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Tunable diode laser absorption spectroscopy coupled with microprobe sampling was used to quantita-
tively determine formaldehyde concentrations in a methane-air non-premixed flame. Resulting concentra-
tion profiles are similar in shape and peuak locations to previous qualitative measurements, and concentra-
tion levels are in line with those predicted by direct numerical simulation of methane-air flames. The
resulting concentrations were combined with other data from this flame system in a mixture fraction-based
code to predict levels for species whose concentrations are not available experimentally. An analysis was
performed of formaldehyde formation and destruction paths to determine HCHO'’s dependence on specific
reaction steps. Formaldehyde formation is dominated by the reaction between methyl radical and oxygen
atom, and it is destroyed by hydrogen abstraction. Both processes occur near the stoichiometric surface.
The analysis also verified several points made by other researchers about the heat-release rates in methane
flames. Heat-release rate correlates well with the destruction rate of methane, the rate of the reaction
between methyl radicals and oxygen atoms, and HCO- concentrations. A condition of chemical steady
state is found for HCO-, and the steady-state estimate of HCO- concentration may also be used to estimate

local heat-release rate in methane flames.

Introduction

In the Navier Stokes treatment of combustion, en-
ergy and mass conservation requires simultaneous
solution of individual equations for each of the
chemical species in the system. For turbulent
flames, the computational costs of including full
chemistry is prohibitive. For non-premixed flames,
conserved scalar conservation has been used as a sur-
rogate for the individual species mass conservation
equations. By definition, conserved scalars have no
source terms, and these new mass conservation
equations require only treatment of convection and
diffusion. However, even within the conserved scalar
model, energy conservation is more complex in that
some treatment of the source term, that is, heat-
release rate, is still required.

There has been a considerable body of experi-
mental work aimed at characterizing the heat-re-
lease region of both premixed and non-premixed
flames [1]. This work has been reviewed by Najm et
al. in a recent paper [2]. Most of these measure-
ments have utilized optical diagnostics, and they in-
clude both chemiluminescence of nascent species
(CH*, COZ%, C¥, and OH*) as well as laser-induced
Auorescence measurements of radicals such as CH-
and OH:. Because significant measurement inter-
ferences exist when polynuclear aromatic hydrocar-
bons and soot are present, many of these measure-
ments have been performed in diluted flames. Thus,

the application of the results to neat flames is prob-
lematic.

In the Najm et al. work [2], LIF measurements of
the HCO- radical show that its concentration spa-
tially and temporally correlates with local heat re-
lease. Unfortunately, signals are sufficiently weak
that planar imaging measurements of the fluores-
cence do not provide adequate signal-to-noise levels.

In a recent study of flickering flames, Kaplan et al.
[3] developed a simple model for heat release that
is derived from a conserved scalar treatment of fuel
consumption [4]. In Bilger’s work [4], methane con-
sumption in a steady flame can be calculated from
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where p is the mixture density, Yy, is the mass frac-
tion of methane, D is the mixture diffusion coeffi-
cient and ¢ is the mixture fraction. In the Kaplan et
al. [3] paper, five chemical species were tracked in
the flow: CH,, O, N,, CO,, and H,0. Nitrogen was
assumed to be chemically inert, and the other four
species were linked through the global combustion
reaction. Heat release was calculated by multiplying
the fuel-consumption rate by the heat of combus-
tion.

There seem to be two unsatisfactory aspects of the
approach adopted by Kaplan et al. [3]. First, there
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F1G. 1.Enthalpy flow along the reaction coordinate link-
ing methane and carbon dioxide. In this simplified scheme,
states (at 1900 K) are as follows: I: CH, + 2H- + O: +
OH-; 11: CHy + O: + H- + OH- + Hj; I11: HCHO +
2H- + OH- + Hy IV: HCO- + H- + OH- + 2H,; V:
CO + H- + OH- + 2Hy; and VI: CO, + H- + 2H,.

is little validation for how well it works. Second,
because it assumes a single-step, irreversible chem-
ical model, it does not provide much guidance for
the advancement of diagnostics for heat release that
have focused on intermediate species.

Between single-step and full treatments of chem-
ical heat release is the use of a reduced chemical
mechanism. Typically, one begins with a larger
mechanism, culls slow processes, and uses steady-
state and partial equilibrium assumptions to algebra-
ically simplify the calculations of Hame chemistry.
For methane combustion, a variety of short mecha-
nisms have been proposed. Peters and coworkers de-
veloped a four-step mechanism for methane com-
bustion that has been applied to both premixed [5]
and counterflow diffusion flames {6,7]. As noted by
Bilger et al. [8], this reduced mechanism overpre-
dicts the strain rate at extinction and does not pro-
vide good estimates for radical species on the fuel-
rich side of the high-temperature reaction zone in
diffusion flames. In the latter work [8], the authors
develop a four-step mechanism that corrects these
deficiencies by re-examining partial equilibrium and
steady-state assumptions made in the Peters refer-
ences. Common to both mechanisms is the irrevers-
ible fuel consumption reaction:

CH, + 2H- + H,0 — CO + 4H, (Rl)

In reduced mechanisms, the rates of the consoli-
dated steps are derived from rates of elementary re-
action processes. In the work of Bilger et al. [8], the
main reaction path leading from methane to carbon
dioxide was shown to be

CH, + H- = CHy + H,
CH, + O: = HCIO + H-

(R2)
(R3)
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HCHO + H- = HCO- + H,  (R4)
HCO- + M2 H- + CO + M (R5)
CO + OH- = CO, + H- (R6)

Figure 1 follows the flow of energy along this re-
action path. Despite the fact that stable carbon-con-
taining molecules (i.e., HCHO and CO) exist along
the path, all of these elementary steps are exother-
mic and largely irreversible. Further, in the Bilger
et al. analysis [8], all of the carbon intermediates
between fuel and carbon dioxide with the exception
of CO are found to be in chemical steady state. Using
these steady-state relationships, the authors were
able to show that the rate of fuel consumption, re-
action R1, is given by the sum of four elementary
reactions that produce formaldehyde, dominated by
R3: the reaction of methyl and oxygen atoms. Fur-
ther, the steady-state expression for the concentra-
tion of the formyl radical presented in Ref. [8] is also
a linear function of formaldehyde formation rates.

To briefly summarize the discussion so far, in
methane flames, the fuel-consumption rate, which
should be a good surrogate for heat-release rate, is
determined by formaldehyde formation rates that
also establish the steady-state concentration for the
HCO- radical. Thus, a link may be established be-
tween the experimental work of Najm et al. [2], the
heat-release model of Kaplan et al. [3], and the re-
duced mechanisms that preceded both. Central to
this picture is formaldehyde chemistry. '

Calculations [9] of formaldehyde concentrations
in methane-air flames indicate that peak concentra-
tions should be near 1 part per thousand. However,
formaldehyde concentrations have been found to be
as much as a few percent in flames with high strain
rates [6], a fact which may have implications for tur-
bulent flames where simplified reduced mechanisms
ma)]r fail to accurately predict formaldehyde levels
[10].

Previous attempts of measuring formaldehyde in
flames have met with some obstacles. Gas chro-
matographic measurements [11] require long sam-
pling and analysis times. Also, storage of the gases
can lead to sample degradation through oxidation of
formaldehyde to formic acid. Although the visible
spectroscopic parameters such as line widths and ab-
sorption cross sections for HCHO are well known
[12,13], quantitative LIF measurements suffer from
interferences from broadband PAH fluorescence.
Furthermore, partition function effects decrease sig-
nal intensity at higher temperatures [14]. Mass spec-
trometric measurements are hampered by isobaric-
ity of other combustion intermediates at 30 amu,
such as ethane. Mass spectrometry also requires cal-
ibration to accurately obtain quantitative informa-
tion [15].

Over the past several years, a substantial body
of data has been collected on the structure of a
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methane-air flame supported on a Wolthard Parker
slot burner. Concentrations for all of the major flame
species, as well as many minor ones, have been de-
termined. Because of this wealth of information, this
flame system provides an ideal environment to test
ideas on heat release. In this paper, we present mea-
surements of formaldehyde concentration using tun-
able diode laser absorption spectroscopy (TDLAS).
In our lab, we have demonstrated the use of TDLAS
as an effective diagnostic of many small molecules
in flames such as CO, CO, [16], CH,, C,H, [17],
and NO- [18]. Previous measurements of formal-
dehyde line strengths [19] and broadening parame-
ters [20] have been determined in order to develop
the technique for measurements in flames and the
atmosphere [21-23]. It should be noted that low
concentrations coupled with relatively low line
strengths (on the order of 10-2! ecm~/(cm~2 mole-
cules) lead to low signal levels for in situ flame mea-
surements. For that reason, in the work presented
here, we couple extractive microprobe sampling
with 2f wavelength modulation spectroscopy (WMS)
[24-26] to give the detection limits and sensitivity
required. Measured concentrations are combined
with previously determined data to analyze formal-
dehyde formation and destruction pathways. Finally,
an analysis of heat-release rates in this system tests
the importance of formaldehyde formation in pre-
dicting methane consumption rates, heat-release
rates, and HCO- concentrations.

Experimental Determination of
Formaldehyde

The burner consists of a central rectangular fuel
slot with dimensions of 8 X 40 mm sandwiched be-
tween two adjacent air slots with dimensions of 16
X 40 mm. Wire screen gulls were used to stabilize
the 300-mm flame. A quartz microprobe with an or-
ifice diameter of 140 um was inserted along the lon-
gitudinal axis of the flame at select heights above the
burner (HAB) surface. The bumer was moved un-
derneath the microprobe in order to collect spectra
at different lateral and longitudinal positions. The
spectra were collected every 0.2 mm from —10 to
10 mm laterally. The microprobe withdrew the com-
bustion gases into a 2025-cm path-length White cell.
The pressure in the cell was monitored by a capac-
itance manometer and was kept at ~ 20 Torr by
throttling a valve before the gases were drawn into
a rotary pump. Operating at low pressure minimized
overlap from neighboring methane lines. It should
be noted that in the wavelength of interest, the
methane line just to the blue of the formaldehyde
absorption (discussed later) would obscure the for-
maldehyde signal at atmospheric pressure. Good
agreement has been found between shapes of spe-
cies’ profiles and peak locations with extractive and
in situ techniques in this burner system [27,28].
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Light from a diode laser operating at 2936 cm~!
was collimated and passed through a monochroma-
tor to select a single laser mode. Fine tuning the
diode laser by changing the current allowed for the
scanning of the absorption features. To perform
wavelength modulation spectroscopy (WMS), the
current applied to the laser was modulated at 8.9
kHz, as it was scanned through an absorption fea-
ture. The emitted laser light was chopped at 401 Hz
using a tuning fork chopper for the discrimination
of laser radiation from the background radiation.
The light was directed around the optical table and
through the long path absorption cell using reflective
optics. The resulting attenuated radiation was col-
lected on a parabolic mirror and focussed onto a lig-
uid nitrogen—cooled InSb detector. The signal from
this detector was split to the two lock-in amplifiers.
The chopper was referenced to the first lock-in am-
plifier to determine I°. The high-frequency modu-
lation was used to reference another phase-sensitive,
digital lock-in amplifier for the collection of x” as
described previously [16-18]. The signal x” is related
to the analyte concentration through [25]

"= Fy X S(T) X g") Xx P, x L X I' (2)

where F, is the second Fourier component of the
modulation signal, S(T) is the line strength as func-
tion of temperature, g is the line-shape factor, P;is
the partial pressure of the absorbing gas, L is the
path length, and IV is the incident signal. This tech-
nique is well known for increasing the detection lim-
its for a given analyte [23,25].

The HCHO concentrations were determined by
fitting the 2f spectra using a PASCAL program de-
scribed previously [16,17]. The parameters in the fit-
ting routine included the concentration of the ana-
lyte as well as an adjacent HyO absorption. As shown
in the spectrum in Fig. 2, the HCHO absorption
(17414 < 1655 of the vs fundamental) lies quite
close to a rather large methane absorption (P(8)
F2(2) of the v; band [29]). Methane levels were fixed
to concentrations established previously [30]. Add-
ing the methane concentration as a parameter of the
fitting procedure did not have a significant effect on
the resulting concentrations. Another important fea-
ture of the spectrum lies just red of the formalde-
hyde absorption. This absorption was not found in
the HITRAN [31] database. Fits were performed to
establish the concentration of the unknown species
responsible for this absorption. However, the quality
of the fits in the vicinity of the formaldehyde were
worse than if the absorption was ignored, and this
latter approach was adopted for the results subse-
quently presented.

Formaldehyde Concentrations

The results of the measurements at 3, 5, 7, 9 and
11 mm HAB are shown in Fig. 3. The maximum



F1G. 2. Spectrum of formaldehyde
in flame gases taken at 9 mm HAB 2
mm off of the burner centerline.
Open symbols indicate experimental
. data, the solid line indicates the fit to

the data, and the broken line is the
residual of the fitting process (de-
scribed in text).

F1c. 3. Concentrations of formal-
dehyde in the Wolthard-Parker dif-
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concentration is observed to be about 3.2 parts per
thousand at 11 mm HAB at a lateral position of 2
mm off of the burner centerline, a location substan-
tially rich of the stoichiometric surface (which lies at
6.5 mm at this height). These concentration levels
are in good agreement with model predictions of
formaldehyde in methane-air diffusion flames. Fur-

ther, the profiles appear to be similar in shape to .

those obtained by Harrington and Smyth [14]. The
observed growth of the profiles toward the bumer
centerline is clearly evident as the maximum con-
centration changes from a lateral location of 3.5 to
2 mm from the centerline from 3 to 11 mm HAB,
respectively. Similar trends in hydrocarbon profiles
have been ascribed to chemical production near the
stoichiometric surface followed by convection and
diffusion toward the flame interior [32].

L the burner (HAB). [J: 3 mm HAB:
O: 5 mm HAB; A: 7 mm HAB; V: 9
mm HAB; and ¢: 11 mm HAB.

Reaction Path Analysis

As noted in the Introduction, the data available in
the Wolfhard—Parker (WP) flame provide an oppor-
tunity to examine formaldehyde chemistry in some
detail. Even so, there are many species that are im-
portant in methane oxidation whose concentrations
are unknown in this flame. For example, Smooke has
applied a 26-species mechanism to the determina-
tion of methane-air flame structure that includes
both one-carbon and two-carbon species but no ni-
trogen oxidation. Of these 26 species, only 14 are
available in the WP flame from experimental mea-
surements {specifically, HCHO as well as CH,, O,,
N,, CO,, H,0, CO, Hy, CoH,, OH-, H atom, O
atom, and CHj+, and CH- [9,27,32-35]). To estimate
the concentrations of the remaining species, we have
adopted the computational scheme described later.
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0.002 . 0.003 F1G. 4. Rate of production analysis

= 0,000 PR of formaldehyde chemistry in the
g - -0 c WP flame at 9 mm HAB. [J is the
,',‘” 0.002 2 concentration of HCHO as a func-
g ' {0002 8 tion of & with the dashed line
@ -0.004 - through the data used to illustrate
5 % the trend. M indicates the ROP of
E 5006 = HCHO as a function of mixture frac-
o o tion, £. O indicates flame location of
5 -0.008 1 0.001 g maximum production rate at ¢ =
X x 0.0829, A represents the maximum
% -0.010 destruction rate at & = 0.0589, and
& 5 stoichiometric O isat & = 0.0474. These points are
0.012 ) 1 0.000 where the sensitivity analysis was
0.3 0.4 performed. Solid line shows the cal-

It has been well established that conserved scalars
such as mixture fraction can be used to correlate
many combustion species’ concentrations [4,36]. An
implication of this observation is that the species
conservation equations may be rewritten as a func-
tion of mixture fraction:

dpY;) o - X Y,
a7 9 o2

where t, w, p, &, ¥, and Y; are time, chemical rate
(in grams per cc per second), mixture mass density,
mixture fraction, scalar dissipation rate, and the mass
fraction of species i, respectively. Both £ and y have
been previously computed for the WP data.

In a steady flame, the left-hand side of equation 3
should be zero for all species. The code minimized
the difference between the two terms on the right-
hand side of the equation for all chemical species in
the mechanism by iterating the mass fractions of
only the experimentally undetermined species using
a implicit time step of 100 ns. Convergence was
achieved after 25 ms as determined through several
tests in which mole fractions of all species were
found to change less than 0.1% per time step. Al-
though initial calculations were done with a Smooke
mechanism [9,37] which contained 26 species and
83 reactions, the results presented here were ob-
tained using GRI Mech 1.2 [38]. Finally, linear
boundary conditions were imposed at £ = 0 (pure
air at 298 K) and £ = 1 (pure methane at 298 K).

At the conclusion of the calculations, concentra-
tions and rates of production (ROP) for all the spe-
cies were reported and sensitivity coefficients [39]
for selected species were computed. The resulting
ROP for formaldehyde versus mixture fraction is
shown in Fig. 4. Also shown in the fizure is the mole
fraction of formaldehyde at 9-mm HAB plotted
against mixture fraction. An important observation
in this figure is the disparity between the location of
the maximum in the formaldehyde concentration (&

(3)

culation of the ROP from only the
four reactions shown in Fig. 5.

= 0.4) and its dominant production rate features,
which occur near the stoichiometric surface. Note
that the ROP profile consists of two features: a de-
struction feature at the stoichiometric surface and a
smaller production feature on the rich side. As for-
maldehyde is formed, it will diffuse to both richer
and leaner stoichiometries. Molecules that diffuse to
leaner stoichiometries are destroyed. However, dif-
fusion to richer stoichiometries carries HCHO into
the chemically inert flame interior where its concen-
tration grow.

Figure 5 shows sensitivity coefficients calculated
for formaldehyde at three stoichiometries: near the
stoichiometric surface (& = 0.0589), slightly rich (¢
= 0.0830), and slightly lean (£ = 0.0470). The re-
sulting chemistry appears to be quite simple. There
are two major formation pathways for formaldehyde:
methyl attack by oxygen atom and methyl attack by
the hydroxyl radical, with the former being substan-
tially more important (about 75%). Formaldehyde
destruction is entirely through hydrogen abstraction
by H atom, O atom, and OH- with the relative dom-
inance of each pathway shifting with stoichiometry.

Heat-Release Rate Correlations

The heat-release rate as a function of mixture frac-
tion can be determined by summing the products of
net chemical formation rates &; and specific enthal-
pies h; for all species i:

O = Z h,

As a first test, the heat-release rate Q was plotted
against methane destruction rates and a reasonable
linear correlation was obtained (r2 = 0.9211) with a
slope of —136 k]/mol, substantially less than the
heat of combustion of methane (—890 kJ/mol). In
the work of Najm et al. [2], correlations of heat re-
lease showed a similar “petal” appearance with a rich

(4)
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FIG. 6. (A) Heat-release rate (kW cm™7) plotted against
rate of the forward reaction CHy» + O: & HCHO + H-
(moles em=3 sec1). (B) Heat-release rate (kW em~3) ver-
sus formyl radical concentrations.

(lower) and lean (upper) branch. Obviously, consid-
eration of only one of these branches improves the
quality of the correlation.

The picture for formaldehyde chemistry revealed
in our work is even simpler than the Bilger et al. [8]
reduced scheme might have suggested. Here the

dominant contribution to formaldehyde formation
comes from the reaction of methyl and oxygen atom.
Recall that Bilger et al. [8] predicted that the rate of
methane destruction could be determined by the
rate of formaldehyde formation. In that case, and in
light of the successful correlation of the heat-release
rate with the methane destruction rate, it would
seem reasonable that the forward rate of the reaction
between CHj- and O atom would also correlate well
with the heat-release rate. This correlation is shown
in Fig. 6A. As expected, this correlation is also quite
good (2 = 0.8472).

An additional prediction of the Bilger et al. [8]
work is that if both HCHO and HCO- are in chem-
ical steady state HCO- concentrations should be lin-
ear functions of formaldehyde formation rates.
Therefore, formyl radical concentrations should also
correlate with the heat-release rate. This correlation
is shown in Fig. 6B. Finally, our analysis shows that
the simplicity of formaldehyde chemistry is mirrored
in that of HCO-. Formyl is formed through hydro-
gen atom abstraction from formaldehyde and de-
stroyed through thermal decomposition. Further,
HCO- appears to be in steady state: The peak in the
formyl radical ROP profile is substantially smaller
than the rates of the dominant individual reactions
that form and destroy it. Thus, HCO- may be esti-
mated from

[HCO] =
[HCHO)] (ks[O] + k; [OH] + k; [H))
kyM}

Although this steady-state estimate overpredicts the
HCO- concentration calculated in our one-dimen-
sional code by a factor of 3, the peak location and
peak shape (in mixture fraction space) are well pre-
dicted. Thus, the steady-state estimate of HCO- may
also be used to correlate heat-release rates. This
result has implications for experimental systems in

(5)
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which the measurement of formaldehyde is more
accessible than that of the formyl radical.

Conclusions

Tunable diode laser absorption spectroscopy cou-
pled with microprobe sampling has been used to
quantitatively determine formaldehyde concentra-
tions in a well-characterized methane-air non-pre-
mixed flame. Resulting concentration profiles are
similar in shape and peak locations to previous qual-
itative measurements, and concentration levels are
in line with those predicted by direct numerical
simulation of methane-air flames. The resulting con-
centrations were combined with other data from this
flame system in a mixture fraction-based code to pre-
dict levels for species whose concentrations are not
available experimentally. Finally, an analysis was per-
formed of formaldehyde formation and destruction
reaction paths to determine HCHO’ dependence
on specific reaction steps.

Formaldehyde formation is dominated by the re-
action between methyl radical and oxygen atom, and
it is destroyed by hydrogen abstraction. Both pro-
cesses occur near the stoichiometric surface. The
analysis also verified several points made by other
researchers about the local heat-release rate in
methane flames:

® First, the heat-release rate correlates well with the
destruction rate of methane,

® Second, because the latter may be determined by
the formation rate of formaldehyde, the reaction
rate of methyl radicals and oxygen atoms also may
be used to predict heat-release rates.

® Finally, formyl radical concentrations, which are
also dependent on formaldehyde formation rates,
correlate well with heat-release rate. Moreover, a
condition of chemical steady state is found for
HCO- in our analysis, and the steady-state esti-
mate of HCO- concentration may be used to es-
timate heat-release rate in methane flames.
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