATTERING FROM SOOT USING
OPTICAL CROSS SECTIONS FOR AGGREGATES
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Soot tormed in flames usually consists of aggregates (clusters or agglomerates) of a variable
number of nearly spherical. monodisperse primary particles amonomers or spherulest. Tn this
work. the optical properties of polvdisperse aggresates are used to analvze light scattering
data tfrom a coannular ethene diffusion flame. In previoush reported studies, data have been
obtained on the local extinction and volumetric scattering cross sections from laser scattering
experiments. on the flame velocity field from laser velocimetry. and on the primary particle
sizes determined by electron microscopy. The present analysis vields the average number of
primary particles per aggregate, the mean-square radius of gyration. the soot volume fraction
and the aggregation rate. It is found that sustained collisional growth of the aggregates occurs
while their primary particles grow through heterogeneous reactions low in the flame. and
contract through surface oxidation in the upper hall of the flame. A recent value of the
refractive index gives internally consistent :noment ratios of the aggregate size distribution
function. This method of analysis provides o more detailed and complete deseription ot the

tormation. growth and oxidation of soot aggrecates in a dittusion thame.

Introduction

The wse of Laser light scattering experiments to
probe the development of the soot field in the
coannufar laminar cthene diffusion flame has been
previously reported.' This work was based on the
progress made by various investigators to measure
the optical properties of the soot particles field with
high spatial resolution” * and the application of a
tomographic inversion technique’ to obtain local
values of the extinction cocfficient for axisvmetric
diffusion flames. The measured extinction and vol-
umetric scattering cross sections were introduced
into expressions derived from the Rayleigh descrip-
tion for the scattering of light by small spheres.
Polvdispersity was included by assuming the size
distribution to be self preserving. However. Rav-

leigh theory mnphies that the vertically polanzed
component of scattering is independent of the scat-
tering angle €} measured from the forward diree-
tion. This condition is not fulfilled in the annular
region ot the tlame where high soot concentrations
were observed and the scattering in the torward di-
rection was more pronounced.”

Subsequenth a detailed mapping of the flame
velocity and temperature tields” provided informa-
tion on the soot transport and growth processes. In-
formation on particle morphology was also
developed™ by means of 5 thermophoretic sampling
technique. These results showed the soot particles
in the cthene ditfusion flame to consist of agare-
wates of primarv particles whose shape was approv-
imately spherical and whose diameters o, inoan
one flame location was quite uniform. The optical
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properties of aggregates was further studied through
computational simulation” of both the cluster-clus-
ter growth and the light scattering processes. These
results together with the observations of the soot
field by electron microscopy (TEM)'*"!* were used
to formulate' the optical cross sections of polvdis-
perse aggregates. Polvdispersity results when the
number n of primary particles per aggregate is vari-
able within a given aggregate population. and is the
inevitable result of the cluster-cluster aggresation
process.

These developments now make possible the anal-
vsis of the measured optical properties of soot using
the cross sections for randomly-oriented aggregates.
The presence of angular dissvinmetry of the scat-
tered light provides the opportunity to pertorm a
more detailed study than would otherwise be pos-
sible. Additionally, the accumulated data on this
flame—scattering and extinction measurements, ve-
locity data from laser Doppler anemometry. and
primary particle sizes as determined by TEM—in
the region of maximum soot concentration allow for
a detailed examination of the dvnamics of the pro-
cesses which influence the soot field. In particular.
with the development of an aggregate model for the
optical cross sections, the effects of the aggregation
process on particle morphology, surface area and
number concentration can be investicated. The
combination of detailed optical measurements along
with an aggregate-based analvsis provides an im-
proved understanding into the evolution of soot
particle fields in flames. Given the recent interest
in the modeling of the formation and growth of soot
particles and their relationship to flame radiation.
improved approaches for the interpretation of op-

significant importance.

Theoretical Background

Aggregate Statistics:

A single aggregate is characterized by the pri-
mary particle diameter d,,. the number of primary

gyration R, that is given by

RI=->r n

where r, is the distance of the ith primanv particle
to the center of mass of the aggregate. Large ag-
gregates are mass fractals'* ' which display scale
similarity and obev the relationship

Dy

R,
n =k ;‘) 2)
p

tical measurements of soot aggregates is a topic of

particles within the aggregate n. and its radius of

where ky is the prefactor and Dy is the fractal or
Hausdort dimension. When aggregates grow In
cluster-cluster collision processes. the tractal di-
mension is in the range of 1.7 to 1.Y. Although Eq.
12) applies to a population of particles on a statis-
tical basis. even relatively small aggregates (n = 5!
that do not display scale similarity have been found
to follow this relationship. '

In order to describe a population of aggregates.
it is necessary to introduce the probability distri-
bution tunction (PDF) pini that represents the rel-
ative frequeney of occurrence of aggregates con-
taining n primary particles. The g™ moment of the
PDF is given by

=S

"

n? pin) 3

Furthermore. for cach value of n there is an as-
sociated volume-equivalent diameter 1 and. for the
total aggregate population. the corresponding vol-
ume-mean diameter Dy is given'® by

3 VT
Dy = (I,, n R

where n' is the average number of primary parti-
cles per aggregate. Since the diameters of the pri-
mary particles in a given region of a laminar flame
are narrowly distributed (see Ref. 12 and the ref-
crences cited thereint, in this work we treat the
primary particles as monodisperse at each flame lo-
cation. With this definition. the volume fraction fy
of an acrosol of N, aggregates per unit volume can
he expressed as

T .
fi = — D5\, 3
’ 6

The volume fraction is a quantity for which optical
techniques provide direct information and is a pri-
mary quantity of interest in the present analvsis.

Finallv a series of relationships exist relating pri-
mary and aggregate particle properties to cach other
and to important observables. A moment ratio that
is important in the reduction of light scattering data
is f,. which is a measure of the width of the PDF.
and is defined by

n’ i
f” = —_—l— 6
‘ ey

(]

For monodisperse aggregates f,, is unity and it at-
tains a value near 2.0 for the continuous selt pre-
serving distribution function. This quantity explic-
ity enters into the analvsis of light scattering
measurements for determining 1y, which is de-
scribed in the next section.
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The number of primary particles per unit volume
can be related to the number of aggregates by

e -
N, =n N\, )
and the surface arca per unit volume S, can be cal-
culated if it is assumed that the primary particles
are in point contact with one another. vielding

S, = mdyn’ N, i5)

Since surtace growth leads to the formation of men-
isci that reduce the surface area. the value of S,
vielded by Eq. (8) is an upper bound estimate. A
population of polvdisperse aggregates has a mean-
square radius of gyration RZ that is defined by
weighting RZ(n) by n’. see Appendix 1. The final
important relationship relates the mean-square ra-
dius of gyration R with d, and Dy,

— 19)

where K ois a high moment ratio of the PDF de-
tined in Appendix 1.

The above equations contain eight properties rel-
evant to the description of a suspension of aggre-
gates—d,,. Dyg, 1. N,o N, nl R and S, As five
algebraic relationships exist, [Egs. ), (31, (D). $)
and (9] and. if f,, ¥ and Dy are known. there are
three degrees of freedom. Measurements of three
optical properties which are independent functions
of three or more of the above eight properties are
required to completely specify the aggregate pop-
ulation when the refractive index of the aggregate
material is known. In the procedure emploved be-
low. we will consider f, and %. which are not in-
dependent. as unknown and will use. as substitute
ifformation. a determination of d, by TEM.

Optical Properties of Aegregates:
The extinction cocflicient of aggregates which hoth
absorh and scatter light'? is given n
Y LA —_—
kv‘l = le)\\l P!

rl‘n'N,,? .r,‘,Elm» __
=l +py AD

kl
where
hl
. m- — |
Eony = -Im{ ——— A
m” ~ 2
with v, = wd, /A k = 2 7/A.m = m, — im, is

the refractive index. and p., is the ratio of the scat-
tering to absorption cross sections for the popula-
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tion of polvdisperse aggregates.’’ The determina-
tion of p.,, which is often small but is significant at
midflame heights in the cthene diffusion flame, 1
given in Appendix 1L

Because the product of . d). and N, appears
in Eq. (10). the particle volume fraction is directly
obtainable from a measurement of extinction with-
vut any requirement of knowledge of the size dis-
tribution function. By combining Egs. (3) and (10
we find the particle volume fraction,

- A - A
k«'\l l\.nl)\

= = 12
3kEmd + py 3k Ean

h

The volumetric scattering cross section Q‘\ (O tor
verticallv polarized scattered light, when the inci-
dent beam is also vertically polarized with respect
to the scattering plane. is the product of N, and
the mean cross section of the aggregates.™ It is given
by

LT3 K g
NonT o, Foo o —

Oy (O) = —l—k—_.——ﬁq,' R;) (13
with
m - l'_‘
Fop = i14)
m- o+ 2

and ¢, is the modulus of the scattering vector de-

fined by

mo8, i
g, =~ sin—. (13}

The tunction ﬁq,: R:) results from the cxumirl\énion

of the angular scattering of light by aggregates ~ and

T ; . LIrTY .

its functional form depends on ¢; R® and Dy as

summanzed below. For small and intermediate sizes.
kd U - . . ~ Al A . .

gy RZ << 1.5 D, the function fig; R is given by

VTS

- NPT "l- R; :

o B = ol - =) 16
\ )

o ) =S = . )
while for larger sizes. g7 RZ = 1.5 Dy, the following
expression applies.

f\q,lﬁ-i) = -?-;—’:”—; an
' R

where €, = 1.5 D/ = 049939 tor Dy = 150
as iy representative for cluster-cluster aggregation.
Equations (16} and 17} result from the detailed
investigation'® of the influence of polvdispersity on
the optical properties of randomly oriented aggre-
gates. and thev are related to expressions which ap-
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pear in the literature of fractals.!*-!% The inclusion
of the effects of polvdispersity of the aggregates is
an imperative consideration in understanding the
soot formation processes in flames.

The mean-square radius of gyration, R, is di-
rectly vielded by solving Eqs. (13), (16) and (17) as
appropriate for the ratio R;_= Qv (0,)/Qv (O,
which depends only on &* R; for specified values
of ©, and ©; since all other quantities cancel. When

@] R: < 13 Dy (R, < by). Eq. (16) is applicable
and we find

'_: ”U

R: = F tn R 15

Somewhat larger aggregates will result in ¢} RT: >
- =3 . .

1.5 DyR;; > ¢,) and R; is then found by using both

Egs. 116) and (17) to tormulate Ry. In this event.

it becomes necessary to solve the transcendental

cquation
'/."EZ") _ ( Eu)

The values of the quantities ay, by, ¢, and dy; are
defined in general terms in Table I where they are
also tabulated for ©, = 45° and 6, equal to either
H° or 135° for a fractal dimension Dy = 1.8, Two
determinations of RZ vielded by the use of two sets
of dissymmetry ratios provide replication of this da-
tum. but theyv do not afford independent informa-
tion about the aggregate population. In the data
analysis given_below. we report the average of the
two values of R; found from the dissymmetry ratios
ng and Rm. -

We tind the volume mean diameter by dividing
Eq. (10) by (131 and using Eq. (6) to eliminate n-
in favor of £, and n'. The result is

2/Dy

i l—{,f:) c\p( - 19

SO0T

drEon Q& 09,
1, Fomfg; E‘/K_,\g“,

I3

A
Dw-= _(

n

From Eqs. 3 and 200 for £y and Dy, we find N\
which can be expressed as

where vy, = WD/

When ¢;R; < 1. Eq. (137 reduces to the expres-
<ion applicable to Ravleigh-size spheres even thouch
the particles are actually aggregates of small spheres.
In this particular case. R; and d,, do not appear in
the equations, and their values cannot be deter-
mined from the above measurements. Although the
values of fi. Dsg, and N, are vielded by the e
tinction-scattering measurements, no direct intor-
mation on whether the observed particles are spheres
or aggredates is provided. Independent observa-
tions are then required in order to determine the
actual particle morphology. Without this added in-
tormation the determination of S, is impeded.

Data Analysis and Discussion

The tame burner which is desceribed elsewhere:
consisted of two coannular brass tubes of 111 and
101.6 mm i.d.; ethene tlows through the central tube
at the rate of 3.85 em’/s while the air flow is 713
em’/s corresponding to the nonsooting (NS) flame
previously described.! In this experiment a laser light
scattering apparatus is used to determine the local
extinction K, and the volumetric scattering cross
sections Qv (O at O, = 45°. 90°, and 135°. These
quantities were measured as a function ot height
along a soot particle path in the annular region of

Table |
Value of Constants for Use in the Determination of the Mean Square Radins of Gyration from Fags.
A9 and (119 for Q, = 45° and O = 90 or 135" when D, = 150
T, da, b, . .
) 12 0.5412 2.121 1.54%) 3.020 50034
i =13 0.4142 1.061 2108 £.556 1916
The above quantities are defined by
" O 0,

r. = sin (0,/2)/5in (0,/2) a. =055/ | i T o —;)

h, = exp [0.5D,i1 - ] o= oo

d,=e,/C, C,=11.5301/eM?
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high soot concentration in the coannular laminar
flame. In the following analvsis we take advantage
of three bodies of experimental data—the scatter-
ing-extinction measurements.’ the laser velocity
data,” and observations of primary particle size ob-
tained by thermophoretic sampling and TEM ex-
amination.™!! The availability of this information for
the ethene diffusion flame allows the soot field to
be examined along a soot particle path which. ow-
ing to the action of thermophoresis. does not co-

incide with a gas streamline in the lower portion of

the tlame where velocities are lower and thermal
gradients are lurge. In addition. the velocity data
provides a conversion of height above the burner.
z. to time and allows differentiation of certain quan-
tities to obtain rate data.

The quantity ¥ contains a ratio of higher mo-
ments of the aggregate PDF about which only lim-
ited information is available. The values of f, and
K are not independent as both are influenced by
the width of the aggresate PDF. \We have there-
fore analvzed the data by treating ¥ and f, as
(uantities to be adjusted to give the best agree-
ment between d, based on optical measurements
nsing Eq. 9 and from TEM observations. The val-
ues of Dy and N, are independent of % and are
weakly influenced by f,. while d, is sensitive to f,
and to # that has a broader range of variation. On
the other hand. the quantities fi- and RZ are cal-
culated without reference to K.

The values of d,, obtained from Eq. (9) are also
influenced by the refractive index m that is used in
the analysis of this data. For a given value of m,
we find a unique value of the product (£, %) that
vields the minimum rms of [d, (TEM) — d,, (opt)]

= C,. In Table 11. we list the optimum values of
]

f, and ¥ that are mutually consistent with a single

value o the geometric mean ~tandard deviation o
for a discrete log normal distribution Three values
of refractive index’™ ™ are used i this analvsis. [
Table 11 we tind incompatible values of f, and #
result when m = 1.57 — 10.56. On the other hand.
when the recent value' of m = 2.10 = i0.535 i
used. f,, = 1.3 and # = 3.1 are tound to be mu-
tuallv consistent with a narrow distribution, ¢, =
0.13. This combination of parameters was selected
to obtain the data used in Figs. 1 to 4 tor which
C, = 15%.

Recently it has been reported™ =! that the value
of m depends on the hvdrogen content of the soot.
We have explored this possibility by treating of the
refractive index to be height dependent to simulate
the annealing action of the hot tlame gases. The
refractive index m is allowed to vary weakly with
height = and achieves the value of the m = 210
— i0.35 near the tip of the tlame as described in
the footnote in Table 11. In addition. # is varied
to be consistent with the vertical variation of n'
shown in Fig. 3 below for a log normal distribution
with ¢, = 0.30. These interesting results are shown
in the last line of Table 1T and. although tentative,
they suggest a tuture direction for rescarch.

Figzure 1 shows the values ot N, and Dy, ob-
tained from Ravleigh theory and from aggrevate
theorv plotted_against height. At £ = 25 ms the
quantitv fig7 B2 s cqual to unity and the two
methods ¢ive the same values tor these two prop-
erties. The differences between the values of Dy,
and N, that are predicted by the two methods is
significant at all other times.

The quantities fy, Dy, and N, are displaved in
Fig. 2. and the quantities R, Dso0 d (TEM. and
n' are given in Fig. 3. These quantities follow a
consistent pattern. The soot volume traction fy in-

Table 11

Values of f,. # and K, recovered from minimization of fractional RMS of lel, "TENL ol copte] dor
selected values of refractive index. moat A = 5145 nm.
(3 k
m Ret. £ # note B note 2
£.57 - 056 7 1.0 10.1 — 0 -1 em /s
1.90 - 0.535 IS 1.1 5.0 -0.05 150
210 - 0.35 {9 1.3 3.1 415 Y
) — 144 297 to 1.95 030 9
‘note 3 mote 4

1. Values of geometric mean standard deviation o are estimated trom diserete Tog normal distributions

which vield the indicated salues ot f.and .

2. K, is the aggresation rate as defined by Eq. (23

3. Refractive index varies according to muz = m, I = compx /B0 - 1 wath me = 2100 m
0.55. and h = 70 mm corresponding to the highest observation.

4. The values of £, and ¥ are determined to be consistent with n' 2y shown in Fig. 3 by assuming o
discrete log normal distribution with 0. = 0.30 and K, = 3 %
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creases during the rewion where surface growth
dominates (25 <0t < 36 ms) and then decreases as
particle oxidation occurs. Both Dy, and d,, parallel
this trend. The aggregate number concentration N,
venerally decreases as would oceur i aggregation
continues in the presence ot either surtace growth
or oxidation of the primary particles. The average
number of primary particles per augregate n' and
the mean-square radius of gyvration RZ increase as
a result of cluster-cluster aggregation. Primary par-
ticke concentration N, is not shown but is found to
remain close to 1 %X 10" Zem * for all ¢,
_ The particle sartace arca. S, caleulated using
n'. N, and d,, TEM is shown m Figure 4. Abo
displaved is the value of S, were at to be calenlated
on the bass that the particles are spheres rather
than aggregates. It is apparent that the predicted
surtace areas differ by a tactor of two to four. This
difference s quite signiticant - the evaluation of
the surface growth rates and points to the impor-
tance of accounting for the aggregate structure of
the particles.

From the aggregate number concentration that s
shown in Fig, 1. we calculite the aggregation rate
K, which is detined through the v\prvssinn“"

t

\- AN

dN, K.,

The datter cquation can be rearranged as

R 2 1[ \,,J[
I\,,;*——('f——)_ 23
Nt dt YN

and theretore the slope of the Teast-square strasght
line fit to the graph of the ratio Nt /N i v time
t vields an average value of K, Values of K, that
result trom use of the several values of refractive
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index are given in Table H. A\ value of =60 X%
107" ¢m’/s at 298 K is tvpical of spherical parti-
cles. ™ The lowest value of K, = 79 x 107 em’/s
.quoted in Table 11} appears to be reasonable. but
replication of these results is desired.

Summary and Conclusions

A data reduction method that ‘s based on the use
of optical cross sections tor aggregates has been ap-
plied to measurements of local extinction and dif-
ferential scattering at three angles by soot aggre-
gates in a laminar ethene diffusion tlame. As
compared to the Ravleigh data reduction for spher-
ical particles. this method vields higher values of
volume-mean diameter. a larger surface area per unit
volume. and lower values of the aggregate number
concentration. The analvsis also provides the mean-
square radius of gyration and the average number
of primary particles per aggregate. Both these
quantities increase monotonically with time as is
consistent with the occurrence of cluster-cluster ag-
gregation. Primarv particle diameter is also ob-
tained from the optical observations and it has been
independently measured by thermophoretic sam-
pling followed by TEM analvsis. By requiring the
rms difference between the two observations of pri-
mary particle size to be a minimum, we obtain in-
formation on the allowable values of refractive in-
dex. Higher vaiues of the real portion of the
refractive index give more plausible moment ratios
of the size distribution of the aggregates. The pres-
ent results indicate that a self-consistent interpre-
tation of the light scattering properties of the soot
aerosol is afforded by recognizing its aggregate
structure. In particular. significant differences in the
surface area and number concentration are ob-
served tor soot aerosols consisting of aggregates of
primary particles. These differences have important
ramifications in deriving chemical and physical rate
data from the laser scattering extinction experi-
ment. Furthermore. when combined with TEM
analvsis of the primarv particles which constitute
the aggregates. the present analvsis provides the
hasis for evaluating the importance of other particle
properties such as refractive index. Thus, this
method of data analvsis provides a more detailed
and comprehensive description of the development
and character of the soot aggregate population in
laminar ditfusion tlames.
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Appendix | _
Relationship Between d,, and R: For
Polvdisperse Aggresgates

For a polvdispersion of aggresates. the mean-
square radius of gyration is detined by

2 R:‘.(n) ntpon
"

R; = Al
) S o
2 nopn
and from Eqs. 2. b and (AL it tollows that
D3
([,, = _—i‘ A2
# R;
where
E ns pon) z npn
¥ = 5, . (A
n ,
D (*-) n-opin
" f
When Dy = 2.0, Eq. (A3 reduces to
] nln
K = kp—. A
n’

The value of the prefactor k, was found through
computer \im_uluti()ns" to be 3.5 For narrow size
distributions # — k. while for discrete log normal
distributions of moderate width # decreases to less
than two when 1), = LS. An cxanunation ot two
aggregate samples. which were taken in the ethene
diffusion flame' at a height z = 15 mm above
burner. vields £, = 1S and ¥ = 1.5 to L7
general agreement with calculations based on a dis-
crete log normal PDF.

Appendix 11
Correction of Ohserved Extinction to Obtain the
Volumetric Ravleigh Absorption Cross Section

. NTE ,

For aggregates of moderate size. g~Rg about vqu.d
to unitv or larger. the measured extinction con-
tains. in addition to absorption which dominates in
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the case of the smaller avvregates. 1 siemticant con-
tribution owing to scattering. The extinction can be

expressed

Kr'\l = K.ths Jd o= .[—)1_.

\y

where p., is the ratio of the scattering cross section
to the absorption cross section. The latter 15 aiven

Pt

= _f 1Re
P = Fon' w, ks Re

where w,,, the albedo of the primary particle.

given by

2 Fon
W, = X,
3 Fome

and the tunction @ik™ R given by

.2

—‘—k" f{l)

2k R = ( 1 -

From Fqs. b and 1A2) the tirst moment of the

gredate size distribution can be expressed Iy

T
n o= i —

Iz

The ratio of scattering to extinction p_, van be
culated_using TEM observations of d,, and the

\b:

Y

Hl-

A\

cal-
val-

ies of RZ found using the observed disvmmetry ra-
tios. Ryy and Ry With specitied vadues of # and
Fae the quantities n' w,. ¢ and py, can be caleu-
lated. In the non-smoking cthene tlame. the value
of po is as high as 30% in the midflame remon
where the primary particles are 33 nm in diameter.
Thus. the peak values of soot volume traction fy are
reduced by about 30% below the value which would
he predicted by the conventional Ravleigh analvsis
for spheres in which a contribution to extinction by

scattering is not included.
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Isolation of Buoyancy Effects in Jet Diffusion Flame
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Abstract—Buoyancy is an important factor in the dynamic behavior of jet diffusion flames. In order to
determine the exact role that buoyancy plays, a simple procedure is described for varying in isolation the
relative buoyancy force in stationary laboratory jet diffusion flame experiments. This procedure. which is
derived from a theoretical model of these flames, merely requires that background pressure be varied while
maintaining constant mass flows of fuel and oxidizer into the burner. It is shown that the sole result of these
pressure variations in the theoretical model is that the effective gravitational acceleration acting upon the
flame varies as the square of the pressure. Comparisons are made between the structure of a low speed
laboratory methane/air flame at various pressures and the results of a direct numerical simulation of the
same flame with various gravitational accelerations. Similar evolutions in flame structure are observed in
both cases.

INTRODUCTION

Investigations into the dynamic structure of jet diffusion flames have become more
common in the last decade [Yule er al. (1981), Eickhoff and Winandy (1985), Roque-
more et al. (1989), Takahashi et al. (1988), Chen et al. (1988)]. This is because these
geometrically-simple flames exhibit many features which are generic to more complex
combusting flows. The interactions between the flame surface and outer surrounding
vortex structures are of particular concern, especially in low speed and transitional
(buoyancy-dominated) jet diffusion flames. It is these interactions which are apparent-
ly responsible for various forms of flame flicker [Chen et al. (1988), Roquemore et al.
(1989), Buckmaster and Peters (1986)]. Since the outer vortex structures form in a
buoyancy-driven shear layer outside the flame surface, it becomes highly desirable to
vary the buoyancy force (relative to inertial and viscous forces) in isolation from all
other parameters in order to observe the resulting effects, especially on flame flicker.
However, this has been difficult and expensive to do, requiring accelerating test rigs
[e.g.. Altenkirch er al. (1976)]. It is the purpose of the present paper to outline a more
practical procedure for isolating buoyancy effects in experiments involving jet dif-
fusion flames.

The procedure to be described here is derived from a theoretical model for jet
diffusion flames based on the flame sheet and conserved variable approximations. It
will be shown that buoyancy effects in this model can be isolated by simply maintain-
ing constant mass flows of fuel and oxidizer into the burner while varying the
background pressure. In order to test the validity of this procedure, results obtained
from numerical solutions of the equations of motion are compared with experimental
results obtained in a pressure chamber. A similar evolution in large-scale flickering
behavior is observed both numerically and experimentally as pressure increases, altbeit
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at different pressure levels due presumably to stability differences between the com-
puted and actual flames. Previous experimental investigations of jet diffusion flames
at varying pressures have focused on the structural effects of Reynolds number
variations in the excited case [Strawa and Cantwell] or on soot formation [Flower
(1988)]. The present study is believed to be the first investigation of these flames to
focus solely on isolating buoyancy effects. It is not. however. the purpose of this paper
to thoroughly documert these effects but instead to open the door to future more
exhaustive studies.

THEORETICAL BACKGROUND

The nondimensional continuity, momentum and state equations for the unsteady

axisymmetric flow of a multicomponent fuel jet surrounded by a coflowing airstream
are

L y. -
= T Vg =0, (1)
C N . 1
P+ p@ V)4 = ~Vh — pRié + = {—Vx(Vxuq) + 4/3V(uV - q) 2)

+ V(g Vi) — qVu + Vux(Vxq) — (V- q)Vu},

PTZR.Y. = Po = Ralr' (3)

Here p is density; p is viscosity; T is temperature; @ = (v, v), where v and u are
velocity components in an axisymmetric reference frame (r, z); Y; is the mass fraction
of species i with gas constant R;; and é. is the unit normal in the axial direction. The
pressure consists of a constant background pressure, p,, plus a perturbation pressure,
p(r. z. t), where p, > > p. As discussed by Rehm and Baum (1978), the omission of
p from Eq. (3) is entirely appropriate here, resulting in the suppression of acoustic
waves while admitting the low frequency motions due to buoyant effects. All quan-
tities in Eqgs. (1-3) have been nondimensionalized with respect to conditions in the
7
coaxial airstream at the burner inlet. Thus Re = Reynolds number = L‘?L and
0

. L . . .
Ri = Richardson number = %— where U, and v, are the entering airstream velocity
0

and kinematic viscosity: L is the fuel jet radius, and g is gravitational acceleration.

In order to reduce the complexity of the problem while still providing a good
approximation to the physical situation. a flame sheet model (infinite rate kinetics)
will be employed here. In addition. the Lewis number (ratio of thermal to species
diffusivities) is assumed to be unity. Therefore. conserved vanables, §,. for species
mass [ractions and enthalpy can be utilized. These obey the simple nondimensional
convection-diffusion equation

c(pB)

Ct

1
+ V-(pqB) = 5=V (pDVB). 4)
Pe
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where D is binary diffusion coefficient and Pe = Peclet number = U,L/D,. with D,
taken as the diffusion coefficient of fuel into nitrogen at the burner inlet. The
conserved variables are defined as

1Y, + Y - Y,

d xY, + Y.
Y,
h — h, + —;2
ﬂ: = Y/ .
!
x Q + hf — hy,
. . . v M,
Here 4 is enthalpy; Q is heat release per unit mass of oxygen consumed: x = T
’0.(‘ ox

where v is stoichiometric coefficient and M molecular weisht; subscripts fand ox refer
to fuel and oxidizer (with nitrogen accounted for i.. the enthaipy); and superscript /
refers to burner inlet conditions. The analytical model for the jet diffusion flame under
discussion here consists of Eqs. (1-41 along with appropriate boundary conditions. A
flame sheet exists at locations where §, = Y//(¢Y! + Y}). The solution method will
be discussed in the next sect‘on. The remainder of the discussion here will focus on
the overall characteristics of the model.

I+ is apparent from Eqs. (1-4) that, given a fixed set of boundary conditions, the
solution field is dependent upon only three parameters: Re, Ri, and Pe. Of particular
concern here is the Richardson number, Ri, which represents the ratio of buoyancy
forces to inertial forces. By varying this parameter independently, it is possible to
isolate the effects of a varying relative buoyancy force (or gravitational acceleration)
on the theoretical jet diffusion flame. If the model here is assumed to be a good
approximation to reality, then this isolation of buoyancy effects could also be per-
formed experimentally if Ri could be independently varied in the laboratory. A
procedure for accomplishing this will now be discussed.

A simple method for varying Ri while keeping Re, Pe and the boundary conditions
fixed is merely to maintain constant mass flows of both fuel and air into the burner
while varying the background pressure. Since p, U, is fixed and y, is pressure indepen-
dent. Re will remain constant under this procedure. Both U, and D, vary inversely
with pressure, thus maintaining a fixed Pe. However, Ri will vary as the square of the
pressure. Since the other thermophysical properties inherent in the model (specific
heats, Lewis number) can be assumed independent of pressure, this variation in Ri is
the only effect of the background pressure changes. Thus, the effective gravitational
acceleration will vary as pressure squared. e.g., a background pressure of 2 atmos-
pheres corresponds to 4 g's. This relationship is the basis of this paper and will be
investigated both computationally and experimentally. It is reasonable to believe that.
at least over a moderate range of pressure changes. this procedure can provide a
simple means of varying the relative buoyancy force in these flames without resorting
to expensive moving test rigs.

NUMERICAL MODEL

The analiytical model consisting of Eqs. (1-4) and appropriate boundary conditions
is solved numerically by means of a modified version of the finite difference scheme
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employed previously by Davis and Moore (1985) to simulaie cold mixing layer
dynamics. This scheme employs a variably-spaced staggered mesh in which pressures
are defined at cell centers and normal velocities at cell faces. Quadratic upwind
differencing is used for convection, and an explicit Leitk-type of temporal differencing
is employed. At each time step, a Poisson equation for perturbation pressure is solved
by a direct method. Variable thermophysical properties are calculated as described by
Mitchell (1980), and no turbulence or radiation models are employed. Species binary
diffusion is taken as fuel into nitrogen inside the flame and oxygen into nitrogen
outside. All relevant variables are specified at the burner inlet (z = 0); axisymmetry
is enforced along the burner centerline; and zero or constant gradients are employed
at very large axial and radial distances (i.e., no shroud). Mesh dimensions are 5000
fuel jet radii axially (145 mesh cells) and 50 radially (84 cells), both attained by
employing rapidly expanding mesh cell sizes away from the flame. Run times on the
NIST CYBER 205 are typically several hours, with initial solution fields obtained by
means of a steady-state flame simulation {Davis and Moore (1987)]. After awhile,
flame flickering commences in the unsteady computation without the triggering
required in the cold jet case [Davis and Moore (1985)]. The numerical model just
described has also been used to study the dynamic structure of propanefair jet
diffusion flames, the results of which have compared well with experimental visual-
izations [Davis et al.].

EXPERIMENTAL APPARATUS

The experimental portion of this study was conducted in a high pressure diffusion
flame burner (Figure 1) designed for operation at pressures up to twenty atmospheres,
The coannular burner employed here consists of a fuel tube of 1.10 ¢cm inner diameter
surrounded by a 10.16 cm inner diameter air passage. The air passage is partially filled
with glass beads followed by a series of fine mesh screens to provide for flow
conditioning of the incoming air. A honeycomb section 2.54cm in thickness with
0.15 cm square cells is located at the burner exit to provide a uniform exit air flow field.
The fuel tube, which extends 0.25cm above the ceramic honeycomb, is also partially
filled with glass beads for flow conditioning.

The burner is housed in a high pressure chamber which consists of two cylindrical
sections. The lower section is constructed of 20cm nominal diameter pipe (8 inch
diameter, schedule 40 carbon steel pipe) which is 61 cm in length. This section houses
the motorized translational stage which provides for vertical movement of the burner.
Electrical connections as well as gas lines for the air and fuel are introduced through
a flange located on the bottom of this section. The bottom flange is attached to a ball
bearing stage which supports the weight of the entire chamber. Horizontal movement
of the chamber can thus be achieved using a small motorized translation stage. Both
the horizontal and vertical movements of the burner are controlled by stepper motors
which are interfaced to a laboratory personal computer. For the present study only
the vertical motion capability was required.

The upper section of the chamber contains four 6.35 cm diameter windows which
are 1.27cm in thickness and are at the same axial height 90° apart. These windows
provide access for high speed video recording as well as laser diagnostic measure-
ments. This section is constructed of a 76.2cm long, 15 cm nominal diameter carbon
steel ptpe with a wall thickness of 2.19 cm. This thicker wall pipe is required in order
to maintain the proper material strength after machining the holes for the windows.
The operating pressure for the burner is controlled using manual valves located on a
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where D is binary diffusion coefficient and Pe = Peclet number = U,L/D,. with D,
taken as the diffusion coefficient of fuel into nitrogen at the burner inlet. The
conserved variables are defined as

Y,  + Y — Y,

ko= xY, + Y/,
h — k. + LAY
oxX 1
B = .
- Q + h — i
. . . V/Mf
Here 4 is enthalpy; Q is heat release per unit mass of oxygen consumed; x = M

where v is stoichiometric coefficient and M molecular weight; subscripts fand ox refer
to fuel and oxidizer (with nitrogen accounted for in the enthalpy); and superscript /
refers to burner inlet conditions. The analytical model for the jet diffusion flame under
discussion here consists of Eqs. (1-4) along with appropriate boundary conditions. A
flame sheet exists at locations where 8, = Y//(a Y + Y/). The solution method will
be discussed in the next section. The remainder of the discussion here will focus on
the overall characteristics of the model.

It is apparent from Egs. (1-4) that, given a fixed set of boundary conditions, the
solution field is dependent upon only three parameters: Re, Ri, and Pe. Of particular
concern here is the Richardson number, Ri, which represents the ratio of buoyancy
forces to inertial forces. By varying this parameter independently, it is possible to
isolate the effects of a varying relative buoyancy force (or gravitational acceleration)
on the theoretical jet diffusion flame. If the model here is assumed to be a good
approximation to reality, then this isolation of buoyancy effects could also be per-
formed experimentally if Ri could be independently varied in the laboratory. A
procedure for accomplishing this will now be discussed.

A simple method for varying Ri while keeping Re, Pe and the boundary conditions
fixed is merely to maintain constant mass flows of both fuel and air into the burner
while varying the background pressure. Since p, U, is fixed and y, is pressure indepen-
dent, Re will remain constant under this procedure. Both U, and D, vary inversely
with pressure, thus maintaining a fixed Pe. However, Ri will vary as the square of the
pressure. Since the other thermophysical properties inherent in the model (specific
heats, Lewis number) can be assumed independent of pressure, this variation in Ri is
the only effect of the background pressure changes. Thus, the effective gravitational
acceleration will vary as pressure squared, e.g., a background pressure of 2 atmos-
pheres corresponds to 4 g's. This relationship is the basis of this paper and will be
investigated both computationally and experimentally. It is reasonable to believe that,
at least over a moderate range of pressure changes. this procedure can provide a
simple means of varying the relative buoyancy force in these flames without resorting
to expensive moving test rigs.

NUMERICAL MODEL

The analytical model consisting of Eqs. (1-4) and appropriate boundary conditions
is solved numerically by means of a modified version of the finite difference scheme
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FIGURE | ¢-':2matic representation of high pressure diffusion flame burner.

flange mounted to the top of the pressure chamber. Steady operating pressures over
a range of one to twenty atmospheres have been maintained in this system.

Gas flows are measured using a mass flow metering system. For the fuel flow rates,
a mass controller is utilized which maintains the mass fuei flow rate constant regard-
less of the chamber pressure. The air flow rate is monitored using a mass flow meter
and. thus, the air flow has to be manually adjusted to maintain a constant mass flow
rate for the air as the chamber pressure is varied.

In the present study methane was burned with air supplied from an in-house
compressor capable of providing source pressures of 300 psig and up to 300 SCFM
of air to the burner. These capabilities exceed the pressure and flow rate requirements
for this study. Prior to introducing the air into the burner it is passed through filters
to remove particles and moisture. Methane is supplied from high pressure cylinders
with a purity of 99%.

High speed video recording of the flame structure was obtained using a Spin Physics
high speed video camera operated at a 500 Hz framing rate. Observations of the flame
were made through one of the four windows located in the chamber and provided a
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TABLE |
Experimental/Numerical Companison of Tip-Cutting Heights and Frequencies
Pressure, p, (atm) Tip-Cutting Height. A, (cm) Frequency. / (Hz)

Experiment Computation Experiment Computation Experiment Computation

1.0 0.50 (Ri = 0.34) H =8 H =10 Steady Steady

1.3 0.75 (Ri = 0.76) 3 9 18.5 15

20 1.20 (Ri = 1.94) 6 7 15 15

3.0 141 (Ri = 2.70) 4 6 16 15

'H denotes full height of steady flame

5.1 cm open aperture viewing region. The flame structure images were obtained using
the soot luminosity of the flame. Since the flame dimensions typically exceeded the
5.1 cm viewing area provided by the window. the burner was raised or lowered to an
appropriate region of interest for study. In some cases a series of video sequences were
required to characterize the entire flame. The Spin Physics camera also provides the
capability to play back the recorded images at slow speeds or a single frame at a time.
This capability was used in the analysis of the recorded images which follows.

RESULTS AND DISCUSSION

As a test of the aformentioned procedure for varying the relative buoyancy force in
jet diffusion flames, a coordinated series of computations and experiments has been
carried out. The selected configuration was a methane/air diffusion flame with fuel
and air burner inlet velocities at one atmosphere of 10 and 20 ¢m/sec, respectively, and
a fuel jet radius of 0.55cm. This flame appears virtually steady at atmospheric
pressure while entering into a simple tip-cutting mode at higher pressures. This mode
is quite regular in frequency and extremely reproducible in terms of the flame
structures which result. The flame is observed to periodically pinch off at a particular
axial height, with the cut-off tip being convected upward while the lower region
recedes. The lower part of the flame subsequently increases in length and the cycle
repeats. When viewed in real time, this periodic tip-cutting appears as a flickering
flame. The large-scale features of this flickering phenomenon are highly dependent on
pressure level, thus aliowing use of simple flame visualizations to make comparisons
between experiment and computation. Due to the low flow velocities involved,
buoyancy is clearly an important factor in this flame’s behavior, while small-scale
turbulence is almost certainly not. The low level of soot production minimizes
radiative losses. and the Lewis number can reasonably be assumed as unity. Thus. for
all these reasons, this flame was deemed to be a suitable candidate for the present
study.

Experiments involving this methane/air flame have been carried out at pressures
ranging from 1 to 8§ atmospheres. In these experiments the mass flow rates of the fuel
and air were maintained constant as the chamber operating pressure was increased.
Thus. the volumetric flow rates and linear velocities at the burner exit were
proportionately reduced. Corresponding computations (with slug flow burner inlet
velocity profiles) have been performed by simply varying the gravitational accelera-
tion in the model as the square of this background pressure: i.e.. Ri x p;. where
Ri = 1.35for p, = latm. The results are summarized in Table I. with the evolution
in flame structure as a function of p, (or Ri) shown in Figure 2. This figure compares
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recorded images of the experimental flame at four pressures with computed flame
sheets (solid squares) and their surrounding vortex structures visualized via non-
dimensional isovorticity contours. Note that the (nondimensional) scales in the
experimental and computational visualizations shown here have not been matched
and that the computational visualizations extend lower than the experimental ones.
It can be seen from Figure 2 and Table I that the experimental and computational
evolutions of flame structure with increasing pressure are strikingly similar. The
computational evolution, however. occurs at lower pressures, a subject which will be
discussed subsequently. The particular computational pressures chosen for these
comparisons were selected so as to match the experimental flame visualizations as
closely as possible, with phase angles arbitrarily picked. The flame structure seen at
low pressure (1 atm experimentally; 0.5 atm computationally) in Figure 2a is essen-
tially steady, although there is slight tip wavering in both cases. Some weak outer
vortices can be seen near the flame tip in the computational visualization. At the
higher pressures (1.5atm experimentally; 0.75atm computationally) of Figure 2b,
tip-cutting has begun in both cases. The tip-cutting height, H,, and frequency, f, are
indicated in Table I for both the experimental and computational cases. The external
vortex structures have strengthened and moved downward as compared with Figure
2a. This is due to the increased buoyancy-induced velocity gradients at this pressure,
with the effective gravitational acceleration here being greater than that for Figure 2a
by a factor of 2.25. At the next higher pressure (2atm experimentally; 1.2atm
computationally), the cut-off tip has assumed a basically triangular shape with a
cusped region flaring out from its base. Both the experimental and computational
tip-cutting heights have decreased from Figure 2b, with the outer vortices also moving
down commensurately. The experimental frequency, but not the computational one,
has dropped slightly. The situation at even higher pressure (3 atm experimentally;
1.41 atm computationally) is illustrated in Figure 2d. The base of the cut-off tip has
straightened out to produce a highly triangular shape. The tip-cutting heights have
dropped again, the frequencies are about the same, and the outer vortex structures are
somewhat lower. It is clear from both Table I and Figure 2 that the experimental
evolution of flame structure with increasing pressure compares well with the evolution
computed via Richardson number incrzases, thus tending to confirm the basic validity
of the buoyancy-isolation procedure at issue here.

Although comparisons between numerical and experimental results have been
made for a pressure range of one to three atmospheres, high speed video recordings
have been obtained for pressures as high as eight atmospheres. Comparisons are
limited to the lower range of pressures because three-dimensional effects become
significant at pressures near and above four atmospheres, thus rendering comparisons
with the axisymmetric model of little value. This loss of axisymmetry in the experi-
mental flame is most evident in the evolution of the upper section of the flame after
a “'tip-cutting™ event has occurred. Under all pressure conditions where flickering is
observed. the luminous cut-off region is observed to disappear with time. This is due
to the oxidation of the soot particies which are responsible for the observed lumino-
sity. For the pressure range of one to three atmospheres. this process is observed to
proceed in a regular, symmetric manner with the lowest regions of the cut-off tip
oxidizing first. As the pressure is raised to four atmospheres and above, the rapid
oxidation process is observed to favor one side of the cut-off tip and to proceed
diametrically upward and across this upper flame structure. At pressures between five
and six atmospheres, the upper flame structure is actually split into two or four
sections depending on the chamber pressure. In each case. these observations are
highly reproducible from cycle to cycle and clearly demonstrate the strengthening of
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FIGURE 2 Comparisons between experimentally recorded images and computational flames (solid
squares with surrounding isovorticity contours) at vanous values of background pressure. Length scales
are in terms of fuel jet radii.
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azimuthal instabilities with rising pressure. This increasing instability, however. is
precisely the type of behaviour that would be expected as Ri increases. as found by
Subbarao (1989) in experimental studies of buoyant helium jets. It is also noted that
the addition of full three-dimensionality to the model employed here would in no way
affect the conclusions previously reached concerning the relationship between back-
ground pressure variations and the relative buoyancy force.

Finally, the lower pressures (or effective gravitational accelerations) found in the
computational evolution in Figure 2 require some explanation. This is probably due
to the use of the flame sheet approximation and the lack of any radiation in the model,
thus resulting in higher temperatures computationally than experimentally. This, in
turn, should lead to higher velocities and sharper gradients in the computed flame
than in the experimental one. thus rendering the former more unstable. Thus it should
require less effective gravitational acceleration to trigger a particular stage of the
structural evolution process computationally than experimentally. Therefore. com-
parisons between computational and experimental results at the same pressure would
not be particularly meaningful. This can be seen by comparing the computational
visualization in Figure 2d with the experimental visualization in Figure 2b, which are
both at approximately the same pressure. There is clearly little similarity between
these two visualizations, vet a great deal of similarity is observed when comparisons
are made at appropriate differential pressures.

CONCLUSIONS

A simple procedure has been described for isolating buoyancy effects in jet diffusion
flame experiments. All that is necessary is that background pressure be varied while
maintaining constant mass flows of fuel and oxidizer into the burner. A theoretical
model for these flames indicates that this procedure isolates Richardson number (or
relative buoyancy force) as the only variable parameter, which is equivalent to varying
the gravitational acceleration. A joint series of experiments and computations involv-
ing a pressurized low speed methane/air diffusion flame has provided strong evidence
to support the theory.

It is clear that much work needs to be done in order to clarify the important role
that buoyancy plays in jet diffusion flame dynamics. The results presented here only
open to door to future studies. which can now be performed with reasonable effort
and cost-effectiveness. Future research is also needed in order to determine the limits
of usefuiness of the buoyancy-isolation procedure described here. Clearly use of this
procedure to attain very small effective gravitational accelerations appears unreason-
able. as chemical kinetics could certainly not be ignored at the low pressures required.
Additionally. enhanced soot production at low g [Bahadori et al. (1990)] would not
be simulated by this pressure variation technique. However, relaxation of the require-
ment that Lewis number be unity appears feasible since the Prandtl and Schmidt
numbers can both be considered as independent of pressure. Finally, since the basic
model described here is not dependent on a particular geometry. other types of
diffusion flames in different burner configurations could also be considered as can-
didates for buoyancy-isolation experiments. Thus, the possibilities for future research
efforts in the area of buoyancy effects in diffusion flames appear rather substantial.
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