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ABSTRACT KEYWORDS

The OH*, CH* and CO3 chemiluminescence signals of methane/air pre- Flame chemiluminescence;
mixed laminar flames stabilized over a nonadiabatic porous plug burner ~ non adiabatic combustion;
are compared to the signals measured from a nearly adiabatic conical ~ Preheating; heat losses;
flame in a series of experiments. The impact of reactant stream tem-  ©Perating point control
perature is also characterized. A numerical study based on 1-D flame

models then follows to support the experimental results. It is found both

in experiments and in simulations that the linear relationship between

the mixture flowrate and the chemiluminescence intensities is no longer

valid when flames are closely attached to the burner surface due to the

heat transfer between the flame and the burner. The transition between

the linear and the nonlinear regimes is identified as the gas flow velocity

drops below the adiabatic laminar burning velocity calculated at the

bulk temperature of the flow leaving the burner. When the mass flow-

rate is kept constant, preheating of the reactant stream increases the

chemiluminescence intensity for a freely propagating flame, but has

almost no impact for a burner-stabilized flame. It is finally found that the

OH* and CH* chemiluminescence intensities correlate with the bumt

gas temperature for the adiabatic but also the nonadiabatic flames. The

underlying physical mechanisms are discussed. Finally, the evolution of

the CH*/OH* ratio with the inlet gas velocity is discussed.

Introduction

The flame chemiluminescence provides useful information about the combustion process.
Considerable progress has been made on the use of the chemiluminescence signal for the
monitoring of heat release rate, equivalence ratio, pollutant gas emissions and also sensing
thermo-acoustic instabilities (Zimmer et al., 2003; Hardalupas et al., 2004, 2010; Geddis, 2009;
Lauer and Sattelmayer, 2010; Lauer et al,, 2011; Guethe et al., 2012). There are many examples
of the use of the chemiluminescence signal to get an estimate of the state of combustion.
The following examples are a selected number of samples covering different applica-
tions. Docquier et al. (2002) developed a demonstrative closed-loop equivalence ratio
controller for laminar CH,/air premixed conical flames up to 20 bar, using the chemilu-
minescence intensity ratios OH*/CH* and CO3;/CH*. Monitoring the equivalence ratio on
an industrial swirling burner is reported by Guyot et al. (2010). Hardalupas et al. (2010)
have shown that OH*, CH* and COj are good indicators for the heat release rate in



a model gas turbine combustor. Arias et al. (2008) used silicon photodiodes with inter-
ference optical filters to control a central heating burner and have correlated the CH*/C}
ratio with the CO emission and combustion efficiency.

The chemiluminescence signal depends on the injection flowrate, temperature, pressure,
strain rate, fuel composition and many other factors (Ballester et al., 2009, Garcia-Armingol
and Ballester, 2014b; Hardalupas and Orain, 2004; Higgins et al., 2001a, 2001b; Nori and
Seitzman, 2007, 2009; Orain and Hardalupas, 2010). Consequently when it is used to infer
a certain combustion parameter, the impact of all other factors altering this paramater needs
to be considered as well. In many combustion devices, it is shown that the chemilumines-
cence intensity of laminar premixed hydrocarbon/air flames is proportional to the bulk flow
velocity when the burner is operated at a fixed equivalence ratio (Hurle et al., 1968 Higgins
et al,, 2001a, 2001b). Taking the ratio of two chemiluminescence intensities(Kojima et al.,
2000 Docquier et al, 2002) is a useful technique to obtain signals independent of the
flowrate and strain rate. The experimental work of Hardalupas and Orain (2004) with
a counterflow burner revealed that the CH*/OH" ratio is barely modified by the strain
rate. This conclusion was later verified in the numerical investigation from Panoutsos et al.
(2009). They showed that even though the strain rate modifies both OH* and CH*
emissions, the ratio of the two intensities remains unaltered by the strain rate. They however
found that the C5/CH" ratio is modified by strain rate for rich flames. The impact of fuel
composition has also already been addressed in a series of studies (Orain and Hardalupas,
2010; Garcia-Armingol and Ballester, 2014a, 2014b; Guiberti et al., 2017).

In idealized gas turbines, counterflow burners or conical flame burners, combustion
can be considered to be roughly adiabatic as the heat transfer with the solid components
of the system remains small compared to the heat released by combustion to the flow. This
is not the case for flames stabilized by perforated burners used for example in heating
equipment as illustrated in Figure 1 (Kedia and Ghoniem, 2012). These burners operate in
general with laminar flames and with a large turndown ratio. At low power, the flames are
stabilized close to the burner surface with large heat transfer to the burner. This operation
mode allows to reduce the flame temperature and mitigate NOx emissions (de Goey et al.,
2011). Another example is the porous radiating burner for which combustion takes place

(a) Multi-perforated burner (b) P=9 kW ¢ = 0.83 (¢c) P=3 kW ¢ =0.83

Figure 1. Photos of the cylindrical multi-perforated burner (a), working under regular mode (b) and
radiation mode (c).



inside the porous structure and the heat transfer between the flame and this structure
generates an excess-enthalpy flame (Barra and Ellzey, 2004; de Goey et al., 2011).

Effects of heat losses on chemiluminescence have to our knowledge not been analyzed
in a systematic way. A better knowledge would ease the design of operation point
controllers based on sensing the chemiluminescence signal. The main objective of this
study is to characterize changes of the flame chemiluminescence properties when heat
losses to the burner and preheating have to be considered.

In the present study, the chemiluminescence from flames stabilized on a cylindrical
multi-perforated burner is first examined to illustrate effects of heat transfer from the
flame to the burner in a practical commercial system. Analysis of effects of heat losses on
the chemiluminescence is then carried out with two laminar burners, better suited for
parametric studies and modeling. The first one is an axisymmetric burner anchoring
a relatively large conical premixed flame. In this case, combustion takes place mainly in
an adiabatic mode. The second configuration is a porous plug burner anchoring small
flames close to the surface with large heat transfer between the flames and the porous
injector. In this case, the reactant stream is also preheated by the hot burner.

A numerical investigation of the chemiluminescence from 1-D laminar flames stabi-
lized by heat transfer above a burner is conducted with the REGATH flow solver devel-
oped at EM2C laboratory (Candel et al., 2011). The numerical approach solves the balance
equations of mass, momentum and energy for a multispecies flow with detailed transport
properties of the gases and the GRI 3.0 mechanism for the chemical reactions. The GRI
3.0 mechanism is here extended to include the excited radicals CH* and OH* chemistry.
Simulations are compared to experimental data gathered from the porous plug burner and
provide a support to analyze the experimental results.

The experimental setup is described in the next section. Test procedures for optical and
temperature measurements are then carried out.Experimental results are then presented for
the two burners investigated. The 1-D numerical model used in this study is then described.
The simulation results and comparisons with measurements are discussed in the final section.

Experimental setup

A commercialized multi-perforated burner widely installed in domestic gas boilers is first used
to shed light on effects of heat transfer in a practical system. The burner is made of stainless steel
designed to resist high flame temperatures, with a diameter of 70 mm (Figure 1a). The surface of
the burner consists of hundreds of tiny circular holes of = 0.8 mmdiameter and small
rectangular slits. The operational power ranges between 3 and 14 kW. At high power, small
blue flames are stabilized away from the perforated grid with reduced heat losses to the burner.
This operating mode is designated as “regular” and is illustrated in Figure 1b. At low power, the
flames are stabilized close to burner surface with large heat transfer to the metallic components
(Figure 1c). The burner turns red due to thermal radiation of the metal at high temperature. In
this case, the burner works under the so-called “radiation mode”. There is yet to our knowledge
no systematic analysis of the evolution of the chemiluminescence signal between these two
operating modes.

This investigation is carried out with two laboratory burners featuring different beha-
viors with respect to heat losses. The first setup is a porous plug burner, which mimics the



behavior of the commercial burner with strong heat exchanges between the flame and the
porous injector. The second setup anchors a nearly adiabatic laminar conical flame, which
serves as a reference for the measurements. All flames investigated are obtained with
methane-air mixtures at atmospheric pressure.

(1) Porous plug burner (Figure 2):

This burner is a round porous plate of 35 mm diameter and 3 mm thickness, composed of
packed bronze grains of 0.2 — 0.3 mm diameter. It is supported by a stainless steel plate and
fed by the fuel air mixture with a straight duct below. An external heater can be installed
upstream of the burner to investigate effects of gas preheating. An integrated thermocouple
measures the gas bulk temperature inside the injection tube. Two tiny metallic fixing lugs are
installed to prevent the porous plug from being blown out by the flow. The supporting plate
is painted in black to minimize light reflection and avoid interferences with optical measure
ment devices.

For high gas injection velocities, tiny conical flames are formed above the porous plate as
shown in Figure 2c. When the gas velocity drops below the adiabatic laminar burning velocity
Sp, the small size of the pores between the bronze grains (of the order of 0.1 mm) eliminates
the possibility of flashback. It makes the burner different from those superadiabatic burners
described for example by Barra and Ellzey (2004), in which the combustion can take place
inside the porous structure. With the present burner, the flame is stabilized at least several
tenths of a millimeter above the porous plate with a strong heat transfer to the porous
element. In this case, the flame speed is lower than the adiabatic laminar burning velocity S
and a new equilibrium is achieved with the gas flow velocity ug. A 1 D planar flame is then
observed as in Figure 2d. In practice, the transition between conical and planar flames is
progressive and the two types of flame structures can be simultaneously observed over the
porous structure for a certain range of flowrates. This is due to the complex porous structure
of sintered bronze, leading to a non uniform gas velocity distribution at the burner outlet.

(2) Laminar conical flame burner (Figure 3):

This burner anchors a conical premixed flame. The fuel air mixture entering the plenum passes
first through a perforated plate to homogenize the flow, then through a honeycomb structure
helping to laminarize it, a mesh wire grid to prevent flashback and break the residual turbulent
vortices before entering a converging nozze. This nozze guides the flow at the burner outlet and
reduces the boundary layer thickness. The gas mixture leaves the bumer with a quasi uniform
top hat velocity profile (Durox et al., 1997). A ring stabilizer is added at the top of the nozzle to
improve flame stabilization and ease measurements over a large range of powers and equivalence
ratios. The ring stabilizer features three slits on the top (Johnson et al., 1998). A tiny annular
flame is formed above the slits helping to sustain the central conical flame. The internal diameter

(a) Photo (b) S(;hématlc (c) up/Sp =1.41 (d) ug/SL =0.30
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Figure 2. Porous plug bumer. uy: gas flow velocity at the burner outlet. 5;: adiabatic laminar burning
velocity.
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Figure 3. Conical flame bumer.

of the ring is 20 mm and corresponds to the diameter of the central conical flame. The height of
the central conical flame varies between 40 and 100 mm for the conditions explored. Heat losses
from the central flame to the bumer are in this case limited because the reaction zone mostly lies
far away from the burner, except near the flame base (Mazas et al,, 2011; Mejia et al.,, 2015). The
gaseous mixture leaves the burner at nearly room temperature.

Optical measurements

The optical setup is shown in Figure 4. A lens (F= 10 mm, ¢ = 3 mm) collects the light emitted
from the flames over a selected region. The light is then guided by an optical fiber to an
OceanOptics USB2000+ spectrometer to analyze its spectral content over the range of wave-
lengths from 200 to 900 nm. The region scrutinized by the spectrometer is a disk of about
100 mm diameter for both burners, which is large enough to collect all the light emitted by the
entire combustion region. The conical flame burner (Figure 4a) is observed with a view angle
perpendicular to the flow direction. The detector is slightly inclined for the porous plug burner
(Figure 4b) measurements to ease light detection because flames are stabilized at a very small
distance above the burner surface. In addition to the spectrometer, a Hamamatsu H11902-110
photomultiplier tube mounted with a narrow band bandpass optical filter records the chemilu-
minescence signal over the entire flame region as shown on the right of the two schematics in
Figure 4.

Figure 5 gives an example of spectrum recorded for a stoichiometric conical flame at
a power of P = 2 kW. One can easily identify the OH* peak at 308 nm, the CH* peak at
432 nm and a broadband COj emission between 300 and 600 nm (Gaydon, 1974). This
spectrum does not correspond to the true flame chemiluminescence signal I, but is
filtered by the device response function: I} = IyR(A). The function R(A) has not been
characterized because absolute values are not needed for the present study. Only evolu-
tions of the chemiluminescence intensity at fixed wavelengths are examined.
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Figure 5. Interpretation of chemiluminescence intensities.

For each burner, CH* and OH* emission intensities are deduced from the recorded flame
spectra by measuring the height of the emission peaks with respect to the baseline emission
background as indicated in Figure 5. This method allows to exclude the COj; broadband
emission and stray light. The broadband COJ emission is represented by its intensity value
at 370 nm (Samaniego et al, 1995). COj emission intensities are measured with the
photomultiplier tube mounted with a 370 + 5 nm bandpass filter (see Figure 4), because
direct measurements of the CO3 signal with the spectrometer have been found to be very
sensitive to stray light.

The chemiluminescence intensity is known to be altered by several factors. In the
present cases, the flames are laminar and effects of flame curvature (Law, 1989) are limited
over the whole surface area of the flames investigated. This approximation is discussed
later in the paper when presenting the experimental results in subsection “Specific
intensity vs. flowrate”. Moreover, there is no large gradient in the velocity field of the
fresh stream of reactants, and effects of strain rate can be ignored. Flames also remain
steady in a laminar regime for all the operating conditions investigated. The remaining
factors altering the chemiluminescence signal are then the equivalence ratio ¢, mixture
mass flowrate # and stream temperature T at the burner outlet. Effects of the equivalence
ratio are well known (Hardalupas and Orain, 2004). The main objective of this study is to
understand effects of the mixture flowrate (or flame power) and stream temperature on
the chemiluminescence signal. Indeed, both can be closely related with burner-flame heat
exchange in the investigated configurations.



For adiabatic premixed systems, the chemiluminescence intensity of a given species is
found to be proportional to the mixture flowrate (Higgins et al., 2001a, 2001b, Hurle et al,,
1968) when other parameters are kept constant. In this case, the specific intensity remains
constant:

I, =1/ = cst. (1)

where I stands for the measured intensity and r1 the corresponding mixture mass flowrate.
In the following, I;'¥ designates the measured specific intensities and I™ denotes the
values found in the simulations.

In a first set of experiments, the proportional relationship Eq. (1) between the chemi-
luminescence intensity and the mass flowrate injected is assessed for the conical flame
burner and for the porous plug burner. In this latter configuration, burner-flame heat
exchange takes place and the bulk gas temperature Tj at the injector outlet could not be
kept constant when the mixture mass flowrate #: was varied. The impact of this tempera-
ture increase is ignored in a first step, but an analysis is conducted a posteriori at the end
of the subsection “Specific intensity vs. temperature” when presenting the experimental
results. Effect of preheating is investigated in a second series of experiments with the
porous plug burner. The fuel-air mixture is in this case heated by an electrical heating
tube before injection in the burner (see Figure 2b). The experimental conditions explored
in this work are summarized in Table 1.

Temperature measurements

The heat flux from the flame to the burner has been investigated by Botha and Spalding
(1954) with a water-cooled burner, and more recently by Van Maaren et al. (1994) by
measuring the temperature gradient along their porous plug burner. Though heat flux
measurements are difficult in the present study, the burner surface temperature is
a convenient indicator of the magnitude of the heat flux transferred from the flame to
the burner. The evolution of the burner surface temperature is investigated here for the
different conditions explored. These measurements are made with a Fluke 572 IR thermo-
meter. The emissivity of bronze is set to be € = 0.55 and the sampling region is a disk of
about 20 mm diameter. The radial temperature gradient over the porous plate is not
considered here (Van Maaren et al., 1994).

The hot burner also transfers part of the heat to the fresh stream of reactants. Knowledge of
the reactant stream temperature is necessary as it may alter the flame chemiluminescence signal.
A direct measurement of this temperature is however difficult with the burner in operation. An
alternative method is thus used to gain a rough yet reasonable estimation of the gas stream

Table 1. Experimental conditions. The temperature T, in degrees Celsius denotes the gas
temperature at the outlet of the electrical heating tube before the porous plug burner.

No. Burner Equivalence ratio Power [kW] T,[°C]
1 Conical flame 0.77 1.00 1.0 2.0 20
2 Porous plug 0.77 1.00 06 1.8 20
3 Porous plug 1.00 0.6, 0.8, 1.3, 20 180

18




temperature at the injector outlet. The burner is first left working for several minutes until its
surface temperature is stabilized. Then the fuel is turned off but the air continues to flow. A thin-
type R Pt/Rh thermocouple is immediately approached to the center of burner outlet at a distance
of about 1 mm. The bead of the thermocouple is uncoated, but catalytic effects are not expected to
be important as the thermocouple is only used to measure the hot air flow temperature after
flame is blown off. The response time of the thermocouple is relatively short (of the order of
30 ms) thanks to the small size of the thermocouple bead (~100 um), but setting the thermo-
couple in place takes about 1 s. The initial instant at which the flame is blown off is denoted as
t = 0 and the temperature is then recorded over a period of 30 s. An exponential regression of
the data and an extrapolation to ¢ = 0 are used to infer the inlet gas temperature when the burner
is in operation. More details together with a sensitivity analysis to the different errors made with
this reconstruction technique are given in Appendix A. This temperature measurement is
conducted only at the center of the burner for each operating condition investigated.

Experimental results
Burner and reactant stream temperatures

The porous plug burner surface temperature is plotted in Figure 6a for different operating
conditions as a function of u /Sy, where 1, denotes the bulk velocity of the reactant stream at
the burner outlet deduced from the mass flowmeter indications and S; is the adiabatic
laminar burning velocity calculated with the REGATH solver later described. Both the flow
velocity uy and laminar burning velocity S; are determined for the reactant stream tempera-
ture T. For a given mass flowrate, 1y /Sy, is a function of the reactant stream temperature T,
because S; increases with T faster than u, for methane-air mixtures (Konnov, 2015; Lewis
and Von Elbe, 1987). Data for T, measured at the burner outlet and plotted in Figure 6b are
therefore taken into account for the calculation of u, and S;.

In Figure 6a, one notices that the burner surface temperature monotonically decreases
for increasing flowrates. Since a higher burner temperature indicates a larger heat flux
from the flame to the burner, one may conclude that the heat flux to the burner decreases
monotonically for increasing flowrates over the range of conditions investigated
(0.3<uy/S.<2.5). The heat transfer from the flame to the burner is strong when

900 00 700 1000
—o=1. ——¢=1.00 A
800 —¢=091 ——$=0.91 900 - %
—¢=0.83 600 ——¢=0.83
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(b) Porous plug burner:
reactant stream temperature.

(¢) Multi-perforated burner:
reactant stream temperature.

(a) Porous plug burner:
burner surface temperature.

Figure 6. Burner and reactant stream temperature measurements as a function of ug/S;. up: gas flow
velocity at the burner outlet. S;: adiabatic laminar burning velocity at To.



uy/S. < 1. Nevertheless, it is worth pointing out that at very low gas flowrates, the burner
temperature drops, and hence the heat lost by the flame as well, due to a lower flame
power when the flame is close to blow-off. At high flowrates, the heat transfer between the
flame and the burner is less intense, but it does not vanish at least within the investigated
range of conditions explored. To confirm these observations, simulations carried out with
a 1-D burner-stabilized flame model are compared to heat loss measurements from Botha
and Spalding (1954) in the final section of this paper.

The hot burner also transfers part of the energy back to the flame by heating up the
reactant stream flowing through the hot sintered bronze. The measured reactant stream
temperature at the porous burner outlet is plotted in Figure 6b. It is roughly 200 K below
the burner surface temperature.

The reactant stream temperature was also determined on the commercial multi-
perforated burner presented in Figure 1 and similar heat exchange phenomena can be
identified. The burner temperature is not measured for this burner, but the trend is
evidenced by a stronger thermal radiation at low power as illustrated in Figure 1b and
lc. The reactant stream temperature is presented in Figure 6¢ for different operating
conditions. We notice in this case a stronger preheating of the incoming gases compared
to the porous plug burner, with a temperature increase of at least 200 K and up to 650 K.
This is caused by a higher temperature of the metallic components of the burner and
a longer residence time of the gas flow inside the burner.

The multi-perforated commercial burner exhibits thus globally the same thermal
behavior as the porous plug burner with (1) a large heat transfer from the flame to the
burner inducing (2) a preheating of the reactant stream. The porous plug burner is
therefore used in the following to examine effects of heat losses and reactant preheating
on the flame chemiluminescence.

Specific intensity vs. flowrate

Conical flame burner

Results are first analyzed for the conical flames stabilized with the setup shown in Figure 3.
A series of spectra are recorded for powers ranging within P = 1.0 — 2.0 kW and equiva-
lence ratios ¢ = 0.77 — 1.00. Figure 7 shows for different equivalence ratios the evolution
of the specific intensity Iy with uy/S; and clearly confirms that these quantities are
independent. This confirms that the OH*, CH* and CO3 chemiluminescence intensities
linearly increase with the mixture flowrate for adiabatic operating conditions (Higgins
et al., 2001a, 2001b, Hurle et al., 1968).

A brief analysis is made to evaluate the impact of flame stretch on the chemiluminescence
signal. The stretch rate for the investigated conical flames hardly exceeds 100 s ! except over
a very small fraction of the flame surface at the apex (Law and Sung, 2000). The resulting change
of the chemiluminescence intensity is then estimated to be lower than 5% according to the results
of Panoutsos et al. (2009). In addition, it can be deduced that for conical flames the stretch rate
barely varies with the gas velocity u for a given laminar burning velocity S, (or equivalence ratio
¢). Therefore the stretch rate can be considered to remain roughly constant for each curve in
Figure 7 and does not modify the shape of the curves.
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Figure 7. Specific emission intensities " of OH*, CH* and CO; for measurements conducted with the
conical flame burner.

Porous plug burner

The same measurements are repeated with the porous plug burner shown in Figure 2
operating at powers P = 0.6 — 1.8 kW and equivalence ratios ¢ = 0.77 — 1.00. Results are
presented in Figure 8. We notice here that the behavior of I;'" may be split into two
regimes. The specific intensity remains constant for uy/S;>1 and then changes with the
mass flowrate injected when uy/S; drops below unity. It is here worth reminding that in
these figures Sy denotes the adiabatic laminar burning velocity calculated with the
REGATH solver for the reactants at the temperature Ty and u, corresponds to the gas
flow velocity at the same temperature. The way the bulk temperature T, of the reactant
stream is determined was described in section “Temperature measurements”.

The left part of the curves plotted in Figure 8 therefore does not obey to Eq. (1) and the
proportional relationship between the chemiluminescence intensity and the mixture mass
flowrate 71 is violated in this region. It is hypothesized that this phenomenon is due to the
heat transfer between the flame and the burner. Heat losses reduce the flame temperature;
hence, the specific intensity I;'" is lower than the value expected for an adiabatic freely
propagating flame. When /Sy, > 1, conical flames are formed above the porous burner, and
lie in average further away from the burner surface. In this regime, the combustion reaction
mainly takes place at a distance of a few millimeters away from the porous surface. In this
case, heat losses to the burner are drastically reduced. The difference between the planar
(19/SL < 1) and conical flame (uy/S > 1) regimes is highlighted in Figure 2¢ and d.
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Figure 8. Specific emission intensities /® of OH*, CH* and CO} for measurements conducted with the
porous plug burner.



These results obtained with the porous plug burner complete those found for the
conical flame burner shown in Figure 7. The range of conditions explored in Figure 7
corresponds to u/S; > 1, over which I;¥ remains constant. Flames cannot be stabilized
above this burner when u,/S;, <1 due to flashback. Results for the commercial burner
shown in Figure 1 are presented in Appendix B. They share the same features as those
shown for the porous plug burner in Figure 8.

Specific intensity vs. temperature

The evolution of the chemiluminescence intensity with the bulk stream temperature Ty is
now investigated with the porous plug burner. The reactant stream is preheated by the
heating tube at different temperatures from 20°C to 180°C (see Figure 2b) and is then
further heated up when flowing through the hot porous plate from the burner. The
temperature Ty of the gaseous stream at the burner outlet is measured with the method
described in section “Temperature measurements”. The power ranges between 0.6 and
1.8 kW and the equivalence ratio is set to ¢ = 1.00.

The specific chemiluminescence intensity is plotted in Figure 9 as a function of T, for different
values of the mass flux injected. The corresponding values for 1 /S, are indicated in Figure 9a at
the limits of each data set and are the same for the two other graphs. One first notices that for the
mass burning flux fo = 6.81 x 10 *gcm ?s !, the data in blue lie in the regime uy/S; > 1,
corresponding hence to freely propagating flames. In this case, the OH*, CH* and COj
chemiluminescence intensities all increase with the reactant stream temperature Tj. Second,
forfy = 3.79 x 10 2,3.05 x 10 ?and2.27 x 10 ?g cm 2s !,u,/S; is way below unity. These
data sets correspond thus to planar flames attached to the burner. In this case, the OH*, CH* and
CO; chemiluminescence intensities are found to be independent of Ty, at least over the
temperature range investigated. Results obtained for fy = 4.92 x 10 2gcm 2 s ! lie in the
regime u9/S; < 1 but are very close to the limit. Due to the nonuniform velocity distribution
at the porous plug burner outlet, 1y can locally exceed Sy even though the average speed still
remains below Sy and a fraction of the reaction layer detaches and takes a corrugated shape, while
another fraction remains planar and attached to the burner. In this case, the OH*, CH* and CO;}
chemiluminescence intensities slightly increase with T, but with a reduced slope. An
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measured on the porous plug burner for stoichiometric mixtures ¢ = 1.00. The corresponding values
for ug /S, are indicated at the two ends of each data set gathered at a fixed burning flux fy in the left
plot. These limits are the same for the two other plots.



interpretation of the behaviors of the free and attached flames is given with the help of the
simulation results in the last section of this paper.

It is also worth pointing out that the set of data in blue in Figure 9, though obtained for
a fixed mass burning flux of fy = 6.81 x 10 *gem *s !, is indeed the same for any adiabatic
flame with uy/S; > 1, because the specific intensities have been found to be independent of
the mixture mass flowrate i (or mass burning flux f;) in this regime. This is highlighted by the
first point of the red data set obtained for fo = 4.92 x 10 *gcm 2s ! and u,/S; = 1.01
which lies close to the blue data set obtained for fy = 6.81 x 10 2gcm %s ! in each plot.

Effects of preheating were so far ignored when studying the influence of the mass
flowrate injected in the system on the flame chemiluminescence intensities. A discussion
of this issue is now conducted. It has been shown that for burner-stabilized planar flames,
the temperature T, has no effect on the chemiluminescence intensity in Figure 9 when
uo/Sy = 0.6. For ug/Sy > 1, the chemiluminescence intensity is altered by T, but Figure 6b
also reveals that changes of T, are relatively small in this regime, and as a consequence
they barely alter the measured signal. However, when 0.6 < /S, < 1, the flames are
stabilized over the porous plug burner in a complex fashion with a corrugated pattern
exhibiting conical and planar shapes. In this regime, variations of T, with the flowrate
cannot be neglected. As a consequence, the specific intensity plotted in Figure 8 also
includes the contribution of T,, which moves the experimental points a bit upstream for
0.6 < uy/S; < 1 and leaves unchanged intensity values for uy/S; < 0.6 and uy/S; > 1.

Numerical simulations

A numerical analysis is conducted as a support for the experimental findings. Simulations are
carried out with the 1-D REGATH flow solver developed at EM2C laboratory. This code
includes detailed thermochemical and transport properties and takes into account detailed
chemistry (Candel et al, 2011). The GRI 3.0 (Smith et al., 2000) mechanism, including 53
species and 325 elementary reactions, is augmented with OH"- and CH*-related reactions
(Alviso et al., 2015; Smith et al, 2002). This augmented mechanism includes the OH*
and CH* formation reactions (CH+ O2 — OH*4+CO, O+H+ M — OH* + M,
CGH+0—=CH" +CO, C+H+M — CH"+ M), the OH* and CH* radiative decay
reactions and the quenching reactions due to the most abundant molecules in the system
(N3, O, H,0, H;, CO, CO,, CHy). The CO; emission intensity is not taken into account in
this numerical analysis.

Two types of flame models are considered: a freely propagating adiabatic model
(19/S. = 1) and a burner-stabilized non-adiabatic model (1y/S; < 1). The analysis is mainly
done with the second model. It considers a semi-infinite region from x = 0 to + oco. The
presence of the burner is simulated by imposing the following boundary conditions for the k-
th species mass fraction Yy and temperature T of the gases at x = 0 (Smooke, 1982):

ka Vk
Jo

Yk|x:0 + |x:0 = Yl(c) (2)

(pt)limo = fo (3)



Tlx:O =Ty (4)

where Vj is the species diffusion velocity, p the mixture density and fy the mass burning
flux. The subscript 0 stands for the injection conditions for the stream of reactants at
x = 0. The heat flux q toward the burner is given by g = k(0T /0x)|,_,, where k is the
mixture thermal conductivity. The heat loss g corresponds to a decrease in enthalpy at
x = 0 and the new gas inlet enthalpy is given by hy = ho — q/(pyto).

In this numerical model it is assumed that the heat exchanges between the gaseous
mixture within the burner and the metallic components of the burner are fast enough to
reach the chemical and thermal equilibrium at the burner outlet corresponding to the
numerical domain inlet at x = 0. Heat transfer by radiation is weak compared to heat
conduction and is neglected in this study.

In Eq. (3), fo is assigned to different values to account for the change of gas flowrate.
For a 1-D flame model, solutions exist only for uy = fo/p, < S;. When uy = §; the
obtained solution is a freely propagating flame under adiabatic conditions. For 1< S
the solution corresponds to a flame attached to the burner stabilized by heat loss. Typical
profiles of temperature and species concentrations calculated with the REGATH code are
shown in Figure 10. The bulk gas temperature can be varied in the model by changing the
value of Ty in Eq. (4).

The chemiluminescence intensity is determined by the concentration of excited radicals.
However, all excited radicals do not emit a photon. Instead, most of them end up with
a collisional quenching without light radiation. The method described by Kojima et al. (2005)
is therefore used to take into account the fluorescence yield y;, i.e. the fraction of radiative
decay of the ith excited radical. The chemiluminescence intensity profile I;(x) of the i-th
excited species (OH* or CH*) can be written as I;(x) = y;c; where ¢ is the concentration of
the i-th excited species. The fluorescence yield y; is given by y; = Ay /(Az1 + Qa1) where Ay
denotes the rate of radiative decay and Q,; the global rate of quenching, calculated by
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Figure 10. Typical temperature, OH* and CH* concentration profiles for a burner-stabilized flame with
Uo/S. < 1. x = 0 mm corresponds to the burner outlet.



Qu =), cjkj, with ¢; the concentration of the j-th perturbing molecule (N, O, H,O, H,, CO,
j

CO,, CHy) and k; the corresponding quenching reaction rate. The quantities Ay, and k; can be
found in the chemical reaction mechanism (see Smith et al. (2002); Alviso et al. (2015)).

An integration of the emission intensity profiles I; over the numerical domain gives the
chemiluminescence intensity of a unit flame surface area. The specific intensity is then
calculated as:

L

J I,'dx
Isim — J0 5
ST (5)

The size of the numerical domain L is chosen to be 1 cm, including the flame front and the
hot region of burnt gases of the simulated flames.

Numerical results and validations by experiments
Temperature profile

Figure 11 shows a zoom on temperature profiles over x = 0. — 0.8 mm for stoichiometric
mixtures injected at Tp = 298 K with three different mass burning fluxes fo = 4.36 x 10 2,
4.00 x 10 *and 3.50 x 10 *gcm %s '. It is reminded that the temperature at x = 0.8 mm
is not the equilibrium burnt gas temperature T}, as the reaction is not complete at this point.
The mass flux fp =4.36 x 10 2 gcm ?s !, corresponding to an inlet velocity of
up = 38.7 cmss !, is the maximum value yielding a solution to the problem, and corresponds
therefore to an adiabatic freely propagating flame. In this case, the temperature and all species
gradient vanish at x = 0. The other solutions obtained for lower mass burning fluxes f; are
stabilized by the flame-burner heat exchange. They feature a positive temperature gradient at
x = 0, revealing a finite heat flux g toward the burner inlet.
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Figure 11. Temperature profiles calculated for different flowrates. The temperature at x = 0.8 mm
should not be confused with the equilibrium temperature T, of the burnt gases as the reaction is not
complete at this point.



Figure 12 shows the evolution of the burnt gas temperature T}, and the fraction &, of
heat which is lost with respect to the thermal power as a function of the normalized gas
velocity u/S;. The heat loss fraction is calculated as:

L
Eloss = = (6)
ARy, foYen,

where Ahgy is the reaction enthalpy per unit mass and Ycp, the mass fraction of
methane. When the gas velocity decreases, the heat losses increase and the burnt gas
temperature drops in Figure 12. The simulated behavior of the burner reproduces well the
experimental results from Botha and Spalding (1954) obtained for stoichiometric propane-
air flames stabilized over a porous plug burner. This behavior is also consistent with the
conclusions from the experimental investigation conducted in the previous section except
that &, goes to zero at u/S; =1 in Figure 12, while the temperature measurements
shown in Figure 6a indicate that heat exchange still persists for uy/S,>1 though it is
reduced. It is suggested that the difference results from a small fraction of the flame with
uo /Sy, locally below unity in the experiments as shown in Figure 2c. This part of the flame
also helps to anchor the conical flames above the burner.

Specific intensity vs. flowrate

Simulation results of the specific chemiluminescence intensity given by Eq. (5) for the
1-D burner stabilized flames are displayed in Figure 13 together with the experimental
data for the porous plug burner. The reactants are injected in the numerical domain at the
same velocity uy and temperature T as for the experiments (Figure 6b). To ease compar-
isons, the scales for the specific intensities I;* and I5™ are adapted so that the values for
uo/S, = 1.0 and ¢ = 1.0 are set equal to unity.
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Figure 12. Evolution of the heat loss fraction &, and burnt gas temperature T, with the normalized
flowrate ug/S;. The solid lines correspond to simulation results. Circles are experimental results taken
from Botha and Spalding (1954).



The simulations support the experimental finding that the specific intensity is not constant
in the regime u/S; < 1. For CH* (Figure 13b), the simulations (solid lines) match well the
experiments (circles). The small difference for ¢ = 0.91 (dark green) near u,/S; = 1 can be
attributed to a slight drift of the transition point from the linear to the nonlinear regime that
can be seen in Figure 8b. This drift causes I to be slightly underestimated at uo/S; = 1. For
OH* (Figure 13a), the specific intensity values at uo/S; = 1 are correctly predicted. For
uy/S < 1, the slope of the curves is relatively well reproduced, but the experimental data lie
slightly above the simulation curves. Several explanations are possible: (1) This gap may be
due to the omission of the temperature effect in the analysis of the experimental results
presented in the previous section and according to the discussion made at the end of this
former section, the experimental values are slightly moved upwards. This hypothesis is
supported by the fact that the experimental data match again the simulation curve for
uo/S. < 0.4 for a stoichiometric mixture in Figure 13a. According to the discussion made
on effects of temperature, the impact of preheating should vanish around /S, = 0.6, but it
is seen to vanish in Figure 13a for uy/S; = 0.4. (2) The non-uniformity of the gas velocity
distribution at the porous plug burner outlet may also contribute to higher I; values. But
this hypothesis does not explain why the CH* intensity is not impacted in Figure 13b. (3) The
size of the numerical domain over which the OH* and CH* emission intensities are
calculated may also slightly differ from the size of the domain over which the OH* and
CH" signals are collected in the experiments. The CH* only being abundant close to the
flame front, this signal is not altered by the size over which the integration is performed. The
OH* signal however persists in the burnt gases over a larger distance to the flame front and
the total OH* emission is thus more sensitive to the extension of the numerical domain.

Specific intensity vs. temperature

The OH*- and CH*-specific intensities calculated by the numerical model are plotted in
Figure 14 as a function of the bulk gas temperature T, together with the experimental
results (circles with error bars). The scales are adapted with the experimental and
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Figure 13. Evolution of OH*- and CH*-specific intensities for the porous plug burner with the normal-
ized gas velocity uo/S; at different equivalence ratios. Lines: simulations. Circles: measurements.
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Figure 14. Evolution of OH* and CH* chemiluminescence intensities for stoichiometric mixtures ¢ = 1.00
and the porous plug burner with the reactant stream temperature T. Lines: simulations. Circles: measure-
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simulation values for fo =2.27 x 10 gcm s ! which serves as a reference. The blue

curves in Figure 14a and b for uy/S; = 1 are calculated with the freely propagating flame
model. As explained above, these numerical results are valid for any flame with u,/S; > 1.
The other curves are simulated with the burner-stabilized nonadiabatic flame model
when /S, < 1.

In both experiments and simulations, the specific intensity increases with T, for
uo/S, > 1, while for uy/S <1, the specific intensity remains quasi-constant, with
a relative variation of less than 5% over the range Tp = 300 — 700 K. Simulations reproduce
well the experiments for the OH* and CH* signals in most cases. One difference between
experiments and simulations concerns results for fy = 4.92 x 10 2 gcm *s ! where the
slope of the numerical predictions for OH* is smaller than the one found in the measure-
ments. This is attributed to the nonuniformity of the gas velocity distribution at the burner
outlet in the experiments, a feature which is not considered in the numerical model.

Discussion

The above experiments and simulations reveal that the specific chemiluminescence inten-
sity I is altered by the normalized bulk velocity uy/S; and the reactant stream tempera-
ture T at the injector outlet. A unique rule is proposed here to unify the different results
presented above by making use of simulations.

The OH*- and CH*-specific intensities are plotted in Figure 15 as a function of the
burnt gas temperature T},. For each data series, either u/S, or T is kept constant and the
other quantity varies. The numerical data calculated for the different operating conditions
explored all collapse on a unique curve, highlighting thus a correlation between the burnt
gas temperature T}, and the specific intensity I5™. This observation also indicates that heat
losses alter the chemiluminescence intensity mainly through a change of the burnt gas
temperature, probably because most reactions, including the chemiluminescence-related
ones, take place at high temperatures close to Tj.
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Figure 15. Evolution of the specific intensity £™ with the burnt gas temperature T, calculated by the
REGATH solver.

The influence of the inlet gas temperature T, for operation at a fixed mass burning flux
fo is not directly visible in Figure 15. It is now demonstrated that the same correlation is
also valid in this case. The evolution of T, with Ty is presented in Figure 16 for /S, = 1
and various mass burning fluxes f; in the regime u(/S; < 1. When u,/S, < 1, the burnt gas
temperature T, is barely altered by changes of Ty. Changes of T}, are two orders of
magnitude lower than the temperature differences for Tj. Therefore each curve in
Figures 14 and 16 becomes a single point in Figure 15.

The quasi-constant temperature T}, observed in the simulations for uy/S;<1 in Figure 16
is due to the fact that there is no significant change of the total enthalpy in the system for
the different cases explored. When the reactant stream temperature T at the burner outlet
increases, the chemical reactions start earlier and bring the flame closer to the porous wall.
It is found in the simulations that the heat loss also increases in this case, and
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Figure 16. Evolution of the burnt gas temperature T, with the reactant stream temperature T,
calculated by the REGATH solver.



approximately equals the excess enthalpy of the reactant stream flowing out of the burner
at a higher temperature T,. This balance explains why the burnt gas temperature T}
remains almost unchanged. This observation is also supported by asymptotic models of
burner-stabilized flames (Borghi and Champion, 2000).

This balance can be understood by examining the boundary conditions Egs. (2)-(4)
of the numerical flame model. The mass burning flux pu remains constant over the
whole numerical domain. In the preheating zone, the mass flowrate of each species
remains also constant and Yy + (pYiVi/p,uo) remains roughly constant before the
chemical reactions take place in the reaction zone (roughly before T = 1400 K).
Numerical solutions for the temperature and species mass fraction profiles for increasing
values of the inlet temperature T, correspond to solutions deduced through a translation
of an existing solution as long as the inlet boundary condition x = 0 still remains in the
preheating zone where no chemical reaction takes place. As the temperature gradient
vanishes at x = 400, the burnt gas temperature T, remains unchanged by this transla-
tion. An illustration of this process for the temperature T and CH* mass fraction profiles
is given in Figure 17 for different inlet temperatures T and a fixed mass burning flux
fo=3.79x 10 2 gcm s . Figure 17 clearly reveals that a translation of the tempera-
ture profile to the left leads to larger values of the temperature gradient dT/dx at x = 0,
and hence also to a larger heat flux from the flame to the burner.

Analysis of the CH*/OH* evolution

In many adiabatic systems, the CH*/OH" intensity ratio is used as an equivalence ratio
indicator, which helps to remove the impact of the flowrate (Docquier et al., 2002; Kojima
et al., 2000). It is worth exploring if this intensity ratio is still useful for flame stabilized by
heat losses.
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Figure 18. Evolutions of the CH*/OH* intensity ratios.

The CH*/OH* ratio values obtained from the experiments made with the two burners
and the simulations are presented in Figure 18. For the conical flame burner, the CH*/
OH* values in Figure 18a are found to be independent of the normalized injection velocity
uo/Sr. As already discussed, heat transfer to the burner remains weak in this configuration
and the burner operates mainly in an adiabatic mode. For the porous plug burner, CH*/
OH" values (circles in Figure 18b) remain approximately constant in the /S, > 1 regime.
In the other regime u,/S; <1, values for the CH*/OH" intensity ratio slightly increase
when u,/S;, is reduced, especially for the equivalence ratios ¢ = 0.91 and 1.00.

An increase of the CH*/OH* ratio at low flowrates when /Sy <1 would cause
a small bias error for the equivalence ratio determination. Considering the slope of the
CH*/OH" intensity ratio as the equivalence ratio ¢ is varied (Ding et al., 2017), the
error is about A¢ =0.05 at uy/Sp =0.3, and gradually decreases when u/Sy
approaches unity.

Below uy/S; = 1, the same trend for the intensity ratio CH*/OH* is supported by
the simulations in Figure 18. The numerical results here are multiplied by a factor of
2.3 to take into account the response function of the spectrometer. The curves are
calculated with the burner-stabilized flame model for uy/S; <1 (solid lines) and the
1-D freely propagating flame model for u,/S;>1 (dashed-dotted lines). One may
further conclude that the GRI 3.0 mechanism augmented with OH* and CH" reactions
well reproduces the evolutions of the CH*/OH" intensity ratio from planar premixed
methane air flames stabilized by heat losses. These simulations may in turn be used to
ease the development of operating point controllers based on sensing the equivalence
ratio for the design of new domestic boilers.

Conclusion

The chemiluminescence of OH*, CH* and COj radicals of laminar methane-air flames
has been studied with two burner configurations and a 1-D numerical model.
Experimental results provide clear evidences of a nonlinear relationship between the



chemiluminescence intensity signal and the mixture flowrate when the gas injection
velocity uy drops below the adiabatic laminar burning velocity S; calculated at the bulk
temperature T of the reactant stream at the burner outlet. In this regime, significant heat
transfer takes place between the flame and the burner. This conclusion is also supported
by simulations of 1-D burner-stabilized flames indicating that the specific intensity of OH*
and CH* increases with the bulk flow velocity until uy/S; = 1.

Analysis of effects of the inlet gas temperature has revealed that for a given mass
flowrate, the chemiluminescence intensity increases with the inlet gas temperature when
uo/S; > 1, but is barely changed when u,/S; < 1. The reason is that for the second case,
a higher inlet gas temperature causes a stronger heat loss to the burner and the inlet gas
enthalpy remains almost unchanged in this balance.

To unify the different findings, a correlation has been introduced between the specific
chemiluminescence intensity and the burnt gas temperature that has been revealed with
simulations. This correlation has been found to be valid for both burner-stabilized and
freely propagating flames and for the different reactant stream temperatures explored.

It has then been shown that the evolution of the intensity ratio CH*/OH* is well
reproduced by the numerical model with the GRI 3.0 mechanism augmented with reac-
tion mechanisms for OH* and CH" species. These simulations may be used in turn to
estimate changes of the chemiluminescence signal when heat transfer to the burner needs
to be considered.

Nomenclature

A Wavelength

¢  Equivalence ratio

P Density

&loss  Heat loss fraction

Ay Rate of radiative decay
c Concentration

fo  Mass burning flux

hy  Inlet gas enthalpy

I Chemiluminescence emission intensity

I, Specific chemiluminescence emission intensity
k Thermal conductivity

P Flame power

q  Heat flux

Q21 Global rate of quenching

Sy Adiabatic laminar burning velocity

To  Reactant stream temperature at burner outlet

T, Burnt gas temperature

T, Reactant stream temperature before entering the burner
1y  Mean bulk velocity of reactant stream at burner outlet
VvV Diffusion velocity

Y  Mass fraction

y  Fluorescence yield of excited species

exp Superscript for experimental results

sim Superscript for simulation results
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Appendix A: Gas temperature measurement

Figure 19 is an example of the gas temperature evolution over 30 s at the porous plug burner outlet
after the flame blow off. The flow conditions for the burner in operation are uy/S, = 0.29, ¢ = 1.0.
The delay of the first point corresponds to the time necessary to set the thermocouple in place and
is estimated to be (1.5+0.5)s. A regression is then performed assuming an exponential drop
according to Newton’s cooling law:

T — T, = Aexp(—Bt) (7)

where T stands for the gas temperature, T, the final temperature of the gas and ¢ the time. The
positive coefficients A and B as well as T, are determined by a regression. It is worth noticing that T,
does not correspond to the room temperature (ie. ~20°C). Generally the value T, given by the
regression is slightly below the asymptotic temperature at t = 30s, which may correspond to the
supporting plate temperature. An extrapolation to t = 0s yields the gas temperature when the
burner is in operation. The time uncertainty of the first point leads to an error of less than 10 K.
Tests were also made where the first point of the temperature measurements was left out. It turned
out that in most cases, the first measured temperature point that was left out dropped close to the
regression curve calculated without considering this first measurement. These tests validate the
reliability of the technique used to determine the temperature T, with the burner in operation.
Repeatability tests have shown that for all cases explored T, could be determined in this way with
a relative uncertainty of +40 K.
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Figure 19. Evolution of the air flow temperature after flame blow off. uy/S, = 0.29, ¢ = 1.0.

Appendix B: Results on the multi-perforated burner

The evolution of the specific chemiluminescence intensity with the gas flowrate is also investigated on
the cylindrical multi perforated burner. The view angle of observation is perpendicular to the burner
axis, and the spectrometer field of view samples a representative circular interrogation area of 30 mm
diameter on the burner surface. The results are shown in Figure 20. The gas velocity 1 is calculated by
dividing the gas volumetric flowrate by the sum of the surface areas of all injection holes. Similar to the
results found for the porous plug burner in Figure 8, the specific intensity is not constant in Figure 20 in
the regime uo/S;, < 1. However, a major difference with results shown in Figure 8 is that for stoichio
metric mixtures, the specific intensities of the OH* and CO); signals do not exhibit a saturation even in
the regime 1 /Sy, > 1. Several factors may be responsible for this behavior:

o It is difficult to determine the exact gas velocity u, at the burner outlet due to the nonuniform
gas distribution in the wide set of injection holes. Furthermore, the flow expands downstream
the small injection holes and occupy the interspace between the holes.

 Another difficulty is that many of the flames are detached at the bottom in the multi
perforations of the burner. It is thus difficult to clearly identify the stabilization regime of
the flames in these regions and more globally over the entire surface of the burner.

o The flow of burnt gases along the sidewall of the burner is subjected to natural convection.
These phenomena are likely to disturb the chemiluminescence characterization.

Nevertheless, the same general features are observed for both the cylindrical multi perforated
burner and the porous plug burner. Both setups exhibit large heat transfer to the solid surface
and preheating of the reactant stream. In both cases, this leads to a nonlinear evolution of the
chemiluminescence intensity signal as the gas flowrate is varied.
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Figure 20. Specific emission intensities /¢® of OH*, CH* and CO% for measurements conducted with the
cylindrical multi-perforated burner.





