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We developed an inverted, co-flow, methane/air/nitrogen burner that generates a wide range of soot
particles sizes and concentrations. By adjusting the flow rates of air, methane, and nitrogen in the
fuel, the mean electric mobility diameter and number concentration are varied. Additional dilution
downstream of the flame allows us to generate particle concentrations spanning those produced by
spark-ignited and diesel engines: particles with mean diameters between 50 and 250 nm and number
concentrations from 4.7·104 to 107 cm−3. The range of achievable number concentrations, and
therefore volume concentrations, can be increased by a factor of 30 by reducing the dilution ratio.
These operating conditions make this burner valuable for developing and calibrating diagnostics as
well as for other studies involving soot particles. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1851492g

I. INTRODUCTION

The significant health and environmental effects associ-
ated with combustion generated particulate matter create the
need for reproducible and controllable particle sources that
share key characteristics with the practical systems. We de-
veloped a low-cost particle generation system to aid in the
development of new measurement techniques, calibration of
existing techniques, and as a source for particle inhalation
health studies. The inverted burner system we developed
produces particles over a large sizes50–250 nmd and con-
centration range. The size distribution of the soot particles
produced in the inverted flame is controlled by two means:
adjusting the fuel and co-flow air flow rates and/or by dilut-
ing the fuel jet with nitrogen. The final concentration is con-
trolled by additional dilution downstream of the flame.

Current sources of combustion-generated particles used
for diagnostic development include various burner arrange-
ments such as opposed flow and flat flame burners and en-
gines. A tremendous number of studies have been conducted
on soot formation within the flame in opposed flow, co-flow,
and flat flame burnersse.g., Refs. 1–7d. Our objective was to
create a source of particles that remain in the postflame
gases. A commercial instrument for soot generation using a
combustion source is availablesRef. 8d based on the work of
Girling et al.9 and Clearyet al.10 Another method employs a
spark discharge to produce particles from graphitesRef. 11d.
Engines are often used as a source of soot particles, but they
are not ideal for developing diagnostics. Hour to hour fluc-

tuations exceeding 20% are common, and day to day varia-
tions are even greaterssee Ref. 12d. The engine break-in-
period can exceed 200 h and achieving a steady-state
operating condition takes 30 min or longer.13 Also, a long
break in period is suggested after an oil change, as the oil
condition appears to be an important factor in the emission
of small particles.14

Our system operates differently from those described,
and the apparatus can be easily assembled in most laborato-
ries from standard parts. The operating conditions are
changed quickly and accurately by adjusting gas flow rates.
A remaining question concerning particulate matter toxicity
is the relative importance of the size and chemical composi-
tion of inhaled particles.15 The inverted burner produces par-
ticles in the size range that is capable of penetrating deeply
into the lungs and is an excellent source for an inhalation
study because the size, concentration, and chemical compo-
sition can be controlled. To maximize the concentration of
particles in a specific size range, the peak diameter of the
particles can be varied from 50 to 250 nm. In our laboratory,
we are adding metals at different locations in the burner sys-
tem to produce multicomposition particles. In addition, vari-
ous volatile and semivolatile organic compounds, which are
presumed to cause much of the adverse health effects asso-
ciated with exposure to particles, could be adsorbed on the
particles after exiting the flame.

II. BACKGROUND

Soot formation in diffusion flames has been studied in
great detailse.g., Refs. 16–21d. Fuel dilution and flame tem-
perature produce individual effects on the formation of soot
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in the flame. Axelbaum and Law22 studied a co-flow ethylene
diffusion flame to determine the separate effects of tempera-
ture and dilution. The soot volume fraction, measured by
light extinction, of pure C2H4 was approximately twice that
of a diluted fuel mixture of 50% C2H4/50% N2. In their first
experiment, both the reduction in flame temperature and di-
lution of the fuel caused the soot reduction. To determine the
effect only from dilution, argon was added to the oxidizer
side of the co-flow flame with the 50% C2H4/50% N2 fuel
mixture so that the flame temperature equaled the 100%
C2H4 fuel case. By comparing the results of the two experi-
ments, they determined that the soot volume fraction was
affected more by dilution of fuel than by the reduction in
flame temperature. Ultimately, the soot volume fraction var-
ied linearly with the mole fraction of fuel in the fuel jet for
mole fractions between 0.2 and 1.0.

Gulder and Snelling23 used another novel approach to
study the effects of temperature and dilution on soot forma-
tion in an overventilated, co-flow, ethylene laminar diffusion
flame. In one experiment, the fuel was diluted with nitrogen.
The reduction of the soot volume fraction was again due to
combined effects of diluting the fuel and a reduction of the
flame temperature. In a second experiment, the effect of tem-
perature was isolated by varying the temperature of the re-
actants from 298 to 623 K without diluting the fuel. Dilution
had a greater effect than temperature in the range of fuel
dilution from 0 to 0.7. At diluent fractions above 0.7, tem-
perature effects dominate soot formation.

These two groups studied soot formation within the
flame. In our work, we study the effects of overall equiva-
lence ratio and nitrogen dilution of the fuel on the soot mea-
sured in the post flame gases, thereby creating a source of
soot for diagnostic development and inhalation studies. To
develop a diagnostic technique for measuring particle size,
the particle source must be controllable to generate particles
of various sizes and concentrations. Within reasonable
ranges, volume fraction can be easily controlled by dilution.
Controlling particle diameter is more difficult. In our study,
we developed a system where both the mean particle diam-
eter and the soot volume fraction are readily varied.

III. EXPERIMENTAL APPARATUS

The particle source, consisting of an inverted, nonpre-
mixed flame attached to a flow reactor, is schematically rep-
resented in Fig. 1. The methane/nitrogen/air flame is con-
tained in a 48.3-cm long, 4.75-cm diameter quartz tube.
Downstream of the quartz tube section is a 140-cm long
stainless steel tube of the same diameter.

Methane, controlled by a Teledyne Hastings-Raydist
mass flow controller, flows through the 1.9-cm diameter in-
ner tube. A rotometer controls the flow rate of nitrogen fuel
diluent that is mixed with the methane well upstream of the
burner. Combustion air, controlled by another mass flow con-
troller, is injected in the annular region between the methane
fuel jet and the outer quartz tube.

The burner was designed to maximize flame stability
while still having the ability to control the mean particle
diameter. Initial repeatability tests showed that with the

flame in an upright position, the soot concentrations varied
by as much as 30%. Flame flicker, which causes the large
variation of soot escaping the flame, affects the shape of
flame tip, the oxidation rate of soot, and the amount of soot
that escapes through the flame.24 With the inverted design,
the upward force of buoyant hot products maintains a uni-
form downward flow in the flow reactor, thus stabilizing the
flame.25

The total flow of gases through the quartz tube is limited
to a relatively narrow range. The co-flow air flow rate is held
constant for all conditions at 17.5 lpm; at flow rates lower
than 16.5 lpm a bimodal distribution of particles is observed.
The flow rate of fuel is varied from 1.2 to 1.4 lpm, corre-
sponding to net equivalence ratios from 0.65 to 0.78. Under
these conditions, the flame is approximately 30 cm long and
bright yellow. The flame exhibits turbulent behavior at a fuel
flow rate of approximately 2.5 lpm. The flame is stabilized
on an annular bluff-body obstruction. We experimented with
several sizes and profiles and found that if the bluff-body
was too small, the flame heated it excessively, causing the
methane to preheat and flow up the side of the flow reactor,
leading to an asymmetric flame. Although this did not radi-
cally alter the performance of the flow reactor, care was
taken to assure this did not occur in the final design. The
final flame holder has an inner diameter of 1.9 cm.

Attached to the exit of the quartz tube is a 140-cm long,
4.75-cm diameter, stainless steel tube. The stainless tube has
two ports located 5 and 137 cm downstream from the quartz
section. Secondary air is axially injected, at a dilution ratio
of 3 to 1, through the upstream port to dilute, cool, and mix
the exhaust. The diluted exhaust is sampled from the down-

FIG. 1. The flow reactor used to produce combustion-generated soot par-
ticles. Methane and nitrogen flow through the center flame holder in the
downward direction, combustion air flows in the annular region between the
methane and the outer quartz tube. The resulting flame is cylindrical in
nature.
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stream port. The remaining products of combustion exit the
flow reactor into the laboratory ventilation system.

An ejector pump extracts 2 lpm from the diluted exhaust
through the downstream port. The compressed air flow rate
to the ejector pump is 20 lpm, producing a dilution ratio of
10:1. A diffusion denuder, between the sample port and the
ejector pump, removes water vapor and gas phase hydrocar-
bons. The denuder consists of 14 sets of activated charcoal
sheets in an arrangement described by Tanget al.26 This
ensures that water will not condense in the Scanning Mobil-
ity Particle Sizer systemsSMPSd and cause measurement
errors.12 The particles exiting the denuder do not have mea-
surable C2 or CH emission peaks when photofragmented
with 193 nm light.27 This suggests that the soot does not
have significant amounts of unsaturated or aromatic hydro-
carbons, as these species exhibit much larger C2 or CH:C
emission ratios. As measured by FTIR spectroscopy, the de-
nuder efficientlys.97%d removes hydrocarbons larger than
methane from the gas flow, as well as semivolatile species
from the surface of the particles that vaporize during trans-
port through the denuder. A significant fraction of the par-
ticles s<95%d exit the denuder.28 The denuder was re-
charged nightly by heating and drawing room air through the
chamber.

In total, the exhaust gases are diluted 30:1, including the
primary dilution air injected in the stainless steel flow reac-
tor. The sample is at room temperature for SMPS analysis.
The SMPS system, operating in underpressure mode, draws
0.3 lpm from the total diluted flow. The remainder of the
exhaust flows to the ventilation system. Number concentra-
tions and size distributions are measured with a TSI model
3071A Differential Mobility AnanlyzersDMA d in conjunc-
tion with a model 3025A condensation particle counter
sCPCd. Mobility diameters from the SMPS system are pre-
sented without corrections for the nonspherical nature of the
soot particles.

IV. RESULTS AND DISCUSSION

Previous studies note the difficulty of obtaining repeat-
able SMPS measurements of soot particles. The problems
can be traced to long stabilization times, transient or cyclic
operation, or condensation of combustion water in the
sample lines.12,13 Any of these conditions may individually
alter the SMPS results. To reduce these problems, we de-
signed our flow reactor and sampling system to limit flow
variability and condensation. We allow 10 min after chang-
ing operating conditions before taking data. Figure 2 shows
the number concentration for ten subsequent runs taken over
6 h of operation at one burner condition, and illustrates the
stability of the system. The standard deviation of the number
concentration of particles for these ten scans is less than 4%.

Engine researchers have long known that the size distri-
bution of particles depends on sampling conditions such as
dilution ratio, residence times, and temperature histories.29,30

To determine the effect of dilution on our system, secondary
dilution air is added 5 cm downstream of the quartz flame
enclosure. At a methane flow rate of 1.3 lpm and co-flow air
flow rate of 17.5 lpm, secondary dilution air is varied from a

dilution ratio of 1–3.5 with all other conditions held constant.
The temperature of the diluted exhaust gases varied from
123 to 210 °C. These dilution conditions had only minor ef-
fects on the mean diameter and dilution corrected volume
concentration of particles. The maximum change in the mean
diameter from the average is 4%, and the maximum variation
in the total volume concentrationscorrected for dilutiond is
also approximately 4%. FTIR measurements of the exhaust
gases show that,1 ppm of gaseous unburned hydrocarbons
is emitted from this flame.

Figure 3 shows the effect of adding nitrogen to the meth-
ane fuel jet on the size distribution of soot particles. Nitrogen
comprises from 0 to 40% of the methane flow rate by vol-
ume. As the nitrogen dilution is increased, the flame tem-
perature is cooled, and the residence time of the particulate
in the flame is slightly reduced. The reduction in flame tem-
perature reduces both the soot formation and oxidation rates,
and the dilution of the fuel reduces coagulation rates.22,23

The trends in the mean electric mobility diameter and num-

FIG. 2. Ten consecutive SMPS scans are shown as dNumber/d log Dp ver-
sus aerodynamic diameter. The total number concentration of particles has a
standard deviation of 3.7%.

FIG. 3. The effect of nitrogen dilution of the methane jet on the size distri-
bution of soot particles.
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ber concentration of soot as a function of nitrogen dilution
are illustrated in Fig. 4. The mean electric mobility diameter
of the particles decreases from 195 to 60 nm as the nitrogen
dilution increases from 0 to 40%. The overall number con-
centration of particulates remain relatively constant at
4·105 cm−3 until the dilution exceeds 30%, where it begins
to decrease rapidly. For these experiments, the overall dilu-
tion ratio is held constant at 30:1, but it could be varied by
changing the secondary dilution air flow rate or the dilution
by the ejector pump to create a larger range of number con-
centrations.

A similar chart of results in Fig. 5 shows the variation of
the size distribution of the soot particles as a function of the
net equivalence ratio. The co-flow air flow rate is held con-
stant, and the fuel flow rate is adjusted to vary the overall
equivalence ratio from 0.64 to 0.82. The resulting effects are
an increase in the mean electric mobility diameter and an
increase in the number concentration of particles. As the net
equivalence ratio is increased, the flame temperature in-

creases, but the residence time of a particle traveling through
the flame remains relatively constant because the flame
height is proportional to the velocity of the fuel jet. Both the
production and destruction of soot are sensitive to the flame
temperature. In this case, the increase in temperature causes
more soot to be produced than destroyed by oxidation at the
flame front.22,23 The trends in the mean electric mobility di-
ameter and the number concentration of particles are illus-
trated in Fig. 6. The effect of net equivalence ratio on the
soot is quite different than the effect from N2 dilution. Both
the mean electric mobility diameter and the number concen-
tration of particles increase as the net equivalence ratio in-
creases. The range of mean electric mobility diameters cre-
ated is 50–250 nm. At equivalence ratios larger than 0.82,
the distribution of particles become bimodal. The number
concentration of particles increases linearly with net equiva-
lence ratio from 4.7·104 to 7.6·105 cm−3. The number con-
centration may also be controlled by dilution as in the pre-
vious case.

A diagram of the observed and potentially achievable
volume concentrations and mean particle diameters is given
in Fig. 7. The measured range of mean particle diameters is
50–250 nm, with corrected particle volume concentrations
between 2.7 ppt and 1.4 ppb. By reducing the dilution ratio,
the range of concentrations could be increased by a factor of
30 to a maximum concentration of approximately 40 ppb.
The usefulness of this soot particle source is apparent by
comparing the achievable concentrations from the burner to
those from practical combustion systems, including spark-
ignited and diesel automobile engines.31 The concentration
of soot produced by four light duty diesel automobiles under
five different driving conditions studied by Hallet al. ranged
from 20 to 300 mg/m3 depending on the vehicle and driving
condition. Concentrations for light duty gasoline vehicles
were approximately 100 times lower. For both diesel and
gasoline powered vehicles 99% of the number of particles
produced had a diameter less than 1mm.

FIG. 4. Diluting the fuel jet from 0 to 40% shifts the mean particle diameter
from 60 to 190 nm. The number concentration of particles remains rela-
tively constant with 0 to 35% nitrogen dilution.

FIG. 5. The effect of equivalence ratio on the size distribution of the soot
particles.

FIG. 6. The effect of equivalence ratio on the soot particle mean diameter
and number concentration. As the fuel to co-flow air ratio is made more rich,
the mean diameter shifts from 50 to 250 nm. This case is dissimilar to the
nitrogen dilution case in that the number concentration continuously in-
creases.
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This flame could serve as a source of particles for devel-
oping or comparing particle sizing techniques. It was re-
cently used to determine the fragmentation fluorescence sig-
nal dependence on particle size.32 In addition, this source
would be useful for Tandem-DMA studies because the peak
of the size distribution is readily moved to maximize the
number of particles in the selected size range.
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