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NOM EN CLA TURE

ai preexponential coefficient in the  modified A rrhenius expression.

iibnoTs id  (bim olecular) or [kmop \  (term olecu lar reaction)

« 2  tem peratu re  exponen t in the  modified A rrhenius expression, dimensionless

A  cross sectional h ea ter area, [m2]

c speed of light. [j-]

cp specific heat a t constan t pressure, [kg K ]

C  cross section, [m -2]

£  activation energy,

d  fiber d iam eter, [m]

Ft_j (diffuse) view factor from surface i to  surface j .  dimensionless

F  radiative heat flux, [ ^ ]

F R  firing rate , [ ^ ]

h. surface heat transfer coefficient, [ - ^ . ]

or specific enthalpy, [ ^ ]  

hv volum etric heat transfer coefficient, [^ ^ ]

I  radiation intensity, ]

k  effective therm al conductiv ity ,

k /  forward ra te  coefficient

K  total num ber of species, dimensionless

L  characteristic length , [m]

m  complex index of refraction , dimensionless

m  mass flow rate , [-^]
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m "  mass flux, f-^-1
L m  z s  *

ft unit normal, pointing away from  surface and into th e  m edium ,

dimensionless

N  order of the d iscrete ord inates approxim ation, dim ensionless

N u  Nusselt N um ber =  dim ensionless
» p 2

N u v volum etric Nusselt N um ber =  ’’k ' , dimensionless

N T U  num ber of transfer units =  -^ rS  dimensionless
t T l C p g

p  pressure. [Pa]

PPC  num ber of pores per cen tim eter

PPI  num ber of pores per inch

P r  P rand tl N um ber =  dim ensionless

q" heat flux, g ]

1Z universal gas constan t =  8314.510(70) K

Re  Reynolds N um ber =  p ^ u, dim ensionless

s  geom etric path  length, [m]

s  unit vector in a given direction , dimensionless

t tim e, [s]

T  tem perature, [/\]

u velocity of the fluid m ixture, [y]

V  diffusion velocity, [y]

Wi quadrature weights, dim ensionless

W  molecular mass, [* ^ j]

x  spatial coordinate, [m]

Y  mass fraction, dim ensionless

* m ixture fraction =  mass of material hâ ng °rT  in the fuel stre-a,s . dim ensionlessm ass ot m ixture 1
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Greek symbols:

c* therm al diffusivity. [^-]

l3 ex tinction  coefficient =  tca + a 3, [m-1]

A \  variation, uncertain ty  or error in variable \

A p  pressure drop, [Pa]

c to ta l em ittance. dim ensionless

progress variable as defined in Equation 5.1, dim ensionless 

T) efficiency as defined in Equation 2.2 or Equation 2.3, dim ensionless

KX resistance coefficient in Equation 3.1. [m -2 ]

k2 resistance coefficient in Equation 3.1, [m -1]

Ka absorption coefficient, [m _ l]

A w avelength, [pm]

p dynam ic viscosity,

or d irection cosine o f polar angle, dimensionless 

v  kinem atic viscosity, [ ^ ]

£ incident angle of rad ia tion  beam  in Equations 4.6 and  4.7

p mass density, [ ^ ]

or reflectance, dim ensionless 

a  Stefan-B oltzm ann constan t =  5.670 x 10- 8 -^r

a3 scattering  coefficient, [m -1]

$  equivalence ratio, dim ensionless,

or scattering  phase function, dimensionless.

(f> porosity, dim ensionless

X mole fraction, dim ensionless

u; single scattering a lbedo  =  dimensionless

Cj species volum etric production  rate, [^pr2"]
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Subscripts:

0 (variable) evaluated a t .r =  0

1 left boundary of com pu ta tional dom ain (node 1)

a absorption

6 blackbody

e x tn  extinction

g gas m ixture

i free index for rad ia tion  in tensity  directions

in  inlet conditions

j  dum m y index for rad ia tion  in tensity  directions

k  t th  species

L  left boundary of solid dom ain,

or (variable) evaluated  a t .t = L 

out outlet conditions

R  right boundary of solid dom ain

rad  due to radiation

s solid,

or scattering  

s u r f  solid surface

s u r r  surroundings

tot total

w wall (boundary)

Superscripts:

X mean value of variable \
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A BSTRA CT

Leonardi, Sergio, Ph.D ., P u rd u e  University, A ugust, 2000. Partially-Prem ixed Com­
bustion in Porous R adiant B urners. M ajor Professors: Dr. Raymond V iskanta and 
Dr. Jay  P. Gore, School of M echanical Engineering.

Inert porous rad iant burners are com monly em ployed in m aterials processing and 

m anufacturing (drying, cooking, e tc .) In spite of th is extensive use, little  knowledge 

was available concerning th e  operating  characteristics and flame s tru c tu re  of such 

burners until recently. T he advent of a new generation  of natural gas-fired burn­

ers th a t include an active m a trix  introduces fu rth er challenges and opens new areas 

of research. T he first ca ta ly tic  heaters were diffusion-type; recent a tte m p ts  to im­

prove perform ance suggest th a t higher firing ra tes  and  efficiency can be a tta in ed  in a 

partially-premixed mode. Yet, the  effects of the  partially-prem ixed air on th e  catalytic 

com bustion process have to  be determ ined.

T he objective of the  present work is to  investigate theoretically and experim en­

ta lly  the perform ance characteristics of prem ixed and partially-prem ixed inert porous 

burners. A one-dim ensional model for solving the conservation equations inside a 

porous m aterial, including th e  detailed chem ical kinetics for m ethane-air m ixtures, is 

developed by m odifying an ex isting  burner-stabilized flame com puter program . The 

chem ical reactions are m odeled using the G RI-M ech 2.11 mechanism. An energy 

equation for the  solid m atrix  is introduced to  the  original system. The convection 

heat transfer between th e  gas and solid phases is characterized by m eans of a  volu­

m etric  heat transfer coefficient.

T he results of th e  experim ental and theoretical investigation on m etal-fiber porous 

rad ian t burners are presented. T he experim ental burner consisted of a  specially- 

designed m ulti-diffuser housing capable of producing  a  very uniform gas flow distri-
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xxi

bution. Com m ercial-gracle m ethane is used to  sim ulate th e  natural gas. R adiation 

efficiency, gas and  solid tem peratu res, and  pollu tant emissions d a ta  a re  obta ined  at 

atm ospheric pressure for firing rates th a t cover the industrial operation  range of in­

te rest. Fuel rich equivalence ratios na tu ra lly  lead to a partia lly-prem ixed flame. It 

was expected th a t fuel lean  and stoichiom etric conditions would yield a  conventional 

prem ixed flame s tru c tu re . However, the heat transfer to the  solid m a trix  led to  some 

degree of partially-prem ixed  burning for these conditions as well.

An extensive p a ram etric  s tudy  is carried  ou t to investigate the  effects of several 

param eters on a m odel bu rner perform ance. Emphasis is placed on the rm al perfor­

m ance and param eters such  as tem p era tu re  distributions, flame location, th e  radiation 

efficiency and po llu tan t em issions.
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1. IN TRO D U CTIO N

1.1. Background

Humans have controlled fire for several hundred thousand years  (W einberg, 197-5). 

The prehistoric source o f fuel was almost exclusively biom ass (p la n t m aterial and 

anim al waste) and th e  p rim ary  heat transfer mode to  ob jec ts  o u ts id e  the  fire was 

radiation. A long tim e afte r the  early  humans learned to use fire, devices for burning 

a given fuel evolved from  th e  open flame into more elaborate  a n d  in trica te  designs, 

such as stoves and burners. In th e  18th century, Benjam in F ran k lin  invented the 

notorious uFranklin S tove” , also called the "Pennsylvania F irep lace” . This was a 

revolutionary heating  u n it th a t,  unlike a fireplace, was designed to  s it in the middle 

of a room and rad ia te  heat. T he  heavy iron of the  stove abso rbed  m uch of the fire's 

heat, keeping the  room w arm  long afte r the fire had died down, a n d  its  higher radiation 

outpu t was an im provem ent over previous stoves (Lyons, 1987). R ad ia tion  has been 

an im portant m ode of heat transfer throughout the ages, and  an  understanding of 

radiant heat transfer has becom e increasingly im portan t for m o d e rn  day  technology 

(Viskanta, 1998).

Radiant burners have m any industrial applications: drying o f p ap er, textiles and 

food products, powder coatings, glass annealing, tem pering and  d eco ra ting , paint fin­

ishing and curing, p lastic  form ing and  stretching, etc. (Eclipse C om bustion . 1992). 

O ther applications include porous m edia reactors for the d e s tru c tio n  of volatile o r­

ganic com pounds, and cores of fire-in-tube heaters in boilers (H ow ell e t al., 1996). 

Their w idespread use is m ain ly  due to  the possibility of high h ea t fluxes and  the inher­

en t energy savings of avoiding th e  m ultiple step conversion (hea t-e lec tric ity -heat) of
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the electrical coun terparts . The efficiency of electric power generation  (~-10% m ax­

im um ) and the losses in the  transm ission  lines (ohmic losses and  corona discharge 

can account for abou t 10%. and th ey  are  strongly dependent on ex ternal factors like 

the  w eather) m otivate the  search for a  source of therm al rad ia tion  from a natural 

gas conversion device. N evertheless, low energy costs, severe pollution emission re­

quirem ents, and a lack of reliable rad ian t gas-fired heaters w ith  acceptable control 

characteristics are leading to the  conversion of the rad ian t heating market in the 

m anufacturing sector to  electrical resistance heating.

A lternatively, com bustion ca ta ly sis1 presents some differences w ith homogeneous 

(flame) com bustion, m aking it w orthy of consideration. In th e  last decades cataly tic 

com bustion has been vigorously explored  as a route of th e  production  of heat and 

energy in view of its capability  to  achieve effective com bustion a t  much lower tem pera­

tures than in conventional flame com bustion , thus allowing for sim ultaneous ultra-low 

emissions of NOx, CO and unburned hydrocarbons (HC). For exam ple, homogeneous 

gas com bustion has an ignition te m p era tu re  of 615°C for m ethane, bu t catalytic com ­

bustion has a light-off tem p era tu re  o f below 400°C' even though it depends on the 

type of catalysts and the reaction conditions employed (Seo e t al.. 1999).

Various concepts of cataly tic  com bustion  have been investigated  by many re­

searchers, and they  can be classified in to  the  following th ree  groups (Forzatti and 

Groppi, 1998):

1. A diabatic lean-prem ixed ca ta ly tic  com bustion, which has a ttrac ted  a tten tion  

for power generation in gas tu rb ines .

2. N on-adiabatic prem ixed ca ta ly tic  com bustion for the production  of heat which 

is curren tly  still under developm ent for several applications including dom estic 

burners and  com pact chem ical reac to r heaters.

1 Catalytic effects are not studied in this dissertation. However, some attention to them is given here 
in this introductory chapter, since the need for improvements of catalytic radiant burners provides 
the foundation for the need o f studying partially-premixed flames in inert porous burners.
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3. N on-adiabatic diffusive ca ta ly tic  com bustion th a t has been commercially ap­

plied in radiant heaters.

Clas-fired cataly tic infrared heating  system s (the  last two groups) have several dis­

tinc tive  characteristics th a t make them  very a ttrac tiv e  for a w ide array  of industrial 

applications. These system s operate  a t a  relatively low tem peratu re . Lower tem per­

a tu res lead to  a higher rad ia tion  peak in tensity  a t longer w avelengths, which coincide 

w ith absorption characteristics of load m aterials. Burners operating  at higher tem ­

pera tu res em it a higher fraction of th e ir  energy a t shorter w avelengths, but the peak 

in tensity  a t shorter w avelengths m ay not be absorbed by the m ateria l because of its 

lower spectral absorptance. T he em ission of the  radiating m edium  in a gas heater 

can be also tuned with coatings or em bedded m aterials (Tong and  Li, 1995).

High radiation efficiency is an o th er appealing feature of th e  cataly tic burners. 

Because of the above m entioned characteristics, there  are energy savings, process 

efficiency and productiv ity  increases of up to  80 percent tha t have been reported in 

th e  industrial literature when com paring a cata ly tic  oven w ith the ir convective or 

electric  counterparts (C ata ly tic  Industria l System s. 1996).

T hese efficient, flameless gas burners are ideal for some industrial processes such 

as pow der coating, where ignition of the  chem icals by an open flame constitutes a 

serious explosion hazard. C ata ly tic  infrared heaters are the leading choice for heating 

in hazardous areas in the  oil and  gas production  and exploration industries and petro­

chem ical storage and d istribu tion  facilities (Cis-C'an Industries L td .. 1998). Moreover, 

o ther operations like the  therm o-form ing of plastics can take advantage of the clean 

(in which no com bustion-generated deposits appear on product due to ultra-low em is­

sions; Dogwiler et al., 1999) and low tem p era tu re  (which reduces th e  risk of burns) 

ca ta ly tic  combustion.

O ne of the main problem s faced by th e  diffusion-type ca ta ly tic  burner users is 

the  relatively narrow firing-rate operation  range. W hen increasing the fuel inflow 

beyond the  (low) nom inal range, th e  gas slippage becomes significant and this results 

in a  d rastic  deterioration of the  efficiency and greatly  increased po llu tan t emissions.
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This lack of flexibility in the  operating conditions lim its more extensive use of this 

technology.

A nother lim ita tio n  of cataly tic  heaters is the m axim um  firing ra te  a tta in ab le  using 

the  s tate-of-the-art technology, which is currently a t about 80 ^ - .  Beyond th is value 

blow-off occurs. T his restric ts  possible applications for these type o f bu rners/hea ters.

It has been suggested th a t the diffusion of air is the  lim iting factor th a t prevents 

operation o f ca ta ly tic  heaters a t higher firing rates. W hen the  gas flows through 

the  cataly tic pad a t th e  high velocities necessary to achieve the desired (high) energy 

o u tpu t, the oxidizer cannot diffuse from the surrounding atm osphere into the  reaction 

zone. As a resu lt, analysis of emissions shows a large concentration of unreacted fuel 

and hydrocarbons in th e  exhaust stream  (Ruff, 1964).

One possible m ethod  to  counteract the aforem entioned effect is to  inject lim ited 

am ounts of a ir  into th e  fuel stream  th a t is less than the  am ount required  to obta in  a 

stoichiom etric m ix tu re . In this m anner, the heater becomes partially-prem ixed . i.e.. 

it depends on both  sources of oxygen, part entering the  burner w ith the  fuel and 

part diffusing from th e  front. This has been suggested in a p a ten t for an infrared 

cataly tic burner by H ardison (1967), bu t theoretical and  experim ental studies of c a t­

alytic burners are p ractically  non-existent and have been m ostly perform ed by burner 

m anufacturers, who are  reluctan t to reveal their findings.

Partially-prem ixed open flames offer a wide variety of advantages over typical 

premixed and  non-prem ixed flames, and it is possible th a t porous burners will benefit 

from them  too. Partially-prem ixed flames are much shorter th a n  the usual non- 

prem ixed flames (G ore and Zhan, 1996), thus reducing the overall volume of the 

system . T he shorter flame length is a  result of th e  reduced diffusion m ixing tim e 

which accom panies th e  partia l prem ixing. Additionally, partially-prem ixed  flames 

are more s tab le  th an  u ltra  lean prem ixed flames and do not require a  large prem ixing 

section, and th e  dangers of flashback and auto-ignition are elim inated  if th e  fuel- 

rich prem ixed portion  is kept outside the  rich flam m ability lim it of th e  fuel. Finally, 

partially-prem ixed flames exhibit very low or even no soot form ation in com parison to
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non-prem ixed flames, bu t th e  reason for th is is not yet fully understood  (C'hambrion 

et al.. 1996: Alder, 1996). Soot form ation is a  function of the fuel com position and the 

operating  conditions, and som e m easurem ents for ethylene show th a t initial addition 

of air to  th e  fuel stream  causes th e  overall soot emission to increase, m eaning that 

add ition  of a ir can have adverse  effects a t high equivalence ratios on sooting behavior 

of p artia lly  premixed flames (M itrov ic  and Lee, 1998). Low NO* em issions are another 

of th e  possible advantages u n d e r investigation.

1.2. D escription o f Different Types of Radiant B urners

A porous radiant burner consists of a  pervious solid m atrix , a m ateria l capable 

of opera tin g  at high te m p era tu re s , through which flows a gaseous fuel undergoing 

an exo therm ic chemical reac tio n . If the injected gas stream  contains an oxidizer 

in a stoichiom etric or m ore-than-sto ich iom etric  proportion, it is said  to  operate  in 

a prem ixed  mode. O n the  o th e r  hand, if th e  gas stream  contains only  fuel (100% 

m ethane, for example) and all th e  oxidizer necessary for the  com bustion diffuses 

from th e  dow nstream  boundary , the  burner is said to operate in a  diffusion  mode. 

In term ed ia te  situations, in w hich less-than-stoichiom etric am ounts of oxidizer are 

injected w ith the fuel and th e  rest is allowed to diffuse into the  reaction zone, are 

called partially-premixed.

A ccording to a classification from  a  different point of view, a  gas burner is said to 

opera te  in a  radiant mode if th e  com bustion occurs inside the m ateria l, the  perm eable 

m edium  is heated to incandescence and em its a  large portion of th e  energy input in 

the  form  of therm al rad ia tion . In th is s itua tion , the  conversion of chem ical energy 

into rad ia n t energy is enhanced . T he opposite situation is referred to  as a  surface 

com bustion mode: flames hover above the surface and release the  m a jo r part of the 

energy in to  the  com bustion p ro d u c ts ; in this case, th e  solid phase anchors th e  flame 

a t the  surface or just below th e  surface. Figure 1.1 illustrates the  difference between 

these tw o conditions. V iskanta (1995) included a  th ird  group in th is classification, the
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heat recirculating burner, in which th e  presence of the  solid extends th e  flammability 

lim it and reduces gas tem p era tu re  and  pollutant em issions.

RADIATION

ADVECTION

COMBUSTION ZONE 
(SUBMERGED)

RADIATION

ADVECTION

GAS *  AIR 
MIXTURE

POROUS MEDIUM

GAS ♦ AIR 
MIXTURE

COMBUSTION ZONE 
(AT SURFACE)

POROUS MEDIUM

Figure 1.1. Schem atic of two types o f rad iant porous burners: em bedded or submerged 
flam e (top); anchored surface flam e (bottom ).

Another pertinent classification corresponds to  th e  possibility  th a t the flame is 

opened (i.e., in contact w ith th e  heated load) or contained . In the first case, called 

direct-fired burner, the load is exposed to  the  com bustion p roducts. W hen the  combus-
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tion zone is confined (usually inside a  rad ian t tube) the burner is called indirect-fired. 

F igure 1.2 shows schem atically the tw o configurations.

RADIATION 4- ADVECTION

COMBUSTION 
ZONE (external)

GAS ♦  AIR 
MIXTURE

FLAME (contained)

EXHAUST
GASES

GAS ♦  AIR 
MIXTURE

RADIATION (from  surface)

Figure 1.2. Schem atic of two types of rad ian t burners: direct-fired (top); indirect-fired 
(bo ttom ).

Among the direct-fired rad iant burners, it is possible to  distinguish between those 

in which the solid phase presents an  array  of perforations or ports th a t facilitate 

anchoring many flames (ported burner) and  those in which th e  flam m able m ixture 

im pinges on a  solid m atrix  producing a  single flame (Figure 1.3). A highly specific
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com bination of m aterial and configuration is norm ally required, and  Cooper (1976) 

addressed this issue using pyram ids machined on the  surface of a  ported  burner, and 

identified optim al geom etries and  flame shapes.

FLAMES

r  m
w •>»»»■

► « « « 0  

vim*

* E3
*  <«««<

E 3

IW1
J23
E 3

'Eal

5

GAS AIR 
MIXTURE

FLAME
PORT

IMPINGEMENT
STRUCTURE

GAS ♦  AIR 
MIXTURE

Figure 1.3. Schem atic of two types of direct-fired rad ian t porous burners: ported or 
m ulti-flam e (top); im pingem ent (bottom ).

Finally, ano ther d istinction can be made regarding the  n a tu re  of the  solid matrix. 

In an  inert rad ian t burner, all chem ical reactions are hom ogeneous, and  the presence 

of th e  solid is relevant from the  convection heat transfer point of view (and  subsequent

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

9

radiation .) A catalytic rad ian t bu rner has an active surface, on which heterogeneous 

chem ical reactions take place, affecting significantly the  kinetics of th e  com bustion 

process.

1.3. L itera tu re  Review

1.3.1. E arly  W ork on Porous Inert R adiant Burners

Porous inert rad ian t burners are being used industry  for m aterials processing 

and  m anufacturing operations, bu t the  scientific s tudy  of such burners has gained 

m om entum  only about th ree  decades ago. Since then, various researchers have inves­

tiga ted  mostly ceram ic b u t also m eta l fiber radiant burners, bo th  theoretically  and 

experim entally. Models for prem ixed com bustion within porous inert m edia are com ­

plicated  by the highly non-linear rad ia tive exchange in the  solid m a trix , in addition 

to  the  stiffness of th e  gas phase species conservation equations (Hsu and M atthew s, 

1993).

T he first investigators th a t  a ttem p ted  the modeling for a  porous burner were 

p robably  Kilham and Lanigan (1970), who developed a sim ple therm al model in a 

m onolithic M0 O 3 porous s tru c tu re . T hey assumed th a t the gas and the  solid were at 

different tem peratures and  they  specified the  convective heat transfer coefficient, but 

they  did not account for rad ia tion  heat transfer or chem ical reactions. A decade later. 

Echigo (1982) provided an early  recognition of the ability  of converting som e of the 

en tha lpy  of a non-reacting hot gas to  radiation from a porous m ateria l. He showed 

bo th  analytically and experim en ta lly  th a t the  radiation from a  porous solid affected 

th e  tem peratu re d is tribu tion  of a hot gas flowing through th a t porous m edium . His 

te st section consisted of a  5 m m  th ick  m etal mesh screen placed in a  800°C air flow 

inside a  circular duct. T he  te m p era tu re  decrease along th e  duct was m easured using 

screens of several different op tica l thicknesses, and the results were com pared w ith the 

case w ith no screen. T em pera tu res a t a  location upstream  th e  screen were as much
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as 60°C' higher than  those observed w ithout a  screen, indicating radiative feedback 

to  the upstream  gases. T h e  feedback was s tronger for thicker screens.

Some years la ter, Echigo e t al. (19S6) stud ied  th e  extension of the  lean flam m abil- 

ity  lim it on an experim ental porous burner th a t consisted of a ceram ic plate encased 

in a  perm eable cylinder of stainless steel mesh.

In analytical work (Yoshizawa e t al., 19SS), using a single-step chem ical reaction 

and  a prescribed (assum ed) flame location, showed tha t tem p era tu re  profiles and 

burning velocities were highly dependent upon th e  optical properties of the porous 

m atrix . Excess en thalpy  flames (i.e., a t tem pera tu res  in excess of th e  ad iabatic  flame 

tem peratu re) were pred ic ted  due to  the  presence of the  solid phase. According to  th e ir 

m odeling, the single m ost im p o rtan t solid p roperty  governing the  flame behavior was 

th e  absorption coefficient. In practice, the  absorption coefficient can be increased 

by reducing the m ean pore size of the m a trix  (Howell e t al., 1996). Takeno and  

M oriyam a (1986) used excess en thalpy  theory  along an ex tended  reaction zone for 

a  burner with an infinite heat transfer coefficient. Their model also incorporated 

th e  assum ption of infinitely large therm al conductiv ity  of the burner m aterial, which 

could be in terpreted as working against a narrow ly restricted reaction zone of the  

ty p e  observed in m etal fiber burners.

T he excess en thalpy  effect had been explained before by W einberg (1971) as "bor­

rowing” energy from a  prem ixed flame in o rder to  preheat the  reactants; Takeno 

and Sato (1979) fu rther e laborated  on this top ic of internal heat recirculation and 

preheating. The ability  to  ex tend  the  lean flam m ability lim it and to  achieve high 

reaction rates, leading to  higher effective flame speeds than for open flames of sim ilar 

com position, is m ainly due to  in ternal recirculation or recuperation of heat from the  

burned dow nstream  region to  the  unburned m ix tu re  upstream  of the  reaction zone. 

T he  process also ex tends th e  flame stab ility  range to  burn otherw ise non-flam m able 

m ixtures of low heat con ten t. H ardesty and W einberg (1974) showed theoretically  

th a t the flam m ability lim its for a  flame w ithin a  porous m edia is indeed beyond those 

of a  conventional open flame. This idea crea ted  bo th  interest and controversy (Fox,
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1976: Hardesty and  W einberg, 1976). However. Howell e t al. (1996) pointed out that 

while peak tem p era tu re  can be higher than the ad iaba tic  flame tem p era tu re , the  exit 

tem peratu re cannot, in agreem ent with the second law of therm odynam ics.

A lam inar prem ixed flam e inside a  honeycomb ceram ic (cord ierite  of porosity 75%) 

was investigated experim en tally  and theoretically (M in and  Shin. 1991) to  provide 

th e  detailed d a ta  needed for com putational approaches and to  fu rther the  physical 

understanding of th e  m echanism s of heat transfer, particu la rly  in ternal heat recircu­

lation. The results showed th a t the ranges of flam m ability  and  flame stab ility  were 

substantially  ex tended  w ithou t any external heating, when com pared to  the corre­

sponding free flame. Tw o types of stable flames were observed, depending on the 

value of the equivalence ratio: one was nearly one-dim ensional and  the o ther was 

highly two-dimensional. Excess enthalpy flames were also reported  in this case, but 

also the existence of th e  flam e of low burning velocity and  low tem pera tu re . Their 

analysis, based on a  one-dim ensional flame theory, reproduced reasonably well the 

experim ental tem p era tu re  profiles and flame behavior and revealed th a t heat was 

recirculated to the  unburned  m ixture both by the  conduction  and  the  radiation of 

the  solid phase. A s tab le  flam e was also predicted in th e  dow nstream  region of the 

honeycomb ceram ic, bu t was never observed in the  experim en ts presum ably due to 

th e  two-dimensional effects of heat losses. A la ter s tu d y  regarding follow-up work 

confirmed photographically  th e  presence of the dow nstream  flame for $  % 0 . 6 6  ( Lee 

e t al., 1996).

Pioneer work in m odeling a  sintered m etal fiber bu rner was done by Golombok 

e t al. (1991). In add ition  to  the  highly refractory p roperties (i.e., ability  to endure 

bo th  the high tem pera tu res  and  the therm al cycling associated w ith the burner op­

eration), m etal fibers have higher surface em ittance  th a n  ceram ic m aterials and are 

thus better rad iant heaters (Golombok and Shirvill, 1990). Using 22 fim  diam eter 

Fecralloy fiber and a  sam ple porosity of 80% (em pirically  determ ined  to  give close 

to  optim um  perform ance, according to what the au tho rs  claim ed), they  developed a 

one-dim ensional m odel w ith  single-step chem istry and  ob ta ined  s tab le  surface flames
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with firing rates in th e  range 100 to 700 ^ jr . T he m ain difference between th e ir m odel 

and others consisted in the  treatm ent of the effective solid therm al conductiv ity , re­

sulting from the  an iso tropy  of the fiber arrangem ent. In ternal radiation was included 

by means of an enhanced  conductivity, and the  m odel equations were sim plified using 

the  method of ac tiva tion  energy asym ptotics (i.e., th e  reduction of the  burner to  a 

sequence of boundary  value problems). The reaction zone thickness and solid tem ­

perature were varied iteratively  until the asym pto tic  boundary conditions a t the  exit 

were met. A sim ilar s tu d y  (Sathe et al., 1990b) m odeled com bustion in high-porosity 

isotropic burners m ade of alum ina and silica, and th e  role of the therm al conductiv ity  

in controlling th e  flam e speed and stab ility  was em phasized. A subsequent s tudy  by 

Sathe et al. (1990a) identified an increase in therm al conductiv ity  as a reason for an 

increase in the flam e speed but leading to  a  net decrease in radiant efficiency due to 

a com paratively slow rise in radiant ou tpu t. Because of this, Golombok e t al. (1991) 

suggested th a t the rela tively  low effective conductiv ity  of a  m etal fiber burner was of 

great interest in enhancing  performance.

Another num erical s tudy  of the heat transfer characteristics of a porous rad ian t 

burner was perform ed by Tong and Sathe (1991), using a one-dim ensional conduc­

tion, convection, an d  rad ia tion  model. The com bustion phenomenon was m odeled 

as spatially dependen t heat generation, and non-local therm al equilibrium  between 

the gas and solid phases was accounted for by using separate  energy equations for 

the two phases. T h e  solid m atrix  was assum ed to em it, absorb, and sca tte r  rad ian t 

energy, and the  spherical harmonics approxim ation was used to  solve th e  rad ia tive  

transfer equation. T h ey  found that for a  given ra te  of heat generation, large optical 

thicknesses and high volum etric heat transfer coefficients were desirable for m axim iz­

ing radiant ou tpu t. F urtherm ore, low solid therm al conductiv ities, scattering albedos 

and flow velocities, an d  high reflectivities produced th e  highest radiant o u tp u t in the ir 

param etric calculations.

A different form ulation  for the heat transpo rt in a  fiber burner was developed by 

Andersen (1992). T h e  m odel accounted for heat transfer by conduction in the  fibers
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as well as in the  gas, and th e  radiation inside th e  fibrous m ateria l was modeled by the 

two-flux form ulation, i.e. isotropical scattering  was not assum ed. Conduction was 

not m odeled, ra th e r  the  solid conductivity was used in place of th e  effective property, 

but the m ain lim ita tion  was th a t a heat release function for th e  com bustion inside 

the fibrous layer was used, instead of the  one calculated from chem ical kinetics. T he 

reported predictions were only of a qualitative nature.

Hsu and  M atthew s (1993) first identified the  necessity of using m ore realistic chem ­

ical kinetics. P rio r researchers had sim ulated th e  gas-phase reactions using single-step 

chem istry (Echigo e t al., 1986; Sathe e t al., 1990b) or sim ulated  th e  com bustion pro­

cess as a  heat source (A ndersen, 1992; Tong and Sathe, 1991), bu t Hsu and M atthews 

made predictions using both  single-step and m ulti-step  kinetics mechanisms. They 

concluded th a t it was essential to  use m ulti-step  kinetics if accu ra te  predictions of the 

tem peratu re  d istribu tions, energy release rates, to ta l energy release, and  com position 

profiles and em issions were sought. The au thors showed th a t single-step kinetics was 

adequate for predic ting  all the  flame characteristics except th e  po llu tan t emissions for 

the very lean conditions ($  fa 0.5) under which equilibrium  favors the  more com plete 

com bustion process d ic ta ted  by global chem istry. However, for higher equivalence 

ratios the  errors were significant. For $  =  1.0, the  error in th e  peak gas tem peratu re 

could be several hundred  of degrees. Hsu and M atthew s (1993) m odeled a  10.16 cm  

long partia lly-stab ilized  zirconia2 cylinder, w ith 3.9 pores per cm . and  they predicted 

for the first tim e NO and CO emissions for a  porous inert bu rner, and  then  com pared 

them  with experim ental da ta . The model estim ated  the CO  em issions very accu­

rately and predic ted  the  NO trend  correctly, bu t overestim ated  the  NO emissions for 

$  > 0.8. T he  m ulti-step  burner model did not accurately reproduce the  data  for the 

burning speed and  NO em issions for non-dilute m ixtures; the  discrepancies could only 

be partially  a ttr ib u te d  to  experim ental uncertainties an d /o r im precise knowledge of

2A ceramic foam with dodecahedral structure. A white crystalline compound, ZrC>2 , used especially 
in refractories, in thermal and electric insulation, in abrasives, and in enamels and glazes -  called 
also zirconium oxide.
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the properties of the solid m atrix . T hus, it was concluded th a t  im portan t aspects of 

th e  physical processes w ithin porous burners were still not well sim ulated  a t the time.

An experim ental and num erical investigation of prem ixed m ethane and air com­

bustion within a non-hom ogeneous porous ceram ic was carried  out by Hsu et al. 

(1993a). D etailed chem ical kinetics were utilized, w ith a 58-reaction mechanism in­

volving 17 species, and a  non-scattering  gray medium  with constan t absorption coeffi­

cient was used for radiation heat transfer; however, the flame location was arbitrarily  

specified. The burner consisted of two porous ceram ic cylinders of equal length and 

d iam eter th a t were stacked together and  insulated around th e  circumference. Four 

series of experim ents were perform ed to  determ ine the  lean lim it using three differ­

en t pore sizes in the  dow nstream  ceram ic cylinder (10, 30, and  45 P P I), while the 

pore size in th e  upstream  ceram ic cylinder was m ain tained  as a  constant (65 PPI). 

T he range of equivalence ratios used were 0.41 <  $  <  0.6S for the  experim ent and 

0.43 <  $  <  1.00 for the  sim ulations. T he results dem onstra ted  th a t porous ceramic 

burners provide a  range of s tab le  burning rates a t a  constant $  and  th a t the maximum 

flame speed inside the burners was much higher than  the prem ixed, freely-burning 

adiabatic lam inar flame speed. T he  lean limits in the  porous burners were lower than 

th a t of the free flame. T he num erical model in this s tudy  p red ic ted  with reasonable 

accuracy the com bustion phenom ena w ithin the porous ceram ics.

A nother num erical investigation of premixed com bustion w ithin a  highly porous 

inert medium was reported  by Hsu e t al. (1993b). They ob ta ined  results with a nu­

m erical model using detailed  chem ical kinetics and heat exchange between the flowing 

gas and the porous solid. T h e  sim ulated  burner was an S cm  long partially-stabilized 

zirconia cylinder. An im proved description of the therm ophysical properties of the 

solid was used in the  m odeling, b u t the  flame location was still a rb itra rily  prescribed. 

It was found th a t  the  p rehea ting  effect increased strongly w ith  increasing convective 

heat transfer and with increasing effective therm al conductiv ity  of the solid. The 

volum etric convective heat transfer was expected to  increase w ith  increasing number 

of cells per unit length of th e  porous m atrix , but th e  absorp tion  coefficient decreased
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w ith increasing cell size ancl decreasing cell density. N um erical sim ulations using 

baseline properties {hv =  10' ka =  ka{r. Tsurr = 2981\) ind icated  th a t the  lean

lim it can be extended to an equivalence ra tio  of about 0.36 for a m ethane-air flame. 

T he peak flame tem pera tu re  was generally  higher than the  ad iab a tic  flame tem p er­

a tu re , bu t not as high as it would have been predicted w ith single-step chem istry. 

The la tte r effect was more pronounced a t  lower equivalence ratios. T he  influence of 

the  solid therm al conductivity. ka, on th e  tem peratu re  d is trib u tio n  was found to  be 

a  weak one; however, the burning speed was affected by up to  2 0 %.

1.3.2. Recent Studies on Porous Inert Radiant B urners

T he global perform ance characteristics of reticulated ceram ic burners were investi­

gated by M ital (1996). He determ ined  experim entally  operating range, radiation effi­

ciency, spectral intensity, ex it gas te m p era tu re  and velocity, and p o llu tan t emissions. 

T he results showed th a t subm erged flam e burners had 20 to  40% higher radiation 

efficiency than  the available surface flam e burners. For a  fixed firing ra te  the effi­

ciency increased with an increase in the  equivalence ratio, and  for a  fixed equivalence 

ratio  there was an optim um  firing ra te  for m axim um  efficiency. T h e  CO. N O x and 

hydrocarbon emissions also increased w ith  an increase in the  equivalence ratio; NOx 

emissions increased with increasing firing rate; however, beyond a  certa in  firing ra te  

th e  CO and HC emissions decreased. F lam e struc tu re  m easurem ents showed th a t, if 

th e  firing ra te  was increased above a certa in  level, the reaction zone moved upstream : 

this observation explained th e  im portance  of preheating as triggering factor for flash­

back a t th e  higher firing rates. M ital also developed an effective th e rm al conductiv ity  

model (following the procedure of V ortm eyer and Schaefer, 1974) th a t  p redicted  flame 

speed w ithin 15% accuracy. He applied  asym pto tic  analysis to  gaseous and  solid phase 

energy equations to predict th e  s tab ility  range and  flame position w ith in  2 0 % and give 

a  good qualitative m atch (w ith in  25% of experim ental da ta) for rad ia tion  efficiency.
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Speyer et al. (1996) investigated experim entally  th e  radiant efficiencies of four gas 

rad ian t burners using to ta l and spectra l radiation em ission m easurem ents as a func­

tion of the  fuel-air m ix ture  and  com bustion intensity. Ported ceram ic tile  and  steel 

flame im pingem ent p late burners, w ith oxidation-resistant dow nstream  steel screens, 

showed th e  highest levels of efficiency (53.9% and 52.1%, respectively)3. A re ticu la ted  

ceram ic burner showed a m odera te  m axim um  efficiency (39.4%) (this is in agreem ent 

w ith th e  research of M ital, 1996), and a m etal fiber burner was even lower a t 28.4% 

(w ithou t a  dow nstream  screen). A t com bustion in tensities above 250 the  effi­

ciency of the  im pingem ent burner exceeded tha t of th e  ported ceram ic, and  was close 

to  th e  theoretical m axim um  efficiency. Design of high-efficiency burners required a 

com bustion product flow p a tte rn  around solid surfaces which caused ex trac tio n  of 

sensible heat until gas and solid tem pera tu res approached each o ther. In tense band 

em issions in spectral m easurem ents of the  m etal fiber burner indicated a  com para­

tively dim inished convection heat transfer from com bustion products to  solid surfaces. 

A m ix tu re  preheated to 120°C resulted  in approxim ately  3% increase in th e  value of 

rad ia tion  efficiency. NO* em issions from reticulated ceram ic burners increased with 

increasing firing rate , ranging from  16 to  38 PPM . B u t previous com parisons between 

ceram ic burners and o ther com bustion system s (H ulgaard  and D am johansen, 1992) 

had reported  lower NOx em issions.

A num erical study  w ith special consideration of th e  pollutant em issions (Zhou 

and Pereira, 1997) of a  porous burner concluded th a t  NO and CO em issions de­

pend m ainly on the  excess air ra tio  and firing rate . By assuming one-dim ensional 

com bustion and a 27-species, 73-reaction detailed m echanism  of m ethane-air, they 

obta ined  results which show the  effects of several param eters: excess air ra tio , firing 

ra te , solid conductiv ity  and rad ia tive  heat transfer on th e  combustion and po llu tan ts 

form ation in inert non-hom ogeneous porous media. T h e  peak flame te m p era tu re  was 

reduced w ith the  reduction of th e  solid conductivity  resulting in a  decrease of NO

3Note that these results seem to be higher than theoretically possible, maybe due to experimental 
errors, and they should probably be considered only qualitatively correct.
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emissions. Zhou and Pereira concluded th a t NO emission could be decreased through 

th e  utilization of porous m edium  having a sm all solid conductivity. R adiative heat 

transfer was also significant for th e  com bustion and heat transfer in porous media. 

T he flame could be stabilized easily  a t the  interface between two different porosity 

ceram ic blocks due to  th e  rad ia tive heat feedback. Good agreem ent w ith  experim en­

ta l observations suggested th a t th e  num erical model was a  useful too l to  investigate 

com bustion and po llu tan ts form ation in porous media as well as to  achieve optim ized 

porous com bustion designs.

Two unsteady m athem atical m odels of combustion and heat tran sfe r w ithin a 

subm erged-flam e porous rad ian t b u rner were developed and validated by Fu (1997). 

T he first model was one-dim ensional, and  accounted for the  in teraction  between con­

vection, conduction, rad ia tion  and  chem ical reaction w ithin a tw o-layer reticulated  

ceram ic. The two flux approx im ation  (M odest, 1993) was used to  m odel the  radia­

tive heat transfer, and a  single-step oxidation mechanism for m ethane was considered. 

T he ra te  of fuel consum ption was assum ed to  have the form suggested by Kuo (19S6). 

and  five chemical param eters (i.e., pre-exponential factor, activation energy, and  ex­

ponents for the tem p era tu re  and  fuel and  oxidizer concentrations) w ere e ither taken 

from th e  work of W estbrook and  D ryer (1981) or adjusted  to m atch  th e  predicted 

species concentrations of M ital (1996). Fu tried  to obtain  a  num erical solution of 

the  model equations for a wide range of chemical param eters (pre-exponential factor 

and  activation energy), bu t the  resu lting  reaction zone was not s tab ilized  w ithin the 

support layer; e ither th e  com bustion was extinguished or the flame was stabilized in 

th e  diffusion layer. Therefore, he assum ed a top-hat (i.e., uniform ) h ea t source equal 

in m agnitude to  the inlet firing ra te , spread over a 2  m m  th ick region and  located at 

an  arb itrary  position to  m atch  th e  experim en tal observations. Fu concluded th a t the 

the rm al perform ance of a  porous rad ia n t burner was strongly dependen t on th e  flame 

location, and an op tim um  distance from  the  downstream  surface could be found to 

m axim ize the radiation efficiency. T h e  rad ia tion  efficiency increased w ith  increasing
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volum etric heat transfer coefficient, effective therm al conductiv ity  of the  solid m atrix , 

equivalence ratio of the  inlet m ix tu re , and thickness of th e  support layer.

A two-dim ensional model accounting for the  transport of m ass, m om entum , en­

ergy. and species inside a cylindrical tu b e  was also developed by Fu (1997). Local 

m easurem ents in porous ceram ics (M ital. 1996) had shown th a t pore-scale phenom ­

ena such as quenching of chem ical reactions played a significant role in the physics of 

th e  system . Hence, Fu?s goal was to  provide fundam ental understand ing  of the tran s­

port phenom ena relevant to  porous rad ian t burners, e lim inating  th e  uncertainty of a 

com plex passage geom etry th a t could not be described easily in m athem atical term s. 

O ne-step global chem istry  was used for m ethane oxidation, and  the  pre-exponential 

factor was adjusted so the  flame location would m atch the experim ental results of Min 

and Shin (1991). T he results showed th a t th e  flame thickness in the  tube  was much 

broader th an  th a t of ad iabatic com bustion due to  strong conduction and radiation 

feedback from the high tem p era tu re  region to  th e  preheat zone. T he flame front was 

not plane (i.e., it was tru ly  tw o-dim ensional) because of the  s trong  heat diffusion in 

the  radial direction. Finally, he found th a t th e  variation of th e  rad ia tion  efficiency 

with any single param eter did not present a monotonic trend , which was attribu ted  

to  the fact tha t one param eter affected the chem ical heat release and all heat transfer 

modes.

Alm ost all radiant burner m odels used th e  one-dim ensional flow and heat transfer 

assum ption. But a  tw o-dim ensional m odel of two simple porous burner geometries 

was recently  developed by H ackert e t al. (1999) to analyze th e  influence of m ulti­

dim ensionality  on flames w ithin pore scale structures. T he first of th e  geometries 

sim ulated a  honeycomb burner, in which a  ceram ic was p en e tra ted  by many small, 

s tra igh t, non-connecting passages. T he second geom etry consisted of m any small par­

allel plates aligned w ith the  flow direction. T h e  Monte Carlo m ethod was employed 

to  calculate the view factors for rad ia tion  heat exchange in the  second geometry. This 

model com pared well w ith experim ents on burn ing  rates, opera ting  ranges, and rad ia­

tion o u tp u t. Heat losses from th e  burner were found to reduce th e  burning rate. The
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flame was shown to  be highly tw o-dim ensional, and  lim itations of one-dim ensional 

models were discussed. T he effects of the  m ateria l properties on th e  peak burn­

ing ra te  in these model porous m edia were exam ined . T he  two-dim ensional work of 

H ackert e t al. (1999) is novel, bu t th e  trend  in m odeling (presently a t least) seems to 

continue along th e  lines of the  one-dim ensional sim ulations, stressing the  influence of 

chem istry  and  m aterial properties.

A fu rther simplification th a t is com m on to  v irtually  all modeling efForts is to 

consider th a t th e  gas flow as lam inar and rad ia tive lv  non-participating. A recent 

lite ra tu re  overview of radiative and  convective hea t transfer in high tem pera tu re  

gas flows w ith prim ary th ru st on its fundam entals (V iskanta. 1998) discussed the 

com plex phenom ena involving, not only spectra lly  selective radiative transfer in com ­

mon gases, b u t also turbulen t chem ically reacting  flows. T he infrared rad ia tion  gas 

p roperty  m odels and m ethods for solving the  rad ia tive  transfer equation were high­

lighted. Convective and radiative heat transfer in channels and chem ically reacting 

high tem p era tu re  hows were reviewed. T he nonlinear effects of tu rbu len t fluctuations 

in rad ia tive transfer, and the  influence of rad ia tion  on therm al tu rbu lence spectra 

were also considered. C ritical issues which need to  be addressed for a  m ore com plete 

understand ing  of the processes were raised, and  topics requiring research a tten tion  

were identified, w ith their relation to  curren t technological applications.

As a  final rem ark, it is necessary to  point ou t th a t  good understanding of th e  phys­

ical phenom ena governing porous rad ian t burners -allow ing the design of devices with 

custom ized perform ance- will g reatly  sim plify th e  construction and subsequent use 

of rad ian t furnaces. A strongly-coupled problem  arises due to the com bined convec­

tive, conductive, and radiative heat transfer du ring  heating  of a load in an  industrial 

rad ian t oven (Fedorov e t al., 1998), and  heater characteristics play a  fundam ental 

role.
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1.3.3. C a ta ly tic  R adiant B urners/H eaters

T here has been not nearly  as m uch research focus to u n ders tand  th e  m echanism s 

th a t govern the behavior of a  ca ta ly tic  burners as com pared to  in e rt burners. T he 

N inth  Symposium on C om bustion  (1963) contained no ca ta ly tic  com bustion  papers, 

and  by the  Tw enty-T hird Sym posium  in the series, which was held in France (1991) 

th e re  were just two. However, renew ed industrial interest in low te m p e ra tu re  and low 

po llu tan t emission rad iant bu rners  has inspired recently efforts in finding new su itab le  

cata lysts. In addition, th e  adven t of m ore powerful com puters th a t  can  handle the  

com plex chemical m echanism s has furthered  research on th e  prob lem  also from the 

com putational point of view.

T he first diffusive ca ta ly tic  com bustion  device may have been developed  in France 

in 1916 as an engine w arm er for airp lanes, and currently ca ta ly tic  h ea te rs  fueled by 

LPG  are common worldwide (Sadam ori, 1999). However, th e  bu rners fueled by n a t­

ural gas (m ainly m ethane) showed not only low com bustion efficiency b u t also quick 

deterioration  (Radcliffe and  H ickm an, 1975). In another repo rt, pessim istic  perspec­

tives on the development of n a tu ra l gas diffusive cataly tic burners w ere published 

based on the reaction m echanism  of m ethane in the burner (D ongw orth  and  M elvin. 

1976).

Subsequently, w ith the  adven t of porous materials m ade of a lu m in a  fibers coated 

w ith catalysts, which provided a  large surface area concen tration , th e  com bustion 

perform ance of natural gas im proved drastically. The large num ber o f availab le active 

sites and  a greatly increased un ifo rm ity  allowed natural gas to  co m p ete  w ith  LPG on 

a m ore favorable basis (Sadam ori, 1999).

Traditionally, th e  active ingred ien t of a  catalytic burner was e ith e r  p la tinum  or 

pallad ium  (Lee and T rim m , 1995). T hese precious m etals were first identified  to  of­

fer good selectivity for th e  ca ta ly tic  com bustion as no o the r p ro d u c ts  th a n  carbon 

dioxide and  water are form ed. Several au thors have reported  th a t  su p p o rted  palla­

d ium  catalysts show the highest ac tiv ity  (Anderson et al., 1961; R u d h am  and  Sanders, 

1972; Golodets, 1983), bu t little  was known about its kinetics p a ram ete rs . O ften  inac­
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curate  values for activation  energy were used, until van Ciiezen et al. (1999) measured 

them  using tru ly  differential conditions (micro-flow reactor and special atten tion  paid 

to inhibition by w ater.)

Trim m  and Lam (1980a) performed detailed studies on the k inetics of m ethane 

oxidation over a  p la tinum -im pregnated  porous a lum ina  cataly tic  m edium , and then a 

num erical analysis of a b u rner w ith a one-dim ensional flow model (T rim m  and Lam. 

1980b). but they failed to  address the issue of reaction com pleteness and  fuel slippage. 

More recently, Kang e t al. (1994) studied experim entally  the  perform ance and dura­

bility of burners using a lum ina  fiber m ats coated w ith m etals of th e  platinum  group, 

and Sadam ori (1999) concluded th a t future progress of the  concept o f a  diffusion-type 

burner fueled by na tu ra l gas would be lim ited unless a much m ore efficient catalyst 

is developed.

Much work has been done recently regarding th e  search of a  new efficient and 

durable catalyst. T he  use of a  single chem ical elem ent as a  catalyst has not produced 

satisfactory results, m ainly because conventional noble-m etal ca ta ly sts  m ay become 

deactivated a n d /o r  poisoned in th e  presence of sulfur, halogens, phosphorus arsenic 

and som e m etals (R yu et al., 1999).

Among the noble m etal catalysts, palladium  was early recognized as the most 

active catalyst for m ethane  com bustion (Anderson e t al., 1961), but th e  sulfur content 

of natu ra l gas (m ercap tan  used as odorant) caused prem atu re  deactivation (Hoyos et 

al., 1993). More recently, Arcoya et al. (1991) reported  th a t the  sulfur resistance 

of the G roup 8-10 m etal ca ta ly sts  increased in th e  following order: P t, Pd, Ni. Rh. 

Ru; and  catalyst life decreased in the order Rh. Ru, Pd, Ni, P t.  Very recently. 

Ryu e t al. (1999) determ ined  th a t the addition of Rh did not noticeably  improve 

the ac tiv ity  of th e  Pd com pounds; on th e  o ther hand , addition of Ru enhanced the 

H2S poison resistance w ithou t negative effects on th e  overall ca ta ly tic  activity. They 

suggested th a t Ru m etal blocked the accessibility of the  poison to  the  Pd sites and 

concluded th a t th e  P d /R u  bim etallic m ixture was a  good a lte rna tive  to  replace the 

more expensive Rh.
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Noble m etal foils have been use to  prom ote cataly tic oxidation of m ethane. A 

recent paper (Veser e t  al., 1999) com pared ignition tem p era tu re  and activ ity  for 

p latinum , palladium , rhodium  and irid ium , over the en tire  range of fuel-to-air ratios. 

W hile Pd showed the  widest range of surface flam m ability (i.e., activity). P t ignition 

tem peratures were th e  lowest. Surface ignition tem peratu res were found to  increase 

w ith an increasing m etal-oxygen bond in the  order P t< P d < R h < Ir ;  the tem peratu re  

generally decreased w ith increasing fuel-to-air ratio due to  site com petition between 

oxygen and hydrocarbon and the higher sticking probability  of oxygen.

Another a lte rn a tiv e  being considered is the  use of pallad ium  catalyst supported on 

alum ina-based tran sitio n  m etal oxides (copper, chrom ium , cobalt, iron, m anganese 

and  nickel). W id jaja  e t al. (1999) investigated the low -tem perature cataly tic com ­

bustion of m ethane. T hey  founded th a t th e  catalytic ac tiv ity  was strongly dependent 

on the com position of th e  support m ateria l and th a t P d /A l2 0 3 ~3 6 NiO dem onstrated  

excellent activ ity  due to  the  sm all size o f the palladium  particles. They suggested 

th a t the stab ility  of th e  active palladium  species, PdO. a t  high tem peratures is likely 

to  correspond to  an increase of the  activity .

Alternatively, the a lum ina support could be replaced by zirconia (Muller e t al.. 

1999). In this case, partic le  size was also identified as a  significant param eter. The 

authors proposed a red-ox m echanism  to  model the ca ta ly tic  reaction: C O j and 

H2 O were produced v ia a  reaction of m ethane with oxidized catalysts, and then 

th e  re-oxidation of th e  resulting pallad ium  with oxygen followed. The struc tu ra l 

changes induced upon reduction were accom panied by a lte red  physico-chemical and 

dim inished activity.

Among a m yriad of o the r possible catalysts currently  under investigation for the 

com bustion of m ethane, a  few can be m entioned here. A rtizzu et al. (1999) used 

copper oxide deposited  on to  high surface area  m agnesium  alum inate. They observed 

good activity and no C O  emission a t th e  laboratory scale for a  1 vol% m ixture of 

com bustible gas and 10 vol% oxygen in nitrogen. Hoyle e t al. (1999) reported com bus­

tion over polycrystalline powdered silica-supported ca ta ly sts  containing p latinum  and
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other oxide prom oters (like i \ ln 0 2). A series of chrom ium -based cata lysts (L a C r0 3 

and CT2O 3 ) over LaAlu 0 i8  and  alum ina were applied to  cordierite '1 were investigated  

by Zvvinkels e t al. (1999); they  identified so lid -sta te  reactions between the  active  phase 

and the  suppo rt, and suggested the passivation of the  support surface (by therm al 

trea tm en t) to  achieve higher stab ility  u nder com bustion conditions. Lyubovsky and 

Pfefferle (1999) studied experim entally  th e  influence of the reaction param eters on 

palladium  ac tiv ity  using a  zero-porosity a lum ina  pla te as support for the ca ta ly st to 

m inim ize th e  aforem entioned in teraction, finding the  reduced Pd to  be m ore active 

than  th e  oxidized form (PdO ).

H exaalum inates and hexaalum inate-supported  palladium catalysts have been re­

ported  to  have high activity  for m ethane com bustion and promising therm al stab ility  

(M achida e t al., 1989; M achida e t al., 1990; G roppi et al., 1993); Ba-Mn and  Sr-La- 

Mn hexaalum inates were th e  m ost therm ally  s tab le  and active in those studies. Jang 

e t al. (1999) com pared several m ethods of ob tain ing the catalysts, some of which 

were so com plicated  th a t were considered not commercially practical. Notoriously, 

the m ethane oxidation activ ities of La-M n hexaalum inate with and w ithout Pd  sub­

stitu tion  were com parable, bu t the  s tab ility  of the  former was poor, dropping from 

93% to only 59% after a  100 hour test (a t 525°C).

T ransition  m etal-based perovskites5 have been shown over the last 15 years to  be 

highly active for m ethane com bustion (A rai e t al., 1986; M cCarty and W ise, 1990; 

Seiyama, 1992). Their low cost and po ten tia lly  good resistance to sulfur m ade them  

an a ttrac tiv e  option to the  expensive p la tinum , with the additional benefit of the 

prom otion of deep m ethane oxidation, i.e., no carbon monoxide form ation, even in 

rich m ix tures (K lvana e t al., 1999).

A prom ising fully-premixed cataly tic  b u rn er using Pd/N iO  was tested  by Seo e t al. 

(1999). T he  cata lyst was deposited on an  a lum ina honeycomb s tru c tu re  o f 400 cells

4From Pierre L. A. Cordier (died 1861) French geologist. A blue mineral of vitreous luster and 
strong dichroism that consists o f a silicate of aluminum, iron, and magnesium
5From Count L. A. Perovskii (died 1856) Russian statesm an. A yellow, brown, or grayish black 
mineral som etim es containing rare earth elements
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per square inch. T hey observed  th a t  th e  tem perature of th e  catalyst layer rose rapidly 

near the inlet and then  slowly decreased. T he maximum te m p era tu re  increased with 

increasing excess air, an d  its  position moved toward the  ex it. Tw o flame patterns 

occurred: the  reaction was com pleted  w ithin the  catalyst layer betw een stoichiom etric 

and  50% excess air; flam e com bustion  took place for excess air ranging  from 75 to 

1 0 0 %. C atalytic com bustion  m arked ly  depended on th e  active layer thickness, and 

s tab le  burning was found for a  30 m m  th ick catalyst for firing rates betw een SO and 

160 and excess air betw een 25 and  75%.

A nother possible ap p lica tion  o f th e  surface reaction technology is th e  conversion 

of a  conventional gas b u rn e r  in to  a  ca ta ly tic  one. T he add ition  of an  oxidizing cat­

alyst to  an inert rad ian t b u rner m ight be able to increase its opera tin g  range and 

stability . Beneficial surface reactions can be encouraged by coating p a r t of the  flame 

suppo rt layer with a su ita b le  ca ta ly s t, thereby  anchoring the flame in a  position tha t 

optim izes the system  perform ance. K endall e t al. (1992) conducted  a prelim inary 

experim ental investigation on partia lly -ca ta ly tic  burners (w here bo th  homogeneous 

and  heterogeneous reactions coexist) th a t showed increased rad ian t efficiency and re­

duced pollutant em issions th a n  for sim ilar bu t inert rad ian t burners. T hey applied a 

d ilu te  solution of hydrogen hexach lo rop latinate  (H^PtClg) on the surface of a ceram ic 

burner; radiant o u tp u t increased and  NO and CO emissions decreased.

R um m ingeret al. (1999) m odeled a partially-cataly tic burner using detailed  chem ­

ical kinetics. They used a  reduced  gas phase mechanism w ith 19 species for m ethane 

com bustion (Kazakov an d  Frenklach, 1998) th a t was accurate  to  p red ic t flame struc­

tu re  when the nitrous oxides were no t significant. Surface chem istry was im plem ented 

w ith Surface C H EM K IN  sub rou tines (C oltrin  et al., 1990). They assum ed th a t the 

ca ta ly st was evenly d is tr ib u te d  and  th a t  no deactivation (sintering o r poisoning) oc­

curred . Additionally, th e y  considered th a t the  mixing of th e  gas phase was such th a t 

th e  system was not m ass-transfer lim ited ; therefore, no solution of a  m ass diffusion 

equation  was needed. T h e ir  resu lts  showed th a t radiant efficiency gains were obtained
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when the  ca ta ly st was placed on the dow nstream  edge of the porous slab and th a t 

only a  th in  layer of cata lyst was required for efficiency im provem ents of up to  1 0 %.

1.3.4. Partia lly-P rem ixed  Flam es

T he te rm  “partially-prem ixed flame" can be applied to  describe a wide variety 

of s itua tions in which fuel and oxidizer are m ixed in less-than-stoichiom etric pro­

portions. A m ong those are counterflow difFusion flames, coflow je t flames, lifted je t 

diffusion flames, and  flames involving liquid fuel droplets and sprays. All th e  afore­

m entioned s itua tions share the  common featu re o f having some oxidizer mixed a t the  

m olecular level w ith th e  fuel before it enters th e  reaction zone to  undergo com bus­

tion. W hile difFusion flames and fully-prem ixed flames are relatively widely studied 

and well understood, partially-prem ixed flame knowledge is still in its early stages of 

developm ent (Sun, 1997).

O ne of the  pioneering studies on partia lly-prem ixed  com bustion was performed by 

Libby and Econom os (1963). A hydrogen-oxygen m ixture was injected in a  lam inar 

boundary layer th rough a porous plate. A two-zone model (unreacted  and product 

equilibrium  zones) together w ith single-step chem ical reaction and large activation 

energy assum ptions, were used to com pare a difFusion flame (<& =  oo) and a partially- 

prem ixed one ($  =  8 ). T he partially-prem ixed tem p era tu re  profiles were wider and 

slightly higher th an  in the  purely difFusion case, and  in both cases the  reaction zone 

broadened w ith increasing injection flow rates. Several years la ter Peters (1976) 

reached sim ilar conclusions using asym ptotic analysis techniques to  solve for the tem ­

peratures on bo th  sides of the  equilibrium  flam e zone. The reaction zone can be 

idealized as a  tw o-dim ensional equilibrium  region, bounded by two non-equilibrium  

layers of negligible thickness th a t ensure the tran sitio n  to the  ou te r equilibrium  zones 

(Peters, 1979).

Yamaoka and  T suji (1975) used the ou te r surface of a porous cylinder to stabilize a 

m ethane-air partially-prem ixed  flame. A la tera l, low -turbulence (secondary) air flow
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was present to  provide enough oxidizer for com plete com bustion . Equivalence ratios 

between 1.5 and 3.0 for a co n stan t flow rate were studied , and  appearance of the flame, 

its location, tem pera tu re  an d  m ajo r species profiles were exam ined for atmospheric 

pressure conditions. A double s tru c tu re  (an inner, rich prem ixed  flame, surrounded 

by a  diffusion-controlled o u te r  flame) was observed for th e  lower $ . T he distance 

between the two flames decreased and the tem pera tu re  profile becam e thinner with 

increasing $ .  S table species concentrations were m easured and  it was observed a non­

zero O 2 concentration th roughou t the  field. A further s tu d y  showed th a t the  reaction 

ra te  profiles for $  =  3 did no t differ much of those of a  diffusion flame (Yamaoka and 

T su ji, 1976). For m ixtures inside the  flam mability lim it ( 1 . 6  <  $  <  2.7) the inner 

prem ixed m ethane flame supp lied  hot fuel (CO and H2 ) to  th e  ou te r diffusion flame. 

O utside the flam m ability lim it, when a double flame was p resen t, the two fronts were 

close and coupled; the  inner flame was not self-sustaining (Y am aoka and Tsuji, 1977).

S tability analysis of a non-prem ixed flame concepts were applied to  find the ex­

tinction  characteristics of a  local partially-prem ixed flam e by Peters (19S4), assum­

ing a  single-step irreversible chem ical reaction. Diffusion flam elets were found to be 

independent of the variation of the  m ixture fraction for ce rta in  conditions. A numer­

ical calculation showed th a t partia l premixing m ade the  flam elets m ore susceptible to 

stretching, and the ir quenching (due to  merge into the diffusion flame layer) appeared 

to  be the relevant stab iliza tion  m echanism  for je t flames.

Seshadri et al. (19S5) con tinued  the  study of ex tinction  experim entally  with flat, 

partially-prem ixed flames stab ilized  in an opposed-flow m eth an e  burner. The com­

position of the  stream s was such th a t the overall fuel-to-oxidizer ratio  was equivalent 

as in the corresponding purely  diffusion flame. T he results showed th a t partial pre­

m ixing increased the  sensitiv ity  to  flamelet stretch , in ag reem en t with Peters (19S4). 

T he  extinction criterion for counterflow partially-prem ixed flames was investigated 

also by Hamins e t al. (1985). Based on previous experim en tal evidence of a double 

flam e, they showed theore tically  th a t the  two flame fronts m ust m erge together before
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extinction . However, Law e t al. (1989) la ter dem onstrated th a t th is is not necessarily 

th e  case.

An analytical and experim en ta l study  of counterflow prem ixed and non-prem ixed 

flames showed th a t th e  separation  between the double flame fronts decreased with 

increasing flow rates (Law e t al., 1989). Furtherm ore, the  flame zones were alm ost to ­

gether prior to ex tinction . An in teresting  finding was th a t th e  m axim um  tem pera tu re  

of the  difFusion flame was independent of the  mass flow rate , bu t th e  tem pera tu re  

of the  premixed front increased w ith the flow rate, because of th e  reduced separa­

tion between the flames. T h is finding verified the previous results of Y am aoka and 

Tsuji (1975). Law e t al. (1989) dem onstrated  the great com plexity and  sub tle ty  of 

the  flame behavior in realistic  partially-prem ixed gaseous m ixtures. T hey suggested 

th a t further effort was needed for the  m odeling of more com plex problem s, such as 

tu rbu len t flames.

Further inform ation regard ing  gas tem peratu re  and species concentrations was 

obtained  by Araki e t al. (1990), when they examined and dem onstra ted  the p rac ti­

cality  of using coherent an ti-S tokes R am an spectroscopy (CARS) to  ob ta in  d a ta  on 

the  structure of partia lly -prem ixed  flames. Later Makino e t al. (1991) used CARS 

to  s tudy  the blow-off lim it of rich fuel-air flames established in th e  forward stagna­

tion region of a porous cy linder from which premixed m ethane and  air were ejected 

into a  uniform air stream . T hey  studied  counterflow rich flames, and showed th a t the 

blow-off limit was governed by two different phenom ena depending on th e  equivalence 

ratio: for <& <  1.3 it was d ue  to  a  decrease in the  m axim um  tem pera tu re : for higher 

equivalence ratios (1.6 <  $  <  3.0), it was controlled by the  system  heat loss.

A numerical sim ulation based on asym pto tic  analysis was carried ou t by B ui-Pham  

et al. (1992). They used a  four-step m echanism  to  model th e  kinetics of lean and rich 

flames without additional a ir  to  com plete combustion. T hey divided th e  flame into 

four regions: a preheat zone, an inner layer where the fuel is com pletely  consum ed, 

an H2 oxidation layer characterized  by the  burning of the in term ed iate  hydrogen, and 

a  CO-oxidation layer. T he  resu lts showed th a t the inner layer becam e th inner when
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increasing th e  equivalence ratio  (th e  studied range was from =  0.5 to $  =  1.4). 

but the  H2 and  CO  oxidation layers increased th e  flame thickness. Interestingly, they  

found th a t th e  O 2 concentration  in the burnt gases m ix tu re  was effectively reduced 

to zero afte r the equivalence ratio  was increased beyond $  =  l . l .

T he relative s tru c tu ra l sensitiv ity  of partially-prem ixed  counterflow flames for 

m ethane fuel was investigated  by Tanoff et al. (1996). They tracked th e  local species 

concentrations (i.e ., th e  s tru c tu re ) of the flame experim entally  and  theoretically, 

showing th a t sm all pertu rba tions  in the am ount of prem ixing m ay result in large 

changes in th e  overall behavior. For instance, th e  flames were observed to change 

drastically in s tru c tu re  and  character as the  fuel stream  equivalence ratio was per­

turbed slightly below $  s; 1.4. from a single, m erged flam e in th e  vicinity of the  

stagnation plane to  a  double flame consisting of a  prem ixed-type, fuel-side flame and 

a stagnation-region difFusion flame. Accordingly, the  m ode and  am ount of NOx for­

m ation changed severely. This duality  in flame s tru c tu re  was fu rther discerned by 

m onitoring the  re la tive  locations of CH and OH profiles, as these were considered as 

indicators of specific flam e chem istry. The exact value of th e  ''changeover” equiva­

lence ratio  depends upon th e  flame strain ra te  and, in fact, flames close enough to 

extinction rem ained as a  m erged flame structu re  even a t th e  lowest equivalence ra ­

tio. The m axim um  fuel-side velocity gradient was shown to be an extrem ely sensitive 

and sharp ind icato r of flame character, being com pletely insensitive to  fuel-stream  

equivalence ratio  above certain  strain-dependent values, b u t varying sharply with 

equivalence ratio  below these values. O ther param eters, such as the  width of the 

tem peratu re or p roduct species profiles, were shown to  be indicators of flame s tru c ­

ture, also, bu t were not nearly as sharply responsive as the  fuel-side velocity gradient. 

TanofF e t al. (1996) suggested th a t these results could have im portan t im plications 

for design c rite ria  of com m ercial burners, as well as for applications to  the  prediction 

of turbu len t flam e s tru c tu re , including suppression and  extinction .

Lam inar partia lly -prem ixed  m ethane-air je ts  surrounded by an ou te r coflow air 

stream  (over-ventilating) were stud ied  by Zhan (1994) and G ore and  Zhan (1996).
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They measured visible flame heights, global radiative heat loss fractions, distributions 

of mole fractions of s tab le  gas species, and pollu tant em ission indices while burning 

various fuel-rich m ixtures. T hey  obtained  m ajor species d a ta  (the  mole fraction 

profiles of C 0 2, CO, H2, 0 2, N2, C'H.j, C 2 H.| and C 2 H2), using sam pling and gas 

chrom atography, a t several radial locations at th ree different heights above the fuel 

tube  for a fixed fuel flow ra te  and six different fuel tu b e  equivalence ratios. T he mole 

fractions of H20  were inferred from th e  dry-based m easurem ents. They reported the 

following effects when increasing th e  levels of partia l prem ixing: 1 ) the  flame height 

and  luminous sooting decreased dram atically , and the  overall flame color changed from 

yellow to blue; 2 ) the  rad ia tive  heat loss fraction first decreased and then  reached a 

constant value; 3) the mole fractions of CO decreased and  those of C '0 2 and H20  

increased in the  lean parts  of th e  flame; the mole fractions of C 2 H2 decreased and 

those of C 2 H4 first increased and then  decreased in the  rich parts  of the  flame: 4) the 

mole fractions of CO and H2 first decreased slightly and  then  increased in the rich 

parts  of the  flame; and 5) the  0 2 mole fractions a t th e  poin t of negligible fuel mole 

fraction decreased. A m odera te  level of partial prem ixing (oo >  $  >  5.0) resulted in 

a modified difFusion flame stru c tu re ; a t $  =  3.5, the m ethane  was consum ed within 

rich m ixtures before reaching th e  stoichiom etric zone, and  a t $  =  2 . 0  the  fuel was 

fully consumed in very rich zones coinciding with the CO  and H2 peaks. They also 

reported th a t th e  em ission indices for NO, NOx, CO and  HC showed th a t an optim um  

level of partial prem ixing exists for a fixed fuel flow ra te  and  overall equivalence ratio.

Similar results regarding th e  flame height reduction w ith  air prem ixing were ob­

served by o ther researchers (K im  e t al., 1995). NO form ation in lam inar partially- 

prem ixed ethane-air flames was investigated as a  function of th e  am ount of air in­

troduced into the  central fuel tu b e  of an annular coflow burner. Flam es with an 

overall equivalence ratio  of 0.5 and  fuel-tube equivalence ratios varying from 1.1 up 

to  10 were m easured for a  fixed fuel flow rate. Local NO num ber densities d a ta  were 

obtained as a function of bo th  rad ia l position and height above the  burner. An inter­

m ediate dual-flam e p a tte rn  was identified which m inim izes the  NO em ission index,
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and NO production was found to  occur prim arily between an inner prem ixed and an 

ou te r non-premixed flame front, which constitutes th e  dual-flam e structure . These 

results suggested th a t th e  op tim um  burner-tube equivalence ra tio  occurred because 

of a com prom ise between p rom pt and therm al formation of NO in the  predom inantly 

prem ixed and non-prem ixed flame regions, respectively.

H eberleet al. (1995) observed th a t when increasing the  am o u n t of air prem ixing in 

a  lam inar m ethane-air flame, th e  concentration of OH radicals also increased, which 

suggested that m ore prem ixed flames exhibited faster reaction  kinetics. Most of this 

OH radical increase was a t tr ib u te d  to  an inner rich prem ixed cone, since the OH con­

cen tration  in the o u te r diffusion region did not vary m uch w ith  <5. Nguyen et al. (1996) 

studied  a lam inar m ethane-air Bunsen flame and obtained ax ial and  radial profiles of 

tem peratu re , m ajor species, OH and NO. They found th a t  th e  peak centerline OH 

concentration for a $  =  1.70 flame was higher than the corresponding  to <I> =  1.52 

and  $  =  1.38, con trad ic ting  the  findings of Heberle e t a l. (1995). Nguyen e t al. 

(1996) m easurem ents ind icated  th a t the  inner unburned fuel-air m ix tu re  experienced 

significant preheating as it traveled up into the conical flam e zone surrounding it. 

Consequently, the centerline axial tem peratu res were typically  100-1501\ higher than 

predicted by adiabatic equ ilib rium  for reactants at an  in itia l tem p era tu re  of 300/\ .  

They also used a one-dim ensional prem ixed laminar flame m odel incorporating finite- 

ra te  chemistry, which satisfactorily  predicted properties such as the  tem peratu re . CO, 

OH, and  NO concentrations a t th e  inner flame.

An extension of Z han’s (1994) work was conducted by R am akrishna  et al. (1996). 

T hey  found higher flame peak tem pera tu res and wider reac tion  zones when m ore air 

was added to the fuel s tream . Using identical flames and  absorp tion  spectroscopy, 

Blevins and Gore (1996) discovered th a t the overall CH rad ical concentrations in­

creased with increasing air prem ixing (changing from $  =  3.5 to  $  =  2.0). These C'H 

radicals were believed to  be a  m ajo r contributor to N O x production . Later, Blevins 

and  G ore (1999) used a  num erical sim ulation to investigate  th e  NO form ation in 

partially-prem ixed counterflow  burner. They reported th a t ,  for $  >  2.5, th e  flame
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s tru c tu re  could be described as a m ethane-a ir premixed flame m erged w ith a C '0-H 2- 

air non-premixed flame. W hen $  <  2.5. th e  two flame zones existed  on opposite sides 

of the  stagnation plane, and the  C '0-H 2-a ir  non-premixed flame was characterized by 

hydrocarbon concentration peaks on its fuel-side edge. Also, broad NO destruction  

regions, caused prim arily by CH; +  NO reactions, existed between th e  resulting dou­

ble hydrocarbon concentration peaks. T h e  fuel-side equivalence ra tio  was identified as 

the  m ost im portant indicator of how rap id ly  NO was destroyed rela tive to  how rapidly 

it was formed, and NO destruction  reactions were more im portan t in pure diffusion 

flames than  in partially-prem ixed flames for the low strain ra te  com putations.

In addition to the double-flam e s tru c tu re  characteristic of partia lly-prem ixed  com ­

bustion (reported in num erous papers, for instance, Yamaoka and T suji, 1975; Ham ins 

e t al., 1985; Law et al., 1989; Nishioka e t al., 1994), the presence of th ree d istinct 

reaction layers was noted in a  recent a rtic le  by Libby (1998). By m eans of an asym p­

to tic  analysis of lam inar flames in opposed stream s (under the  circum stances of fast 

chem istry  and/or low rates of strain  and  of high Reynolds num bers), Libbv predicted 

two prem ixed and one non-prem ixed flam es, the latter centered on the  stagnation 

plane. These layers separated  inviscid. chem ically inert regions w ith  constant gas 

properties. The s ta te  variables in each region were determ ined by th e  reac tan ts ex­

iting  from each je t. If the location of th e  two premixed reaction layers was known, 

the  velocity distributions in th e  four regions could be readily calcu lated . C om par­

ison of the  asym ptotic analysis was m ade with a  large scale com pu ta tion  of trip le 

flames, and agreement w ith the  d istribu tions of the velocity com ponents was satisfac­

tory; however, as a consequence of th e  idealized chem istry assum ed, th e  tem pera tu re  

d istributions in the two high te m p era tu re  regions were only roughly correct. The 

analysis showed th a t the  changes in je t  velocities and equivalence ra tio  of th e  fuel- 

rich reac tan t stream  influence th e  m ost th e  location of the prem ixed reaction layers 

and th e  velocity distributions.

Partially-prem ixed flames stabilized on a  burner were investigated  by Vanoosten- 

dorp e t al. (1991). T hey used laser-induced fluorescence im aging of CO and OH to
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stu ck  the influence of am bient air en tra inm ent. Later. Gollahalli and  Subba (1997) 

conducted an experim en tal study  of the effects of using a  triangu lar po rt (instead of 

the  standard c ircu lar ports) in a lam inar partially-prem ixed natural gas burner. Their 

results showed th a t  th e  triangular ports increased air en tra inm ent by 30%. decreased 

nitrogen oxides em ission by less than 15%, and  increased carbon m onoxide emission 

by 20%. T he effects were explained in term s of the changes in the flow s tru c tu re  and 

instabilities caused by th e  non-circular geom etry and sharp corners o f th e  burner exit 

port.

To the knowledge of the  author, there are no studies of partia lly -p rem ixed  com­

bustion within porous m edia or, in other words, research on coupled heat transfer in 

porous m aterials using fuel-rich flames. Partially-prem ixed flames are  usually inves­

tigated  as a  m odification of a  purely diffusion flame, in an  a tte m p t to  im prove some 

of their characteristics (stability , pollutant em issions, e tc .) On th e  o th e r hand, the 

study  of com bustion w ithin porous inert m aterials has, until now. exclusively dealt 

w ith fully-premixed (stoichiom etric) or fuel-lean (i.e., some excess a ir  prem ixed with 

th e  fuel at the in le t) gas ini.vtures. There is an open research o p p o rtu n ity  where these 

two areas m eet.

1.4. Objectives and Scope of S tudy

1.4.1. M otivation

Porous rad ian t burners have been extensively stud ied  in the  p ast, and  current 

interest in the topic to  enhance performance for some specific applications has resulted 

in two modifications to  th e ir design: 1 ) active (cata ly tic) porous m a trix , and 2 ) 

injection of some oxidizer into the fuel stream  to  operate  in a partially-prem ixed  

mode.
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Chem ists have used ca ta ly sts  to  enable a  chem ical reaction to proceed a t a faster 

ra te  or under different conditions (usually  lower tem perature) than otherw ise possible. 

Identical purpose is in tended in the  case of fuel oxidation in a  burner.

On the o ther hand, it has been observed th a t th e  characteristics of a difFusion flame 

are altered substan tially  when some air is added to  the fuel. A sim ilar phenom enon is 

suspected to occur in a porous burner when operated  in a partially-prem ixed mode.

However, the re  is little  available inform ation  regarding the interaction between 

these two m odifications in th e  burner design and  operation, specifically when try ing  to  

account for the effects of each separate  change in the  ou tpu t of the b u rn er/h ea te r, on 

efficiency and po llu tan t em issions. T hese are th e  factors th a t determ ine th e  selection 

of the  given burner for a specific industria l application. In addition, flame stru c tu re  

characteristics are needed to  gain a  b e tte r  understanding of the physico-chemical 

phenom ena in porous rad ian t burners opera tin g  in partially-prem ixed m ode, and 

they  are unknown at present tim e.

1.4.2. Specific O bjectives

T he objective of this s tu d y  is the  theore tica l and experim ental investigation of 

lam inar, partially-prem ixed flames inside inert porous m edia, w ithout considering 

cata ly tic  effects.

T he experim ental investigation (C h ap te r 2) has two m ain com ponents. T he first 

one is to  obtain global flam e s tru c tu re  m easurem ents with standardized instrum en­

ta tio n  and techniques. A specially designed bu rner/h ea te r is used for th a t purpose. 

T he  objective is to  m easure th e  rad ia tion  efficiency, gas exhaust and surface solid 

tem peratu res, and po llu tan t em issions for th e  purpose of validating th e  num erical 

m odel. The b u rn e r/h e a te r is described in C h ap te r 2. Additionally, the  volum et­

ric heat transfer coefficient of several fibrous (porous) m aterials is m easured using a 

single-blow technique (A ppendix  B). This param eter is required for th e  purpose of
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correctly m odeling th e  convective heat transfer between the  gas s tream  and the  solid 

m atrix.

The num erical solution of a  one-dim ensional reacting  flow inside a porous m ate­

rial, using detailed chem istry  and  finite-rate kinetics, is perform ed with a modified 

version of th e  PR E M IX  code. D etails of the code s tru c tu re , m odifications and present 

work are included in C h ap te r  3. Radiation heat transfer w ith in  th e  porous m atrix  

(considered gray) is m odeled using the discrete ord inates m ethod , which can be easily 

carried out to  a rb itra ry  o rd er and  accuracy. T he relevant therm ophvsical and optical 

properties needed for th e  m odeling are obtained e ith e r  from th e  m anufacturer (e.g., 

therm al conductiv ity), m easured (e.g., specific hea t) or e s tim ated  (e.g., extinction 

coefficient).

The experim ental resu lts  ob tained  with a p ro to type m etal fiber burner (exhaust 

gases and solid m a trix  surface tem peratures, rad ia tion  efficiency, po llu tan t emissions) 

are com pared w ith the  resu lts of th e  numerical sim ulations (C h ap te r 4) to assess the 

usefulness of the  model.

A param etric s tudy  is included in C hapter 5, to  evaluate th e  benefits of chang­

ing the operating conditions (firing rate, inlet equivalence ratio , e tc .) on the overall 

performance. In add ition , th e  effects of the  relevant m ateria l p roperties is analyzed, 

with the double purpose of assessing the dependence of the  solution on the uncertain­

ties in those param eters (sensitiv ity  analysis), and also the possibility of enhancing 

the performance by fine-tuning th e  solid m atrix  characteristics (therm al conductivity, 

em ittance, etc.)

Finally, the conclusions and  recom m endations for fu ture work are sum m arized in 

C hapter 6.
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2. E X PE R IM E N T S

2.1. In troduction

T h e  objective of th is chapter is to  describe th e  experim ental setup and th e  procedure 

necessary for characterizing th e  com bustion and  therm al performance of a  porous 

rad ian t b u rn e r/h e a te r  prototype. The d a ta  are  required for comparison to  th e  nu­

m erical predictions and . therefore, validation of th e  model to  be developed (C h ap te r 

3). P robing of the  th in  porous m atrix  for th e  flame s tru c tu re  is exceedingly com plex: 

therefore, standard ized  instrum entation and  techniques are used to  m easure rad ian t 

flux (and obta in  m ulti-point rad ian t efficiency), solid surface tem peratu re, gas spec­

tra l rad ia tion  in tensity  (to obta in  the  ex it gas tem p era tu re ), and po llu tan t em issions 

(CO , N 0 X, unburned hydrocarbons). A w ide range of firing conditions (i.e .. equiva­

lence ratio , air prem ixing, fuel mass flow, e tc .) are used for the characterization .

2.2. B urner Selection 

A su itab le  burner was built in order to  m easure the actual combustion phenom ena 

so th a t the  d a ta  could be com pared w ith num erical sim ulations. Initially, for th a t 

purpose, the  0.30 m  x  0.30 m  stainless steel housing of an old Vulcan1 ca ta ly tic  porous 

b u rn e r/h e a te r  was modified to  accom m odate new flame support pads. T he  housing 

was selected because the  original fiber pads can  be easily removed and replaced w ith 

th e  desired m aterials. Figure 2.1 depicts a  schem atic  of this burner p ro to type.

However, soon afte r the beginning of th e  experim ental program, it was found 

th a t th e  design was less than desirable. T h e  gas flow non-uniformities produced  by

1 Vulcan Catalytic Infra-red Heaters, Portsmouth Business Park, Portsmouth, RI 02871
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Figure 2.1. Schematic of th e  prototype rad ian t gas b u rn er and  its main com ponents 
(not to  scale).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

th e  inlet m anifold were not a ttenuated  by the  high porosity flame support pads: the 

pressure drop induced by these high porosity m ateria ls  a t the  relatively low gas flow 

velocities (of a  few ^j-) was not sufficient to  produce a uniform  gas velocity profile. 

Increasing the  induced pressure drop by stacking m ore layers of porous materials 

(diffusion layers) did no t im prove the situation.

A set of p relim inary  m easurem ents was perform ed using the  0.30 m  x 0.30 m  

burner th a t was specially  built to  compare th e  experim ental d a ta  w ith numerical 

sim ulations. Figure 2.2 shows a photographic im age of the  burner for stoichiometric 

com bustion ($  =  1.0) using a  single Fecralloy NIT200S layer for a  firing rate of 

70 ^jjr. T he com bustion reaction took place a t the  surface, heating the m etal fibers 

only partially. A problem  w ith th e  flow non-uniform ity was observed, since there was 

no flame occupying th e  cen ter of the  fiber m at. R ad iation  efficiency was estim ated 

to  be poor in this case. Surface tem peratu re was ab o u t 490°C a t the  hottest point.

Figure 2.3 shows a  photographic image of lean com bustion w ith 20% excess air 

( $  =  0.8) using a  single N extel 312 layer w ith a  m eta l grid for a firing ra te  of 60 In 

th is case, the flame was buried  inside the fiber pad, which was heated to  incandescence 

in a  large part. However, flow non-uniform ity was noticed once again, especially at 

th e  center. T he m axim um  surface tem peratu re was about 470°C.

Figure 2.4 shows a  s itua tion  identical to  th e  one of Figure 2.2 (stoichiometric 

com bustion and a  firing ra te  of 70 ^ ) ,  bu t N extel 312 was used underneath the 

Fecralloy to  act as a  difFusion layer. The com bustion reaction was partia lly  stabilized 

inside the solid near th e  edges, heating the m etal fibers to  th e  ex ten t th a t they glowed, 

bu t blue-lifted flames were also present. Surface tem p era tu re  was about 540° C  at the 

hottest point. T he flow d istribu tion  problem was observed also in th is design.
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Figure 2.2. Fecralloy NIT200S p ro to type burner; $  =  1.0, firing rate of 70 ^

Figure 2.3. N extel 312 p ro to type  burner; $  =  0.8, firing ra te  of 60
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Figure 2.4. Fecralloy NIT200S p ro to ty p e  burner with a Nextel 312 diffusion layer; 
<I> =  1.0, firing rate of 70 ^ jr .
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C om m ercial porous gas burners usually have one (relatively sm all) inlet nozzle and 

a  d is trib u to r w ith m ultiple holes to  inject the fuel into a (relatively  large) plenum. 

Even though screens and baffles are often used in some designs, it is impossible to 

assure uniform gas flow to  the  solid m atrix  with this configuration. O ther designs 

include thick porous difFusion layers upstream  th e  flame support layer, w ith the pur­

pose of inducing a  pressure drop th a t will produce a more uniform  flow. However, a t 

low firing rate conditions, gas velocities are too low to crea te  a  significant difference 

in th e  perform ance. The problem  is accentuated when high-porosity fibrous m aterials 

are  used (Leonardi e t al., 2000), as it is clearly seen in Figures 2.2 to  2.4. Pressure 

d rop  was usually less than  250 Pa  (one inch of water in m anom eter reading) for the 

selected m aterials a t the burner operating conditions.

These findings suggested th a t a  new flow distribu tion  concept was necessary if 

operation  in a wide range of firing rates was desired: a design th a t is not dependent 

o f th e  inlet velocity (P lesniak, 1999).

For both  conical and rectangular diffusers, a to tal included angle of 7 degrees pro­

vides the  optim um  pressure recovery without separation, as long as the ratio  of to tal 

diffuser length to  inlet w idth does not exceed about 25 (K line e t al.. 1959: Robertson 

and  Fraser, 1960; Barlow e t al., 1999). This well-known 7-degree diffuser geome­

try  elim inates boundary layer separation at any constan t2 gas flow rate: therefore, 

it could be used a t the burner inlet to  achieve uniform flow. However, the use of 

such a diffuser results in large burner housing dim ensions, which are undesirable in 

industrial applications. A novel inlet plenum design is presented here. It consists of 

using several sm all diffusers in parallel, which assure uniform gas flow distribution at 

any flow rate, while keeping the  burner housing dimensions relatively small.

In order to assess the v iability  of the new burner concept, prelim inary numerical 

sim ulations were carried out using a two-dimensional CFD model. FLU EN T (Release 

5.0.2) was used to  solve th e  m om entum  equations for several plenum geometries. 

An ad iabatic  solution of the  m odel equations using cold a ir as the  working fluid

2 “Constant” flow rate, since boundary layer separation can still occur for pulsating flows
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Figure 2.5. Flow distribution results based on FLU EN T when a fuel je t enters a 
rectangular inlet plenum . Note tha t the  ex it velocity is highly non-uniform. Velocities 
are in —.

3

I1
I 0 .0 e < - 0 0

Figure 2.6. Flow distribution results based on FLU EN T when a fuel je t en ters a 
diffuser-based burner inlet plenum. N ote th a t th e  exit velocity is highly uniform , 
except for thin boundary  layers along th e  side walls. Velocities are in —.
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was selected, since only the  flow patterns were required. Figure 2.5 shows a typical 

situa tion , in which a single je t entered an em pty  (i.e., without any fibrous m aterial) 

rectangular cavity, creating a  highly uneven ex it velocity profile. F igure 2.6 shows the 

velocity d istribu tion  in a  m ulti-diffuser configuration. The sim ulations showed that 

the diffuser-based burner housing was able to  provide a uniform flow to  the  flame 

support pad, w ithout relying on any induced pressure drop, i.e.. the presence of the 

porous m at was not necessary to  establish an  adequate  gas flow profile a t th e  burner 

exit.

A housing configuration using four 7-degree diffusers in parallel was selected for 

the burner prototype, since it allows significant length reduction when com pared to 

a  single diffuser, but w ithout the  increased com plexity (due to  too m any inlets) of a 

3 x 3 array, as shown in Figure 2.7. A photograph  of the  housing p ro to type  is depicted 

in Figure 2.S, where a detail of the four-way d istribution  inlet m anifold and a flame 

arresto r can be seen.

Figures 2.9 to  2.11 show photographs of th e  surface of the new p ro to type, diffuser- 

based, burner operating a t th ree different conditions. A significant im provem ent of 

the flame uniform ity across the  surface w ith respect to  the original bu rner design was 

achieved (com pare to Figures 2.2 to 2.4). T he  reaction uniformity produced such a 

uniform burner glowing th a t it becam e difficult to clearly distinguish th e  difference in 

firing ra te  with the naked eye. A burner w ith a single-layer Fecralloy flame support 

pad at a firing ra te  of 300 for a sto ichiom etric m ixture can be seen in Figure 2.9. A 

double-layer arrangem ent a t a firing ra te  of 270 for a fuel lean m ix tu re  (<F =  0.9) is 

depicted in Figure 2.10. Finally, a fuel rich (<& =  l . l )  situation is shown in Figure 2 .11 

for a lower firing rate of 170 ^ y .  using only one Fecralloy layer.
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Figure 2.7. Schem atic of a diffuser-based burner inlet plenum. Note th a t  the  length 
of the  diffusers for a  single, 2 x 2  and 3 x 3  arrangem ents follows a 1.00 : 0.50 : 0.33 
ratio.
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Figure 2.8. Rear view o f th e  diffuser-based housing for th e  p ro to type burner. N ote 
the four-way (sym m etric) inlet manifold and th e  flame a rres to r a t th e  inlet.
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Figure 2.9. Single-layer Fecralloy NIT200S p ro to type burner; $  =  0.9, firing ra te  of 
300

TJX
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Figure 2.10. Double-layer Fecralloy NIT200S prototype burner; $  =  1.0, firing rate 
of 270 m *
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F igure 2.11. Single-layer Fecralloy NIT200S prototype burner; $  =  1.1, firing ra te  of 
170
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2.3. Experim ental A rrangem ent

A diagram  of th e  experim ental arrangem ent needed to  fire the  burner is shown in 

Figure 2.12. T h e  system  consisted of a custom  built arrangem ent of valves, orifice- 

plate based flowmeters and pressure gauges to  regulate and  m easure gas and air supply 

flows in th e  ranges of in terest. T he  fuel source was a “grade 1.3” m ethane tank (93% 

C R j nom inal). A m ixing cham ber consisted of a  3 m  tu b e  length (6.35 m m  nominal 

d iam eter), and a  flame arresto r was placed im m ediately  before th e  heater to prevent 

flash-back.

The orifice p la tes were carefully calibrated against a  positive-displacem ent flowme­

ter. The gas or a ir volume th a t flows during a  given period of tim e was measured for 

each orifice a t choke-flow conditions.

Two porous m aterials were in itia lly  selected to  be used as flame support: Nextel 

non-woven (3M C orporation3) and  Fecralloy (A cotech C orporation4). The relevant 

properties are listed  in Table 2.1. Nextel and  Fecralloy com positions are shown in 

Table 2.2 and  Table 2.3, respectively. Nextel fibers have been used in prototype 

diffusion-type ca ta ly tic  burners a t the University of M innesota (G oralski, 1998), but 

not for prem ixed firing conditions until very recently  (R edenius, 1999); Fecralloy fibers 

are used for com m ercial fully-prem ixed gas burners by Acotech Corporation. The 

m etal fiber burner m ats are produced by Acotech in accordance with th e  requirem ents 

of the European Q uality  S tandard  EN 29001. Fecralloy is an alloy registered by the 

UK Atom ic Energy A uthority. This refractory steel was selected for its outstanding 

oxidation resistance a t tem peratu res above 1000°C. O f special im portance in the alloy 

com position is th e  y ttr iu m  elem ent which anchors th e  pro tective surface alum ina layer 

to  the base m etal in a  very firm, tenacious way.

Since th e  m axim um  pad thickness for the m ateria ls is sm all, about 9 and 2  m m , 

respectively, and  larger thicknesses are not available a t th is m om ent, some burner

33M Ceramic Fiber Products, 3M Center, Building 207-1S-02, St. Paul, MN 55144.
4A Shell and Bekaert joint venture: Acotech, 1395 S. Marietta Parkway, Building 500 Suite 100, 
Marietta, GA 30067.
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Figure 2.12. Schem atic of the  experim ental arrangem ent for bu rner operation.
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configurations consisting of one or m ore layers were studied to  d e term ine  the  merit 

of using thicker flame su p p o rt pads.

Table 2.1. Fibrous m ateria ls  properties according to  the m anufacturers (3M Corpo­
ration and Acotech, respectively, except for Cp, which was independently  measured: 
see Appendix C.)

P roperty

Ne.

312

<tel

440

Fecr

NIT100S

alloy

NIT200S

P H 1 2 0 136 540 600

°P kg K 881 

(333A')

432 

(333 A )

422 

(333 A')

k  \m f\ 0.17 

(300A')

0.18 

(300A')

0.13 0.13

d (im 7.5 to  13.5 7.9 to  13.8 35 35

£ — 0 .8 S 0.87 0.65 0.65

4> — 0.96 0.91 0.91

2.4. D escription o f Global M easurements

Ideally, local m easurem ents of tem p era tu re  and  species concentrations would be 

highly desirable to  com pare w ith the num erical results. M ital (1996) has m ade de­

tailed  determ ination of th e  tem p era tu re  and species concentrations inside reticulated 

ceram ic pads. However, due  to  the  n a tu re  of the  materials used for th e  flame support 

layer in this work, which are  quite th in  and flexible and of sm all in ter-fiber spacing, 

it was im practical to  do so w ithout d isrup ting  th e  flame s tru c tu re . T he physical 

lim itations caused by th e  solid m atrix  for both  optical and m echanical probes are
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Table 2.2. N extel fiber com position (wt. %).

N extel 312 N extel 440

A1203 62% 70%

SiC>2 24% 28%

B2 O3 14% 2 %

significant (Howell e t al., 1996). In view of th is, global m easurem ents, i.e., a t  th e  exit 

of th e  burner, were used to  com pare to  th e  num erical predictions.

2.4.1. R ad ian t Flux

T he rad ian t flux was m easured using a  150° view angle rad iom eter w ith a  sap­

phire window (M edtherm 5 Series 64, M odel 64P-1-22). This heat flux tran sd u ce r was 

selected for the  direct m easurem ent of heat transfer rates because of its  linear out­

pu t (which is d irectly  proportional to  th e  heat transfer rate), accuracy, ruggedness, 

reliability  and convenient m ounting.

T he sensor was a G ardon-type6  gauge, 25.4 m m  in diam eter. G ardon  gauges 

absorb heat in a th in  m etallic c ircu lar foil and transfer the heat rad ia lly  (parallel 

to  th e  absorbing surface) to  an in tegral heat sink attached  a t th e  periphery  of the 

foil, and they  are widely used for rad ia tion  m easurem ents (Prasad et a l., 1991; Raw- 

son, 1993). T he difference in te m p era tu re  between two points along th e  heat flow 

path  is proportional to the  heat being transferred  and, therefore, to  th e  heat being 

absorbed; in th is case, th a t difference is taken between the center and  th e  edge of 

the  foil. M edtherm  transducers have therm ocouple junctions th a t form  a  differential

5 Vledtherm Corporation, P.O. Box 412-TR, Huntsville, AL 35804
6This sensor design takes its name from a one-dimensional radiation-conduction model originally 
developed by Gardon (1956).
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T able 2.3. Fecralloy fiber com position  (w t. %).

NIT100S, NIT200S

Cr 20.00%

Al 5.00%

Y <0.10%

Si 0.30%

Mn 0.08%

Cu 0.03%

C 0.03%

Fe balance

therm oelectric c ircu it providing a self-generating po ten tia l between the  two leads; no 

reference junc tion  is needed. The rad iom eter specifications are provided in Table 2.4.

A sapphire window attachm ent was added to  e lim in a te  convective heat transfer. 

The window reduced  th e  sensitivity of th e  basic tran sd u ce r to  a nominal fraction of 

the original, in th is  case to 79%, thus ex tend ing  th e  bare sensor rage from Ll.4 

(1 to  14.4 ^jjr. T he window tran sm itted  S5% (nom inal) of the spectrum  in the 

wavelength range from  0.15 to 5.0 \im .

The rad iom eter was connected to a universal h ea t flux m eter (M edtherm  H-201) 

th a t amplifies th e  signal. The H-201 is recom m ended for steady-state or slowly- 

varying m easurem ents. T he specifications are shown in Table 2.5.

A schem atic d iag ram  of the heater and rad iom eter orientation is shown in F ig­

ure 2.13. T he h e a te r  was mounted vertically for th is  rad ian t flux m easurem ent and  

the heat flux inc iden t on m ultiple points was m easured  by changing the position of the  

detector, which was m ounted on vertical and horizontal positioners. The flux m eter 

gain was usually se t to  250, and the  o u tp u t was processed by an A /D  converter and  

stored in a  personal com puter (IBM com patib le. 486 processor). It was im p o rtan t
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T able 2.4. R adiom eter specifications.

Range 11.4 m̂£

O u tp u t signal (full range) (10.0 ±  1.5) m V

M axim um  opera ting  tem peratu re 4781< (400° F)

R epea tab ility ±0.5%

A ccuracy ±3%

O verrange capability 500%

M axim um  non-linearity ±2%  of full range

Sensor absorp tance 92% (0.5 to  15.0 f tm)

Response tim e <  0.3 s

N om inal im pedance < i o  n

to  keep the rad iom eter a t  a  sufficient d istance from the b u rner face to  minim ize the  

convective heat transfer. T h e  distance between the heater surface and the  radiom eter 

was usually abou t 1 m .

Since the dim ensions o f the  radiom eter window were sm all, th e  rad ian t flux m ea­

surem ent domain for th is  configuration could be considered as a  rectangular box 

aligned with the  heater. Taking advantage of this geom etry, th e  en tire  plane was di­

vided into four quad ran ts  and four different view factors were com puted . According 

to  Modest (1993), th e  view factor from a differential p lanar elem ent, d l ,  to a  finite 

parallel rectangle of dim ensions a x b. separated by a d istance c, when the  norm al to 

th e  element passes th rough  a  corner of a rectangle, can be com puted  as:

1 /  X  Z  Z  X  \
t d \ - 2  =  —  . 7 =  a rc tan  , -I— 7~ - a rc tan  ■. , (2.1)

2 t t  V > / l  +  x 2 v/1 +  X 2 VTTz* \ZTTz*J
where X  =  a /c  and  Z  =  6 /c . Note th a t when the detecto r was centered w ith respect 

to  the  burner area, th e  view factors to  the  four quadrants becam e identical.
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Table 2.5. Heat flux m eter specifications.

Range D eterm ined by linear sensor

O u tp u t signal (full range) 2.0 V

M axim um  operating  tem perature 323/\ (50°C)

W arm up tim e 5 min

A ccuracy ±0.5%  of full range

Input im pedance >  ioo iV/n

M ulti-point m easurem ents were obtained by m oving the  detector to  different posi­

tions and ob ta in ing  the  rad ian t flux '. Typically 9 to  13 positions were used: de tec to r 

aligned w ith th e  cen ter of th e  burner, the four corners, the midpoint of th e  four edges, 

and the  center of th e  four quadran ts. M axim um  d e tec to r signal strength  corresponded 

to the  s itua tion  when th e  sapphire window was aligned with the center of th e  burner 

(since the  view factor becom es maxim um ).

One of th e  m ost im portan t measures of th e  therm al perform ance of the  bu rn ­

ers/hea ters is th e  rad ia tion  efficiency, //ra(f, which is defined as the ratio  of the em itted  

radiation in the  forward direction to the chem ical energy input or firing rate , FR:

rad iant flux
Vrad =  ------ ^ ------  • (2.2)

2.4.2. Com bined Radiation and  Convection 

C alorim etric m easurem ents can be used to  determ ine  the com bined (i.e., con­

vection plus rad ia tion ) flux. T he heater was m ounted  horizontally, facing upw ard, 

parallel to  a  0.61 m  d iam ete r water-cooled calo rim eter, which was placed directly  

above the heater (F igure  2.14). T he aforem entioned calorim eter was coated black so

' A significant difference in the radiant flux measurement for different positions of the detector can 
be indicative o f surface non-uniformities.
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Figure 2.13. Schem atic of the  h ea ter and rad iom eter orientation.

th a t th e  surface absorp tiv ity  becam e large (about 0.96). W ater was then circulated 

through the calorim eter, and th e  b u rn e r/h e a te r  transferred  energy by convection and 

rad ia tion  to the w ater through th e  calo rim eter plate. C ondensation of w ater from the 

exhaust stream  on the  calo rim eter surface was avoided by installing an im m ersion 

heater in the input w ater line and  keeping the calorim eter p la te  a t a tem pera tu re  

above the  dew point (about 3 18 /v ). T he  distance between th e  calorim eter p la te  and 

th e  heater surface was m ain tained  a t 0.025 m, which was close enough to  minimize 

room  air en trainm ent, and large enough to  allow for the  rem otion of the  com bustion 

products.

2.4.3. B urner Surface Spectral In tensity  

T he spectral intensity  m easurem ent technique is shown schem atically  in Fig­

ure 2.15. The heater was m ounted  vertically, facing the  spectrom eter. T he setup 

includes a  changeable detector since different devices were needed for each wave­

length range: PbS detecto r (for w avelengths from 1.08 to 3.00 f im),  a  PbSe detec-
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Figure 2.14. Schem atic of the heater and calorim eter orien tation .
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to r (from 3.36 to  5.12 p m )  and  a  therm opile detector (from 5.28 to  10.40 pm).  A 

m onochrom ator (O riel8 M odel 77250) with three m onochrom ator gratings (one for 

each wavelength of in te re s t) , th ree  o rder sorting filters, a  six-blade ro ta ting  optical 

chopper and a  shielded collection probe (a 5m m  inner d iam eter tu b e  inserted through 

black cardboard) com pleted  th e  detection  system. T he chopper was necessary because 

the  PbSe detecto r responds only to  m odulated signals. T he o rder sorting  filters were 

used to elim inate m onochrom ator order artifacts from th e  d a ta . All th e  optics were 

mounted on a precision op tical slide to  facilitate alignm ent.

The system  was aligned  using a  He-Ne (632 nm )  laser and  th en  calib rated  using a 

blackbody at 1200/v. For PbS and  PbSe detectors, th e  signal was chopped a t 250 Hz 

and sent into th e  filter se t a t  125 Hz.  T he output of the  filter was fed into a lock-in 

amplifier. The o u tp u t from  th e  am plifier passed through a  low -band pass filter set at 

100 Hz, before being fed in to  a  d a ta  acquisition program  and sim ultaneously  being 

observed on an oscilloscope.

For the  therm opile d e tec to r, no chopper or lock-in am plifier was used. The cal­

ibration constant was o b ta in ed  by dividing the o u tp u t voltage w ith  th e  blackbody 

intensity a t th a t p a rticu la r wavelength a t 1200A'.

The spectral rad ia tion  in tensity  m easurem ents were m ade by replacing the black­

body with the heater. T h e  heater was operated a t the  different desired conditions. 

T he voltage signal from  th e  heater was collected in the  w avelength range of 1.08 to 

10.40 pm.  Using the  ca lib ra tion  constant, the voltage was converted into radiation 

intensity.

2.4.4. E xh au st Gas T em perature and Spectral In tensity  

The m easurem ent o f th e  exhaust gas tem perature in th e  neighborhood of the 

strong therm al rad ia tion  field em itted  by the burner surface is usually a difficult 

problem from th e  experim en ta l point of view. It is not possible to  use a  simple

8Oriel Instruments, 250 Long Beach Blvd., P.O. Box 872 - Dept. TR, Stratford, CT 06497.
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Figure 2.15. Schem atic of the spectra l in tensity  m easurem ent apparatus.
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therm ocouple because a radiation correction becom es significant (H olm an. 1971) and 

prone to  uncertain ty . More sophisticated  m ethods are necessary.

M ital (1996) used three therm ocouples o f different bead sizes to  m easure the 

exhaust gas tem perature, and  then  ex trap o la ted  th e  d a ta  to uzero bead d iam ete r” to  

elim inate  th e  effects of radiation and hea t conduction. However, uncertain ties in the 

bead d iam eter, need for three m easurem ents and  the  fact that the  tem p era tu re  has 

to  be ex trap o la ted  (as opposed to  in terpo la ted ) can be sources of errors.

T h in  filam ent pyrometry, originally in troduced  by Vilimpoc and Goss (1988), 

has th e  po ten tia l to  provide b e tte r  th an  5 to  10/v precision and possibly accuracy 

for flam e tem pera tu re  m easurem ents (P itts ,  1996). T he technique is based on the  

blackbody em ission of a sm all ceram ic filam ent (abou t 15 pm  in d iam eter) which is 

in troduced  into the  flow field under s tu d y  (Goss e t al., 198S). Because the  em ission 

along th e  en tire  length of the  filam ent is recorded, th e  complete spatial tem p era tu re  

d is tribu tion  (or average) is m easured. As a possible drawback, P itts  e t al. (1998) 

reported  perform ance degradation due to  the  effects of soot deposition on th e  filam ent 

for diffusion flames.

A th ird  m ethod  consists in using a  “fast infrared array  spectrom eter” (FIA S) to 

sim ultaneously  m easure spectral rad ia tion  intensities over the 1.8 to  4.9 p m  wave­

length range. This range covers two im p o rtan t bands of C 0 2 and one im portan t 

band of H20  radiation. R adiation from the  flame (the  detector is placed in such 

a  way th a t its view line is parallel to  th e  burner surface, to avoid the  d irec t rad ia­

tion from  the  solid m atrix) is d irected  and  dispersed over a staggered 160-element 

linear a rray  PbSe detector. A tun ing  fork chopper a t a fixed frequency of 390 Hz 

is used; during  each chopper cycle, ten  scans are in itia ted  over th e  160-pixel linear 

array  PbSe detecto r. Extensive details abo u t th e  instrum entation descrip tion, speci­

fications and  calibration procedure were reported  by J i e t al. (2000a). O nce the  gas 

em ission spec trum  is available, species concentrations were assumed to  be those of 

com plete com bustion, and a  narrow band analyses in RADCAL (G rosshandler, 1993) 

was used to  back-calculate the  gas te m p era tu re  through an inverse ite ra tiv e  proce­
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dure. A more recent m odel (Soufiani and Taine. 1997) does not improve the results 

(J i e t al., 2000b). Recently, they com pared several ad iabatic  turbulent lean prem ixed 

flame tem peratures m easured  w ith th in  filam ent therm om etry  to  the RADCAL re­

su lts, and excellent agreem ent was obtained between the  tw o methods and also with 

th e  adiabatic flame tem p era tu re .

Based on the  success of the  last technique reported by Ji et al. (2 0 0 0 b), the 

tem peratu re  of the  exhaust gases for the  present study was measured following th a t 

sam e procedure. T he h ea ter was m ounted in a horizontal position (facing upwards) 

to  allow the hot gases p lum e to raise vertically. The d e tec to r was oriented in a  way 

th a t only the em ission from th e  gases (and not from th e  solid surface) was within 

th e  view angle, a t  a d is tance of approxim ately  2.5 cm  from the burner to  minimize 

th e  en trainm ent of (cold) room air. Emission spectra were acquired for several firing 

rates and equivalence ratios. Figure 2.16 illustrates the experim ental arrangem ent.

2.4.5. Po llu tan t Emissions

T he heater was m ounted  horizontally, facing upward. T h e  emissions of CO, NO, 

N O x and unburned hydrocarbons (CH 4 equivalent) from th e  heater were m easured for 

various operating conditions by sam pling the  gases either in a  collection hood placed 

above the burner or by d irect sam pling very near the surface (at about 1.5 cm).  T he 

sam ples were collected afte r the steady s ta te  was reached.

A schem atic d iagram  of the experim ental setup is shown in Figure 2.17. T he 

sam ple was draw n from the  exhaust and passed through a  chiller to remove w ater 

vapor before d irecting it to a  gas-filter-correlation based C O  emission analyzer.

A flam e-ionization-detector based hydrocarbon analyzer (w ith a tem perature- 

controlled heated zone to  elim inate condensation) was used. A sample conditioner 

was used for the  chem ilum inescence based NOx analyzer. T he  CO analyzer (M odel
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48), HC analyzer (M odel 51), N O x analyzer (Model 42) and  th e  sam ple conditioner 

(M odel 800) were all from T herm o-E nv ironm ental Instrum ents9.

T he  recom mended flow ra te  range  for th e  CO analyzer was 8.3 to  16.6 The 

flow ra te  in the N O /N O x analyzer was m aintained such th a t th e  steel ball of a ro­

ta m e te r  in the  oven unit of th e  an a ly zer was always in buoyant m otion. In th e  hy­

drocarbon analyzer, air and  hydrogen were provided a t pressures of 207 k P a  (30 psi) 

and  414 kP a  (60 psi),  respectively. T h e  zero and span readings of all th e  analyzers 

in th e  appropriate ranges w ere ca lib ra ted  before each test.

2.4.6. B urner Tem perature

T he  burner surface te m p e ra tu re  can be measured relatively  easily utilizing dif­

ferent m ethods. One of th em  consisted  of using an radiation th e rm o m eter (Ircon 10 

U ltim ax UX-81, in th e  range 40-400°C ; R ay tek 11 Raynger STS, in th e  range 0 - 

540°C; Ircon U ltim ax UX-81, in th e  range 500-2800°C). T he rad ia tion  therm om eters 

were calibrated against a b lackbody  (Infrared  Systems D evelopm ent, m odel 563/201, 

w ith a  tem peratu re controller m odel 1 1 2 / 2 0 1 ), and the correspondence between the 

therm om eter readings and th e  b lackbody  tem perature is shown in F igure D .l of 

A ppendix D. A nother technique is based on finding the te m p era tu re  a t which the 

P lanck’s blackbody d is tribu tion  function  closely matches th e  m easured spectra l in­

tensity  described in Section 2.4.3.

It is necessary to  m ention  here th a t  w hat it is referred in th e  tex t as “burner 

tem pera tu re” or “surface te m p e ra tu re ” is in fact an “apparen t surface tem p era tu re” 

and  not the actual th e rm o d y n am ic  tem p era tu re  of the ideal surface of the  flame 

suppo rt pad. T he concept of su rface  cannot be easily applied to  a  porous m aterial; 

additional com plications arise from  th e  fact th a t radiation is e m itte d  from w ithin the 

volum e of the sem itransparen t m a te ria l.

9Thermo Environmental Instruments, Inc., 8 West Forge Pkwy., Franklin, MA 02038.
10Ircon, Inc., 7300 N. Natchez Ave., Niles, IL 60714.
n Raytek Corporation, 1201 Shaffer Rd., P.O. Box 1820, Santa Cruz, CA 95061.
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Figure 2.17. Schem atic of th e  po llu tan t emission analysis appara tus.
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2.5. Experim ental D ata

2.5.1. Partially-P rem ixed  Commercial C ata ly tic  B urner 

T he experim ental determ ination  of the influence of partially-prem ixing  the fuel 

on a  com m ercial, diffusion-type cata ly tic  burner was perform ed. T he burner was 

originally designed to  operate  below 25 beyond th a t, m ethane  slippage became 

significant and  the  rad ia tion  efficiency (defined in Equation 2.2) dropped significantly 

(F igure 2.18). The figure shows th a t the  efficiency was im proved noticeably by adding 

air to  the fuel stream , which effectively broadened th e  range in which this type of 

b u rn e r/h e a te r could be operated .

2.5.2. P ro to type Fiber Burners 

In order to  ob ta in  experim ental d a ta  to  validate the  num erical model presented 

in C hap ter 3, a test m atrix  was prepared for the testing  of a  Fecralloy burner. Seven 

firing rates covering th e  range from 170 to  340 ^ r 12, three in let equivalence ratios 

from about 1 0 % excess air for a  fuel lean flame up to  1 0 % defect a ir for a fuel rich 

flame ($  =  0.9, 1.0, 1.1), and two flame support pad thicknesses (2 m m  for a single 

layer, 4 m m  for a double layer) were used.

2.5.2.1. R adiation Efficiency for the  Prototype Burners

F igure 2.19 depicts the m easured variation of the m ulti-poin t radiation efficiency 

as a  function of the firing rate . T he difference in rad iation  efficiency for different 

positions of the rad ian t flux detecto r was less than  0.5%, ind icating  the reaction 

uniform ity across the  surface.

12Radiant burners used in industrial Furnaces usually operate at a nominal firing rate of 100 
( «  315^pr). The selected range allowed for the test matrix to include typical industrial conditions 
from 50% to 100% of that nominal power.
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Commercial catalytic burner
Effects of partial premixing to increase operational range

£  15

□— □  diffusion mode (only methane injected)
• — •  10% stochiometric air injected with fuel stream 
<3— < 2 0 %  stochiometric air injected with fuel stream

20 4030 50 60 8070
Firing rate [ kW/m2 ]

Figure 2.18. Effect of partia lly  prem ixing fuel and air on a  diffusion-type cataly tic  
burner: dependence on th e  firing rate . N ote th a t there is a  significant increase in the 
rad ia tion  efficiency even when a  sm all fraction of the stoichiom etric a ir  is injected 
w ith the fuel stream . T he erro r bars represent th e  best estim ate of the  experim ental 
uncertainty: ±2%  in the rad ia tion  efficiency and ± 3  in the  firing ra te .
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T he experim ental uncertain ty , ob ta ined  by e rro r propagation (A ppendix  A) of an 

estim ated  m axim um  10% erro r in the  fuel flow rate  setting and a  3% error in the  

rad iom eter readings, was less than  2 % for all conditions.

A t the lower range, u p  to  225 th e re  was an increase in th e  efficiency for

all inlet m ixture and configuration com binations, indicating th a t heat losses from 

th e  burner housing to  the  surroundings were significant. A dditionally, effects of more 

incom plete chem istry a t th e  lower tem pera tu res  can be present (m ore d e ta ils  are given 

in Section 4.3.3). At higher firing rates, th e  radiation efficiency was approxim ately  

constan t in the  range 18-26%.

It was observed th a t th e  burners w ith  th e  thicker flame support pad (double 

Fecralloy layer) had a higher radiation efficiency than  the th inner coun te rp arts , a t the 

sam e operating conditions. This perform ance increase was probably a  com bination 

of two factors: a  longer gas m ixture residence tim e in the high te m p era tu re  region 

resu lted  in a  m ore com plete  com bustion (see Section 2.5.2.5, where th e  unburned 

hydrocarbon em issions are  com pared); additionally , an effective increase in th e  pad 

volum e allowed for a  larger fraction of the rm al radiation emission, since rad iation  is 

em itted  not only from the  surface but also from within the sem itransparen t m aterial. 

R adiation efficiency for th e  double-layer bu rner was about 2 % to 3% higher than  

when using the single-layer pad.

Finally, for both  single- and  double-layer pads, the radiation efficiency increased 

when increasing the  equivalence ratio  (in  th e  studied range $  =  0.9 to  1 . 1 , i.e., 

near stoichiom etric cond itions13). The sam e tren d  was noted for all firing rates. 

T his observation agrees w ith  the  fact th a t th e  m axim um  adiabatic flame tem p era tu re  

occurs not a t sto ichiom etric , but ra th e r a t a  slightly rich equivalence ratio , as a 

consequence of both the  h ea t of com bustion and the heat capacity  of th e  products

13Only fuel mixtures similar to those used in industry were studied here; richer flames (<fe >  1.1) 
were not considered. By avoiding the burning o f  mixtures with higher fuel content, the deposit 
of soot particles in the porous m atrix was minimized, keeping the prototype burner clean and the 
experiments highly reproducible. Equivalence ratios in excess of l . l  are investigated numerically in 
Section 5.3.
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declining beyond $  =  1.0. For equivalence ratios betw een $  =  i.O and $ ( T m„r ), the  

heat capacity decreases m ore rapidly than the  heat o f com bustion (Turns, 1996).

The results com pared  reasonably well to those ob ta ined  w ith com m ercial metal- 

fiber burners. Singh (1999) perform ed extensive m easurem ents using industrial burn­

ers, and obta ined  sim ilar rad ia tion  efficiency results for sto ichiom etric and 1 0 % excess 

air inlet m ix tu res, a t firing rates beyond 250 He observed increased radiation 

efficiencies a t lower firing ra te  conditions (> 30%). which were probably due to a com­

bination of two factors: com m ercial gas heaters are  m ore com pact than  the  prototype 

used for the  present study; therefore, they have lower heat losses to the  surroundings 

(which are significant a t low firing rates); and errors in his m easurem ent of the n a t­

ural gas flow ra te , since his experim ental appara tus was m ore su itab le for large flow 

rates (Gore, 1999).

2.5.2.2. Com bined Efficiency for the Prototype B urners

Figure 2.20 shows the  m easured variation of th e  com bined (or to tal) efficiency as 

a function of th e  firing rate . T he to ta l efficiency is defined as the  ratio  of the total 

energy transferred  to  the  load (i.e., radiation and convection) to  the  chemical energy 

input or firing ra te :

rad iant flux +  convective flux 
I t o t  =  •  (2.3)

The experim en tal uncertain ty , obtained by error propagation of an estim ated  m ax­

imum 10% erro r in th e  fuel flow ra te  setting, a 5% error in the  w ater flow ra te  through 

the calorim eter, an d  a  l / \  uncertain ty  in the tem p era tu re  difference between the inlet 

and the ou tle t, was less th an  5% for all conditions.

It is im p o rtan t to  point ou t here th a t the m agnitude of the  m easured combined 

efficiency is som ew hat dependent on the calorim eter size and  design. Large, black 

calorim eters (as th e  one utilized here, see Section 2.4.2) are  m ore effective in absorbing
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Radiation efficiency measurements
Prototype single- and double-layer Fecralloy burner
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Figure 2.19. R ad ia tion  efficiency for the Fecralloy burner: dependence on th e  firing 
rate. Experim ental uncerta in ty  was ±2%.
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the  energy em itted  by th e  bu rner (by both  convection and rad ia tion ) th an  sm aller 

an d /o r  non-black calorim eters. Therefore, the data obtained  in th is case should 

be very close to  the  ac tu a l to ta l efficiency. In spite of the  possible differences, the 

experim ental trends are  correctly  cap tured .

At the lower firing range, up to  225 ^ 5-, there was an increase in the  efficiency 

for all inlet m ixture and  configuration combinations. T he trend  is sim ilar to  the  one 

observed for the  rad ia tion  efficiency. This is another indication th a t  the heat losses 

from the burner housing to  th e  surroundings were significant a t th e  low firing rates. 

At higher firing rates, th e  com bined efficiency was approxim ately co n stan t, about 75- 

87%, i.e., about the sam e fraction of the  input energy was transferred  to  th e  “load” 

(the  black calorim eter described  in Section 2.4.2) by any of these  two com peting 

modes. An increase in rad ia tion  flux resulted in a decrease in th e  convective flux, 

and conversely. N ote th a t  even though th e  burner face and th e  calo rim eter were 

placed very close to  each o ther, still the re  was cold am bient air en tra in ed  th a t caused 

convective losses. T he m agn itude  of th e  to ta l efficiency for the p ro to ty p e  burner was 

com parable to  th a t of com m ercial woven m etal fiber units, between 75 and 80%, as 

reported by Leonardi e t al. (1998).

No definite trend  was observed when changing the burner pad  thickness, bu t a 

tendency to higher to ta l efficiency for slightly fuel rich m ixture (<I> =  1 . 1 ) was evident.

2.5.2.3. Surface T em pera tu re  for the  P ro to type Burners

T he experim ental resu lts showing th e  variation of the burner surface tem p era tu re  

(m easured as described in Section 2.4.6) as a function of the  firing ra te  are reported  

in Figure 2.21. T he b u rn er tem p era tu re  increased with the firing ra te  for all inlet 

m ix ture and configuration com binations, as expected, since m ore hea t was released 

when more fuel was available.
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Figure 2.20. C om bined efficiency for the  Fecralloy burner: dependence on the  firing 
rate. E xperim ental uncertain ty  was ±5% .
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Experim ental uncertain ty  was es tim a ted  by erro r propagation of th e  assum ed m ax­

im um  1 0 % error in th e  fuel flow ra te  se ttin g  and  the  radiation therm om eter reading 

error. Since this reading was less th a n  the  30K  surface tem peratu re  variation across 

th e  burner surface (due to  inhom ogeneity  of the burner m aterial), th e  m agnitude of 

th e  error bars was considered to  be 30A .

The burners w ith th e  double-layer flame support pad had a  higher surface tem per­

a tu re  than the  equivalent single-layer burner a t the  same operating  conditions. This 

increase was consistent to  the trends in rad ia tion  efficiency, and it can be a ttr ib u ted  to 

th e  same factors (m ore com plete com bustion and greater radiation em itting  volum e), 

as described in Section 2.5.2.1 .

For both  single- and double-layer pads, th e  pad tem peratu re increased whit the 

increasing equivalence ratio  (from =  0.9 to  1.1). for all firing rates. Again, th is is 

analogous to  the  radiation efficiency dependence, due the m axim um  ad iabatic  flame 

tem peratu re  occurring not a t sto ich iom etric , bu t ra ther at a slightly rich equivalence 

ratio  (Turns, 1996).

2.5.2.4. T em perature of the  E xhaust Gases

The tem pera tu re  of the exhaust gases was m easured according to  th e  procedure 

described in Section 2.4.4, using a  “fast infrared array  spectrom eter” (FIA S) with the 

detector at a distance of approx im ately  2.5 cm  from the burner surface. A typical 

spectrum  is shown in Figure 2.22, w here the d istinctive peaks of CO 2 and H2 O can 

be easily identified. T here is a  sm all difference in the  height and w idth  of the peaks 

for the m easured conditions, which result in a  sm all tem peratu re difference am ong 

th e  different conditions, since the  sensitiv ity  of th e  tem peratu re near th e  m axim um  

(occurring a t slightly rich conditions, $  «  1.05) is low.

Figure 2.23 shows th a t th e  ex it gas tem p era tu re  increased with th e  firing rate . 

T he  double-layer burners and th e  richer fuel m ixtures both resulted in higher gas
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Surface temperature measurements
Prototype single- and double-layer Fecralloy burner
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Figure 2.21. Surface te m p e ra tu re  for the Fecralloy burner: dependence on the firing 
rate . Experim ental u n ce rta in ty  was ± 3 0 / \ .
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tem peratures, coinciding w ith the  observed surface te m p era tu re  (Section 2.5.2.3). 

Note th a t the gas te m p era tu re  appeared to  be less sensitive to  th e  firing ra te  change 

(i.e., the  curves were less steep) th an  the solid surface tem p era tu re , possibly indicating 

th a t chemical reactions were s till occurring after th e  com bustion products left th e  

burner.

T he uncertainty in th e  gas tem peratu re  m easurem ents was difficult to  estim ate , 

since the FIAS experim en tal technique and subsequent RADCAL inverse-problem 

solution was quite involved. However, upon exam ining the  success reported by Ji e t 

al. (2000b), who com pared  th e  measured flame tem p era tu res  a t adiabatic conditions 

to  the  corresponding theore tica l adiabatic tem pera tu res, it was concluded th a t th e  

largest source of u ncerta in ty  in th e  present study  was th e  fuel flow rate m easurem ent. 

A ± 3 0 /v error (sam e as calcu la ted  in Section 2.5.2.3) was considered to be the  best 

estim ate  in this case.

2.5.2.5. Pollutant Em issions

T he variation of the  CO , NO and unburned hydrocarbons emissions with th e  firing 

ra te  are shown in Figures 2.24 to  2.26, respectively. All reported  concentrations are 

corrected to a 3% O 2 level in th e  product stream  and expressed on a dry basis. The 

purpose of correcting to  a  specific O 2 level is to  remove th e  effects of various degrees of 

dilu tion so tha t tru e  com parison of emission levels can be m ade, while still retain ing 

a fam iliar m ole-fraction-like variable (Turns, 1996).

T he CO emissions increased almost linearly with th e  firing rate , from abou t 100— 

220 P P M 14 a t 170 ^  to  400-700 PPM  a t 340 ^ r .  T his increase is a ttr ib u ted  tom* m£

th e  increased fuel slippage. N ote tha t the  radiation efficiency did not increase with 

th e  firing rate (except a t  th e  lower range, as explained in Section 2.5.2.1), bu t it was 

ra th e r constant; therefore, m ore CO was present a t th e  burner exit for the  larger

l4The given range covers the different equivalence ratio and pad thickness conditions.
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Burner exhaust gases radiation spectra
FR=150 kW/m

W

£je

inc
©

Co

73
(0
CC

10

*  fuel lean (0=0.9)
*  stoichiometric
■° fuel rich (0=1.1)8

6

4

2

0
2.0 2.5 3.0 3.5 4.0 4.5 5.0

Wavelength [ jam ]

Figure 2.22. Typical em ission spectrum  for the bu rner exhaust gases for th ree  different 
equivalence ratios. N ote th a t there  is a  sm all difference in the height and  w idth of 
th e  peaks for the  m easured  conditions, which result in a  small tem p era tu re  difference 
am ong them .
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Exit gas temperature measurements
Prototype single- and double-layer Fecralloy burner
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Figure 2.23. Exhaust gases tem p era tu re  for the Fecralloy burner: dependence on 
the firing rate. E xperim ental uncertain ty  of this m easurem ents based on the spectral 
in tensity  was estim ated  a t  ± 3 0 A'.
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firing rates. L ittle or no difference w ith the  equivalence ratio was observed when a 

single Fecralloy pad was used. W hen a  double pad was employed, C O  em issions were 

higher for th e  richer m ixtures.

T h e  NO emissions15 also increased alm ost linearly with the  firing ra te , from 5- 

40 P P M  a t 170 to  30-140 PP M  a t 340 £[jr. This increase followed the sam e 

tren d  as th e  tem perature of th e  porous pad, as expected, since NO is produced in 

th e  high tem peratu re  region. R elatively sm all differences in the NO em issions were 

m easured for the different inlet equivalence ratios for the single-layer burner, but 

these differences increased a t higher firing rates. On the other hand, th e  double-layer 

bu rner showed strong dependence on th e  in let m ixture com positions, and  resulted in 

higher em issions with increasing equivalence ratio.

15Since all NOx was in the form of NO, NOx results were identical to those for NO.
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CO emission measurements
Prototype single- and double-layer Fecralloy burner
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Figure 2.24. C arbon m onoxide em issions for the Fecralloy burner: dependence on the  
firing rate. E xperim ental uncerta in ty  was estim ated to  be 10%.
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NO emission measurements
Prototype single- and double-layer Fecralloy burner
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Figure 2.25. N itrous oxide emissions for the  Fecralloy burner: dependence on the 
firing rate. Experim ental uncerta in ty  was estim ated  to  be 10%.
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Unburned hydrocarbon emission measurements
Prototype single- and double-layer Fecralloy burner)
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Figure *2.26. U nburned hydrocarbon  emissions for the  Fecralloy burner: depende 
on the  firing rate . E xperim en tal uncertain ty  was estim ated  to  be 10%.
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3. M ATHEM A TICAL MODELING O F A PO R O U S RA D IA N T BURNER

3 .L. In troduction

A direct-firecl porous rad ian t burner consists of a pervious solid m atrix  through which 

a  gaseous fuel s tream  can flow while undergoing an exotherm ic chem ical reaction. T he  

solid can be e ither a  re ticu la ted  ceramic, sintered m etal or fibrous medium, and th e  

s tab le  flame can be subm erged inside of the  porous m atrix  or a t th e  surface.

Gas burners m ade of reticulated ceram ics have been studied in the  past (M ital, 

1996; Rum m inger, 1996; Fu, 1997). W hen th e  flame is subm erged within the porous 

solid, convection from  th e  gas to  the solid is increased and  energy losses due to  hot 

com bustion gas exhaust are reduced, creating the  conditions for high radiant energy 

em ission. A large surface area per unit volume is desired to  enhance the convective 

heat transfer between th e  gas and solid phases.

T he highest rad ia tion  efficiency is a tta in ed  when the flame is stabilized a t an 

op tim um  distance from th e  burner surface. This d istance is a function of m any 

system  param eters, and  a  therm al model is required to  calculate the  most favorable 

opera ting  conditions. Except for a lim ited num ber of a ttem p ts , like those m ade by 

M oham ad et al. (1994), m ost com bustion models applied to  subm erged flames have 

e ith e r artificially specified the  reaction zone location or thickness, as mentioned in 

Sections 1.3.1 and 1.3.2. In addition, they have not been successful in predicting the  

lim iting  flash-back o r blow-out conditions.

W hen a m ix ture  of gaseous fuel and air flows through the porous m atrix and  is 

ignited , a  s teady -sta te  condition can be achieved if there  is a balance between the  

energy released by th e  chem ical reaction a t a  certa in  location and the removal of
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th a t energy by a  com bination of advection, conduction, convection and radiation. 

O f course, if no such balance is a tta in e d , the flame will be extinguished  by either 

flash-back o r blow -out phenom ena.

The problem  of solving a  com plex system of equations involving chemically re­

acting flow inside a  very com plicated  (and not very well determ ined , except for aver­

age param eters) geom etry, th e  con jugate  effects of several heat transfer modes, with 

strong property  changes due to  te m p era tu re  feedback, and a fully detailed  chemistry, 

becomes alm ost in tractab le . E arlier efforts used a  simplified overall (one-step chem­

istry) m echanism  (W estbrook and  D ryer, 1984), reduced m echanism s (Rumm inger. 

1996), o r even a  com bination of reduced  mechanisms, w ith post-calculation of the 

nitrogen oxides em issions (B oum a e t al., 1995).

3.2. M athem atical Description

A schem atic of a  one-dim ensional porous rad ian t burner and  th e  relevant heat 

transfer modes is shown in F igure 3.1. The one-dim ensional form ulation used by 

Singh e t al. (1991) has been ex tended  to  investigate the therm al perform ance of the 

porous rad ian t b u rner w ith an em bedded  flame. A m ixture o f gas and air enters 

an  inert porous m ateria l a t th e  left (x = 0 ). The m aterial consists of a  homogeneous 

m atrix, com prised of one or m ore layers. The chem ical reactions take  place within the 

solid and the  flam e is anchored a t a  location th a t is not known a  priori, but rather 

determ ined by th e  in teraction  of conduction, convection, advection, radiation and 

chemical energy release due to  com bustion. As the  chem ical energ \r is released in the 

gas phase, a  fraction of it is transferred  to  the solid (by convection) and  subsequently 

converted to  therm al rad iation .

3.2.1. Assum ptions

A num ber of assum ptions are needed to  cast the  problem  in a  form suitable for a 

I'elatively sim ple num erical solution.
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Figure 3.1. Schem atic of a  one-dim ensional porous burner. T h e  relevant heat transfer 
m odes are indicated with arrows: advection by the  gas; convection and radiation from 
th e  faces; conduction (two phases), convection, radiation an d  chemical release inside 
th e  solid dom ain.
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•  The main in terest consists of ob ta in ing  the  perform ance of the burner in steady- 

s ta te  operation and  not during transien t situations. Therefore, the model is 

formulated on a  s teady -sta te  basis.

•  The burner is considered to be very large in directions perpendicular to the 

inlet velocity so th a t one-dim ensional flow and heat tran sfe r can be assumed. 

This is a very good assum ption since the  flame zone is m uch thinner than the 

non-axial dim ensions o f the  porous m edium .

•  Gas flow is u n p ertu rb ed  by the presence of th e  porous m atrix .

•  Combustion gases behave as ideal gases.

•  Isobaric conditions: th e  pressure drop  across the solid m a trix  and the changes 

due to the chem ical reaction are negligible. Even though some models include 

the pressure drop across the solid m atrix  (e.g., Boum a et al., 1993) using a 

D arcy-Forchheim er equation  (C oulaud e t al., 1988):

dp .,
—  =  KiflU +  «2 PgU , (3.1)
dx

which can be justified  when m odeling ceram ic foams, th e  very small flow resis­

tance induced by the  fibrous m ateria ls (N extel and Fecralloy, Section 2.2) make 

this isobaric assum ption  a  valid sim plification.

•  Heat losses to the  sides of the b u rner are negligible in com parison to the heat 

release.

•  Homogeneous chem ical reaction takes place only in th e  gas phase: no surface 

(catalytic) reactions are  considered.

•  Inlet velocities are sm all and they rem ain  sm all enough in  spite of the acceler­

ation due to  the  p roperty  changes for th e  flow to be lam inar.

•  Solid and gas phases a re  not in th e rm al equilibrium , i.e., th e re  is a net exchange 

due to convection w ith in  the m a trix . T he volumetric h ea t transfer coefficient
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is considered to  be constan t throughout the  porous pad, i.e., not a  function of 

the local gas velocity.

•  The solid m atrix  is considered spectrally  gray and its therm ophysical properties 

are taken as constan t.

•  The pore dim ensions are  sm all; therefore, the  gas opacity  is also small, and 

hence the  gas phase can  be considered as radiatively non-participating .

•  The index of refraction of the  m edium  is assum ed to  be unity.

Note th a t no sim plification has been made regarding the  chem ical reaction, which 

can include any num ber of e lem en tary  steps and in term ediate  species. T he treatm ent 

of th e  chemical kinetics is given in Section 3.4.

3.2.2. Model Equations

T he physicochemical problem  of a reacting flow across a  perm eable layer was 

described in Section 3.1. T hen , the  equations governing a  steady, isobaric, one­

dimensional (constant area) flame propagation inside a porous m ateria l may be writ­

ten, using the aforem entioned assum ptions, as follows (Kee e t al., 1988):

Continuity:

m  =  PguA . (3.2)

(T he heater area, .4, is considered to  be unity in this one-dim ensional formulation.)

Species (k =  1 ,..., K ):

+  < « >

Energy fo r  gas:

dTg d  /  dTg\  *  v l /  dTg
PaUCpg dx dx  V 9 dx  J  +  p3 k k ^  dx  +fc=i

K
+  -  hv(Tg - T , )  =  0 . (3.4)

)t=i
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Energy fo r  solid:

+  m w . , - £ -  o .

Radiative transfer:

d T  r l
—  =  4Ka<rT* — 2 TKa I I(x. f i )df i  . (3.6)
dx  7 -i

Equation o f  state:

<” = w -  (:!'7)

Equation (3.3) s ta tes  th e  balance between (from left to right) advection. diffusion 

an d  source (or sink) for each of th e  K  species. In the  gas energy equation , Eq. (3.4), 

th e  equilibrium  between advection , conduction, interdiffusion, heat release and con­

vection to the  solid phase is enforced. T he  solid energy equation . Eq. (3.5), accounts 

for the  balance between conduction , convection to th e  gas phase and  radiation. Note 

th a t these equations a re  tig h tly  coupled1. The sam e convective te rm . h v(Tg — Ts),

appears as a  source in th e  solid energy equation and as a sink in the  solid energy

equation. T he generation  te rm  for the  k th  species (last te rm  on the  left-hand-side 

o f Equation (3.3), u^-lE/..) m ultip lied  by th e  enthalpy of th a t species, hk, is included 

in th e  gas energy balance. A dditionally , the mass continuity  equation . Eq. (3.2), is 

coupled to all species an d  gas energy balances through the advection term s.

3.2.3. R adiative Transfer 

T he radiative transfer equation , Eq. (3.8), is given in te rm s of th e  radiation in­

tensity , I. A separate  problem  needs to  be solved to determ ine I.

By performing an energy balance on the radiative energy propagating  in a di­

rection s w ithin a sm all pencil of rays, th e  change in intensity, / ,  is found by sum­

m ing the contribu tions from  em ission, absorption, scattering  away from the  direction 

s  (ou tscattering), and  sca tte rin g  in to  th e  direction s (inscattering). T he radiative 

transfer equation can be expressed as (M odest, 1993):

LThese are 53 coupled equations: continuity, gas energy, solid energy, radiant energy and 49 species.
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In the  above expression, th e  em ission and  absorption coefficients (first two te rm s on

th e  right-hand-side) were considered to  be identical. T he  availability  of the  absorption 

coefficient, k0, sca tte ring  coefficient, <7S, and the  scattering phase function. <&(.$', s), 

for porous m aterials is discussed in Section 4.2.

T he discrete o rd inates (also known as S t\ )  m ethod (Siegel and  Howell. L992; M od­

est, 1993) is used to  transform  th e  equation  of radiative transfer, Equation (3.8), into a 

set of sim ultaneous o rd inary  differential equations. F irst proposed by C handrasekhar 

(1960) in his book on s te lla r and atm ospheric  radiation, the d iscrete  ord inates m ethod 

was first extensively applied  to  neutron  tran sp o rt (Lee, 1962; Lathrop. 1966: Carlson 

and Lathrop, 1968). An advantage of th is m ethod over o ther approxim ations is th a t 

it m ay be carried ou t to  any a rb itra ry  o rder and accuracy.

T he discrete o rd inates {S m ) m ethod is based on a  discrete representation  of the 

directional variation of th e  rad ia tion  intensities. A solution to  th e  transpo rt problem  

is found by solving th e  equation  of transfer for a  set of individually  d istinct directions 

spanning the to tal solid angle range of 47T. It is sim ply a  finite differencing of the 

directional dependence of the  rad iative equation  of transfer, and  the  integrals over 

the  solid angles are approx im ated  by num erical quadratures.

The one-dim ensional version of E quation  (3.8) is solved here for a set of V dif­

ferent directions s, =  1,2, ...,iV , and  the  integrals over direction are replaced by the 

num erical quadratu res, th a t is,

(3.9)

where the te, are th e  q u ad ra tu re  weights associated w ith the  directions s,. Using the 

approxim ation given by Equation (3.9), realizing th a t the  tim e dependence of the 

radiative intensity m ay be neglected when accounting for th e  heat transfer w ithin a
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porous burner2, and since the  index of refraction was assum ed to  be unity. Equa­

tion (3.8) becomes:

dl(x,fti) , w /  , ar,
Hi— — —  =  Ka(x)Ib(x)  - p i ( x . f i i )  +

+ ^ 7 —  , i = 1,2, ...,;V  , (3.10)
4 7 r  j = i

(w ith [3 = Ka + <rs ) su b jec t to  the  boundary conditions:

I{Xw,Hi) =  < 2 > / 6 ( 7 1i u r r )  +  ( l -<!>)[£w h { x w) + ^ ^ -  ^  U > j / ( ; r , / i j ) / t j ]  i  > °  -  (3.11 )
7T Tvn*Sj

Equations (3.10) toge ther w ith the boundary  conditions given by Equations (3.11) 

constitu te a set of iV sim ultaneous, first-order, linear ordinary differential equations3 

for the unknown in tensities in the discretized directions. If sca tte rin g  is present 

(<rs ^  0 ), the equations are  coupled in such a  way tha t generally an  iterative solution 

scheme is necessary.

The discrete o rd ina tes m ethodology is capable of accom m odating different types of 

quadrature schemes, such as the trad itional Gaussian, Lobatto, Chebyshev, Newton- 

C'otes (Kopal, 1961) or newer types like th e  one developed by F iveland (1987). The 

differences between the  various quadratu res lie in the values of th e  weights (tv,) and 

the direction cosines (f-ij)- T he user m ust generally use a  few different quadratures 

and orders to  assess w hich is the most su itab le for the given problem  (K um ar et 

al., 1990). Fiveland (1987) and  Truelove (1987) have observed th a t different sets of 

ordinates may result in considerably different accuracy. According to  M odest (1993), 

th e  choice of the  q u ad ra tu re  schem e is arb itrary , but it is custom ary  to  choose sets 

of weights and directions th a t are com pletely sym m etric (i.e., invarian t after any 90°

rotation) and th a t satisfy  th e  zeroth, first and second m om ents. T he  weights and

2The factor 1/c in the first term of Equation (3.8) is so small that the tim e dependence term may 
be safely neglected in almost all heat transfer applications (Modest, 1993).
3They are partial differential equations in 2D or 3D. Additionally, in multi-dimensional geometries, 
N ( N +  2) equations are needed for a given order N.
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ordinates used here for th e  one-dim ensional problem  are taken from Lathrop and 

Carlson (1965) and are shown in Table 3.1.

Table 3.1. D iscrete o rd ina tes for the one-dim ensional S,v approxim ation.

O rder of 

A pproxim ation

O rdinates

/*.

W eights

Wi

S2 0.5773503 6.2831853

S A 0.2958759

0.9082483

4.1S87902

2.0943951

s 6 0.1838670

0.6950514

0.9656013

2.73S2012

2.9011752

0.6438068

5 8 0.1422555

0.5773503

0.8040087

0.9795543

2.1637144

2.6406988

0.7938272

0.6849436

3.2.4. Boundary Conditions 

The appropriate boundary  conditions for the burner-stabilized system  of equa­

tions presented in Section 3.2.2 m ay be deduced from th e  early  work of Curtiss and 

Hirschfelder (1949). B oundary  conditions are needed for the  dependent variables: 

mass flow rate , m, species concentrations, Yk, gas tem p era tu re , Tg, and  solid tem per­

ature, Ts. Note th a t the  boundary  conditions for the separa te  problem  of finding the 

radiation intensity, / ,  w ere given in Section 3.2.3.
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T he mass flow rate, m , is a  known constant determ ined by th e  desired firing ra te  

and  equivalence ratio. T h e  gas tem peratu re a t the inlet is found enforcing that all 

th e  heat conducted dow nstream  is advected back into the  com pu ta tional domain:

m cpg(Ti - T in) =  kgi~r ■dx  i

N ote tha t a  simple D irichlet boundary condition (as in th e  original PREM IX code) 

does not work properly due  to  unaccounted heat losses. T h e  tem p era tu re  gradient 

a t the  inlet is not zero in som e cases (especially at low firing rates), and the fixed- 

tem pera tu re  boundary condition  results in energy conducted upstream  th a t does not 

re tu rn  into the  com putational dom ain.

T he species concentrations boundary conditions a t th e  cold boundary  are deter­

m ined by a balance betw een advection and diffusion, which corresponds to specifying 

th e  mass flux fractions. Yk +  pgY k V k A /m , for all species. T hese quan tities are zero 

for all species except CH 4 , O 2 and  N2.

Vanishing gradients a re  im posed for the gas tem p era tu re  and  the  mass fractions 

a t th e  outlet boundary (beyond th e  front face of the b u rner), except for the 0 2 and 

N2, which are set to  specified values to  allow for back-diffusion.

T he solid faces are sub jec ted  to  convective heat transfer to  the  gas and also ex­

change radiation with th e  surroundings. It should be m entioned here th a t the effect 

of th e  reduction of the solid surface area due to  porosity should  be accounted for in 

th e  convection and conduction term s; however, since the fibers are of small dim en­

sions and thus optically very th in , th e  entire area (and not only  th e  fraction 1 -  o) is 

considered to  exchange th e rm al rad ia tion  with the  surroundings:

(1 -  4>)hL{TgL -  TsL) +  (1 -  <f>)ks d̂ (3.12)

(1 -  <t>)hR{TgR - T sR) +  ( 1 -  <t>)ka^ =  eR*(T?R - T ? urr<out) . (3.13)
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3.3. V olum etric Heat Transfer Coefficient 

The therm al coupling between the  solid and gas phases is affected through the 

volum etric heat tran sfe r coefficient, h u. It is difficult to  pred ic t the coefficient for 

the  complex, irregular geom etries of fibrous m aterials. T h is  param eter plays an im­

portan t role in de term in ing  the  n a tu re  of the solution; therefore, it is necessary to 

ob ta in  the d a ta  th rough  experim en tation  (A ppendix B). U nder certain  assumptions, 

a  “single-blow techn ique” and an inverse-problem solution can be used to  determ ine 

th e  coefficients for a  given m aterial (Fu e t al., 1998b).

3.4. PR EM IX  Chem ical M echanism D escription

In order to  close th e  system  of differential equations (E quations (3.2) to (3.7)). 

it is necessary to  m odel th e  source term s. The net chem ical production rates. u?t. of 

each species results from  a  com petition  between all of th e  chem ical reactions involving 

th a t species. T he PR E M IX  code (K ee e t al., 1988) (p a rt o f th e  CH EM KIN package) 

was used to solve the  p a rtia l differential equations. A de ta iled  account of the program 

modifications is included in Section 3.5.

The chem ical k inetics was sim ulated  assuming th a t each  reaction proceeded ac­

cording to the  law of m ass action and th a t the forward ra te  coefficients, kj .  were in 

the  modified A rrhenius form:

kf = a i T a2e x p ( “ ^ j )  • (:U 4 )

The details of the  chem ical reaction equations and  the  therm ochem ical properties 

were found in the  user’s m anual for CHEM KIN (Kee e t a l., 1980).

The constants <*i, a 2 and  £  for th e  Arrhenius expressions were obtained from the 

GRI-Mech 2.11 m echanism  (Bowman et al., 1996). G R I-M ech 2.11 is a com pilation 

of 277 elem entary chem ical reactions and  associated ra te  coefficient expressions and 

therm ochem ical p aram eters  for the 49 species in the  reactions (A ppendix E). It differs
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from th e  version 1.2 release in th a t it includes nitrogen chem istry  relevant to  natural 

gas chem istry and  reburn ing4.

T he therm ophysical properties of th e  individual species, such as therm al con­

d uctiv ity  and diffusion coefficient, were evaluated using S tockm ayer potentials. An 

extended  Euken-H irshfelder correction for polyatomic species was also included. A 

m ore detailed descrip tion  can  be found in Kee et al. (1983). T he gas m ix tu re  therm al 

conductivity  was de term ined  from th e  individual com ponent conductiv ities by means 

of an em pirical com bination  averaging formula, as done by M athur e t al. (1967).

3.5. C om puter Program  Modifications 

T he original code was designed to  sim ulate a  prem ixed burner-stabilized flame. 

Several modifications on th e  com puter code were necessary in order to  sim ulate a 

partia lly  prem ixed flame em bedded in a  porous m atrix.

In addition to  the  equations corresponding to  mass continuity  (E quation  (3-2)), 

species conservation (E quation  (3.3)) and  gas energy balance (E quation  (3.4)), an ad­

d itional energy equation  for th e  solid phase (Equation (3.5)) was included in the com ­

pu te r program. This new equation  was coupled to the gas energy equation  through a 

convective term  of the form hv(Tg — Ts). Note tha t this te rm  appears w ith opposite 

signs a t the rightm ost position of the right-hand-side of Equations (3.4) and (3.5). 

T here  were then a  to tal of 53 coupled equations: continuity, gas energy, solid energy, 

rad ian t energy and  49 chem ical species.

T he trea tm en t of th e  rad ia tion  heat transfer is of great im portance in th e  modeling. 

T he  discrete ordinates m ethod  (E quations (3.10), with boundary conditions given 

by (3.11)) was used in an  ex ternal subroutine. This subrou tine was called only after 

several iterations (about 50 to  100) of the  energy equations, to  avoid th e  numerical

4GRi-Mech 3.0 became recently available. It is a compilation of 325 elementary chemical reactions 
and associated rate coefficient expressions and thermochemicai parameters for the 53 species involved 
in them. It replaces the previous releases of GRI-Mech, both versions 1.2 and 2.11. It differs from 
the previous release in that kinetics and target data have been updated, improved, and expanded. 
Propane and C2 oxidation products have been added, and new formaldehyde and NO formation and 
reburn targets included.
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instabilities0. T he rad ia tion  in tensity  results were used to  calcu la te  the radiant energy 

source (last term  on the  left-hand-side of Equation (3.5)) using Equation (3.6).

The dow nstream  boundary  conditions for O2 and  N2 species were changed from 

the  zero gradient used for a  prem ixed flame to  a non-zero g rad ien t or fixed-value type, 

as indicated in Section 3.2.4.

Another im portan t change was th a t th e  solid phase solution domain was not set 

to  be the same as the  gas phase dom ain, since the form er is sm aller than  the la tte r. 

This feature allowed to ensure th a t an em bedded flame represented a stable “true" 

solution and not a  forced one. G as-only regions of arb itra ry  size are considered ahead 

and after the porous stru c tu re .

The input d a ta  file contain ing  the problem  definition was also modified to include 

the  many additional param eters needed for solving the  new problem . Volumetric heat 

transfer coefficient, length of th e  solid phase, therm ophysical and  radiative properties 

of the  solid m ateria l, and oxygen and nitrogen concentrations downstream  were all 

included in the inpu t file. A sam ple inpu t is provided in A ppendix F.

The original PR EM IX  uses an adap tive  grid selection schem e tha t adds new 

points, actually partition ing  in half th e  intervals a t which th e  tolerances (in value 

or gradient change) for the  significant variables are not satisfied. However, this algo­

rithm  does not elim inate unnecessary points during the  ite ra tive  solution procedure 

(see Section 3.6) and, consequently, when the  flame location changes substantially , 

a  large concentration of grid  points appears a t the  old flame location, even though 

there  is no need for them  (grad ien t and  curvature for all variables are sm all). This 

increase in the size of the  num erical problem  results in an increased com putational 

expense and, many tim es, in th e  exhaustion  of the  allocated m em ory space. Hence, 

a  new subroutine was added afte r new grid points are inserted  by the adaptive grid 

scheme. A quick verification for th e ir usefulness is perform ed and , if unnecessary grids

5The convergence speed of the numerical algorithm for the 52 coupled equations was much slower 
than the convergence speed in solving the radiative transfer equation, which is only dependent on the 
temperature distribution of the solid. If the radiative source term was updated too often, convergence 
was hindered, since the modified dampened Newton method had to chase a “moving” target solution. 
A brief description o f the modified dampened Newton method is included in Appendix G.
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are  detected, they  are  e lim inated . In this m anner, som e solutions th a t required 200 

points when using th e  original program could be accurate ly  described w ith less than 

70 after modifying th e  gridding routine. Extensive grid-independence studies were 

carried ou t to  verify th a t  both  solutions were identical and th a t fu rther convergence 

tolerance reductions did  not change the num erical results.

Finally, the  o u tp u t and  res ta rt files were also a lte red  to  include the  solid tem per­

a tu re  data.

Figure 3.2 shows schem atically  the most relevant m odifications for th e  com puter 

program: the new p aram eters , equations, boundary  conditions and  subroutines that 

transform ed the  prem ixed  burner stabilized program  in to  a rad ian t burner code. A 

simplified flow chart for PR EM IX  is shown in F igure 3.3.

3.6. PREM IX Solution S tra tegy

The resulting system  of equations was stiff and it was difficult to  obtain  a con­

verged solution if th e  in itia l es tim ate  was not app rop ria te . In view of th is fact, and 

using the restart capabilities of PREM IX, a converged solution from a  sim ilar prob­

lem was used as an  in itia l approxim ation, and th e  variables were changed in steps 

until the desired conditions were achieved.

For exam ple, th e  so lution for a surface, burner-stab ilized  flame a t a  desired firing 

ra te  was used to  solve for th e  flame inside the  high-porosity  m atrix  w ith h u =  10' 

th e  em ittances of th e  solid faces were also set to zero. T he high value of h v guaran­

teed tha t the solid te m p era tu re  was almost identical to  the  gas tem p era tu re , which 

coincided with the  in itia l guess for that variable; th e  zero em ittan ce  avoided the 

large tem peratu re  g rad ien ts  a t the  two faces due to  the  rad ia tive losses from high 

tem peratures solid faces.

After this, and using th e  previous solution as a  s ta rtin g  poin t, th e  em ittance e 

was increased in m any steps up to  th e  final value (0.88 for N extel, 0.65 for Fecralloy); 

usually between a  few hundred to  several thousand  steps were needed. Then, the
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change downstream 
boundary conditions 
for O 2, N 2

separate domains 
for gas and solid

add  solid matrix geometry

add  solid matrix properties

add  dow nstream  boundary 
conditions for O 2, N 2

add  solid energy equation 

add  gas-solid  coupling

radiation 
solver (Sn)

MODEL
EQUATIONS -4------- -

SOLVER
(TWOPNT)

I
regridding 
(to drop 

m esh points)

print solid temperature

add  solid temperature 
to  the restart files

Figure 3.2. D iagram  of the changes im plem ented in th e  PREM IX  com puter program. 
T he  gray dashed  boxes correspond to  the orig inal code; th e  black solid lines indicate 
th e  necessary m odifications and new subroutines to  solve a radiant burner.
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BURNER CODE 
(MODIFIED 

PREMIX)

TRANSPORT 
PROPERTY 

FITTING CODE

CHEMKIN
INTERPRETER

TRANSPORT 
LINK RLE

TRANSPORT
SUBROUTINE

LIBRARY

RESTART
RLE

CHEMKIN 
LINK RLE

NEW EQUATIONS 
AND BOUNDARY 

CONDITIONS

THERMO­
DYNAMIC 

DATA BASE

RADIATION
SOLVER

(EXTERNAL)

KEYWORD
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CHEMKIN
SUBROUTINE

LIBRARY

TRANSPORT 
DATA BASE

REACTION
DESCRIPTION
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(ASCII)

SAVE
RLE

(BINARY)

Figure 3.3. A flow chart for th e  PR EM IX  com puter program . T he reaction de­
scription and therm odynam ic and  tran sp o rt d a ta  bases are given by GRI-M ech 2.11. 
T he CHEM KIN in terp re te r generates th e  “link’' files tha t becom e th e  libraries to be 
com piled together w ith the  bu rner code. T he user supplies th e  problem  param eters 
(in itia l guesses, m aterial properties, flow ra te , boundary conditions, num erical algo­
rithm  param eters) in the  “keyword in p u t” , and the  results are p rin ted  to  both ASCII 
and  b inary  files. A lternatively, the  in itia l guesses can be ob ta ined  in a  m ore detailed 
way from a  restart file (which is th e  binary o u tp u t of a previous problem  solution.
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volum etric heat transfer coefficient h v was decreased in steps of ab o u t 10 (about 

1% of the baseline value, larger steps became unstable) until th e  desired value was 

a tta ined .

T he  same procedure was used to  vary other param eters: in let gas flow rate , equiv­

alence ratio, ex tinction  coefficient, solid therm al conductiv ity , etc.

A special note regarding th e  nodalization of the  co m p u ta tio n a l dom ain  is tha t 

“clustering” of between 5 to  10 grid points at the  upstream  face of th e  solid phase was 

necessary. These nodes helped to  “lock" the flame solution inside th e  solid material 

a t th e  beginning of the  sim ulation , when the overall grid was coarse. O therwise, the 

num erical propagation speed of th e  reaction zone across th a t in itia l coarse grid was too 

fast and  resulted in a gas-phase-only flame upstream  of th e  bu rn er6. It is im portant to 

stress tha t this did not resu lt in a  physically unacceptable solu tion . O nce a  solution 

was obtained, the flame characteristics were independent of th e  d iscre tiza tion  scheme.

3.7. Code Validation

T he com puter code was verified in several sim ple w ays'. F irs t, bo th  th e  overall 

and  local energy balances were corroborated. According to  th e  global balance, the 

energy transported  to  th e  bu rner (i.e., chemical and sensible energy of reactants) 

leaves the burner in the  form  of chem ical and sensible energy of th e  products, plus 

th e  radiation from the solid m atrix . The local energy budget was also audited , and 

th e  typical m agnitude of th e  different com ponents are com pared  in Figures 3.4 and

3.5, for the gas and solid phases, respectively. Positive q uan tities  ind icate  that the 

corresponding heat transfer m ode increases the local te m p era tu re ; conversely, nega­

tive sign indicates a local te m p era tu re  reduction. N ote th a t th e  coarse convergence 

(i.e., the  curves are not sm ooth ) is m ainly due to the presence of derivatives in the 

term s. T em perature d istribu tions are sm ooth (see, for exam ple , F igure 5.1), but the

6Since PREMIX is a steady-state code, the actual transient that occurs when a burner is lit in the 
laboratory was artificially reproduced here.
' More details regarding the validation of the code against a radiant burner prototype, including how 
all properties were obtained and/or estimated is included in Chapter 4.
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num erical differentiation and  th e  non-uniform  grid spacing cause the oscillations in 

th e  energy budget term s.

T he m ajor com ponent in th e  gas energy balance (F igure 3.4) is given by the 

chem ical source, which peaks a t the  flame location. In a  free flame, s tab ilization  

results from balancing th e  heat release w ith the  heat conduction (Turns, 1996). In 

an  em bedded flame, however, the  fraction of heat removed by conduction is less than  

th a t for a free flame, since the  o ther m echanism s (m ainly advection and convection 

to  the  solid phase8 also rem ove heat from  th e  gas. It is interesting to note th a t  both 

th e  conduction and  convection com ponents change sign a t  some location upstream  

of the  flame; they are g rea ter than  zero a t the  en trance (i.e., contributing to  the 

preheating of the fuel m ix ture) and th en  becom e negative to  stabilize the reaction 

zone by removing th e  chem ical energy release. The advection component is negative 

a t th e  entrance, since the  incom ing gas m ix tu re  is being heated. Downstream of the 

reaction zone, th e  gas tem p era tu re  does not change significantly and the  advection 

com ponent becomes sm all. Finally, it can be seen th a t th e  local energy change due 

to  species interdiffusion is negligible.

T he solid phase energy budget is given by the balance between convection (from 

th e  gas), conduction and radiation. As expected, the  convection com ponent has 

th e  largest m agnitude, and  its peak coincides with the  flame location, as seen in 

F igure 3.5. T here is an en trance region (approxim ately x  <  0.06 cm)  w here this 

com ponent is negative, indicating th a t th e  solid m atrix  is actually  transferring energy 

to  th e  gas (i.e., p reheating .) T he o th e r two heat transfer modes, conduction and 

rad ia tion , follow sim ilar trends but are  opposite to th a t of convection. T hey  are 

g rea ter than zero in the  p rehea t region, since they provide the means for th e  heat 

from the flame region to  be transfered upstream , and they are  negative at the reac tion  

zone, where they remove the  heat supplied by the gas. Note that positive values 

correspond to energy gain for the  porous m a trix  elem ent a t  the  given location. For

8Gas phase radiation has been neglected in this analysis, according to  the simplifying assumptions 
listed in Section 3.2.1.)
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exam ple, a t x  =  0.1 cm , the  tem p era tu re  of the  solid increases by convection (at the 

expense of th e  gas energy), bu t decreases by rad ia tion  and conduction (to  o th e r parts 

of the  participating porous m ateria l, which are a t lower tem perature).

A fter auditing the local and global energy balances, two lim iting cases were ver­

ified. F irs t, when the convective heat transfer coefficient vanishes, the  solution be­

comes identical to the original code solution for a burner-stabilized flame a t the 

given firing ra te  and reac tan t m ix tu re  com position; second, when the  volum etric heat 

transfer coefficient is set to a  large value, gas and solid tem peratu re  d istribu tions 

were identical. Additionally, th e  tem p era tu re  distributions corresponding to  very 

low or very high firing rates were th e  triv ial solution; with no energy release, there  

is no change in tem peratu re and  com position due to flame extinction and blow-off, 

respectively.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

99

Gas energy balance
Fecralloy burner; 0.2 cm thick; <l>=1.0; FR=200 kW/m2
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Figure 3.4. Local energy budget (gas phase) inside a rad ian t burner. T he different 
components have been norm alized to  m ake the peak chem ical heat release equal 
to  unity. Note th a t rad ia tion  from the  gas phase has been neglected. T he small 
oscillations are due to  th e  coarser convergence of the  derivatives.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

100

Solid energy balance
Fecralloy burner; 0.2 cm thick; 0=1.0; FR=200 kW/m2
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Figure 3.5. Local energy budget (solid phase) inside a  rad ian t burner. The differ­
ent com ponents have been norm alized to  m ake th e  peak  convection equal to unity. 
Note th a t positive values correspond to  energy gain for the  porous m atrix  element at 
the given location. T h e  sm all oscillations are  due to  th e  coarser convergence of the  
derivatives.
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4. CO M PA RISO N  O F MODEL PR E D IC T IO N S W ITH  EXPERIM ENTAL DATA

4.1. In troduction

In order to  asses th e  com putational model, th e  experim en ta l results obtained w ith a 

pro to type woven m etal fiber burner were com pared  w ith the  results of the num erical 

sim ulations. T he  Fecralloy burner is described in de ta il in Section 2.5. The m ain  dif­

ficulty involved determ ining  all the necessary p roperties for the porous flame support 

pad m ateria l, som e of which were not readily available, as discussed in the following 

section.

4.2. Characteristics of Porous M atrix

T he high sensitiv ity  of chemical reactions and  rad ia tive  transfer to  tem p era tu re  

required careful consideration of th e  properties of th e  porous medium (R um m inger. 

1996). For th e  m odel described in C hap ter 3, th e  following properties were needed: ef­

fective therm al conductiv ity  (lc3), extinction coefficient (/3), scattering coefficient (ers ), 

porosity (<f>), and  volum etric (convective) heat tran sfe r coefficient (hv). A dditionally, 

a t least approx im ate  values for the  specific h ea t (Cp) and  density (ps ) were needed 

(even though the  sought solution corresponded to  a  s teady -sta te  condition and, the re­

fore, the  te rm  contain ing  psCpiS was not included in th e  m odel equation for th e  solid 

phase, E quation (3.5)), since the  num erical a lgo rithm  resorted to tim e-stepping  to 

shift the  solution dom ain  closer to  th e  convergence region.

Some of th e  properties were provided by th e  m anufac tu rer of the flame support 

m ateria l and  were included in Table 2.1. However, th e  volum etric heat transfer coef-
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ficient and the radiation p roperties (extinction and  scattering coefficients) were not 

available from the  aforem entioned source.

4.2.1. V olum etric Heat Transfer Coefficient

An a ttem p t to  m easure th e  volum etric heat transfer coefficient using the  single­

blow technique (A ppendix  B) did not result in a  useful correlation for Fecralloy, as 

described in Appendix Section B.5.

M easurem ents of heat tran sfe r between single heated wires 20 /cm in d iam eter in an 

air s tream  perpendicular to  th e  wire axis have been carried out by Jakob and Hawkins

(1957), to  obtain th e  rela tionship  N u  =  O.SSR e031 for Re  <  1. T he coefficient

decreased and the exponent increased as the Reynolds num ber becam e larger.

A pad comprised of sm all d iam ete r of woven wires is ra ther different from a single 

isolated wire, and experim en tal d a ta  on small d iam eter m etallic wires a t low Reynolds 

num bers are scarce. G olom bok and Shirvill (1990) carried out a  s tudy  using a  regen­

era to r technique for s in te red  Fecralloy fibers (porosity 80%). T hey  also obtained a 

power-law relationship betw een the  Nusselt and Reynolds num bers:

N u  =  0.04/?e0'53, for Re < 0.4 , (4.1)

N u  =  0.10R e U6\  for Re > 0.4 . (4.2)

Equation (4.1) is in good agreem ent w ith the results reported by Zukauskas (1972), 

who suggested th a t an exponen t of 0.5 was applicable a t low Reynolds num bers 

(H ausen, 1983).

At the therm al input range of interest for fiber burners (i.e., <  1500 ^  ° f  equiva­

lent na tu ra l gas w ith Re  <  0 .3), th e  applicable correlation is given by Equation (4.1). 

T he volum etric heat transfer coefficient is re la ted  to the Nusselt N um ber as (Golom­

bok e t al., 1991):
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h ,  = . (4.3)
(1*

For a  given burner pad, th e  local volum etric hea t transfer coefficient takes a  wide 

range of values. A t the inlet, th e  gas is “cold” (low viscosity, low therm al conductiv ity)

and the  velocity is relatively low. After th e  reac tion  zone the gases are "hot" (high

viscosity1, high therm al conductivity) and  th e  velocity is considerably h igher due 

to  the  increased volume. T ab le 4.1 contains som e representative volum etric heat 

transfer coefficient values, w here the therm ophysical properties of air were used for 

the  calculations2.

E quation (4.1) (or (4.2)) can  be com bined w ith th e  definition of the  volum etric 

transfer coefficient in term s o f the Nusselt num ber (E quation (4.3)), and  rearranged 

to explicitly show the  dependence of the therm ophysical properties on hv for a given 

fibrous m aterial (i.e., fixed porosity  and fiber d iam ete r):

hv oc {p«)°'53( ^ y  for Re  <  0.4 , (4.4)

or

hu oc (p u )L&1̂ - for Re > 0.4 . (4.5)

For a given low Re  flow ra te , the volum etric hea t transfer coefficient increases with 

the gas tem pera tu re  as shown in Table 4.1, since th e  therm al conductivity increases 

faster than  viscosity.

In view of the results included in Table 4.1, for th e  present study an ^average'1 

value of h v =  1,000 was selected as a  reasonable estim ate for the baselineu 7 m  A

case com parison w ith the experim ental d a ta . T h e  effect of this choice is analyzed 

param etrically  in C hapter 5.

1 Note that the viscosity of a gas at low density increases with increasing temperature, whereas the 
viscosity of a liquid decreases with increasing temperature (Bird et al., 1960).
2lnlet gas mixture is over 90% air and less than 10% m ethane (in volume) for stoichiometric condi­
tions. Including a correction due to  the presence o f methane, based on the pseudo-critical properties 
method (Hougen and Watson, 1947; Bird et al., 1960), did not significantly change the coefficients.
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Table 4.1. Local values of the  volum etric heat transfer coefficient (h v) according to 
Equation (4.3), based on the  local tem p era tu re  and flow velocity. T h e  properties of 
a ir (viscosity, density , the rm al conductivity) were used. T he  mass flux was 0.35 
corresponding to  an  in le t (i.e., cold gas m ix ture) velocity of 0.4 vj .

T  [K\ « [ t ! [ * ] Re N u A-

400 0.4 230 x 10~7 34 x 10~3 0.333 0.022 562

1000 1.0 424 x 10"7 67 x 10-3 0.181 0.016 801

1500 1.5 557 x 10-7 100 x 10"3 0.138 0.014 1040

1800 1.8 637 x IQ"7 120 x 10"3 0.120 0.013 1160

It is necessary to  p o in t out here th a t th e  constan t volum etric heat tran sfe r coeffi­

cient represents a  very  sim plistic (but useful) concept of th e  relevant energy  transport 

phenom ena in porous m edia. For heat transfer w ithin a  cylindrical pore, th e  wall and 

the  flowing gas behave as a  m ultim ode heat exchanger system  in which th ree  modes, 

i.e., convection, conduction , and radiation, occur sim ultaneously. Fu e t al. ( L998a) 

predicted num erically  th e  tem perature contours for m e th an e  com bustion in a cylindri­

cal tube, showing th a t  reversed gradients (i.e., the  wall is hotter than  th e  gas) occur 

a t the  sam e axial location  where the gas m ix ture  reaches th e  m axim um  tem peratu re . 

In this context, th e  concept of gas bulk tem p era tu re  for defining the volum etric  heat 

transfer coefficient loses its meaning. U nderstanding the  usefulness and  lim itations of 

th e  convection heat tran sfe r modeling in a  system  w ith local volum etric heat release, 

it becomes evident th a n  the  numerical results should be in terpreted  carefully.

4.2.2. Radiation P roperties 

So far th e re  has been  little  inform ation abou t th e  extinction and  sca tte rin g  co­

efficients and sca tte rin g  phase function, which are the  tw o most im p o rtan t radiative 

properties of d ispersed m edia (Viskanta and  Mengii^, 1989), for porous m edia con­

tain ing  m etallic fibers.
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Experim ental d a ta  of radiation p roperties of porous m aterials th a t a re  su itab le  for 

flam e support pad are lim ited. M ost studies deal with porous m ateria ls  su itab le  for 

insulation (among m any others: Tong et ah, 1983; Cain and  McKay, 1991; V iskanta 

and  Mengu$, 1987) and none of th em  include m etallic fibers. In a  no ted  work, M ital et 

al. (1996) determ ined th e  ex tinction  coefficient and the single sca tte rin g  albedo3 of se­

lected cellular (reticu lated) ceram ics th a t are candidates for use in rad ian t burners, in 

th e  1200 to  1400/v tem p era tu re  range. T hey measured th e  to ta l rad ia tion  intensities 

leaving layers of the heated re ticu la ted  m ateria ls (placed in a  tu b e  furnace) using two 

different boundary conditions, and  then  used an inverse rad ia tion  approach involv­

ing the  two-flux approxim ation (assum ing a  gray, isotropically sca tte rin g  m edium ) 

to  obta in  the radiative properties from  th e  measured intensities. T h is  m ethod was 

particu larly  sensitive for optically th in  layers. The single sca tte ring  albedos varied 

from 0.68 to  0.88 (±7%  u n certa in ty ), whereas the  extinction coefficients varied from 

81 to  270 m ~ l (±11% ). M ital e t al. (1996) also reported th a t the  variations in the 

rad ia tion  properties were not significant in th e  range of tem p era tu res  investigated.

T here have also been m any theore tical a ttem p ts  to calculate th e  radiation prop­

erties of fibrous m aterials from first principles (Tong and T ien, 1980; Tong and Tien, 

19S3; Wang et al., 1987; Kurosaki an d  Y am ada, 1991). T he ex tinction  and  scattering 

characteristics of a single particle can  be described after th e  solution of the  electro­

m agnetic field equations. Kurosaki and  Y am ada (1991) sum m arized  the  procedure 

for analytically com puting the  ex tinction  and scattering cross sections per unit length 

for a cylinder, provided th a t its com position (which determ ines th e  com plex index of 

refraction), size param eter ( xd/ X)  and  surrounding m edium  are all known:

C « t„ ( A , m , 6 > )  =  —  W 0 ) } ,  (4 -6 )7T

C s ( A , m , f 0 ) =  4 /  * (£o ,*)</0 ,  ( 4 .7 )
X  J 6 = 2 ir

3The single scattering albedo is the fraction o f energy lost from an incident beam due only to
scattering (Kerker, 1969), i.e., the ratio between the scattering and extinction coefficients.
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where m  is the  complex index of refraction of the  cylinder relative to  th e  m edium , A is 

th e  wavelength of the  incident rad ia tion , £o is the incident angle m easured with respect 

to  th e  cylinder axis, and T (0) and  are the  am plitude and intensity  functions,

respectively. T (0) and i{£o,0) a re  com plicated functions th a t involve integral order 

Bessel functions4, which are beyond th e  scope of this thesis and and  are described in 

deta il in the literatu re  (K erker, 1969).

O nce the  single-fiber cross sections are determ ined, they can be used to calculate 

the  fibrous m edium  (i.e., m ulti-fiber) param eters by sum m ing (o r integrating) the 

in tensity  a tten u a ted  by every fiber elem ent (Kurosaki and Yam ada, 1991). The effect 

of fiber length d istribution (K om ori and  M akishim a, 197S) and orien tation  (Komori 

and M akishim a, 1978; Lee, 1986) can also be accounted.

To predict radiative properties from electrom agnetic theory, th e  complex index of 

refraction, m , m ust be known, e ith e r from direct m easurem ents o r from dispersion 

theory predictions (M odest, 1993). T he  main problem  with using the  m ethod de­

scribed by Kurosaki and Y am ada (1991) is th a t the very basic inform ation regarding 

the optical behavior of the Fecralloy fibers, i.e., the ir com plex index of refraction is not 

known. Additionally, Fecralloy fibers consist in a m ulti-com ponent alloy (Table 2.3), 

and the  ex tra  com plication of th e  protective, y ttrium -bonded , surface alum ina layer 

(Section 2.3). Scattering by stra tified  cylinders can be trea ted  in a m anner which 

is form ally sim ilar to th a t for spheres (Kerker, 1969). However, th e re  is no simple 

solution for oblique incidence (S am addar, 1970).

T he Fecralloy fibers th a t form th e  pro to type burner pad are neither parallel nor 

random ly arranged, which fu rther com plicates the  calculation of th e  radiation prop­

erties from first principles. T hey  form a cloth-like s truc tu re3, a  weave of tw isted, 

interlacing m ulti-fiber strands th a t co nstitu te  the  woven m etal fiber pad. Figure 4.1 

depicts this s tructu re , and also th e  sintered version used by G olom bok et al. (1991) 

for com parison purposes.

4 Bessel functions (of the first kind), Neumann functions (or Bessel functions o f  the second kind), 
and Hankel functions.
5The material is actually produced using a textile processing technique.
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Figure 4.1. Fecralloy fiber pad structu re : compare the  tex tile-like knitted  fiber 
s truc tu re  on the  left (used for th e  pro to type burner in th is investigation) with the 
random ly-oriented sintered fiber m edium  on the right (the  m ateria l used by Clolom- 
bok e t al.. 1991). Note th a t th e  la tte r  has been magnified to show th e  22 fim fibers 
in detail.

Therefore, and given th e  difficulty of the analytical calculations and  the uncer­

ta in ty  in the involved inform ation (specifically in the com plex index of refraction, 

m ), reasonable estim ates of th e  optical properties were used for th e  present study. A 

baseline case using 3 =  200 m ~ l and  <jj =  0.1 (i.e.. <rs =  20 m _ l ) was used to compare 

predictions with experim ents (Section 4.3). A sensitivity analysis was performed and 

is included in C hapter 5. In add ition , isotropic scattering was assum ed.

4.3. Com parison of Model Predictions with D ata

4.3.1. T em peratu re  of the Exhaust Gases

T he comparison between the  m odel predictions and the  ex it gas tem perature 

experim ental d a ta  for a single-layer Fecralloy burner is shown in F igures 4.2 to 4.4. 

for equivalence ratio of <t> =  l . l ,  1.0 and 0.9, respectively. The general trend in all 

cases is tha t the gas tem p era tu re  increases with increasing firing ra te , since the flame
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tem peratu re increases and  its location is alm ost constant. T he m odel predictions 

tend  to capture th is general behavior.

For the rich flame case (Figure 4.2). the  num erical results present initially  a steep 

gradient, but th e  increase in gas tem p era tu re  m oderates (and eventually  decrease) a t 

th e  higher firing rates. T h is  particu lar deviation from the general trend  a t the higher 

end of the firing range can  be explained by realizing tha t the reaction zone stabilizes 

further away from th e  b u rn er face, deeper inside th e  solid m atrix; therefore, the  peak 

flame tem peratu re increase is not enough to com pensate for the add itional convective 

heat losses (since th e  hot gases are in con tact w ith the porous m edium  for a longer 

tim e.) This change in th e  flame location is shown in Figure 5.23 of Section 5.4. where 

the  effect of the  firing ra te  is studied.

An excellent agreem ent is observed for th e  stoichiom etric case (F igure 4.3). where 

d a ta  and the predictions are  identical a t  a firing ra te  of 300 On the o ther hand, 

th e  lean m ixture case (F igure  4.4) shows th a t th e  gas tem peratu re is underpredicted  

for firing rates betw een 220 and 340 below this range, the  calculated results 

are much higher than  th e  d a ta , since th e  program  predicts th a t th e  flame stabilizes 

outside the solid m atrix  instead  of w ithin the pad (and. therefore, heat losses from the 

gas phase become considerably sm aller), as shown in the next chap ter in Figure 5.24. 

This behavior can be reproduced in the  laboratory, but at firing rates around 100 

which is about one half o f th e  value a t which the  code predicts tha t the  flame emerges 

out of the solid. Flam e location and burning m ode changes are the hardest to predict 

w ith approxim ate p roperty  values.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

109

Exit gas temperature comparison
Measurements vs. predictions; single Fecralloy layer; <t>=1.1
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Figure 4.2. Com parison of th e  ex it gas tem pera tu re  between th e  model predictions 
and the experim ental d a ta , for a fuel rich (<I> =  1.1) inlet m ixture.
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Exit gas temperature comparison
Measurements vs. predictions; single Fecralloy layer; 4>=1.0
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Figure 4.3. Com parison of the  exit gas tem p era tu re  between the model predictions 
and the experim ental d a ta , for a  stoichiom etric (<I> =  1.0) inlet m ixture.
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Exit gas temperature comparison
Measurements vs. predictions; single Fecralloy layer; <t>=0.9
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Figure 4.4. Comparison of th e  ex it gas tem perature between the m odel predictions 
and  th e  experim ental data , for a  fuel lean (<1> =  0.9) inlet m ixture.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

4.3.2. Solid Surface Tem perature

T he predictions of th e  surface tem p era tu re  of the  solid m atrix  are p lotted  together 

w ith th e  experim ental d a ta  in Figures 4.5 to 4.7. for equivalence ratios of 4> =  1.1. 

1.0 and  0.9. respectively. For all inlet m ixtures, the  surface tem peratu res increase 

w ith an increase in th e  firing ra te , and  the sim ulations cap tu re  this trend . Note 

th a t the  predicted surface te m p era tu re  (i.e.. the tem peratu re of the  last grid point of 

the  solid m atrix) is always abou t 200A" below the  d a ta , but the  experim ental results 

always lie between the calculated  surface and m axim um  tem peratures. As m entioned 

in Section 2.4.6, the experim ental technique relies on com paring the  rad ian t flux 

em itted  by the  burner to  th a t of a  blackbody: the  fact that the  m easurem ents are in 

between the calculated surface and  m axim um  tem peratures is indicative of radiation 

being em itted  not only from the  “surface”6 but partly  from the  bulk of the m atrix .

A sharp  reduction of the  pred icted  solid tem peratu res is observed in F igure 4.7 for 

firing rates below 220 ^ r ,  which corresponded to  the  flame being stabilized outside 

the  porous m atrix. This effect of th e  flame becom ing a “surface flame" was discussed 

previously in Section 4.3.1.

4.3.3. R adiation Efficiency

T he radiation efficiency for ideal burners (w ithout heat losses from the sides and 

assum ing com plete com bustion) resem bles, for larger-than-zero firing rates, a hyper­

bolic curve (Fu et al.. 1999): it decreases w ith increasing firing rates, since th e  ex tra  

fuel fraction causes a less-than-proportional increase in the efficiency. W hen heat 

losses are considered, the  ideal bu rner presents a  local m axim um  in the rad iation  

efficiency. T he radiation efficiency increases when reducing th e  firing ra te , up to 

the  point when the heat losses from the  housing become significant and curve th a t 

behavior; eventually, th e  rad ia tion  efficiency drops to  zero for zero firing rate .

bThe concept of surface is not straightforward for a porous medium.
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Surface temperature comparison
Measurements vs. predictions; single Fecralloy layer; <t>=1.1
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Figure 4.5. Com parison of th e  burner surface tem pera tu re  betw een the  model pre­
dictions and the experim ental d a ta , for a fuel rich (4> =  l . l )  inlet m ixture. The 
m axim um  solid m atrix  te m p era tu re  is included for com parison.
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Surface temperature comparison
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Figure 4.6. Comparison of th e  burner surface tem peratu re between the  model pre­
dictions and the experim ental d a ta , for a stoichiom etric (<& =  1.0) inlet m ixture. T he 
m axim um  solid m atrix  tem p era tu re  is included for comparison.

Measurements vs. predictions; single Fecralloy layer; 0= 1 .0
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Surface temperature comparison
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Figure 4.7. C om parison of the burner surface tem p era tu re  between the model pre­
dictions and th e  experim ental data , for a fuel lean (4> =  0.9) inlet m ixture. The 
m axim um  solid m a trix  tem pera tu re  is included for com parison.

Measurements vs. predictions; single Fecralloy layer; 4>=0.9
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A real burner presents a  local maximum in the rad ia tion  efficiency, which is usually 

a ttribu ted  to the  aforem entioned heat loss effect. However, chem istry effects are 

also present and should be included in the analysis. VVdien m ulti-step  chem istry is 

considered in a  num erical sim ulation , a m axim um  in the  rad ia tion  efficiency can still 

be produced, even in th e  absence of heat losses from th e  burner housing. In fact, in 

a  porous radiant burner, a relatively low firing ra te  flam e subjected  to heat loss (i.e.. 

convection to a  solid m a trix ) cannot achieve full ox idation of all species. Then, the 

relative pollu tant em issions increase and overall efficiency decreases. A t large firing 

rates, the behavior approaches th a t of the ideal burner.

The aforem entioned local m axim um  was observed in the laboratory  a t firing rates 

of about 220 ^ r ,  independen tly  of the equivalence ratio . However, th e  numerical 

predictions show th a t th e  firing ra te  at which the m axim um  occurs decreases slightly 

w ith increasing equivalence ratio , from 310 for =  0.9 to  280 for $  =  1.1, as 

shown in Figures 4.8 to  4.10.

Radiation efficiency is pred ic ted  reasonably well for a  stoichiom etric m ixture (Fig­

ure 4.9). Agreem ent is not as good for rich and lean m ixtures, being over- and un­

derpredicted, respectively (F igures 4.S and 4.10). N ote th a t there is a significant 

radiation efficiency drop  for th e  case when the flame is not em bedded in the solid 

m atrix , but ra ther anchored to the burner surface (<t* =  0.9 and FR < 2 20 f ig ­

ure 4.10), which confirm s the  fact th a t submerged flames are desired for an optimum 

radiant burner operation .
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Radiation efficiency comparison
Measurements vs. predictions; single Fecralloy layer; 0=1.1
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Figure 4.8. Com parison of th e  rad ia tion  efficiency between th e  model predictions and 
the experim ental da ta , for a fuel rich (0  =  1.1) inlet m ixture.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

I IS

Radiation efficiency comparison
Measurements vs. predictions; single Fecralloy layer; <t>=1.0
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Figure 4.9. Comparison of the rad ia tion  efficiency between the m odel predictions and 
the experim ental da ta , for a  sto ichiom etric ($  =  1.0) inlet m ixture.
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Radiation efficiency comparison
Measurements vs. predictions; single Fecralloy layer; <t>=0.9
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Figure 4.10. Com parison of the radiation efficiency between th e  model predictions 
and th e  experim ental d a ta , for a fuel lean ($  =  0.9) inlet m ix tu re .
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4.3.4. NO Emissions

The emission of NO is strongly  related  to  the gas tem peratu re: th e  production 

m echanism s are sum m arized in Section 5.1. Therefore, a sim ilar success to  th a t 

achieved for the tem p era tu re  predictions is seen for this quantity . F igures 4.11 to 

4.13 show the num erical predictions and the d a ta  for equivalence ratios of <& =  1.1.

1.0. and 0.9. respectively, corrected to  3% 0> (dry  basis) '. T he NO em issions increase 

w ith increasing firing ra te  for all the  em bedded flames. Note, th a t w hen th e  flame 

stabilizes outside the  porous m ateria l (a t the  lowest calculated firing ra te  for a lean 

flame. Figure 4.13), the NO em issions increase due to the  corresponding tem p era tu re  

increase.

Both m agnitude and  tren d  show good agreem ent with the  firing ra te  for the  three 

equivalence ratios, bu t th e  slope of the  predicted  curves is som ew hat lower than  th a t 

for the  data.

4.3.5. CO Emissions

Figures 4.14 to  4.16 depict the  m easured CO emissions variation w ith  the firing 

ra te , for equivalence ratios of $  =  l . l .  1.0. and 0.9. respectively, corrected  to  3% 

0 - 2  (dry basis). In this case, the  m odel results are not close to the experim ental 

measurem ents: CO em issions are over-predicted by about one order of m agnitude.

The experim ental d a ta  show th a t CO em issions increase with increasing firing rate. 

T he model results predict the  sam e increasing trend  for all the  em bedded flames when 

$  >  1.0 (Figures 4.14 and 4.15). but a  ra th e r flat profile for the  lean m ix tu re . =  0.9 

(F igure 4.16). T he num erical result becomes very poor when the p red ic ted  flame is 

not submerged in the porous m ateria l.

A possible explanation for th e  difference is th a t the GRI-Mech 2 .1 1 reaction  rates 

for the CO oxidation steps are  low, m aking it “harder" for the  code to  com plete  the

' As mentioned in Section 2.5.2.5, the purpose o f correcting to a specific 0_> level is to remove the 
effects of various degrees of dilution so that true comparison of emission levels can be made, while 
still retaining a familiar mole-fraction-like variable (Turns, 1996).
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NO emission comparison
Measurements vs. predictions; single Fecralloy layer; 0=1.1
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Figure 4.11. Com parison of the  NO emissions between the model predictions and 
the experim ental d a ta , for a  fuel rich ($  =  l . l )  inlet m ixture. Concentrations are 
corrected to  3% Oo (d ry  basis).
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NO emission comparison
Measurements vs. predictions; single Fecralloy layer; 4>=1.0
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Figure 4.12. Com parison of the NO emissions betw een the  model predictions and the 
experim ental d a ta , for a  stoichiometric (<t> =  1.0) inlet m ixture. C oncentrations are 
corrected to  3% O ? (dry basis).
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NO emission comparison
Measurements vs. predictions; single Fecralloy layer; 4>=0.9
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Figure 4.13. C om parison o f th e  NO emissions between th e  model predictions and 
the  experim ental d a ta , fo r a  fuel lean ($  =  0.9) inlet m ix tu re . Concentrations are 
corrected to 3% 0 - 2  (dry basis).
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process. The rates have been obtained and optim ized for use in ad iabatic  flames, and 

the ir extension to  non-adiabatic situations has not been thoroughly  studied.

4.3.6. U nburned Hydrocarbons Em issions 

The numerical results for the  unburned hydrocarbon em issions8  are plotted with 

the  experim ental d a ta  in Figures 4.17 to 4.19. All concentrations are corrected to 

3% 0 -2  level (on a  d ry  basis). T he difference between th e  experim ental data  and 

th e  simulations is of several orders of m agnitude. T he code predicts virtually no 

emissions, but the m easurem ents are in the range of 360 to  480 PPM .

There are several possible explanations for this large discrepancy. First, follow­

ing a similar reasoning as before for CO emissions (Section 4.3.5), it can be argued 

th a t the chemical m echanism  rates are too large, m aking it “easy” for the code to 

com plete the oxidation of the hydrocarbons. A dditionally, and  even though the sam ­

pling probe in the experim ental setup was located near th e  cen ter of the  burner, it 

is possible th a t some m ethane which slipped near the  cold edges of the  burner could 

have been aspirated in to  the sam ple stream  (thus elevating the  readings). Finally, 

th e  numerical model assum ed pure m ethane as fuel, when n a tu ra l gas (a "grade 1.3’* 

m ethane tank, 93% C'H.| nom inal) was used in the laboratory . According to Zhou 

(1999), who recently perform ed a gas chrom atography analysis, the  gas composition 

(Table 4.2) contains som e ethene (C 2 H.1) tha t can lead to  th e  increased pollutant 

emissions. Unburned hydrocarbon emissions from natural gas and  from m ethane are 

investigated in more deta il using the  modified PREM IX  code in Section 5.10.

4.4. Discussion of the Com parison 

The one-dim ensional m odel for the  Fecralloy rad ian t burner described in C hapter 3 

predicts reasonably well the rad ia tion  efficiencies, exhaust gas tem peratu res and NO 

emissions in the studied range of firing rate (170 to  340 ^ r )  and  equivalence ratio (4> =

8Mostly methane; non-zero but negligible levels of C.TU. C2 H.1 and C 2 H6 are also present.
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CO emission comparison
Measurements vs. predictions; single Fecralloy layer; <t>=1.1

800

700

600

r  500

o 400

O 300

200

G— ©  Experimental data 
 Model predictions /1 0 .100

300 350250200150
Firing rate [ kW/m2 ]

Figure 4.14. Com parison of the CO emissions betw een the  model predictions and 
the  experim ental d a ta , for a fuel rich ($  =  1.1) inlet m ixture. Concentrations are 
corrected to  3% 0 2 (dry  basis).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

126

CO emission comparison
Measurements vs. predictions; single Fecralloy layer; 4>=1.0 
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Figure 4.15. Com parison of the C '0 em issions between the m odel predictions and the 
experim ental data , for a  stoichiom etric ( $  =  1.0) inlet m ix tu re . Concentrations are 
corrected to 3% O 2 (dry basis).
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CO emission comparison
Measurements vs. predictions; single Fecralloy layer; 4>=0.9
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Figure 4.16. Comparison of th e  CO emissions between the m odel predictions and 
th e  experim ental da ta , for a  fuel lean ($  =  0.9) inlet m ixture. C oncentrations are 
corrected to  3% 0 2 (dry basis).
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Unburned hydrocarbon emission comparison
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Figure 4.17. Com parison of th e  UBH emissions between the  model predictions and 
the  experim ental d a ta , for a fuel rich ($  =  1 . 1 ) inlet m ix ture . Concentrations are 
corrected to  3% 0 2 (d ry  basis).

Measurements vs. predictions; single Fecralloy layer; 4>=1.1
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Unburned hydrocarbon emission comparison
Measurements vs. predictions; single Fecralloy layer; <t>=1.0
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Figure 4.18. Com parison of the  UBH emissions between the  model predictions and 
th e  experim ental d a ta , for a  stoichiom etric ($  =  1.0) inlet m ixture. C oncentrations 
are corrected to  3% O 2 (d ry  basis).
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Unburned hydrocarbon emission comparison
Measurements vs. predictions; single Fecralloy layer; 4>=0.9
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Figure 4.19. Comparison of the  UBH emissions between th e  model predictions and 
the  experim ental da ta , for a fuel lean (<I> =  0.9) inlet m ixture. Concentrations are 
corrected to 3% O 2 (dry basis).
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Table 1.2. N atural gas com position (vol. %) according to  Zhou (1999).

C om ponent Volume %

C’H4 92.2

c 2 h., 3.3

n 2 3.9

C 0 2 0 . 6

0.9 to 1 . 1 ). Some differences a t  th e  lower firing rates can be a ttr ib u te d  to  significant 

heat losses from th e  burner housing, which are not included in th e  modeling. In one 

case (fuel lean, low firing ra te ), th e  calculations suggest th a t th e  flame moves outside 

of the porous m atrix , changing th e  n a tu re  of the solution; th is effect was observed in 

th e  laboratory but a t much lower firing rates.

T he solid surface te m p era tu re  is predicted qualitatively correctly. T he experim en­

tal d a ta  are always about 2 0 0 1\ h igher than  in the calculations, and  lies between the 

num erical surface and m axim um  tem peratures. This is because a significant fraction 

of the therm al radiation is em itte d  from the bulk of the  solid m atrix , and the  con­

cept of “surface" for a porous m ateria l is not straightforw ard. T he m easured quantity  

takes an interm ediate value because it assigns an equivalent solid surface to  the porous 

m edium .

Emissions of CO and unburned  hydrocarbons are not sim ulated  very successfully. 

T he CO is overpredicted by ab o u t one order of m agnitude by the  num erical code, 

and the hydrocarbons are severely underpredicted (by several orders of m agnitude). 

A possible source for th e  d iscrepancy  is tha t the chem ical m echanism  rates were 

optim ized for ad iabatic  flames, and  they might not be applicable to  non-adiabatic 

processes. On the o ther hand , th e  elevated experim ental d a ta  on the  hydrocarbon
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emission can be caused by im purities in the  fuel (na tu ra l gas instead of pure m ethane, 

as described in Section 4.3.6). It should be m entioned here th a t, even though the  

com puted CO em issions are not accurate in m agnitude, the trends with th e  firing 

ra te  are correct (for $  >  1 .0 ).
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5. PARAM ETRIC STUDY

In th is  C hapter, the effects of certain  model param eters affecting the thermal per­

form ance of the  b u rn e r/h ea te r are investigated. A solution for a baseline case is 

presented in order to  assess th e  changes in th e  results a fte r modifying one of the 

param eters of interest. Sensitiv ity  calculations are perform ed for variations in vol­

um etric  heat transfer coefficient, equivalence ratio , firing ra te , downstream oxygen 

concentration , surface em ittan ce , therm al conductivity  o f th e  solid, extinction and 

scattering  coefficients.

5.1. Choice of Baseline P aram eters

T h e  solution of the m odel equations require specifying th e  properties of the solid 

and th e  com position of the fuel stream . For this purpose, a  single. 0.2 cm  thick Fecral- 

loy layer was considered as th e  flame support m ateria l, which started  at x = 0 . 2  cm  

and ended a t x  =  0.-1 cm: th e  com putational dom ain ex tended  up to .r =  0.5 c m 1. 

T he gas-only region (from x  =  0 to  x  — 0.2 cm ) served to  model the inlet plenum. 

T he incom ing fuel m ixture was selected to be of an equivalence ratio of 1 . 1 . which 

resulted  in relatively fast com pu ta tions2 due to  the  lack o f the  complex NOx chem ­

istry o f richer flames, but it still allowed the study  of the  effects of partial premixing. 

Effectively, th is slightly fuel rich (4> =  1.1) m ix tu re  was selected purposely to avoid 

a fully-prem ixed solution and  thus em phasize the  role of th e  oxidizer back-diffusion

'For plotting purposes, however, the inlet plenum (i.e., the initial 0.2 cm) is not included. This is 
done in order to show in more detail the remaining of the computational domain, where the changes 
actually occur.
2“Fast'’ in this case meant between 5 and 10 CPU hours in an IBM RISC 6000 machine.
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and partial-prem ixing, b u t. a t th e  sam e tim e, rem aining close to  the  stoichiom etric 

conditions th a t are com m onplace in norm al rad ian t burner operation.

T he relevant model param eters were sum m arized in Table 5.1. T h e  volum etric 

heat transfer coefficient was selected for this base case to be 1 . 0 0 0  -^ -p . based onI\

the  analysis presented in Section 4.2.1; its influence is described in m ore detail in 

Section 5.2. T he extinction  coefficient was selected to  be 3 =  200 m -1 . as discussed 

in Section 4.2.2. The scattering  phase function was taken to be unity  (i.e .. isotropic). 

D iscrete ord inates equations were carried  up to  order 4 (.$'4 ); sym m etric  and non- 

sym m etric S 2 were not accurate  enough3, and higher order approxim ations did not 

im prove th e  accuracy o f th e  solution. D ownstream  0 2 concentration was assum ed 

to  be 0.2. In addition, th e  surface em ittance  for these calculations was chosen as 

£ =  0.65, the  value provided by the  m anufacturer. Note tha t the  concept of ‘‘surface" 

for a fibrous m aterial can be am biguous and often requires a m ore clear definition. It 

can refer to  the  whole surface of th e  m aterial, or only the fraction of th e  a rea  occupied 

by th e  upperm ost layer of fibers. T he former definition is used here.

Figure 5.1 depicts th e  tem p era tu re  d istribu tion  inside the burner. T h e  num erical 

solution of the  model equations to  th e  desired tolerance (absolute to lerance of 1 0 -9 . 

relative tolerance of 10- '1. assuring four digits of accuracy) required using 67 mesh 

points for the  gas phase: 45 points were used for the  upstream  preheat and  flame zone. 

7 for th e  two-phase region after the  flame, and th e  remaining 13 for the  dow nstream  

gas-only zone. T he solution in the  solid domain needed 54 points. It is in teresting to  

note th a t the re  is a region with a relatively high accum ulation of mesh points at the  

exit of the  dom ain (at th e  right), due to  the presence of a second (diffusion) flame, 

and the  the  need of m atching the im posed Dirichlet boundary condition th a t specifies 

the  O 2 and N2 concentrations there.

T he tem pera tu re  profile of th e  gas shows a  rapid, quasi-linear increase a t th e  

burner en trance. It peaks a t th e  flame location (x  ~  0.09 cm , a prem ixed flame)

3These are equivalent to the two-flux method and the Schuster-Schwarzschild approximation, re­
spectively (Modest, 1993).
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Table 5.1. Base case param eters for sam ple calculations.

Solid

L [m] 0.002

<t> 0.91

£ 0.65

1 * 1 106

k* (effective) 0.13

Ps^p.S [m3 /J 253,200

P [m _ l] 200

h (a t faCeS) 50

Gas stream

Firing ra te  [§ - ] 200

<F l . l

Inlet T  [A'] 400

Surroundings

\ 0 2  (dow nstream  boundary) 0.2

T  [A'J 400
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and then  decreases since the flame loses energy to  the solid. T hese losses are larger 

th an  th e  still ongoing chem ical heat release. After leaving the  solid m atrix , the gas 

tem p era tu re  rises again, m ainly due to  the  reburning of C O 2 and H2 (diffusion flame). 

T h e  prem ixed flame inside a  porous bu rner is considerably thicker'1 than  a free flame, 

m ainly  because the preheating takes place over a  broader region.

T he  tem perature d istribu tion  in th e  solid m atrix is roughly parabolic, with a 

sub tle  inflection point near th e  en trance  of the burner, where th e  gas tem peratu re , 

in itia lly  low, reaches the te m p era tu re  of the solid. Peak tem p era tu re  of the  solid 

m a trix  is reached some distance dow nstream  of the m axim um  gas tem peratu re , at 

abou t x  «  0.012 cm. R adiation efficiency (as defined in E quation 2.2) is 22.4%.

Figure 5.2 illustrates the  behavior of the  tem perature difference between th e  gas 

and  th e  solid m atrix. T here is an  en trance  region (.r < 0.05 cm ) w here the porous solid 

is a t  a  higher tem perature th an  th e  gas m ixture, actually preheating  it. T he initial 

positive slope of the curve shows th a t  the  gas tem perature is increasing a t a  faster 

ra te  than  the solid m atrix  tem p era tu re . A local m axim um  occurs at x  % 0.0S o n . 

ind icating  tha t the trend  is reversed, i.e.. the tem perature of th e  solid s ta rts  to increase 

faster. There is another local ex trem u m  (in this case, a m inim um ) at x  a; 0.12 cm, 

a fte r which the tem peratu re difference increases significantly, corresponding to  the  

region near the burner face, w here th e  solid m atrix tem p era tu re  decreases due to 

rad ia tive  losses (even though th e  hot gases are still transferring energy to the  solid 

by convection.) Exit tem p era tu re  difference is about 700 /\.

4The flame thickness does not have a significant influence in the thermal performance o f the 
burner/heater and it is not investigated in this dissertation.
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Figure 5.1. Gas and solid m a trix  tem peratu re  d istribu tion  inside the  model burner.
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Figure 5.2. T em perature difference (betw een the gas and  th e  solid m a trix ) d istribution  
inside the model burner. A negative value (as seen for .r <  0.05 cm )  indicates th a t the 
porous pad is a t a higher te m p era tu re  than  the incom ing gas. therefore preheating 
the  flow.
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Figure 5.3 shows th e  variation of the  local velocity along th e  com putational do­

main: inlet value is alm ost 2 0 ^ ,  a peak a t  th e  flame center reaches about 7 5 ^ .  and 

then decreases a t th e  ou tle t to  about TO^j-. A local m inim um  for the gas velocity 

is present right a t  th e  bu rner face, w here th e  tem perature reaches also a local m ini­

mum. It is in teresting  to  com pare th a t th e  velocity ratio  (m ax im um /in le t) is abou t 

4, som ew hat lower th an  th a t of a free flam e, which is around 65. In Figure 5.4 it 

can be seen th a t th e  local gas density presents the opposite trend : it decreases from 

a m axim um  a t th e  en trance  to  a m inim um  a t the flame cen ter, and  then s ta r ts  to 

increase again (w hen th e  products of com bustion cool down by transferring  energy to 

the solid m atrix ) and . finally, after ex iting  the  solid layer th e  density  decreases once 

again.

Selected "m ajo r” species are plotted in Figure 5.5, and  "m inor” species are  pre­

sented in Figure 5.6. T he  fuel and oxidizer fractions change relatively  quickly a t the  

flame location (x  «  0.09 cm ). 0-2 reaches a  m inimum (non-zero) value right afte r the 

premixed flame, in between one region w here the injected oxidizer was consum ed and 

another where O 2 diffuses from the dow nstream  boundary.

The mole fraction of CO reaches a m axim um  at the prem ixed flame location, being 

consumed thereafte r. Radicals (0 . H, O H ) increase rapidly a t th a t sam e position, 

with a peak a sm all d istance dow nstream  of the flame, and they  decay in th e  post­

flame zone. But not all these radicals ind icate  the  same trend  afte r leaving the  porous 

m aterial: while th e  H dim inishes monotonically, O and OH show second peaks during 

the reburning stage.

Hydrogen (H 2 ) is quickly generated in the  fuel-rich en trance region, and then  is 

monotonically consum ed roughly in th ree  equal parts: 1/3 a t the  prem ixed flame. 

1/3 in the post-flam e region inside the bu rner, and the rem aining 1/3 a t the diffusion 

flame during reburning .

5The maximum gas temperature inside the burner is usually lower than the temperature o f a free 
flame. Therefore, the velocity (density) ratio for a flame submerged in a porous burner is smaller 
(larger).
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Figure 5.3. Gas velocity d is trib u tio n  inside the model burner.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

1 4 2

Main com bustion p ro d u c ts  (C O 2 and H20 )  initially increase, bu t the ir mole frac­

tions decrease afte r th e  m ain  reaction zone due to the back-diffusion of air. Formation 

of NO pollutant also increases in itia lly  following the tem p era tu re  rise a t the  flame 

front, but it becomes consum ed in th e  lower tem peratu re diffusion flame. A nother 

im portan t pollu tan t, N O 2 , shows rapid  form ation before th e  flame front, followed by 

rapid  destruction a t th e  flam e front (due to  th e  decom position into NO a t high tem ­

peratu re.) A slight N O 2 concen tra tion  recover occurs la te r in th e  colder post-flame 

zone.

There are several m echanism s by which NO is created in a flame. In all cases. NO 

is th e  prim ary species form ed, and  NO 2 production always requires NO as a reactant.

1. Thermal (or Zeldovich) m echanism  (M iller and Bowm an. 1989) is given by the 

reactions 178, 179 and  180 of GRI-M ech 2.11 (A ppendix E):

N +  NO =  N2 +  0  ,

N +  0 2 =  NO +  0  .

N +  OH =  NO +  H .

This m echanism has a  large activation  energy and is not im portan t below 18001\ 

(Correa, 1992).

2. Prompt (or Fenim ore) m echanism  occurs within th e  flame zone, and it is initi­

ated by the a ttack  of N2 by C'H radicals. The details of the m echanism  are not 

fully established (Lyle, 1997). bu t the  four most im portan t in itia ting  reactions 

are believed to  be (M iller and  Bowman, 1989) num bers 238. 239. 240 and 242 

of GRI-Mech 2.11:

H2CN +  N =  N2 +  CH 2 ,

C +  Na =  CN +  N ,

CH +  Na =  HC'N +  N .

C H 2 +  Na =  HC’N +  NH .
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Figure 5.5. Selected (m ajor) species d istribu tions inside th e  model burner.
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Figure 5.6. Selected (m inor) species d istributions inside the  model burner.
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3. A nother NO generation pathw ay is through th e  nitrous oxide m echanism , which 

involves the  conversion of in term ed iate  N20  in to  NO. One of the  m ajo r produc­

tion routes for N20  is the recom bination of N2 and 0  in the presence of a third 

body (reaction  number 185 of G RI-M ech 2.11):

N20  +  M =  N2 +  0  -I- M .

N20  can then  react with o ther species to  form NO according to  reactions 182. 

199 and 228 (Nishioka et al., 1994):

N20  +  0  =  2NO .

N20  +  H =  NH +  NO .

N20  +  CO =  NCO +  NO .

T his m echanism  is usually not significant excep t in very lean, low -tem perature 

flames (C orrea, 1992).

Nishioka e t al. (1996) discussed con tribu tions of different reaction steps to  NO 

production in counterflow flames. Lim (1998) used th a t information to  show th a t the 

prom pt m echanism  contributed even m ore when the  tem perature was increased due 

to  steam  addition. He also pointed ou t th a t, since reaction 178 was highly sensitive 

to tem p era tu re , th e  sensitivity of NO* em issions resulted from this reaction step. 

A dditionally, C'H and  HC'N (from reaction 240) were identified as significant species 

in the  overall nitrogen oxides chem istry (Lim , 1998).

Figure 5.7 depicts the profiles of som e of the  relevant species for the aforem entioned 

m echanism s, in term s of the local coordinate. Since m ost of the change takes place 

w ithin a sm all region (at the flame location), a fuel-based progress variable6 (£,', defined 

below in E quation 5 .1) is used to  show in m ore deta il th e  variation of the  mole fractions

6Because of the definition of the progress variable, the both the premixed flame and the down­
stream diffusion flame are collapsed together. Note that it is common to work with a normalized 
form o f the fuel mass fraction, i.e., the progress variable (Neuber et al., 1998), which is useful to 
describe premixed flames in terms o f a single thermochemical variable (Prasad et al.. 1999).
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w ith the  reaction progression (F igure 5.S). Mole fractions for CH and H2CN behave 

similarly, presenting a  narrow  peak with a  maximum a t < ;«0.95. and diffusing toward 

th e  low £ values: rapid  destruc tion  occurs as £ —> 1.0. Mole fraction for HCN shows a 

gradual, almost linear increase from £ =  0 UP to £ « 0 .9 5 , th en  a  sharp  decrease.

After a slow increase to  about 50% of its m axim um  value, the NO species are 

characterized by a  very  narrow  peak a t £ =  1.0. T he N 0 2 reveals a  broad peak 

around £ =  0.20, which is associated with the oxidation of NO a t low tem peratu res. 

T he N20  mole fraction is m ore sym m etric, implying th a t th e  diffusion and form ation 

rates (£ <0.40) are of th e  sam e order as the  destruction ra te s  (£ > 0 .40). More on the 

use of the progress variab le  follows in Section 5.2.
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F igure 5.7. Selected species (relevant to  NO mechanisms) d istribu tions inside the 
m odel burner.
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Figure 5.8. Selected species (relevant to NO m echanism s) distributions inside th e  
model burner, in te rm s o f th e  progress variable, £.
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5.2. Influence o f th e  Volumetric Heat Transfer Coefficient

T he effect of the volum etric heat transfer coefficient, h v, is discussed in this section. 

Figure 5.9 shows the  changes in the  tem perature profiles for th e  gas and solid phases 

when increasing h v by -50% (to  1,500 ■£$■) or decreasing it to  50% of the  base case 

value (500 ^ 3^ ) .  It is ap p aren t th a t the  tem perature of th e  gas m ix ture  is not too 

sensitive to the  value of th e  volum etric heat transfer coefficient. T he peak flame 

tem peratu re is hardly affected by the  changes, and  the  ex it tem p era tu re  difference 

between the two lim its (w hen h v differs by 200%) is less th a n  100A'. T he variation 

in the  volumetric heat tran sfe r coefficient, however, causes a  sm all shift in the  flame 

location. W hen h v decreases, th e  reaction zone stabilizes deeper in the  m atrix: for 

larger values, the  flame moves tow ard the inlet. T he change in the  flame location 

can be a ttribu ted  to the  p rehea ting  of the m ixture: larger convective heat transfer 

allows faster preheating, therefore, accelerating ignition. It has been observed in the 

num erical experim ents th a t th e  subsequent increase of h v beyond 1.500 ^ 3^  has no 

influence on the  flame location.

T he tem perature of the  solid m atrix  is strongly affected by the  value of the vol­

um etric  heat transfer coefficient. Even though an increase of h v beyond the baseline 

value is not significant, a considerable effect is observed for lower values. The max­

im um  tem perature drops alm ost 200A' when hv is reduced to  50% of the  base case 

value.

T he change in the  tem p era tu re  profiles caused by a  variation in the  volumetric 

heat transfer coefficient produces a corresponding shift in th e  species profiles (Fig­

ures 5.10 and 5.11.) Since th e  gas tem perature rem ains alm ost constant for these 

th ree  cases, the species profiles are quite similar. M ost notably , the  tem perature 

change outside the  porous m ateria l affects the radicals O and  O H j levels. The CH4 

and O 2 consum ption occurs m ore slowly for low h v, resulting in a  stronger diffusion 

flame on the burner surface.
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Figure 5.9. Tem perature d is tr ib u tio n  inside the model burner for th ree  different values 
of the  volumetric heat transfer coefficient.
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Figure 5.10. M ajor species d is trib u tio n  inside the model burner for th ree  different 
values of the volum etric heat transfer coefficient.
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Figure 5.11. M inor species d istribution  inside the  model burner for three different 
values of the  volum etric heat transfer coefficient.
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An in teresting  wav of studying th e  effects of the heat loss on chem istry  is by using 

a suitable progress variable. In th is  m anner, the  effects of other variables such as 

flame location, flame thickness, e tc ., can be elim inated.

Free ad iabatic  flames allow th e  definition of a  progress variable in term s of th e  

gas tem peratu re; however, since th e  gas tem p era tu re  in the non-adiabatic case is 

m axim um  inside th e  domain (and not a t th e  ex it), such progress variable becom es 

non unique, because the  same value is ob ta ined  during the  gas m ix tu re  heating and  

cooling. A ccording to  Gouldin (1996), a progress variable may be defined in te rm s 

of a  mass (m ole) fraction of a species '. Therefore, a  convenient definition in te rm s of 

the fuel m olar fraction is:

\ C H 4  — \ C H 4. in . .
<, =  ---------------------------  , (o .l)

\ C H 4 , o u t  — X C H 4  ,m

which ranges from 0 to  I, and it is effectively unique in the  domain.

Figures 5.12 and  5.13 show th e  sam e results as those presented in Figures 5.10 

and 5.11 b u t in te rm s of the progress variable. (,’. The effects of th e  different flame 

location for th e  different values of h v vanish, and  all th ree  curves v irtually  collapse on 

top of each o ther. T he  three solutions w ith different values for the  volum etric heat 

transfer coefficient deviate from sim ilarity  only slightly in the case of NO ?, due to  th e  

sensitivity of this species to the m axim um  gas tem peratu re . Especially successful is 

the  collapse of the  radicals O and OH. which present significantly different profiles 

along the diffusion flame region (.r >  0.2 cm ,  Figure 5.11), but becom e virtually  

indistinguishable in term s of £ (F igure 5.13).

The injected species (C’H.!, O j. N2 ) present a negative gradient a t £ =  0 clue to  th e

advective transpo rt; all other species show positive gradients, which is characteristic

of the  diffusive transpo rt in the upstream  direction and  is particu larly  strong for

N2 O. The CO  sharp  decrease a t £ =  1 . 0  actually  corresponds to th e  oxidation in th e

diffusion flame. T he peaks in O 2 and  N2 a t (,* =  1.0 are due to  the dow nstream  source

'The use of different species for the definition o f the progress variable will give different results in 
the presence o f differential diffusion; see, for example. Cant et al. (1994).
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for those species th a t drive th e  back-diffusion process (the  decrease in H20  and C '0 2 

mole fractions is linked to  th e  sam e effect). Radicals 0 ,  H and  OH peak out shortly  

before both the prem ixed and  the  diffusion flames, but only the  form er can be seen 

in this representation.

T he NO profile shows a  peak a t th e  end of the reaction zone (C ~  1) due to  the 

therm al production. T he  po llu tan t diffuses upstream  where is converted  to  N 0 2 by 

recom bination a t lower tem p era tu res  (m axim um  at C « 0 .2 ).

T he resulting te m p era tu re  d istribu tions obtained when using very high ancl low 

values for the volum etric hea t transfer coefficient are presented in Figure 5.14. T he 

prem ixed flame is subm erged m ore deeply within the  solid m a trix  when h v is low, 

since the preheating of th e  gas m ix ture  occurs more slowly, and  thus th e  gas m ix ture 

has more time before being ignited. G as tem peratures increase w ith a  reduction in h v, 

due to the dim inished heat loss. On th e  o the r hand, the solid te m p era tu re  decreases 

considerably when the  th e rm al coupling to  the  gas phase is reduced.

A subsecpient decrease in h v (below 250 ^ 3^ )  causes the  flam e location to move 

fu rther downstream, very near the front face of the burner. T he excessive heat losses 

cannot be sustained in th is case and th e  reaction either extinguishes or becom es one 

for a surface (burner stab ilized) flame, depending on the firing rate .
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Figure 5.12. M ajor species d istribu tion  inside th e  model burner in term s of the 
progress variable, £, for three different values of the  volumetric heat transfer coeffi­
cient, hv. N ote th a t all the separate curves shown in Figure 5.10 collapse on top of 
each o the r in th is representation.
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Figure 5.13. M inor species d istribu tion  inside the m odel burner in term s of the 
progress variable, £, for th ree  different values of the  volum etric hea t transfer coeffi­
cient, hv. Note th a t all th e  separa te  curves shown in F igure 5.11 collapse on top of 
each o ther in th is represen tation .
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Fecralloy burner, extreme hv
Base case: FR=200kW/m2,<t>=1.1
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Figure 5.14. T em peratu re  d is tribu tion  inside th e  model burner for ex trem ely  high 
and  low values of heat tran sfe r coefficient. h v.
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T h e  gas tem peratu re  d istributions included in Figure 5.14 are  p lo tted  in Fig­

ure 5.15 now in term s of the com plem entary  progress variable, 1—C- Selected species 

concentrations are depicted in Figures -5.16 to  5.18. also as a function of 1 — In 

this represen tation , the h igh-tem peratu re (i.e., flame) region (which lies to  the  left 

of th e  plots) is expanded to  em phasize th e  differences caused by th e  heat loss, where 

C ^ l.O ).

T he  gas tem peratu re  d istribu tions inside th e  Fecralloy model bu rner are  virtually 

identical except for C >0.999 (or I— <  10- 3 ), w here the  results for th e  lower h v value 

reveal higher tem peratures due to  th e  reduced heat transfer to  th e  porous m atrix. 

M ajor species (F igure 5.16) are com pletely  analogous. The profiles for bo th  values 

of h v are identical. Selected m inor species are  com pared in Figure 5.17. T he H and 

H2 a re  not affected by the differences in th e  heat loss, but the radicals O and OH 

show som e difference for 1 —Q <  10-2 . T h e  NO profiles begin to  differ from the  very 

beginning, showing about 1 0 % excess of th is  po llu tan t for 1—cf =  1 0 - 6  in th e  case with 

the  lower h v (when the resulting gas te m p e ra tu re  is higher). T he N O 2 d istributions 

are sim ilar, v irtually  zero, except in th e  narrow  region 0 .1  <  I — <  1 .0 , where the 

local (low) gas tem perature favors the  recom bination  of NO into NO 2 . W hen h v is 

low, there  is m ore NO available and. therefore, m ore NO2 is produced. Some of the 

species th a t con tribu te  to the  form ation of NO are  plotted in Figure 5. IS. along with 

NO and NO 2 fractions. No significant differences are observed in CH . HC'N. HjCN 

and N2 0 ,  suggesting that the NO and NO> form ations are the result of m any reaction 

paths com bined.

T he rad ian t burner results have been com pared  to those of a free (bu rner stabi­

lized) flame. T he main difference betw een them  is th a t the free flam e generates a 

g reater am ount of NO, mainly due to  its  higher peak tem perature.

T he  rad ia tion  efficiency of the model burner decreases with an increase in the 

volum etric heat transfer coefficient. As expec ted , a  stronger therm al coupling between 

the reactive flow and the porous m atrix  resu lts in more energy being transferred  to 

the solid phase, which then em its a larger fraction of the energy supplied  to  the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

159

Fecralloy burner, extreme hv
Base case: FR=200kW/m2, 0=1.1
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Figure 5.15. T em pera tu re  d istribution  inside the model burner for very low and 
very high values of th e  volum etric heat transfer coefficient, h u, as a  function of the 
com plem entary progress variable, 1 — (,'.
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Figure 5.16. Major species d is tribu tion  inside the  model burner in te rm s of the 
com plem entary progress variable, 1 —C, for two different values of the  volum etric heat 
transfer coefficient, hv.
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Figure 5.17. M inor species d istribu tion  inside th e  model burner in term s of the 
com plem entary progress variable, 1 —(, for two different values of the  volum etric heat 
transfer coefficient, h v.
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Figure 5.18. Selected species (relevant to  NO m echanism s) d istribu tion  inside the 
m odel burner in term s of th e  com plem entary  progress variable, 1—C, for two different 
values of the volum etric heat transfer coefficient, hv.
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system  in the form of therm al rad ia tion . Typical results are sum m arized  in Table 5.2. 

T he solid m atrix  surface tem p era tu re  is also included to  aid in th e  com parison. In 

th is case, higher rad ia tion  efficiency is associated with higher surface tem perature. 

However, it is im portan t to  realize th a t these two values do not necessarily always 

follow th e  same trend ; it is shown la ter in Table 5.5 (Section 5.4) th a t an increase 

in th e  radiation efficiency is possible w ith a reduction in th e  surface tem perature. 

Furtherm ore, different rad ia tion  efficiency values can be ob ta ined , even though the 

m atrix  surface tem p era tu re  rem ains constan t (Table 5.6 in Section 5.5) or changes 

only a  few degrees. It is shown below in Table 5.8 (Section 5.7) th a t drastic changes 

in radiation efficiency (up to  100%) are possible w ithout s im ilar changes in surface 

tem pera tu re . The rad ia tion  efficiency of a  porous (i.e., sem itransparen t) burner is 

strongly dependent on the  conditions inside the  bulk of the  solid m atrix .

Table 5.2. Model burner rad ia tion  efficiency, tjrad, for different values of the volum etric 
heat transfer coefficient, h v. T he  firing ra te  is 200 ^  and th e  equivalence ratio  is 
*  =  1.1.

Volumetric Heat Transfer 

Coefficient

Radiation 

Efficiency [%]

Surface 

T em pera tu re  [/v]

1.500 23.2 S42

1.000 22.4 826

750 19.4 808

500 15.1 767

400 13.2 759

300 10.4 729

250 9.1 709
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5.3. Influence of the  Equivalence Ratio

The effect of the inlet m ix tu re  equivalence ratio  on the tem p era tu re  d istribu tion  in 

the burner is shown in F igure 5.19. T he back-diffusion of air is considered, i.e.. some 

oxidizer is provided w ith th e  in let m ixture, bu t there is also O 2 diffusing from the 

dow nstream  boundary tow ard  th e  reaction zone8. The species boundary  conditions 

dow nstream  for O2 and N2 a re  not the  zero-gradient type, as used for th e  rest species. 

Note th a t the firing ra te  used for the  com parison in this section is 225 ^ jr , about 10% 

larger than  the one for th e  baseline case described in Section 5.1. T his was done in 

order to  obtain  a  subm erged prem ixed flame for the fuel lean condition (<& =  0.9), 

since the  code results predic t a  surface flame a t 200 discussed in Section 4.3).

The tem peratu re of th e  prem ixed flame increases with the  equivalence ratio  in 

the  range of this study, because of th e  decrease in the specific heat of th e  m ixture. 

T he flame location moves upstream , since a  h o tte r flame accelerates th e  preheating 

process. The tem peratu re  o f th e  diffusion flame is also increased when augm enting 

the  equivalence ratio, due to  two factors: the  larger am ount of fuel available (m ostly 

H2 and CO) in the richer cases, and the  higher tem peratu re of the  prem ixed flame 

products leaving the  porous m atrix . These situations where both a  prem ixed and a 

diffusion flame are present a re  usually referred to  as “double flames'* (see Section 1.3.4: 

e.g.. Yamaoka and Tsuji. 1975). T he second flame becomes stronger for the  richer 

conditions. The effects of th e  O 2 concentration a t the boundary, as well as relevant 

species d istributions, are s tu d ied  in Section 5.5.

Table 5.3 sum m arizes th e  dependence of th e  radiation efficiency w ith the equiv­

alence ratio  near sto ichiom etric conditions. Two firing rates (the baseline value and 

another about 10% larger) a re  included, to  com pare only those situa tions where the 

flame stabilizes within the  b u rner m atrix9. In the studied range, th e  rad ia tion  effi-

8This situation is more realistic (than when no diffusion is allowed) for most applications, since air 
is usually readily available at the burner exit.
9lt was noted in Section 4.3 that a surface-flame-type solution was obtained for =  0.9 and FR. = 
'200 By choosing a larger firing rate in this section, the effect of the surface flame is eliminated 
and only the differences due to the equivalence ratio change are compared.
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Fecralloy burner, influence of the equivalence ratio 4>
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Figure 5.19. T em peratu re  d istribu tion  inside the  m odel burner for different values of 
th e  equivalence ratio , 4>. Note th a t th e  strength  of the  diffusion flame increases w ith 
th e  equivalence ratio.
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ciencv increases when increasing th e  equivalence ratio. This trend  follows the  behavior 

of th e  burner tem pera tu re  (F igure 5.19), as expected.

Table 5.3. Model burner rad ia tion  efficiency. r/rat/, for different equivalence ratios. 
<F. Tw o firing rates (200 and  225 ^y-) are included. Note th a t th e  d rastic  radiation 
efficiency reduction for th e  lean m ix tu re  a t the low firing ra te  is due to  the  flame not 
being em bedded in the porous m atrix .

Equivalence

Ratio

Radiation E 

(Surface Tern 

F R  =  200 m̂*

fficiency [%] 

perature [A']) 

FR = 225 ^

0.9 1.4 (640) 15.1 (802)

1.0 18.6 (811) 19.1 (817)

1.1 22.4 (826) 24.2 (835)

T he rich inlet m ixture considered so far (4> =  1.1) is close to  stoichiom etric con­

d itions, corresponding to  a  defect of only 10% of stoichiom etric air in the  supply. 

Therefore, it produces only a  relatively  weak diffusion flame w ith tem p era tu re  below 

th a t of the premixed flame (see F igure 5.19). Figure 5.20 illustrates the  tem peratu re  

profiles when richer inlet m ix tures are used. It must be noted th a t the  firing rate 

selected for this com parison is 340 which is about 50% larger th an  before10. The 

tem peratu re  of the gas increases in itia lly  with an increase in 4>. bu t the trend  is re­

versed beyond $  =  1.3. T he  reaction zone moves dow nstream  and  the  tem peratures 

decrease for >  1.3. when the  effect of the  insufficient prim ary O 2 becomes apparent 

and th e  flame “reaches o u t” for th e  secondary oxidizer supplied by the  back-diffusion 

process. The diffusion flam e follows th e  behavior of th e  prem ixed flame: an initial 

increase in $  makes it stronger (due to  a  larger supply of GO and H2 ), but a further

10In order to maintain the firing rate constant, a richer inlet mixture corresponds to a lower flow 
rate. It was not possible to increase significantly beyond L.2 at FR  =  2*25 £j~r without obtaining 
a surface stabilized flame (not embedded in the solid matrix).
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increase causes a  m arked decrease due to th e  lower tem peratu re of this secondary 

fuel, i.e.. the  m ix tu re  of CO  and H2 .

Species d is trib u tio n s  for selected m ajo r and  m inor species are shown in Fig­

ures 5.21 and 5.22, respectively. The m ost significant changes due to th e  higher 

concentration o f fuel a t th e  inlet are a  delay in the  m ethane and prim ary O 2 con­

sum ption , as well as th e  in the  generation of C O 2 . As expected, the increase in the 

C'0 and H2 p roduced  by th e  rich prem ixed flame is considerable: peak CO and H2 

are increased by m ore th an  50% and 100%, respectively, when increasing $  from 1.1 

to 1.4. It is in teresting  to  note that the  concen trations of the radicals 0  and OH are 

com parable for b o th  prem ixed and diffusion flames when $  =  1.1. However, a large 

increase in th e  concen tra tion  of these radicals a t th e  diffusion flame front occurs when 

the equivalence ra tio  is increased, in de trim en t o f th e  premixed flame. A dditionally, 

the em issions of th e  po llu tan ts  CO and NO is doubled  when $  increases from 1.1 to

1.4. Sim ilar increase was obtained for the  unburned  hydrocarbon emissions.

Table 5.4 sum m arizes th e  dependence of the  radiation efficiency with th e  equiv­

alence ratio  for rich inlet m ixtures. It is som ew hat surprising tha t the  rad ia tion  

efficiency of the  m odel bu rner increases considerably when increasing the equivalence 

ratio  beyond <I> >  1.1. bu t then drops for <t> >  1.3. This trend closely m atches the  

behavior of th e  b u rner tem peratu re  (F igure 5.20). However, it is necessary to  point 

out th a t the  gain in th e  radiation efficiency is associated with a significant increase 

in the  po llu tan t em issions.
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Fecralloy burner, dependence with equivalence ratio 4>
FR=340 kW/m2, hv=1,000 kW/(m3 K) 
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Figure 5.20. T em perature d istribu tion  inside th e  m odel burner for different values of 
the  equivalence ratio . <&, when using fuel rich in le t m ixtures. Note th a t the  strength  
of both the prem ixed and diffusion flames in itia lly  increase with the  equivalence ratio 
(up to $  =  1.3) and subsequently decrease.
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Figure 5.21. M ajor species d is tribu tion  inside the  model burner for four different 
values of the equivalence ra tio , for fuel rich flames.
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Table 5.4. Model b u rn e r rad ia tion  efficiency, t]Tad* for different equivalence ratios. $ .  
for fuel rich flames. T h e  firing ra te  was 340 in th is case.

Equivalence

R atio

Radiation 

Efficiency [%]

Surface 

T em pera tu re  [K]

1.1 23.1 847

1.2 29.9 S66

1.3 33.5 877

1.4 32.4 SS9
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•5.4. Influence of the  F iring R ate

Changing the firing ra te  (i.e ., th e  inlet gas flow ra te ) has proven to  be difficult, 

since it is the single p a ram e te r th a t  affects to  th e  g rea tes t ex ten t the  governing equa­

tions. Effectively, the  firing ra te  en ters  directly into th e  con tinu ity  equation  (Equa­

tion 3.2), the K  species equa tio n s  (Equation 3.3) and  th e  gas phase energy balance 

(Equation 3.4), and ind irec tly  in to  th e  solid phase energy balance (Equation 3.5). 

As a  result, very sm all s tep s  in th is  variable can be used w ith the  res ta rt feature 

described in Section 3.6.

S tarting with the baseline case w ith  a firing ra te  o f 200 th e  m axim um  change 

th a t  perm its obtaining converged solutions is only 0.2 ^  (i.e., a  change of 0.1%). 

A significant com putational expense was necessary to  o b ta in  converged solutions a t 

different firing rates.

Figure 5.23 depicts th e  te m p e ra tu re  profiles inside th e  b u rner for the  gas and solid 

phases, with a  fuel rich in le t m ix tu re  ( $  =  1.1) and th ree  different firing rates: 170. 

200 and 340 As ex pec ted , th e  tem peratu res increase w ith an increase in the firing 

rate .

It is interesting to  com pare  th e  behavior of th e  flam e location in this porous burner 

w ith an embedded flame against a  surface, burner s tab ilized  flame. T he submerged 

flame moves upstream  when th e  firing rate is increased due to  the  effect of preheating, 

in agreement with the  ex p erim en ta l observations (and  also in agreem ent with the 

d a ta  reported by M ital. 1996). However, a  burner s tab ilized  flame moves further 

dow nstream  for larger firing ra tes, as shown recently by R um m inger (1996).

A very different set of resu lts  for the same th ree  firing ra te  conditions is observed 

in Figure 5.24, when th e  in let m ix tu re  is fuel lean ( $  =  0.9). In th is case, the 

flame cannot stabilized inside th e  burner for th e  low firing ra te  of 200 ^jjr. since 

th is relatively low te m p e ra tu re  flam e cannot sustain  th e  convective heat losses to the 

porous m aterial11. A different equilibrium , where gas-phase conduction balances the

11A submerged-flame-type solution can be obtained in this case for a smaller value o f the volumetric 
heat transfer coefficient.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

173

2000

Fecralloy burner, influence of the firing rate
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Figure 5.23. T em perature d is tribu tion  inside the m odel burner for different values of 
th e  firing rate (fuel rich inlet m ix tu re  w ith $  =  1.1).
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chem ical release is achieved, as opposed to  the subm erged flame situation, where th e  

chem ical release is balanced  by several heat transfer m odes (gas and solid conduction, 

convection and rad ia tion ).

T he effect of the  firing ra te  on the radiation efficiency was described in de ta il 

in Section 4.3.3. A few add itional values are presented in Table 5.5, to stress here 

th a t the  model predicts an  initial increase and subsequent decrease of the rad ia tion  

efficiency when increasing th e  firing rate in the  range covered by this investigation.

Table 5.5. Model bu rner rad ia tion  efficiency, i)rad. for different firing rates, FR. T h e  
equivalence ratio is $  =  1.1 for the  baseline case, bu t also the  results using $  =  0.9 
are included to  show th e  d rastic  decrease in rad ia tion  efficiency {rfrad =  1.4%) w hen 
the  prem ixed flame anchors a t the  surface of the  porous pad. It is interesting to  notice 
th a t th e  results ind icate  th a t  it is possible to increase th e  rad iation  efficiency w ith a  
decrease in the surface tem pera tu re .

F iring Radiation Efficiency [%]

R ate (Surface T em pera tu re  [A'])

m 4* =  1.1 4> =  0.9

200 22.4 (826) 1.4 (640)

280 27.5 (853) 16.9 (815)

310 26.6 (85-5) 17.9 (S23)

340 23.1 (847) 17.6 (843)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

175

Fecralloy burner, influence of the firing rate
hv=1 ,000 kW/(m3K), 0=0.9
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Figure 5.24. Tem perature d istribu tion  inside the model burner for different values of 
the firing ra te  (fuel lean inlet m ix tu re  w ith 0  =  0.9).
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•5.5. Influence of th e  D ownstream  0-> Concentration

Partially-prem ixed flames are characterized by the dual source of oxidizer, i.e.. 

p art is initially prem ixed w ith  th e  injected fuel m ixture, and th e  rest diffuses back 

from the dow nstream  boundary . In th is section, the  effects of th e  0 2 concentration 

dow nstream  from th e  b u rn e r on the  flame characteristics and species concentrations 

are investigated.

T em perature profiles are  shown in Figure 5.25 for different dow nstream  conditions, 

\ o 2 =  0.30, 0.20, 0.10, and  0.00. W hen the back-diffusion is not p e rm itted  (i.e.. the  

0 2 concentration a t th e  exit is zero), the diffusion flame outside the  porous layer is 

not present, and th e  te m p e ra tu re  of th e  prem ixed flame is reduced. Increasing the  

am ount of 0 2 available and , therefore, allowing for this species diffusion from the 

boundary, a  second flam e is observed, as previously noted in Section 5.3.

The intensity  of th e  diffusion flame is strongly dependent on th e  am oun t of oxygen 

available. W hen there  is m ore oxidizer available to  the products, the  overall chemical 

reaction is more com plete , resu lting  in higher tem peratures. This agrees with the  

intuitive fact th a t th e  te m p e ra tu re  follows the reaction com pletion ra te . For th e  

slightly rich m ix ture  of th is exam ple ($  =  1 , 1 ). most of the  change occurs when 

increasing \ o 2 from zero to  0 . 1 0 , since relatively low concentration of CO . H2 and 

unburned hydrocarbons are  left over after the prem ixed flame. L ittle  im provem ent 

is obtained by increasing \ o 2 from 0 . 1 0  to 0 .2 0 . and hardly any occurs beyond the  

la tte r  value. N um erical experim en ts  showed that a  further increase in th e  dow nstream  

oxygen concentration does not produce any more changes.

A comparison betw een th e  species profiles for the four different boundary  con­

ditions described above is given in Figures 5.26 and 5.27. The CTI4 mole fraction 

distribution follows a  s im ilar tren d  for all \ o 2 ,out (F igure 5.26). However, the differ­

en t curves are shifted, being fu rth er from the inlet when there is less oxygen available 

dow nstream . This effect shows th a t  the  diffusion of a ir from the right boundary  affects 

th e  species d istribu tions th roughou t the  com putational domain, even though the N2 

plot seems to  indicate th a t  th e  influence is confined to the last 0.2 cm.  T h e  difference
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Fecralloy burner, influence of the free sp a c e  oxygen
Base case: Xo2 OU,=0-20, FR=200 kW/m2, 0=1.1
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Figure 5.25. T em perature  d is tribu tion  inside the model burner for four different 
values of the dow nstream  oxygen mole fraction. \ o 2 ,out• T he  value of the volum etric 
heat transfer coefficient was h v =  1,000 for these sim ulations.
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in the  O 2 profiles is qu ite  m arked, especially between \ 0 2 .0nt =  0  and \ o t . o u t  7^ 0 . 

M ore C '0 is produced afte r the prem ixed  flame when less a ir is diffusing tow ard it. 

T his also results in a  lower mole fraction of C'0 -2 .

M inor species are p lo tted  in F igure 5.27. As expected, the difference in O 2 con­

cen tra tion  is also reflected in the  oxygenated  radicals O an d  OH. After the first peak 

th a t corresponds to the  prem ixed flam e, a  second m axim um  of those species correlates 

to  the  diffusion flame. T he height o f th e  second peak and  its  position are both  func­

tions of th e  am ount of O 2 available, m oving upstream  when \ o 2 ,out is increased. T he 

generation of H2 (and, consequently, radical H) at the  prem ixed flame is increased 

and  displaced dow nstream  when th e  levels of O 2 are decreased. The NO d is trib u ­

tions are qu ite  sim ilar in shape, b u t th e  levels are proportional to the tem p era tu re  

of the  exhaust gases: they increase w ith the  am ount of diffusing oxygen up to  when 

\ 0 2 ,o u t  =  0.20, then decrease slightly  for \ o 2 .o u t  =  0.30. T h e  NO 2 peaks out in th e  

colder region upstream  of the prem ixed flame. Its m axim um  displays an analogous 

tren d  to  th a t of the NO. A small second N O 2 peak is presen t, coinciding w ith th e  

diffusion flame, probably due to  recom bination  of NO d u ring  the  tem perature d ip  be­

tween the  two reaction zones; the m agn itude  of this peak is proportional to  the ex ten t 

of the  aforem entioned dip (i.e.. non-existent for \ o 2 .out =  0  and most pronounced for 

\ 0 2 .0 u t  — 0.30).

The species profiles show th a t if no air is supplied a t th e  downstream boundary  

to  allow for back-diffusion12, the num erical solution predicts a significant, unrealistic 

increase in the  CO and H2 em issions.

Table 5.6 sum m arizes the dependence of the radiation efficiency on the back- 

diffusion of air. Note th a t initially, when increasing th e  mole fraction of O 2 from 

Xoz^out =  0 . 0 0  to \ o 2 ,out =  0 .2 0 , th e  rad ia tion  efficiency increases, driven by a m od­

era te  increase in the solid m atrix  tem p era tu re . However, a  further increase up to

1 “Tliis was the boundary condition of the original version of PREMIX. It was not adequate for
modeling radiant burners.
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Figure 5.26. Major species d istribu tion  inside the  model burner for $  =  1 .1  for four 
different values of th e  dow nstream  oxygen mole fraction, x o 2 ,out-
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Figure 5.27. Minor species d istribution  inside the  model b u rn er for $  =  1 .1  for four 
different values of th e  dow nstream  oxygen mole fraction, x o 2 ,out-
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\ 0 2 ,out =  0.30 causes a m inor decrease in the radiation efficiency, m irroring the  tem ­

pera tu re  behavior.

T able 5.6. Model burner rad ia tion  efficiency, rjrati , for four different values of the  down­
stream  oxygen mole fraction, \ o 2 ,o u t-  The firing rate is 200 ^  and th e  equivalence 
ra tio  is $  =  1 . 1 .

\ 0 2 ,au* Radiation 

Efficiency [%]

Surface 

T em peratu re  [A'j

0 . 0 0 17.4 809

0 . 1 0 19.3 817

0 . 2 0 22.4 826

0.30 2 1 . 8 826

5.6. Influence of the Surface E m ittance  

T he increase in the effective solid em ittance, c. increases the rad ia tive heat loss 

from the burner m atrix , as expected , resulting in lower overall tem pera tu res for both 

solid and gas phases; the converse is also true.

Figure 5.28 illustrates th e  tem p era tu re  profiles inside th e  model burner for three 

values of <r. the  baseline case (c =  0.65) and two o ther values, in increm ents of ±30% 

( c  =  0.85 and c  =  0.-15. respectively.) N ote tha t, even though the  change in em ittance 

is large between the three situa tions, alm ost doubling the value between the  limit cases 

(i.e .. from 0.45 to  0.85), th e  tem p era tu re  difference among them  is not too significant: 

ab o u t 50/v (3%) for the peak  gas tem peratu re and about 150 A' ( 1 0 %) for the solid. 

T h is is because the heat loss from the  porous m atrix  (em itted  therm al radiation) is 

a  volum etric ra ther than  surface phenom enon. A dditionally, when the  em ittance  is 

increased, th e  em bedded flam e moves dow nstream , trying to  reduce its heat loss from 

th e  volume of the solid m a trix , and th e  equilibrium  is reached with the  reaction TOne 

closer to the burner face.
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In what seems to  be a  coun terin tu itive  result, a reduction in th e  surface em ittance  

of th e  flame support m aterial increases the  radiation efficiency of th e  model burner. 

T he  sm aller surface losses con trib u te  to  an increase of the  tem p era tu re  of th e  porous 

m a trix  and, for the  problem param eters (see Table 5.1), actually  significantly increase 

rad ia tion  efficiency. Table 5.7 a tte s ts  th a t, by lowering the  surface em ittan ce  from 

e =  0.65 to  c =  0.45, a  3% (absolute, or 13% in relative term s) rad ia tion  efficiency 

gain is possible.

Table 5.7. Model burner rad ia tion  efficiency, ^raj ,  for different values of th e  m atrix  
surface em ittance, e. T he firing ra te  is 200 and th e  equivalence ratio  is $  =  1.1.

E m ittance R adiation Surface

Efficiency [%] T em perature [A']

0.45 25.4 895

0.65 22.4 826

0.85 18.3 776
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Fecralloy burner, influence of e
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Figure 5.28. Influence of th e  em ittance of th e  solid, e, on the tem peratu re d is tr ib u ­
tions of the model burner.
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5.7. Influence of th e  Solid Therm al C onductiv ity  

The effective therm al conductiv ity  of th e  solid 13 was found to  have a  strong im pact 

on the  solution of the model equations. F igure 5.29 illustrates the  tem p era tu re  profiles 

for the gas and solid phases for the  baseline problem ( k 3 =  0.13 - ^ j - )  and two o the r 

values, in increments of ±15%  { k ,  =  0.15 and  k ,  =  0.11 respectively.) Peak 

gas tem peratu re  varies about 1 0 0 /v (only  6 %) between the  ex trem e values of k a: peak 

solid tem perature is significantly m ore affected, varying m ore th an  250/\ (over 15%).

Larger therm al conductivity  resu lts  in lower overall burner tem p era tu res, since 

th e  energy released a t the  em bedded flam e front is conducted away m ore readily and, 

therefore, to tal losses from the flam e a re  larger (resulting in less com plete com bus­

tion and increased pollu tan t em issions also.) T he premixed flame location stabilizes 

fu rther downstream  w ithin the solid m a trix  for larger values of k s .

It is interesting to  note th a t the  te m p era tu re  of the burner face (x  =  0.2 cm ) is 

only a  weak function of any single problem  param eter. Even though th e  tem pera tu res 

a t th a t point seem to be identical for th e  th ree  values of k s used in th is section (see 

Figure 5.29), there is actually  a sm all difference (only 101\). S im ilar s itua tions are 

predicted when varying the volum etric heat transfer coefficient (F igure  5.9). equiva­

lence ratio  (Figure 5.19). firing ra te  (F igure  5.23), oxygen concentration  dow nstream  

(Figure 5.25), etc. This weak dependence can be explained by closely exam ining the  

boundary condition for the burner face. E quation 3.13. Changes in the  term s on the  

left-hand-side that model convection (due to  changes in the  tem p era tu re  difference 

between the gas and solid phases) and  conduction  (due to changes in th e  solid tem p er­

a tu re  gradient) are com pensated by a  relatively  small ad justm ent in the  tem p era tu re  

of the solid m atrix, which enters the  rad ia tion  term  raised to the  fourth power.

Table 5.S summarizes the  dependence of the  radiation efficiency on the therm al 

conductiv ity  of the solid m atrix . It is ev iden t th a t a significant perform ance im prove­

m ent can be obtained by selecting porous m aterials with low therm al conductivity , 

doubling Tjra(t when reducing k 3 less th a n  30%, from 0.15 to 0.11 ~ ^ ) -  This is in

13It is implicit in the rest of this section that k,  is an effective property.
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agreem ent w ith th e  results reported  by Golombok e t al. (1991) for a  sintered m etal 

fiber m ateria l, bu t opposite to  the  conclusions of Zhou and P ereira  (1997) for bilayered 

ceram ic blocks.

Table 5.8. M odel burner rad ia tion  efficiency, Tjradj for different the rm al conductivities 
of th e  solid m atrix , ks. The firing ra te  is 200 and  th e  equivalence ratio  is $  =  l . l .  
N ote th a t d rastic  changes in the  radiation efficiency are possible even though the  
surface tem p era tu re  rem ains virtually  unchanged.

T herm al 

C onductiv ity  [m\ . ]

Radiation 

Efficiency [%]

Surface 

T em pera tu re  [A'j

0.15 14.7 822

0.13 22.4 826

0 . 1 1 2 S. 0 824
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Fecralloy burner, influence of k

2 0 0 0

Base case: k =0.13 W/(m K), FR=200 kW/m , <t>=1.1

1600

”  1 2 0 0

£
3
(0w<D
Q .

E
800 -

400

0 . 0

k„=0.15 W /(m K ) I 
□------ a g a s  !
•  ■ solid !

k ,= 0 .13W /(m K ) l 
o — ~ o  g a s  !
 ♦.solid

k ,= 0 .11 W/(m K) I
f ------y g a s  j

 solid I

0.1 0.2 
Distance from entrance [ cm ]

0.3

Figure 5.29. Influence of th e  therm al conductivity of th e  solid. ks . on the tem peratu re  
d istributions of the  m odel burner.
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5.8. Influence of the Extinction Coefficient

T he m agnitude of th e  ex tinc tion  coefficient. 3. affects significantly  the  tem perature 

profiles inside the  burner. T h e  value of the scattering  coefficient was constant for the 

calculations of th is section; therefore, changes in th e  ex tin c tio n  coefficient only affect 

th e  absorption coefficient. F igure 5.30 depicts the gas an d  solid tem peratu res for the 

base value (j3 =  200 m ~l ), a  reduction of 25% (0  =  150 m ~ l ) and  an increase of 25% 

(0  =  250 m -1 ). Table 5.9 presents th e  radiation efficiency d a ta  for those three values 

of th is param eter.

Increasing th e  ex tin c tio n  coefficient (i.e., increasing th e  o p ac ity  of the  pad) corre­

sponds to an effective decrease of the  radiation mean free p a th . T he  therm al energy 

em itted  by the  high te m p e ra tu re  region of the solid m a trix  w hich is near the premixed 

flame is absorbed strongly, ac tua lly  “locking in” energy. Conversely, when the extinc­

tion coefficient is sm aller, rad ian t energy can leave th e  hot m a tr ix  region more readily, 

reducing the peak. Since th e  em bedded prem ixed flam e loses less energy when 3  is 

large, its tem pera tu re  increases in th a t case. A dditionally , th e re  is chem ical kinetics 

feedback, which favors a  m ore com plete com bustion a t  h igher flam e tem peratures.

T he aforem entioned factors in teract to determ ine th e  b u rn e r performance. For 

the  selected model p aram eters , th is interaction results in a  significant increase of the 

radiation efficiency w ith increasing extinction coefficient, a lm ost a three-fold increase 

when varying 3  from 150 to  250 rn~l .

In a sim ilar situa tion  to  th a t observed for the  solid th e rm a l conductivity (Sec­

tion 5.7), the solid te m p era tu re  is more sensitive th a n  th e  gas tem pera tu re  to the 

m agnitude of the ex tinc tion  coefficient, differing by m ore th a n  2501\ between these 

th ree  cases. Also, the  gas te m p era tu re  peak broadens w ith  increasing  3. and the tem ­

peratu re  difference betw een th e  gas and the solid becom es sm aller. It is im portant to 

realize that the  surface tem p era tu res  increase slightly w ith  increasing 3. which also 

contributes to  the subsequent im provem ent in rad ian t efficiency of the  burner.
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Fecralloy burner, influence of extinction coefficient
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Figure 5.30. Influence of the  ex tin c tio n  coefficient, /3. on th e  tem p era tu re  distributions 
of the  model burner.
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Table 5.9. Model burner rad ia tion  efficiency, for different values of th e  extinction 
coefficient, /?. T he firing ra te  is 200 and the  equivalence ra tio  is $  =  1.1. The 
scattering  coefficient is fixed a t cr3 =  2 0  m ~ x.

E xtinction Radiation Surface

Coefficient [m -1] Efficiency [%] T em perature  [A']

150 1 1 .1 S06

2 0 0 22.4 S26

250 30.0 838
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■5.9. Influence of the S cattering  Coefficient (Albedo)

T he effect of th e  scattering  coefficientN, crs, on the  tem peratu re  d istributions 

inside the model b u rn er are  shown in Figure 5.31. T h e  ex tinction  coefficient is fixed 

a t /? =  200 m -1 . W hen th e  scattering coefficient (albedo) is small (cr3 <  20 m ~ l . or 

u! < 0 . 1 0 ), gas and solid m a trix  tem peratures reach th e ir  m axim a, and the prem ixed 

flame is located a t ab o u t th e  center of the  porous m ateria l. W hen the scattering  effects 

a re  more significant (<r3 =  45 m _ l, or u  =  0.22), te m p era tu res  of both gas and solid 

phases decrease, since the  energy from the  hot flame front is m ore readily transported  

to  colder regions. L arger scattering  coefficients (a 3 > 60 m ~ l , or u; > 0.35) cause th e  

flame to  stabilize ou tside  th e  porous layer.

Table 5.10 shows th e  behavior exhibited by th e  rad ia tion  efficiency when vary­

ing th e  scattering coefficient (or albedo, since they  are  proportional for a fixed fi). 

Increasing th is p a ram ete r leads to a  decrease of th e  tem p era tu re  of th e  solid, which 

results in a reduced rad ia tion  efficiency.

Table 5.10. Model b u rn e r radiation efficiency, rjrad, for different values of the sca t­
te ring  coefficient, <rs. T h e  firing rate is 200 and  th e  equivalence ratio  is $  =  1.1. 
T he  extinction coefficient is fixed a t j3 =  200 m “ l .

S catte ring  

Coefficient [m -1]

(Albedo, u;) R adiation 

Efficiency [%]

Surface 

Tem perature [K]

1 0 (0.05) 22.7 S26

2 0 (0 . 1 0 ) 22.4 S26

45 (0 .2 2 ) 16.4 S15

70 (0.35) 1 .6 6 SS

l4This discussion is given in terms of the scattering coefficient. However, note that the single 
scattering albedo is u> =  (i.e., proportional to <rs ) and, therefore, this section covers also the
variation of w.
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Fecralloy burner, influence of scattering coefficient
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Figure 5.31. Influence of th e  sc a tte rin g  coefficient, <rs, on the  tem p era tu re  d istribu­
tions of the model burner.
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•5.10. Influence of th e  Fuel Com position 

It was suggested in Section 4.3.6 th a t one possible cause for the large unburned  

hydrocarbon concentration (m uch larger than  th e  num erically predicted em issions) 

was th a t, in th e  numerical sim ulation , th e  fuel was considered to be a  m ix tu re  of 

pure m ethane and  air, when n a tu ra l gas was actually  used in the experim ents. It is 

im portan t to  m ention here th a t, to  th e  knowledge of the author, all researchers use 

th is sim plification for radiant b u rn er modeling.

Figure 5.32 depicts the  te m p era tu re  profiles inside the  model burner, which in­

dicates th a t th e re  is hardly any difference with regard to  the heat release. T he  

tem peratu res are  slightly higher w hen using pure m ethane, since th e  heating value 

for CH 4 is larger than  for C 2 H / 5.

T he m ajor species d istribu tions for th e  two different fuel com positions are shown 

in Figure 5.33. As with the  te m p era tu re , these m ajo r species do not exhib it large 

differences w ith  the  fuel type. F igure 5.34 illustrates the  profiles of selected m inor 

species, where the  differences betw een fuels s ta r t to  becom e apparent , especially in 

the  mole fractions of the radicals (O , H, OH) a t bo th  premixed and diffusion flames, 

and  also in th e  am ount of H2. U nburned hydrocarbon emissions are ex trem ely  (un- 

realistically) low in both cases, as discussed in Section 4.3.6. However, in sp ite of the  

actual low values (a lim itation of the  chem ical m echanism ), the ratios for selected 

hydrocarbon species at the exit o f th e  burner can still provide some useful insights. 

Table 5.11 shows the significant percentage increase in s tab le 16 C r Ha species when 

switching from pure m ethane to  n a tu ra l gas as th e  fuel1'.

Finally, it is interesting to  rem ark  th a t there is a sm all difference in the  rad ia tion  

efficiency when using the different fuels, as evident from Table 5.12. Pure m ethane re­

su lts  in a 0.9% efficiency gain, which is th e  consequence of slightly higher tem p era tu re  

and  a  more com plete com bustion (i.e ., less po llu tan t emissions).

15The lower heating value for methane is 6 % larger than for ethene (Turns, 1996).
16Short-lived radicals CHj, CH3 , C2 H3 , etc. are not considered.
^GRI-Mech 2.11 is a “C2” mechanism; therefore, Cr Hj, species with more than two carbon atom s 
(i.e., x > 2 ) are not included (but might be present in the experiment.
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Effect of fuel composition on the temperature distribution 
Pure methane (100% CH4) vs. natural gas (92.2% CH4 + 3.3% C2H4)
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Figure 5.32. Tem perature d istribu tion  inside the model bu rner for two different fuels: 
pure m ethane and natu ra l gas.
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Figure 5.33. M ajor species d istribu tion  inside the  m odel bu rner for two different fuels: 
pure m ethane and n a tu ra l gas.
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Figure 5.34. M inor species d istribu tion  inside the model burner for two different fuels: 
pure m ethane and n a tu ra l gas.
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Table 5.11. Unburned hydrocarbon emissions increase for the  model burner using 
natu ra l gas as fuel, instead of pure m ethane. The predictions for C 2 H6  are very low, 
virtually zero in both  cases; therefore, a  ratio  cannot be com puted  for this species.

Relevant

H ydrocarbons

Increase when using N atu ra l Gas 

(R elative to M ethane) [%]

c h 4 195

c 2 h 2 96

c 2 h 4 S6

c 2 h 6 n /a

Table 5.12. Model burner rad ia tion  efficiency, i]raj- for different fuel compositions. 
T he firing ra te  is 200 and  the  equivalence ratio is $  =  1.1.

Fuel R adiation 

Efficiency [%]

Surface 

T em peratu re  [A']

Pure m ethane 22.4 S26

N atural gas 21.3 820

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

197

5 .LI. Sum m ary

An extensive param etric  s tudy  was carried  ou t to  investigate the effects of the 

several model input param eters on th e  porous rad ian t burner performance: volu­

m etric  heat transfer coefficient, equivalence ratio , firing ra te , dow nstream  oxygen 

concentration, surface em ittance, therm al conductiv ity  of the solid m atrix, extinction 

coefficient, scattering coefficient, and  fuel com position. The physical properties whose 

values influence the characteristics or behavior of th e  radiant b u rner and their influ­

ence on its m ain indicators (i.e., tem peratu res, flame location, rad ia tion  efficiency) are 

sum m arized in Table 5.13, which condenses the  effects of each param eter investigated. 

It is in teresting to note th e  behavior of th e  flame location: w hen a  given param eter 

enhances the  preheating, the  prem ixed flame ignites closer to  th e  entrance; however, 

when th a t flame cannot sustain  the  heat losses to  the  solid m atrix , it becomes a 

surface flame (and not subm erged in th e  porous pad.)
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Table 5.13. Sum m ary o f th e  effects of the different problem  param eters on burner 
perform ance characteristics. T he  arrows indicate the direction o f th e  change for the 
given quantity  when th e  param eter is increased: two arrows pointing in the  same 
direction indicate a  strong  effect, and opposing arrows indicate a change in the  trend.
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6 . CO N CLUSIO N S AND RECOM M ENDATIONS

6 . 1 . Conclusions

A theoretical and experim ental investigation of the perform ance characteristics of 

inert, direct-fired, vvoven-metal-fiber (Fecralloy) porous burners was presented. Three 

in let equivalence ratios, in th e  neighborhood of stoichiom etric conditions (<!> =  0.9, 

1.0, 1.1), as well as typical firing rates u tilized in industrial applications (from 170 to 

340 ^?r) were studied. Special em phasis was placed on the  partially-prem ixed  (fuel 

rich) conditions, which produced a  typ ical dual-flame, as a result of th e  com bination 

of prem ixed and diffusion flam es1.

A one-dim ensional, s tead y -s ta te  m odel for solving the heat transfer and combus­

tion problem for a subm erged flam e rad ian t burner, including th e  detailed  chemical 

k inetics for m ethane-air m ix tures, was developed. The in teraction  of the  reacting 

flow with a porous m ateria l, i.e., coupled combustion, conduction, convection and 

radiation, all occurring sim ultaneously, was considered in the  num erical model. An 

existing com puter program  th a t  solved a  burner-stabilized flame, PR EM IX . was tai­

lored to  the new porous rad ian t burner application. An energy equation  for the solid 

m a trix  was added to the  original system , and the therm al coupling between the  gas 

and  solid phases was m odeled by m eans of a volumetric heat transfer coefficient.

T he chemical reactions were m odeled using the GRI-M ech 2.11 m echanism  for 

m ethane com bustion. This com bination  of elem entary reactions and  rates was among 

th e  m ost detailed m echanism s available a t the tim e. As m entioned in C hap ter 3,

‘ Even stoichiometric mixtures (<fr =  1.0) produce double flames in the presence of heat loss. The 
combustion inside the solid matrix is not complete; CO and Hi are generated and they fuel a diffusion 
flame.
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G RI-M ech 3.0 became recently available; however, it was still not clear a t  th e  tim e 

of this investigation if it represented an  ac tual im provement for a  rad iant burner.

T he rad ia tion  heat transfer w ith in  th e  sem itransparent system  was m odeled using 

th e  d iscrete ordinates m ethod, which was considered to be more accurate  th an  the 

enhanced conductivity  (as in G olom bok e t al.. 1991) or the  two-flux approx im ation  

used by o the r researchers (A ndersen, 1992; Rum m inger, 1996). Some of th e  m a te ­

rial properties needed for the calcu lations were not available; therefore, reasonable 

es tim ates were used (Section 4.2) and  then  sensitivity calculations were perform ed 

(C hap ter 5).

A novel design for a  burner housing was developed, which consists of using several 

sm all diffusers in parallel to  assure uniform  gas flow distribution a t any flow ra te , while 

keeping the  burner housing dim ensions relatively  small2. This arrangem ent proved 

especially convenient when using high-porosity  m aterials a t low firing ra tes, since the 

pads do not induce significant pressure drop  and  result in poor flow uniform ity.

T he selected flame support pad  was a  woven-metal fiber layer, Fecralloy. This 

m ateria l presents considerable advantages when com pared to  ceramic fiber pads (like 

N extel) or reticulated  ceram ics, since it is v irtually  unaffected by prolonged high 

tem p era tu re  operation and frequent the rm al cycling. Fecralloy became a  clear choice 

from the durability  point of view, and  th e  fact tha t no degradation was observed 

under any conditions helped in th e  characterization  process. Nextel fibers, though 

prom ising from the com bustion perspective, are  delicate and susceptible to  breakup 

under burner operating conditions.

The experim ental burner consisted then  of a  specially-designed, m ulti-diffuser 

stainless steel housing capable of supply ing  uniform gas flow (for a  wide range of 

firing rates) to  the flame support layer, a  single Fecralloy pad. C om m ercial-grade 

m ethane was used to  sim ulate th e  n a tu ra l gas. Radiation efficiency, gas and  solid 

tem pera tu res, and po llu tan t em issions d a ta  (CO , NO. unburned hydrocarbons) were

2A disclosure o f invention was filed with Purdue University Office of Technology Commercializa­
tion: “Porous radiant burner with uniform gas flow at a very wide range of firing rates"’ , P-99074, 
September 10, 1999.
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obtained a t atm ospheric pressure for inlet m ixture equivalence ratios, using single- 

and double-layer bu rner configurations.

A unique set of experim en ta l d a ta  tha t included rad ia tion  and  to ta l efficiencies, 

gas and solid tem p era tu res, and  pollutant (NO, CO, unburned  hydrocarbons) was 

obtained for th e  Fecralloy burner. It was determ ined  th a t th e  rad ia tion  efficiency 

of this prototype burner in itia lly  increased with the  firing ra te , and  then  remained 

approxim ately constan t. T em peratu res increased w ith th e  firing ra te . Pollutant em is­

sions were observed to  rise w ith th e  firing rate , except for th e  unburned  hydrocarbons 

th a t remained approx im ate ly  constan t. Double-layer burners showed generally higher 

tem peratures and  rad ia tion  efficiencies, increased CO and  NO, and  reduced unburned 

hydrocarbon em issions, when com pared to the  single-layer coun terparts .

The model predictions were com pared against the  experim en tal m easurem ents 

obtained with th e  single-layer Fecralloy burner (C h ap te r 4). Good agreement was 

observed for rad ia tion  efficiency and  tem peratu re predictions, as well as for the ni­

trous oxide em issions. M ore lim ited  success was ob ta ined  for carbon monoxide, since 

only the trends were correct. T he m agnitudes were overestim ated . Unburned hy­

drocarbons were severely underpredicted  under all conditions. Possible experim ental 

sources of error were discussed in C hapter 4. However, the  m ost likely culprit is 

the detailed kinetics m echanism  itself, which has not been validated  com pletely for 

non-adiabatic conditions.

A surface flame (i.e.. no t subm erged) was predicted by the  code for certain con­

ditions. like using a  fuel lean m ix ture  at low firing rates. Even though the actual 

magnitude of the  firing ra te  a t which this transition  occurred was not adequately 

reproduced (the needed firing ra te  to  cause th a t change in the  labora to ry  was signif­

icantly lower), it is encouraging th a t the model captures the  behavior. Additionally, 

the drastic rad ia tion  efficiency drop  predicted when the premixecl flam e moves outside 

the pad was in agreem ent w ith th e  experim ental observations.

An extensive p aram etric  s tudy  (C hapter 5) was carried  ou t to  investigate the ef­

fects on the  burner perform ance of several of the  code in p u t param eters: volumetric
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heat transfer coefficient, equivalence ra tio , firing rate , downstream  oxygen concen­

tra tio n , surface em ittance, therm al conductiv ity  of the solid m atrix , ex tinction  coef­

ficient, sca tte ring  coefficient, and fuel com position. All of them  play an im p o rtan t 

role in determ ining  the therm al characteristics of the  system. According to  th e  pre­

sented results, the  most desirable situa tion  would include a solid m a trix  w ith  large 

volum etric heat transfer coefficient, sm all surface em ittance, low effective th e rm al 

conductiv ity , large extinction coefficient a n d  sm all scattering albedo, o p e ra tin g  a t 

the  g reatest equivalence ratio  ($  <  1.3) th a t  the pollutant em ission lim its p erm it, 

and  w ith a  downstream  oxygen mole fraction  of about 0 .2 0 .

F inally, th is work provided some add itional experim ental inform ation ( th e  double­

layer bu rner data) for further com parison w ith  modeling.

6.2. R ecom m endations for Future Work

A m u ltitu d e  of modeling challenges m ust still be resolved before a full u n d ers tan d ­

ing of th e  porous radiant behavior is reached. Inclusion of gas rad ia tion , though not a 

critical elem ent, will improve the po llu tan t em ission predictions. A tw o-dim ensional 

extension m ight also prove useful if a m ore adequa te  representation of the pad  geom ­

e try  is desired, especially for porous m ateria ls  w ith a definite s truc tu re , like woven 

fiber pads. Moreover, highly tw o-dim ensional flames were reported by Min and  Shin 

(1991), adding m erit to the need of a  tw o-dim ensional formulation (as recently  shown 

by H ackert et al.. 1999). Adding spectra l effects, as well as anisotropic sca tte ring  

w ithin th e  porous matrix will also co n trib u te  to  a m ore tru thful description.

T he  inclusion of catalytic reactions m ust be considered. Even an “inert" porous 

m a trix  can be affected by the  presence of chem ical reactions induced or affected by 

the  walls of the  pores or fibers (Bogdanov e t al., 1995). Some m odeling has been 

perform ed (K endall et al., 1992; R um m inger e t al., 1999), but much research rem ains 

to  be done, especially in the a rea  of deta iled  surface chem istry, m ass transfer to  the 

solid surfaces in the  porous m edium , and  ca ta ly s t durability (R um m inger, 1996).
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The necessity of using detailed kinetics in models for prem ixed com bustion within 

porous m edia has been determ ined  some tim e ago by Hsu and  M atthew s (1993). They 

dem onstrated  th a t global chem istry is not adequate, and  concluded th a t it is essential 

to  use m ultis tep  kinetics if accu ra te  predictions of th e  tem p era tu re  distributions, 

com position profiles and em issions, energy release rates, and  to ta l energy release are 

sought. It has no t been possible so far to obta in  accu ra te  predictions of emissions 

and, in m ost cases, the  discrepancies can only be partia lly  a ttr ib u te d  to  experim ental 

uncertainties and  im precise knowledge of the properties of th e  solid m atrix . Some 

im portan t aspects of the physical processes are still not well sim ulated . The fact 

th a t a given chem ical m echanism  produces much b e tte r  predictions for a  free flame 

than  for an  em bedded flame in a  porous media suggests the  possibility of th e  problem 

being rooted in th e  kinetics description itself. So far, the  sam e set of elem entary 

reactions and  ra tes  have been used for all types of sim ulations. It is im perative then to 

investigate th e  applicability  of GRI-M ech (and sim ilar m echanism s) to  non-adiabatic 

conditions such as com bustion in porous media

The physical properties whose values influence the  characteristics or behavior of 

the  radiant bu rner and  their im pact on its m ain indicators (i.e.. tem peratu res, flame 

location, rad ia tion  efficiency) were sum m arized in Table 5.13 (Section 5.11). which 

condensed th e  effects of each of th e  param eters investigated  in th is thesis. In view 

of the large num ber of factors involved, it would be useful to  develop a methodology 

to  aid in crea ting  a  hierarchy, a  way of identifying which are the  param eters that 

affect the m ost a certain  aspect of th e  burner perform ance (rad ia tion  efficiency, tem ­

peratures, p o llu tan t em issions, e tc .) Two possible procedures are th e  construction of 

a  neural network or the  determ ination  of a set of sensitiv ity  coefficients. However, 

it is necessary to  poin t ou t here th a t the system  behavior is strongly  dependent on 

the  operating conditions (especially th e  firing rate); therefore, several different neural 

networks or sets o f sensitivity  coefficients would be required.

Species profiles were found to  collapse when presented in te rm s of th e  fuel-based 

progress variable, £. However, in o rder to investigate the  sim ilarity  in greater depth.
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reaction rates for ind iv idual chem ical reactions m ust be com puted  and com pared for 

different volum etric h ea t transfer coefficients. In th is m anner, the effect of heat loss 

on chem istry could be assessed. Q uantitative reaction p a th  diagram s (Q R P D )3  were 

used by Lim (1998) to  identify  key reactions in lam inar counterflow flames, and they  

could also be used in th e  case of a  porous burner to  analyze which reactions con tribu te  

the  m ost to po llu tan t form ation.

Even though th e  aforem entioned recom m endations are  all oriented toward en ­

hancem ent of th e  m odel itself, there are also several experim en ta l aspects th a t need 

to  be addressed in th e  fu tu re . F irst and foremost, a  focussed experim ental study  of 

emissions is necessary to  provide the  most com plete and  accu ra te  set of d a ta  for model 

validation. In th is study , only a  handful of species concentrations (CO, NO, C'H,|) 

were available for com parison w ith the myriad of in form ation  of the program o u tp u t 

(49 species); a  g reater num ber of measured concentrations would be useful to  assess 

fu tu re  modeling efforts. T he  gas analyzers used in th is  investigation were adequate  

for this purpose, bu t m ore sophisticated techniques (such as gas chrom atography or 

spectroscopy) will be needed for a pollutant emissions study.

Additionally, a  m ore appropria te  calibration of th e  po llu tan ts  emission detection 

equipm ent would involve th e  use of a calibration flame, instead  of (cold) bottled  gases. 

In this manner, possible probe-dependent effects, such as quenching, would be more 

readily identified.

A detailed characterization  of the porous m atrix  used as the  flame support m a te­

rial is also recom m ended. Therm ophysical (especially effective therm al conductivity) 

and radiation (ex tinction  and  scattering) properties should be experim entally d e te r­

m ined, since the  inform ation  provided by the m anufacturers is usually lim ited and 

incom plete. T heir dependence with the tem peratu re would be needed as well, so a 

m odel can include and  evaluate  those effects.

3These diagrams consist o f  a set of arrows linking the different species that contribute to the forma­
tion o f a given species; the direction of the arrow denotes the reaction direction, and the thickness 
of the arrow is proportional to the net reaction rate; each arrow is numbered according to the 
corresponding elementary reaction of the detailed mechanism.
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Furtherm ore, a  deeper understand ing  of the therm al coupling between th e  reactive 

gas and the solid would be  desired. For exam ple, a study of the  volum etric heat 

transfer coefficient of porous m ateria ls  in term s of the local (ra th e r th an  en trance) 

variables, including not only  gas-phase bu t also solid-phase details, would allow an 

additional level of m odel soph istication  and  b e tte r simulations.

Finally, some experim en ta l inform ation of tem peratures and species concen tra­

tions within the porous pad  would perm it further validation of th e  num erical results. 

Due to  the difficulties im posed by th e  n a tu re  of the  Fecralloy s tru c tu re  (Section 2.4), 

it has not been possible to  o b ta in  local d a ta  in this work; all model validation was per­

form ed against global (i.e., a t  th e  burner ex it) m easurem ents. New techniques need to  

be developed, su itab le for procuring  the  necessary experim ental m easurem ents in the  

sm all inter-fiber geom etry, b u t w ithout disrupting the flow or d is to rting /quench ing  

th e  flame front.
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A ppendix A: Experim ental U ncerta in ty  Estim ation 

T he radiation efficiency was defined in E quation  (2.2) in term s of the  rad ian t flux 

( R F ) and the firing ra te  (F R ), as follows:

RF  
T,Tad ~ FR '

According to  th e  usual form ulation for e rro r propagation (H olm an. 1971). the 

experim ental uncertain ty  can be estim ated  as:

=  V W ) 2(* f f i )2  +  ( m f ) 2 { A R F ) 2  ■ , A J )

T he firing ra te  uncertain ty , A F R ,  is d irec tly  proportional to th e  m ethane flow rate 

uncertainty, which has been estim ated  to  be less th an  1 0 % of the  m inim um  flow rate 

used (or, equivalently, 5% of the  m axim um  firing ra te , i.e., 17.4 ^ ) .  T he rad iant flux 

uncertainty, A R F , has several erro r sources, m ainly th e  radiation detecto r accuracy 

and the alignm ent between th e  detector an d  th e  b u rn e r1. The la tte r  was deemed 

negligible for the  present experim ental a rrangem en t, since the detecto r separation 

distance and position were carefully determ ined . T h e  G ardon-type heat transfer 

gauge accuracy was 3% (Table 2.4).

Substitu ting  the  definition of the rad ia tion  efficiency into Equation (A .l)  yields:

A , , . ,  =  / ( - ^ ) W f t ) 2 +  (A.2)

or, after simplification,

\
(RFAFIty  (&RF)i

+  — —  • (A. - s)(F R )4 FR?

T he estim ated experim ental uncertain ties for the  single-layer Fecralloy burner 

using a stoichiom etric ( $  =  1.0) fuel m ix ture (see F igure 4.9) are shown in Table A .I. 

In all cases, the  uncertain ty  is below 2%.

lrThe detector position determines the view factor.
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Table A .I. E rror propagation  for radiation efficiency for different firing rates.

F R m A  F R  [4£] R F  O A R F  [*£] Tjrad % A/7rad %

174 17.4 33.2 1 .0 19.1 2 . 0

196 17.4 41.2 1 .2 2 1 . 0 2 . 0

223 17.4 49.3 1.5 2 2 . 1 1 . 8

255 17.4 54.8 1 .6 21.5 1 . 6

281 17.4 60.1 1 .8 21.4 1.5

309 17.4 66.4 2 . 0 21.5 1.4

340 17.4 73.S 2 . 2 21.7 1.3
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A ppendix B: V olum etric H eat Transfer Coefficient of F ib er M ats

B .l. Introduction

In recent years an increasing num ber of applications have involved heat transfer 

in porous m edia. However, theore tical predictions of th e  value of the  volumetric 

heat transfer coefficient, h v, cannot presently overcome the difficulty im posed by the 

complex irregular geom etry  of fiber m ats. This coefficient is an im p o rtan t param eter 

required in modeling, since it de term ines the therm al coupling betw een the  flowing 

fluid and the  solid m atrix . T herefore, several semi-empirical m ethods have been used 

to  obtain the  value of h v for m ateria ls  under several different conditions.

Volumetric heat transfer coefficient of porous m aterials have been determ ined for 

sintered steel heated to  ab o u t 750/ \  by radiative flux incident on th e  ou te r surface 

of the  specimens, and th en  th e  heating  was term inated before forcing air through the 

porous m atrix  (Alifanov e t al., 1987). A nother technique th a t was em ployed consisted 

of inserting a  heating device inside th e  porous m edium  until it reached a specified 

tem perature; then the  h ea te r was discontinued and coolant was forced through the 

m edium  (Eliseev e t al., 1983). B ut these techniques present problem s when applied 

to  fibrous m aterials, especially  th e  second one because of the  s tru c tu ra l disturbance 

and  the difficulty of heating  the  specim en uniformly.

A single-blow m ethod (Heggs and  Burns, 1988; Loehrke, 1990; Younis, 1991) is 

then  selected here to  de te rm in e  h v. Hot air is suddenly blown th rough  the porous 

m aterial, and the tem p era tu re  h istory  of air in front of the sam ple is m easured. Since 

th e  outlet fluid te m p era tu re  variation (the breakthrough curve) is a  function of hv, 

th e  solution of an inverse problem  can be found. The problem  becom es now to match 

th is  measured response w ith  som e m athem atical description of th e  process.
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B.2. M athem atical D escription and Theory for D ata R eduction

T he m athem atical descrip tion  of the  heat transfer from a hot gas to  porous ma­

te ria l can be form ulated in te rm s of th e  individual energy balance equa tio n s  for each 

phase (Pucci e t al., 1967; V ortm eyer, 1975). T he assum ptions m ade in constructing 

the  m athem atical model a re  (Fu, 1997):

1. The m aterial is hom ogeneous and  the porosity is uniform.

2. The gas stream  velocity  is uniform , i.e., plug flow.

3. Heat conduction is one-dim ensional for both phases.

4. Therm ophysical p roperties are independent of tem peratu re .

5. There is no heat genera tion  or heat dissipation in the  solid m a trix .

6 . Radiation within the  solid is considered to  be negligible in com parison  to heat 

convection.

7. The gas and the solid a re  not in therm al equilibrium , which m eans th a t  separate 

energy balance equations are  needed.

T he resulting conservation of energy equations for the  gas and solid phases are as 

follows:

Energy fo r  gas:

f d T g f dT g\  ' d 2Tg , L /rr r ,  /D M
PaCpa\ d t  d x )  ~  3 dx* + hv{Ts Ts) ■ (B-1J

Energy fo r  solid:

f)T  f)2T
(1 -  MPsCps-Qf =  +  hv(Tg -  Ta) . (B.2)

w here the volum etric heat transfer coefficient, hv, constitu tes the  coupling  between 

th e  two equations. T he effective therm al conductivities, kg and fc3, a re  approxim ated 

using a parallel model, i.e., m ultip ly ing  by a factor <f> for the gas phase, and  a  factor 

( 1  — <f>) for the  solid phase.

T he  boundary and in itia l conditions are:
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at .r =  0 . (B.3)

a t .r = L . (B.4)

a t .r =  0 . (B.5)

a t x = L . (B .6 )

a t x  =  0. t =  0 . (B.7)

Ideally, the  system  of equations is solved for several values of h v and the predicted 

gas tem perature h isto ry  is com pared to  the experim ental d a ta . T he closest (in some 

sense) solution is assum ed to  give th e  “real” m agnitude of th e  volum etric heat transfer 

coefficient. B ut experim en tal uncertainties and  non-ideal conditions usually prevent 

researchers from using th is sim ple approach.

Early studies were restric ted  to  direct curve m atching  of experim ent with th e ­

ory. Furnas (1930) first used this technique em ploying a graphical procedure. Later 

investigators, with the  aid  of com puters, used th is tria l-and-erro r approach to m ini­

mize some functional re la tionship  (i.e., an ad hoc definition of th e  error) between the  

experim ental and theore tica l curves. The m ost com m on choice of th a t functional re­

lationship was the root-m ean-square deviation, bu t B radshaw  e t al. (1970) arbitrarily  

chose to minimize th e  following expression:

S [ln (^ -^ '‘ -)]2 ,
1=i L ' e x p e r i m e n t , :  '  J

where T h e o r y  and T e x p e r i m e n t  are the  predicted and m easured fluid ou tle t tem peratures, 

respectively, i represents each d a ta  point, and N  is the  to ta l num ber of intervals on 

th e  experim ental b reak through  curve.

Liang and Yang (1975) suggested m atching a t five selected equally  spaced points 

on the breakthrough curve. An average value of th e  heat transfer coefficient is ob­

tained at each point, and  th e  a rithm etic  average is used to  represent the  com plete 

curve. Cai e t al. (1984) proposed an  im provement to  th is m ethod th a t involved o p ti­

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

( I  -  6 ) h 0{Ts -  Tg) =  PgCp,jU(Tg -  Tg,in)

~ k ‘ %  =

Tg = Tg<in



www.manaraa.com

mizing the points selected. M ullisen and Loehrke (1986) recom m end m atching points 

on the  breakthrough curve and  m inimizing the area  betw een them . These last three 

groups of workers allowed for non-ideal step inputs to the experim ental test section, 

whereas previous investigators assum ed ideal s tep  inputs in to  the  system .

T he accom m odation of th e  experim ental form of the  inlet forcing function in 

the  da ta  reduction schem e is extrem ely  im portan t (Heggs and  Burns, 198S). It is 

physically im possible to  produce an ideal step in the  fluid tem p era tu re  a t the  entrance 

of th e  test section, and  Baclic e t al. (1986) have shown th a t  the error in the data 

analysis is dependent on th e  tim e constant of the  inlet forcing function, varying 

between 2 % and 40% over th e  range of tim e constan ts used by previous researchers.

A different approach is based in determ ining a  unique relationship  between the 

breakthrough curve and  so-called the  num ber of transfer un its  ( N T U  =  Locke

(1950) pioneered the  use of th e  unique m axim um  slope criterion . This m ethod is 

unsuitable for use in system s in which N T U  is less than  3 (K ohlm ayr, 1966; Pucci 

e t al., 1967). T he m ethod has been extended for the  case of non-ideal step inputs 

(Kohlm ayr, 1968a), bu t again th e  range of N T U  values is restric ted .

To allow experim en tation  in the low N T U  range. K ohlm ayr (1968b) proposed 

ano ther indirect m atching technique. This involved the  evaluation  of the centroid of 

the  area between the  inlet and  ou tle t fluid tem peratu res, b u t there is no evidence 

th a t it has been used to  analyze experim ental d a ta  (Heggs and  Burns, 1988).

Although all techniques would ideally produce the  sam e result for the  coefficient 

h v, the experim ental uncertain ties particular to  each set-up  and  the range of the 

dimensionless group N T U  usually  render one of them  m ore su itab le  than  others.
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B.3. M easurem ents and D ata Reduction 

T he same technique and th e  sam e apparatus used by Younis (1991) was employed 

here to  obtain the  volum etric heat transfer coefficient data . Younis designed a low- 

speed wind tunnel and a  te s t section th a t includes two sam ples (a dum m y and the 

ac tual sample, o f size O .lxO .l m 2), m ounted on two slide rails. A variable-speed air 

blower and a heater are used to  control th e  air flow conditions, as shown in Figure B .l.

FLOW STRAIGHTENER

FLOW STRAIGHTENER TEST
SECTION

SAMPLE

t
Figure B .l. Schem atic of the  single-blow apparatus used to m easure th e  volumetric 
heat transfer coefficient of a  porous sam ple.

T he instrum entation  consists of two T-type (C opper-C onstantan) therm ocou­

ples (0.0762 m m  in d iam eter) located  before and after the  dum m y, and  two micro­
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therm ocouples (25 /rm d iam ete r, th e  thinnest available wire) before and  after the 

sam ple. An optical sensor is used to  synchronize th e  s ta rtin g  point for the tem ­

peratu re recording w ith th e  sliding of the  sample. A H ew lett-Packard 3852A D ata 

A cquisition/C ontrol U nit system  collects the te m p era tu re  transien t a fte r the  sam ple 

is inserted in the hot a ir  s tream , and  th e  data are logged in to  a H ew lett-Packard S5 

com puter. A ir velocity is m easured  w ith  a hand-held hot wire anem om eter probe 

(T S I1 VELOC'ICALC M odel 8350). M ore details regard ing  the experim ental appa­

ra tus can be found elsew here (Younis, 1991; Fu, 1997) and  are not repea ted  here.

Some changes in th e  d a ta  acqu isition  system were im plem ented w ith respect to 

the methodology of Younis (1991). T h e  sampling ra te  was increased to  16 Hz by 

measuring voltages instead  of tem p era tu res, and converting afterw ards. A three-step 

sequence in itia ted  when th e  sam ple was pushed into th e  wind tunnel:

1. Open the  heater pow er relay to  elim inate th e  60 H z  electronic noise originating 

in the transform er.

2 . Read the cold-junction com pensa tion  voltages in to  a  vector.

3. S tart a  fast loop m easuring  th e  therm ocouple voltages.

O nce the therm ocouple d a ta  were recorded, the  vector w ith th e  cold-junction 

voltages was used cyclically to  convert the readings in to  tem peratu re . This new 

procedure had a longer overhead because some tim e was needed to open the  power 

relay and m easure the co ld-junction  voltages, which resu lted  in the first two points 

being separated by abo u t 0.7 s. However, most of th is  tim e corresponded to  the 

sliding tim e of the test specim en in to  th e  duct, when th e  a ir flow was perturbed .

In this particu lar case, th e  te m p era tu re  uncertain ties resulting from the  initial 

delay deemed in app rop ria te  th e  d irec t m atching technique, because a  sm all misad- 

ju s tm en t at the  s ta rtin g  tim e  yielded  large root-m ean-square errors, preventing the 

convergence of th e  num erical schem e for the d a ta  reduction . On the o th e r hand, the 

breakthrough curves o b ta in ed  in th e  experim ents were sm ooth  and easy to  differen­

ITSI, Inc., Environmental M easurements and Controls, P. O. Box 64394, St. Paul, MN 55164
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tia te  accurately: for typ ical test conditions N T L ’ % 6  (i.e.. q u ite  large). Therefore, 

a  m axim um  slope m ethod  was chosen: the  maximum slope of th e  experim ental d a ta  

was m atched to  the  m axim um  derivative of the model for a given h v; in this way. the 

errors induced by the  in itia l tim e m ism atch were m inim ized.

T he  numerical solution of th e  model equations (E quations (B .l)  and (B .2)). with 

th e  boundary and  in itia l conditions (Equations (B.3) to  (B .7 )) w'as im plem ented using 

a  tri-diagonal m a trix  solver (TD M A ). T he  code allowed the use of several convergence 

criteria :

1 . Total error, i.e., m inim um  least-square deviation of th e  num erical solution from 

th e  tem peratu re history.

2. A secant-m ethod-based m axim um  first derivative, th a t stopped  afte r a solution 

within a specified erro r tolerance was found.

3. An alternative secant-m ethod-based  m inimum second derivative, which was sim ­

ilar to the previous one, bu t required very good experim ental d a ta  su itab le for 

double differentiation.

4. A so-called infinite search th a t com puted all solutions in a  given range of h v 

and  then selected the  one which gave the closest m atch . This m ethod was 

com putationally  very expensive, and  it was used when th e  sensitiv ity  of the 

least-square dev iation  with h u was low.

Most of the results were obtained  using the first derivative criterion. Additionally, 

th e  program  had a featu re  th a t allowed to  calculate the  tem p era tu re  transien t for a 

given value of the  volum etric heat transfer coefficient.

Figure B . 2  shows th e  com parison betw een experim ental and  predicted tem pera tu re  

variation, together w ith th e  first derivatives. Note th a t the  num erical predictions were 

shifted (com pensating for th e  in itia l delay introduced by th e  acquisition system ) so 

th a t th e  m axim um  slope location was correctly  identified. T he agreem ent is excellent, 

and  th e  result for th e  volum etric heat transfer coefficient (hv =  715,000 for inlet 

velocity of 1.44 —■) is considered qu ite  accurate.
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Nextel 312: Single-blow technique
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Figure B.2. Measured and predic ted  tem p era tu re  transients for the  single-blow tech­
nique. Numerical results are ob ta ined  for several values of h v and th e  one th a t gives 
th e  best m atch  is considered to  be th e  correct value of th a t param eter.

u=1.44 m/s, calculated hv=715,000 W/(m K)

E x p e rim e n ta l d a ta :  
t e m p e r a tu re  
local s lo p e  

M odel r e s u l ts :  
t e m p e r a tu re  
1st d e r iv a tiv e
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B.4. Correlations

The volum etric heat transfer coefficient results for the Nextel 312 fiber m at (sam ­

ple thickness of 1 0  m m )  as a  function of the inlet a ir stream  velocity are presented 

in Figure B.3. T he sam e d a ta  are shown in term s o f non-dimensional param eters in 

Figure B.4. A sm ooth  variation is observed in th e  center of the range, w ith m ore 

significant d a ta  sca tte rin g  a t low and high velocities.

The reduced d a ta  were correlated  by the following equation.

Nu„  =  0.0043 R e 1' 13 (B.S)

obtained using a least-squares fit.

The m inim um  Reynolds num ber attained  corresponded to an air velocity of 0.17 y .  

T he experim ental uncerta in ties  w ith lower air flows m ade impossible to obta in  d a ta  

a t even lower air velocities. A t th e  other end. the  m axim um  Reynolds num ber corre­

sponded to  an air velocity of 2.13 y .  In this range, th e  tem perature transien t of th e  

single-blow technique becam e too short; the d a ta  acquisition system could not record 

useful d a ta  a t a faster ra te , therefore, preventing from increasing the air velocity. 

However, the m easured range was broad enough to  cover the  velocities needed for th e  

numerical modeling of a  typ ical radiant burner.

B.5. Shortcom ings for Some M aterials

The m ethodology described in Section B.3 was successful in determ ining the vol­

um etric heat transfer coefficient for Nextel 312. However, satisfactory results would 

not be obtained for th e  case of Fecralloy NIT100S and  NIT200S.

These Fecralloy-based m ateria ls  are more dense th a n  Nextel and have a larger heat 

capacity, but the  sam ples are  too th in  (about 2  m m ) and the  resulting single-blow 

transients are too rap id , and  th e  d a ta  are difficult to  reduce. Furtherm ore, due to  

the ir woven nature, th e  Fecralloy m ats are inherently  non-homogeneous, presenting an 

arrangem ent of holes (of several characteristic sizes) given by the spacing in betw een 

th e  strands of the  fibers.
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Nextel 312 Single-Blow Results
In terms of dimensional parameters
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Figure B.3. Volum etric heat transfer coefficient of a  N extel 312 fiber m at. The 
th ickness of the sam ple was 1 0  m m .
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Nextel 312 Single-Blow Results
In terms of non-dimensional parameters
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Figure B.4. Volum etric heat transfer coefficient of a Nextel 312 fiber m at in term s on 
non-dim ensional param eters. T he thickness of the sample was 10 m m .
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Some useful d a ta  were obtained after placing toge ther several layers of Fecralloy 

and repeating th e  single-blow experim ents. By doing th is, th e  resulting sam ple was 

“homogenized"’, since th e  large pores of each layer were not aligned. However, it was 

unclear if the  results o b ta ined  would be applicable a t all for th e  case of a single layer. 

In any case, th e  te m p era tu re  transients m easured w ith th e  single-blow technique 

for Fecralloy were different from those observed for a  N extel sam ple. There was no 

curvature change, rendering th e  maximum slope criterion  as inapplicable.
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A ppendix  C’: Specific Heat D eterm ination

C .l .  Nextel 312 Specific H eat Results 

A sample of N extel 312 was subm itted  to the  T herm ophysical P roperties Research 

Laboratory1 for specific heat determ inations. T he  N extel sam ple was chopped into 

sm all pieces and  encapsu lated  in an alum inum  pan. Specific heat was measured 

using a standard Perk in-E lm er (M odel DSC-2) differential scanning calorim eter with 

sapphire as the reference m ateria l. T he standard  and  the sam ple were subjected  to  

an identical heat flux as a  blank. Then, the differential powers required to  heat a t 

the  same rate both  the specim ens were determ ined using a digital acquisition system. 

Using the masses of th e  sapphire  s tandard  and the  sam ple, the m easured differential 

powers, and the known specific heat of sapphire, the  specific heat of th e  Nextel 312 

sam ple was com puted. Tw o runs were made, and  the  results were w ithin a  1% band 

(F igure C .l.)  T he lower values obtained for the  second run were a ttr ib u te d  to the 

m oisture loss during th e  first run (R eport T PR L  1932. O ctober 1997.)

All measured quan tities  were directly  traceable to  N IST 2 standards. T he proce­

dures outlined in ASTM  E1269 were followed.

C .2. Fecralloy Specific H eat Results 

Three Fecralloy sam ples were subm itted  to  the  Therm ophysical P roperties Re­

search Laboratory for specific heat determ ination (F igure C.2). T he sam e m ethodol­

ogy described in Section C .l was followed (R eport T P R L  1972. D ecem ber 1997.)

'TPRL, Purdue University Research Park, 2595 Yeager Road, West Lafayette, IN 47906. Phone 
765-463-1581.
2NIST: United States National Institute of Standards and Technology
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Figure C .l. Specific heat of N extel 312 fiber m at (according to  T P R L  1932, O ctober 
1997).
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Specific heat of Fecralloy
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Figure C.2. Specific heat of Fecralloy AC200, NIT100S and NIT200S fiber m ats 
(according to  TPR L 1972, D ecem ber 1997).
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A ppendix D: R adiation Therm om eter C alib rations 

T he handheld rad ia tion  therm om eters used to obtain  th e  solid m atrix  surface 

tem peratu re  (R aytek R aynger STS. in th e  range 0-540°C’: Irtec  U ltim ax  UX-81. in 

th e  range 500-2800° C )  were calibrated  against a blackbody.

T he STS shows excellent agreem ent w ith the blackbody: th e  UX-81 needs a small 

correction due to  underprediction  of th e  tem perature. T he experim en ta l d a ta  are 

shown in Figure D .l.
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Figure D .l. R adiation th e rm o m eter calibration against a  blackbody.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

239

A ppendix E: GRI-M ech 2.11 Chem ical Mechanism for CTL C om bustion

E .l. Involved E lem ents and  Species 

G RI-M ech 2.11 is a  chem ical m echanism  th a t consists in 277 reactions involving 

49 species formed as the  com bination of five elem ents (0 . H, C, N. Ar). T h e  species 

are: H2. H, O , 0 2, OH, H2 0 ,  H 0 2, H2 0 2. C, CH, C H 2, C’H2 (S), CH3. CH.,, CO . C’0 2.

HC'O, c h 2 o ,  c h 2o h ,  c h 3 o ,  c h 3 o h ,  c 2 h , c 2 h 2, c 2 h 3. c 2 h.,. c 2 h 5. c 2 h 6, h c c o .

CH 2 C 0 , HC’COH, N, NH, NH2, NH3, NNH, NO, N 0 2, N20 ,  HNO, CN. HC'N, H2 C'N, 

HC'NN, HCNO, HOCN, HNCO, N CO, N2, and  Ar.

E.2. Chem ical Reactions 

T he  chem ical kinetics is sim ulated  assum ing th a t each reaction proceeded accord­

ing to  the  law of mass action and  th a t the  forward rate coefficients, kj .  were in the  

modified A rrhenius form:

k f  =  a xT a2 e x p ( - ^ )  • (E .l)

T he reaction rates are com puted  from th e  reaction data  presented below; th e  units

of a 1 are given in the system  mol-cm-s-K  (i.e., [ ^ " 3 ^-] for a  bim olecular reaction, 

and h-\ for a term olecular recom bination), a2 is dimensionless, and  S  is in

[ k  1' Some reactions contain “M” as a  reac tan t or product to specify th ird  body

efficiencies of certain species; “(+ M )” (e.g., reactions 50, 52, 54, 56, 57...) indicates 

th a t those reactions are also pressure dependent. Keyword “LOW"’ is used to  specify 

low-pressure lim it A rrhenius param eters, and  “T R O E ” is used to specify T roe fall-off 

reaction param eters. T he theory  underly ing the  use of these fall-off coefficients in the  

com bustion chem istry, which are applicable near th e  pressure lim its, is described by 

W .C. G ard iner and J. Troe in C h ap te r 4 of Combustion Chemistry,  Springer-V erlag, 

New York, 1984.
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20+M<=>02+M
H2
H20
CH4
CO
C02
C2H6
AR

0+H+M<=>0H+M
H2
H20
CH4
CO
C02
C2H6
AR

1 .2 0 E + 1 7 - 1 . 0 0 . 0Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

2.400E+00 
1.540E+01 
2.000E+00 
1.750E+00 
3.600E+00 
3.000E+00 
8.300E-01
2.000E+00 
6.000E+00 2.000E+00 
1.500E+00 
2.000E+00 
3.000E+00 
7.000E-01

5.00E+17 -1.0

H2
0 2
H20
CH4
CO
C02
C2H6
AR

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

2.OOOE+OO 
6.000E+00 
6.000E+00 
2.OOOE+OO 
1.500E+00 
3.500E+00 
3.OOOE+OO 
5.000E-01

34.
35.

0 2
H20
CO
C02
C2H6
M2
AR

H+202<=>H02+02H+02+H20<=>H02+H20

Enhanced by 
Enhanced by 
Enhanced by Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

0.OOOE+OO 
0.OOOE+OO 
7.500E-01 
1.500E+00 
1.500E+00 
0.OOOE+OO 
0.OOOE+OO

0.0

3. 0+H2<=>H+0H 5.00E+04 2.7 6290.0
4. 0+H02<=>0H+02 2.00E+13 0.0 0.0
5. 0+H202<=>OH+H02 9.63E+06 2.0 4000.06. 0+CH<=>H+C0 5.70E+13 0.0 0.07. 0+CH2<=>H+HC0 8.00E+13 0.0 0.0
8. 0+CH2(S)<=>H2+C0 1.50E+13 0.0 0.09. 0+CH2(S)<=>H+HC0 1.50E+13 0.0 0.0
10. 0+CH3<=>H+CH20 8.43E+13 0.0 0.0
11. 0+CH4<=>0H+CH3 1.02E+09 1.5 8600.0
12. 0+C0+M<=>C02+M 6.02E+14 0.0 3000.0

13. 0+HC0<=>0H+C0 3.00E+13 0.0 0.0
14. 0+HCO<=>H+C02 3.00E+13 0.0 0.015. 0+CH20<=>OH+HCO 3.90E+13 0.0 3540.0
16. 0+CH20H<=>OH+CH20 1.00E+13 0.0 0.0
17. 0+CH30<=>OH+CH20 1.00E+13 0.0 0.0
18. 0+CH30H<=>OH+CH20H 3.88E+05 2.5 3100.0
19. 0+CH30H<=>OH+CH30 1.30E+05 2.5 5000.0
20. 0+C2H<=>CH+C0 5.00E+13 0.0 0.021. 0+C2H2<=>H+HCCO 1.02E+07 2.0 1900.0
22. 0+C2H2<=>0H+C2H 4.60E+19 -1.4 28950.0
23. 0+C2H2<=>C0+CH2 1.02E+07 2.0 1900.0
24. 0+C2H3<=>H+CH2C0 3.00E+13 0.0 0.0
25. 0+C2H4<=>CH3+HCO 1.92E+07 1.8 220.0
26. 0+C2H5<=>CH3+CH20 1.32E+14 0.0 0.0
27. 0+C2H6<=>OH+C2H5 8.98E+07 1.9 5690.0
28. 0+HCC0<=>H+2C0 1.00E+14 0.0 0.0
29. 0+CH2C0<=>0H+HCCO 1.00E+13 0.0 8000.0
30. 0+CH2C0<=>CH2+C02 1.75E+12 0.0 1350.0
31. 02+C0<=>0+C02 2.50E+12 0.0 47800.0
32. 02+CH20<=>H02+HC0 1.00E+14 0.0 40000.0
33. H+02+M<=>H02+M 2.80E+18 -0.9 0.0

3.00E+20
9.38E+18

-1.7
- 0 . 8

0.0
0 .0
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36. H+02+M2<=>H02+H2
37. H+02+AR<=>H02+AR
38. H+02<=>0+0H
39. 2H+M<=>H2+M

H2
H20
CH4
C02
C2H6
AR

40. 2H+H2<=>2H2
41. 2H+H20<=>H2+H20
42. 2H+C02<=>H2+C02
43. H+0H+H<=>H20+M

H2
H20
CH4
C2H6
AR

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

Enhanced by 
Enhanced by Enhanced by 
Enhanced by 
Enhanced by

3.75E+20
7.00E+17
8.30E+13
1.00E+18

-1.7
- 0 . 8
0.0

- 1 . 0

0. 0
0. 0

14413.0
0. 0

0. OOOE+OO 
0. OOOE+OO
2. OOOE+OO 
0. OOOE+OO
3. OOOE+OO 
6.300E-01

7.300E-01 
3.650E+00
2. OOOE+OO
3. OOOE+OO 
3.800E-01

9.00E+16 
6.00E+19 
5.50E+20 
2.20E+22

- 0 . 6
- 1 . 2
- 2 . 0
- 2 . 0

0. 0
0. 0
0.0
0.0

44. H+H02<=>0+H20 3.97E+12 0.0 671.045. H+H02<=>02+H2 2.80E+13 0.0 1068.046. H+H02<=>20H 1.34E+14 0.0 635.047. H+H202<=>H02+H2 1.21E+07 2.0 5200.048. H+H202<=>0H+H2O 1.00E+13 0.0 3600.049. H+CH<=>C+H2 1.10E+14 0.0 0.050. H+CH2(+H)<=>CH3(+M) 2.50E+16 -0.8 0.0Lou pressure limit:
TROE centering:

H2  
H20 
CH4 
CO 
C02 
C2H6 
AR

51. H+CH2(S)<=>CH+H2
52. H+CH3(+M)<=>CH4(+M)

Low pressure limit:
TROE centering:

H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

53. H+CH4<=>CH3+H2
54. H+HCO(+M)<=>CH20(+M)

Lou pressure limit:
TROE centering

H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

55. H+HC0<=>H2+C0
56. H+CH20(+M)<=>CH20H(+M)

Low pressure limit: 0.12700E+33
TROE centering: 0.71870E+00

0.32000E+28 
0.68000E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

0.24770E+34 
0.78300E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

0.13500E+25 
0.78240E+00 Enhanced by 
Enhanced by Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

-0.31400E+01 
0.78000E+02 
2.OOOE+OO 
6. OOOE+OO 
2. OOOE+OO 
1.500E+00
2. OOOE+OO
3. OOOE+OO 
7.000E-01

0.12300E+04
0.19950E+04 0.55900E+04

H2
H20
CH4CO

Enhanced by 
Enhanced by 
Enhanced by Enhanced by

-0.47600E+01 
0.74000E+02 
2. OOOE+OO 
6. OOOE+OO 
2. OOOE+OO 
1.500E+00
2. OOOE+OO
3. OOOE+OO 
7.000E-01

-0.25700E+01 
0.27100E+03 
2. OOOE+OO 
6. OOOE+OO 
2. OOOE+OO 
1.500E+00 
2. OOOE+OO 
3.OOOE+OO 
7.000E-01

-0.48200E+01 
0.10300E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00

3.00E+13 0.0 0.0
1.27E+16 -0.6 383.0
0.24400E+04
0.29410E+04 0.69640E+04

6.60E+08 1.6 10840.0
1.09E+12 0.5 -260.0
0.14250E+04
0.27550E+04 0.65700E+04

7.34E+13 0.0 0.0
5.40E+11 0.5 3600.0
0.65300E+04
0.12910E+04 0.41600E+04
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C02 Enhanced by
C2H6 Enhanced by

57. H+CH20( +M )<=>CH30( +M )
Lon pressure limit: 0.22000E+31
TROE centering: 0.75800E+00

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by

58. H+CH20<=>HCO+H2
59. H+CH20H(+M)<=>CH30H(+M)

Low pressure limit: 0.30000E+32
0.76790E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

0.89020E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

TROE centering:
H2 
H20 
CH4 
CO 
C02 
C2H6

60. H+CH20H<=>H2+CH20
61. H+CH20H<=>0H+CH3
62. H+CH20H<=>CH2(S)+H20
63. H+CH30(+H)<=>CH30H(+M)

Lon pressure limit: 0.86000E+29 
TROE centering:

H2 
H20 
CH4 CO 
C02 
C2H6

64. H+CH30<=>H+CH20H
65. H+CH30<=>H2+CH20
66. H+CH30<=>OH+CH3
67. H+CH30<=>CH2(S)+H20
68. H+CH30H<=>CH20H+H2
69. H+CH30H<=>CH30+H2
70. H+C2H(+M)<=>C2H2(+M)

Low pressure limit: 0.37500E+34
TROE centering: 0.64640E+00

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by

71. H+C2H2(+M)<=>C2H3(+M)
Low pressure limit: 0.38000E+41
TROE centering: 0.75070E+00

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by

72. H+C2H3(+M)<=>C2H4(+M)
Low pressure limit: 0.14000E+31
TROE centering:

H2

2. OOOE+OO 
3.OOOE+OO

-0.48000E+01
0.94000E+02 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO

-0.48000E+01 
0.33800E+03 
2.OOOE+OO 
6.OOOE+OO 2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO

-0.40000E+01 
0.14400E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO

5.40E+11 0.5
0.55600E+04 
0.15550E+04 0

2 6 0 0 . 0

.42000E+04

2.30E+10 1.1
1.80E+13 0.0
0.33000E+04 
0.18120E+04 0.

3275.0
0 . 0

50810E+04

2.00E+13 
1.20E+13 
6.00E+12 
5.00E+13 
0.30250E+04 
0.28380E+04

0 . 0
0 . 0
0 . 0
0 . 0

0.0
0.0
0.0
0 . 0

0.45569E+05

3.40E+06 1.6 0.0
2.00E+13 0.0 0.0
3.20E+13 0.0 0.0
1.60E+13 0.0 0.01.70E+07 2.1 4870.0
4.20E+06 2.1 4870.0
1.00E+17 -1.0 0.0

H2 0
CH4

0.78200E+00 
Enhanced by 
Enhanced by 
Enhanced by

-0.48000E+01 
0.13200E+03 
2. OOOE+OO 
6. OOOE+OO 
2. OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

-0.72700E+01 
0.98500E+02 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

-0.38600E+01 
0.20750E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO

0.19000E+04 
0.13150E+04 0.55660E+04

5.60E+12 0.0
0.72200E+04 
0.13020E+04 0.

2400.0
41670E+04

6.08E+12 0.
0.33200E+04 
0.26630E+04

280.0 
. 60950E+04
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CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by

73. H+C2H3<=>H2+C2H2
74. H+C2H4(+M)<=>C2H5(+M)

Lon pressure limit: 0.12000E+43 
TROE centering: 0.97530E+00

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by

75. H+C2H4<=>C2H3+H2
76. H+C2H5(+M)<=>C2H6(+M)

Lon pressure limit: 0.19900E+42
TROE centering: 0.84220E+00

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by

1.500E+00 
2.000E>00 
3.OOOE+OO 
7.000E-01

-0.76200E+01 
0.21000E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

-0.70800E+01 
0.12500E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

3.00E+13 0.0
1.08E+12 0.5
0.69700E+04 
0.98400E+03 0.

0 . 0
1820.0

43740E+04

1.32E+06 2.5
5.21E+17 -1.0
0.66850E+04 
0.22190E+04 0.

12240.0
1580.0

68820E+04

77. H+C2H5<=>H2+C2H4 2.00E+12 0.0 0.078. H+C2H6<=>C2H5+H2 1.15E+08 1.9 7530.079. H+HCC0<=>CH2(S)+C0 1.00E+14 0.0 0.080. H+CH2C0<=>HCC0+H2 5.00E+13 0.0 8000.081. H+CH2C0<=>CH3+C0 1.13E+13 0.0 3428.082. H+HCC0H<=>H+CH2C0 1.00E+13 0.0 0.083. H2+C0(+M)<=>CH20(+M) 4.30E+07 1.5 79600.0Low pressure limit: 
TROE centering:

H2
H20
CH4
CO
C02
C2H6
AR

84. 0H+H2<=>H+H20
85. 20H(+M)<=>H202(+M) 

Lou pressure limit: 
TROE centering:

H2
H20
CH4
CO
C02
C2H6
AR

0.50700E+28 
0.93200E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

0.23000E+19 
0.73460E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

-0.34200E+01 
0.19700E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

0.84350E+05 
0.15400E+04 0.10300E+05

-0.90000E+00 
0.94000E+02 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

2.16E+08 1.5
7.40E+13 -0.4
-0.17000E+04 
0.17560E+04 0.

3430.0
0 . 0

51820E+04

86. 20H<=>0+H20 3.57E+04 2.4 -2110.087. 0H+H02<=>O2+H20 2.90E+13 0.0 -500.088. 0H+H202<=>H02+H20 1.75E+12 0.0 320.0Declared duplicate reaction...89. QH+H202<=>H02+H20 5.80E+14 0.0 9560.0Declared duplicate reaction...
90. 0H+C<=>H+C0 5.00E+13 0.0 0.091. 0H+CH<=>H+HC0 3.00E+13 0.0 0.092. 0H+CH2<=>H+CH20 2.00E+13 0.0 0.093. 0H+CH2<=>CH+H20 1.13E+07 2.0 3000.094. 0H+CH2(S)<=>H+CH20 3.OOE+13 0.0 0.095. 0H+CH3(+M)<=>CH30H(+M) 6.30E+13 0.0 0.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

96
97
98.
99. 

100 . 
101 . 
102 .
103.
104.105.
106.
107.
108.
109.
11 0 . 
111 . 
112 .
113.
114.
115.
116.
117.
118.
119.
120 . 
121 . 
122 .
123.
124.
125.
126.
127.
128.
129.
130.
131.

132.
133.
134.
135.
136.
137.
138.
139.
140.

Lob pressure limit: 
TROE centering:

H2
H20
CH4
CO
C02
C2H6

0.27000E+39 
0.21050E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

-0.63000E+01 
0.83500E+02 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO

0.31000E+04 
0.53980E+04 0 .8 3 7 0 0 E + 0 4

0H+CH3<=>CH2+H20 5.60E+07 1.6 5420.00H+CH3<=>CH2(S)+H20 2.50E+13 0.0 0.00H+CH4<=>CH3+H20 1.00E+08 1.6 3120.00H+C0<=>H+C02 4.76E+07 1.2 70.00H+HC0<=>H20+C0 5.00E+13 0.0 0.00H+CH20<=>HC0+H20 3.43E+09 1.2 -447.00H+CH20H<=>H20+CH20 5.00E+12 0.0 0.0OH+CH30<=>H20+CH20 5.00E+12 0.0 0.0OH+CH30H<=>CH20H+H20 1.44E+06 2.0 -840.00H+CH30H<=>CH30+H20 6.30E+06 2.0 1500.00H+C2H<=>H+HCC0 2.00E+13 0.0 0.00H+C2H2<=>H+CH2C0 2.18E-04 4.5 -1000.00H+C2H2<=>H+HCC0H 5.04E+05 2.3 13500.00H+C2H2<=>C2H+H20 3.37E+07 2.0 14000.00H+C2H2<=>CH3+C0 4.83E-04 4.0 -2000.00H+C2H3<=>H20+C2H2 5.00E+12 0.0 0.00H+C2H4<=>C2H3+H20 3.60E+06 2.0 2500.00H+C2H6<=>C2H5+H20 3.54E+06 2.1 870.00H+CH2C0<=>HCC0+H20 7.50E+12 0.0 2000.02H02<=>02+H202 1.30E+11 0.0 -1630.0Declared duplicate reaction... 
2H02<=>02+H202 4.20E+14 0.0 12000.0Declared duplicate reaction. .. 
H02+CH2<=>0H+CH20 2.00E+13 0.0 0.0H02+CH3<=>02+CH4 1.00E+12 0.0 0.0H02+CH3<=>0H+CH30 2.00E+13 0.0 0.0HO2+CO<=>0H+CO2 1.S0E+14 0.0 23600.0H02+CH20<=>HC0+H202 1.00E+12 0.0 8000.0C+02<=>0+CO 5.80E+13 0.0 576.0C+CH2<=>H+C2H 5.00E+13 0.0 0.0C+CH3<=>H+C2H2 5.00E+13 0.0 0.0CH+02<=>0+HC0 3.30E+13 0.0 0.0CH+H2<=>H+CH2 1.11E+08 1.8 1670.0CH+H20<=>H+CH20 1.71E+13 0.0 -755.0CH+CH2<=>H+C2H2 4.00E+13 0.0 0.0CH+CH3<=>H+C2H3 3.00E+13 0.0 0.0CH+CH4<=>H+C2H4 6.00E+13 0.0 0.0CH+C0(+M)<=>HCC0(+M) 5.00E+13 0.0 0.0
Lob pressure limit: 0.26900E+29 -0.37400E+01 0.19360E+04TROE centering: 0.57570E+00 0.23700E+03 0.16520E+04 0.50690E+04H2 

H20 
CH4 
CO 
C02 
C2H6 
AR

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

CH+C02<=>HC0+C0 3.40E+12 0.0 690.0CH+CH20<=>H+CH2C0 9.46E+13 0.0 -515.0CH+HCCO<=>CO+C2H2 5.00E+13 0.0 0.0CH2+02<=>0H+HC0 1.32E+13 0.0 1500.0CH2+H2<=>H+CH3 5.OOE+05 2.0 7230.0
2CH2<=>H2+C2H2 3.20E+13 0.0 0.0CH2+CH3<=>H+C2H4 4.00E+13 0.0 0.0CH2+CH4<=>2CH3 2.46E+06 2.0 8270.0CH2+C0(+M)<=>CH2C0(+M) 8.10E+11 0.5 4510.0Low pressure limit: 0.26900E+34 -0.51100E+01 0.70950E+04
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141.
142.
143.
144.
145.
146.
147.

148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.

159.
160. 
161. 
162.
163.
164.
165.
166. 
167.

168.
169.
170.
171.
172.
173.
174.

TROE centering: 
H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

0.59070E+00 Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

0.27500E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

0 . 1 2 2 6 0 E + 0 4  0 .5 1 8 5 0 E + 0 4

CH2+HCC0<=>C2H3+C0 3.00E+13 0.0 0.0
CH2(S)+H2<=>CH2+H2 1.50E+13 0.0 600.0
CH2(S)+AR<=>CH2+AR 9.00E+12 0.0 600.0
CH2(S)+02<=>H+OH+C0 2.80E+13 0.0 0.0
CH2(S)+02<=>C0+H20 1.20E+13 0.0 0.0
CH2(S)+H2<=>CH3+H 7.00E+13 0.0 0.0
CH2(S)+H20(+M)<=>CH30H(+M) 2.00E+13 0.0 0.0
Low pressure limit: 
TROE centering:

H2 
H20 
CH4 
CO 
C02 
C2H6

CH2(S)+H20<=>CH2+H20 
CH2(S)+CH3<=>H+C2H4 
CH2(S)+CH4<=>2CH3 
CH2(S)+C0<=>CH2+C0 
CH2(S)+C02<=>CH2+C02 
CH2(S)+C02<=>C0+CH20 
CH2(S)+C2H6<=>CH3+C2H5 
CH3+02<=>0+CH30 
CH3+02<=>0H+CH20 
CH3+H202<=>H02+CH4 
2CH3(+M)<=>C2H6(+M)
Low pressure limit: 
TROE centering:

H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

0.27000E+39 
0.15070E+00 

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

-0.63000E+01 
0.13400E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO

0.31000E+04 
0.23830E+04 0.72650E+04

0.17700E+51 
0.53250E+00 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

-0.96700E+01 
0.15100E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

3.00E+13 0.0 0.0
1.20E+13 0.0 -570.0
1.60E+13 0.0 -570.0
9.00E+12 0.0 0.0
7.00E+12 0.0 0.0
1.40E+13 0.0 0.0
4.00E+13 0.0 -550.0
2.68E+13 0.0 28800.0
3.60E+10 0.0 8940.0
2.45E+04 2.5 5180.0
2.12E+16 -1.0 620.0
0.62200E+04
0.10380E+04 0.49700E+04

2CH3<=>H+C2H5 4.99E+12 0.1 10600.0
CH3+HCO<=>CH4+CO 2.65E+13 0.0 0.0
CH3+CH20<=>HC0+CH4 3.32E+03 2.8 5860.0
CH3+CH30H<=>CH20H+CH4 3.00E+07 1.5 9940.0
CH3+CH30H<=>CH30+CH4 1.00E+07 1.5 9940.0
CH3+C2H4<=>C2H3+CH4 2.27E+05 2.0 9200.0
CH3+C2H6<=>C2H5+CH4 6.14E+06 1.7 10450.0
HC0+H20<=>H+C0+H20 2.24E+18 -1.0 17000.0
HC0+H<=>H+C0+M 1.87E+17 -1.0 17000.0

H2
H20
CH4
CO
C02
C2H6

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

2.OOOE+OO 
0.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO

HC0+Q2<=>H02+C0 7.60E+12 0.0 400.0
CH20H+02<=>H02+CH20 1.80E+13 0.0 900.0
CH30+02<=>H02+CH20 4.28E-13 7.6 -3530.0
C2H+02<=>HC0+C0 5.00E+13 0.0 1500.0
C2H+H2<=>H+C2H2 4.07E+05 2.4 200.0
C2H3+02<=>HC0+CH20 3.98E+12 0.0 -240.0
C2H4(+M)<=>H2+C2H2(+M) 8.00E+12 0.4 88770.0
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175
176
177
178
179.
180. 
181. 
182.183.
184.
185.

186.
187.

188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
2 0 0 . 
2 0 1 . 
2 0 2 .
203.
204.
205.

206.
207.
208.

Low pressure limit: 
TROE centering:

H2
H20
CH4
CO
C02
C2H6
AR

0.70000E+51 
0.73450E+00 

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

-0.93100E+01 
0.18000E+03 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

0.99860E+05 
0.10350E+04 0 .5 4 1 7 0 E + 0 4

C2H5+02<=>H02+C2H4 8.40E+11 0.0 3875.0HCC0+02<=>0H+2C0 1.60E+12 0.0 854.02HCC0<=>2C0+C2H2 1.00E+13 0.0 0.0R+H0<=>H2+0 3.50E+13 0.0 330.0H+02<=>HQ+0 2.65E+12 0.0 6400.0H+OH<=>MO+H 7.33E+13 0.0 1120.0H20+0<=>H2+02 1.40E+12 0.0 10810.0R20+0<=>2H0 2.90E+13 0.0 23150.0H20+H<=>I2+0H 4.40E+14 0.0 18880.0H20+OH<=>S2+H02 2.00E+12 0.0 21060.0M20(+M)<=>H2+0(+M) 1.30E+11 0.0 59620.0Low pressure limit: 
H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

H02+I0<=>H02+0H 
H0 +0 +M<=>H0 2 +M 

H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

H02+0<=>HO+02 
H02+H<=>R0+0H 
HH+0<=>H0+H 
HH+H<=>H+H2 
HH+OH<=>HHO+H 
HH+0H<=>R+H20 
IH+02<=>HH0+0 
HH+02<=>H0+0H 
HH+M<=>K2+H 
IH+H20<=>HH0+H2 
MH+I0<=>H2+0H 
SH+H0<=>H20+H 
MH2+0<=>0H+HH HH2+0<=>H+H10 
HH2+H<=>IH+H2 
IH2+0H<=>HH+H20 
HHH<=>I2+H 
IIH+M<=>R2+H+M 

H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

HIH+02<=>H02+H2 
HHH+0<=>0H+H2 IRH+0<=>HH+I0

0.62000E+15 
Enhanced by 
Enhanced by Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by Enhanced by

0.OOOOOE+OO 
2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

0.56100E+05

2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

2.11E+12
1.06E+202.OOOE+OO 

6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

5.00E+12
2.50E+13
7.00E+13

0.0
-1.4

0.0
0.0
0.0

-480.0
0 . 0

3.90E+12 0.0 -240.0
1.32E+14 0.0 360.0
5.00E+13 0.0 0.0
3.20E+13 0.0 330.0
2.00E+13 0.0 0.0
2.00E+09 1.2 0.0
4.61E+05 2.0 6500.0
1.28E+06 1.5 100.0
1.50E+13 0.0 0.0
2.00E+13 0.0 13850.0
2.16E+13 -0.2 0.0
4.16E+14 -0.5 0.0
7.00E+12 0.0 0.0
4.60E+13 0.0 0.0
4.00E+13 0.0 3650.0
9.00E+07 1.5 -460.0
3.30E+08 0.0 0.0
1.30E+14 -0.1 4980.0

0.0
0 . 00.0
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209
210 
211 
212

213.
214.215.
216.
217.
218.
219.
2 2 0 . 
2 2 1 . 
2 2 2 .
223.
224.
225.
226. 
227.

228.
229.
230.

231.
232.
233.
234.
235.
236.
237.

238.
239.
240.
241.

HHH+H<=>H2+H2 
. HHH+0H<=>H20+M2 
HHH+CH3<=>CH4+H2 
H+M0+M<=>HH0+M

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by

HM0+0<=>H0+0H 
HH0+H<=>H2+H0 
HI0+0H<=>*0+H20 
HH0+02<=>H02+H0 CI+0<=>C0+B 
CH+0H<=>MC0+H 
CS+H20<=>HCH+0H 
CI+02<=>IC0+0 
CH+H2<=>HCH+H 
HC0+0<=>M0+C0 
IC0+H<=>HH+C0 
HC0+0H<=>M0+H+C0 
HC0+K=>I2+C0 
HCO+O2<=>IO+C02 
HC0+M<=>H+C0+M 

H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

HC0+H0<=>H20+C0 
MC0+H0<=>I2+C02 
HCH+M<=>H+CH+M 

H2 
H20 
CH4 
CO 
C02 
C2H6 
AR

HCH+0<=>HC0+H 
HCH+0<=>HH+C0 
HCH+O<=>C¥+0H 
HCH+0H<=>H0CH+H 
HCH+0H<=>HHC0+H 
HCI+0H<=>MH2+C0 
H+HCH+M<=>H2CH+MH2 Enhanced by

H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR E n h a n c e d  by

H2CI+H<=>M2+CH2 C+H2<=>CM+I 
CH+H2<=>HCM+H 
CH+B2(+M)<=>HCIS(+M)
Lob pressure limit: 0.13000E+26
TROE centering: 0.66700E+00

H2 Enhanced byH20 Enhanced by

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by 
Enhanced by

2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

-0.31600E+01 
0.23500E+03 
2.OOOE+OO 
6.OOOE+OO

5.00E+13
2.00E+13
2.50E+13
8.95E+19

2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 7.000E-01

0 . 0
0.0
0.0
-1.3

2.85E+17 -1.5
5.70E+18 -2.0
1.04E+29 -3.3

6.00E+13 
6.30E+13 
2.86E+08 
3.10E+12 
0.74000E+03 
0.21170E+04

0.0
0 . 0
1.1
0 . 1

0 . 0
0 . 0
0 . 0

740.0

2.50E+13 0.0 0.0
4.50E+11 0.7 660.0
1.30E+07 1.9 -950.0
1.00E+13 0.0 13000.0
7.70E+13 0.0 0.0
4.00E+13 0.0 0.0
8.00E+12 0.0 7460.0
6.14E+12 0.0 -440.0
2.10E+13 0.0 4710.0
2.35E+13 0.0 0.0
5.40E+13 0.0 0.0
2.S0E+12 0.0 0.0
2.00E+13 0.0 0.0
2.00E+12 0.0 20000.0
8.80E+16 -0.5 48000.0

740.0
800.0 

126600.0

1.11E+04 2.6 4980.0
2.77E+03 2.6 4980.0
2.13E+09 1.6 26600.0
1.10E+06 2.0 13370.0
4.40E+03 2.3 6400.0
1.60E+02 2.6 9000.0
1.40E+26 -3.4 1900.0

400.0
46020.0
20400.0 

0.0
0.45360E+04
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CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by

242. CH2+B2<=>HCB+BH
243. CH2(S)+B2<=>BH+HCB
244. C+B0<=>CB+0
245. C+B0<=>C0+B
246. CH+B0<=>HCB+0
247. CH+BO<=>H+BCO
248. CH+BO<=>B+HCO
249. CH2+B0<=>H+HBC0
250. CH2+B0<=>0H+HCH
251. CH2+BO<=>H+HCBO
252. CH2(S)+BO<=>H+HBCO
253. CH2(S)+B0<=>0H+HCB
254. CH2(S)+BO<=>H+HCBO
255. CH3+B0<=>HCB+H20
256. CH3+B0<=>H2CB+0H
257. HCBB+0<=>C0+H+B2
258. HCRB+0<=>HCE+B0
259. HCBB+02<=>0+HC0+B2
260. HCBB+GH<=>H+HC0+B2
261. HCBB+H<=>CH2+B2
262. HBC0+0<=>BH+C02
263. HBC0+0<=>HB0+C0
264. HBC0+0<=>BC0+0H
265. HBC0+H<=>BH2+C0
266. HBC0+H<=>H2+BC0
267. HBC0+0H<=>BC0+H20
268. HBC0+0H<=>BH2+C02
269. HBC0+H<=>BH+C0+M

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
CO Enhanced by
C02 Enhanced by
C2H6 Enhanced by
AR Enhanced by270. HCB0+H<=>H+HBC0

271. HCB0+H<=>0H+HCH
272. HCB0+H<=>BH2+C0
273. H0CB+H<=>H+HBC0
274. HCC0+B0<=>HCB0+C0
275. CH3+B<=>H2CB+H
276. CH3+B<=>HCB+H2
277. BH3+H<=>BH2+H2
278. BH3+0H<=>BH2+H20
279. BH3+0<=>BH2+0H

2.000E+00 
1.500E+00 
2. OOOE+OO 
3.000E+00 
7.000E-01

1.00E+13 0.0 74000.0
1.00E+11 0.0 65000.0
1.90E+13 0.0 0.0
2.90E+13 0.0 0.0
5.00E+13 0.0 0.0
2.00E+13 0.0 0.0
3.00E+13 0.0 0.0
3.10E+17 -1.4 1270.0
2.90E+14 -0.7 760.0
3.80E+13 -0.4 580.0
3.10E+17 -1.4 1270.0
2.90E+14 -0.7 760.0
3.80E+13 -0.4 580.0
9.60E+13 0.0 28800.0
1.00E+12 0.0 21750.0
2.20E+13 0.0 0.0
2.00E+12 0.0 0.0
1.20E+13 0.0 0.0
1.20E+13 0.0 0.0
1.00E+14 0.0 0.0
9.80E+07 1.4 8500.0
1.50E+08 1.6 44000.0
2.20E+06 2.1 11400.0
2.25E+07 1.7 3800.0
1.05E+05 2.5 13300.0
4.65E+12 0.0 6850.0
1.55E+12 0.0 6850.0
1.18E+16 0.0 84720.0

2.OOOE+OO 
6.OOOE+OO 
2.OOOE+OO 
1.500E+00 
2.OOOE+OO 
3.OOOE+OO 
7.000E-01

2.10E+15 -0.7 2850.0
2.70E+11 0.2 2120.0
1.70E+14 -0.8 2890.0
2.00E+07 2.0 2000.0
2.35E+13 0.0 0.0
6.10E+14 -0.3 290.0
3.70E+12 0.1 -90.0
5.40E+05 2.4 9915.0
5.00E+07 1.6 955.0
9.40E+06 1.9 6460.0
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Appendix F: Modified PREMIX Input File

The PREM IX  inpu t file is organized in the sequential m anner, contain ing comment 

lines (which begin w ith V ” ) and ac tua l d a ta  lines. Each d a ta  line consists of a a four- 

le tte r  keyword th a t can have a m eaning by itself or need add itional param eters. A 

fully-com m ented sam ple inpu t file for Fecralloy follows, in which ex tra  spaces were 

included for the  sake of clarity:

/ Type of problem: burner stabilized flame or one in which the 
/ temperature profile is given 
BURN 
/ TGIV
/ To solve the energy equation
/ If keyword is removed, the isothermal problem is solved 
ENRG
/ Indicates a restart from a previous solution 
RSTR
/ Determines boundary condition downstream: default is zero gradient 
/ If this keyword is present, back-diffusion of air is allowed 
DIFF
/ Pressure in atmospheres 
PRES 1.00

/ Order of the discrete ordinates method 
ORSN 4

/ Mass flow rate in g/(cm‘2 s)
FLRT 0.015
/ Time steps for isothermal problem (initial solution) and 
/ the energy equation iterations, respectively 
TIME 300 5.00E-6
TIM2 500 6.00E-6
/ Initial number of grid points. A low number is reccommended,
/ and it should be chosen carefully to have nodes at the solid faces 
MPTS 8
/ Volumetric heat transfer coefficient in SI units 
HV0L 1000000
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250

/ Heat transfer coefficients at the solid faces in SI units 
CHTO 50.
CHT1 50.
/ Emittance at the solid faces 
EPSO 0.65 
EPS1 0.65

/ Temperaure of the surroundings downstream, upstream (in K) 
SUR0 400.
SUR1 400.
/ Porosity of the solid 
P0RQ 0.91
/ Effective thermal conductivity of the solid in SI units 
CONS 0.13

/ Specific heat of the solid in SI units 
CPSS 430.

/ Apparent density of the solid in SI units 
DENS 600.

/ Diameter of the fibers in m 
DIAH 22.E-06

/ Extinction coefficient in 1/m 
BETA 200.

/Scattering coefficient in 1/m 
SGHA 20.

/ Definition of the computational interval: coordinate of the first node,
/ guessed flame location, coordinate of the last node, guessed flame
/ thickness, in cm
XSTR 0.00
XCEN 0.28
XEND 1.40
WMIX 0.05
/ Beginning and end of solid phase in cm 
XSRT 0.20 
XSND 0.40
/ Adaptive mesh criteria: maximum gradient and curvature allowed between 
/ adjacent data points, for ALL variables 
GRAD 0.4
CURV 0.4
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/ Composition given in mole units (other option is mass units) 
MOLE
/ Reactants and their unreacted mole fractions 
REAC 02 0.19194
REAC N2 0.72169
REAC CH4 0.08637

/ Estimated products, also downstream boundary condition for M2 and 02 
/ if the DIFF option is active (partially premixed flames)
PROD M2 0.7 
PROD 02 0.2
PROD C02 0.010
PROD H20 0.090
/ Estimated intermediate mole fractions
IHTM CO .08
IHTM HCO .00001
IHTM H02 .001
IHTM 0 .0001
IHTM H202 .0001
IHTM H .02
IHTM H2 .01
IHTM OH .001
IHTM CH2 .0001
IHTM CH .00001
IHTM CH20 .0001
IHTM CH3 .0005
/ Include thermal diffusion (default is no thermal diffusion)
TDIF
/ Tolerances for the Hewton iteration: absolute and relative 
ATOL l.E-9 
RTOL l.E-4
/ Tolerances for the time step Hewton iteration: absolute and relative 
ATIM l.E-5 
RTIM l.E-5
/ Print control: 0,1,2 (gives different amount of information 
/ regarding the numerical convergence process)
PRHT 1
/ Given temperature profile as initial guess
TEMP .0000 4.000E+02
TEMP .1000 5.437E+02
TEMP .2000 6.875E+02
TEMP .4000 1.535E+03
TEMP .6000 1.500E+03
TEMP .8000 1.488E+03
TEMP 1 . 0 0 0 0 1.485E+03
TEMP 1.2000 1.484E+03
TEMP 1.4000 1.484E+03
EID
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Appendix G: Description of PREMIX Solution Algorithm (TW PNTf

The TYVOPNT sub rou tine  (G rcar. 1992) included in th e  PR EM IX  code (Kee et 

a l., 1988) to  solve th e  burner-stabilized flame problem  uses a "Modified Damped 

N ew ton’s M ethod” . T h e  procedure can be described as follows:

1. Discretize on a  given mesh and obtain a system  of nonlinear algebraic equations.

2 . Determ ine a sequence of approxim ate solutions (vector o) th a t approach the 

Utrue” solution.

3. Any arb itra ry  <j> is not a  solution of the finite difference equations. They are not 

satisfied, they equal a  residual vector p) ^  0. T he  purpose is to find <f> such 

as F(4>) =  0.

4. A good initial e s tim a te  <̂ °* is needed, otherw ise is difficult for th e  flame problem 

to converge. U sually an old solution of a sim ilar/sim plified  problem  is used.

5. The purest form of algorithm  is • (̂<?*n))- But this is too

expensive and delicate  to  use in practice.

6 . The Jacobian 's expensive to com pute; therefore, an old ./*”* inherited

from previous step  is used. Since this approx im ate m ethod m ight not give a 

good solution when using a full “step” , a dam ping param eter, 0 <  A(n) <  1, is 

used to  obtain  <f>(n+lK

7. The iteration becom es then: =  <j>̂  — .

8. The inverse of J ^  is not com puted; a system  of linear equations is solved instead,

for the  undam pened correction vector A<p^  .

9. The selection process for and  A*n) is governed by a  look ahead procedure; 

having ten ta tively  chosen is calculated . T he solution for the new 

step, $ n+l\  is accep ted  if:

[Jr(n>]-1̂ ( ^ (rl+l>) <  [J<n>]-I<W < n>) ,
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i.e., the  undam pened step decreases in m agnitude.

10. The dam ping param eter is initially chosen to  be as large as possible so th a t 

0 (n+‘) does not v iolate the bounds upon the solution variables. If <j>*n+l) fails the  

criterion given above, repeat the algorithm  w ith  a halved damping param eter.

1 1 . If tha t fails, com pute a new Jacobian.

12. If that fails, take  tim e steps. This is a  way of moving from one trial solution 

tha t is not w ith in  the  domain of Newton convergence to  one th a t is.

In this case, th e  Jacobian is a large banded m a trix , block tridiagonal, which 

provides inform ation on how a  perturbation of any variable affects the residual of any 

equation.
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V IT A

Sergio A drian Leonardi was born  in Buenos Aires, A rgentina, on D ecem ber 24, 

1968. His early schooling was in In s titu to  Sarm iento in Buenos Aires. He m oved to  
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High School). He graduated with honors in 1986. Back in his home town, in January  

1987 he enrolled a t Buenos Aires In s titu te  of Technology.

In A ugust of 1989 he moved to  Bariloche, Rio Negro, w ith a scholarship to  study 

Nuclear Engineering. He graduated  first-in-the-class in 1993 with a  degree equivalent 

to  a  M asters of Science in N uclear Engineering. After four m onths as a  “P rak tik u m ” 

a t th e  H ahn-M eitner-Institu t (B erlin , G erm any), he enrolled in the  Ph.D . program  

in N uclear Engineering a t P urdue U niversity (January  1994).

O n Septem ber 17, 1996 he m arried  T auna Lea W ilm arth.

In D ecem ber of 1996 he finished his second MSNE and transferred  to  th e  School 

of M echanical Engineering to  com plete a  Ph.D . in the area of heat transfer and 

com bustion. O n February 1, 1999 his first son, Paul Antonio, was born in Lafayette.

A fter graduation, he will leave W est Lafayette to join Exxon M obil’s U pstream  

R esearch Com pany in Houston, Texas.
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