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Generation of CO and Smoke During Underventilated
Combustion

S. LEONARD, G. W. MULHOLLAND,* R. PURL and R. J. SANTORO
Department of Mechanical Engineering, The Pennsylvania State University, University Park, PA 16802

The CO and smoke yields observed for underventilated laminar diffusion flames are presented for methane
and ethene for global equivalence ratio & over the range 0.5 to 4.0. A Burke-Schumann type burner with
fuel in the center tube and air in the annular region was used. The peak CO yields for methane and ethene,
0.37 and 0.47, respectively, are at least a factor of 100 greater than for overventilated burning. The ratio of
CO/CO, versus & for the methane flame is compared with local measurements of this ratio for both
overventilated and underventilated laminar diffusion flames and with the results for turbulent natural gas
flames quenched in an upper layer. The peak smoke yields for methane at a flow rate of 10 cm®/s and for
ethene at a fuel flow rate of 6.4 cm®/s are 0.01 and 0.05, respectively, compared with yields of 0.0 and 0.028
for the overventilated case. The proportionality between smoke yield and CO yield observed for overventilated
burning for a wide range of fuels is found not to be valid for the underventilated case. The chemical makeup
and structure of the smoke produced at high equivalence ratio is qualitatively different from smoke produced
under overventilated conditions; the smoke is mainly organic rather than graphitic and it has an agglutinated
structure rather than an agglomerate structure with distinct primary spheres usually observed in overventilated
burning.

INTRODUCTION hood relative to the burner. The fuels studied
include methane by Toner et al. [6, 8], methane,
ethene, and propylene by Morehart et al. [7, 9]
and a variety of hydrocarbons, alcohols, as well
as several polymers by Beyler [10, 11]. In these
studies there is an abrupt increase in the CO
concentration as the global equivalence ratio,
®, defined as the fuel-to-air ratio normalized
by the stoichiometric fuel-to-air ratio ap-
proaches a value of 1.0. This large increase in
CO is of concern in regard to safety implica-
tions for fires in structures and continuing re-
search is under way to characterize the CO
production during underventilated burning in
enclosures [12, 13].

The focus of the present study is to provide
a quantitative data base on the production of
CO and smoke particulates from laminar un-
derventilated diffusion flames a la Burke Schu-
mann [1]. Advantages of the underventilated
laminar diffusion flame system over previous
studies [4—13] include a wider range of ® up
to at least 4, the ease in measuring ® and the
yields of CO and smoke, and the potential for
theoretical analysis of the generation rates of

While there has been extensive research on
overventilated laminar diffusion flames in
terms of smoking height, yield of smoke and
combustion gases, and species concentrations
in the flame itself, there has been relatively
little research on underventilated laminar dif-
fusion flames beyond the work of Burke and
Schumann [1]. Studies recently have been con-
ducted of inverse laminar diffusion flames
[2, 3], which represent a closely related flame
configuration. In these studies the oxidizer flow
is surrounded by the fuel flow; the reverse of
the normal laminar diffusion flame arrange-
ment. There have been several studies of the
species produced by underventilated turbulent
flames [4—11]. These include small scale stud-
ies of CO yield for slightly underventilated
burning for solid fuels [4] and for propane and
propylene [5]. In larger-scale tests [6—11] with
turbulent flames the overall ventilation is con-
trolled by adjusting the height of the collection
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the combustion products. We have chosen to
study methane, which is the simplest hydrocar-

Copyright © 1994 by The Combustion Institute
Published by Elsevier Science Inc.



GENERATION OF CO AND SMOKE

bon, and ethene, which has a moderate ten-
dency to smoke. Methane [14-17] and ethene
[18-21] are among the most carefully studied
fuels for laminar overventilated flames. There
are also data [6-9] for CO concentration on
turbulent underventilated flames for these
gases. We are not aware of any quantitative
study of smoke production during underventi-
lated burning.

In the present study empbhasis is given to the
general trends observed for both CO and soot
production in terms of the global equivalence
ratio. The trends in the CO and soot yields in
these underventilated laminar flame studies
differ distinctively from results observed in
overventilated diffusion flames. Additionally
the very nature of the soot formed in these
flames is different from that observed in the
more widely studied overventilated conditions.
Care is also taken to describe the conditions
under which stable underventilated flames can
be established and the procedure for systemat-
ically observing the effects of the equivalence
ratio variations.

EXPERIMENT

A Burke~Schumann type burner [1] with fuel
in the center and air in the annular region
(Fig. 1) was used in this study. In the
Burke—Schumann study, the diameters of two
concentric tubes were selected so that the air
and fuel velocities were matched. If we were to
maintain this condition in our study, a separate
burner would be required for each value of ®.
Instead, we have used primarily two burner
configurations. This simplifies the measure-
ments and still allows us to assess the effect of
the mismatch in the air and fuel velocities on
the yield of CO and smoke. We have found
that the qualitative trends in regard to the
yield of CO and smoke as a function of ® are
insensitive to the velocity effect and, thus, fo-
cus this paper on a single burner configuration.
Selected results are presented for a second
burner configuration.

For overventilated ethene flames, there is an
abrupt transition from non-smoking to smok-
ing with a small change in fuel flow rate. For
this reason, we have performed yield measure-
ments for ethene flow rates corresponding to a

21

SMOKE COLLECTING

FILTER
BURNER ASSEMBLY s
|
p— o (|
[
il
¥
=
i
PROBE - # ||
ASSEMBLY ||
X
¥
(N
=
(!
(|
NITROGEN
[ ] =
l"‘— O-RING
TRIPPER
PLATE ™ e
SCREENS
GLASS BEADS
(DIA=3mm)
-
AR AR
O in)
T
BURNER - Wi
FUEL ASSEMBLY il 4

Fig. 1. Nlustration of burner, dilution system, and probe
assembly.

nonsmoking flame and to a smoking flame.
While this produced a larger effect than chang-
ing the burner cenfiguration, it still did not
affect the qualitative trends. We focus our
discussion on a single flow rate of 6.4 cm®/s
for ethene, which corresponds to a smoking
flame for overventilated burning, and a flow
rate of 10 cm?/s for methane. Selected results
for a second flow rate of ethene are included.

Burner / Diluter Design

The burner design parameters and burner con-
ditions are contained in Fig. 1 and Table 1.
Most of the results presented in this article
relate to configuration 1. The burner housings
were machined from 50.8 mm (2 in) and 25.4
mm (1 in) diameter brass. It was convenient to
use nominal 9.6 mm (3/8 in) and 12.7 mm
(1/2 in) brass tubing for the fuel tubes. The
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TABLE 1

Tube Dimensions for Coflow Burners

Inner Tube Outer Tube
(mm)* (mm)”
Burner 9.6 0.d.(3/8 in) 29 1.D.32 o.d.
configuration 1 7.31.d.
Burner 9.6 0.d.(3/8in) 22 1.D.25 o.d.
configuration 2 7.31d.
Burner 12.7 0.d. (1 /2 in) 22 1.D. 25 o.d.
configuration 3 11.21d.
“Brass.
"Quartz.

lengths of the fuel tubes, about 20 c¢m, were
chosen to be long enough to ensure well devel-
oped laminar flow at the outlet. The height of
the fuel tube can be adjusted by loosening a
compression fitting which is screwed into the
base of the burner. Either burner tube (inner
tube) could be attached to each of the two
burner housings.

The air flow enters the base of the annular
region, flows through a 2-cm layer of 3-mm-
diameter glass beads, and then through six
layers of 70-gauge screen to provide laminar
air flow. The inner glass tube (quartz) fits
against the top of the screen located about 6
cm below the fuel tube. This quartz tube is
sealed to the outer brass surface with a tape
made from polytetrafluoroethylene (PTFE).
The use of quartz enables one to burn off
smoke deposits between experiments with a
non-smoking methane flame as the outer sur-
face is heated with a propane torch.

The outer glass tube, which serves as a con-
centric dilution tube, is sealed to the outer
burner tube with a rubber stopper for the
smaller burner housing and with an O-ring
fitted for the larger housing. The two dilution
tubes were fitted with polished flanges to mini-
mize leaks and to facilitate assembly. The pur-
pose of the dilution tube is to provide uniform
mixing of the smoke and gases and to cool the
smoke particulate prior to collection with mini-
mal deposition on the walls. The dominant
mechanism of smoke particulate deposition in
this system is via thermophoresis, which is pro-
portional to the temperature gradient near the
wall. Cooling by rapid dilution by N, reduces
the temperature gradient and consequently the

S. LEONARD ET AL.

particle deposition relative to cooling by only
heat exchange with the walls of the tube.

The nominal N, flow rate is 590 cm® /s (35.4
L /min), which dilutes the combustion product
by a factor of 2 to a factor of 30 depending on
the combustion air flow rate. The combustion
products mix with the N, as they pass through
a tripper plate. Visual observation of scattered
light from a laser beam passing through the
diluted combustion products indicated that for
a 50.8-mm (2-in) diameter tube a tripper plate
with a 19.1-mm (3 /4-in) orifice provided good
mixing at a dilution flow rate of 590 cm’/s
(35.4 L/min). The gas and smoke sampling
position was located approximately 5 tube di-
ameters downstream of the orifice. Subsequent
gas sampling at seven uniformly spaced radial
positions indicated a radial variation of less
than 2% for both CO and CO,. Variations in
repeated measurements over the time period
required for the radial profile were comparable
to the apparent radial variation.

Two rotameters with overlapping ranges
were used for the fuel flow and two for air flow
to allow accurate flow rate monitoring over the
range 2 to 20 cm®/s for fuel and 10 to 280
cm®/s for the air. Each flow meter was cali-
brated to an accuracy of about +2% using
soap film flow meters with volumes of 1.0 and
2.5 L and a dry test meter with a 10-L displace-
ment. A nitrogen flow meter and filter collec-
tion critical orifice were also calibrated with
the dry test meter. Precautions were taken to
select the proper tubing size to minimize the
pressure drop between the outlet of the flow
meter and the burner.

Gas Analysis

The gas and particulate sampling systems are
illustrated in Fig. 2. Both sampling inlets are
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Fig. 2. Iustration of sampling and analysis system.
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Laminar Diffusion Flames

Predicted Flame Height (All Dimensions in mm)

Methane 10 cm3/s
d=1.0 d=15 d=25 d=40

Ethene 6.4 cm3/s
d=15 Dd=25

Fig. 3. Flame photographs of methane at a fuel flow rate of 10 cm’/s and ethene at a fuel flow rate of 6.4
cm?/s versus ¢ for burner configuration 1. The solid lines adjacent to the pictures for ¢ > 1.0 represent the
predicted flame height in mm from the Burke Schumann theory.
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located about 2.5 cm below the end of the
dilution tube, which is covered with a screen.
The gas sampling system consisted of a 6.5-mm
(1/4-in) diameter tube about 250 mm in iength
to provide some cooling before passing through
a high capacity pleated filter. The gases then
flow through a 1-m length of 9.5-mm (3 /8-in)
diameter copper tubing in a wet ice bath fol-
lowed by about a 1.2-m length of tubing sur-
rounded by dry ice (see Fig. 2). There was a
drain cap in the wet ice bath to remove con-
densate. The flow then went through a dis-
placement pump at a flow rate of about 13.3
cm?/s (0.8 L/min) followed by a NDIR CO
analyzer and a NDIR CO, analyzer.

Standard calibration procedures were used
with the gas analyzers involving zeroing the
meters with dry N, and then spanning with
standard Reference Material Gas Mixtures
(NIST SRM 2619a, 5066 + 5 ppm CO, in N,;
NIST SRM 2637a, 2400 + 24 ppm CO in N,).
The sensitivity of the CO meter is 0.001% and
for the CO, meter is 0.01%. The measured
values of CO during underventilated burning
were in the range 0.07% to 0.5% while the
CO, ranged from about 0.2% to 2%. The drift
in the zero was on the order of the instrument
sensitivity. A slight cross sensitivity of the CO
meter to ethene was observed. For example,
for a flow rate of 6.4 cm?®/s of ethene and 590
cm’/s (354 L/min) of N, the CO reading
increased 0.002% under noncombusting condi-
tions. Since the ethene concentration would be
reduced greatly under flame conditions the
cross sensitivity introduces a negligible error in
the results. The estimated uncertainty in the
CO gas analyzer is +2% of the reading over
the range of 0.15% to 0.5% and in the CO,
gas analyzer is +3% of the reading over the
range of 0.3% to 1.0%.

Our system afforded 3-4 h of continuous
operation before requiring thawing of the line
going through the dry ice bath. In a typical
measurement sequence, we would record read-
ings for the CO and CO, gas analyzers, change
® by changing the air flow rate, and, after
about a 60-s equilibration time, record the gas
analyzer readings for the new condition. The
detailed characterization of the CO and CO,
for a given fuel involved 13 values of ® equally

23

spaced on a logarithmic scale between 0.5 and
4 and required about 1 h to complete.

Smoke Particulate Analysis

The smoke sampling system consisted of a
15.9-mm (5/8-in) o.d. steel sampling tube 360
mm long, a 4.7-mm-diameter filter holder, 3 m
of 9.5-mm (3/8-in) diameter copper tubing, a
critical orifice to control the flow rate, and a
vacuum pump (see Fig. 2). The smoke sam-
pling tube provided cooling of the gases from
an inlet gas temperature of 200°C for the 10
cm?® /s methane flame burning at ® = 0.5 to a
temperature of about 100°C at the filter holder.
For the other flame conditions, both the inlet
and filter gas temperatures were lower. The
cooling prevented deterioration of the polytet-
rafluoroethylene (PTFE) coated filter. The col-
lection efficiency for the filter (Palliflex’
T60A20) is reported [22] to be 70 to 80% for
0.035-pum-diameter particles and at least 95%
for particles with diameter of 0.3 um and
larger. The 3-m length of copper tubing as-
sured that the gas temperature was at ambient
conditions at the orifice. The vacuum pump
operated at 1/10 of ambient pressure assuring
a choked flow. The nominal flow rate through
the filter was 153 cm® /s (9.2 L /min). The flow
rate was measured each day by attaching a dry
test meter to the inlet of the smoke sampling
system. Pressure gauges were attached for
monitoring both the vacuum pressure and the
pressure drop across the filter. The maximum
pressure drop across the filter was 1.3 kPa
(50-in water) during the filter collection and
this corresponded to about 15 mg of smoke
collected on the filter.

Smoke collection required about 5 min, after
which the filter was removed and replaced with
another preweighed filter. Typically one filter
sample was collected for each of five different
values of ® during one set of measurements.

'Certain commercial equipment, instruments, and materi-
als are identified in order to adequately specify the exper-
imental procedure. Such identification docs not imply
recommendation by the National Institute of Standards
and Technology, nor does it imply that the materials
identified are necessarily the best for the purposc.
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The mass of smoke collected on the filter var-
ied from about 0.1 mg to about 15 mg and in
most cases exceeded 1 mg. Our filter weighings
were repeatable to +0.02 mg using a microbal-
ance with a 0.01 mg sensitivity.

An estimate was made of the amount of
smoke deposited on the tube walls relative to
the amount collected on the filter. The smoke
on the wall of the combustion tube was col-
lected with a tissue attached to a plunger de-
vice. A second plunger arrangement was used
for the dilution tube. Smoke was also collected
from the orifice plate and the smoke sampling
tube. The dilution tube accounted for most of
the smoke deposition. Repeat measurements
gave smoke depositions of 12% and 14%. These
deposition measurements were made for the
case of a relatively high gas temperature of
170°C, so we expect this estimate to provide an
upperbound.

Filter samples were also collected at very
light loadings on quartz fiber filters for analysis
of the organic and elemental carbon fraction
of the smoke versus ®. This was done by a
contract laboratory using thermo-optical analy-
sis for organic/elemental carbon [23]. The
“organic” and ‘“elemental” carbon are deter-
mined by a two-step pyrolysis, the first using
helium as the carrier gas at 720°C and the
second with 5% oxygen in helium at 720°C.
The “organic” carbon is obtained from the
total carbon produced during the first step and
the “elemental” carbon is determined from the
second step. Smoke samples were collected for
transmission electron microscopy on 3-mm-
diameter copper grids coated with a thin car-
bon layer. The grids were attached to a metal
surface with double stick tape and held over
the dilution tube exit for a period of 1-100 s
depending on the smoke concentration.

FLAME STRUCTURE

Changing the value of @ for a fixed burner
configuration resulted in a mismatch in the air
and fuel velocity. This differed from the
Burke—Schumann study, where the air and fuel
flows were typically matched. We obtained sta-
ble flames for all conditions except the low
flow rate ethene flame (3.2 cm?®/s) for burner
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configuration 1. In this case, an oscillation of
the flame at about 1 Hz first occurs for ® =
1.52. This corresponds to an air velocity equal
to 2/3 of the fuel velocity. The oscillations
become more pronounced as @ is increased
above 1.52. Other qualitative features include
the flame front bending below the burner for
an ethene fuel flow rate of 3.2 cm®/s, ® = 4
for burner configuration 1 and flame blowoff
for methane at a fuel flow rate of 20 cm?/s,
@ = 0.7 with burner configurations 2 and 3,
which have the smaller diameter outer tube.

The effect of @ on flame shape for the
methane and ethene flames is illustrated in
Fig. 3 (see color plate facing page 34). For
® = 4 the flame front is clearly curving toward
the outer tube, though such a curvature is not
clearly evident at @ = 1.5. There does appear
to be a slight necking in for ® = 1.5, and this
may signify the termination of the outward
flame zone. A similar observation regarding
the “central bright part of the flame rising
above the actual flame” was made by Burke
and Schumann in their original study [1]. The
necking in of the luminous region observed in
the present study is not attributed to the loca-
tion of the reaction front, but rather to the
transport of incandescent smoke particles. The
actual reaction front should proceed to the
wall as required for underventilated conditions
[1]. The fact that the flame front does not
extend to the wall of the burner makes the
determination of a precise flame height diffi-
cult. Thus, we have taken the flame height for
underventilated flames to correspond to the
location where the flame begins to neck in.
This location nearly corresponds to the end of
the bright yellow region observed in the flames
shown in Fig. 3.

In Fig. 3, we have also included the pre-
dicted flame height (the solid line adjacent to
the picture) based on Burke—Schumann theory
using a diffusion coefficient of 0.60 cmz/s,
which corresponds to the diffusion coefficient
of oxygen at 575 K. Roper [24] found that his
data for circular port flames could be fit to the
Burke—Schumann theory using this value of
the diffusion coefficient. As previously pointed
out, the Burke—-Schumann theory assumes
equal air and fuel exit velocities, which enter
into the theory through the air and fuel tube
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diameters. Since the exit velocities were not
equal in the experiments, some adjustment had
to be made to compare to the theory. For the
present study the actual fuel tube inner diame-
ter (7.3 mm) was used and an effective diame-
ter for the outer air passage was calculated for
use in the theory such that the air and fuel
velocities were equal. The predicted flame
height from the Burke—Schumann analysis is
greater than the blue zone, but is clearly less
than the maximum luminous height (see Fig.
3). The increase in flame height with decreas-
ing & is qualitatively predicted by the Burke—
Schumann theory. The flame shapes are quali-
tatively similar for both the methane and
ethene flames, but the much more intense
luminous radiation from the smoke in the flame
is apparent for the ethene case. Long exposure
times were required for the ethene flames to
bring out the bluish reaction zone presumably
arising from CH radicals.

CO AND SMOKE DATA ANALYSIS

The measured volume percent of CO and CO,
in the diluted gases on a dry basis are plotted
versus @ in Fig. 4 for the methane flame at a
fuel flow rate of 10 cm® /s and include a set of
repeat measurements several weeks apart. An
equal spacing of points on a logarithmic scale
in ® was used to provide both good coverage
near the rapidly changing region around ® =
1.0 and coverage over the entire range from
® =0.5t0 & = 4.0. We see from Table 2 that
the volume percent for CO, X5, increases
from 0.001 (the minimum detection limit for
the CO analyzer) to 0.31 as @ increases from
0.76 to 1.32. The 0.31% CO for the diluted
combustion products corresponds to an esti-
mated 2.5% CO prior to dilution with nitrogen.
This estimate is based on the flow rates of
nitrogen, methane, and air (Table 2). The de-
gree of dilution increases with increasing &.
For example, the estimated peak CO concen-
tration prior to dilution with nitrogen is 2.9%
at ® = 2.0.

It is convenient to express the results in
terms of the yield, €, on a mass basis, where
€co 18 equal to the mass of CO produced per
mass of fuel entering the burner. The proce-
dure for determining the yield is outlined be-
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Fig. 4. Volume percent of CO and CO, versus log ® for a
methane flame with a fucl flow rate of 10 em®/s (data
from Table 2).

low. First the volume flow rate of CO, F, is
computed from the measured volume percent
of CO, X, and the total volumetric flow rate
through the dilution tube, F;, corrected to
ambient conditions.

XeoFr
Feo = 100 (D

Next the density of CO, pqq, is obtained from
the ideal gas law as

Mo Py
Pco RT, ’

(2)

where M, is the molecular weight of CO and
the subscript A refers to ambient conditions.
From Eqs. 1 and 2 we obtain the total mass
flow rate of CO, ni,, as
P XeoFr Meo Py (3)
€0 100 RT,

To compute the yield of CO we also need the
mass flow rate of fuel, which is obtained from
the volumetric flow rate of the fuel, Fy., and its
density, p,. Using an expression similar to Eq.
2 for computing the density, we obtain the
following expression for the mass flow rate of
fuel:

M, P
iy = Fp—mtt

R (4)



26 S. LEONARD ET AL.

TABLE 2

Results for Burner Configuration 1 for Methane and Ethene

Methane: 10 cm?® /s; Dilution: 590 cm® /s of N,
Results for CO and CO, Measurements

Air Flow Total Flow Xco Xco,  Smoke €co €co, €/’ Carbon

@ (cm’/s) (em?/s)  (vol.%) (vol.%) (mg) (gCO/gCH,) (gCO,/gCH,) (gC/gCH,) Balance
0.50 190 790 0.001 1.32 — 0.001 2.87 1.04
0.57 166 766 0.001 1.36 0.001 2.87 — 1.04
0.66 144 744 0.001 1.40 — 0.001 2.87 — 1.04
0.76 126 726 0.001 1.44 — 0.001 2.86 — 1.04
0.87 109 709 0.001 1.48 0.001 2.88 — 1.05
1.00 95.2 695 0.013 1.47 — 0.016 2.80 — 1.03
1.15 82.8 683 0.245 1.14 0.293 2.14 — 0.95
1.32 72.2 672 0.311 0.93 — 0.366 1.72 — 0.83
1.52 62.8 663 0.308 0.78 — 0.357 1.42 — 0.72
1.74 54.7 655 0.284 0.69 0.325 1.23 — 0.63
2.00 477 648 0.258 0.60 0.292 1.07 — 0.56
2.52 37.8 638 0.203 0.49 — 0.227 0.85 — 0.44
318 30.0 630 0.156 0.40 — 0.172 0.69 — 0.35
4.00 23.8 624 0.105 0.33 — 0.115 0.56 — 0.27

’ Results for CO, CO,, and Smoke Measurements
0.50 190 790 0.0 1.30 0.0 0.0 2.82 0.0 1.03
1.00 95.2 695 0.055 1.38 4.29 0.067 2.64 0.010 1.01
1.52 62.8 663 0.305 0.76 4.68 0.354 1.38 0.009 0.72
2.52 378 638 0.205 0.46 0.79 0.229 0.81 0.0013 0.43
4.00 23.8 624 0.102 0.31 0.0 0.111 0.52 0.0 0.25
Ethene: 6.4 cm? /s; Dilution: 590 cm® /s of N,
Results for CO and CO, Measurements

Air Flow Total Flow Xeo Xco,  Smoke €co €co, e Carbon

& (em’/s)  (emP/s) (ol %) (vol. %) (mg) (gCO/gC,H,) (gCO,/gC,H,) (gC/gC,H,) Balance
0.50 183 779 0.002 1.60 0.002 3.07 — 0.98
0.57 159 755 0.002 1.66 — 0.002 3.07 — 0.98
0.66 139 735 0.002 1.69 — 0.002 3.05 — 0.97
0.76 121 717 0.003 1.72 — 0.003 3.03 — 0.96
0.87 105 701 0.005 1.74 — 0.006 3.00 — 0.96
1.00 91.3 688 0.015 1.75 — 0.016 2.96 — 0.95
1.15 79.5 676 0.209 1.50 — 0.221 2.49 — 0.90
1.32 69.2 666 0.369 1.22 — 0.384 2.00 — 0.83
1.52 60.3 657 0.448 1.00 — 0.459 1.62 — 0.74
1.74 52.5 649 0.459 0.84 — 0.465 1.34 — 0.66
2.00 45.7 642 0.434 0.72 — 0.435 1.13 — 0.58
2.52 36.3 633 0.363 0.56 — 0.359 0.87 — 0.46
3.18 28.8 625 0.280 0.46 — 0.273 0N — 0.36
4.00 228 619 0.180 0.37 — 0.174 0.56 — 0.27

Results for CO, CO,, and Smoke Measurements

0.50 183 779 0.002 1.59 7.03 0.002 3.05 0.028 0.99
1.00 913 688 0.032 1.69 14.70 0.034 2.85 0.051 0.96
1.52 60.3 657 0.446 0.98 13.70 0.457 1.58 0.044 0.76
2.52 36.3 633 0.358 0.54 5.95 0.354 0.84 0.019 0.45
4.00 228 619 0.177 0.35 1.99 0.171 0.53 0.0037 0.26

“Sampling conditions correspond to laboratory temperature and pressure conditions: 7 = 23°C and P = 731.7 mmHg at
a sample probe flow rate of 152 cm?/s.

bSampling conditions correspond to laboratory temperature and pressure conditions: 7 = 23°C and P = 736.4 mmHg at
a sample probe flow rate of 155 cm?/s.
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The yield of CO, €., is obtained from Egs. 3
and 4 as the ratio of the mass flow rate of CO
to the mass flow rate of fuel.

€ _ mCO - XCOFTMCO (5)
O n, 100F. M,

The above expression requires that the fuel
and combustion products are at, or are cor-
rected to, the same temperature and pressure.

In Eq. 5, we approximate the total volumet-
ric flow rate F; as the sum of the volumetric
flow rates of N,, fuel, and air. This is a good
approximation since the volumetric flow rate
of N, accounts for at least 94% of the inlet
flow rate for both the methane flame at a flow
rate of 10 cm®/s and the ethene flame at a
flow rate of 6.4 cm?®/s for all values of @
measured for a typical dilution flow rate of N,
of 590 ¢cm?®/s (35.4 L/min). Furthermore, for
both methane and ethene, the sum of the
number of moles of CO, and H,O produced
by complete combustion is equal to the sum of
the number of fuel and oxygen moles. For &
less than or equal 1, complete combustion is a
good approximation. This can be deduced from
the results in Table 2. The ratio of the mea-
sured e-,. to the predicted value based on
complete combustion (2.75 for methane and
3.14 for ethene) differs at most 6% from 1.0.
For @ > 1 there is a significant amount of CO
and possibly H, produced in addition to H,O
and CO,; however as @ increases, an increas-
ingly large percentage of the inlet flow is N,.
For @ = 1.5, 97% of the inlet flow is N, for
the two fuel flow rates given above. The pro-
duction of smoke will result in a reduction in
the outlet gas flow rate; however, even if 10%
of the fuel carbon becomes smoke for ethene,
which is greater than any value we measured,
the reduction in the volumetric flow rate is
only 0.1% for & = 1.

So we see that for @ > 1, the above flow
rate approximation is valid to within about 3%.
One other factor plays a role for ® in the
range 0.5-1.0; that is, the fact that the water
produced by the combustion is removed by the
wet and dry ice traps. Assuming complete com-
bustion and assuming all the water is removed
by the cold traps, we find that the total flow
rate is reduced by 2.9% for methane at 10
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cm’/s and 1.9% for ethene at 6.4 cm®/s. We
conclude that approximating F; as the sum of
the N,, air, and fuel flow rate is valid to within
3%. Below we provide a consistency check of
this approximation.

The other quantity of interest is the smoke
yield, €, which is determined from the mass
flow rate of smoke to the filter, iz, the mass
flow rate of the fuel, #1,, and the volumetric
dilution factor, f;,, which is equal to the ratio
of F; to the volumetric gas flow rate through
the filter, F}.

g
€ = m_Ffd“ . (6)

The mass flow rate of the fuel is based on the
fuel volumetric flow rate taking into account
the laboratory temperature and pressure con-
ditions.

Typical results for methane at a fuel flow
rate of 10 cm®/s and ethene at 6.4 cm®/s are
given in Table 2. We see that the repeat CO
yield measurements for & > 1.52 agree within
2%; the large difference at ® = 1.0 results
from the great sensitivity of yield to ® near
D=1

An estimate of the accuracy of our method
for computing gaseous yields can be made by
comparing measured CO, yield for & = 0.5
with the predicted CO, yield for complete
combustion for methane and ethene. For over-
ventilated burning the major carbon-contain-
ing product of combustion is CO,. For methane
at ® = 0.5, the measured yields are about 4%
greater than the predicted value of 2.75, while
for ethene the measured values are about 2%
less than the predicted value of 3.14. From the
CO, analogue of Eq. 5 we estimate an overall
uncertainty of +6% by combining the uncer-
tainties associated with volume fraction and
flow rate measurements. Thus, the methane
and ethene results are within the expected
uncertainty range. For ethene, 2%—-3% of the
fuel carbon is emitted as smoke particulate at
® = 0.5 so perfect agreement with the pre-
dicted value of 3.14 is not expected. In Table 2
a carbon balance is included as the ratio of the
mass outflow of carbon based on CO,, CO,
and smoke to mass inflow of carbon in the fuel.
The repeatability of the CO yield measure-
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ments is +3% over the range 1.15 < ® < 4
(see Table 2 and Fig. 5). Combining in quadra-
ture the repeatability uncertainty with the sys-
tematic uncertainties in the CO gas analyzer,
+2%, and the flow uncertainty, +3%, leads to
a combined uncertainty of +5% of the mea-
sured CO yield. At & = 0.5, the uncertainty is
on the order of +50% because the CO con-
centration is so low as to approach the instru-
ment noise.

The measured smoke yields are an underes-
timate by 20%-25% because of the estimated
13% wall deposition and a nominal 10% pene-
tration of the smoke through the filter. The
estimated repeatability of the smoke yield re-
sults, +8%, is more variable than for the CO
yield, because one additional flow rate (smoke
sampling flow) is needed and because of the
variability associated with particle deposition
and penetration.

CO AND SMOKE YIELD RESULTS

The CO yield increases abruptly with ® to a
peak value of 0.37 for methane and 0.47 for
ethene. As shown in Fig. 5, the peak in the
methane curve occurs at a slightly smaller @
than for ethene, 1.3 relative to 1.7. The CO
yield is very sensitive to small changes in &
near ® =1 and larger differences are ob-
tained for repeat measurements near ® = 1.

CO YIELD

0.5 1 2 3 4

Fig. 5. Yield of CO for methane at a fuel flow rate of 10
cm? /s () and for ethene at a fuel flow rate of 6.4 cm®/s
(O) versus @ based on data in Table 2 and repeat mea-
surements made on another day.
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Additional measurements were performed at
other fuel flow rates and with a second burner
configuration to determine the generality of
this shift and the results were inconclusive in
regard to the difference being attributed to
fuel chemistry. As indicated in Fig. 6, decreas-
ing the fuel flow rate for ethene by a factor of
2 to 3.2 cm’ /s shifts the peak to the left by an
amount similar to the difference between
ethene at 6.4 cm’/s and methane at 10 cm’/s.

The smoke yield curve peaks at smaller P,
near 1.0, compared with the result for CO yield
as shown in Fig. 7. Also for large &, the
percentage decrease for smoke is much greater
than for CO. This will become more apparent
when the results are presented in an alterna-
tive form in the discussion session. While the
repeatability of the smoke yield measurements
is not as good as that of CO and CO, yields,
the results are consistent with our predicted
repeatability of +8%. The same general curve
shape was obtained with methane as ethene as
shown in Fig. 8 though the ethene peak is
about 5 times as great as the peak for methane.

The smoke yield decreases sharply for © >
1.5 as shown in Fig. 9 as the fuel flow rate
decreases. This is the same trend as for the CO
yield (see Fig. 6). The large reduction in the
smoke yield at ® = 0.5 for the 3.2 cm’/s fuel
flow rate case is expected since the fuel flow
rate is then below the smoke point for the
overventilated flame.

COYIELD

05 1 2 3 4

Fig. 6. Yield of CO for ethene at a fuel flow rate of 6.4
cm® /s (O) and a fuel flow rate of 3.2 cm® /s (v) versus ®.
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Fig. 7. Yields of CO (O) and smoke (@) as function of @
for ethene at a fuel flow rate of 6.4 cm?/s.

As discussed in the first section, we per-
formed experiments on several burner config-
urations. Here we show results on two config-
urations. In the second configuration the quartz
tube is smaller making the air velocity about a
factor of two greater than in the first. The
yiclds are qualitatively similar for the two
burner configurations as shown in Fig. 10. In-
creasing the air velocity results in a slight
increase in the CO yield but a slight decrease
in the smoke yield. There is a surprising result
at ® = 0.5 that the smoke yield goes to zero
for the higher air velocity even though the fuel
flow rate is well above the smoke point.

We noticed from the filter samples that the
smoke generated at large @ appeared lighter
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Fig. 8. Yield of smoke for ethene at a flow of 6.4 cm®/s
(®) and for methane at a fuel flow rate of 10 cm®/s (a).
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Fig. 9. Yield of smoke for ethene at a fuel flow rate of 6.4
cm® /s (@) and at a fuel flow rate of 3.2 cm?/s (v),

in color and that the deposit on the combus-
tion burner tube had a liquid character. In
fact, for methane at ® = 4, the filter had a
yellowish appearance. Thermo-optical analysis
of the smoke collected on the quartz filters
indicated that as & increased, the organic frac-
tion of the smoke increased relative to the
elemental carbon fraction. As indicated in
Table 3, at ® = 4 for both fuels the organic
fraction is greater than the elemental fraction.
This is in sharp contrast to the results at & = 1
and ® = 0.5, where less than 10% of the smoke
is organic carbon.
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Fig. 10. Yield of CO (burner configuration 1, O; burner
configuration 2, v) and smoke (burner configuration 1, @;
burner configuration 2, v) for ethene at a fuel flow rate of
6.4 cm/s.
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TABLE 3
Organic and Elemental Carbon Analysis
Methane 10 em? /s
Organic Carbon Organic Elemental Carbon Elemental
[ (ug/cm?) Carbon Error (ug/cm?) Carbon Error Organic /Elemental
1 1.0 0.2 21 1 0.05
2 8.4 0.5 4.9 0.3 1.7
4 34 0.3 0.4 0.1 8.5
4 52 0.4 1.0 0.2 5.2
Ethcne 6.4 cm® /s
0.50 0.7 0.1 19 1 0.04
1 1.3 0.2 27 1 0.05
2 7.2 0.5 15 0.9 0.48
4 7.0 0.5 6.2 0.4 1.13

Additional evidence of the difference in
character of the high & smoke compared with
the low ® smoke are the electron micrographs
(Fig. 11) of the ethene smoke collected at
& =4 and ¢ = 1. We see that while in both
cases the smoke has an agglomerated struc-
ture, at @ = 4 the agglomerate is agglutinated
indicating the presence of a liquidlike compo-
nent. A Phillips 420T transmission electron

microscope was used at a voltage of 100 kV
with a 60,000 X magnification to obtain the
images shown in Fig. 11.

DISCUSSION

The discussion is focused on the results for
underventilated burning, but our new finding
for overventilated burning that increasing the

0.5um

Fig. 11. TEM photographs of smoke collected from an ethene flame at ® = 1 (left) and at ® = 4 (right).
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velocity of air relative to the fuel velocity
changes a smoking ethene diffusion flame to a
nonsmoking flame invites notice.

The peak CO yields for methane and ethene
differ by only 20%, while the peak smoke
yields differ by about a factor of five. The
result that CO yield is insensitive to fuel struc-
ture while smoke yield is affected by fuel struc-
ture for underventilated laminar diffusion
flames differs markedly from the approximate
proportionality between CO and smoke yields
for overventilated turbulent diffusion flames
observed by Koyl et al. [25] for gaseous hy-
drocarbon fuels and Mulholland et al. [26] for
plastics and Douglas fir as well as by several
other workers for a variety of fire related stud-
ies [5, 27, 28].

One difficulty with the definitions of CO and
smoke yields given by Eqs. 5 and 6 is that as &
increases much of the fuel is not involved in
the reaction. A better normalization in regard
to analyzing chemical effects is the CO yield
per gram of fuel consumed or per gram of
oxygen consumed. Here we compute the yield
based on oxygen consumption because the data
analysis is simpler in this case. For ® > 1, the
oxygen consumed is estimated from the inlet
flow rate of oxygen. Subsequent measurements
using GC analysis demonstrated that this was a
reasonable approximation. It was found that
the exit flow of oxygen was 8%—-14% of the
inlet oxygen flow for ® = 4 and 3%-6% of the
inlet oxygen flow for @ = 1.52 and 2.52. For
® < 1, we compute the mass flow rate of oxy-
gen consumed from the mass flow rate of fuel
times the mass of oxygen required to com-
pletely burn a unit mass of fuel (4.00 for
methane and 3.43 for ethene). This is a good
approximation, since CO, and water account
for at least 95% of the combustion products
for fuel lean burning. As shown in Fig. 12, the
CO yield per gram O, consumed varies much
less for ® > 1.5 compared with the CO yield
per gram fuel entering the burner as shown in
Fig. 7. The ratio of the maximum to the mini-
mum yield of CO over the ® range, 1.5 < ® <
4, is 1.3 per gram O, consumed and 2.6 per
gram of fuel entering the burner.

It is also of interest to consider local mea-
surements for laminar methane flames for
overventilated burning by Mitchell et al. [14]
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Fig. 12. Yield of CO (O) and smoke (@) per g of oxygen
consumed for ethene at a fuel flow rate of 6.4 cm®/s.

and for underventilated burning by Puri [29] to
obtain insight regarding our result of a nearly
constant CO yield per gram O,. The compari-
son will be made in terms of the ratio of the
volume percent of CO to the volume percent
of CO,, since not all the data needed for
computing yield are available. This ratio is a
useful parameter for assessing changes in flame
chemistry, since CO and CO, comprise the
major carbon containing products of combus-
tion. The ratio X, /X, obtained in each of
these studies is relatively constant with a value
of 0.6 over the local equivalence ratio range
1.5 < ® < 4 as shown in Fig. 13. It is also seen
in Fig. 13 that our global measurements are
qualitatively similar to the local measurements
but with a lower peak ratio of about (.43
compared with 0.6 and with a slight decrease
with increasing @. The uncertainty in the ratio
is estimated as +5% of the measured ratio
based on the uncertainty in the gas analyzer
readings and the experimental repeatability.
The local measurements indicate that the CO
and CO, are unreactive for ® > 1.5 presum-
ably because of the lack of oxygen and the
decrease in temperature. Abam [30] has also
reported that the methane flame is unreactive
for large ®. It is not surprising that our global
measurement of X.q/Xco, is less than the
local Xco/Xco,» since some of the CO pro-
duction locally takes place under fuel lean
conditions for which the CO yield is low.

As mentioned in the Introduction, measure-
ments have been made on the CO and CO,
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Fig. 13. Local ratio X.o /X, versus local equivalence
ratio for overventilated methane flame (@), for underventi-
lated methane flame (a), and global ratio Xco/Xco,
versus global equivalence ratio for underventilated
methane flame (4, this study with either 2 or 4 repeat
measurements for each value of ®).

concentrations [6-10] versus the global equiva-
lence ratio for turbulent natural gas flames,
which were typically 94% methane. In these
experiments [6—10] the air entrainment into
the flame was controlled by adjusting the height
of the collection hood relative to the burner.
As shown in Fig. 14, the ratio Xcq/Xcq, for
our study with the laminar methane flame in-
creases much more abruptly with ® near ® =
1 compared to the ratio for the turbulent natu-
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Fig. 14. X¢o/Xcp, versus & for laminar burning of
methane at a fuel flow rate of 10 cm? /s (a this study with
either 2 or 4 repeat measurements for each value of ®)
and for turbulent burning of natural gas (@, Ref. 4, ¢,
Ref. 5).
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ral gas study [6, 7). Also, the ratio Xco/Xco,
is larger for the laminar burner results for
® > 1; for example, at ¢ = 2, the ratio is 0.43
compared with 0.24 for the turbulent flame.

The effect of ® on smoke is more complex
than for CO, because not only the yield changes
but also the soot chemical makeup varies. The
decreasing yield of smoke with increasing @
indicated in Fig. 12 may be a result of the
smaller flame height and consequently shorter
residence time for smoke particle growth. The
much longer reaction time needed for the for-
mation and growth of smoke particles com-
pared to the formation of CO and CO, may
also be responsible for the peak in smoke yield
occurring at a smaller @, which means greater
flame height and longer residence time, com-
pared with CO.

As @ increases, the organic content of the
smoke increases and electron microscopy indi-
cates that the smoke agglomerates change from
clusters of distinct particles to agglutinated
structures with more apparent liquid character.
Previous studies on the organic content of
smoke have been for highly overventilated con-
ditions where the object is burning in the open.
Under these conditions for large-scale tests,
the organic fraction of the smoke was found to
be at most 25% for the burning of crude oil,
lumber, plywood, heptane, polyurethane, and
asphalt shingles [31-33]. Our results are the
first to show that more than 50% of the smoke
produced from flaming combustion of a hydro-
carbon fuel can be organic. In fact, for
methane, 80%-90% of the smoke is organic
for ® = 4.

It is intriguing to speculate that the high
organic content at high equivalence ratio re-
sults from the quenching of the smoke growth
at an early stage because of the small flame
height (Fig. 3). That is, there may be a chemi-
cal similarity between this smoke and the in-
cipient smoke in a laminar overventilated dif-
fusion flame. Dobbins et al. [34] have reported
agglutinated structures of young aggregates
when sampling low in a diffusion flame.

SUMMARY

An investigation of the generation of CO and
smoke for underventilated laminar diffusion
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flames, burning methane and ethene, has re-
vealed differences with studies considering tur-
bulent overventilated conditions. In particular,
the proportionality between smoke yield and
CO yield observed for the postflame (overfire)
region of turbulent overventilated flames for a
wide range of fuels is not found to be valid for
the underventilated laminar diffusion flame
case. In fact, the soot observed in the under-
ventilated flames is observed to vary consider-
ably in terms of the chemical structure from
that typically observed in overventilated flames.
The highly organic nature of the soot implies
that the structure of the soot may be more
similar to early agglutinated soot particles re-
cently observed in diffusion flames than to the
more aged aggregates typical of the postflame
region for overventilated flames. Comparisons
in terms of the ratio of CO and CO, as a
function of global equivalence ratio in the
postflame region of the underventilated flames
show a similar behavior to that previously ob-
served for in-flame measurements for both
overventilated and underventilated diffusion
flames that examined the dependence of this
ratio on local equivalence ratio conditions. This
suggests that for the in-flame fuel-rich region,
the chemical environment excluding soot is
correlated with equivalence ratio in a similar
way for both an overventilated flame and an
underventilated flame. The low production of
CO in the postflame region of overventilated
flames is simply a result of the oxidation of CO
to CO, in the upper regions of these flames.
Finally, the present studies illustrate the utility
of the study of underventilated flame environ-
ments where product yields and trends can be
quite different from overventilated conditions.
These studies should have significance for
combustion phenomena in which underventi-
lated conditions are typical, such as in fires.
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