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Methane is widely employed as a source of energy in combustion systems. Among the
currently available technologies, radiant heaters offer high thermal efficiency and low
environmental impact in comparison with atmospheric burners. The present work deals
with the modeling of methane combustion in a noncatalytic metal fiber burner, repre-
sented by means of one-dimensional transient equations. The model accounts for a
detailed reaction mechanism, radiation within the porous medium, longitudinal heat and
mass transfer. After its validation, the model was employed to analyze a typical stability
problem that affects these systems: under given operating conditions (low specific power
inputs and excess of air) the occurrence of flashback may in fact preclude the safe
operation of the system. As a consequence of energy radiation in the upstream direction,
the burner upstream surface and the plenum chamber might become hot enough to heat
in turn the gas feedstock, thus eventually determining flashback. In this paper, the
mechanism of flashback is numerically investigated as a function of the burner structure
and operating conditions by means of a model analysis so as to single out regions of
flashback occurrence and a criterion for safe operation. Finally, some guidelines are
outlined for a cheap and effective control of the system, paving the way for possible
improvement of currently adopted control systems. © 2004 American Institute of Chemical

Engineers AIChE J, 50: 2276-2286, 2004
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Introduction

In the past decades, the growing importance of methane as a
power source considerably increased the efforts devoted to the
development of efficient and safe combustion systems. In this
context, radiant premixed burners offer superior performance
compared to traditional diffusive-type ones in terms of thermal
efficiency, environmental impact, and design flexibility (Har-
greaves et al., 1986; Saracco et al., 1999). Due to the consid-
erable heat exchange between the reacting gas and the porous
medium and the radiative output of the latter, lower flame
temperatures can be achieved, thus allowing a remarkable
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reduction of NO, emissions. The design of these devices may
be approached by making more compact geometries of the
combustion chamber and of the heat exchanger. Furthermore,
burners can be operated firing upward, downward, or sideways,
as opposite to diffusive-type burners. Moreover, the system can
be operated at lower excess of air, thus promoting high flue gas
temperatures. This improves, in turn, the performance of the
heat exchanger, due to the increment in the driving force of the
heat transfer process, resulting in enhanced thermal efficiency.

However, these devices might suffer from serious flame
stability problems typically associated with the occurrence of
flashback phenomena, which take place as a result of the gas
feedstock preheating. Once the flame front is stabilized within
the porous medium, the upstream surface of the fiber mat
reaches relatively high temperatures. Radiation of energy in the
upstream direction determines a broad increase of the burner
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Figure 1. Premixed burner setup.

housing temperature which entails, in turn, a preheating of the
gas stream entering the combustion system (Figure 1). There-
fore, the flame front moves upstream within the porous me-
dium, as a result of the increased inlet gas temperature that
enhances chemical reactivity. This determines a further in-
crease in the upstream surface temperature and in the upstream
energy flux by radiation, eventually promoting the reactant’s
ignition ahead of the porous medium (flashback occurrence).

In order to enhance system performance and safety, im-
proved understanding of the principles governing radiant pre-
mixed burners has become imperative and extensive modeling
activities were carried out for this purpose (Rumminger, 1996;
Bouma, 1997). In this article, an analysis of the stability of a
noncatalytic metal fiber burner is presented, with particular
attention to the occurrence of flashback. The burner model is
coupled with an energy balance for the preheating of the
feedstock that allows one to predict the potential of flashback
occurrence. By means of the present analysis, a range of
operating conditions can be singled out where safe operation
can be achieved and some indications on optimal control strat-
egies derived.

The analysis presented in this work can be divided into three
parts:

Model validation and burner thermal behavior: in the first
part of the work the burner model is validated against a set of
experimental data. The comparison was carried out on the
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burner surface temperatures (upstream and downstream) at
different values of excess of air and specific power input. This
analysis allows the observation that the model reproduces the
thermal behavior of the system, which is investigated in detail,
being a critical aspect for the understanding of flashback.
Finally, for the sake of completeness, a comparison in terms of
CO and CO, emissions is also proposed;

Flashback analysis: in the second part of the work, the
model was used to understand the physics of flashback occur-
rence. An analysis is performed on the “mechanism” generat-
ing flashback and on steady-state multiplicity. A final compar-
ison between calculation and experimental data on flashback is
also proposed;

Flashback avoidance and control issues: the last part of the
activity focuses on the development of an improved anti-
flashback control strategy to be implemented on commercial
units.

Experimental Procedures

A pilot plant of the maximum power of 40 kW was em-
ployed to produce the experimental data used as the target of
the numerical analysis. The adopted boiler configuration and
the related experimental procedure were extensively described
by Cerri et al. (2001); some details are nonetheless here pro-
vided. The feed gas streams, air and methane, are premixed in
a Venturi, with the air mass flow rate determined by a blower
and the methane flow rate by a modulating electrovalve. The
burner operating conditions are generally parameterized in
terms of specific power input Q and excess of air E,. The
former represents the energy input of the burner per unit
surface area of porous medium and is proportional to the
methane flow rate. The latter represents the excess of air used
in the combustion referred to the stoichiometric requirement;
the value of this parameter is therefore 0% if the combustion is
carried out using a stiochiometric mixture of CH, and air. The
thermal load required by the user controls the blower speed,
whereas the opening of the electrovalve is driven by the pres-
sure drop of the gas feedstock throughout the Venturi. As the
air flow rate increases, the gas velocity and the pressure drop
rise, and this signal is used to increase the methane flow rate.
By proper screw regulation of the electrovalve sensitivity to
pressure variation, sets of variable Q values under quasi-sta-
tionary E, conditions can be obtained. In the plenum chamber,
the distribution of the gas over the porous medium is accom-
plished by a system of perforated plates, in order to obtain a
uniform flow field. The porous medium (a FeCrAlloy NIT100S
fiber mat) is placed horizontally, at the end of the plenum
chamber, and is firing upward. The external walls of the com-
bustion chamber are provided with windows for observing the
burner surface under operation. Just above the combustion
chamber, the flue gases were cooled through a “finned-tube”-
type heat exchanger and dispersed through a chimney after gas
sampling for composition analysis. The composition of the
exhaust gas was monitored by means of a set of continuous
Elsag—Bailey analyzers: a NO, chemiluminescence analyzer, a
ND analyzer for CO and CO,, and an O, paramagnetic detec-
tor. The surface temperatures of the upstream and downstream
burner surfaces were recorded for each test through specific
thermocouples placed on the metal fiber mat.

Test runs were carried out in the range of specific power

September 2004 Vol. 50, No. 9 2277



inputs from 200 to 800 kW/m? at different excess of air values
(from to 5 to 90%). The experimental data were obtained by
systematic runs of the pilot plant so as to span a wide range of
operating conditions ranging from radiant heat regime (the
burner is radiating as a significant fraction of methane com-
bustion takes place within its thickness) to blue flame mode (a
carpet of blue flames is formed downstream of the burner).
Measured values of temperatures and compositions were re-
ported at each Q and E, value, and the results can be found in
the article by Cerri et al. (2001). In particular, the temperature
measurements were corrected in order to account for radiation,
occurring at the thermocouple tip, according to a criterion
suggested in the literature (Xiao et al., 2000).

For the investigation of the burner stability, O was modu-
lated stepwise (AQ = 20 kW/m?) from a stable radiant regime
(Q = 500 kw/m?) down to occurrence of flashback at selected
values of E,. To investigate flashback, a longer run was carried
out on the burner. At the operating conditions (Q, E,) under
investigation, flashback occurrence was excluded when stable
burner operation was continuously guaranteed for at least 15
min.

Theoretical

Burner Model Equations. The description of the burner
behavior is achieved by means of equations for mass continu-
ity, gas-phase species conservation, separate gas-phase and
porous medium energy conservation, and the ideal gas law. The
model equations are solved in a one-dimensional domain for
the space variable and in a time-dependent regime. The model
accounts for longitudinal mass transfer phenomena in the gas
phase, interphase heat transfer, internal radiation in the porous
medium, and a detailed reaction mechanism (Kazakov and
Frenklach, 2002) for methane combustion consisting of 104
reactions among 22 chemical species. The simulation software
was interfaced with the Chemkin libraries (Kee et al., 1999a),
so as to account for complex reaction mechanisms and for the
calculation of all thermodynamic properties present in the
model equations. Moreover, the Transport module (Kee et al.,
1986) of the Chemkin package was used in the calculation of
the transport properties of the gas mixture.

Continuity equation

m = Spu (gas-only region) (@9

m = Sepu (gas—solid region) 2)

Mass balance

aY,  aY, a(V,Sep,Y,)

Sspgﬁ-i-mafz-l- Fye — RMSe =0

k=1,...,K) 3

Gas phase energy balance
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Equation of state
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The diffusion velocity was calculated, according to the cri-
teria suggested by Kee et al. (1999b), with a mixture-averaged
formulation

Vi= v+ w,+ C. @)

The first term on the right-hand side of Eq. (7) is the ordinary
diffusion velocity and it is calculated by the Curtiss—
Hirschfelder approximation (Curtiss and Hirschfelder, 1949) in
terms of molar fraction gradients

1 dX,

—Dy X d (8)

Uy =

The D, coefficient is calculated by means of the transport
package.

The second term is the thermal diffusion velocity (Chapman
and Cowling, 1970)

T X, dz

&)

Wy, =

The last term, recommended by Coffee and Heimerl (1981),
is the correction velocity C and emerges from the evidence that
the sum of the diffusion velocities of all species must be zero

> vV.=0.

species,k

10)

More details on the calculations of the diffusion velocity can
be found in the article by Kee et al. (1999b).

The convection heat transfer coefficient was calculated on
the basis of measurements reported by Golombok et al. (1991)

Nu = 0.04 Re®* (Re < 0.4) (11

Nu = 0.10Re!** (Re > 0.4). (12)
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In the above correlations, both the Nusselt and the Reynolds
numbers are based on the fiber diameter

h'd;
Nu—Tg (13)
Re =5—. 14

S, (14)

To shift from the area-based heat transfer coefficient to the
volumetric one, the following equation is employed (Golom-
bok et al., 1991)

4 Nu k(1 —
_ 4 Nukll = e) (15)
&

The effective thermal conductivity accounts for both thermal
conduction and radiation in the fiber matrix and was calculated
according to the law proposed by Golombok et al. (1991) for
metal fiber burners

ks,bu]k(T)
ks,el'f = 73

+25-107 "7, (16)

The first term of Eq. 16 accounts for thermal conduction.
The bulk thermal conductivity is expressed in this law as a
function of the solid-phase temperature. Due to the consider-
able temperature difference occurring between the inlet and
outlet surfaces, the k, term varies remarkably within the
solid-phase domain. The empirical correlation used therefore
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Figure 2. Experimental values of bulk thermal conduc-
tivity and solid-phase specific heat and the

related fitting trend lines implemented in the
model (courtesy of Kanthal, Sweden).
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Table 1. Some Typical Values of the Burner Physical
Parameters and Operating Conditions Used in This Study
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was developed on the basis of experimental measurements of
bulk thermal conductivity performed by the metal fiber pro-
ducer (Kanthal, Sweden) as reported in Figure 2. In the same
diagram, the heat capacity is reported as a function of the
solid-phase temperature. The experimental values of &y, and
¢, s were then fitted using polynomial equations (R* = 0.98 and
0.92, respectively). The porous medium exhibits a lower ther-
mal conductivity in comparison to the solid bulk value, due to
the lack of continuity in the fiber matrix. The reduction factor
(1/73) is substantially in agreement with the value (1/80) that
can be determined by the correlation reported by Mantle and
Chang (1991) and also employed by Rumminger (1996). The
second term of Eq. 16 accounts for radiation within the metal
fiber matrix. Finally, the values of the other important physical
parameters of the metal fiber burner are summarized in
Table 1.

Appropriate boundary conditions are used, consisting of
fixed values imposed at the domain inlet and of flat profiles at
the outlet for the mass fractions and the gas phase temperature

Yk|z:0 = yk,feed k = 1’ ceey K (]7)
| B K 18
|, =1,..., (18)
Tylimo = Tyfeea (19)

ik =0 20

dZ - ( )

z=L

For the solid-phase temperature, a condition of energy con-
servation at the upstream boundary is imposed. In the follow-
ing equation, the net energy output at the solid-phase boundary
(right-hand side) due to radiation toward the surroundings and
to convection between the impinging gas and the upstream
surface is set equal to the energy flux in the solid by conduction
and radiation (left-hand side) that reaches the surface

dr,
_ks,effTZ = (O-e(T‘: - T?uoln) + hs’urf(Ts - Tg))

2=2Zin

2D

2=2Zin"*

A modification of the equation reported by Kanury (1988)
was employed for the calculation of the upstream convective
heat transfer coefficient

Nu = (1 — £)0.57 Re®*Pr’“. (22)
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The correlation was developed for a gas impinging onto a
flat plate, but the term (1-g) helps in taking into account the
reduction of exchange area due to the void matrix structure.
This approach was suggested and successfully employed by
Rumminger (1996) to account for the heat exchange between
the solid and the gas phase upstream of the porous medium.

At the downstream surface, the solid-phase temperature is
calculated so as to satisfy an overall energy balance (Rum-
minger, 1996; Bouma, 1997)

mé (T — T,)

= So-e(T:t - room) C

2= Zexh

(23)

2= Zout*

The equation states that the total radiant loss from the burner
(righthand side) equals the net convective heat transfer from
the gas to the porous medium (lefthand side). The interphase
heat transfer determines an exhaust gas temperature that is
lower than the adiabatic value, and hence the net convective
energy transfer was determined by employing an overall en-
ergy balance on the gas phase. The use of Eq. 23 at the
downstream boundary instead of a correlation similar to Eq. 21
is strongly recommended in the literature (Rumminger, 1996;
Bouma, 1997). The high temperature at the hot exit surface
considerably increases the uncertainty on the heat transfer
coefficients to be used in a correlation like Eq. 21, and there-
fore the use of an overall energy balance in this boundary
condition can be considered more suitable.

The numerical method employed for the solution of the set
of conservation equations consisted of the discretization of the
space derivatives by means of an upwind finite-differences
approach, according to the method of lines. The set of ordinary
differential equations thus arising is large and stiff and there-
fore it required the selection of an appropriate integrator. The
problem was solved by means of a robust initial value solver
suitable for sparse systems of equations (Hindmarsh, 1983),
implementing several numerical methods. The one employed
in the solution of our model is a method based on backward
differentiation formulas, a modification of Gear’s method, with
a numerically generated Jacobian matrix.

Analysis of the Burner Stability.  The analysis of the burner
stability and flashback was carried out according to the follow-
ing procedure. The simulation was performed at specific values
of the excess of air (E,) and the specific power input (Q), until
a steady-state solution was determined. The inlet gas temper-
ature was initially set to 300 K (7,.,)- The inlet gas temper-
ature was then progressively increased stepwise and the corre-
sponding new steady-state solutions were determined by a
continuation procedure, which started from the previously cal-
culated solution. In this analysis, the dependence of the up-
stream burner surface temperature on the inlet gas temperature
was calculated, and T ;, V8. Ty recq patterns were drawn. How-
ever, the feedstock preheating, and therefore the inlet gas
temperature, is related to the upstream surface temperature. An
energy conservation equation can be written by considering
that the radiant flux in the backward direction determines the
preheating of the feedstock

18 (T ytecd = Troom) = ST(Tiin — Thoom)- (24)
p\+ g.feed 00 s,in room.
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The equilibrium solutions of the system were obtained by
coupling this equation with the T ;, vs. T, r..q pattern. The inlet
gas temperature and the upstream surface temperature, in fact,
should evolve toward such values that both Eq. 24 and the T;,
VS. Ty feeq Pattern, derived by the solution of the burner model
Egs. (1-23) via the continuation procedure, are satisfied.

Results and Discussion
Model validation

The comparison between measured and calculated burner
surface temperatures is presented in Figure 3. The downstream
surface temperature increases with the specific power input up
to a maximum value: in this Q interval higher temperatures
help to radiate the increasing energy input received by the
porous medium from the solid phase. However, at higher
specific power inputs (that is, higher mass-flow rates) the flame
front moves downstream and therefore part of the energy that
could be exchanged with the porous medium actually remains
mostly confined in the gas phase, due to the progressive reduc-
tion of the contact time between gas and solid. If a further
increase in mass flow rate were imposed, a partial flame lift off
and burner cooling would occur. The trends in the surface
temperatures can be further explained with the help of Figure
4, which shows the calculated temperature and methane con-
centration profiles in the burner at two different specific power
inputs. The burner exhibits two distinct regions: at the porous
medium entrance the solid preheats the gas (zone I) that, as the
temperature rises, is ignited and releases the energy of methane
combustion. As this occurs, the gas temperature overcomes that
of the solid and the interphase heat flux is inverted, that is, the
solid receives energy from the gas phase (zone II). An increase
in the specific power input (from Figure 4a to 4b) forces the
concentration profiles to move downstream as the result of a
higher mass flow rate of the feed gas mixture. Furthermore,
concentration profiles become steeper, because, when the re-
action starts, a higher energy release from the gas phase takes
place as a consequence of the increased methane input in the
system. This determines a raise in the downstream surface
temperature, which further promotes faster reaction kinetics.
The reaction zone inside the porous medium therefore gets
reduced and moves toward the downstream burner surface. The
region of gas preheating (zone I) is expanded, that is, the
location of the “equilibrium” temperature (where the solid and
the gas phase have the same temperature) moves downstream,
whereas the upstream surface temperature becomes lower.
These considerations hold as far as the reaction is occurring, at
least in part, within the porous medium (that is, in the radiant
operating mode for the burner). When the feed flow rate further
increases, methane conversion within the porous medium be-
comes marginal and transition to the blue flame mode takes
place.

In the context of the present study, the above described
capability of reproducing the physics of the system in terms of
thermal behavior and of axial temperature profiles represents
one of the most important features of the model. This is
necessary for the understanding of flashback. The mass-flow
rate and the methane concentration in the feedstock (Q and E)
determine in fact the position of the equilibrium point, which
affects in turn the upstream surface temperature. This plays a
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Figure 3. Experimental upstream (circles) and downstream (squares) surface temperatures compared with model calcu-

lations (lines, Egs. 1-23).

Excess of air values: (a) E, = 5%; (b) E, = 10%; (c) E, = 15%; (d) E, = 30%. Empty markers: flashback occurred within 15 min; data

collected after 1 min. Filled markers: no flashback observed.

major role in determining the flashback, as will be discussed in
the next paragraph.

Figure 5 represents the carbon monoxide/dioxide emissions
of the burner. It can be seen that the model can reproduce quite
satisfactorily the trend of CO emissions at high power inputs,
but fails at low Q, probably due to effects of cooling exerted by
the burner sealed perimeter. A two-dimensional (2-D) model
would be necessary to account for this effect, which is, how-
ever, not critical for flashback prediction.

Flashback analysis

As a preliminary analysis, the influence of the feedstock
preheating on methane concentration and solid-phase temper-
ature profiles is shown in Figure 6. As the inlet temperature
increases, the methane concentration profile moves upstream
and the burner temperatures rises as a result of the enhanced
gas-phase reactivity due to feedstock preheating. Once T, feeq
reaches a sufficiently high value, Xy, ;, at the burner upstream
surface steeply drops, since the flame front moves ahead of the
porous medium (flashback).

The calculation methodology here presented was conceived
in order to reproduce the physics of the flashback phenomena
occurrence. Immediately after the burner startup, the plenum
chamber housing is still relatively cold and the combustion
therefore takes place only inside the porous medium. As the
combustion starts inside the metal fiber mat, the temperature of
the upstream surface of the porous medium becomes relatively
high reaching, for example, one of the values indicated in
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Figure 4. Methane concentration and thermal profiles
along the burner axial coordinate (E, = 15%):
(@) Q = 220 kW/m?; (b) Q = 550 kW/m?Z.
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Figure 3. These conditions occur with a feedstock inlet tem-
perature of 300 K. However, the upstream surface temperature
induces a backward-directed radiant energy flux, as stated by
the boundary condition Eq. 21. This radiant flux can be re-
ceived by the burner housing, thus preheating the feedstock,
which in turn determines a further move of the flame front
inside the porous medium and a further enhancement of the
upstream surface temperature as well as of the preheating
effects.

The calculation approach adopted in this work decouples
these recurring phenomena and analyzes them separately. One
of the objectives of the present analysis is to point out that the
proposed physical mechanism based on the backward-directed
radiant energy flux allows one to explain the available exper-
imental data.

At first, the dependence of the upstream surface temperature
with the amount of feedstock preheating is assessed. As men-
tioned, therefore, the dependence of the model solution on the
inlet gas temperature T, ¢.q at fixed values of E, and Q has
been performed by means of a continuation procedure. The
upstream surface temperature of the porous medium, obtained
by model calculations (Egs. 1-23), was plotted versus 7T, feqq in
Figure 7 at fixed values of Q and E,. When the sigmoid-shape
curve is observed, the surface temperature rises with 7, r..q and
when flashback occurs a steep increase takes place.

As a second step, the pre-heating is related to the upstream
surface temperature. As a consequence, the parabolic-shape
curve related to Eq. 24 is plotted on the same diagram of Figure
7. Obviously, equilibrium is reached when both conditions are
satisfied.

Steady-state multiplicity can be seen. The intersections of
mentioned curves give the possible asymptotic solutions of the
physical system, and typically three points can be singled out.
The solution marked “A” in Figure 7 represents the stable
solution that takes place in a normal burner operation: the flame
front is located at least in part within the porous medium,
Xcuain is nearly at the feedstock value and the upstream
surface temperature is remarkably lower than 1000 K. At
higher temperatures (point “C”) a flashback solution is possible
as the flame front gets stabilized ahead of the porous medium
(see the high upstream surface temperature). Finally, there is an
unstable solution: the intermediate point “B.” The system is
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attracted by the stable solutions A and C moving either on the
left or on the right side of B, respectively.

The approach resulting in Figure 7 has been repeated many
times at different values of Q and E,, and this allowed the
calculation of the hysteresis cycles represented in Figure 8. In
particular, each hysteresis curve was obtained at a fixed E,
value by changing the specific power input Q from high values
(lower branch of the curve) to low values (flashback region).
As the system operates under stable conditions on the low-
temperature branch of the hysteresis curve, the burner opera-
tion remains stable without flashback. The flame front is sta-
bilized within the porous medium and the upstream surface
temperature is relatively low. As the gas inlet temperature is
increased, the system goes across a region of multiple steady
states, until the high-temperature branch of the curve is
reached. Under these conditions, the flame front stabilizes
ahead of the porous medium and the surface temperature
steeply increases. It is therefore possible to single out different
regions where flashback certainly occurs, where it might take
place depending on the starting burner conditions (transition),
and where flashback is impossible.

The same results can be represented more conveniently on
the E,—Q plane (Figure 9), which points out the safe operation
region and the flashback region.
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Figure 6. Calculated methane molar fraction profiles (a)
and solid-phase temperature profiles (b) at

Q = 700 kW/m? and E, = 15%, at different
values of inlet gas temperature.
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Figure 7. Upstream surface temperature versus inlet gas temperature.
The intersections between the curves represent the steady-state solutions of the burner. Q = 500 kW/m?; E, = 15%.

At higher Q values, the flame front naturally shifts down-
stream at otherwise constant conditions, hence improving the
resistance of the system toward flashback. Similar consider-
ations hold if one considers the dependence of the system
behavior on the excess of air. A lean mixture (higher E, values)
forces the concentration profiles to move downstream, because
the same power input can only be achieved by a higher total
mass-flow rate. This determines an increase in the system
stability and higher T, (.4 are required to make flashback
occur. Therefore, the system exhibits a more critical behavior
in the region of low specific power inputs and low excess of air
as the radiant heat mode is promoted.

In Figure 9 experimental data points concerning the stable
operating conditions registered at the lowest possible Q value
among those investigated for each excess air value (Figure 3)

are reported. Model predictions concerning the borderline of
flashback occurrence region are in rather good agreement with
such data points, which strengthens the arguments proposed in
the next section concerning the amelioration of the burner
control system.

It can be finally pointed out that the fair agreement between
calculations and experiments supports the interpretation of the
flashback occurrence based on the proposed mechanism of the
backward-directed radiant energy flux.

Flashback avoidance: control issues

The current trend in burner technology for domestic appli-
cations is to obtain, within a single heating unit, hot water for
domestic use as well as for household heating. For an average
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Figure 8. Ignition and light-off cycles: hysteresis curves and flashback regions in the T (..4 Vs T, ;, plane obtained

when varying Q for different E_ values.
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Figure 9. Flashback charts in the E_-Q plane. The filled
symbols represent the highest Q value exper-
imentally observed at which flashback takes
place within 15 min (see Figure 3).

family house some 25 kW are needed for any occasional
sanitary purposes (showers, hot water for cooking, and so on)
whereas just 2-3 kW are steadily required for ambient air
temperature conditioning. This entails that the burner must be
operated continuously and should possess a very wide heat
modulation range (10:1 turndown ratio), unless high hot water
storage and the consequent heat dissipation are accepted.

Most of this high modulation range should be confined in the
radiant heat mode, so as to maximize heat exchange effective-
ness and boiler efficiency. This forces the minimum of the
modulation range to be set at the lowest possible Q values for
ambient air heating. The blue flame mode should be limited to
the peaks in the energy demand corresponding to hot sanitary
water production.

The main purpose of this study was to figure out an optimal
strategy for burner control, aimed at improving the amplitude
of the power modulation range, with no occurrence of flash-
back.

The conventional burner modulation system is depicted in
Figure 10a. Any variation in the power requirement is obtained
by a change in the rotational speed of the air feed fan. As a
consequence of the modified air flow the pressure drop across
the burner system is changed. This is noted by a pressure
indicator, which through a pneumatic system modifies propor-
tionally the flow rate of natural gas delivered through a valve.
By these means the excess air value can be kept constant over
the entire modulation range rather cheaply. Air and methane
get mixed within a Venturi-type mixer, selected for its low
pressure drop. Figure 11 shows how the selected excess air
generally lies in the range between 15 and 20%. E, values
falling below 15% entail some risk of unacceptable CO and
unburned HC emissions, whereas higher excess air ratios than
20% are avoided as boiler efficiency gets lower when E
increases.

However, when Q is decreased at constant E,, the flashback
conditions are approached rather quickly and a lower limit to
burner power modulation can be clearly identified when the
conventional control strategy line crosses the flashback region
borderline (Figure 11).
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Figure 10. Conventional (a) and advanced (b) control
strategies outlined over the E_-Q flashback
chart.

According to the considerations proposed so far, the resis-
tance to flashback gets worse as the upstream burner temper-
ature increases, with all other conditions being constant. An
advanced control system based on the direct measurement of
T, ;, is being examined. The focus of our stability analysis was
on the upstream surface temperature strictly because this mea-
surable variable can be practically employed in the implemen-
tation of the burner control strategy (Figure 10b). A thermo-
couple could in fact be placed in the plenum chamber, choosing

30
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— 20
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O Fuash-back Transition
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Figure 11. Conventional (a) and advanced (b) control
systems.
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its position so as to maximize the sensitivity of the system
control. A possible appropriate position for the thermocouple
could be near the upstream burner surface. As the thermocou-
ple reveals a temperature increase over a threshold value for
safe operation, indicating the approach of a flashback phenom-
enon, the control system could manipulate the excess of air by
a suitable modification of the methane flow rate via an electri-
cal valve, according to the prescriptions of ad hoc developed
control board. Such a control board should obviously take into
account the output of the burner pressure-drop indicator as
well. Since the reduced methane flow rate determines a reduc-
tion of both the inlet methane mass fraction and the total flow
rate, this control strategy reduces E, and, simultaneously, Q.
The advanced control strategy drawn in Figure 11 can be thus
followed. This line is selected on the grounds of the following
criteria:

Get to lower minimum Q values than those allowed by the
conventional control system for the sake of maximizing oper-
ation in the radiant regime;

Keep the excess air values as low as possible not to suffer
too much from loss of boiler efficiency; and

Keep costs as low as possible.

Conclusions

A mathematical model of a premixed radiant burner was
presented and its performance was validated against experi-
mental data produced in our laboratories. The model repro-
duces the typical thermal behavior of metal fiber burners ob-
served in the whole range of excess of air and specific power
input investigated. The upstream and downstream porous me-
dium surface temperatures in particular are satisfactorily pre-
dicted, and the typical trends of these variables were enlight-
ened in terms of feedstock mass-flow rate and methane
composition (Q and E,). The success in determining the ther-
mal behavior of the burner is of crucial importance in under-
standing flashback resistance, which is eventually related to the
upstream surface temperature. Model calculations and experi-
ments were compared also for the CO and CO, emissions,
showing that the model can reproduce the measured values,
except at very low Q values. This could be ascribed to two-
dimensional effects, related to the gas cooling exerted at the
burner sealing perimeter, which is considered responsible for
high CO emissions.

A model criterion for the analysis of stability and flashback
of a metal fiber burner was thus formulated. The “mechanism”
of flashback behavior is based on the occurrence of backward-
directed radiant energy flux that preheats the feedstock. This in
turn determines an increase in the gas phase reactivity and thus
a shift of the methane concentration profile further inside the
porous medium. As a consequence, the upstream surface tem-
perature and that of the backward-directed radiant energy flux
increase.

Based on the proposed analysis methodology, it was possible
to determine regions where multiple steady states are possible.
In particular, a range of conditions of safe operation and a
flashback region could be singled out in an E,-Q chart. Model
predictions of flashback occurrence are in fair agreement with
experimental observations, thus supporting the proposed flash-
back mechanism based on the backward-directed radiant en-
ergy flux.

AIChE Journal September 2004

The results described above allowed one to propose an
advanced burner control system for the purpose of avoiding
flashback over an as-wide-as-possible power modulation range
within the radiating regime. Some guidelines for an optimal
control strategy were presented and a new technical solution
for the control system based on a thermocouple measurement
just upstream the burner surface. Studies are in progress to
implement this strategy within a power-modulating commer-
cial boiler.
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Notation
a = gas-solid interphase area, m™!
¢, = specific heat, J kg"'K™!
C = correction velocity, m s
d = diameter, m
D = diffusivity, m?s!
e = solid phase emissivity
E, = excess of air, %
AH = reaction enthalpy, J kg™'
H = enthalpy of a chemical species, J kg™
h = volumetric heat transfer coefficient, J K™' m3s!
h' = area-based heat transfer coefficient, J K' m3s™!
J = energy flux, J s™
k = thermal conductivity, J s m™ K!
K = total number of chemical species involved in the reaction envi-

ronment
= solid phase domain length, m
gas phase mass flow rate, kg s
= molar weight, kg mol™!
= mean molar weight, kg mol™!
= Nusselt number
= pressure, atm
= specific power input, kW m™>
universal gas constant, J K™' mol™
= chemical production rate of a species, mol m~s™!
= Reynolds number
= reactor cross-flow section, m?
= time variable, s
= temperature, K
= gas phase velocity, m s
= ordinary diffusion velocity, m s™
diffusion velocity, m s
thermal diffusion velocity, m s™
mole fraction
mass fraction
space variable, m

ro T <<=~1..cn?>a\>a©~u§i\§§-h
I

Greek letters

& = porosity

W = gas viscosity, kg m'x!

= gas phase density, kg m™

= Stefan—Boltzman constant, J s”' m? K*
0 = thermal diffusion ratio

Shhe

Subscripts

ad = adiabatic
bulk = bulk
comb = combustion
eff = effective
exh = exhaust gas

Vol. 50, No. 9 2285



f = fibre
feed = feedstock gas
g = gas phase

k = generic species
in = solid phase inlet (upstream surface)
out = solid phase outlet (downstream surface)
ov = overall
room = ambient conditions
s = solid phase
surf = surface
tip = thermocouple tip
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