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ABSTRACT

Ignition and heat release rates of fuel/oxygen/nitrogen over
platinum wires are experimentally studied using micro-calorimetry,
aiming to gain additional understanding on the complex transport and
kinetic processes involved during catalytic oxidation so as to relate
the macroscopic observables with the microscopic behavior. The fuels
studied are propane, butane, propylene, ethylene, carbon monoxide and
hydrogen. Parameters investigated include catalyst surface temperature,
fuel and oxygen concentrations, and flow velocity.

Results show that for very low Reynolds number flows the flow
velocity has negligible influence on the ignition tenpératume. Its
influence on the heat release rates is also negligible but only for the
reactions in kinetically controlléd regime. Variation of fuel
concentration is found to be an important factor in that the ignition
temperatures of propane and butane decrease as their concentrations are
increased from lean to rich mixtures while the opposite trend is
observed for propylene, ethylene, carbon monoxide and hydrogen, The
effect of oxygen concentration on the ignition temperature of propane
display a minimum on the lean side of stoichiometry whereas for carbon
monoxide the ignition becomes progressively easier as the oxygen
concentration is increased. The heat release rate shows that the
highly-reactive hydrogen/air mixture is usually diffusion-limited but,
propane/air is not limited by mass transport rate. Other fuel/air
mixtures show both tresds - kinetically controlled at low temperature

rangs but diffusion limited at higher temperatures. Based on the above
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relative to oxygen.

results a qualitative correlation is made between the ignition

temperature and the chemisorption strength of the fuel molecules
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CHAPTER I

INTRODUCTION

1.1 ORIENTATION

A relatively new field, catalytic combustion emerged from the union
of catalysis and combustion, each of which is already a very broad
discipline by itself. Catalysis alone involves research endeavors from
sub-atomic level of solid-state physics to the molecular level in
organic and surface chemistry, encompassing seemingly unrelated fields
such as chemical kinetics and physical metallurgy. All these manifold
approaches are aimed to explaining a single phenomenon that
characterizes catalysis - a process in which the rate of chemical
reaction is altered by addition of some substance which itself undergoes
no permanent chemical change.

Combustion, on the other hand, cannot be defined as one single
phenomenon and, as such, embraces diverse research community. Problems
in ignition, extinction, flame structure, solid propellants, sprays,
pollutant formation, and internal combustion engines are but a few
examples to which the combustion research is addressed.

Therefore, catalytic combustion, like a huge elephant in the famed
fable by Acﬁop, is an extensive field of study which no one research
effort can claim to understand the whole. Only when numerous
contributions from widely different but related disciplines are combined
is the understanding of this extremely complicated field possible. This
present work is one such contribution towards forming a complete picture

by providing the results from new findings, together with insights to
1
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explain the observed behavior at the fundamental level. This chapter is

devoted to providing the readers with an orientation so that the
material presented in this thesis can be better understood in proper

perspective.

l1.1.1 Motivation for the Work

Muck of the world's energy needs for generating power and heat are
derived from the burning of fossil fuels. Over the years through
compromises in the technical requirements of combustion chamber
performances, material compatibility, fuel handling, availability and
cost have resulted in somewhat rigid specification for fuels which can
burn reliably and efficiently. Apart from some restricted cases
involving the surface burning of char, most of these hydrocarbon
oxidative reactions take place with both reactants in the gas phase. A
unique property which characterizes the gas—phase hydrocarbon oxidative
reactions of interest to combustion is the effective large activation
energy and, consequently, high temperature needed for reaction to
initiate. Hence, ignition is a major concern associated with the design
and the operation of heat and power engines.

In addition, the rapid depletion of the global petroleum reserve
has made synthetic liquid fuels derived from coal, tar sand, oil shale,
biomass and other non-conventional sources more attractive. These
alternate fuels, however, cannot essily meet the existing specifications
~without extensive chemical reprocessing. For example, coal-derived

synfuels have higher viscosities, boiling point ranges and aromatic




coatents. The first two factors directly influence the atomization and
vaporizsation characteristics of liquid fuels, whereas the increased
arcmatic content will significantly increase the extent of soot
formation. These diffculties are further aggravated when the raw power
of combustion must be tamed to meet the newly awakened conscience for
environment (Dwyer, 1972). Air pollution, which has a decisively
negative impact on weather formation and human hezlth, has emerged as
one of the major considerations in using combustion system alongside the
efﬁciency and the power output.

In view of the above considerations, it is inevitable that
combustors would have to be modified to lessen their dependence on fuel
specifications. The ultimate goal is to be able to use non-
specification, low-quality fuels with minimum pollutant emissions but
without sacrificing efficiency. To this end, incorporating catalysts
into the existing combustion gystem has been recognized as s practical
approach. A substantial benefit,’ cithnr_actual or potential, of using

catalysts in gas turbines, flame holders and heat oichmgcu have

‘dready been demonstrated (Roafjordv, 1976). BHowever, full scale, wide-

spread application of catalytic combustion system is impeded by lack of
clear understanding of physico-chemical processes involved in catalytic
reactions. It is now quite obvious that systematic investigation into
the nature of heterogeneous catalytic oxidation behavior holds a
paramount interest, if not urgent mrm&, to ensurs a continued

progress in the field of catalytic combustion.
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1.1.2 Direction of the Work

The research effort on catalytic combustion has been basically
three-pronged. The most effort has been expended in characterizing and
measuring the effect of incorporating catalyst in actual combustors.
Development of stable and rugged catalysts has followed in order to
accommodate practical gas as well as liquid fuels in the exacting
ambience as found in real gas turbines and aircraft after burners
(Bracco and Curtis, 1981). However, much needed research to gain
fundamental understanding of physico-chemical phenomena is carried out
to a much less extent. In view of the fact that the interest in the use
of catalyst to combustion was initiated wi;h a goal of reducing thermal
NO, from gas turbines and that the existing knowledge was totally
inadequate to describe the phenomena, it is understandable why the time
consuning process of building a solid foundation took a back seat to the
development and performance characterization of practical catalytic
combustors. The urgency to control pollution and to improve combustion
efficiency still exists, but there is limit to the advancement through
trial-and-error approach.

Therefore, the goal of the work described in this report is to
understand the nature of heterogeneous catalytic oxidation of various

fuels by identifying the dominant factors that dictate the surface

reactivity. S$pecifically, the fuel tested are propane, butane,

hydrogen, carbon monoxide, ethylene and propylene. The catalyst is
platinum wire, both straight and coiled in helix. The directly measured

quantities are the critical ignition temperature and the chemical heat




release rates, using a modified micro-calorimetric system. Effect of
fuel and oxygen concentrations are the major variables. Effects of flow

velocity and aging are also studied.

1.2 OVERVIEW OF THE REPORT

The main objective of the report is in connecting the
macroscopically observable behaviors - specifically, the ignition
temperature and chemical heat release - to the vast reserve of knowledge
already compiled by researchers in catalysis. Therefore, a concise
suzmmary on the phenomena of heterogeneous catalysis is given in Chapter
2, Attention is given only to the material strictly relevant to
combustion behavior.

The thrust of the report is in experimental investigations. An
original experimental facility is designed and constructed specifically
for this study. Therefore, a detailed description of the experimental
sethodology and the setup is presented in Chapter 3. Experimental
procedures and verification processes are also included. Chapter 4
deals with the ignition behavior. Previous interpretations of ignition
temperature are discussed in the beginning and a revised interpretation
is presented in light of the experimental Jdata obtained from this
work. Relevant literature survey is presented where appropriate. Heat
release rates are discussed in Chapter 5 closely following the format of
the pravious chapter on ignition temperature. The final chapter
summarizes major points concluded from this work and makes

recommendation for future works.




CHAPTER 2
BACKGROUND MATERIAL

2.1 TFUNDAMENTALS OF CHEMICAL KINETICS

The highly interdisciplinary nature of catalytic combustion has
aslready been pointed out. The research direction can be largely divided
into two, either physically or chemically oriented. The physical
spproach emphasizes the importance of geometric arrangement of the atoms
involved and relates the catalytic activities to the electronic
properties of the catalyst (Drauglis and Jaffee, 1975; Volkenstein,
1963). The chemical approach, on the other hand, regards the catalyst
as an eslectron donor showing propensity to form a transitory bond with
the reactants in the gas phase (Cullis, 1967; Kemball, 1971; Bond,
1974). In~depth gliceuuoq in terms of m the related fields would be
unnecessarily lengthy. Therefore, only brief introductions to various
phenomena m given in the following sections with two purposes in
mind. The first ébjac: 1s to provide the reader with the minimum
background materisl necessary to apprecists the essence of heterogeneous
catalytic uacﬁim. The second is to emphasize those factors that
emrgs s the dominant paramsters in the special case of combustion

2.1.1 Reaction Rates
" If a resction proceeds, how far and how fast will it go? These are.
the two questions that need to be answered to adequately describe a

chemically rescting systes. The first desls with the nature of the end
‘ 6




product of & process and can be answered from thermodynamic analysis by
cousidering the energy level of initial and final states of the reacting
systea. The details of the intermsdiate steps taken to arrive at the
final state become immaterial. The sense of time is also lost.
Therefore, thermodynamic consideration alone is not sufficient to du}.
with the second quastion inquiring into the rate with which the ead
product is attained. The answer lies in the domain of chemical
kinetics.

The rate of homogensous reaction has been observed to vary with the
concentrations of reactants raised to some power with tha rate
coefficient obeying the Arrhenius expression

'k = A exp(~ E/RT)
where R is the universal gas constant and T is the t&olu;c
temperature. :

Two theories have been developed to provide physical meaning to the
above constants A and E. The collision theory essentially views the
cheaical reaction as a collision between resctants having enough energy
batween them to overcome an energy barrier placed in their path to the
product state. Then the activation energy E means the minimum energy
necessary to surmount the barrier and the whole exponential term is no
othqr than the fraction of collisions having kinstic energy greater than
E. The pre-exponential factor A becomes the number of collisions with
proper orientation suitable for the reaction.

The statistical mechanics approach of the collision theory can be

sade more useful by introducing the concept of transition state. The




ensrgetic intermediate species at the top of the energy barrier is
sometimes called the activated complexes and can be counsidered to exist
in equilibrium with the reactants. Then the reaction process can be
described from the tharmodynamic viewpoint since the inclusion of the
transition state theory evet'ltually relates the rate coefficient to
Gibb's free energy of activation.

Although the above discussion is very brief, factors determining
the reaction rate are immediately evident. The major factors are the
concentrations of reactants which have direct bearing in the rate
c:spuuion and the temperature which plays a& critical role through the
temperature-sansitive Arrhenius term. It is interesting to note that
the two most influential factors sre also the external variablas that
are easiest to .azwliu if the only goal is to obtaln a specific
reaction rate. And, yet, in real life these are the two factors that

constitute the uncompromising coastreints. For example, in power

engines, the prodlem of NO, arises due to high combustion temperature.

But lowering the t_uction temperature through fuel-lsan combustion has a
practical limit and, therefore, is not considered to bs a satisfactory
solution by itself. Nor is increasing the temperature of the exhsust
systea hotfibh to eliminate the minute quantity of the unburned
hydrocarbon fusl escaping into the atmosphere together with other
combustion products. As in many other chemically reacting systeas, the
resctant concentrations and the temperature are irrevocably prescribed
ss the by-products in the procass of schieving the main objective of the
synt;-,' usually the power output.




The only other way to control the rate of reaction is by providing
an alternate path for the reactants to proceed. This is precisely the
power that defines catalyst and is widely utilized. That is, the
catalyst makes its surface sites available to the reacting molecules
such that the transition-state of molecule-catalyst complex is s low
energy configuration providing an easier route for the reactants to
follow in a subsequent reaction to form the final product. The energy
‘hills of catalyzed and uncatalyzed reactions are illustrated in Pig. 2.1
which shows a schematic diagram of the potential energy profile for an
exothermic reaction. The path for the catalyzed reaction is more
complicated because the ;aulytic sctivity involves a sequence of
individually identifisble eveats. noiovqr, the overall effect of the
catalysis is to lower the energy hill which is a graphicsl
representation of the activation energy. A mn‘r activation energy

" msans thst a given rate of reaction can be achieved at a lower
temperature, as illustrated in Fig. 2.2 where the Arrhenius plots for
catalysed and uncstalyzed resctions are compared. Since it is the
complicated resction path that makes a catalyst useful, the detsils of

the process involved in heterogeneous catalytic reactions will be

discuseed ian the following sectionm. -

")ﬁ'.‘“

2.1.2 Betarogeuscus Catalysts

‘ A sejuencs of elementary steps is fundameatal to all heterogenesous
catalytic resctions (Thompsou and Webb, 1968;. Robertson, 1970;
Satterfiald, 1980) and is shown in Pig. 2.3. The first in the sequence
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1s a diffusional process that brings the reactant to the catalytic

surface. Subsequently, two types of interactions between the reactant
aqd the surface, namely physical adsorption and chemisorption, are
possible. Physical adsorption involves weak attractive forces without
chemical alteration of the uhcul;s. They are of the van der Waals
type such as electrostatic or induced dipole moments and may be
considered as a prelude to chemisorption which is exclusively
responsible for catalytic behavior. The transition from physical to
chemical adsorption for an arbitrary molecule is shown in Fig. 2.4
together with the potential energy curves illustrating the activated
nature of chemisorption. That is, the chemisorption is a chemical
process in which oew molecular bonds are formed. For many molecules
some changes in the old bonds are prerequisite to having a stroang
interaction with the surface sites. For e;a-ph, hydrogen molecules are
known to dissociate into individual atoms before chemisorption.
Therefore, if a chemical reaction can be construed as a progressive
transformation of reactants into product, then the chemisorbed molecules
can be conceived as an activated intermediste resembling soms aspacts of
both the reactants sad the product.

As shown in Fig. 2.3 the ensuing reaction may be between two
chenisorbed molecules (Langmuir-Hinshelwood Mechanisa) or between a
chemisorbed molecule and a molecule in the gas-phase (Eley-Rideal
Mechanism). Rslative strength of adsorption, availability and nature of
bonds, surfaca temperaturs, and surfacs heterogeneity ars some of the

major factors that dictate the mode of surface resction favored by a
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given combination of reactants and catalyst.

The product formed would then desorb from the surface before
diffusing back into the ambience. Again, the desorption is an activated
process such that its rate is governed by the same factors discussed for

the cheaisorption.

2.1.3 Reaction Limits

Out of five individual steps the first and the last ;re wass
transport processes of diffusion - a purely physical process whereby the
reactants or prodixcts are brought to and from catalyst. The adsorptiom,
reaction and desorption are all chemical processes with unique
activation energy associated with each step. Any one of the five steps
can be the bottleneck which determines the overall rate of reaction. In
one extreme the reaction rate may be limited by one of the cheaical
procasses at the surface in sfsite of ample supply of the reactants from
the gas-phase. The kinetic limit is, then, a situation in which the
aaximnum surface coverage of reactant is always maintained (that is, the
reaction rate is independent of the gas~phase concentration) and the
observed activation energy represents the true kinetics at the surface.

In the other extreme the reaction rate may be so fast that the
reactants are consumed as they are brought to the surface. The overall
rate is limited by mass transport and the appareant activation energy is
usually such lower than the true activation energy. In fact the
associated rate, being limited by diffusion, would rather vary with

temperature to the half power rather than obey Arrhenius kinetics. 1In

A,
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addition, the rate of mass transport-limited reaction can be increased

by increasing the gas-phase reactant concentration (enhancing diffusive
transport) and the gross movement of gas (enhancing coanvective
transport). The transition is shown to occur quite abruptly because the
reaction rate increases in the Arrhenius fashion while the diffusion
rate is a relatively weak function of temperature. Since the observed
rate is the slower of the two processes, the mass transport limit is
encountered in the high temperature range. The condition conducive to
kinetically controlled regime is obtained at the lower temperatures.
Figure 2.5 shows an Arrhenius plot indicating the transition of the rate
from kinetic limit to mass transport limit.

When catalyzed reactions are studied over a broad range of
temperature an Arrhenius plot as shown in Fig. 2.6 can be obtained due
to an entirniy different cause (Bond, 1974). Even if the lu;ply of
reactants from the gas—-phase is not limiting, the reaction rate car
decrease as the surface temperature is increased when the surface
coverage falls below its maximum value. In general the surface coverage
increases with the increase in the partial pressure of the adsorbate in
the gas-phase at low coversge. The adsorption, being an activated
process is also affected by temperature and is usually favored by
increasing the tcnp‘ra:ure in attaining equilibrium. However,
adsorption 1s almost always exothermic because a decrease in free energy
accompanies "capturing” of gaseous molecules by the surface. Le
chntolicr'c Principle, therefore, demands that the rate of desorption be

increased with respect to the rate of adsorption so as to nullify the
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Figure 2.5 Arrhenius plot indicating the transition of the reaction

from kinetically controlled to mass transport limited
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'Figure 2.6 Arrhenius plot for the catalytic surface reaction
in which the surface coverage by reactants fall
below its maximum value
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effact 6t increased tenpethcure. Consequently, an increase in surface

temperature can have an adverse effect on the reactant population at the
surface.

The possibility of having a negative temperature effect on reactiom
rates is where the line of thoughts on heterogeneous reaction diverges
from that of homogeneous reactions and where the difficulty in
determining kinetic parameters of surface catalyzed reactions is best
examplified. Unlike the rate of a homogeneous reaction where the effect
of temperature is wholly contained in the rate constant k, the rate of a
heterogenscus reaction feels the effect of temperature through the
surface concentation of reactants in addition to k. Unless the effect
of temperature on the surface conceatration of reactants is isolated

out, the kinetic parameters cannot be extracted from Arrhenius plot.

2.1.4 Adsorption Streagth

In addtion to surface coverage the structure nnd stability of the
reactant-catalyst complex can also exert profound influence on the
reaction rate. PFor maximum reactivity the adsorption has to be
sufficiently strong to maintain 2 high degree of surface coverage and,
at the same :@. luffi#iontly weak to allow brisk reaction with other
neighboring adsorbates. Molecules with exceptional adsorption streagth
can, in the limit, form a complete monolayer over the catalyst surface
and thereby shielding it from other reactants, or form a "semi-
permanent” bond with the catalyst. In either case the catalyst is

disabled and said to be poisoned.
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With some exceptions the sequence of the adsorption strength of a

number of gases on metallic catalysts are as follows:
02 > Alkynes > Alkenes > CO > Hy >> Alkanes .

Generally the molecules that are unsaturated seem to readily adsord on
the surface in contrast to the saturated hydrocarbon fuels which are oot
ouiJ.y adsorbed. Since the hydrocarbous are dissociatively adsorbed on
platinum surface by removing a hydrogen atom, the difference in the
adsorption strength within the hydrocarbon group is best eipla:l.ned by
considering the molecular structure of the reactant. However, studies
on the nature of adsorption are usually conducted by using an
uncontaminated catalyst under very low ptociure conditions and,
therefore, may not accurately dencribe the state of adsorbates under
reaction coqditions (Kasemo and Keck, 1980; Mummy and Sc:hlid:. 1980;
Krebs et al., 1979). What is more relevant is, perhaps, their relative
adsorption strength. It is reasonable to expect that the prefereantial
adsorption of oxygen over saturated hydrocarbon (HC) fuels on platinum
.ny well cause the aixture to manifest quite different reaction behavior
from mixtures of oxygen and unsaturated HC fuels. Since both oxygen and
unsaturated HC fuels have strong affinity for platinum surface, the
interaction between thnai molecules would be competitive rather than

pfcfcuntul. vyiag for the same catalytic sites.

2.2 .m MICROSCOPIC TO MACROSCOPIC LEVEL
The effect of the differences in the bchavior_ of molecules at the

sicroscopic level are evident at macroscopic level. For example, ‘the
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reaction order of a surface catalyzed reaction -an be correlated with

the heat of adsorption. Generally, an iaverse relationship has been
“ found between the heat of adsorption and the reaction order. As will be
demonstrated in this thesis, a qualitative correlation can also be made
' | between the ignition tenpe.ra:uu of fuel/air mixtures and the adsorption
) oiungth. Furthermore, a slight variation in the catalytic reaction
j mechanise may induce homogeneous as well as heterogensous reactions.
This howmogeneous—heterogeneous hybridized reaction can be illustrated by

congidering a catalytic isothermal surface exposed to a steady flow of

combustible mixtures. The reaction can proceed in two different
machanisms. The catalyst may simply facilitate oxidation of the fuel at
the surface, producing heat and combustion products. The heat of
oxidation generated ai: the surface reduces the amount of heating
required to maintain the surface at a constant temperature, but it does
not contribute to facilitating the gas-phase ignition. In fact the
depletion of this fraction of chemical energy from the gas stream
npnunud by reductions in the reactant concentrations nsar the
surface, would render the gas-phase vimtion more diffcult to be
schieved when compsred with the inert, isothermsl case. The gas-phase
sctivation energy, however, would remain the same. The fact that a
catalytic, isothermal surface inhibits rather than promotes ignition was
first observed by Coward and Guast (1922) snd recently analytically
dcmtuud to be possible by Law (1981).

On the other hand, desorption of activated complexss befors surface

reaction is also possible. These complexes would diffuse into the gas
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‘medium and initiate the gas-phase reaction. In this case, then, gas

phase ignition is likely to be facilitated and the gas-phase activation
energy is also expected to be significantly reduced.
The above discussion clearly demounstrates that understanding of

catalytically-supported gas-phase combustion requires detailed knowledge

of the surface kinetic processes.




CHAPTER 3
EXPERIMENTAL CONSIDERATIONS
3.1 METHODOLOGY

A great deal of basic ruur;:h has been conducted in the area of
surface science and organometallic chemistry. Most of the kinetic data
for catalytic reactions are obtained through chemical analysis of
reactants and products by mass spectrometer or gas chromatography.
Another standard method is monitoring the reactant conceantration in s
reactor over a period of time by measuring changes in p~-tial pressurs,
refractive index, thermal conductivity and other physical or chemical
properties. Meanwhile, progress in 'ucm- technology and sub-atomic
instrumentation had s direct impact on the direction of experimsntal
1§vontzl.¢at:lou.

A fev examples of the popular techniques used are low energy
el.ccﬁron diffraction (LEED) for msasuring surface structures, ultra
violet photoslectron spectroscopy (UPS) for the electrou property of
sdsorbates, snd thermal desorption spectroscopy (TDS) for the energetics
of adsorption. Counsequently, exhaustive data havi been accumulated on
adsorption and desorption rates, sticking probabilities, effect of
surface coverage, and the nature of interactions of the adsorbed
species, under well defined conditions of ultra high vacuum and usually
over s single crystal with specific lattice orientation. Based on thase
data a sumber of adsorption isotherms have been proposed to relate the
surface coverage ss function of pressure and temperature of the smbient
gas. Different surface reaction mechanisas have also been o deled and

22
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tested.

However, rasearch in combustion cannot take full advantage of the
existing knowledge compiled from microscopic anslysis because combustion
plnnﬁ.u in the real world occur at atmospheric or super-atmospheric
conditious. A simple extrapolation of the existing data to fill the
“pressure gap” is not acceptable because catalytic procssses involve
interactions between the surface sites and the adsorbed species; their
behavior is governed not only by physical and chemical properties but
also by the srbitrarily imposed conditions of pre~treatment and fluid
dynamics.

Recently micro-calorimsteric methods have been developed which
enable direct msasuremsnt of the rates, orders and apparent activation
cnergiu of heterogensous catalytic reactiouns mesasured in terms of
chemical heat liberated at the catalyst surface. Although the
informstion so obtained is considered to be crude by vacuuam technology
standards, it is nevertbhaless a powerful method in an atteampt to bridge

the gap between engineering and basic sciences.

3.1.1 The Development of Micro-Calorimetry
The micro~calorimetric technique has been used extensively in

various fields of research as a means of measuring a small amount of
heat flow. The first adaptation of this technique to the problea of
catalytic reaction is usually credited to Pirth (1966) who has studied
catalytic oxidation of methane on palladium-gold alloys. Their systea
consists of a heating coil imbedded in a bead of alumina whose surface
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is coated with a thin layer of catalyst. The calorimeter forms one arm

of a Wheatstone bridge which is initially balanced in a non-reacting
flow. The heat releassd at the catalytic surface due to the chemical
reaction 1s measured from the extent of imbalance in the bridge network
since the surface temperature is translated into an increased resistance
value of the calorimeter. A number of investigations using calorimetric
bead systeam (Firth and Holland, 1968, 1969; Cullis et al., 1970, 1972)
ensued in the study of oxidative reaction of methane.

In order to overcome the inconveunience of the nsed to compensste
for the variation of reaction rate with changes in the surface’
temperature, an isothermal method has been proposed by Jonss et al.
(1974). This @rmd concept involves measuring the changes in power
cousumption 1n the reacting and non-reacting conditioms. llwiur. this
system is not suitable when the power amrac_cd by reaction {s small
compared to the power necessary to maintain the bead at the rucu.on‘
temparature. This is because the signal to be measured is a small
difference between two large numbers - a situation which is prone to
large errors. Also, dus to the large mass of the bead, the calorimetric
besd systea is inherently slow in response.

The catalytic system can bs made more sensitive by using a bare
platinus wire. In fact, esrliest works on the existence of multiple
steady states for heterogenscus catalytic reactions were coaducted with
catalysts in a simple wire form (Buben, 1945). However, it is only from
the late 1960's when catalytic wire is used in the capacity o‘f aicro-
calorimeter.
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Two modes of operation have since appeared. In the heated-gas

technique (Cardoso and Luss, 1969) the surface temperature of the

catalyst is determined by the prc-huted gas mixture. For non-reactive

conditions the catalyst surface temperaturs is the same as that of the

gas mixture. But in the presence of catalytic reactions the surface
temperature reaches a value higher than the ambience. Ignition is then
identified at the transition when the catalyst breaks out of the
temperature equilibrium with the surrounding. The heat release rates are
obtained after a series of similar runs made with varying gas
temperatures in reacting and non-reacting conditions.

In the hested-wirs technique it is the catalyst itself that is the
active heating element. The gas -:l.imn is heated only locally at the
catalyst surface by the wire. As Edwards et al. (1973) point out, the
haated-gas technique provides a.-ou unifora wire teamperature dus to
total absence of axisl heat conduction loss at the ands of the wire.
However, it is the heated-wire technique that has been favored by many
researchers and has, consequently, evolved into a viable msthod of
extracting kinstic data out of catalytic reactions. It is also the
technique adopted by this vesearch. The underlying coucept and the
msthodology of this technique will be discussed in detail in the

following section.

3.1.2 Basis of Heated-Wire Tachnique
The principle of the _hu:od-win mode of micro~calorimetry is the

sams as that of the coustaat-tempersture hot-wire anemometry. While the
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anemometer is used to measure rapidly varying flow velocities from known

heat transfer charactcri;tico, the micro-calorimeter is used to weasure
the rate of heat transfer in a steady, known flow field;

When a platinum wire immersed in a steady non-reactive gas stream
and heated by passing electric currvent through it, its surface
temperature is uniquely determined from the equilibrium of Joulian heat
generation and the heat loss due to radiation, conduction and convection
to the oncoming gas stream. The power required to maintain the surface
temperature at T, will be P = 12&,, where 1 is the curreat through the
vire and R, is the wire resistance at T,. Both quantities can be
measured using conventional instruments and the power requirement is
shown as a solid line in Fig. 3.1 where a graphical representation of
the heated-wire technique is illustrated.

When the gas stream is made resctive with an addition of a small
smount of fusl, some chemical heat is generated at the surface such that
less electrical heating is needed to maintain the surface at the same
temperature T,. Furthermore, since the amount of fual addition is
small, s small addition of fusl the thermodynamic and heat transfer
properties of the resctive gas flow do not deviate much from those of
non~-reactive gas flows. The heat loss can then be assumed to remain
unchanged and, ss the result, the difference in the power requirements
is an accurate measurement of the chemical heat release rate. The
catalyst now serves an additional function as a reaction sensor.

The first use of this technique in a related work has been reported

by Hiam et al. (1968), who suggest that the kinetic parameter of
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Figure 3.1 Pictorial representation of the heated-wire
calorimetric technique: (a) Electrical power
requirement for the catalyst in reacting (brocken
line) and non-reacting (solid line)environment;
(b) the heat release rate obtained from (a)
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. oxidation reaction of several psraffins can be determined from measuring

the ignition temperature. Later Grey et al. (1979) took advantage of
the high sensitivity and rapid respoanse of the isothermal bare platinum
wire coiled in helix to study oscillatory poisoning behavior during
carbon monoxide oxidation.

In an effort to command a greater flow control and incorporte
precise analysis, a variation of the above technique is to have the
catalyst/sensor prepared in a thin film by depositing catalytic material
on a ceramic substrate. When compared to the catalyst/sensor in a wire
geomstry, the film geometry has the following advantages:

a) It gives greater sensitivity because it has a far greater surface
to volume ratio for a given mass.

b) A higher degree of coantrol over the catalyst surface
characteristics can be obtained while preparing the
catalyst/seasor by changing the deposition rate of the catalytic
material, pressure, and temperature.

c) The flow field around the catalyst can be correctly accounted for
in anslysis.

The heated-film micro-calorimetric technique has been used by Robben et
al. (1977) to study catalyzed combustion of hydrogen/air mixtures in a
flat plate boundary layer. Activation energy and the pre-exponential
constants are determined from the heat release rate measurements in
conjunction with numerical computation of the boundary layer combustion
model. Recently, Ablow et al. (1980) applied it in a stagnation point

boundary layer for propane/air mixtures. No kinetic parameter is
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deduced from their investigation.

In spite of the aforementioned advantages the wire geometry remains
as a practical alternmative to more sophisticated film geometry and as
the chosen technique of this research for the following reasons:

a) Wire geometry is easier to construct.

b) Great ruggeduess and higher stability allow the catalyst/semsor to
be subjected to harsher testing eanviroanments.

¢) It gives more accurate measurement of surface temperature.

d) It isvless susceptible to physical changes with time.

e) And, most importantly, the flow field around the wire can be
equally well characterized and a steady state process may be
assumed for the (slow) flow rate considered here.

The last point will be elaborated in the following section.

3.1.3 Flow Field Around the Catalyst

Two different approaches can be classified depending on the flow
configuration of the combustible mixture with respect to the catalyst
geometry (see Figs. 3.2 and 3.3). The first category involves flow
along a flat plate or through a honeycomb structure. The process is
evolutionary in nature in that the catalytic activity and thereby the
temperature and the species concentration profiles continuously change
in the streamwise direction. The intimate interaction between upstream
and downstream properties necessarily complicates the system behavior
and thus data interpretation. Furthermore, if data is collected only at

the downstream end of the catalyst (e.g. the honeycomb exit plane), then
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Figure 3.2 Summary of the catalyst configuration
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the integrated nature of the data would render unambiguous data

resolution difficult.

The second category involves the stagnation-point flow, in which
self-similarity prevails, and the low Reynolds number flow over a thin
wire, in which the catalﬁst can be considered to be immersed in a
‘constant concentration bath. For these systems a single catalytic
response exists for a given flow-catalyst combination, thereby enhancing
the fidelity of the data and subsequently its interpretation.

Representatives of the former approach are the honeycomd

experiments of Prasad and co~workers (Prasad, Kennedy & Ruckenstein,
1980; Prasad, Tssi, Kennedy & Ruckenstein, 1981) and the flat plate
experimeats of Robden and co-workers (Robben, Schefer, Agrawal & Namer,
1977; Schefer, Robben & Cheng, 1980). For the flat-plate flow much
effort was expended to spatially resolve the boundafy layer structure
with and without chemical reaction along the catalyst surface dy using
laser diagouoetic techniques and gas sampling. A representative of the
latter appreech is shown in the work by Ablow et al. (1980) where a
stagnatioa-point boundary layer flow of lean propane/air aixture is
investigated. The mesasured quantities are the total heat release rates
in the diffusion controlled regime. Relative coutridbutions from gas-
phase reactions and surface reactions are examined with the aid of
theoretical analysis. However, the relevant kinetic parameters are not
identified in this study.

A detailed exsamination of the existing data also reveals that

1lictle study has been conducted to quantify the effect of flow velocity
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ou catalytic activities. Most studies are carried out with an

arbitrarily fixed flow rate or in the flow range where velocity is yet
another parameter to control. Marteney and Kesten (1981), have
experimentally demonstrated that the ignition temperature approaches a
constant value as the flow velocity is decreased. Although their system
is a platinum on cordierite monolith the same trend 1s to be expected
for the wire configuration. Thus in order to further quantify the
effects due to flow velocity variations, a series of experiments has
been conducted in the present study and is discussed in Section 4.5.1
and 5.3.1

3.2 EXPERIMENTAL PACILITIES

An elaborate flow system, electronic control systea and computer
data acquisition system are designed and constructed to accommodate all
facets of the experimental investigation. The major strength of the
experimental facility is in its capability to monitor the major
experimental parameters independently and to do so with minimum system

@Xror.

3.2.1 Plow §!'t‘.
The schesatic diagram of the flow systea is shown in Pig. 3.4. The

test chamber, Fig. 3.5, {s the active center of the set-up and is

basically a multi-purpose space (6" x 6" x 15-1/2") where & catslyst of
sny shape can be installed in any desired configuration with respect to
the ouncoming flow. PFor example a flow over a simple wire, flow over a
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Figure 3.5 Section diagram of the test chamber
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flat-plate, or a stagnation point flow can all be maintained with

minimum downstream disturbance. The length of the test chamber allows
the catalyst support system to be located far downstream. The test
chamber is further divided into three compartments such that any section
of the test ares is ecasily accessible from all angles. Large viewing
windows ensble complete visualization of the interior of the test
chanmber.

House air, supplied at 3 atms, is the source of oxidizer. It
passes through an air filter/dryer to eliminate moisture and dust
particles. This process is essential to preserve the constancy of the
catalyst surface and, therefore, the rcputabilil:y of the data. Air
then passes through a first stage pressure regulator before entering a
plenum tank where any residual pressure fluctuations from the main
supply line is completely damped out. A second pressure regulator
monitors the air flow rate through the flow nozzle which constitutes the
flow mstering system.

An exhaustive calibration scheme has been carried out to determine
the actual flow rate into the test clunhir, using flow nozzles operating
in the choked condition such that the flow rate depends ouly on the
upstresa condi:ioiu. Physical volume displacement method is used to
calibrate the flow nozzles for air, nitrogen and fuels except butane
which has low saturation pressure. Butane is calibrated against the
standard wet test meter.

The design of the mixing chamber is crucial, for it must provide a
homogeneous aixture in a short time period. The aixing process follows




37
two stages. Air and nitrogen are uixed first and enter the mixing

chamber through two separate ports (Fig. 3.6). A jet of fuel is
injected through the third port oriented at right angles to the air/N,
streams. The mixing chamber is packed with glass beads to provide
inicial mixing at the gross scale. Fine mixing is achieved by
turbulence as the mixture is suddenly expanded into a long diffuser.
The turbulence crested in the mixing process is quickly suppressed as it
passes through a series of wire screens whose mesh size progressively
decreases. |

The last stage of flow control is the converging nozzle whose area
reduction ratio of 8 ensures a full development of flow with a uniform
"valocity profile in the test chamber. A smooth exhaust of the flow is
provided by a converging section at the downstream of the test chamber.

The whole flow chamber s constructed with 3/4" thick stainless
steel and other subsidiaries are of the material equivah_nt in strength
to withstand high pressure (5 atm). Low vacuum construction
specifications are also adhered such that the experiment may also be

conducted in sub-atmospheric conditions.

3.2.2 Electronic System
The heart of the experimental set-up is the electronic circuitry

that enables an sccurate measurement of the extent of chemical
reactivity in the ismediate vicinity of the catalyst. As mentioned
praviously, the basic principle of the feedback operation is that of a

constant temperature hot wire anemometer. However, unlike the hot wire
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of the conventional snemometer, our modified version performs four

functions simultaneously:

a8) catalyst

b) constant temperature heater

c) micro-calorimeter

d) temperature transducer
Expanding the role of catalyst as a reactor as well as a sensor results
in much simplfication in the physical configuration of the systea.
However, as direct consequence of increasing the versatility of the
catalyst, the data acquisition system becomes an integral part of the
haatiﬁg power system. That is, the system must have enough capacity
(hence, ruggedness) to heat the catalyst to a high temperature favorable
for -appreciable chemical reaction and, at the same ti-.. must exhibit
enough sensitivity to respond to and detect small changes in the power
con‘t-ptio_n._ To satisfy both performance criteria, the following
operational procedure has been devised. Simple schematic diagrams of
the functional elements and the generslized input-cutput configuration
are shown in Fig. 3.7 and 3.8, respectively.

The logic of the system is as follows:
~a) At thermal equilibrium and when the bridge network is balanced,
Vp solely represents the power required to heat and then maintain
ths catalyst at a constant temperaturas.
b) When a small quantity of fuel is introduced into the air stresa,
thermal equilibrium is disturbed dus to the chemical reactions at

the surface of the catalyst.
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¢) The chemical heat release is an extra heat source for the
catalyst and, therefore, in the absence of adjustments, the
temperature of the catalyst increases.

d) Sincs platinum has a relatively large temperature coefficient of
resistance, a small increase in temperature is reflected as an
increase in its resistance. With the same amount of current
flowing through it the voltage V, becomes greater than V3.

e) This imbalance in the bridge is detected and amplified by a true
instrumentation smplifier.

£) The output from the amplifier, e, is a magnified error signal and
represents the extent of chemical heat release.

§) The normalized error signal, Pje, modifies the power input iato
the catalyst and, therefore, reflects the changes in the
clcettical heating power required to restore the temperature to
its original value.

h) A new thermal equilibrium is achieved while maintaining balance
in the bridge network.

Thus, although the voltage output level from the catalyst-the-sensor is
a minute portion of the total voltage applied to the catalyst-the-
heater, the present system successfully identifies and separates the two
signals, facilitating the acquisition and the analysis of data.
Furthermore, only one sijn.l needs to be monitored, unlike other
existing msasurement system in which at least two signals aust be trgccd
sisultaneously to quantify the power input into the catalytic wire.

The selection of each electronic element for the feedback circuit
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demands detailed attention since it must be able to detect and

immediately compensate for small imbalances in the bridge. Ample heat
sinks and ventilations are provided to minimize the drift in the
electronic system due to heating. The reference resistor in the bridge
is a precision, water—-cooled, resistor with 3.6 KW heat dissipation
capacity. Such resistor ensures a constant reference resistance Even
when a high current is passing through.

The role of the catalyst as a temperature transducer is possible
because the thermal coefficient of the resistance of platinum is large
and 1is well-known. That is, the average surface temperature of Fhe
catalyst is calculated from the measurement of its resistance. The
thermal coefficients of the platinum psed in the equation

R (E) = R (1 + o + BT%)

are a= 3,51 x 10-3

8= 5.42 x 1077
The resistance of wire at 20°C, R,, is not obtained using ohmmeter as it
is not reliable at low resistance values. Instead, the resistance of
the wire is measured at various current flows, and then the resistance
at room temperature is obtained throuzh extrapolation to zero current
flow. Then the sbove thermal coefficients are once again applied to
obtain the value of resistance at 0°C. Figure 3.9 shows the

extrapolation.

3.2.4 Data Acquisition System

The electric signals are directly linked to and processed by a
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micro-computer (Fig. 3.10). Figure 3.11 is an example of a typical

computer output showing changes in power consumption as fuel is

introduced. Thgere are three regions of interest:

a) The first plateau marks the zero level and the initial thermal
equilibrium.

'b) The second plateau, though not always discernible, indicates an
increase in power consumption caugsed by the extra heating
required to maintain the wire at the same temperature in the flow
that has acquired a slightly higher flow velocity due to fuel
addition. Usually this positive change 1s negligible compared to
the heat release rate. Also, the length of this portion is
determined by the flow velocity, since it is the time taken for
the fuel to flow from the point of induction (mixing chamber) to
the initiation of reactionA at the reactor.

¢) The third plateau indicates a decrease in power consumption due
to catalytic reaction at the wire surface.
The chemical heat release rate is given by the difference in the

power consumption represented by the second and the third plateaus.

3.2.4 (Catalyst Systea
The catalyst studied is platinum wire purchased from Material

Research Corporation. A minimum purity of 99.992 is guaranteed. Six
catalysts are prepared in two geometries. Three are simple straight
wires whose axes lie perpendicular to the flow (Fig. 3.12). The other

three are coiled in helix of diameter 1.2 um and pitch of 1.4 mm. In

W o —A
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all cases the dismeter of the wire is 0.127 mm.

A drass frams holds the catalyst at two ends. The lead wire is

copper soldered to the platinum catalyst.

3.3 EXPERIMENTAL PROCEDURES

One of the major difficulties in the study of the kinetics of
heterogeneous catalytic combustion is that the experimentally
controllable parameters such as the gas-phase fuel concentration and
flow velocity do mot directly control the surface reaction. That is,
since the reaction is confined to a thin layer at and/oi next to the
surface, the reaction rate is determined by the concentration of the
reactants at the surface, which are generally unknown or, at best can
only b ‘aferred from their respective gas-phase concentrations. These
innate difficulties are co-podnded by the fact that the catalytic
surface cannot be standardized. Catalytic reactivities are based on per
unit geomstric area which is not an accurate assessment of the actual
numsber of catalytic sites available for the adsorption of reactants; the
method of preparation is found to contribute s great deal to producing
catalytic surfaces of different roughness. Surfacs treatments,
including sintering and snnealing processes at high teaperatures, do
have effects on the catalytic resctivity. These circumstasntial effects
on the catalytic resctivity can be minimized or, if inherent, can be
well characterized by choosing a suitable set of parameters and
conducting the experiment within an outlined procedurs.
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3.3.1 Paraseters

The change in the power consumption, which is just the surface
chemical heat releasse, and the ignition temperature ai‘e mapped as
functions of six variables:

a) The catalytic surface temperature
b) The fuel type

c) The fuel concentration

d) The oxygen concentration

e) The flow velocity

f) The catalyst configuration

The choice of the catalytic surface temperature as a parameter
cannot be over-emphasized because of the sensitivity of chemical
reactions and surface coverage to teamperature variations. It ranges
from room temperature to the maximum of 900°C.

The fuel tested are propane, butane, ethylene, propylens, carbon
monoxide and hydrogen. There are several reasous for choosing the above
six gases. From the practical viewpoint, propane and butane are widely
used as heating fuels whereas partisl oxidation of ethylene and
propylene are important in the petrochemical industry. Furthermore,
since their reaction mechanisms are representative of those of the
higher order in their respective families, recognizing the basic trends
is crucial in understanding the more complex members of the faamily. In
this aspect, the study of hydrogen and carbon monoxide are also
important as their oxidation mechanisms form a subset of many

hydrocarbon fuel oxidation reactions. The most important reason,
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however, ia the variety of the chemisorption strength displayed by the
above set of gases that makes them interesting to study, as explained
earlier.

Both the fuel and oxygen concentrations are varied independent of
each other. The total f.low rate is maintained by adding nitrogen. The
k advantages of having fuel/air/nitrogen mixtures with different

concentration combinations are quite clear from Fig. 3.13, which shows

& -"' +

the possible combination of fuel and oxidizer (oxygen from air)
concentrations in the case of hydrogen. Here we note that as long as

enough diluent (nitrogen, carbon dioxide or argon) is added any fuel/air

Sl I . PR

nixture is rendered noninflammable, even if the mixture is
stoichiometric. The vertical lines represent the constant fuel
concentrations while the horizontal lines the constant oxygen
concentrations. The slanted lines originating from the lower left
corner therefore indicate constant fuel/air ratios. Here, all the
points on the same line have the same fuel/air ratio although the
sbsolute concentrations are different. The top boundary is the fuel/air
pixturc line. As can be easily seen, ﬂtronn addition has greatly
expanded the exparimental range, from fusl lean to fuel rich
conditions. This flexibility is especially significant when the gas
phase fuel/air ratio is not a relevant criterion in heterogeaneous
reactions.

The dependence of the heat release rate and ignition temperaturs on
the flow velocity and the catalyst shape is traced to substantiste the

spplicability of the constant concentration concept, as mentioned in
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FPigure 3.13 The range of propame/oxygen/nitrogen mixtures
that can be safely investigated
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3.1.3, for low Reynolds number flows.

3.3.2 Procedures

“Activation” of fresh platinum wire is the very first step which
cannot be by-passed. Depending on the catalyst production method, the
“activation” process may be to expose a clean surface by burning away
the lubrication oil or to obtain a fixed surface structure through
continuous annealing and sintering processes at high temperatures.
Rader and Weller (1974) have reported that the "activated™ wire shows
increased surface roughness when viewed through scanning electron
microscope. The activation method they used is heating the wire
electrically to 800°C 1in a 1% butane - 99% oxygen gas mixture for 25
minutes. Edwards et al. (1973) havé used similar proceass to obtain a
catalyot whose reactivity does not change for a inr:l.od up to 8 hours.
In both experiments butane is the test fuel. Satterfield and Cortex
(1970), in their study of hexane and toluene oxidation, have observed
that platinum wire screen loses its reactivity as early as after one
hour of operation. They have suggeptcd that the deactivation is caused
by oxidation of metal impurities ii;ich diffuse to the surface at high
temperatures. Reactivity is reported to be fully restored by “prolonged
pickling” in concentrated HCl. 1In this work, fresh platinum wires are
electricslly heated to 900°C in a reactive mixturs of 2% hydrogea/air
for 20 minutes. Then, after each run the catalyst is reactivated in air

flow. The effect of such process will be reported in Section 4.3.5

 desling with aging effects.
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CHAPTER 4

IGNITION TEMPERATURE

4.1 DEFINITION

The everyday meaning of the word ignition is “catching ou fire”.
In the field of combustion this highly specialized definition is
discarded and, depending on the phenomenon in question, the word
ignition can signify different moments in the process of producing an
explosion, whether it be a detonation or a deflagration. Cstalytic
cogbuction adds yet another meaning to the word ignition. And, in order
to clear ambiguities and to examine the possible implications the
ignition temperature is unequivocally stated before discussing the _
data. A brief i.ntrofuc:ion c§ ignition theory as applied to homogeneous

systems 1s included for comparison purpose.

4.1.1 Theory of Ignition
Two views have been adopted in the theory of ignition. From the

kinetics point of view, ignition i{s a critical condition in which chain-
branching of the radicals proceeds at & high rate such that the
production of radicals exceeds the destruction dua to chain termination
and product foiution. Under such volatile circumstances rapid build-up
of the radical population is possible even under isothermal conditions;
this eventually leads to the formatiom of products at a catastrophically
fast rate. The oxidation mechanisass based on chain-branching are used
by Benson (1981), B. ¥. Gray (1978) and Warnatz (1981) for hydrocarbon

oxidation modelling. %
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The thermal theory of ignition is also based on the idea of

imbalance. Instead of focusing on individual groups of molecules,
however, the thermal theory deals with the overall result of such
interactions, manifested as chemical heat release. Ignition is said to
occur when the heat generated by chemical reaction becomes greater than
the total heat loss from the system. The excess amount of heat in such
a coudition is applied towards increasing the temperature of the
reactants which in turn leads to higher reactivity. This self
accelerative process continues until a heat balance is again achieved at
a oew, higher temperature. From this point of view, the definition of
the ignition tewperature becomes more easily quantified as the lowest
temperature at which the rate of chemical heat release rate just
overcomes thes rate of heat loss. o

It is obvious that a complete understanding of ignition must
necassarily include both the kinetic and thermal effects. Efforts to
develop unified chain-thermal theories have just been initiated and are

usually numerical in nature.

4.1.2 Catalytic Surface Ignition

Caulyué ignition does not necessarily precede an all-coasuming
explosion. Nor is it always signaled by a significant temperature
rise. Hence ignition temperature is redefined as the lowest temperature
st which a msasurable amount of heat is releasd from chemical
reaction. Especially in this work, since most of the gas nixtures

tested exhibit a rather sudden change in their reactivity over catalyst
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surface temperature, the ignition temperature thus identified is an

objective and reliable indication of ignition. Unlike the ignited gas-
phase reactions, the catalytically ignited reaction may not be self-
sustaining. Therefore, catalytic ignition does include neither the

concept of thermal runiway nor self-propagation.

4.2 FACTORS GOVERNING CATALYTIC IGNITION

In addition to the obvious importance of knowing when a given gas
mixture will iganite, if it occurs at all, the knowledge of ignition
temperature may also be applied towards obtaining rate constants of
catalytic feactions, as attempted by Hiam et al., (1968). The basis for
the possible link between the thermodynamic quantity and kinetic
parameters stems fron the principle of thermal ignition developed by
Frank-Kamenetskii (1955).

Prior to discussing the results of investigations based om such
relationships, a careful examination of the key assumptions employed in
the initial modelling stage needs to be made. In the following the
theory of rrank-xainnctskii, as extended by Hiam et al., is summarized

with an emphasis on discussing the validity of the key assumptions.

4.2.1 Thermal Ignition Analysis
The theory starts with the siaplest case in which the reaction rate

is first order with respect to ths surface concentration of a single
reactant

(t.r.) - kc.
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where k represents the true kinetics at the surface and C; is the
surface concentration of the reactant, In the quagsi-steady state the
rate of reaction is equal to the rate at which the reactant is supplied
to the surface by diffusion

(r.r.) = 8(C, - C;)
where 8 is the diffusion coefficient and C, 1s the reactant
concentration in the bulk gas stream. The reaction rate can be
rearranged in terms of C,

(t.t.) - k'co

1
where k' = Gps7s) -

For a system in thermal equilibrium, the heat generated by the reaction
is dissipated through ﬁeat loss to the surrounding such that
k'C (ah) = o(T, - T,)

where a is the net heat transfer coefficient and (Tg - T,) is the
temperature difference between the catalyst surface and the oncoming
gas. The Arrhenius rate constant, k = A exp(-E/RT;), is then
substituted and an equation as a function of T, is obtained.

After some mathematical maanipulation an approximate solution for
the case of E/RT, >> 1 and (Tg - T,) << T, is obtained. The critical
condition for ignition is assumed to be satisfied when that function

attains an extrems value. The final expression can be rearranged as

2
AhART |
ea

(1, - T,5°
] - P g mrs)
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Based on the above relation, an Arrhenius-type plot can be constructed
and the associated slope is equal to -E/R. Thus, the activation energy
E and the pre-exponential factor A can be determined from such a plot.
This theory has since been extended by Schwartz et al. (1970) to
reaction of arbitrary order.
The key assumptions applied invoked in the above theories are:
a) The surface concentration of the reactant is determined uniquely
by its gas-phase concentration.
b) The heat transfer coefficient a, the reaction order n, and the
pre-exponential factor A are independent of temperature.
¢) At ignition the energy balance equation for k >> g is still
valid.
The condition for ignition is identified as the point where the heat
generation curve meets the heat loss line tangentially, as shown in Fig.
4.1. Accordingly, the derivatives of the two energy terms with respect
to T can be equated at Tig' The kinetic parameters are obtained by
running a series of experiments under different heat transfer conditions

and fuel councentrations.

4.2,2 Limitations of the Analysis

The reactions of interest to combustion involve at least two
reactants ~ fuel and oxidizer. In homogeneous reactions, an explicit
dependence of the reaction rate on oxidizer can be suppressed by
supplying an sbundant amount of oxidiger such that its concentration is

not changed appreciadly during the reaction. The same concept, however,
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Heat loss
curves

Heat generation
curve

Figure 4.1 Schematic preseatation of heat generation due to

chemical reaction and heat loss to the surrounding
at different catalyst temperatures
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cannot be applied to catalytic reactions. Moro-oka and co-workers

(1967) have shown that fuel-lean mixtures do not necessarily guarantee a
reaction rate that is zero order in oxygen. In fact, the zero-order
reaction with respect to oxygen is found to be a rather exceptional case
in their study of hydrocarbon oxidation over various catalysts, both
metals and metal oxides. For most of the reactions studied, the
reaction orders in oxygen and in fuel are comparable. As extreme cases,
we note that acetylene oxidation exhibits reaction order in oxygen of
1.37 over platinum, whereas for propane over pslladium we have -1.6.

The same gas mixtures over CeOp show 0.00 and 0.25 order in oxygen,
respectively.

The reason for these variations can be found in the surface
phenomena unique to heterogeneous reactions. That is, the interaction
with the surface ;s the third "reactant” cannot be ignored. In the case
of hydrogen adsorption on platinum surface, Netzer and Kueringer (1975)
found that there is a sharp increase in the hydrogen coverage at about
40°C. The surface coverage at 90°C falls to a mere 10X of the
maximun. Engel and Ertl (1979) observed an ssymmetric co-adsorption in
the case of carbon monoxide oxidation on platinum; pre-adsorbed CO is
found to inhibit the adsorption of oxygen, whereas the reverse is not
the case. Gentry et al. (1973) have found that hydrogen oxidation over
platinum can take place by two differeant mechanisms depending on the
initial treatment of the catalyst. Specifically, they found that the
reaction rate is higher for an oxidizing.surfaca than a reducing one.

Moreover, a significant dependence of the reaction order on the partial
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pressure of the reactant is reported by Kemball and Patterson (1962).
For example, in palladium film catalyzed qxidation of ethylene, the
reaction rate is found to vary to the first order in fuel at low
pressures but zero order at high pressures.

The consensus is that the key assumptions made in the derivation of
the thermal theory are gensrally not valid. 1Its usefulness is limited
to a few exceptional cases and, even when it is applicable, the accuracy
of the kinetic parameters obtained fronva narrow temperature range are
questionable. Furthermore, since the surface concentratiouns of
reactants and the reaction order may depend strongly on temperature, the
energy terms cannot be differemtiated with respect to T without a priori
knowledge on their functional fora. Consequently, numerous
investigations have stressed the importance of understanding adsorption
in modeling catalytic oxidation reactions (Margolis, 1963, 1973;
Sachtler, 1970; Vogue and Adams, 1967) and attempts have been made to

correlate the catalytic activity to physical properties of the catalyst.

4.2.3 Classification by Chemisorption Strength

A correlation between heat of adsorption and catalytic activities
wvas found by Beeck (1950). Later, Ponec et al. (1966) suggested the
possibility of relating the absolute value of heat of adsorption to the
activation energy for transition metals. In particular, Moro-oka and
'eo-thkern (1967) have found that for isobutene and acetylene
oxidations, the reaction order in hydrocarbon increases with increasiag

AH;, which is the heat of formation of the catalyst oxides divided by
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the number of oxygen atoms in the oxide molecule. Since the term M is
a measure of the bond strength between the metal atom and adsorbed
oxygen, the correlation is basically between the surface coverage and
the nature of the metal-oxygen bond. In particular, they could plot the
catalytic reactivities of different metals for a given fuel mixture with
AH, in the abscissa (Fig. 4.2). This kind of graph would provide
important information for the design of catalyst under a given reaction
condition.

However, an equally important information can be obtained from a
correlation between the catalytic reactivities of a given catalyst under
the reacting conditions and the participating reactants. But the
phenomena found under the reaction conditions are very complicated
because the interaction between the reactants must be considered as well
as the interaction between the surface and the individual rucéuts. A
measure of the intensity of interaction between the surface and the
individual reactants is the strength of cheamisorption and, therefore,
its knowledge is essential to the understanding of the whole phenomena.

It 1is well established that the chemisorption strength generally
decreases in the following order:

0, > C3Ho > CoH, > CO > By > CoHig > CqHg
The variations in the streagth of chemisorption is interpreted in tern;
of molecular orbital theory. For example, the difficulty in
chemisorbing saturated hydrocarbons is attributed to the need of
rupturing a hydrogen-to~csrbon bond before interaction with the surface

can taks place.
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The chemisorption strength varies within the members of a
hydrocarbon family because different H-C bonds are broken for different

molecules. In the case of methane, chemisorption is preceded by the

removal of a hydrogen atom from the primary carbon atom.

H H

H—C—-H + 2% —» H-~C~H + H .
I l l
H * *

But, since the dissociation energy of the primary hydrogen is
prohibitively high, m:hune molecules resist dissociative
chemigorption. The diffculty of adsorbing methane om platinua is
reflected in the extremely low rate of reaction reported by Frennet
(1974). |
For propane, the hydrogen atom is abstracted from the secondary

carbon atoma. The chemisorption process is then

—H + 2% e H -

=
|
o — O
|
m— O
|
o — Oz
m—O—x
|
»—O—m
|
m—O—x
|
=
+
&=
L

Chemisorption is easier for propane than sethans because the
dissociation energy of H-C bond for the secondary carbon atoa is much
less than that for the primary carbon atom.

On the other hand, propylens and ethylens atoms are relatively
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easily chemisorbed due to the presance of weak wr—bond which, together

with a g~bond, forms the double bond between two carbon atoms. Two
different molecule-catalyst complex have been proposed. The first
involves rupture of the carbon-carbon w-bond and the subsequent

" formation of two separate carbon-metal o-bonds. The resulting structure

is
H H
| |
E hd C — c — H °
| |
* %
The second, and the more widely accepted, coafiguration involves no
bond breaking |
:§ H
|
H _— c C bt K .

L Sl |

For the higher alkenes, oxidation occurs by removal of a hydrogen atom
at the allylic portion. The ease of chemisorption is apparent since the
allylic B-C bond is much wesker than any other H-C bond in hydrocarbon
molecules

o-—m
o—m
t
*—O—m
|
m
+
m
L]

At present the information on chemisorption is ounly qualitative.
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However, much cen be learned from the sequence of cheaisorption streagth
in the case of oxidative reactions, especially when the chemisorption
streagth of oxygen and various fuels are compared. Specifically, two
types of chemisorption processes can be identified. The first type is
competitive chemisorption that would occur in the oxidative reaction of
propylene. Since both oxygen and propylene molecules can be strongly
chemisorbed on platinum, they would compete for the same catalytic
sites. The competition would be less intense as the difference in the
chemisorption strength between oxygen and fuel becomes more appreciable,
as in the case of carbon monoxide and hydrogen oxidations. The second
type can be found in the oxidative reactions of propane and of butane in
which oxyged molecules are praferentially chemisorbed.

The nature of interaction between l:lp reactants during
chemisorption can exert a great influence on catalytic ignition of
various fuel mixtures because cheaisorption is a crucial step that
initiates chemical reaction at a solid surface. Tha results of the
present investigation into the ignitiou temperatures substantiate the
validity of classifying the fuel oudationbptocuus according to the

chemisorption strength of fuel relative to that of oxygea.

4.3 IGNITION OF THE PROPANE GROUP

Fuels classified under the propane group are propane and butane
which are weakly chemisorbed om platinum surface. Given the fact that
the oxygen molecules are readily and strongly adsorbed on the platinum

surface, the ignition of propane/air or butane/air is expected to be
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criticaly controlled by the amount of fuel adsorbed on the surface.
Since the surface coverage of fuel molecules is related to its partial
pressyre, ignition is expected to be facilitated by enriching the gas
mixture with more fuel.

‘rbese.concepts are tested by studying ignition trends for
propane/air and butane/air mixtures; their results will be discussed
first., More detailed result on the effects of fuel and oxygen

concentrations will be presented in the subsequent sections.

4.3.1 Effect of Fuel Conceantration

Figure 4.3 shows the effect of fuel conceatration on the ignition
tclpu.'a'turu of propane/air aixtures. It shows that the ignition
temperature decreases monotonically with increase in the fuel
conuntution.

Similar trend 1is obufvod for butane/air mixtures (Fig. 4.4). The
reduction in the ignition temperature for butane/air is 75°C over the
fual concentration range of 0.5 to 1.5%. This is almost 15°C more than
that obtained for propane/air mixturas over a comparable range of fuel
concentration. However, the sharper decresse observed for butane/air is
annulled when relative fual concentrations instead of the actual amounts
are considered, as demonstrated next.

Figure 4.3 choﬁu the same dats points plotted as a function of
equivalance ratio which i{s a measure of the amount of fuel in the
aixture relative to the stoichiometrically correct amount. The result

indicates that the ignition temperature for both propane/air and
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butane/air can be plotted on a single curve. This result is quite

reasonable because the energetics of propane and butane oxidations over
platinum surface are quite similar. For example, during the
chemisorption process of both propane and butane it is the secondary
hydrogen that is dissociated. Therefore, the same amount of thermal
energy is required to initiate the chemisorption process which is the
prerequisite step for surface reactions.

The small scatter at low equivalence ratios is due to the
difficulty in pinpointing the ignition for the mixtures with low fuel
concentrations. Figures 6 and 7 show some new data illustrating the
difference in the ignition behavior of propane/air mixtures. For a
propane concentration of 2.0%, an abrupt change in the power consumption
clearly marks the point of ignition. In contrast, a steady change in
power consumption for the mixture with 0.5% propane makes th: point of

transition less obvious.

4.3.2 The Propane/Oxygen/Nitrogen Mixtures
The decreasing trend of the ignition temperature can be misleading

when it is observed over a narrow range of fuel councentrations. Since
the ignition temperature decreases at decreasing rate, it is reasonable
to expect that there may exist a minimum ignition t‘lp‘tltutl below
vhich no ignition is possible. However, the experimental investigation
cannot be extended out beyond 2X fuel concentration to verify the
leveling of the ignition temperature because the fuel/air aixture is
then capable of gas—phase ignition. The lower limit of flammability for
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propane in air is omnly slightly higher than 2X and this imposes a
practical ceiling to the fuel/air mixture that can be safely tested.

The need to extend the range of study from lean to rich cases and,
at the same time, to suppress gas-phase ignition can be accomplished by
diluting the fuel/air mixture with nitrogen. Figure 4.8 shows the
concentration map of propane/oxygen/nitrogen mixtures tested. The fuel
and oxygen (from air) concentrations are given. The concentration of
nitrogen is the balance needed to maintain the total flow rate
constant. Twenty-four gas mixtues selected for testing represents a
network of constant oxygen concentrations, constant fuel concentrations,
and constant equivalence ratios.

Figures 9 and 10 show the ignition temperature of all mixtures
tested, plotted for coustant oxygen concentrations and equivalent ratios
respectively. It demonstrates that the ignition temperature 6f
propane/oxygen/nitrogen mixtures are strongly dependent on fuel but not
oxygen concentrations. It also shows that the ignition temperature
indeed reaches a minimum value and that the leveling off occurs at a
high fuel coucentration. Figure 4.11 shows that the ignition
teaperature continues to decrease as the concentratioan of fuel is
increased, although the mixture becomes richer than stoichimetric in the
process. .

When the two graphs are compared it is apparent that the ignition
of propane is controlled by the absolute amount of fuel and not by the
smount of fuel relative to the amount of oxygen. This point can be

slucidated by considering two mixtures: 2.5%C4Hg/10%0,/87.5XN, and
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1.0XC3Hg/4%0,/95ZNy. Both mixtures coutain the same amount of propane

relative to oxygen, but their ignition temperatures differ by 45°C.
This is a large difference considering the fact the full rasage of
ignition temperature of the mixtures tested are only about 100°C.

4.3.3 Effect of Oxygen Counceuntration

We have demonstrated the the role of fuel concentration as a major
factor influencing the ignition temperature. It is also shown that the
equivalence ratio is not an important parameter. This result, however,
does not imply that the effect of oxygen concentration is negligible
and, therefore, insignificant. On the contrary, the ignition
temperature can be quite critical of the oxygen coucentration and its
full effect can be properly gauged only if the effect of fuel
concentration is suppressed or properly accounted for.

Figure 4.12 shows the effect of oxygen concentration on the
£¢niﬁion of propane/oxygen/nitrogen mixtures: All mixtures have a
constant propane concentration of 1.52. The plot displays a rather
sharp dip in the ignition temperature for a mixture that is slightly
rich in oxygen. The reason for the ignition temperature not changing
appreciably over much of the oxygen concentration can be explained on
the basis of prefersntial chemisorption. However, why there should be a

decrease of the ignition temperature for near-stoichiometric mixtures is

not clear.
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by making the aixture richer in fuel. This treand is directly opposite

to the catalytic ignition behavior of propane/air mixtures and to the
intuition based on the experience with homogeneous systems. |

That is, in gas-phase reactions one would normally expect ignition
to become progressively easier as a lean mixture is made richer in its
fuel concentration. The opposite behavior observed here, in fact, can
be compared to a gas-phase ignition of a rich mixture whose ignitability
is facilitated by decréasing the amount of fuel in the mixture.

If the importance of having an optimum amount of fuel and oxidizer
in the gas-phase reaction can be applied equally to the surface
reactious, then the trend of increased temperature with an increase in
fuel amount implies that the surface concentration of fuel at the
temperatue below ignition is always higher than the optimum level for
ignition, irrespective of its gas—phase concentrat:lon.* The 'reuoning
is as follows.

Assume that the catalytic surface is initially at a temperature
which would provide the optimum level of reactant populations at the
surface for given gas-phase concentrations. Let the optimum level be
disturbed by increasing the gas-phase fuel concentration. Since the
surface coverage of a reactant is rslated to its gas-phase

concentration, the fuel population at the surface would accordingly .

*Ihis statemsnt needs to be qualified because the observation on iguitiom
temperature is at present limited to lesn fuel/air mixtures only. The
rich mixtures at very low oxygen coucentration show soms deviation from
the general trend and, as such, will be separately discussed in a later
section.
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increase. Then, in order to maiantain the optimum level the surface must
provide a condition favorable for desorption of fuel molecules. This
can be achieved by increasing the surface temperature if selective
desorption of fuel molecule takes place such that the oxygen population
is not disturbed in the process.

The concept of achieving an optimum level of fuel and oxygen
concentration at the catalytic surface for ignition can be best
illustrated from the example of hydrogen or carbon monoxide oxidation
because they are the two most studied molecules in the field of
catalysis. Much information can be gleaned from the well-characterized
data on the chemigorption processes of these gases. Netzer and
Kneringer (1975), for example, have used the flash desorption mass
spectrometry to study the adsorption and reaction of hydrogen with
oxygen on platinum surface. In their ltudy. they have identified three
teaperature ranges according to whether one, or both, or none of the
reactants are adsorbed on the surfsace. The region of relevance to
ignition is the first one at the lowest temperature range where both
reactants are adsorbed but where the varistions in i:he extent of surface
coverage by the reactants are significant. Within this range the
hydrogen population is observed to decrease very sharply while, over the
same temperature range of 40 to 100°C, the oxygen population remsins
virtually constant.

This kind of sharp depopulation is also observed for carbon
sonoxide (Engel and Brtl, 1979). BHence, the increase in the surface

temperature can be seen as a compensatory effort in an attempt to annul
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the effect of increased fuel conceantration and thereby maintain the

optimum level of adsorption for catalytic ignitionm.

Another explanation for the difference in the ignition trends
between the propane and propylene groups is possible when the concept of
preferential versus competitive adsorption is extended one step
further. That is, for the oxidation of fuels in the propane group,
oxygen can be preferentially adsorbed to the exclusion of fuel
wolecules. The ensuing reaction would then be between the adsorbed
oxygen and the gas-phase fuel molecules (Eley-Rideal mechanism) or
between the platinum oxide~like complex and the gas-phase fuel

molecules.

4.4.2 Comparison Between Propylene/Air and Ethylene/Air Mixtures

The role of relative eizenisorption strength as a dominant fa.ctor in
the ignition procsss can be gauged when changes in the ignition
temperatures of one fuel/air uxtuie is compared to snother. Generally,
sharper temperature changes are obtained for the gages that are strongly

chemisorbed, such as propylene and ethylene. Temperature change of as

such as 105°C 1s observed as the ethylene concentration is varied from
0.5 to 2.5X, while only 20°C change is obtained for the eatire range of
hydrogen concentration (5X).

As menticned before, the actual smount of fuel is not a fair
criterion when the influence of fuel concentration of one ges is
compared to that of another. A comparison based on equivalence ratios
would be more meaningful. However, the comparison should be between the
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gases belonging to the same functional group.

Pigure 4.17 shows that propylene/air and ethylene/air mixtures are
subjected to a parallel change in the ignition temperature. Nc¢ exact
overlap is obtained as is the comparison between propane and butane.
Ethylene/air mixtures consistently ignite at slightly higher
teaperatures than propylene/air aixtures. The diff'erenee may be due to
the fact that propylene, having a hydrogen atom in the allyl position,

can be dissociatively chemisorbed relatively easier than ethylene.

4.4.3 The Fuel/Oxygen/Nitrogen Mixtures

The second feature that is common to the gas mixtures in the
propylene group is the.leveling of the ignition temperature to a
constant value as the fuel concentration is increased. ' However, the
ignition behavior studied over a wide range of carbon monoxide

concentrations, covering the fuel rich as well as the fuel lean

mixtures, shows that the relatiduship 1s not quite monmotonic.

Figure 4.19 shows the dependence of ignition temperature on fuel
concentration for different oxygen concentrations.

Generally, the variation in the ignition temperature is most rapid
within the first 21 fuel concentration. After this the igunition
temperature of the mixtures are not influenced by the smount of fuel in

the flow.

b.4.4 Rffect of Oxygen Concentration
Figure 4.20 shows the effect of oxygen concentration on the




] | |
6 8 10

mnoummxm CONCENTRATION ( % )

Pigure 4.18 Concentration map of carbon monoxide/oxygen/nitrogen
aixtures




Oxygen Concentration

3%
4%
6%
10 %
20 %

@0 0 OO

L | J | - 1
2 4 6 8 10

FUEL CONCENTPATION ( %)

Figure 4.19 Ignition témperature of carbon monoxide/oxygen/
nitrogen mixtures at constant oxygen
concentrations




- 93
a CARBON MONOXIDE 8 uz:
i @ 7%
T8 A 4%
=g a o 23
&' o o) 1%
4
L. ~ as0}- 8\3\ o i
o '
.
\—_,
4 ~ 4
| \D\
O

350

IGNITION TRMPERATURE

250 -

] | | |
5 10 13 20
OXYGEN CONCENTRATION ( % )

Figure 4.20 Ignition temperature of carbon monoxide/oxygen/
nitrogen mixtures at constant carbon monoxide
concentration




. 9%
: ignition temperature of carbon monoxide/oxygen/nitrogen mixtures. It

shows that, at all fuel conceatrations, the ignition temperature
decreases with an increase in the oxygen councentration. However, the
most distinct change is observed for the lean mixtures. For example, a
reduction of over 120°C is obtained for mixtures containing 0.5% fuel as
compared to mere 65°C for mixtures with 11% fuel. Such a large change
in the ignition temperature is comparable in magnitude to the changes
brought about by variations in the fuel concentrations. This is a
strong indication of the competitive nature of the interaction between
reactants at the catalytic surface. Note that the trend observed here

for carbon monoxide contrasts well with that of propane (see Fig. 4.12).

4.5 SECONDARY EFFECTS

In addition to the fuel and oxygen concentrations there are two
more factors that can affect the catalytic ignition. One is the effect
of convective mass transport rate, and the other is the history of the
catalyst. They do not, however, influence the ignition temperature to
an equal extent. Their ianfluence is also felt for differeant fuels to
varying degrees.

Two fuels tested are hydrogen and propane. The effect of mass
transport rate is presented first and the effect of pre-treatment of the

catslyst follows.

4.5.1 BREffect of Velocity
The convective mass transport rate can be enhanced by increasing




. 95
the flow velocity of the fuel/air mixture. The previous discussion on

the limits of catalytic reactions (Section 2.1.3) has shown that an
increase in the flow velocity help? the reaction to stay in the
k:l.n,ctically controlled regime; the catalyst can then be utilizea to its
full reactivity. However, there is another effect of increased
velocity. ﬁhen the flow velocity is increased the time a given gas
molecule will spend near the surface decreases. That is, the residence
time of the reactants within ‘tt'\e_ reacting environment is shortened.
Since the uoleculés have less time to react’. ignition would consequently
be more difficult to achieve. A higher surface temperature can,
however, provide a more intense reacting environment for the molecules
such that the molecules can be equally excited in a shorter time

period. Therefore, a mixture flowing at a higher velocity would require
a correspondingly higher temperature for ignition.

Figure 4.21 shows the effect of velocity on propane/air and
hydrogen/air mixture. The velocity increase by a factor of four does
not change the ignition temperatures appreciably for both mixtures.
Nevertheless, the general trend is, as expected, an increse in ignition

temperature with an increase in the flow velocity.

4.5.2 Effect of Pre-treatment of the Catalyst
Figures 4,22 and 4.23 show that the ignition temperature is

affected by the history of the catalytic surface. In thea case of
propane/air aixtures, the newly sctivated catalyst is more active than

the aged catalysts, as implied by easier ignitions. In contrast, the
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newly activated catalyst is least effective in igniting hydrogen/air

mixtures. The reason for the difference can be explained by the surface
conditions of the aged catalyst. The word “aged” is used here to
describe a catalyst that is not reactivated in between experiments.
Thus, the aged catalyst carries the history of the previous reactions.
When the catalyst surface is examined through a powerful microscope

one can observe dark spots left behind after an iguition of propane/air
aixture. The residue is most likely either the non-volatile impurities
introduced with the mixture or carbon particles fomd during

reactions. In either case the aftereffect of an experiment is to make

the surface ignition more difficult.

4.6 SUMMARY

The study on the mit-ion temperature of propane, butane,
propylene, ethylene, carbon monoxide and hydrogen has revealed two
distinctively opposing trends. The ignition tesperature of lean
propane/air and butane/air mixtures decreases as their concentration is
incressed. However, the ignition of propylene, ethylene, carbon
monoxide and hydrogen is made more difficult as the amount of fuel in
the mixtures is increased.

For both groups of fuel the sharpest change in the ignition
temperature is obtained at low fuel couce;ﬂnm At higher
~ concentrations the change gradually tapers off indicating a minimum
ignition temperature for tha fuels in the propane group and a maximua
for the fuels in the propylens group. The limiting ignition temperature
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is found for propans and carbon monoxide by using fuel/oxygen/nitrogen

mixtures in which a large amount of nitrogen is added as a diluent to
suppress gas-phase ignition. The minimum temperature of propane is
about 285°C and occurs at the fuel concentration of approximtely 5%.
The maximum ignition temperature of carbon monoxide is dependent on the
oxygen concentration. Therefore, the effect of oxygen concentration on
the ignition is also studied. The result shows that propane displays a
ninisum on the lean side of stoichiometry. The total change in the
ignition temperature is 35°C as the oxygen concentration is decreased
from 20X to 4% as compared to a change of 70°C observed when the fuel
coné.ntution is changed from 0.5 to 2%.

For carbon monoxide, the changes in oxygen concentration do not
display any abrupt change in the fignition temperature.

The diffuint ignition behavior .of fuesls is explained from the
viewpoint of the difference in the adsorption strength of the fuel
molecules reluive to that of oxygen molecules. The preferential
cheaisorption of oxygen in the oxid@tion reactions of propane and butane
is compared to the competitive chemisorption ofboxygen and the fuel
molecules of the propylene group.

Finally, the effect of velocity and aging is studied. The changes
in the flow velocity is shown to exert no influence on the ignition
temperature as long as the Reynolds number is very small. The sging
effect can be lubotuithl. This shows that t_ln reactivation procedure
after each ignition is essential to preserve the con;emcy of catalytic

reactvity.
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CHAPTER 5
HEAT RELEASE RATE

5.1 GENERAL OBSERVATIONS

Chemical heat release rates of catalytic reactions have been
msasured by several researchers (Ablow et al., 1980; Robben et al.,
1977; Schefer et al., 1980) is an effort to extract the importaat
kinetic parameters from the data. The basis for the analysis has
slready been briefly discussed in the earlier section on experimental
msthodology (Sectionm 3.1.2). In this chapter, we shall examine in more
detail the principle behind the energy balance. .

5.1.1 Theory
The msasurement of chemical heat release rate by amicro—-calorimetry

is basically a thermal energy method. Hence, the starting poiant of the
theory is the overall energy balance.

Consider a wire heated electrically in a heat conducting medium.
If the system is in thermal equilibrium, then the heat generated must be
equal to the heat loss. In a non-combustible mixture the heat is
generated solely from the electrical resistive heating of the wire.
This is balanced by the heat losses from the wire by convection,
conduction and radiation to the on-coming flow and by axial counduction
in the wirs. That is,

AR LR LS

where P is the resistive haating in the wire while the heat loss terms

are identified by the subscript ;l oztor convection, k for conduction, r




103
for radiation, and e for axisl loss through wire eunds.

In a combustible environment an additional term due to chemtical
heat generation must be considered. The new thermsl balance for an

isothermal systea is

Pyt tQ Qg

where the primed quantities may be different from their unprimed
counterparts in the previous energy balance equation.
When the two equations are combined and rearranged to explicitly

express the chemical heat release rats the resulting equation is

8y = 4P+ (Q) - Q) *+ (Q) - Q) + (Qf - Q) + (Q) - Q)

where AP = P - P', the difference in the electrical power coansumed.

The four energy loss terms need to be examined closely. The
radiative hest transfer terms in a reacting and & non-reacting flow are
identically equal to esch other since the surface and the ambient
temperatures remsin constant and the highly luminous carbon particles
are sbeent during surface reactions. The heat loss through the wire
ends is also constant. Therefore, the lut_ two terms in the expression
for &Qp do not contribute anything to the equation.

The ssme conclusion, however, cannot be made for the heat losses
du‘ to convection and conduction. GCenerally, these two terms can be

expressed in s combined form as
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Q + Q 3 olT, - Tp)

where a is the net heat traasfer coefficient. Even though the
temperature difference (r. - ‘l‘o) does not change, the heat losses in a
reacting and non-reacting condition can be quite large through changes
in the coefficient a. The difference in o is casued by introducing fuel
to the air stream to render it reactive and, theoreticaly, the heat
transfer characteristic of the fuel/air mixture should be differeant from
that of the air. The difference cannot be ignored if a large quantity
of fuel such as methane or hydrogen is mixed with air because both gases
have thermal properties that are radically different from air which is
basically all nitrogen. However, in the present experimental

investigation usually only small amounts of fuel are added; an

exceptional case is carbon monoxide/air mixtures in which as much as 10X

fuel 1is intréduced. However, the thermal properties of carbon monoxide
do not deviate such from that of air. Consequently, for all practical
purposes the changes in the heat loss terms dus to conduction and
convection can be safely assumed to be szero. |

The only remaining term in the expression for &, is a?, 1.e.,
a&Qp = AP.

In conclusion, the chemical heat release can be mesgsured as the
difference in the external heat input needed to maintain a catalytic
surface at a constant tempersture in reacting and non-resacting
conditions.

The next step in tht.mlyoil involves & nuaber of crude

sssumptions which are necessary because of ignorance in the field of
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kinetic modeling. The first assumption is that all the intricate

fnteractions among the reactants and the catalytic surface, as discussed
in Sectiom 2.1,. can be represented by an oversll resctioan rate such that
(rere) = kC,

vhere k 1s the rate constant and the reaction rate is assumed to be
first order in the surface concentration of fusl. This particular
assumption on the dependence of tha reaction rate on the reactant
conceatration is quite inadequate, if not somstimes outright erroneous,
in ducri.biu even the bare essentials of heterogeneous catalytic
reactions. But, as discussed in Section 4.2.3, information is not
available to properly describe even a relatively simple reaction in
reacting coanditioas.

The heat release rate is then obtained by multiplying the heat of
reaction (AH;) and the reactiocn rate such that -

| 0y = (roro)(amy) .

Tharefore, AP = kc,.(n‘),
Purther assuming that the iau coustant obeys the Arrhenius expression,
1.e. k = A exp(-E/RT), the iq\utiou can be arranged to give

) ta '[éf) =-3) + m Ay

showing that the msasuremant of AP leads to the kinetic parsmsters l and
N

~_ Bven if the sbove ratfo expression is valid for a special case,
"there is yet snother shortcoming that mekes the analysis difficult. The

OIS W P WP ) : . N

oo L




106
heat release rate analysis is limited by its inability to specify the
surface conceantration C; without resorting to a trial and error type of

mstching with computational analysis by using a mathematical model.

5.1.2 Literature Survey

The difficulty in the analysis based on measuring the chemical heat
release rate is reflected in the small number of publications on the
subject. Tha first measurement of the heat release rate in combustion
studies is by Cardoso and Luss (1969) who have used the heated-gas
technique for carbon monoxide and butane oxidation in air. In their
work the effect of changing the flow velocity and the fuel concentration
have been reported, but no kinetic information is given. The heat
release rate in a stagnation point boundary layer reaction of
p;'opmlair has been studied by Ablow et al. (1980) but, again, no
kinetic parameters have been determined.

The only work in which the kinetic constants A and E are obtained
ttoi Arrhenius plots is by Schefer et al. (1983). Their investigation,
based on flat plate boundary layer reaction of lesn hydrogen/air
mixtures, incorporates a mathematical model to determine the surface
fuel conecnéuci.on that would match the experimentally measured heat
release rates. There are a number of intrinsic difficulties associated
with the msasurement of heat release rate using catalytic fila éhpocitod
on 8 quartz substrate. Nonetheless, their work represents an important

step towards s bdetter kinetic modelling of catalytic co-binuon systems.
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35.1.3 The Scope of Preseant Work
No attempt is made in this thesis to extract the kinetic parameters

from the measured heat release rates because of two overwhelming
shortcomings of the analysis based on thérmal energy balance. The
difficulty associated with the determination of surface comcentration
has been mentioned. The second difficulty is .that ‘l:he analysis is also
limited by the complexities of chemical reactions at high temperature
where the reactions are either diffusion limited or homogeneous-
heterogeneous reaction hybridized.

The heat release rates measured from the diffusion limited
reactions do not reflect the true kinetics at the catalyst surface
. because the reaction rate is controlled by the rate of mass transport.
On the other hand, in a situstion where gas-phase reaction is supported

by surface reaction the msasured heat release rate is the net result

from both reactions. Agaian, the true surface kinetics can be falsified
by the overall effect (Rajadhyaksha and Dorsiswanay, 1976).

A number of attempts have been udel to assess the relative
contributions of homogeneous and heterogeneous reactions to the total
heat relsase rate in a ‘utnlyt.ic reaction (Bensalem end Ernst, 1982;
Harrison and Ernst, 1978; Margolis, 1973). nomnr: the development of
homogeneous-haterogensous reaction model is still in the infant stage.

In spite of the limitations in the analysis the results of various
effects on the heat release uu; are presented becsuse the obeerved
; tundi can provide important insights into the mschanisms of catalytic
- combustion systems. Specifically, the effect of fuel and oxygen
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concsatrations, flow velocity, and aging have been mapped for many

practical fuels.

5.2 EFFECT OF FUEL AND OXYGEN CONCENTRATION

The effect of fuel and oxygen concentration on chemical heat |
.rchm rates are reported in two parts: The first part concerns with
fuel/air mixtures; the second, with a more detailed study on
fuel/oxygen/nitrogen mixtures. The detailed study is limited to carbon

monoxide and propane.

5.2.1 PFuel/Air Mixtures

The effects of fuel concentration on the heat release rates of
propane, butane, propylene, carbon monoxide and hydrogen oxidation in
air are presented in Ft.gureo 5.1 to 5.5 respectively. Generally, the
heat release rate increases with the surface temperature but soon
reaches a steady value, indicating the transition from kinetic
controlled regime to the diffusin limited regime. The traunsition occurs
st different moments for different fuels. For example, the heat release
rate, 4Qp, for propane/air mixtures seems to increase steadily without
showing much tendency to level off to a constant value whereas
&p for butane/air and propylene/air mixtures become limited by
diffusion after a sharp increase over the low temperature range. The
Y profile becomes fitctcr for carbon monoxide oxidation and in the
limit, s completely diffusion limited &Q, is obtained for hydrogen/air
oxidation.
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Por hydrogen/air mixtures the heat release rates cannot be studied
over the lower surface temperature range because with the large amount
of chemical heat liberated the surface cannot be maintained at a
constant temperature even when no electrical heating is applied. That
is, the hy(jtogen/air reaction is 80 intense that thermal equilibrium
with the surrounding can only be achieved at a higher temperature.
Therefore, unlike other fuel/air reactions which can be extinguished by
the removal of externai heat source (electrical resistive heating),

hydrogen/air reactions are self-sustained once they are ignited.

5.2.2 Fuel en/Nitrogen Mixtures

The effect of fuel councentration on &R is examined by keeping the
oxygen concentration constant. Not all mixtures could be studied
because the !.leat relesse rates from some of the richer mixtures are very
high. Then, as in the case of hydrogen/air mixtures, once the mixture
is ignited it will provide enough energy not only to self-sustain the
reaction even in the absence of external heating, but also to drive up
the surface temperature beyond the experimeantal range.

One way to limit the temperature rise is to dilute the mixture with
large amount of nitrogen or some other inert gas. Then, much of the
heat released during chemical reaction is used up by the nitrogen
molecules which are present in the mixture in a disproportionately large
samount. Also, in a mixture with a small amount of oxygen the
sensitivity of the mixture to fuel concentration variation is greatly

enhanced. For example, when propane concentration is increased from 0.5




115
to 1.52 in a mixture with 102 O, the mixture is still lean. But for the
same change in the mixture with 42 O, the mixture strength changes from
very lean to very rich case.

The results are shown in Figures 5.6(2) - 5.6(2) for oxygen
concentrations of 10, 7.5 and 4X. It is seen that in the case of 10X 02
the AQp measurement could be made with only the two leaner mixtures
containing 0.52 and 1.5Z CiHg. For mixtures with 7.5% 0y the fuel
concentration is again limited to 1.52 which represents &
stoichiometrically correct mixture. In both figures the heat release
rates are shown to increase with increase in fuel coaceantrationm.
However, the result for the mixture with 42 O, shows that the Np keeps
on increasing even if the mixture is well above the stoichiometric
strength. Ounly when the mixture becomes very rich (¢ = 2) the &Q,
begins to decrease. | |

The results fo; carbon monoxide oxidation are shown in Figures
5.7(a) - 5.7(d). The general trends are the same as for propane. Here,
the decresse in AQp with increase in T, is not observed because even at
11X CO and 3% O, the mixture is not rich to show the full trend. The
equivalence ratio of this mixture is only 1.8 as the stoichiometric fuel

concentration for carbon monoxide oxidation in air is 29.5X.

5.3 EFFECT OF FLOW VELOCITY AND AGING
When a catalyst wire is in a stagnant chamber filled with reactants
ths reactant concentration profile is exactly axisymmetric around the

wire. The reactants are supplied from all azimuthal angle and, since
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the mass transport is exclusively by diffusion, the reactants are
equally distributed over the wire surface. However the overall reactant
conceutration do not remain constant as the reactants are used up at the
surface. The net result is a reaction rate that is time-dependent.

On the other side, when there is a continuous supply of fresh
mixture directed to the catalyst the concentration profile in the
vicinity of wire remains steady with time. However, the reactant
arriving at the surface moves along the wire surface as it undergoes
chemical reaction. Then each reactant experiences a different reaction
history depending on the nature of bouandary layer formed over the
curface; The axisymmetry of tﬁc reactant concentrtion profile 1i lost
and the reaction rate is essentially that of evolutionary type in the
same category as the flat-plate flow.

In the previous discussion concerning the flow field around thn'
catalyst (Section 3.1.3) the flow over a thin wire is considered as an
example of steady state processes in the limit of low Reynolds number.
This assumption can be made if the flow velocity is not an important
factor that influences the ignition behavior and the chemical reactivity
of the systeam. Its influence on the ignition temperature is found to be
negligible in both propane/air and hydrogen/air mixtures for the flow
velocity conni&etld here. That is, the velocity ranging from 5 to
20 cm/sec do not alter the ignition temperatures. The details are
reported in Section 4.5.1.

The velocity does affect the heat release rates but to a differeat

extent for differsnt gas mixtures. For example, Fig. 5.10 shows that
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hydrogen/air mixture released more heat as the flow velocity is
incressed whereas no change is observed for propane/air mixtures. The
difference in their behavior is another proof that the reaction of
hydrogen/air is diffusion limited such that improving the mass transport
process would enhance its reaction rate and that the reaction of
propane/air is kinetically coatrolled.

The above result supports that the catalytic wire can be considered
to be immersed in a coastant concentration bath up to the point of
ignition for all fuel/air mixtures tested. After ignition the steady
state assumption holds only for the reaction that is kinetically
controlled.

| The effect of aging is not a problein to the heat release rate. In
contrast to the ignition teamperature which is very sensitive to the
history of ca:alys't, the heat release rates for both propane/air and
hydrogen/air mixture is not too adversely affected due to repeated
usage. Figure 5.11 shows some decrease in the reactivity for
propane/air mixtures but almost no decline in its reactivity for

hydrogen/air mixtures.

5.4 SUMMARY

The heat release rates are measured for the fuel/air mixtures of
propane, butane, propylene, carbon monoxide and hydrogen. A more
" detailed study is conducted with fuel/oxygen/nitrogen mixtures of
propans and carbon monoxide. Spoci;ﬂ.cauy, the effect of fuel and

oxygen councentration, flow velocity and aging are studied.
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A wide variety of trends sre observed. In one end, the propane/air

mixtures show the kinetically controlled reaction rates while, in the
other extreme, hydrogen/air reactions are completely diffusion
limited. The other gases show the reaction that is diffusion controlled
only at high temperature.

The effect of velocity on the heat release rates shows that the
steady state assumption can be applied for the reactions in the

kinetically controlled regime but not in the diffusion limited regime.




CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The following summarizes the work done in the present investigation

of catalytic ignition and heat release of fuel/oxygen/nitrogen mixtures:

1)

2)

3)

4)

)

An original experimental set-up is designed and constructed. The
experimental set-up includes an elaborate flow system to provide a
steady flow of a completely heterogeneous mixture, an electronic
system for the catalyst heater/sensor unit, and a computer system
for data acquisition and processing.

The experimental methodology adopted here is based on isothermal
microcalorimetry but is greatly improved by incorporating automatic
feedback control unit such that both the sensitivity and the time
respouse of the aicrocalorimeter is enhanced.

The modified microcslorimeter is examined extensively in order to
characterize the performance accurately.

The effect of flow velocity on ignition temperature and heat release
rates are studied to examine the applicability of steady state
assumption for the catalyst in a wire geometry. The result
indicates that the behaviors assoclated with kinetically coutrolled
regime are indepandent of flow velocity. Specifically, the igaition
temperature of fuel/air mixtures are not affected by the flow
velocity if the Reynolds number is very small (Re < 1). However,
the heat release rate of a reaction in the diffusion limited regime
is increased by increasing flow velocity.

Ignition temepratures of propans, butane, propylene, ethylene,
138




6)

7
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carbon monoxide and hydrogen are mapped as a function of fuel
concentrations. Two opposing trends are observed. The ignition
temperature of propane and butane decreases as their conceantration
is increased. However, the reverse trend is observed for propylene,
ethylene, carbon monoxide and hydrogen. The difference in the trend
is explained from their chemisorption strength relative to oxygen.
The preferential adsorption of oxygen in the case of propane and
butane oxidation is compared to the competitive chemisotptio& of the
reactants for the other gases.

The study to show the dependence of ignition and the heat release
rate on fuel concentration is extended from fuel lean to rich cases
by diluting the mixture with nitrogen to suppress gas-phase
ignition. The result shows that the trend observed for fuel/air
mixtures is continued even for the mixtures that ar; very rich in
fuel.

The effect of oxygen concentration on the ignition temperature and
heat release rates is also studied f.)r propane and carbon

monoxide. The ignition temperature shows a minimum on the lean side
of stoichiometry for propane but, for carbon monoxide, it decreases
monotonically with increase in oxygen conceatration.

While the present investigation has provided many useful insights

into the ctalytic ignition and heat release rates of simple fuels it has

identified several important problems which require further

investigation. The major ones are listed in the following.

1)

A study of the pressure effect is important from practical point of




s
o~

2)

3)

140
view because most combustors freuently operate with pressures in

excess of atmospheric. From the fundamental viewpoint it is
reasonable to expect that kinetic rates and mechanisms will change
with increasing pressure because of the increased molecular
collision freuency as well as the different extents to which
catalytic surface is populated with different species. Thus
existing kinetic data may not be readily applicable to high pressure
situations.

Low pressure study is also needed since the most of the data on the
catalytic behavior at the molecular level is conducted at low vacuum
conditions.

The second factor is the multicomponent nature of practical fuels,
especialy alternate or non-specification fuels. Obviously one would
not expect their kinetic behavior to scale in any simple manner with
the species composition. Certain active species may dominate the

combustion and heat transfer characteristics even if their

concentrations are reduced to very low levels.
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