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Abstract

In this paper, the stability and flashback resistance of catalytic and non-catalytic premixed metal fiber burners are investigated by means
of a model analysis. The burner model consists of a set of transient conservation equations that account for a detailed kinetic mechanism
for the description of methane reactivity in the gas phase. On the side of the catalytic reactivity, the occurrence of a hetero-homogeneous
combustion regime sustained by the catalyst activity is assumed. After a preliminary model validation on the grounds of some experiments
carried out ad hoc, the mathematical model is used for the analysis of the flashback phenomenon, so as to point out the key parameters
that affect burner operation stability. A sensitivity analysis is finally proposed, so as to formulate some general guidelines for the design
of improved performance premixed burner. A bi-layer burner structure with smaller pores ahead and larger pores on the downstream side
seems to be the way to go in order to enlarge the power modulation range of the burner and improve flashback resistance.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction On the other hand, this cooling may result in a drawback
for the CO emission, which might become high especially
It is well known that premixed radiant burners for natural at the borders of the burners where the sealing systems may
gas or LPG represent a reliable technology that offers ex- exert a further localized cooling. In this context, the catalytic
tremely good performance for pollutant emissions and ther- activation of the burner represents the most logical remedy
mal efficiency[1-5]. These devices have been used in awide [5]. The catalyst improves the flame stabilization inside the
range of industrial and domestic applications. They have porous medium, allowing an improvement in radiant effi-
been employed in the petroleum indusfty, for commer- ciency. The presence of the catalyst should also allow to
cial warm-air furnace$2], in paper and food industrig]. expand the range of excess alia) in which stable com-
Their operation is mainly based on performing the combus- bustion can be achieved and, in particular, it permits richer
tion at least in part inside a porous medium. The solid phase (but still fuel-lean) combustion mixtures, giving two major
receives a large fraction of the chemical energy released byconsequences:
the combustion reaptions, which in turn is emitteq as radi- _ The production of nitrogen oxides could be further re-
ant energy. The main challenge of these systems is therefore duced, since it depends on the square root of oxygen

to pror;:(t)rt]e the conflnegjent of comtbustmp |_nS|th ofr cl?_se concentratiorj6]. However, this effect could be partially
enough the porous medium, S0 as 1o maximize the raction 5 isheq by the increase in gas-phase temperature oc-

of_rr?]dlatlvg (:netrgy erfntlrt:ed. b dto traditional curring at lower excess of air. Practically, nitrogen oxide
€ main feature ortnese burners, compared fo traditional o issjons would be improved by a reductiorEgin a re-

o?es,tlrs] tthe cog&deﬁ\ble (;educm?[n of Te g_as-phase temfpe_r- gion close to stoichiometric conditions, whereas at higher
ature that can be achieved operating at a given excess of air £ 0 onnosite effect would be obtained.

?nd s][);ahcmc plovl\\ller ;Epm'f This wc()juld Zntaﬂ Inturn a reduc- | e thermal efficiency is enhanced, thanks to lower ni-
ion of thermal NQ therefore produced. trogen mass flow rate.

Finally, the catalyst improves the range-ability of the

* Corresponding author. Tel+39-11-5644654; fax:-39-11-5644699.  burner, which is a very important requirement in house-
E-mail address: saracco@polito.it (G. Saracco). hold applications in the perspective of an energy-saving
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Nomenclature

a specific area (m?)

¢p specific heat (J ')

d diameter (m)

e solid-phase emissivity (-)

Ea excess of air (%)

h volumetric heat transfer coefficient
(K Im3s

h area-based heat transfer coefficient
(K Im2s

H enthalpy of a chemical species (J

Je energy flux (Js?)

k thermal conductivity (Jst m~—1K-1)

K total number of chemical species involved

in the reaction environment

L solid-phase domain length (m)

m gas-phase mass flow rate (kg%

n effective thermal conductivity
modulation factor (-)

M molar weight (kg mot?)

M mean molar weight (kg mof)

Nu Nusselt number (-)

p pressure (Pa)

Q specific power input

R universal gas constant (J&mol1)

R chemical production rate of a
species (molm3s1)

Re Reynolds number (-)

S reactor cross section @n

t time variable (s)

T temperature (K)

u gas-phase velocity (nT38)

\ diffusion velocity (ms1)

[X] molar concentration of a
species (mol mq)

Yk mass fraction of specids(-)

z space variable (m)

Greek letters

r surface adsorption sites
concentration (mol )

e porosity (-)

K kinetic coefficient (ms?)

w gas viscosity (kgm!s1)

0 gas-phase density (kgTh)

o Stefan—-Boltzman constant (J'sm—2K~*%)

Subscripts

ads adsorption

eff effective

f fiber

feed feedstock gas

g gas phase

in solid-phase inlet (upstream surface)

k generic species

out solid-phase outlet (downstream surface)
room ambient conditions

S solid phase

surf surface

tr transport

Superscript

* modulated value

conduction. Particularly, power modulatioQ)(from 25 kW
needed for hot, sanitary water production (showers, cook-
ing, washing, etc.) down to a few kW for household heating
is currently pursued in modern “combi” boilers.

Unfortunately, especially at lol, andQ values, radiant
burners often suffer from stability problems related to flash-
back and the catalytic ones are even more critical from this
viewpoint. After a period of a stable operation, the porous
medium reaches so high temperatures that the feedstock is
ignited ahead of the porous medium itself, thus giving flash-
back.

In the present paper, some topics are discussed:

e model set up and validation for both catalytic and
non-catalytic premixed burners;

e burner stability and flashback;

e sensitivity of the burner performance to some relevant
physical parameters.

A discussion on the principles governing premixed burn-
ers was already reported in a previous papér together
with a detailed analysis of flashback in non-catalytic metal
fiber burners. In this work, the analysis of the fundamental
aspects of radiant burners is mainly focused on the differ-
ences between catalytic and non-catalytic systems. A quan-
titative estimate of flashback occurrence is given for both
types of burners. Furthermore, a sensitivity analysis offers
more insight into the variables one can play upon during the
burner design in order to face the reduced stability follow-
ing the catalytic activation of the porous medium. A series
of guidelines are therefore proposed and discussed, and an
“optimal” set of design criteria is formulated.

2. Experimental

Some experiments have been carried out to support the
model analysis here presented. In particular, the surface tem-
perature was measured at different specific power inputs and
excess of air values, since it was considered as the most rep-
resentative variable of the burner operation. Actually, it is
clear that radiation is strictly related to the burner surface
temperature, thus affecting both performance and flashback
occurrencd7].
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A detailed description of the experimental apparatus em-  For the investigation of the burner stabiliy, was mod-
ployed in the study has been given elsewlj8feNeverthe- ulated stepwiseAQ > 20kW/n?) from a stable radiant
less, some details are here reported. A boiler of the maximumregime © = 500 kW/n?) down to occurrence of flashback
power of 40kW is fed with gas streams, air and methane, at selected values df,. If the burner could work in stable
premixed in a Venturi. The air mass flow rate is determined conditions for at least 15 min, flashback occurrence was ex-
by a blower and the methane flow rate by a modulating cluded at the operating condition®,(Ea) under investiga-
electro-valve. The thermal load required by the user is con- tion.
trolled by modulating the blower speed. A pneumatic-valve,
driven by the pressure drop of the gas feedstock through-
out the Venturi, changes the natural gas flow rate so as to3. Model
keep a constant excess air ratio. In other words, as the air
flow rate increases, the pressure drop rises, and this signaB.1. Burner equations
is used to increase the methane flow rate. Diffeignval-
ues can be achieved by playing on the offset and the gain The burner behavior is described by a transient
of the valve. In the plenum chamber, the distribution of the one-dimensional model, consisting of equations for mass
gas on the porous medium is accomplished by a system ofcontinuity, gas-phase species conservation, energy conser-
perforated plates, in order to obtain the gas flow onto the vation of the gas and the solid phases, and by the ideal
fiber panel with a uniform flow field. The porous medium (a gas law. The model accounts for ordinary and thermal
2mm thick FeCrAlloy NIT100S fiber mat by ACOTECH, diffusion in the gas phase along the longitudinal direc-
Zwevegem, Belgium) is placed horizontally, at the end of tion, for inter-phase energy transfer and radiation within
the plenum chamber, and is firing upwards. Beyond this the porous medium by an effective thermal conductivity
non-catalytic fiber mat, also a catalyzed version of it was approach[9]. Heat and mass transfer between the porous
tested. A 2wt.% Pd catalyst supported onQa-stabilized medium and the gas phase are also considered, using lit-
(10 wt.%) y-Al>,03 was prepared and washcoated over the erature transfer coefficient expressidf$. A summary of
fibers of the burner for such a purpose. the conservation equations is provided Table 1 with

Just above the combustion chamber, the flue gases weresymbol definitions given in nomenclature. Moreover, a
cooled through a “finned-tube” type heat exchanger. After complete description of the model and system parameters
some of the flue gases are sampled for composition analy-can be found ir{7]. Typical values of the physical param-
sis, they are dispersed through a chimney. The compositioneters employed in the burner simulations are reported in
of the exhaust gas was monitored by means of a set of con-Table 2
tinuous Elsag-Bailey analyzers: a N©hemiluminescence Appropriate boundary conditions are ug8tl consisting
analyzer, a FT-IR analyzer for CO and g@n & param- of fixed values imposed at the domain inlet and of flat pro-
agnetic detector. The surface temperatures of the upstreaniiles at the outlet for the mass fractions and the gas-phase
and downstream burner surfaces were recorded for each testemperature. For the solid-phase temperature, a condition of
through specific thermocouples placed on the metal fiber energy conservation at the upstream boundary is imposed.
mat. Test runs were carried out in the range of specific power At the downstream surface, the solid-phase temperature is
inputs from 200 to 800 kW/fat different excess of air val-  calculated so as to satisfy an overall energy balance and its
ues (from to 5 to 90%). value determined the total radiant losses from the burner that

Table 1
Governing equations

Continuity equation

m = Spu (gas-only region (13
m = Sepu (gas-solid region (14
Mass balance equation

(S Y, (Vi SepY -

Seoliy e OVASPYD  f v se —0(k=1.... . K) (15

ot 0z 0z

Gas-phase energy balance equation

A(Sec pgpTy a(c (Vi YiSpec pg.i T, d a7 - N

(SecpgoTy) 4 (CpgDyg n Z (Vi Y Spec pg.i Tg) + 2 7kgS€,7g _ Z R My Hy Se + hS(Ty — Ts) = 0 (16)

ot 0z - 0z 0z 0z -
speciesk speciesk

Solid-phase energy balance equation

IS — e)pspsTs) D aT;
w +— kst S— ) - hS(Ty - 75) = 0 .
o 9z 0z
Equation of state
_ M

o= RT, 19
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Table 2 tion is particularly true for the still largely unknown reaction
Typical values of the burner physical parameters and operating conditions mechanism on palladium catalysts.
Q (kW/m?) 250-600 It has to be noticed that the formulation of a complete
Ea (%) 5-35 mechanism of methane oxidation on a palladium catalyst is
g(kia) 0181-3 beyond the scope of this work. Therefore, on the basis of
L ((2)) 2 % 10-3 the considerations presented so far, a simplified approach is
dr (m) 5% 10-5 gdopted in this paper, based on two experimental observa-
e 0.8 tions:

0.8 . . .
isveﬁ Wm-1K-1) 0.15-0.30 . Iasgr—mterferometrlc measurements on a commercial cat-
h (Wm3K) 1.5 x 10°-4 x 10° alytic burner[16] showed that the presence of the cata-

lyst mainly implies an increment of oxidative radicals in
the gas phase (e.g. OH if compared to a non-catalytic
burner.

The presence of the catalyst in a metal fiber burner gen-
erally determines a reduction in the flashback stability, as
showed later in this paper, indicating that the gas-phase
reactivity is largely enhanced by the catalyst presence.

are set equal to the net convective heat transfer from the gas
to the porous mediurfB]. *
The model equations are solved by means of a tailor-made
simulation software in Fortran language, programmed with
the typical architecture of the Chemkin applications. It was

also interfaced with the Chemkidil] and Transpor{12] The assumption made here is the simplest that allows

libraries developed at the Sandia National Laboratory. reproduce these observations. The catalyst is assumed to
The chemical reactivity of methane in the gas phase is de-produce oxidative radicals out ofb@issociation, promoting

scribed by means of a complex combustion mechaifil$i a hetero-homogeneous regime. In this way it is possible

namely the Kazakov—Frenklack mechanism, consisting of to explain the larger OHconcentration in the gas phase,
104 reactions among 22 chemical species. This mechanisman increased gas-phase reactivity and therefore a reduced
was deduced by the GRI mechaniflB], and describes the flashback resistance.

C/H/O chemistry occurring in methane oxidation. Naturally, the simple assumption made here is not in-

Extensive efforts have been developed to formulate de-tended to fully represent the methane reactivity over a
tailed kinetic models of methane reactivity over the sur- palladium surface, which likely would imply a multi-step
face of different oxidation catalysts, and several mechanismsmechanism among several gas and surface species. Nonethe-
exist especially for platinum and rhodium based systems less, this simple assumption permits to explain the major
[14,15,17] Unfortunately, the literature lacks of a suitable observed features induced by the catalyst, as mentioned
mechanism of methane reactivity over palladium catalysts, before, in terms of reduced flashback resistance and also in
which still remains very uncertain. Besides, this system is terms of the higher surface temperatures measured in the
known to be very complex mainly due to the presence of experiments. Therefore, this assumption has to be intended
active sites of palladium oxide. like a “fitting” condition that allows account for the cata-

In general terms, it could be stated that the catalyst may lyst activity in a very simple manner, so as to draw some
play in different ways in a catalytic combustor, depending major conclusions consistent with the physical phenomena
on many aspects such as composition, temperature, pressur@bserved in practice.
mass flow rate of the feedstock and transport phenomena To go more in detail in describing our approximation
between the solid and the gas phases. According to the locabf the catalyst role in the conversion process, the oxygen
conditions, the catalytic system may operate in three differ- molecules are assumed to migrate towards the active sites,
ent situations: (i) the catalyst hosts the combustion on its at a rate depending on both transport and chemical kinetics,
surface, which is predominantly responsible for the chem- and then to be dissociated intd® @adicals at the catalyst
ical conversion of the feedstock; (ii) the catalyst may as- surface according to the following reaction:
sist the combustion, by generating chemical species that are
then converted in the gas phase, in a hetero-homogeneous 2 — 20 (1)

regime; (iii) the catalyst supports the ignition of the com- The rate constant of reaction (1) is given[28,17]
bustion in the gas phase, but then the gas-phase reactions

can be self-sustained and the role of the catalyst becomes 0.01 RT

i i KadsO, = —5— 2)
marginal. Generally, the occurrence of one of these regimes 2 r \ 2zMo,
is influenced by the local conditions of the feedstock, and
determines in turn very different reaction pathways in the where the surface site density was assumed to .Bex2
overall conversion process. Unfortunately, a very little reli- 102 mol/cn? [17]. The rate parameters adopted here have
able information can be deduced by experiments, and mostbeen assumed from a study carried out on rhodium and

of the work that can be carried out in this field is necessarily platinum catalysts in partial oxidation reactions, since data
burdened by this limitation, for any catalyst. This observa- on palladium were not available.
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The transport velocity is calculated by the Colburn anal- each calculated solution has been used as a starting point

ogy [18]: for the next simulation. By this method, the dependence of
Nu <h the upstream burner surface temperature on the inlet gas
RePrl3 = ReSdl/ 3) temperature was observed, ahgn VerS.USTg’feed patterns
were plotted. The feedstock pre-heating and therefore the
using the energy transfer coefficients presentel@fin inlet gas temperature are then related to the upstream surface
053 temperature. An energy conservation equation can be written
Nu=0.04Re™" (Re < 0.4), by considering that the radiant flux in the backward direction
Nu=0.10Re!®* (Re> 0.4) 4) determines the pre-heating of the feedstock:
where map(Tg,feed— Troom) = Sae(Téin - Tr%om) (8)
mds The equilibrium solutions of the system were obtained by
Re= — (5) li hi i ith th@ : T
Sig coupling this equation with th&sin versusTy feed Pattern.

_ o The inlet gas temperature and the upstream surface temper-
Making the proper substitutions, the Sherwood number canature are those that simultaneously satisfy Tag, versus
be expressed as Tg feed Pattern andeq. (8)

1/3

S
Sh=0.04Re®%3 [ = (Re < 0.4), . .
Pr 4. Results and discussion

%\ /3
Sh=0.10Re** (ﬁ) (Re > 0.4) (6) 4.1. Model validation

From these expressions, the mass transfer coefficiecan The first step in our analysis was the model validation.
be determined. Since a crucial point in the behavior of these systems is the

The combination of these equations is based on the con-heat exchange between the gas and the solid, attention was
sideration that both phenomena are first order in the oxygenfocused on the metal fiber mat surface temperature. As pre-
concentration. The resulting rate equation for oxygen trans- viously described, experimental measurements were carried
port/adsorption/dissociation therefore accounts for both the out to inspect the variation of the surface temperatures with
surface temperature and mass flow rate and is as follows: specific power input and excess of diig. 1 represents the
_ a comparison between model calculations and experimental
RO, surf = m[x%] @) temperatures of the downstream burner surface, with a com-

parison between the values of a non-catalytic system (black
The surface is then assumed to operate in quasi-steady-statgg|gred [7]) and those of the porous medium catalytically
conditions, i.e. no accumulation is possible on the active gctivated with palladium (gray colored). Results concerning
sites. Therefore the oxygen radicals formed as a result oftne occurrence of flashback are also indicated on the pic-
O migration and dissociation are consequently released intyre: open symbols indicate that flashback takes place within
the gas phase. Then, the radicals take part in the gas-phasgs min of operation at the given operating conditions. The
reactivity, initiating the oxidation mechanism. In the follow- esylts show that the catalyst increases the surface temper-
ing paragraphs, it will be numerically demonstrated that the ztyres of the porous medium, thus entailing an improve-
heterogeneous generation of @dicals entails in turn a  ment in the system behavior thanks to enhanced radiation.
remarkable increment of OHadicals concentration inside  On the other hand, the increased temperature level of the
the porous medium. Moreover, it will be shown that the cat- porous medium determines a reduction of the burner stabil-
alyst determines an increase in the porous medium surfacey which is clearly indicated by flashback occurrenc®at
temperature and a reduction in the flashback resistance, agg|yes higher than those typical of a non-catalytic burner.

experimentally observed. The typical shape of the temperature profiles can be ex-
plained with the help oFigs. 2 and 3revealing some ma-
3.2. Burner stability jor features induced by the catalyst. The calculated profiles

along the non-catalytic burner are showrFig. 2 The sys-

The analysis of the burner stability and flashback was tem exhibits two distinct regions: at the gas inlet the porous
carried out with the following method. The simulation was medium pre-heats the gas, which is ignited as the tempera-
performed at specific values of the excess of BY) (@nd ture reaches a sufficiently high value. When the release of the
the specific power input(), until a steady-state solution combustion energy occurs, the gas temperature overcomes
is found. The inlet gas temperature, initially set to 300K that of the solid and the inter-phase heat flux is inverted,
(Troom), Was stepwise increased and the corresponding newwith the solid receiving energy from the gas phase. As
steady-state solutions were determined. The model solutionsshown inFig. 1, the downstream surface temperature rises
have been found adopting a continuation procedure, in whichwith Q up to a maximum as a result of a higher net energy
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Fig. 1. Downstream burner surface temperature. Comparison between experimental data and model calculations. Excess of air Nalse5%a)
(b) 10%; (c) 15%; (d) 30%. Empty symbols: flashback experimentally observed within 15min. Closed symbols: no flashback observed. Gray symbols:
catalytic burner; black symbols: non-catalytic buriig}.

input in the porous medium. However, it can be demon- fore results in increased surface temperaturés. (). Once
strated that the concentration profiles move downstream asagain, after a temperature maximum has been reached, the
Qs increased7] and, due to the reduced contact time, the rise inQ finally results in a decrease of the system temper-
gas pre-heating is penalized. As a consequence, the regioratures, due to the reduction in the contact time between the
of gas pre-heating is expanded and the reaction ignition isgas and the solid.
delayed. The reaction zone inside the porous medium there- Fig. 20 and c shows the typical concentration profiles
fore is reduced and moves towards the exit surface. Part ofalong the porous medium length. The reactions start with
the energy that could be exchanged with the porous mediumthe production of oxidative radicals, such a% &d OH
actually remains confined in the gas phase, due to the reducwhich in turn react with methane thus promoting the forma-
tion in the contact time between the two counter parts. When tion of intermediate combustion products (CQ,)Hrhe in-
the reaction zone reaches the exit surface, the oxidation re-termediate products are then converted into,@@d HO.
actions are far from completion inside the porous medium In the catalytic burnerKig. 3b and c), the peak of Dand
thus determining a solid-phase temperature decrease. WithOH® radicals is shifted inside the porous medium as a result
a further increase in mass flow rate, a partial flame lift off of the catalyst activity. This effect, that was experimentally
occurs and a “blue flame” regime is settled. observed on a commercial burrj&6], allows to explain the
The thermal profiles of the catalytic burner shown in general temperature increment taking place in the system,
Fig. 3a reveal a major difference induced by the catalyst. since the flame front is stabilized inside the porous medium
The initiation of the radical oxidation process takes place on to a significant extent.
the catalyst surface at relatively low temperatures, so that The improvementin performance produced by the catalyst
the gas feedstock does not need a remarkable pre-heating tis remarkable, in terms of thermal efficiency and pollutant
reach ignition. As a consequence, the solid-phase temperaemissions. However, as above underlined, the stability of
ture remains, at least for the conditions to which the calcu- catalytic burners may be critical in some cases. To further
lations are referred to, below the gas-phase one. The oxida-enlighten this point, the analysis of the flashback was carried
tion reactions in the gas-phase start at lower temperaturesout.
thanks to the beneficial effect of oxygen radicals generation The first step of the flashback analysis is to find the de-
by the catalyst (hetero-homogeneous reaction pathways). Aspendence of the model solution ®g reeq, at fixed values of
for the non-catalytic burner, an increaseQrdetermines an Ea andQ. The dependence diy seeq Of the molar fraction of
increment of the energy input in the system, which there- methaneXcn, in at the upstream surface of the non-catalytic
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Fig. 3. Thermal and composition profiles calculated for the catalytic
burner model 0 = 500kW/n?, E; = 15%): (a) thermal profiles; (b)
molar fraction profiles of the principal reactants and products; (c) molar
fraction profiles of some radical species.

Fig. 2. Thermal and composition profiles calculated for the non-catalytic
burner model Q = 500kW/nf, Ex = 15%): (a) thermal profiles; (b)
molar fraction profiles of the principal reactants and products; (c) molar
fraction profiles of some radical species.

porous medium was plotted Fig. 4. As Tg feeqis increased, a more critical behavior in the region of low specific power
the reactivity of the gas phase is enhanced and this de-inputs and low excess of air, i.e. the system becomes more
termines a shift of the concentration profile of methane in critical in a fully developed radiant heat mode.

the upstream direction. Thus, the methane molar fraction at The upstream surface temperature of the porous medium
the upstream burner surfade, in decreases. ONck feed was plotted versu3greeq in Fig. 5, at different values of
reaches a sufficiently high valuEch, in steeply drops giv- Q. Observing each of the sigmoid shaped curves, it can
ing indication that the flame front stabilizes ahead of the be noticed that the surface temperature rises Wifkeed
porous medium. The behavior of t&-H, in versusTy feed and when flashback occurs a steep increase takes place. In
curve strongly depends on the specific power input, since atthe same diagram, the parabolic shaped curves represent-
higherQ values the flame front naturally shifts downstream ing Eq. (8)were reported. The intersections of these curves
at otherwise constant conditions, hence improving the re- give the possible asymptotic solutions of the physical sys-
sistance of the system towards flashback. Similar consider-tem, and typically up to three points can be singled out: a
ations hold if one considers the dependence of the systemstable low-temperature solution, a stable high-temperature
behavior on the feedstock compositidrid. 4a and b). Ac- solution corresponding to flashback occurrence and an un-
tually, it can be noticed that a lean mixture determines an in- stable solution. At high values of the specific power input,
crease in the system stability, i.e. higHgfeeq are required the sigmoid shaped curves slide on the right side, indicating
for flashback occurrence. To summarize, the system exhibitsan improved resistance to flashback. Moreover, at higher
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Fig. 4. Calculated methane molar fraction at the upstream burner surface versus inlet gas temperature & valigss for the non-catalytic burner:
(a) Ea = 15%; (b) 30%.

values, the same radiation flux determines a lower feedstockpreviously mentioned, the catalyst helps stabilize the flame
pre-heating, as stated i3q. (8) As a result, the parabolic inside the porous medium. This determines a broad increase
shaped curves shift to the right. By observing the intersec- of the system temperatures, which is responsible for a re-
tions reported irFig. 5a, it can be noticed that the model duction of the resistance to flashback. Therefore it can be
predicts at highQ values a single “safe” physical solution observed that the curve limiting the region of safe operation
and at low values a single flashback solution. The transition moves in the right direction as a result of the catalyst activity.
between these regimes takes place through a multiple solu- The improvement of flashback resistance is a goal of cru-
tions region. Physically, this means that the system normally cial importance in burner technology, for non-catalytic and
operates in a safe regime, but if an inlet temperature distur- especially for catalytic systems for both industrial and do-
bance occurs the burner may evolve towards flashback. = mestic appliances. For example, the current trend in burner
By a systematic analysis of the model results, the limits of technology for domestic applications is to obtain hot water
safe operation, flashback and steady-state multiplicity (tran- for sanitary purposes and household heating by the same de-
sition) were determined. The results have been summarizedvice, which therefore needs to be operated on an “always-on”
in a single “flashback chart”, usif@andE, as key-variables  basis. The burner operates in radiant heat mode for most of
(Fig. 6). The picture reports also a comparison between ex- the time, providing the energy necessary for the household
perimental data and calculations; it can be noticed that the heating, whereas blue flame mode operation is intended only
trends observed in practice are clearly reproduced by theto satisfy the peaks in the energy demand corresponding to
model for both the catalytic and the non-catalytic burner. As the need for hot sanitary water. In this context, it is crucial
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Fig. 5. Calculated upstream surface temperature versus inlet gas temperature atQaréuss for the non-catalytic burner: (&, = 15%; (b) 30%.

to understand the mechanisms that enhance stable operatioiemperature increases, all other parameters being constant.

Moreover, as it has been already noticed, the catalytic activa-For this reason, the analysis considered the dependence of

tion of the metal fiber determines a remarkable reduction of this variable on the variation of the above selected design

pollutant emissions, with a significant enhancement in ther- parameters. The analysis was carried out by means of a

mal efficiency[19]. The principal drawback of the catalytic continuation procedure, i.e. the model solution for each pa-

activation resides, however, in the related increase in systemrameter value was determined from the last calculated one.

temperatures, which exert a negative effect on the burner Fig. 7 represents the calculated dependence of the

stability. The improvement in flashback resistance therefore upstream and downstream surface temperatures of the

is critical also from this standpoint. In the next paragraph, a non-catalytic porous medium on the fiber dimensin

sensitivity analysis is presented in order to single out somelt can be observed that the upstream surface temperature

major drivers to improve the burner resistance to flashback.remains nearly unaltered whet is varied, whereas the
downstream surface temperature increaseskass de-

4.2. Sengitivity analysis creased, especially at high values of mass flow rate. The
fiber diameter influences the heat transfer coeffidigsm9].

To understand the major drivers to enhance the burnerSolving the heat transfer coefficient equations with respect

stability, a sensitivity analysis has been carried out on four to the heat transfer coefficient, one obtains

design parameters: metal fiber diameter, porous medium

porosity, solid-phase emissivity and thermal conductivity. 1 i\ 053

According to the considerations proposed so far, the re-h = ——= |:4kg(1— 8)0.04(—) ] (Re< 0.4 (9

sistance to flashback gets worse as the upstream burner f Mg
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35 sion for the burner design, the upstream surface temperature

(@) remains nearly unaltered and no significant advantage on
No Flash-back flashback resistance can be obtained by this way. Besides, it
is not possible to reduce the fiber dimensions without pay-
ing in terms of long term thermal resistance of the porous
medium.

The influence of porosity is representedhig. 8, indi-
cating that an increase in this parameter determines a broad
.. increment of the surface temperatures. This conclusion can
5 | Flash-back e be explained by considering that higher void fractions fa-

0 . . . , L cilitate the stabilization of the flame front inside the burner,

. as a consequence of a decreased linear velocity of the gas
(b) phase at constant mass flow rate. Though advantageous for

the burner performance, this effect results in an increase of

both the upstream and downstream surface temperatures and

therefore the resistance to flashback would be diminished.

Fig. 9 summarizes the results of the sensitivity analysis
performed on the burner emissivity. This parameter influ-

Eq

(%] 30
25
20
15

10

E,
[%]

30
No Flash-back

25

Transition
20

i °
15 . ences the radiation flux emitted at each burner surface, which
10 | * could be calculated according to the following relation:
s | Flash-back . ) Jg = cre(Ts4 — Téom)S (11)
0 ' ' ' ' L It has to be pointed out that the real value of the energy flux
150 200 250 300 350 400 450 500 by radiation could be higher than that calculatedBoy (11)
Q [kW/ni] since the contribution to radiation of internal fibers having

Fia. 6. Flashback charts for th talytic (a) and the catalytic (b) a non-zero view factor with the thermal load could be im-
1g. 6. Flashback charts tor the non-catalytic (a) an e catalytic P . .
burners. The symbols indicate the starting point of flashback occurrence portant.. ThI.S ISSue a_tdd,re,sses a more det{;\lleq eXpe”mental
according to the data plotted Fig. 1 analysis. Higher emissivity values determine improved ra-
diation from the surface, whose temperature therefore de-
creases as representedrig. 9. Therefore, an optimal burner

.\ 1.64 . - L
h= Akg(1— £)0.10 <ﬂ) (Re > 0.4) design shogld maximize emissivity at the burner downstream
df2—1-64 Ug surface to improve the burner performance. On the other
(10) hand, emissivity should be minimized at the upstream sur-

face temperature to prevent flashback. The authors are aware
The maximization of the heat transfer coefficient, obtained that some commercial premixed burners based on ceramic
by a reduction ofi, determines an increase in the fraction mullite foams (Ecoceramics, The Netherlands) do carry, de-
of energy transferred to the solid and therefore in the down- posited on the downstream surface, an emissivity-promoting
stream surface temperature. Despite this interesting conclu-material based on transition metal oxides. This material is
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Fig. 7. Influence of the fiber diameter on the non-catalytic burner surface tempetatuse 20%).
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Fig. 8. Influence of porosity on the non-catalytic burner surface temperéfijre- 20%).

deposited to slightly reduce thE; value and prolong the  gas pre-heating and thus the stabilization of the flame front
lifetime of the burner structural material. inside the porous medium, thus preventing the efficient oper-

Finally, the influence of effective thermal conductivity ation of the burner. Hence a trade-off condition between im-
was assessed. In this analysis, khgy, determined accord-  proved resistance to flashback and flame stabilization needs
ing to the prescriptions listed if8], was multiplied by a  to be found to achieve an optimal configuration.

modulation factom®*: The results proposed so far give indications to formulate
* * 12 an optimal criterion for the burner design. An optimal porous
kseﬂ = ks effm (12) . . .
mat structure should be characterized by a small fiber diam-
and the model results thus obtained were reporté&dignlQ eter to improve the heat transfer within the porous medium.

It can be noticed that reducing effective thermal conductiv- A high value of emissivity of the downstream surface favors
ity determines a reduction of the porous medium tempera- the radiant efficiency, whereas the emissivity of the upstream
tures, at sufficiently higl values. As the flame front moves  surface temperature should be minimized to improve flash-
upstream (lowQ values), the heat released by combustion back stability. Small values of porosity determine improved
cannot be dispersed backwards to a large extent along theesistance to flashback but high pressure drop. A trade-off
axial direction in case of a low thermal conductivity and the should be achieved in this case, too. Similar considerations
upstream surface temperature rises. hold as far as the thermal conductivity is concerned, since
To summarize, low effective thermal conductivity could high values of this parameter determine considerable stabi-
decrease the upstream direction energy flux, and therefordization of the flame front inside the porous medium and
the surface temperature, thus improving flashback resistancereduce resistance to flashback. It has to be finally noted that
However, extremely low values &€ could preclude the  the variables analyzed so far are often inter-related so that
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~— 1000 -
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Fig. 9. Influence of emissivity on the non-catalytic burner surface temperatisre- 20%).
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Fig. 10. Influence of effective thermal conductivity on the non-catalytic burner surface tempei@jure20%).

it becomes impossible to control each parameter separatelyin Fig. 11that the flame front is somewhat blocked at the
However, the present discussion is intended to enlighten theinterface between the distinct regions, due to the presence
effects of the single design parameters on the system perfor-of a poorly conductive layer. Therefore, the flashback resis-
mance so as to provide guidelines for an optimal porous mattance is greatly improved at constant downstream tempera-
structure design, which should be carried out respecting theture. Fig. 12shows the decrease in the system temperatures
available degrees of freedom and the practical relationship entailed by the composite porous medium. The upstream sur-
between variables. face temperature decreases if compared to the single-layer
structure, except at very lo® values; in these conditions,

4.3. Double-layer structure the flame front stabilizes in the upstream layer and its low

On top of a correct selection of these design variables,

another improvement in flashback resistance could arise 2000 Fibre-mat thickness
from the use of a “radiation shield”, to prevent the feedstock 1600
pre-heating by radiation. Therefore, a double-layer porous
medium has been investigated. The upstream layer is the -
radiation shield, and since it should maximize the flashback g
resistance, it should be characterized by low porosity, low & g
thermal conductivity and low emissivity. The downstream
layer on the other hand should be designed to maximize 400 | ‘ % oo
the flame front stabilization inside the porous medium and 1 == 7.7, double layer
the downstream surface temperature. Accordingly, a high 0 3 . .
porosity, high thermal conductivity and high emissivity
should be employed. The layers are closely interconnected, .10 , ;
so that a discontinuity is generated inside the unique (b) 5
non-uniform solid phase. A summary of the parameters of &Ls I :
the double-layer structure is reportedTiable 3 : :
The results of a simulation made on the double-layer con- 00
figuration are reported iRigs. 11 and 12t can be observed E s
Table 3 :
Double-layer structure parameters 0.02 ; —— single layer
! double layer
Design parameter Upstream layer Downstream '
(radiation shield) layer o ' ' '
Thickness (mm) 1 1 0.3 0.2 z;.:ﬂ 0.0 0.1
Emissivity 0.7 0.8
Porosity 0.7 0.8 Fig. 11. Calculated thermal profiles (a) and methane concentration pro-
Thermal conductivity 25% of downstream  Calculated files (b) for the single-layer structure and for the bi-layered structure

layer according to[9)] (0 = 500 kWIn?, Eq = 15%). No catalyst present on both configurations.
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2000 e Alow fiber diameter does not improve much stability but
1800 Downstream surface enhances heat transfer efficiency.
1600 - e A high emissivity increases the radiation flux; it should be
1400 v minimized at the upstream surface and maximized down-
1200 stream.
X 1000 | e A low thermal conductivity increases flashback resis-
S 800 | e tance, but tends to push the flame front outside the porous
600 - medium. A trade-off has to be found.
400 gouble tayer e High porosity increases the system temperature, thus im-
200 stngte layer proving performance and reducing stability. A trade-off
0 ' ' ' ' should be found.
100 200 300 400 500 600 700
0 [kWim?] The potential of a composite porous medium has been

also discussed, made by a double-layer structure with an up-
Fig. 12. Surfacgs temperature vergpsfor the singl_e—layer structure and  gtream radiation shield and a downstream porous mat max-
for the composite structuretg = 15%, non-catalytic burner). imizing radiation. It provides improved performance and
flashback resistance. However, the rise in pressure drop it
thermal conductivity localize the heat thus released. To avoid implies, could become an issue and could limit the applica-
the detrimental temperature decrease at the upstream surfachility of this device especially in the domestic appliances.
temperature, a deeper porous medium should be used.
The principal drawback of this configuration resides in the
overall pressure drop across the composite porous mediumAcknowledgements
that could be critical in some particular applications. For
instance, the natural gas distribution network in civil ar- The financial support of the European Community
eas is characterized by just a small overpressure (abouts gratefully acknowledged (Energy Project HIMOCAT:
20-30 mbar). High burner back pressures might thus result“High-modulation, high-efficiency and low-emission boil-
in problems in the natural gas feed system. ers for household application based on premixed catalytic
burners”).
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