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ABSTRACT

Combustion with a high surface areantinuoussolid immersed within the flame,
referred to as combustion in porous media, is an irthvapproach to combusti@as the solid
within the flame acts as an internal regenerator distributing heat from the combustion byproducts
to the upstream reactanBy including the solid structure, radiative energy extraction becomes
viable, while the stid enablesa vast extension of flammability limitsompared to conventional
flames, while offering dramatically reduced emission$ NO, and CQ and dramatically
increased burning velocitie€fforts documented within are used for the development of a
streamlined set of design principles and char acterization of the
under such condition$y aid in the development of future combustiarslean burn applications
in open flow systems. Principles described herein were develfspad a combination of
experimental work andeactor networkmodeling using CHEMKINPRO. Experimental work
consisted of a parametric analysis of operating conditions pertaining to reactant flow,
combustion chamber geometric considerations and the viabilityquid fuel applications.
Experimental behavior observashen utilizing gaseous fuelgjas then used to validate model
outputsthrough comparing thermal outputs of both syste8ecific details pertaining to a
streamlined chemical mechanism to bedusesimulations, included within the appendix, and
characterization of surface area of the porous solid are also discussed. Beyond modeling the
experimental system, considerations are also undertaken to examine the applicability of exhaust
gas recirculabn and staged combustion as a means of controlling the thermal and environmental
output of porous combustion systeriiiis work was supported by AGERF#51768ND10 and

NSF IIP 1343454.
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CHAPTER ONE: INTRODU CTION

1.1 Why Combustion in Porous Meda

As the world continues to gw, with fideveloping countrigs e n tirgor thenpgst
industrial agethe need to derive means of producing efficient thermal energy will have an
increasing importance. Recent advances in the gasification process [, @&alnd declines on
the return rates from oil drilling3] both bring change to the nature of combustion; future
combustors will need to better utilize resources than current technology while burning fuels with
increased variabiy in their composition Combustion in porous media can offer increased
stability, reduced emissions, and higher firing rates than existing combustion technology;
supplementing these enhanced lean burn characteristics, combustion in porous mediaacan also
as a valuable tool in the reformation of fuel stocks for the production of syngas.

Combustion processes are series of chemical reactemmnbining unreacted molecules
at a high energy potential, to various combinations of molecules at a lowey qrueegtial.
Combustion, being an irreversible process, generates large concentrations of gfjtrqpy
though, what can be done to a combustion i@atb reduce the inefficiencies which occur when
formulating low formation enthalpy products, allowing near theoretical heat to be obtained?

Supposing combustion was initiated at a higher temperatbreugh imposinga
regeneratointo the systemthe btal fuelneededo produce a mixture at a high temperature is
greatly lessenedis combustion is starting from a point of higher enthaleinberg[5]
proposed the inclusion of an in combustion event regenevaltich has ignited the study into
combustion in porous mediBmplacing a solid structure with high surfaceaamto the space in

which combustion is designed to occur, the combustion reaction dynamics change due to the



heterogeneous nature of the saj@s interactions. A solid structure within the combustion
region provides a structure through which thermatgnesadily propagates.

Weinberg never directly expressed the utilization of porous media within a combustion
reaction, merely the idea of internal heat recirculation leading to more efficient combustion; the
high temperature offered by heat recirculatocmuld produce high reaction rates of combustion
processes accompanied with high thermodynamic efficiency, and high heat transfer rates. As a
result of the reactant preheating, one of the sought after abilities of porous combustion is the
possibilityofehi bi ti ng a | ocalized fl ame temperature
flame temperature. However, the localized superadiabatic temperature will be within the region
of the flame region only as exhaust gas temperatures will always exhibit atlysamic upper
bound of the adiabatic flame temperature.

Weinberg proposed several advantages of such a combustion technique, high
temperatures afforded by the porous structure enabé&ghtenedhermal potential, coning the
phrase MfAexcesussteamtntbalwhyi chhombs more commonly
combustion. Superadiabatic combustion is a combustion regime in which the flame exists at a
temperature above that of the adiabatic flame temperature. Extreme temperatures offered by
superadiab& combustion enable for increased heat extraction potentials and significantly faster
combustion processgS]; he even proposed the excess enthalpy combustion would be able to
produce reaction products of higher organization by sudden gas quefijhing

Matrix stabilized porous combustion also yields higher burning velocities and leaner
flammability limits than open flamd$]. Furthermore, combustion completely submerged within
porous media occurs without a flarfid similar to catalytic combustiof8]. Simultaneously,

porous media burners also feature low CO a@y Bimissiong6, 9, 10]. As the insertion of a

2



solid structure also allows for the direct control of particulate emisdidhsThe porous
structureds ability to regulate heat flux als
value fuelg9] and ultralow equivalence ratios

A porous solid structure can be implemented in several ways into a combustion reaction.
Open flow systems can constitute surface combustors, more commonly known as radiant
burners,[11-13] or immersed flame porsucombustorg6, 14, 15 which have the flame
stabilized within the voids of the porous matrix. Closed combustion systems can use a porous
structure in multiple alternate ways. What is common between all thesedgees is the solid
structure is generally made of a thermally stable ceramic and the solid transmits heat to the gas.

As with any fluid flow device, it is necessary to consider the mechanics of the fluids
which progress through the devices. Entire figtistudy are dedicated to the effects which the
nature of fluid flow affects the combustion characteristics of a sygléfncombustion systems
under high pressure as would be experienced in Brayton Cycle turbines are particularly

susceptible téthermoacoustimstabilities[17, 18].



1.2 Visualization of a Porous Combustor

Figl_Jrelv) Model of a axial flow heterogeneous combusstrowing the geheatingl, and flame
regionst,.

Within the combustion chamber, a formal definition of the flame thickness is givgn as
corresponding to the region of peak chemical heat rel®ag® to the flame thickness there is a
preheating zone denoted By the bowmds of the preheat zone are defined by the length of flow
from the combustion chamber inlet, until the gas and solid phase temperature reach thermal
equilibrium marking the beginning of the chemical reacttom r ef er ence t o t he
within theporous media, these definitions are visibl&igurel

Within heterogeneous combustion, when the flame exists within the solid, the various
modes of heat transfer are working to modify the structure of the flame. VWitpime 2, the
region beyond the flame, heat is convectively transferred from the post combustion gasses into

the solid. Heat then conducts and radiates through the solid structure upstream through the flame.

4



Within the preheating regiomeat is again convectively transferred from the solid structure to

the gas.

61’
—— Gas Temperature

- Solid Temperature
~ Heat Release Rate

Temperature
L
Heat Release Rate

Figure2) Temperature distribution within an adiabatic porous combustor.
1.3 Basics of Combustion

Products of combustion reacti®exist in a configurion which requires less enert¢y
maintain a stable forrthan the reactanté\kin to conventional combustion, combustion within a
porous media mandates three components, assuming a monopropellant is not being used, to
maintain a stable combustion reacti@n oxidizing agenta reducing agentand an energy
source for ignition of the reactants are required. However, the key element which makes
combustion in porous media so unique is the ability to run the mixture at equivalence ratios well
beyondnormal canbustion limits due tonternal heat transfer; extension of these limits can be
further increased by including a catalytically active solid material.

One of the two primary chemical reagents needed for a combustion reaction is referred to
as an oxidizer. Qdizers are a classification of molecules which strip electrons from other
compounds in the reaction. By nature oxidizers are typically electronegative; elemental
oxidizers are organized on the periodic table around fluorine with the next two most

electonegative elements occurring as oxygen and chlorine respecfid@ly Outside of



aerospace applications, the oxidizing agent whicmast widely utilized across combustion
devices is the diatomic oxygen occurring in [@}; however, the enlmeement of the oxidizer

stream by pure oxygen injectidi20] is common The selection of air
availability and low cost of retrofitting.

Reductants, common referred to as fuels, arhe second necessary chemical group
consumed by combustion reaction&uels utilized within a combustion reaction may tale
variety of forms; though most fuels will exhibit a high amount of bond energy within the
molecular stucture and a high formation enthalpy relative to its mas compared to reaction
byproducts like C@Qand HO [2]]. Located inTable1.1 several common combustioompounds
of a GH-N-O-S system are displayed, arranged in order of the highest formation enthalpy to the
lowest. Formation enthalpy is derived from the energy within the chemical bonds of a structure,
compared to some defined base, it is common praaticeombustion analysis to apply the

ground state asINO,, Hp, C (solid), and S (solid) at conditions of 1 atm and 298.15K.

Tablel) Selected Compounds arranged in order of heats of formation at reference conditions. Compatuimd:
the gas phase unless otherwise listed.

Molecule Name gH;° (kJ/mol) Molecule Name gH;° (kJ/mol)
C (Carbon) 716.67 S (Sulfur} Solid 0.000
N (Monatomic Nitrogen) 472.68 H,S (Hydrogen Sulfide) -20.50
O (Monatomic Oxygen) 249.17 NHs; (Ammonia) -4590
S (Monatomic Sulfur) 276.98 CH 4 (Methane) -74.87
H (Monatomic Hydrogen) 218.00 C,Hs (Ethane) -84.81
O3 (Ozone) 142.67 CO (Carbon Monoxide) -110.53
SH (Mercapto) 139.33 COS (Carboyl Sulfide) -138.41
NO (Nitric Oxide) 90.29 H,O (Water) -241.83
SO (SulfurOxide) 5.007 CgH1g (Octane) -250.31
O, (Diatomic Oxygen) 0.000 H,O (Water) -285.10
N, (Diatomic Nitrogen) 0.000 SO, (Sulfur Dioxide) -296.84
H, (Diatomic Hydrogen) 0.000 CO, (Carbon Dioxide) -393.52
C (Carbon) Solid 0.000 SGO; (Sulfur Trioxide) -395.77

Within a combustion eventnteraction of the electron clouds between the fuel and
oxidizer cause théuel to chemically decayand the recombination of the chemical elements

which constitute the reactants results in the formationefeaction byproductsréducts of the
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reaction are composed of the same elements which the reactants are comptisrdybin a

form with reduced energy contained with the chemical bonds. As continuity is maintained across
the chemical species, the céan byproducts will occur in a much higher molar quantity as
compared to the reactants.

1.3.1 Reaction Pathways and the Transition State

Clarification of a reaction process can be assisted through a visual representation, of the
transition state theorj22]. Figure 3 is a graphical overview of transition state theory which is
comprised a curve of the energy potential of the reactants as they progress through the chemical
reaction, black, and three additional denotations. Itspdb this nature, the x axis is referred to
as the reaction coordinate, which is an abstract representation of the reactions completion
progress. Separating the local minima is the saddle point of the reaction which characterizes the
At r ansi tNobtng thes ihitalt aad finial minima, the products of the reaction, energy
denoted by the blue line, exist at a lower energy state than the reactant potential, denoted by the

green dotted line.

Energy Potential of Chemcial Species

Reaction Coordinate

Figure3) Energy Pathway of Reawits, showing the activation energy barrier and the maxi
extractable energy of the system.



Prior to the reaction, at the x axis zero, the chemical species of the reactants contain a
given chemical energy potential. As the reaction progresses, addeioer@y is introduced to
the reactants resulting in a positive first derivative until a maxima occurs; the differential of
energy between the maxima and the initial is known as the activation energy. Once the activation
energy has been supplied, the reacimolecules enter a transition state which exists for only a
short instance until a viable pathway for the reactants to continue to the post reaction minima. In
a theoretical combustion system, the difference in energy between the green and blue lines
represents the maximum energy which can be extracted from the combustion reaction.

1.3.2 Gas Phase Combustion

The aforementioned transition state is what allows a single chemical reaction to occur.
However, within combustion systems there are often hydooos containing several-C
bonds, and as a result the direct formation of products from reactants is an unlikely event. For a
reaction to proceed there are several steps undertaken by the reactants, on the progression to the
byproducts. A simple overviews explained inFigure 4, which shows a simple interaction

process between,NH,, and Q.

H o]
o H H
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Figure4) A visual representation of a reaction system gfHy, and Q.



In Figure4, the first state identifies diatomic N H and O; a collision occurs between the
H,and the M. N, having the stronger bond, acts as a solid body and assists to spltitite H
two-H radicals. Wi th the H radi aredtsctedtothedl t hese
form HO,, a pseudo stable combustion radical. Upon the interaction of with N, the
dissociation of HQ@ occurs forming two additional radicals O and OH. Rates at which
compounds are produced and consumed are functions oftbequil constants, availability of
the chemical species, the number of bodies considered for the reaction, activation energy for the
reaction, collision frequency and the temperature dependent forward reacti@8frate

1.3.3 Catalytic Combustion

Catalysts exists in many forms, ranging from enzyri®4 to injected gas phase
compounds to reduce N@oncentration$25]; however, for the purges of the text following
catalysts refers to solid structures which interact with a reacting flow. Catalytically enhanced
combustion allows, for the targeting of reducing concentrations of pollutants such,§26NO
V O C $23], and SQ[28]. Inclusion of catalysts within a combustion reaction leads to a regime
of combustion referred to as fAcatalytically e

A catalyst operates undergoing a mass hystef8s&9]. On the surface of the catalyst
exposed to a reacting flow, a localized disruption in the structure of the catalyst surface, which
are known as surface vacancies, where a bondeanade from mass in the free reactant flow
stream[30]. ExaminingFigure 5, it can be seen the free floating @yproacheshe surface
vacancies. Assuming there is sufficient energy the collision which occurs betwees dt@mmO
and the surface will disrupt the double bond. At the point of bonding on the catalyst surface, the
electron configuration of the O molecule is compdetary to the exhibited open electron

configuration and geometric spacing exhibited by the vacancy. Once bonded, the oxygen atom
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now denoted by O(s) representing a surface species closes the surface vacancy and forms a
structure which allows for secondargnding existing in parallel to the formation of a gas phase
O radical.

/ \
/
/ @ Surface Vacanc1es

/\

O / Surface Vacancy

AN 777

Figure5) Simple model of a catalytic surface reaction where diatomic oxygen directly int
with surface vacancies.

1.3.4 Series of Reactions

Combustionpr oces s es ar ecomparego itocothér ltyges of flaavsptoldems,
requiring only milliseconddor ignition of stationary reactan{81] once sufficient energy is
provided to allow chemical shiftdn a combustion process with a homogeneously mixed
reacting flow thelimiting factor is the reaction rataf the fuel and oxidizer. Reaction rates are a
function of temperature amare specific to thehemical compositiof the fuel and oxidizer
Temperature dependengeverns the rate at which raaction occurs, expreskask, or the
reaction rate coefficient through a modified form of the Arrhenius

D).

Temperature dependence of a reaction rate is dependent upon the rate at which molecules
collide, and have sufficient energg themically interactA. A temperature dependence of

activation energyk,, the energy needed to reach the transition samompoundexpressed as
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exponential functiorand an exponential temperature dependence which ranges accordingly to
the n powerEssentially, the equation yields the corresponding rate at which a collisituelof
and oxidizemolecules will result in reaction propagation.
QY 6 Y Q (1)

While it is possible for a combustion system to form reaction byproducts directly from its
initial reactants, this rarely happens; in most instances, there are several intgremdigounds
which occur sequentially and simultaneously to form products from reactants. Chemical
reactions regardless of their rates and final equilibrium concentrations exhibit a degree of
complexity beyond the direct formation of products from reastant

Examining the single step reaction of methane and air as eq(@tidgncan be seen that
fuel and oxidizer is directly converted to products with nitrogen acting as an inert third body.
However, the energy needed for thiaaton to occur is rather high, and the global reaction takes
the form of a first law efficiency; biased on this reaction the amounts of extractable energy
biased on complete combustion can be produced. However, eq(@tia adually a state
function where the process itself is more appropriately described over several partial reactions
which vary according to the temperature range across the reaction &fgmé simplified
chemical model for methane in porous media is expressed as equ&jiachsough (6) [33]

which allows for the @ation of intermediates and incomplete products.

CHs+2(3.76No+ 02) ,¥2HzD+ 7.52N, )
CH;#+2H+H,O Y CH+ 4 (3
CO+HO Y ,66, (4)

2H + My+WM H (5
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3H,+O,Y H,0+2H (6)

When utilizing mechanisms with a plethora of reactions, it is typical to break down a
large mechanism into several groups arranged with similar molecular compieisthierarchal
structure follows the tendency of reactions to occur. Following the vernacular proposed by
Green,[34], a mechanism seed is a base subset of reactions which are the lowest common
denominator of the combustion stsgm. Mechanism seeds are at the base of a hierarchical
structure of reaction complexity and are crucial to accurate numerical representation of physical
systems.

The H and Q base chemistry seed mechanism is greatly responsible for the accurate
predicton of ignition delay time$35]; while both the CO and tbase chemistry are the most
important reactions in the accurate prédic of laminar flame speed analysis in methyl and
methylene species combustif®6]. When considering combustion of larger hydrocarbons: i
octane, rdodecane, and-hexadecane the complexity of the necessary intermediates to represent
the system increases considerably. In these, long chain hydrocarbonstomtanalyses, a
Afull 0o mechanism which accurately depicts th
ethane, and propane become seed mechafidns

Chemical mechanisms contain many reactions which form a series of species specific
differential rate equations. A subset of hydrogen and oxygeatioas[38, 39 are presented in
Table 2. Presented are specific reactions with Arrhenius Constants. For this system,
examinations of seven molecular species are considered across five reactions. To make use of
such data the formation of diffmntial equations are used to generate the net rate of production

across each species.
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Table2) Excerpt of H/O, chem

istry.

Chemical Reaction A (cm’/(mol-s)) n Ea (cal/mol)
1) | OH+H,Z H+ kD 2.14E+08 1.5 3449.0
2) |O+H,0Z OH+ OH 4.50E+04 2.7 14550.0
3) |HO,+HZ OH+ OH 8.40E+13 0.0 400.0
4) |HO,+ Oz OHz O 1.63E+13 0.0 -455.0
5) | HO;+ OHz B+0, 3.60E+21 -2.1 9000.0

Using Q as an example species, differential equation rates of production from specific

reactions can be produced basadle mole fractions of the reactants within the mixture and the

temperature dependent Arrhenius rate constants which are presented as e()atind$3).

These can be summed together across any of tbactions contained within the mechanisnj of

species, forming the net rate of production for the specific compound expressed in the general

sense of equatiof9) . Wh e n

a

consider ed

mechaniaem i S f

proposed in equatiof®), it is convent to represent a combustion system in a matrix(&rm

| t is al so

of

5¢

s

-

mportance t

o

not &,0

(")

(8)

(9)

(10

fsymbev er

also features a reverse reaction tabulated from the given reaction rate and the equilibrium

constant for that chemical system. Formally, these quantitieelated as expressed below in

equation (11). Where 0 , the equilibrium constant, is derived from the thermodynamic
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equilibrium of all species involved in the reaction, and subscF@ad R denote forward and

reverse, respaeely.
N 1

For cases of reactions invariant of timescale, the achievement of thermodynamic
equilibrium constitutes the termination of a combustion reacfibthermodynamic equilibrium,
for the caseof an adiabatic reaction process, the maximum conventional temperature of the
flame is achieved, known as the adiabatic flame temperattmeation(12) denotes the likely
products of methane combustion across equivalence ratiggng from .25 to 5, when using air
as an oxidizer.

00 ¢ 0O o0 O

GO0 00 OO0 Qo606 Q0 Q00 QOO QU (12)
Q 60

In order to solve the coefficients for the products at thermodynamitbemumn, an equal
number of equations must be generated for the constants. For any chemical systems a number of
equations equal to the number of chemical species can immediately be generatedn Once
atomic species balance has been considered is thensamgcés take into account the net
equilibrium of products and reactants, equai(®8); using this equation a series of additional
equations can be generated. Equafitd) for example, allows for the ergssion of enthalpy

conservation between the products and reactants which at equilibrium sums to zero.

P B& O (13

1 ¢ Yo Yo (14)
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Additional equation necessary to determine the remaining coefficients are derived from
the partial pressure of each constituent gas species, equatpnfrom which specific
equilibrium constants as a function of partial pressures and of formatinstant® “Y which
are equilibrium constants for formation reactions when the references are usually taken as
species with zero energy potential as showmnalile 1 are able to be generatdd Figure®6, the
adiabatic flame temperatures for an air methane mixture in an open flow system are conveyed as
a function of equivalence ratio with a peak temperature at equivalence of 1.038 producing a

temperature of 2327K.
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Figure 6) Adiabatic flame temperature of an air methamixture over a wide range 1
equivalence ratios, generated using the GRI 3.0 Mechpdim
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For lean combustion operating on methane and air, a streamlined pathway of chemical
species h& been included Using the GRI 3.0 mechan[4], along with the Glarbor¢39]
sulfur model and key reactiofd1-44] a mechanism was generated for reduced complexity of
reacting systems across tguivalence ranges4-1.1, pressure ranged 0.1 atm to 20 atm, and
initial temperatures dsw as 1200K in ignition delay tests.

From this streamlined process the following outlined pathways of methane oxidation
were found to be prominent and are graphically represemtéidure 7. Four primary pathways
are employed to COformation, after all methane is converted to methyl: a higher order
hydrocarbon pathway, a methyl subspecies path, and a methylene path. Methylene prominently
interacts with frogen forming several nitrogen containing subspecies prior to oxidizing

completely.

Figure7) Reaction diagram of methane combustion in the lean oxidation regime.
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CHAPTER TWO: LITERAT URE REVIEW

2.1 Theory of Porous Burners

Design principles of porous combustors anelely varied various designs offer their
own specific key feature§Vhile it is impossible to examine the field within its entirety, some of
the notable points of heterogeneous combustion in porous mediathnedin the following
text. A detailed theory of the operation of a porous burner is presented. Examples of interesting
porous burner designs are presented which have developed to suit various experimental and
practical needs. With a finalized review i is pertinent to the explicit modeling of porous
combustion systems.

2.1.1 Combustion Chamber Geometric Dependence

Within an open flow porous combustion system, the selection of the geometric
configurations of the combustion chamber is of great inapad. Open flow porous burners are
afforded flexibility of the geometric configuration of the flow within the porous structure;
reactant flow can undertake a Cartesian configuration, cylindrical thowel cylindrical radial
flow or spheroidal flow45-47].

The solid medium which the flame is to be immersed in must provide a balance
depending on the intended operational temperature spectrum of the burner. Thscamc
properties of the porous solid play a role in determining optimal effects, while the pore size

determines heat and fluid flow dependencies.

17



Flue Gas \l/ _60 : Flue Gas
‘ Fuel Mixture
|

ARG AR AR AR by

Fuel Mixture

Figure 8) Cylindrical axial and sphericalopouscombustor flowing charge gses axially with
radial dependence of flame within the porous solid.

For the corresponding modeling and experimental aspects of the work provided herein,
Figure 9 and Figure 10 depict the porous solid ed prior to being fired through the burner.
Figure9 displays bulk surface characteristics, used for heat transfer calculations, of the silicon
carbide porous structure used. As can be seen in the figure, there is no prefentagiar of
the material and the structure of the solid is assumed to be random. Analysis of such an object is
characterized by voids, the space occupied by gases, and webs, the solid structure which encloses

the voids.

Figure9) Image of Silicon Carbide Porous Media, ~8.5 pores per linear inch (ppin)
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When examining the silicon carbide in greater magnification as can be deignn@l0,
the complexity of the seemingly homogeneous surdiisiategraes.Observing the differences in
the light reflection patters, it is observable that several phases are simultaneously present within
the material. Furthermore from the figure it can be seen the solid structures surface exhibits a
high degree of roughnes® the nanecale, to supplement the fissures viewable on the ceramic
surface.

These small scale discontinuities present a large contribution to the modeling of the
porous structure. Roughness on the surface ensures a turbulent airflow over single solids
However, the characteristics of the surface create a localized site distribution of the various

solids when considering catalytic reactions.

Figure1Q) Microstructure view of porous silicon carbide using optical microscope.
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The macroscopic dimensions of a combustion chamber play a significant role in the
stability of a burner as the solid length required to produce an excess enthalpy flame increased
with increasing flow rat¢48]. However the dimensioren the pore scale greatly dictate the heat
transfer characteristics. Aodified form of the Peclet number was derived shown belof@8n
The number is a rough indicator as foe allotment of flame propagation within an inert porous
media, with the critical Pe*=6%15 [49]. The number is a ratio of the heat released from
combustion wthin a given pore, as compared to the heat absorbed convectively into the pore
therefore, for effective flame ignition Pe/Pe* >> 1. wh8ras the laminar flame speed, & the

equivalent diameter of the combustion section, @rslthe thermal conductivity of the reactants.

(h-m")y, ' (h - ") xrax,
— Eq —
<>
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Figurell) Energy release within a control element as compeared to the advection loss

. YD
L Q |— (18)

It is of importance tanote this process only manages to take into account convective
heating of the solid, and does not include any radiative terminology. Gasses have a emissive
structure which is related to the rotational and vibrational spectra of molecules which comprise
the gas[50]. As a result, discrete peaks of radiative interactioruigcas a result radiative
emission and absorption of gasses is strongly dependent upon its mixture temperatures.
Depending on the constituent mixture of the unreacted flow, the radiative influence may falter.

For example, C® has discrete peaks of radiai emission around across a wide but

discontinuous spectrum: 1.86m[51], 2.0 em 2.[92 ®4sam 4e0r358]. € m,
20



2.1.2 Material Considerations

Porous media is an arbitrary term which can apply to a wide facet of maf&iials
depending on the type of porous structure the associated defining characteristics will vary. Even
with such variations, the function of the porous structure remains unchanged: conduct heat and
act as a surface whigreferentiallyinteracts with the ongoghcombustion reactions. A literature
search reveals the porous structure is commonly made of some type of ceramic or in burners
which are made to run extremely lean a metallic insert is used such as F¢E&4AINRegardless
of the composition of the structure, it must withstand the intensity of the harsh environment
associated with the formation of radicals during combustion.

Porous burners are inherently dependent ndy @inthe geometric configurations of the
immersed solid structure but also on the material properties of the structure. Where often CO
emissions are strongly dependent upon the type of porous media being (tilked\s a
baseline, whatever porous solid immersed within the combustion reaction must be able to
withstand the high temperature oxidizing eomiments of a reaction environment. Though,
characteristics of a suitable material must take into account chemical and thermal reactivity prior
to implementation; as Zhdanok etf8bjd e monst r at e d the solid phas
within the combustion reaction directly controls properties of the flame.

Prior to examining heat transfer properties of a possilairial, it is necessary to ensure
the structure remains stable within the operating environment. The spectrum of temperatures
which the materials will be exposed to in some cases can &fh K and as a result the
material must ensure such structungs not degrade. Simultaneously, the structure exists within
a chemically harsh environment due to the formation of free radicals within the combustion

reactions. From one experiment within the combustion chamber utilizing silicon carbide signs of
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melting upon temperatures in excess1®00 Kwas observed56]. For long lasting structures
this limits the viable materials selection @wes to steels with high chromium and molybdenum
content, SAE designator 3xx which remain viable ud%00 K, or ceramics. A short list of
ceramics compiled from burners described within literature include: alumip@sjAtordierite
((MgFe)Al3(SisAlO1g)), Mullite (2A1,05Si0, or 3A1L,03Si0,), and partially stabilized zirconia
(PSZ).

Further considerations of thermal transfer characteristics play a dominant role in the
selection of a material to be included as material properties of the solid matrixaplay
predominant role in determining the operating range of the b{ierThe purpose of the solid
structure is to mitigate and control heat flux through the system. For &xathp thermal
capacity of the immersed solid is a distinguishing feature of the burners operation; in situations
where the burner must reach steady state quickly it is desirable to have a limited thermal mass
conversely, for a burner which is to remaiabde for long periods of time it is favorable to
utilize a structure with a heightened thermal mass as additional stability will be offered.

Both intraphase and interphase heat transfer characteristics of the desired material play a
dominant role in thdéurners operation. A burner designed to operate in a specific temperature
regime should have favorable thermal conductivity and radiadiative emissivity on that operating
range. For example, burners which are designed to be radiative emitters from thstrelam
components could utilize alumina as a downstream flame holder,@s i8lcharacterized with
high transparency for near infrared emission light and a sharp decrease of transmittance at the 3.0
pm wavelength5§].

Chemical considerations regang the surface chemistry of the immersed solid plays a

determine role. A particular solid structure may have desirable effects such as catalytic activity,
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or negative effects which inhibit the effectiveness of the reaction. In a particular series of
circumstances it was found when using a particular Yttrium biased ceramic, the combustion
flame would exist as if there was no interaction with the porous njg€jaln this particular
series of experiments it was also found when utilizingyay@orized heptane showed the droplets
would collect on the surface of thgtrium resulting in the additional phase of a combustion
reaction[56].

Of particular interest are the characteristics ofdagradatiorof the solid phase. Using
silicon carbide, or SiC as an exampé high temperatures the solid phase will interact with the
flow stream. Oxygen will adhere to the SiC surface and reform bonds to create quattan8iO
CO, SiCY SiO & SiG; Y SiO,(g) [59]. CO will evolve off the surface and a nano layer of SiO
forms with smaller active sub layers.

Growth of the layer is thecontrolled by the rate at which diffusion of gasses through the
surface layer occuf$0]. While the doping of SiC with borides such as Zhave been shown to
decrease the rates of solid phase oxiddtdh the long term viability of a SiC structure requires
further investigationSusceptibility of surface scale formation decrease dramatically at a lower
temperature, the rates of oxidations can be reduced signifi¢aati§1, 62].

Selection of aremplacedsolid phase also requires considerationshoét f uel 6 s cher
composition as hydrocarbons of various complexity feature different burn characteristics;
however it is also important to consider the fuels purity as quantities of impurities are not
significant on a thermodynamic scale, but greatlyeciffthe environmental impact of a
combustion system and its long term stability. When sulfur is present in fuel, the combustion flue
gasses high tendency to form sulfuric adi@3]. In large furnace installations, trace

concentrations of sulfur dramatically affect the composition along the walls which route
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combustion gasses dramatically affecting the corrosion prgédsssuch exposure of sulfur
compounds can dramatically affect the long term viability of a flameersed solid if care is
not taken to appropriately select a viable material.

2.1.3 Reactant Flow Considerations

Selection of a fuel is a crucial endeavor, even within ordinary flame theory the burning
characteristics of fuels vary, in both the radioatsch are formed but also in the velocity in
which reactants cross the boundary of the flafnema design perspective, when formulating a
burner to run on multiple fuel sources, considerations of the chemical composition of the fuel
must be accounted rfoas the volumetric flow rate must be in agreement with burning
characteristics of the flam&@ hi s of course is not to say a bu
both natural gas and kerosene, but rather that considerations must be taken for the oxidation
characteristics of both fuel flow types.

The selection of a fuel and the operational range of an equivalence ratio for a porous
combustor is pertinent to its design, as it has been shown with increasing equivalence ratio, the
heat recirculation efficierycdecrease$57]. A dimensionless parameter was crafted titled the
flame speed ratio, given here the sympal i s (19)eeraminatiam of the me velocity in
this manner allows for comparisons of reactant flux, taking into account for the effective
equivalence ratio of the reacting mixture. Furthermore it was found there are definite trends
between the percent of heat recircula{@@) wheresis the firing rate and the energy transferred

to the gas from the solid, and the flame speed ratio.

-"Jﬁ <+m (19
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Figure12) Expressed relation between flame speed ratio and heat recirculation efficiency
various equivalence ratios.

ExaminingFigure12, and taking into the relations expressed by equafi®sand(20),
important characteristics of porous burners can be made. While porous burners are able to
operate at extremely low equivalence ratios, there is a necessity to circulate more heat to the
reactats prior to ignition. Considering at a lower equivalence ratio, the firing rate of the burner
is chemically hindered there is a considerable afbpn the net heat which can be extracted
from the burners output. However, it is important to note at iseceame speed ratios, across
all equivalence ratios, the energy necessary to recirculate energy from the reactants dramatically
decreases; thus conveying porous burners are exceptionally efficient when producing high

velocity reactant flows.
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2.2 Modeling of Porous Combustion

I n order to produce a valid accoratetylenoagh any
represent the processes of the system being modeled. When modeling such a system, the key
variables of interest are temperatures of the gas ardl@udises. More detailed models are able
to consider additional parameters such as locational concentrations and final equilibrium
concentrations. Coupling of the dependencies within porous media combustion creates quite the
task when analyzing such processn either a numerical or analytical manner. When analyzing
combustion in porous media several common assumptions are made as adopted from J.R. Howell
et al[6]:

- The fuel air mixture is completely premixed as it enters the burner at a known

temperature and equivalence ratio.

- Flow within the burner is incompressible and one dimensional.

- The pressure drop across the poroesliais negligible as compared to channel flow.

- Gas within the porous media can be treated as transparent.

- To maintain a 1 D spatial model, the walls of the combustion device are assumed

adiabaticAs a note, this is an accepted invalid assumption

Commerns regarding the aforementioned assumptions are pertinent to understanding of
the behavior of heterogeneous combustion. Foremost, the assumed adiabatic nature of
combustion in porous media is a common assumption but should only be considered for initial
iterations as external heat loss greatly increases the preheating length and the likelihood of flame
guenchind65]. Secondly, although it is not outlined by J.R. Howell et all it is assumed all gases

considered are ideal. Thirdly, for reactors which have combustion dimensions in which the ratio
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of the length of the combustion chamber in the flovection and orthogonal to this direction
approach zero, the effects of multidimensional effects become increasingly impegiant

Assuming a homogenous fuel and air mixture allows for the production of a system
where the rate limiting step can be attributed to reaction rates opposed to the diffusive fluxes of
chemical species within a reacting stream. Combining assumptions regarssgrprdrop and
incompressible flow allows for the determination of the flow velocity directly as a function of
temperature. Treatment of the gas as-pariicipating in the radiative Heat Transfer process
allows the equation which links the energy balaoe®veen the gas and solid phase to be linear.
Given the high spectral dependence of gasses and their participation in radiation, this is assumed
valid. Combined, these assumptions allow the temperature defined reaction rate to determine the
thickness oflte reaction zone and the temperature grafigsit

2.2.1 Analytical Analysis of Porous Combustion

A theoretical stug was considered on the insertioha finite length porous solid to act
as an internal heat recirculation device \pasformedby Takenoet al[67] as an extension of
lamina flame theory Their early model provides a large degree of quantitative insight as to how
combustion in porous media operates and sought to predict the existence of limits of the system.
FromFigure13 which is the physical repsentation of the system modeled by Takeno, with the

green structure being the length of the solid which the flame interacts with.
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X=0 X X=L

Figure13) Physical domain representation of an isothermal solids interaction agluescribec
by Takeno et alUpstreamBoundaryon the left, fluids moving in the positive x directioith a
solid of finite length occurring from O to L.

In addition to momentum conservation, continuity of mass flux and atomic species,
solution of the flame theorgs it interacts with a solid requires the solutiondoation(21), the
energy fluxequation as an extension of diffusion flame theory; is consistent of a conduction
term, advection term, enthalpy release term and an interpleasdransfer term. Additionally,
equation(22) quantifies the net thermal losses through the s8lalutions of the equation are

then produced according to a series of mass flux dependent Eigen values, expressed as equation
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Solutions of equation(21) are then nowimensionalized Of importance to this
discussion, replacement tbfe spatial domain variablewith 3; andtemperature variabl€ with U

allows for a simplification in solution presentation. Mass flux is also reduced to the
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nondimensionalized parameter r which is a ratio of the actual mass flux as compared to the

laminar.
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The findings of Takeno produce a series obl&astates of the combustion system. The
dependencies according to their model take into account heat transfer parameters between the
solid structure and the working fluitkmperature dependecdmbustion rates and the necessary
activation energy for comistion. For a given flow rate there exists a plurality of steady states
for the systenwhich is dependent on the amount of unreacted fuel initially within the system
Above a critical mass flow rate for any system, no stable condition of the systemaexidtse
introduction of heat loss reduces this maximum mass fiax the test case presented @]

Figure 14, a locus of Eigen Values indicatirige solutions of the solid phase temperature as a

function of mass flux.
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Figure 14) Plot of stable flow rates produced as a solution to an Eigen Function for a |
burner as produced by Takej&Y].

Examining the two solutions produced at the flow rate r=10 fragure 14, an upper
branch solution, one in which the fuel is completely oxidized prior to the terminatithre o
porous media is presentedFgure15. A supplementary lower branch solution is also presented
in Figure 16; solutions of the lower branch have a lower solid temperature than the upper branch

and poduce a flame which reaches completion beyond the length of porous media.
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Figurel16) Calculation of the excess enthalpy flame of the Lower branch of Eigen soli@ins

Foutko et al[68], discusses the analytical analysis of transient combustion waves within
porous combustors; this workiitds off of the postulated idea proposed by Hanamighin
this transient flame model, it is assuneedingle steptemperature degdent,reaction.Further
assumptions of the model assume a specific heat which is invariant of temperature, though a
themal conductivity term which takes radiative effects into accountdoduction within the

31



solid with dependenciesipon the defined external radiative and convective heat loss, and
approximated ignition temperature.

Foutko et alconveyedsustained supedeabatic combustiommccurring wherthe velocity
of the combustion wave does noatththe velocity of the reactant flow, causing the flame front
to shift. For their model, if the provided heat exchange coefficient of the solid structure exceeds a
critical value, thecombustion heat release raten exceed the supply rate from the porous solid

to the gas; from this point the gas phase reaction can then be treated as an §g8osion
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Figure 17) Transient combustion wave displayed with temperature peaks corresponding
second intervals within a porous combug$Gs].

2.2.2 Numerical Analysis of Porous Combustion

Adopted from an output of a model, produced by HennekeEdndy [69], the basis for
analyzing a single simulation output is explained. When analyzing a specific event
corresponding to the burner it is convenient to utilize a geplshown inFigure 18, which
features an abscissa of length with the dependent variables plotted on the Y axis. To analyze any

simulation the three most encompassing traces which are to be considered are: temperatures of
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the gas ad solid phase along with the net heat release rate. Heat release rates are useful as they

exist as a single global expression representing the chemical model.
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Figure 18) Temperature and heat production output plot of the reigimmediately surrounding
the flame peak intensity within a porous combufs8f, note the arrow indicates the direction
flow.

Analysis of the population of various spegicontained within the chemical model will
reveal further details which are glossed over by the heat release ratequio.19 displays the
corresponding mass fractions of the LCwithin the reacting flow as well CO and @O
Following the plot of CH, it can be approximated the reaction begins at the location where the
mass fraction of Cldbegins to sharply decay; to better represent the location of reaction
initiation the analysis of radical onset can also be examined. Disglthe COCO; plots are a
common indicator of reaction completion as 4©the final product of the combustion reaction
and is also responsible forsggnificant portion of the overall heat release as disruption of the

triple bond contained within CO ©0,, on the order of 293 kJ/kmol.
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Figure 19) Chemical Conversion plot of carbon containing species as a function of di
within a modeled porous flow reactd@9].

A model proposed, by Henneké9], for a packed bed porous burner operates on the
principles of a onglimensional model, including gadhase transpgrradiation, interphase heat
exchange, and solid conductidb.is important to note, the model produced assumes not an
isothermal solid, but rather thermal equilibrium between the gas and solid pNasesdefining
scales of combustion, it was considefermulated such that the thickness of thaction zone to
be the smallest possible sgateeaning considerations of the scales at which individual species
occur will shift out of existence quicklyrhey also assume the solid is only used as a heat
recirculation tool and does not influence the chemical reactivity. Their research sought to
explicitly examine the validity of modeling ulttaan conditions.

The treat ment of the solid phase radiati:?
boundary conditionsa solution geared towards surfaces with azimuthal symmetry which
produces a recurrence relatipf0]. The solid phase neglected the secopdanvective effects

on the solid. Further assumptions for the radiative exchange dictate the time constant required for
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radiative properties versus those of chemical properties can allow for aequdgrium
radiative exchange.

When running their mael, initially the mixture and flux of the inlet flow was held
constant at an equivalence ratio of 0.15, and inlet flow velocity of 43 dBased on
comparative data of experimental work produced by Zhdanok[&BgaHenneke was also able
to determine diffusive effects within porous combustion are negligible at lean equivalence ratios

A model proposed by Barrat al[57], builds off the model proposed by Henngké],
seeks to examine the effects of heatroedation from the combustion byproducts into the
incoming reactants of a packed bed burner. Their proposed model incorporates a 1D volume
average approach assuming thermal disequilibrium between solid and gas phase of the burner.
Their proposed model fgrorous burner heat recirculation accounts for: solid to gas conduction,
solid to solid radiation, convective heat transfer between the solid anspgeesdiffusions,
dispersions andetail chemistry of several specigsough a discrete summatioim adlition to
the simplistic burning evaluations characterizing the combustion reaction, several other
variations of system behavior were observed across various equivalence ratios.

The burner used in this study features a combustion section comprised cériwmgv
pore size of partially stabilized zirconia as produced by Khanna[@ét]JalThe upstreamsection
with a length of 3.5cm and 25.6 ppcm is followed by a downstream section of 3.9 ppcm which is
2.55 cm in length. The design was selected to produce a stable operating range of components.
The proposed reaction model in assumption to the geneafdisementioned components,
assumes: Catalytic, buoyancy, Dufour and Soret effects are negligible. It also assumes the time
constant associated with radiation equilibrium is significantly shorter than those associated with

chemistry and fluid mechanics; thienabling radiation to be treated as a gagsilibrium
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problem.To complement the various constraint equations, it is assumed the only heat lost from
the solid occurs as a function of radiation to a black body at a temperature of 298K, upon exit of
the combustion reaction the change in chemical species terminates, and there is no diffusive flux
of energy from the gas phase at the upstream and downstream ends.

2.2.3 Numerical Solutions and the Mechanism Dependency

When considering a chemical mechanists,imtended temperatuf&2], pressure range
[73], and equivalence ratify4] dictate the reactions which are neededntmdel a combustion
evbent In short, what works to accurately predict the flame speed, equilibrium concentrations,
and igniton delay in one scenario, will not necessarily reflect othBrstermining the
appropriate purpose of a mechanism also dictates its importamq@se in addition to flow
analysis, temperature profiles and pollutant formation are also needed to accanpkby
simulation.

As the complexity of the problem increases, the feasibility of implementati@mge
mechanismquickly dwindlesand a reduced target mechanism, for say f®@mulation[75],
may be needed. Alternativelgome simulation events which investigate strictly the chemical
behavior ofa of a fuel reforming systemmay favor larger mechanisms having logarithmically
more reactions such as the Lawrence Livermore National Laboratory Mechfrinto
accurately predict trace compound species

Often times, a prepackaged mechanism selecteal iamerical combustion investigation
will have a surplus of reactions and species needed to represent a combustion system suited for
engineering applications and the given conditions which are being considered. Often times,
numerical stiffness of the rate$ production matrices and the variability in the expected time

scales of the radicals involv¢d7]; as a direct result of the aforementiomeginerical difficulties
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of complex reaction mechanisms, excessive computational times require the pruning of irrelevant
data from the mechanism. When preforming a mechanism reduction, it is first necessary to
define a reasonable scheme to which the redlugrocess may be evaluated.

Schemes for mechanism reduction range from the extremely simple concept of
examining the rate controlling reactions for subsequent spgt8g®r assuming homogeneous
concentrations of radicals, QuteadyStateApproximations, [79]. Intricate methods for
mechanism reduction include analysis of manifold space, created by the perturbation a chemical
system with each molecular species representing a degree of freedom idimeittsional space
[80] using theoretical analysis on the nonlinear dynamics of chemical systems. Often times,
several techniques will be used in conjunction with one and8®rto provide a limiting
mechanism.

Given any technique or combination thereof of mechanism reduction the endeanly
worthwhile if, the reduced mechanism must accurately compare to both the initial mechanism
and the combustion system which it is representing. Accurate depiction of changes in results
according to variation reaction pressure, finalized condsmisa of chemical species on
appropriate timescales, and close approximation of ignition delay are all important characteristics
which must be consider¢é?2].

While simplification of a mechanism provides invaluable solutions for the modeling of
complex systems, it is often difficult to discern as to which reactions and species are negligible
in the grander scheme. Reactions which ienportant at a given temperature range may not be
within the exception of a specific series of initial conditions. None the less, removal of such
reactions can impair the validity of the overall model. Implementation of basic concepts of graph

theory isuseful when considering the reduction of a chemical sypi&m
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2.3 Porous Burner Designs

2.3.1 Fuel Selection for Porous Combustors

Gaseos fuels are typically consistent of the lighter alkanes 4(GE3Hs, and GHsg)
hydrogen and carbon monoxj88, 84]. When degjning a system to operate with these fuels, it
is typical to have fuel and air premixed upstream of the combustor as differences in the
kinematic viscosityPrandtl Numberand thermal conductivity, of the fuel compared to air are
negligible.

Combustors ograting on liquid fuel require considerations of a three phase reaction
environment, as opposed to a two phase environments which is seen in gaseous combustion.
External @vironmental considerationsuch as cool temperatur@say impair the ability of the
fuel system as is similar #Wi diesel trucks. Implementation of bio fuels and other large
hydrocarbons have characteristically high gelling temperatures. Fuel gelation can be addressed
through implementation of fuel blendif85], introduction of additional heat to the fJ&6] or
through forced agitation of the fuel within its reservoir.

Beyond ensuring liquid fuel will be suitable in the intended operating conditions, delivery
of the fuel to the sustained chemical reaction must prove 8tdble. Liquid fuel introduction in
porous combustion is widely grouped into two groups:-faglorization and fuespray[87].

When considering a fuel vaporization system it is important to ensure optimal temperatures for
the vaporization of the fudB8]. In a vaporization liquid fuel delivery scheme, a solid surface
introduces heat to the liquid fuel causing evaporation. As a function otitfeea temperature,
Figure 20, conveys a qualitative expression of droglé time as a function of wall surface

temperature.
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Figure20) Droplet life time as a function of wall surface temperaturgtetbfrom[88].
If the wall temperature is less than thagathe fluid boiling point then, evaporation is

lengthy & it is controlled by the partial pressure of the fuel in the gas phase. Beyond the boiling
point, the wall temperature can increase while maintaining a layer of fluid on the surface up to
some specific temperatute At this temperature the maximum evagmn rate of the fuel
occurs this temperature related rate is known as the Nukiyama Point. Further increasing the
surface temperature decreases the heat flux until the next maxima known as the Leidenfrost
Point; a transition occurs at this temperature rettbere is always a layer of gas between the
surface and the liquid inhibiting heat transfer.

In addition to the liquid vaporization method, a pressurized stream of fuel can also be
used to create an evenly dispersed-aiemixture. Displayed below, iRigure 21, are two fuel
nozzles used in a study on porous combud@8h While the interactio of fuel and air as they
are emitted from the nozzle, it is typical for pressurized fuel streams to be used in conjunction
with a dispersant, typically air to create a homogenous mixture of fine fuel droplets. When

considering a fuel nozzle, it is impontato select a nozzle for the given flow considerations
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which will produce adequately small droplets as droplet size has been shown to strongly

influence the combustion characteris{i@§].
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Figure 21) Two types of liquid fuel nozzles for use with porous combusi88. Top:
pressurizeair injector. Bottom: Pressurized swirling air injector.
2.3.2 Novel Uni-Directional Flow Combustors

A combustor with a non premixed fuel stream was constructed to examine the influence
of fuel mixing on performance within porous media combudi@d. Portrayed irFigure22, the
burner had a split fuel stream where a swirling device in the center introduced angular
momentum into the &l stream; the air stream was introduced radially to the fuel stream and the

span of the channel which allowed the air to mix was designed which allowed controlling of the

mixing length.
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Figure22) Non premixedlame burnef91].
From analysis of their experimentation, the appropgdaie distancevas bounded by two

concepts, whiclare believed to control the fuel and oxidim@xing process. Producing a smaller
gap forces more radial mixing of the two flow streams, though if there is not ed@ighce
from the exit plane of the sul#r to the inlet plane of the porous medium, mixing doehaoe
sufficient time to occurFrom the wast combination of swirling rate, no swirl, and gap distance
the gas temperatures were limited to 1098K 8ppm of &t 2200 ppm of C§) conversely the
highest attempted swirling rate and optimal mixing length produced an exit plane temperature of
1453K, ppm of NQ and 800 ppm of Cgat an equivalence ratio of 0.833.

The previous example considered a single stage combustion p®gedmwing several
independent stages to exist in series, fhiei@ency of combustion can be better controlled as the

reacant profiles can be considered at each stage uni@iiethereby allowing for a reduction of
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CO and NQ while maintainng radiant outpuf92]. A multi stage series combustor design also
enables better use of the downstream radiative losses as encountered by a single stage combustor

by specific targeting of the temperature of the porous solid at the exit plane

Figure23) Two stage porous combust[#3]. A steel screen is used to inhibit flame movemt
radiative emissions are allowed to pass through Quastmg, and the energy is collected fron
radiation to fluid heat exchanger.

Each of the combustion chambers featured a porous structure comprised of partially
stabilized zirconia (PSZ) ceramic, with a transparent quartz sleeve surrounding the porous
medium, allowing the porous structure to emit radiative energy to a coil containing flowing
water allowing regulation of the solid phase temperattréhe primary fuel air mixture system,
methane and air are delivered as a single flow to the first oivineambustors. A steel mesh is
emplaced shortly after the entrance. A small region is allowed to exist following the steel mesh
to ensure proper flow distribution. Between the steel mesh and the first stage combustion
chamber, a 65 ppin PSZ porous cerawas implemented to cause rapid preheating.
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