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A small porous-plug burner for studies of combustion
chemistry and soot formation

M. F. Campbell,1 P. E. Schrader,1 A. L. Catalano,2 K. O. Johansson,1 G. A. Bohlin,1,3

N. K. Richards-Henderson,4 C. J. Kliewer,1 and H. A. Michelsen1,a)
1Combustion Research Facility, Sandia National Laboratories, Livermore, California 94550, USA
2Holthuis and Associates, Sebastopol, California 95473, USA
3Department of Aerodynamics Wind Energy Flight Performance and Propulsion,
Delft University of Technology, Delft, The Netherlands
4Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 11 May 2017; accepted 14 November 2017; published online 8 December 2017)

We have developed and built a small porous-plug burner based on the original McKenna burner
design. The new burner generates a laminar premixed flat flame for use in studies of combustion
chemistry and soot formation. The size is particularly relevant for space-constrained, synchrotron-
based X-ray diagnostics. In this paper, we present details of the design, construction, operation, and
supporting infrastructure for this burner, including engineering attributes that enable its small size.
We also present data for charactering the flames produced by this burner. These data include temper-
ature profiles for three premixed sooting ethylene/air flames (equivalence ratios of 1.5, 1.8, and 2.1);
temperatures were recorded using direct one-dimensional coherent Raman imaging. We include calcu-
lated temperature profiles, and, for one of these ethylene/air flames, we show the carbon and hydrogen
content of heavy hydrocarbon species measured using an aerosol mass spectrometer coupled with vac-
uum ultraviolet photoionization (VUV-AMS) and soot-volume-fraction measurements obtained using
laser-induced incandescence. In addition, we provide calculated mole-fraction profiles of selected
gas-phase species and characteristic profiles for seven mass peaks from AMS measurements. Using
these experimental and calculated results, we discuss the differences between standard McKenna
burners and the new miniature porous-plug burner introduced here. Published by AIP Publishing.
https://doi.org/10.1063/1.5016212

I. INTRODUCTION

Soot is a pollutant that is known to have wide-ranging
negative effects on air quality, human health, and global and
regional climate.1–3 Despite the extent of its impact, how-
ever, there are significant gaps in understanding the underlying
processes that lead to soot formation.4–7 Developing a bet-
ter understanding of soot-formation pathways is important
for designing, implementing, and optimizing soot-mitigation
strategies.8–10

Chemical studies of soot formation are often conducted
in laboratory flames. In a laminar premixed flat flame, the fuel
and oxidizer are mixed prior to ignition. Burners are designed
to maintain laminar flow of the fuel-oxidizer mixture to gen-
erate a steady flame that is quasi-one-dimensional with height
above the burner (HAB). Perhaps the earliest description of
a flat-flame burner in the literature was provided in 1949 by
Powling,11 whose burner used a tube filled with glass beads and
screens along with a flow-stabilizing triangular-tube matrix to
achieve flow uniformity at the burner surface. Several stud-
ies made use of this or a similar design.12–15 Powling11 also
indicated the possibility of using a sintered metal disk instead
of the beads and screens for flow stabilization. Several subse-
quent designs, sometimes referred to as Kaskan burners, used

a)Author to whom correspondence should be addressed: hamichelsen2@
gmail.com or hamiche@sandia.gov

a sintered bronze plug for this purpose.16–19 A modification of
the Kaskan-type design is commonly known as the McKenna
burner. McKenna burners consist of a circular sintered bronze
or stainless steel plug through which a mixture of fuel and
oxidizer flows. This premixed flow is surrounded by a co-
flowing co-annular shroud flow of a relatively inert gas, such
as nitrogen or argon, which prevents perturbations from room
air currents, entrainment of air into the flame, and generation
of a diffusion flame under rich premixed conditions.20–22 Air
is sometimes used as the co-flow shroud gas to generate a
radially more homogeneous temperature profile by promoting
formation of a diffusion flame at the edges, which counteracts
the cooling effect of the shroud flow.23 A potential drawback
to this approach is that soot generated from a diffusion flame
tends to be more mature with a higher C/H elemental ratio
and more long-range fine-structure order, particularly in the
edge region of the flame, than soot produced in a rich pre-
mixed flame.24 Thus, a premixed flame with a co-flow of air,
although radially more homogeneous in temperature, may be
less homogeneous in soot physical and chemical characteris-
tics; these inhomogeneities limit the reliability of line-of-sight
measurements for studies of soot formation and chemistry. A
similar concept to the porous-plug burner, known as a per-
forated plate burner, uses a perforated metal sheet instead
of a sintered plug.25–27 Characteristic features of some flat-
flame burners used in the literature are provided for reference
in Table I.
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TABLE I. Dimensions of several flat-flame burners used in the literature.

Central Shroud Overall
diameter outer diameter diameter Gas Water

Author or company Year Type (mm) (mm) (mm) Height (mm) delivery delivery References

Powling 1949 Bead/screen 60 Unknown Unknown Unknown Bottom Bottom 11
Kaskan 1957 Sintered plug 38-76 None Unknown Unknown Bottom Bottom 17
Van Maaren et al. 1994 Perforated plate 30 None 103 128 Bottom Side 26
Hartung et al. 2006 Perforated plate 40 62 74 124 Bottom/side Side 27
Gregor and Dreizler 2009 Sintered plug 60 72 100 129 Side None 22
McKenna products Sintered plug 60 66 116 65 Bottom Bottom 20,28–30
McKenna products Sintered plug 25 50 90 66 Bottom Bottom 19 and 31
Holthuis and associates Sintered plug 60 74 120 60 Bottom Bottom 23 and 32
This work Sintered plug 38.1 50.8 76.2 31.75 Side Side

Premixed, laminar, steady flat flames are advantageous in
combustion studies for a variety of reasons. Because they are
steady, they allow for long integration times to improve preci-
sion and detection sensitivity with smaller detection volumes
and better spatial resolution. They also allow for control of the
reactant mixture, which enables studies of the effects of vari-
ables, such as the carbon-to-oxygen ratio (C:O or RCO), equiv-
alence ratio (φ), fuel type, oxygen mole fraction, or dilution.
Moreover, flat-flame burners can be fired with a wide variety
of fuels, including small hydrocarbon gases (e.g., hydrogen,
methane, acetylene, and ethylene33), liquids (e.g., n-heptane,
n-decane, or iso-octane34), and organic hazardous materials.20

Operating conditions can extend over a wide range of pres-
sures, ranging from vacuum35,36 to several atmospheres.31

Porous metal plugs furthermore serve as flashback arrestors,
preventing the flame front from entering the burner because
of heat transfer losses.16,37 In addition, the boundary condi-
tions and equations governing premixed flame propagation
are simple compared to those of other systems (e.g., turbulent
diffusion flames),38–40 which facilitates computational simu-
lations. Typically, a one-dimensional structure is assumed in
which, to a first approximation, properties (e.g., species mole
fractions and temperature) vary only with height above the
burner surface. A computationally friendly burner configura-
tion facilitates comparisons between theory and experiment.
One-dimensional flame structures also allow the use of in situ
optical techniques that have long probe volumes, such as low-
angle nonlinear mixing or quasi-line-of-sight techniques.41

The versatility of flat-flame burners makes them ideal for
studying soot formation.

The burner described here was designed to be used in
multiple diagnostic configurations. Its size is limited by an
experiment that constrains the vertical height of the burner
and flame to no more than ∼70 mm. This experiment involves
in situ measurements of soot using X-ray Raman spectroscopy
(XRS) at the Stanford Synchrotron Radiation Lightsource at
SLAC National Accelerator Laboratory and will be described
in a later paper. Our primary objective for this paper is to detail
the design, construction, and characterization of this minia-
ture McKenna burner in order to provide a standard, canon-
ical premixed flat-flame burner configuration and allow the
combustion community to leverage our experimental results
and those from groups using the same burner configuration.

We have characterized ethylene/air flames produced by this
burner using several diagnostic techniques, including direct
one-dimensional coherent anti-Stokes Raman spectroscopy
(CARS) for temperature profiles, on-line vacuum ultravio-
let photoionization aerosol mass spectrometry (VUV-AMS)
for extracted-particle chemical composition, and laser-induced
incandescence (LII) for soot-volume fractions. We have also
calculated gas-phase species mole-fraction profiles for one
ethylene/air flame for comparison with measured profiles and
model validation.

II. BURNER DESIGN
A. Burner description

The small porous-plug burner described here (hence-
forth referred to as a “modified,” “miniature,” or “mini”
McKenna burner) is similar to conventional McKenna burners
in that it consists of two concentric sintered bronze plugs with
outer diameters of 38.1 mm for the fuel/oxidizer mixture and
50.8 mm for the shroud, separated by a 1.14-mm-thick
stainless-steel (type 304) ring (part of the housing) and sur-
rounded by a stainless-steel enclosure (called the flange) with
an overall outer diameter of 76.2 mm (see Fig. 1). Both the
premixed-gas and shroud-gas sintered plugs are composed of
bronze beads with a nominal diameter of 150 µm. The central
plug is 16.5 mm thick, and the outer plug is 8.9 mm thick.
Within the central plug is a single 25.4-mm-diameter loop of
eighth-inch (∼3.2 mm) copper tube (positioned approximately
9.5 mm below the surface) through which cooling water flows.
The use of bronze rather than stainless steel for the sintered
plugs enhances heat transfer within the burner, which helps
prevent overheating31 and provides a more uniform soot dis-
tribution above the burner surface in rich flames.32 An O-ring
(AS 568-034 size) is used to seal the housing and the flange
pieces. Mechanical drawings of this burner are provided in the
supplementary material.

The premixed gas diffuses around the copper coil through
the central plug, and an inert shroud gas (usually nitrogen or
argon) passes through the outer plug. As pointed out by Gregor
and Dreizler,22 the shroud gas serves to minimize perturba-
tions from room air currents, ensures that the flame at the edge
of the porous plug remains detached, and suppresses outer
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FIG. 1. Cross-sectional view of the miniature McKenna burner. Premixed
gases enter through the lower quarter-inch tube and travel to the inner sintered
bronze plug, and shroud gas enters through the upper tube. Cooling water at a
temperature of 15 ◦C circulates through the copper coil, keeping the burner’s
temperature close to 25 ◦C. The O-ring is used to seal the housing and the
flange.

diffusion flames when operating under rich premixed condi-
tions. Using an oxidizer, such as air, as the shroud gas allows
diffusive mixing of oxidizer into the flame at the edges and
increases the temperature uniformity across the burner sur-
face23 but likely also decreases the soot uniformity across the
burner surface. We use an inert gas in the shroud flow to facili-
tate line-of-sight optical diagnostics for soot, and we generally
use nitrogen as the shroud gas to facilitate in situ diagnos-
tics using hard X-rays. Whereas most flat-flame burners have
delivered gases and temperature-regulating water through the
bottom side of the burner (see Table I), the miniature McKenna
burner described here has gas and water ports on its side. This
change allows the total height of the burner (as measured from
the base to the burner surface) to be only 31.75 mm. However,
the reduced height also constrains the volume available for
in situ gas mixing and requires the use of a separate gas-mixing
vessel.

As in similar designs,23,32 a circular stainless steel flame
stabilization plate with a diameter equal to that of the inner
sintered bronze plug (38.1 mm) is centered above the cen-
tral plug of the burner (see Fig. 2). The distance between the
plate and the bronze plug defines the maximum HAB boundary
condition. Burners with 60-mm sintered bronze plugs have a
standoff distance of 20-21 mm.23,32,42 For this burner, the sta-
bilization plate is 13.3 mm from the outer edge of the bronze
plug, but the bronze plug has a slight bowl shape that yields a
standoff distance of 13.6 mm in the center of the burner. The
difference between center and edge standoff distances is neg-
ligible for intrusive measurements, such as those involving a
sampling probe inserted into the flame. For non-intrusive laser
diagnostics performed precisely along the vertical centerline
of the flame, however, we account for this slight inhomogene-
ity in burner geometry. The standoff distance governs the time
available for soot formation in the flame and has small effects
on gas temperature and species profiles (see Secs. IV and S2 of
the supplementary material). The temperature of the stabiliza-
tion plate is monitored using a K-type thermocouple (Omega

FIG. 2. Rendering of the flame stabilization plate. A transparent view of the
plate is shown with fittings for cooling water attached to the sides. The circular
plate has the same diameter as the inner sintered bronze plug of the burner
(38.1 mm) and is mounted 13.6 mm above the burner surface. The cooling
water is maintained at a temperature of 15 ◦C in order to keep the plate at a
temperature of approximately 100 ◦C, which yields stable flames and mitigates
water condensation on the plate.

Engineering, Inc. model KMQXL-125U-6) positioned inside
the plate, 0.64 mm from its underside (i.e., from the top of the
flame), and is regulated using cooled water. The temperature
(15 ◦C) and flow rate (0.57 l/min) of this water have been cho-
sen to maintain a stabilization plate temperature close to 100
◦C, which yields stable flames and prevents condensation of
water from the burner exhaust. When operating under fuel-rich
conditions, soot collects on the underside of the plate, resulting
in a decrease of the temperature recorded by the thermocouple
by about 1%-2%/hr.

A rendering of the combined burner-plate assembly is pro-
vided in Fig. 3. The choice of hardware to mount the plate over
the burner mouth is arbitrary but should be sufficiently rigid to
prevent warping induced by the component weights or forces
imposed by the gas/water lines. Thermal expansion of the alu-
minum structure on which the stabilizer plate is mounted is
estimated to be negligible.

B. External plumbing

A schematic diagram of the gas- and water-handling sys-
tems for this burner is provided in Fig. 4. Ultra-high-purity
(UHP) gases are regulated to a pressure of 35 psi (gauge)
(∼240 kPa), directed through 0.5-µm filters (Swagelok model
SS-4F-05), and their flow rates are controlled by mass-flow
controllers (MKS Instruments, Inc. model GM50A, calibrated
to an accuracy of better than ±3% at full scale relative to 0 ◦C
and 1 atm using a Sierra Instruments, Inc. model SL-500
calibration instrument). The shroud gas is then sent to the
burner, whereas the gases comprising the combustible mix-
ture are first fed through a mixing tube (McMaster-Carr Supply

ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-88-018712
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FIG. 3. Rendering of the miniature McKenna burner with stabilization plate
and mounting brackets. The stabilization plate is held 13.6 mm above the
burner surface, centered over the inner sintered bronze plug. This configuration
allows easy access for both in situ and ex situ diagnostics.

Co. model 3529K51) followed by a flashback arrestor (WITT-
Gasetechnik GmbH & Co. KG model F53N/H). The flashback
arrestor ensures that a flashback cannot reach the mixing
tube in the event of a failure that compromises the integrity
of the porous plug. The mixing tube is necessary to ensure
adequate blending of the reactive gases prior to entering the
burner because the burner’s internal volume is too small to
guarantee complete mixing. We use a flashback arrestor that
does not have a return check valve because the model with
this valve (RF53N/H) vibrates and disrupts the flame. For
safety reasons, the distance between the final flashback arrestor
and the burner is as short as possible in order to minimize
the volume of the flammable mixture exposed to the flame
front.

Because of the propensity for rich premixed hydrocar-
bon flames to produce excessive amounts of carbon monoxide
and other combustion byproducts, the burner assembly is con-
tained in a clear acrylic flame enclosure with an exhaust duct
mounted on the top, as in previous configurations.29,30 This
flame enclosure serves to both contain exhaust gases and soot
and to provide a barrier for the prevention of flame flicker-
ing due to laboratory-air currents. Carbon monoxide levels
just outside this enclosure are monitored using a probe (RKI
Instruments, Inc. model GD-70D) positioned on top of this
flame enclosure.

The distilled cooling water supplied to the burner is main-
tained at 15 ◦C by a chiller (NESLAB Instruments, Inc. model
RTE-111) and flows at a rate of ∼0.22 l/min. A similar chiller
supplies water, also at 15 ◦C, to the stabilization plate at a rate
of 0.57 l/min. The temperature increase in the water returning

FIG. 4. Plumbing diagram for the miniature McKenna burner. Gases com-
prising the flammable mixture pass through filters, mass-flow controllers, and
shut-off valves, are combined in a mixing manifold, are blended in a mix-
ing tube, pass through a flashback arrestor, and travel to the inner sintered
bronze plug. The shroud gas travels directly to the outer sintered bronze plug
following the filter, mass-flow controller, and shut-off valve.

from the burner is typically less than 3 ◦C, and the temperature
of the underside of the burner is normally 25 ◦C.

III. GAS-MIXTURE DESIGN

One advantage of premixed flames is that they allow pre-
cise mixture design, which enables comparisons between the
combustion of different fuels and gas-dilution mixtures to
be performed systematically. Several mixture variables can
be controlled for a generic mixture that contains molecular
oxygen (O2) with mole fraction xO2 , a diluent (often Ar or
N2, but sometimes CO2) with mole fraction xD, and some
number of fuels N f with mole fractions xi (1 ≤ i ≤ N f ,
with each fuel possessing nC,i carbon atoms, nH,i hydrogen
atoms, and nO,i oxygen atoms per molecule). We present
results in this paper for a single fuel, but the equations given
below can be used to generate mixtures of multiple fuels if
desired.

The equivalence ratio φ can be written as

φ=

∑Nf

1 xi

(
nC,i + 1

4 nH,i −
1
2 nO,i

)
xO2

, (1)
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TABLE II. Gas-flow rates for several flames stabilized on the miniature McKenna burner.a

Ethylene Oxygen O2 Nitrogen Nitrogen shroud N2:O2 C:O ratio Equivalence
Flame C2H4 (SCCM) (SCCM) N2 (SCCM) N2 (SCCM) ratio RDO RCO ratio φ

ME1 673 961 3616 19 000 3.76 0.70 2.10
ME2 587 979 3683 19 000 3.76 0.60 1.80
ME3 499 998 3753 19 000 3.76 0.50 1.50

aSCCM denotes standard (0 ◦C, 1 atm) cubic centimeters per minute, and φ denotes equivalence ratio.

and the C:O ratio (RCO) can be written as

RCO =

∑Nf

1 xinC,i

2xO2 +
∑Nf

1 xinO,i

. (2)

Additionally, the molar ratio of diluent to molecular oxygen is

RDO =
xD

xO2

, (3)

and the molar ratio of fuel i to fuel 1 is

Ri1 =
xi

x1
, (4)

where R11 = 1 for fuel number 1. The sum of the mole fractions
of all of the components is unity,

xO2 + xD +
∑Nf

1
xi = 1. (5)

These equations can be rearranged to produce relationships
specifying the mole fractions of individual mixture compo-
nents. To design a mixture with specified values of φ, RDO,
and Ri1, the mole fractions of individual components are

x1 =

{∑Nf

1
Ri1 +

1
φ

(1 + RDO)

×
∑Nf

1
Ri1

(
nC,i +

1
4

nH,i −
1
2

nO,i

)}−1

, (6)

xi =Ri1x1, (7)

xO2 =
1 − x1

∑Nf

1 Ri1

1 + RDO
, (8)

xD =RDOxO2 . (9)

In mixtures that specify RCO, RDO, and Ri1, the mole fraction
of hydrocarbon 1 is

x1 =

{∑Nf

1
Ri1 +

1
2

(1 + RDO)

[
1

RCO

∑Nf

1
Ri1nC,i

−
∑Nf

1
Ri1nO,i

]}−1
, (10)

and the other mole fractions can be obtained using
Eqs. (7)–(9). We have provided derivations for these equations
in Sec. S1 of the supplementary material and have confirmed
that these relationships reproduce mixtures reported in the lit-
erature (e.g., from Refs. 28,32,43–51). The volumetric flow
rates of individual components may be obtained from the
component mole fractions by multiplying these values by the
desired total mixture volumetric flow rate.

Using these equations, we designed several mixtures of
ethylene and engineered air (79% N2, 21% O2 on a molar basis,
giving the molar ratio of diluent to O2, RDO = 0.79/0.21≈3.76),

reported in Table II. Henceforth, flames will be referred to by
the descriptors used in these tables (e.g., ME1, ME2, or ME3).
Flames ME1, ME2, and ME3 are ethylene/air flames that show
a reduction in φ and RCO while keeping RDO constant.

All flames listed in Table II are operated under ambient
conditions (i.e., at atmospheric pressure). The velocity of the
shroud flow exceeds that of the premixed gases in order to
provide enhanced stability for the flame; this strategy has been
employed by others as well.29,30

IV. FLAME CHARACTERIZATION
A. Flame description

Photographs of three ethylene/air flames are provided
in Fig. 5; they were obtained using a Canon EOS 5D digi-
tal camera with a Canon EF 24-85 mm zoom lens. In flame
ME1 [Fig. 5(a)], two distinct luminous zones are visible for
this rich (φ = 2.1), sooting (RCO = 0.7) flame, including a
blue/green region caused primarily by CH and C2 radical
emission centered ∼1.5 mm above the burner surface and
an orange/yellow region where soot luminesces. All of the
molecular oxygen (O2) is consumed within the first few mil-
limeters of the flame,52 yielding a mixture of hydrocarbons
with a low C/H ratio, which continues to pyrolyze. This type
of flame has been used extensively for studying soot incep-
tion and growth.53–63 Flame ME2 [Fig. 5(b)] is very weakly

FIG. 5. Photographs of premixed ethylene/air flat flames. Images show flames
that correspond to the flow rates given in Table II for (a) flame ME1 (φ = 2.1),
(b) flame ME2 (φ = 1.8), and (c) flame ME3 (φ = 1.5). Photographs for flames
ME1 and ME3 were taken using the same zoom (85 mm), aperture setting
(f/13), and exposure (0.5 s); the exposure for flame ME2 was 1 s.

ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-88-018712
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sooting (the soot-radiation zone is too weak to be seen in the
photograph), and flame ME3 [Fig. 5(c)] produces no visible
soot.

B. Temperature profiles

We measured vertical profiles of temperatures for flames
ME1, ME2, and ME3 along the centerline using direct
one-dimensional CARS, details of which are available else-
where.52,64,65 The results are displayed as a function of HAB
in Fig. 6 and are tabulated in Table S1 of the supplemen-
tary material. This figure demonstrates that the increase in
equivalence ratio results in a delayed temperature increase,
which, as noted by Prucker et al.,28 can be explained by the
decreasing flame speed of the mixture that results in an increas-
ing reaction zone standoff distance. Except for gradients in
temperature near the burner and stabilization plates, temper-
atures are relatively constant throughout the central region of
the flames. The maximum temperature of flame ME1 agrees
well with that measured in a conventional McKenna burner by
Bladh et al.52,57

C. Flame simulations

The steady, laminar, premixed environment provided by
stabilized McKenna burners allows simulations of flame chem-
istry. Figure 6 shows comparisons of the measured temperature
profiles with profiles calculated using CHEMKIN-PRO66,67

with the USC-Mech II reaction mechanism.68 These calcula-
tions do not account for heat transfer losses due to radiation,
which is expected to produce small errors in the results.22 The
best agreement between the modeled and measured profiles
is demonstrated for the leanest flame; the agreement between
modeled and measured profiles is significantly worse for the
richest flame (ME1) than for the other two flames. This result
is understandable, given that the model only accounts for for-
mation of smaller hydrocarbons and fails to predict larger
hydrocarbons and soot formation, making it less accurate for

FIG. 6. Temperature profiles for several premixed ethylene/air flat flames.
Temperature measurements were made using CARS along the centerline as a
function of HAB and are shown for flames ME1 (φ = 2.1), ME2 (φ = 1.8),
and ME3 (φ = 1.5) described in Table II and shown in Fig. 5. Values are pro-
vided in Table S1 of the supplementary material. Modeled temperature profiles
were calculated using CHEMKIN-PRO66,67 with the USC-Mech II reaction
mechanism.68 The temperature measurements are described by Bohlin and
Kliewer.52

rich sooting flames than for leaner flames. Nevertheless, the
simulations predict the trend of increasing reaction zone lift-off
height with equivalence ratio, as has been demonstrated pre-
viously;28,69 the simulations also yield good agreement with
measured maximum flame temperatures.

Figure 7 shows calculated temperature and major species
mole-fraction profiles for stabilization-plate distances of
13.6 mm (for the miniature McKenna burner) and 21 mm
(for conventional McKenna burners). The maximum temper-
ature is almost identical for the two plate distances (1730 K
for 13.6 mm and 1736 K for 21 mm), but the temperature
plateau with HAB extends to higher HAB for the 21-mm dis-
tance, as expected. The mole-fraction profiles of the major
species, except water and hydrogen, are very similar through-
out the entire shared 13.6-mm distance; the profiles for water
and hydrogen agree below about 2 mm. A rate-of-production
(ROP) analysis revealed that the difference in the H2O and
H2 profiles is attributable to the reaction OH + H2 ↔ H +
H2O. The reverse (endothermic, hydrogen production) direc-
tion of this reaction proceeds rapidly at high temperatures,
whereas the forward (exothermic, water production) direction
is favored at low temperatures. At intermediate burner heights,
the above reaction thus favors hydrogen production, as evi-
denced by the increasing hydrogen and decreasing water mole
fractions. However, as the temperature drops in the 13.6-mm
flame, the reaction slows and then actually proceeds in the
forward direction (water production), until all reactions are
quenched as the stabilization plate temperature is reached. This
temperature drop is delayed in the 21-mm flame, allowing

FIG. 7. Calculated (a) temperature and (b) mole-fraction profiles for a sta-
bilization plate distance of 13.6 mm (solid lines) and 21.0 mm (dashes).
Calculations were performed using CHEMKIN-PRO66,67 with the USC-Mech
II reaction mechanism68 in flame ME1. Nitrogen is present but not shown.
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for increased production of molecular hydrogen. Calculated
mole-fraction profiles for important reactants, intermediates,
and product species are discussed in Sec. S2 and are shown in
Fig. S1 of the supplementary material.

D. Species distributions

We extracted particles and condensed precursors from
the flame for analysis using a VUV-AMS. These measure-
ments were performed at the Chemical Dynamics Beamline
at the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory in Berkeley, CA, USA; details are avail-
able elsewhere,61,62,70–72 and only a brief description of this
technique will be provided here. We extracted soot from the
flame using a quartz probe, and particles were focused using
an aerodynamic lens system.73,74 The particle beam impinged
on a heated copper target (∼570 K) located in the ionization
chamber of the VUV-AMS (operating pressure of 7 × 10�7

Torr). Species that were thermally vaporized from the heated
target were photoionized using synchrotron-generated vacuum
ultraviolet (VUV) single-photon ionization. The ions gener-
ated were pulse-extracted into the drift tube of a time-of-flight
mass spectrometer.

Figure 8 shows an aerosol mass spectrum recorded from
soot extracted at an HAB of 3.4 mm from flame ME1.62 The
mass peaks are organized in clusters where each cluster gener-
ally corresponds to a specific number of carbon atoms, and the
different peaks in each cluster generally correspond to different
levels of saturation, i.e., hydrogen content.

A plot of the estimated number of hydrogen atoms as a
function of the number of carbon atoms at each mass peak
(Fig. 9) demonstrates that the spread in hydrogen content is
substantial both low and high in ME1. Peaks tend to be stronger
for nominal masses corresponding to even numbers of car-
bon and hydrogen atoms. Extractive sampling, however, may
preferentially lead to suppression of radicals.75 Furthermore,
strong peaks generally correspond to species of relatively low
saturation, suggesting that the aromatic content is substantial.
A majority of these strong peaks have molecular formulas con-
sistent with those of the most stable hydrocarbon structures
known as “stabilomers.”76 Nevertheless, recent studies on

FIG. 8. Aerosol mass spectrum of particles extracted from flame ME1 at an
HAB of 3.4 mm. This graphic is a modification of a figure from the work of
Johansson et al.62

FIG. 9. Estimated number of H atoms vs C atoms at each mass peak. The
shaded region demonstrates the spread in hydrogen content corresponding to
the number of carbons in the species. The black dots represent the masses of
particularly intense peaks in each cluster. Results are shown for an HAB of
(a) 7.4 mm and (b) 3.4 mm.

flame ME1 showed that the stabilomers pyrene and coronene
alone could not account for the signals observed at 202 u
(C16H10) and 300 u (C24H12).62,72 In addition, the stabilomer
grid does not account for species containing odd numbers of
carbon atoms.76

Figure 9 also shows that the mass spectra contain sig-
nals from the large polyynes C8H2, C10H2, and C12H2. These
species have nearly the same masses as C7H14, C9H14, and
C11H14. Nevertheless, the precise masses of the peaks at
nominal masses 98, 122, and 146 u are in closer agree-
ment with the masses of the three polyynes than with the
masses of the more H-rich species. In addition, it seems likely
that if the three peaks at 98, 122, and 146 u had stemmed from
the H-rich C7H14, C9H14, and C11H14 species, the mass spec-
tra would have contained more pronounced peaks at nearby
masses corresponding to less saturated species, for example,
C7H12 (96 u), C9H12 (120 u), and C11H12 (144 u). Instead,
the peaks at 98, 122, and, to a lesser extent, 146 u, are sig-
nificantly stronger than nearby peaks at lower masses, which
make them relatively isolated. Polyynes may appear as iso-
lated peaks in between clusters because of their very low
saturation.61

The photoionization thresholds of mass peaks 98 and
122 u also suggest that they stem from polyynes; the photoion-
ization thresholds of these two peaks agree with the values
provided for C8H2 and C10H2 by Hansen et al.77 The signal

ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-88-018712
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of the peak at 146 u, however, is too weak to allow accurate
determination of its photoionization threshold.

Figures 8 and 9 suggest that flame ME1 contains a signif-
icantly broader distribution of species than can be explained
by the stabilomer grid. Both pure hydrocarbon species and
partially oxidized species are among the species generated.61

These conclusions are supported by earlier studies performed
in ME1 and in acetylene and ethylene counter-flow diffusion
flames.62,71,72

E. Soot-volume fractions

We used laser-induced incandescence (LII) to measure
soot-volume fractions in flame ME1. These measurements also
provide information about the stability of the burner over time
and the uniformity of the soot distribution across the burner
surface. Details of the laser setup are given elsewhere;78–80 we
will only provide the most relevant information here. Soot
particles in the flame were irradiated using the fundamen-
tal (1064 nm) output from a pulsed (10-ns duration; 10 Hz)
injection-seeded Nd:YAG laser. The beam passed through a
2 × 2 mm2 square ceramic aperture, which selected the most
spatially and temporally homogeneous region of the beam.78

The beam profile at the aperture was relay-imaged to the flame
using a 2:1 reducing telescope, which resulted in a beam size
of approximately 1 × 1 mm2 at the measurement location
with a temporal spread of less than 550 ps across the beam
in either direction and an intensity spread of ±12.4% across
the beam profile. We used a fluence of 1 J/cm2 to ensure that
soot sublimation temperatures were reached and that peak-
LII signal values were independent of any small laser fluence
changes.24 We used a 1:1 achromatic telescope to image the
LII signal onto a gated photomultiplier tube (PMT) with a rise
time of 780 ps. The telescope and PMT were mounted per-
pendicular to the incident beam. The gated PMT was used to
reduce the detector saturation by reducing the detector cur-
rent associated with continuous background flame luminosity
hitting the detector. The signal passed through a bandpass fil-
ter (681.8 ± 10 nm) and a 700-µm circular aperture in front
of the PMT. We temporally resolved the LII signal and con-
verted the maxima of the LII temporal profiles (i.e., peak-LII
signals) to soot-volume fraction using a calibration based on
extinction measurements performed on a linear diffusion flame
described in more detail by Campbell et al.81 Briefly, we used
LII measured at two laser wavelengths to infer a dispersion
exponent (ξ) and absorption scaling factor (β), as described
by López-Yglesias et al.82 and Johansson et al.83 We used
these values of ξ and β to derive values of the refractive-
index function for absorption E(m) as a function of HAB
for the diffusion flame. We used ratios of the refractive-
index function for scattering F(m) relative to E(m) derived by
Michelsen et al.79 to infer values of F(m) at 532 and 1064 nm
and then used the resulting values of F(m) and E(m) to derive
an extinction coefficient Ke as a function of HAB for 532 and
1064 nm.81 The resulting values of Ke agreed well (to within
15%) with those reported previously by Williams et al.84

We measured the transmittance as a function of HAB for 532
and 1064 nm to derive a soot-volume fraction, which was
then used to calibrate the peak-LII signal for the same optical

FIG. 10. Vertical profile of soot-volume fractions in a premixed ethylene/air
flame. Measurements were made on the vertical centerline of flame ME1 using
LII with a laser wavelength of 1064 nm and a fluence of 1 J/cm2. Values are
given in Table S3 of the supplementary material.

setup used for the premixed flame described in the present
study.81

Figure 10 provides a soot-volume-fraction profile mea-
sured vertically in the center of the burner in flame ME1. The
volume-fraction values reported here are 2-15 times smaller
than those measured previously in similar premixed ethy-
lene/air flames.21,23,32,85 This reduction is likely predomi-
nantly attributable to the smaller stabilization plate standoff
distance of the miniature McKenna burner, which limits the
time available for soot formation and graphitization to occur.
The soot-volume fraction increases with HAB. The volume-
fraction measurements reported here are tabulated in Table S3
of the supplementary material.

Figure 11 shows soot-volume fractions at HABs of
6 mm and 10 mm in flame ME1, measured as a function of
radial position (achieved by translating the burner horizontally
along the beam path). The radial profiles at both HABs are

FIG. 11. Horizontal profiles of soot-volume fraction in a premixed ethy-
lene/air flame. LII measurements were made at HABs of 6 mm and 10 mm in
flame ME1 by translating the burner horizontally. The laser wavelength was
1064 nm, and the fluence was 1 J/cm2. Values are given in Table S3 of the
supplementary material.
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homogeneous in the central region to a radius of about 10 mm
and exhibit higher soot-volume fractions near the edges of the
flame. These radial profiles are more homogeneous that those
measured previously in conventional McKenna burners.23,32

Our results also demonstrate slightly increased soot-volume
fractions at the edge, in contrast to the decreased soot-volume
fractions measured at the edge with a nitrogen co-flow in a
conventional McKenna burner.23,32

Previous work using a standard McKenna burner has
demonstrated a transient effect in the LII signal as the burner
heats up.23,85 Although this effect was not obvious in our
measurements, we found a strong sensitivity of our signal
to the temperatures of our flow controllers. As a result, the
LII signal decreased significantly as the room temperature in
creased. Stabilizing the temperature of the flow controllers and
their electronics eliminated the variability of the signal with
time.

V. SUMMARY

In this paper, we have detailed the design, construction,
and operation of a small porous-plug burner based on the
design of a McKenna burner for use in space-constrained
applications and for leveraging a database for this burner
for which some of the available measurements were spatially
constrained. We have provided characterization data for ethy-
lene/air flames produced by this burner, including temperature
profiles, model species profiles, VUV-AMS particle-species
profiles, and soot-volume fractions. We have also discussed
differences between this miniature burner and its larger coun-
terparts. Flame temperatures were similar to those found in
full-size McKenna burners. Inferred soot-volume fractions,
however, seem to be lower than those in full-size burners.
Flame simulations performed using CHEMKIN-PRO pre-
dicted temperatures that agreed well with measured tempera-
tures and provide useful complementary information about the
gas-phase species produced at different heights in the flame.

SUPPLEMENTARY MATERIAL

See supplementary material for derivations of Eqs. (1),
(2), (6), and (10), which are given in the supplementary text
file. Tabulated temperature profiles recorded using CARS
measurements for flames ME1, ME2, and ME3, as shown
in Fig. 6, are given in Table S1. Calculated species profiles
using CHEMKIN-PRO are shown for a selection of gas-phase
species in Fig. S1. Soot-volume-fraction measurements shown
in Figs. 10 and 11 are tabulated in Table S2. CAD (mechanical)
drawings are in a file named MiniMcKennaDrawings.pdf.
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