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Nomenclature . . .

The amplitude of the spatially dependent part of the acoustic pressure
as defined in Eqn. (25), [Pa)s -

i The coxqplex pressure amplitude at £ = 0 of the acoustic wave propagat-

ing in the +z direction, [Pa]. .

Thg compléx pressure amplitude at z = 0 of the acoustic wave propagat-
ing in the —z direction, [Pa] o |

The complex pressure amplitude at z = 0 of the é.cqust.jc waves propa-
gating in both +z agd_ —z directions, when an acoustic hard wall
fenﬁ_ination exists at £ = 0, [Pa]. e
A real function of z defined in Eqn. (25), [1/m]. .-

A real function of z defined in Eqn. (25), {1/m]. -

The specific heat at constant pressure, [kC&I/kg °K]. .

The specific heat at constant volume, [kCal/kg °K].

Local speed of sound, [m/sec].

Axial gas mass flux, [kg/m? se].

The real spatially dependent amplitude of acoustic pressure, [Pal.

The complex spatial part of the harmonic representation of the acoustic
pressure — defined by Eqn. (23), [Pa].

The amplitude of the pressure at z =0, [Pa].
Pressure, .‘[P a]. " . | _ ! A

The tétawl’ heat géneratéd by the combustion per unit cross-section area

of the combustor, [kCal/m? sec].

ix



gr : The rate of heat generation by the combustion per unit volume,
[kCal/m?® sec].

R : The universal gas constant, [kCal/kg ° K].

Re : The flow Reynolds number, [dimensionless).

s : A general dependent variable.

T Absolute temperature, | °K].

T, ° : Combustor’s outer wall temperature, | °K].

t Time, [sec]. . |

|4 : " The real spatially dependent amplitude of acoustic velocity, [m/sec].

v :  Axial gas velocity, [m/sec]. o

X, ¢ Mole fraction of propane in reactants mixture [dimensionless].

z : Distance along the axial coordinate, [m]. |

Y, - : Mole fraction of propane in dried products mixture [dime'nsz'o;lléss].

Yeo, : Mole fraction of CO; in dried products mixture [dimensionléss]'.

Yo, : Mole fraction of O, in dried products mixture '[dz'mensionless].

v :  Ratio of specific heats, [dimensionless]. | |

Ne : Combustion efficiency, [%] .

p : Density, [kg/m?]. “ |

po : Density at z=0, [kg/m3).

w . Angular frequency, [rad./sec).

Superscripts | -

() : Steady-state (time aw}'éra;ged) value of a variable.

() : First-order (deviation from time average) value of a variable.
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. *RESEARCH SUMMARY

P;lsating Cétaiygic Cbmbuétipn of Gaseous Fuels

Georgia Tech Research Institute

5087-260-1445

January 1, 1987 - April 30 1988, Final Report
B. T. Zinn; B. R. Daniel and Reuven Gal-Ed

‘The objective of this study- is to determine whether the

capacities and combustion efficiencies of catalytic
combustors can be improved by operating them under

pulsating conditions.

The combustion of gaseous fuels in catalytic combustors

involves both heterogeneous and gas phase reactions.

" Catalytic surface reactions generally occur in the

upstream section of the Catalytic combustor. The energy

"released in the surface reactions raises the temperature
“of the combustible mixture to a level which results in

4 gas phase reactions in thc downstream section of the

' éatalytié reactor. The rate of the surface reactions

depends upon the rates of diffusion of reactants to the
surface and the surface kinetics. At low temperatures,

the rate of the surface chemical kinetics is low and it

" controls the overall rate of the surface reactions.

However, as the temperature increases the rate of the
surface chemical kinetics becomes higher than the rate
of reactants diffusion from the gas phase to the catalytic

surface and control of the fuel consumption rate at the
_ surface shifts to the slower diffusion process. Earlier
_studies have shown that pulsations increase the rates of

_heat and mass transfer between flows and adjacent

surfaces. These results suggested that the diffusion rate

x1



Technical Appmagh:

to the catalytic surfaces and, thus, the overall reactants
consumption rate in the catalytic combustor could be

increased by cxcmng pulsations inside a catalytic

~ combustor opcratmg at temperature. Furthermore, since

the pulsations are also expected to increase the heat
transfer rate from the catalytic surfaces to the flow, the
overall rate of the gas phase reactions in the
downstream section of the reactor could also increase.
Consequently, it is expected that operating a catalytic
combustor under pulsating conditions would increase its
output or decrease the size of the catalyst surface

required to consume- a given amount of reactants.

To determine the effect of pulsations upon the
performance of a catalytic combustor the following

tasks were pursued:

1) An experimental setup which could be used to
dctcrmine’the performance of a catalytic combustor
condmons was dcvglop_cd. Thls setup could be used to
inv'cstigayt_‘c the ,gcbcndcncc::of a catalytic combustor
performance upén the rc#ctivc mixture temperature,
velocity and air/fuci ratio, the type of fuel bumed, the
amplmxdc and frcqucncy of pulsations, the location of
the catalytic combustor rclauvc to the standing acoustic
wave, and the size of the catalyuc combustor. The
catalytic combustor performance was determined from
ac'oustic/ pressures and suf.ady temperature
measurements, and chemical analysis of the combustion

products.

2) A theoretical model ‘which describes the behavior

of the standing acoustic wave inside the catalytic
combustor setup was developed. This model was needed to

attain an understanding of the characteristics of . the

xii
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waves cxcntcd 1ns1dc the catalyuc combustor setup, and to

“‘assnst in the’ mtcrprctanon of the measured data.

¥ . i

+3) »The acoustic: properties of the developed
. experimental setup : were iﬁ-vcstigatcd experimentally to

. provide data. needed for the application of the theoretical

model ‘and for guiding the conduct of the combustion
tEStS. 7 = v Lt o

Sk
P

4) . Thc stcady state . pcrformancc characteristics of the
catalyuc combustor was detcrmmcd over a wide range of

operating. con_dntmns in ordc; to identify ranges of

steady operating conditions where combustion was

zincomplete. ;

': vS)J“"Qpcrat}it;‘g‘cgnditifonsn which did not produce

- complete combustipn T.angl‘%:: steady state operating

_ conditions were identified and pulsating tests were
repeated under these conditions to determine whether
.pixlsations imbr,ovek_‘mg ,catalytic combustor

'pcrformancc Variables mvcstlgatcd included the

amphtudc and frcquency of pulsations, and the location

of the catalyuc combustor section relative to the excited
acoustic - wave - (i.c., is it, located near a pressure

. maximum, a pressure ‘mini__mum. or in between the two).

Dunng the first phasc of t.hls program an experimental

“catalytic' combustion ‘test’ sctup was developed. It

cons:stcd of an upstrcam hcatmg section for preheating

the “air pnor to ns mlxmg ‘with the fuel; a mixing section

“where the fuel is mlxcd wn.h the air to obtain a mixture

“of 'a dcsnrcd alr/fucl rauo. 'a short ignition section where
“an clcctnc dlschargc ‘was uscd to initiate gas phase

' reactions upstrcam of thc catalyuc combustor section; a

'catalyuc combustion sccuon consisting of one to four

monolith catalyst discs; and an acoustic wave generation

system

- xiiiv
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A prevrously developed theorencal model of longuudmal

acoustic motions in a non- lsothennal low Mach number

i - duct. flow was used to:get a description of the axial

. distributions of the - acoustic waves along the developed

experimental setup.. An approximate solution of the
developed ‘wave equation was found to be in good
agreement with measured’ -acoustic pressure data, and

was used to predict the acoustic pressure and velocity

" amplitude distributions along the experimental setup.

These distributions were subsequently used to assist in

the " interpretation of thé measured data.

The effect of pulsations- upon the catalytie combustion of

lean methane/air and propane/air mixtures was

"investigated ' experiméntally with monolith type
“platinum catalysts. Experiments with methane revealed
“several effects. First, the excitation of acoustic
osc‘i"l'lationsf during a stéady catalytic combustion
- ekp'eri'mem: changed the axial distribution of the

L ‘temperature along the’ experimental setup. This suggests

that ‘the acousuc oscillations enhanced the heat transfer

between the flow, the “catalyst surfaces and the

" combustor walls~ which probably changed the

“ distribution of the combustion process along the

catalytic combustor.. Second. the operation of the

_catalytic combustor was  unstable when it was located
between an upstream pressure node and a downstream

,‘ylﬁvelocity node Fmally. when the catalytic combustor

section mcluded several monohth catalyst discs, the

excrtatmn of pulsatlons shlfted the location of the

: catalync reacuon process from -one catalyst disc to

another Under _certain operating conditions, the
excitation of pulsauons extmgulshed the reactions or
lgmted a gas phase reacuon upstream of the catalytic

combustor section.



Due: to difficulties in obtaining incomplete combustion
using methane as a. fuel, the effect of exciting pulsations
on_the completeness -of ci)mbustion was studied using
. propane.. The -tests with propane were conducted with a
single - monolith catalyst section and the “instabilities”
_(i.e., - extinguishment or a shift to gas phase reactions
ups.trcam'"of: the catalytic combustor section) which
occurred :in the methane “tests were not observed. The
excitation of pulsations .changed the axial temperature
_distribution along the experimental setup in a manner
similar to that observed in the methane tests. In addition,
when incomplete catalytic combustion was stabilized
under steady operating conditions, the excitation of
pulsations increased the éo}nbustion efficiency by 10 to
50 percent, depending upon operating conditions. The
‘increases in the combustion efficiency were achieved,
" however, only when the catalyst was located between an
'A‘."ixpstrclam"‘ p“rcs‘suré node and a downstream pressure
“antinode in a region where the velocity oscillations lead
"the pressure oscillations by ninety degrees, and where
".the acoustic pressure and displacement oscillations are
in phase.” The improvément in the combustion efficiency
‘was amplitude dependent and and the minimum sound
pressure level which’ produced an improvement in the
combustion efficiency was around 135 dB. When the
catalyst Was"f)laced between an upstream prcssurc>
antinode 'and a downstréam pressure node in a region
where the acoustic pressure oscillations lead the velocity
bscillations by 90 dcgrcés' the excitation of pulsations
“had little effect upon the combustion efficiency even
“when the amplitddés of pulsations were very high. The
above reported behavior was observed over wide ranges
of frcquc‘ncies. | |
The improvements in the performance of the

catalytic combustor when the catalyst was located

XV:
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.

between ' an. upstream :pressure node and
downstream velocity  node can be explained by the
interaction - ‘between the: acoustic standing wave

and the -viscous boundary layer near the catalyst

- surface. This ‘non-linear : phenomenon inducing
“-circulatory flows'is termed acoustic streaming. The
~dependence. of combustion efficiency and

temperature variations on' the amplitude of the

“--acoustic pulsations and “their insensitivity to the
pulsations frequency, as found in the study, are in
: accordance with the ‘properties of acoustic

‘streaming.

e

Thls répprt presents ‘the\, fesults of a follow-up to

an exploratory research effort which

~ demonstrated that a pulsating flow can influence

the performance of a catalytic combustor. The

_ present research aimed. at characterizing the

. changes in catalytic combustor performance and

the, dependence of these changes on frequency,

. amplitude, and phase of the pulsations. Because of

the _.;c_xtraorginary; complexity of the system being

studied, it proved possible only to develop an

initial hypothesis for .the 'relationship between the

~ pulsating flow and catalytic combustor

performance. However, the implications of this

hypothesis are sufficiently attractive to justify

~ continued research in a more carefully controlled

experimental environment. A proposal for further

....research has been requested and will be

copsidcred for funding beginning in 1991.
GRI Project ‘ N:[ana.g'.ér.
Robert V. Gemmer

Basic Combustion Research
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RIS Chapter I R T .
INTRODUCTION =

Interest in catalytic combustion has -increased: .in recent. years
primaﬁly due to the need to ‘control the formation of such .pollutants ,as. NOx
and CO, -and the interest in buming ' very lean :fuel/air mixtures and low.
quality-. fuels. ~One of the ‘main  disadvantages of using . catalytic combustors is
the high cost:of the .catalyst. If a certain: conversion rate:-can be- achieved with
considerably less catalyst, or the output of a  catalytic: combustor can .be
increased, it will make the application of catalytic combustors more attractive.
Determining whether the performance of catalytic combustors can be
improved by 'introducing "‘acoustic pulsations is the main objective of this
résearch. . o - l ' B

Formation - of NOx from the oxygen -and the nitrogen in air happens - at
elevated :temperatures, - and can::be controlled by limiting the maximum
tcmpcraturc. in -a combustor, and/or ‘keeping -‘the residence time of the
combustion air at high temperature regions in: the. combustor very short. ‘One
way of keeping the tcmpefaturc down .is to bum lean fuel/air mixtures, which
yield adiabatic flame temperature of less;then 1600 °C -which -is approximately
the threshold temperature for :the formation --of NOx from ‘atmospheric
nitrogen. Combustion . of ultra-lean mixtures, even at. fuel - concentrations
much lower than ‘the flammability limit, can be .accomplished by use. of
catalytic - combustors ;. and. yield :NOx = free exhaust gases (1,2}. Since. . most
oxidation. catalysts lower drastically the. activation energy for oxidation “of CO .to
CO2(3}, catalytic..combustion can eliminate formation of both CO and NOx:
Catalysts . can also improve . combustion - of low-. quality,,.,fucls ‘due to, :more
complete . combustion. of high. molecular :weight .-hydrocarbons  and 'othcr
organic - compounds. Precious :metal .;:catalysts ‘(i.e., -platinum): lower .- the
activation: ‘energy " for the combustion of these fuels without poisoning of the
catalyst - {4}, and produce less pollutants: than if burned in conventional
combustors: In view of :these. advantages, catalytic ' combustors. are .currently
being considered for applications in :gas - turbines (2,5}, home appliances (6]},

-exhaust gas cleanup (2}, and so on.



Catalytic .combustors generally burn mixtures of fuel and air. As the
premixed gases enter the catalytic combustion - section, the fuel and oxygen
molecules diffuse towards the catalyst surfaces where they are adsorbed on its
active sites. Heterogeneous combustion reactions take place on the surface
causing the -adsorbed species to change chemically from reactants to products
and generate’ heat. The :products are desorbed from - the catalyst surface and
diffuse through the boundary layer back to the :flowing gas stream. The heat
generated -:at the :surface is transferred - by convection and radiation to - the
flowing- gases and’ adjacent- solid surfaces.

.In some catalytic combustion processes which occur at higher
temperatures (i.e., 1300 to 1550 o(_2). the cat'élyt;iwc’ combustion is followed by a
homogeneous gas phase reactibnsw {2}. Heteirogeneous surface reactions st_art'
on the upstream catalyst surfaces as in a regular catalytic combustor. The
energy genérated by the catalytic ‘combustion: heats the bulk flow which
contains  the remaining. reactants. -At - elevated: temperatures, the - _flammability-
limits: broaden and even very lean fuel/air  mixtures ‘can- undergo gas phase
reactions. Thus, if the temperature of the mixture and its concentration can.
support gas phase'. reactions, the existence of an :ignition ‘' source . (e.g., anm
incandescent catalyst surfaée)‘ will .initiate ‘homogeneous gas: phase: . reactions.
This type- of a catalytic combustion process, which is considered for use in gas
turbines.:{7}, combines some. of the :advantages of catalytic combustors with.

- some ‘of those -of conventional combustors. It needs. less catalyst surface: than a

catalytic ‘combustor where only heterogeneous reactions are taking place, and
the temperature can be' kept low enough to avoid formation of NOx.: (i.e., below
1600° °C). On the other hand, since some or ‘most of the combustion océurs in
the :gas phase downstream:- of the catalyst  surfaces, the exhaust gases may
contain more ‘residual fuel .and incomplete products of reaction, :such-as CO:
Improving: the performance of the catalytic. section of this type of a. combustor
can -change the operation of the entire system (the heat - yielding the
sufficient* temperature for igniting | gas phase reactions can be‘ generated
using:.a - shorter - catalytic .. section :thus saving  catalyst). and . make

implementation. of this ;technology: more feasible.

The performance of a catalytic combﬁstor depéﬁds on the 'tj"ollo"wing
three factors:



‘e The temperature - and- .composition ::of ' the  combustible mixture:

N The mass and hcat transpon proccsses thhm thc catalytlc

combustlon secnon

AR

P
T

. Thc propcmcs of “the catalyst whlch mcludcs thc typc of the active
" catalytic matcnal thc number of active catalytlc sites, the shape
and the poroslty of the solid catalyst mlcrostructure, the shape and

dlanSlOﬂS of thc catalyst macrostructurc, and so on.

“Although -at low: catalyst  surface - temperatures : the overall reaction rate
is kinetically controlled,  for ‘most practical cases the surface - temperature -is;
high enough ‘to exceed this operating region. At higher catalyst temperatures
the reaction rate is controlled by the -rates of diffusion of Qrcactants,_ and
products to and from the catalystt surfaces, " respectively. Thus; increasing the
rate of mass. transfer between the gas. stream flowing at the centers of ' ‘the
channels existing - in  the " catalyst ‘and ‘its surfaces can ' either increase the
catalytic combustor - output -or--enable the combustor :to have the same -output
with less catalyst. Rcsearchv“‘«coinductcd in related ‘ areas: {8,9,10,11,12,13,14,15}
has shown .that the presence: of ' pulsations (i.e., - acoustic. waves) in either a
liquid or a gaseous medium. enhances the ratés of both. ‘mass ‘and heat transfer
between the pulsating : flow .and adjacent surfaces. :Arkhangel'skii and
Statnikov{8}. analyzed - theoretically the: effect of pulsations :on convective
diffusion at 'a - liquid-solid interface and: found - that -the diffusion rate of
reactants toward -the solid surface - is increased. The analysis -predicted the
enhancement -of the -<diffusion :'to. be- the- greatest near velocity nodes.
Experiments -of developing photographicc emulsion’ plates were conducted
under’ non-pulsating conditions 'and © compared .:to the development of identical
plates: in standing wave ultrasonic fiélds having ’fre'quencics of 800 kHz:and 3
MHz. The optical density of the films, which was used'as a measure - of the
chemical :reaction ftaking place on :tl_tc.zliqaid-solid ‘interface; ‘was found to be
50% - higher ‘near the velocity -nodes than: for films developed in a non-
pulsating - liquid : developer. ‘In‘ spite of -‘the large difference between - the ~two

frequencies used, 'the results:in both cases were very: similar. .



Boriéov et' al (9,10} investigated experimentally the -effect of acoustic
pulsations on drymg wet pamcles in air. The first study {9) is concemed with
drying filter papers placed at a velocny ‘node in an acoustic dryer oscnllatmg
at 1080 Hz with sound pressure levels ranging between 150 and 163 dB. The
time needed to dry the paper from 40% to 20% moisture was 150, 80, 28 and 20
sec. at acoustlc fields of 150 156, 160 and 163 dB, respectlvely When the
speclmen were placed at a pressure node the drymg was found to be enhanced
even more, and the drymg time for oscxllauons of 143 dB was 25 sec. -- shorter
than the time that was needed when operanng at 160 dB when the specimen
were located at ‘the. velocity node.: The second :study {10}, compares acoustic
drying: to both :contact heating by electrical -heaters, -and .infrared radiation.
Drying quartz sand from: 21% to 4% moisture. took 60 minutes for contact
drying ‘at 70 °c compared to 28 minutes in a ;7000 Hz. acoustic field having
sound pressure level of 168 dB. at room temperature. When the :acoustic field
heaters were tumed on and the air was kept at 40 0¢C, the same amount of
moisture was removed- in 1} minutes. Drying of asbestos boards by -an acoustic
field was - compared to ‘drying by - infrared radiation .and a two- .or threefold:
acceleration of moisture -elimination was achieved. -acoustically with the
specimen at considerably ‘lower temperatures than -under infrared radiation.
Burdukov . and - Nakoryakov {11) -also investigated. the effect. of -acoustic
pulsations "on -evaporation and diffusion. Camphor balls were evaporated into
air oscillating .at 11.5 and 18 kHz "with sound. pressure: levels .between 150. and
163 dB. Mass. transfer : coeffieients increased with increased pressure
amplitude, .and were inversely proportional to ‘the square  root of  the
frequency. Similar investigation. was- performed by Hodgins et .al (14} using
naphtalene coated beads. Frequencies up to 12 kHz and acoustic sound levels up
to 160 dB were - used.: Mass transfer rates- increased exponentially with the
increase. in ‘the pressuﬁ’ev -dB. “level... The largest effects were observed in the
frequency range of 100 -to 700 Hz, -and:the lower: threshold pressure amplitude
at which- the effects..of -pulsations on the: evaporation .rate were  first detected
was 120 dB: The evaporation rate under ' pulsating:: operation increased. -up: to
220% for -a:single ball, and upto -120% for .a: bed of naphtalene coated: balls,

compared to the evaporation ' rate. under non-pulsating: conditions.



Research done by Zinn and co workers {12 l3 15} with a Ruke type
pulsatrng combustor showed that both the heat and mass transfer rates, and
the combustron efficiencies  measured under pulsating conditions were higher
than the values reported in the literature for non-pulsating ‘combustors.

The above mentioned and related investigations {16,17,18,19}, show “that
heat and mass transfer rates are enhanced’ by acoustic fields covering a wide
frequency range. Furthermore, the improvements were observed at different
locations along the standing wave pattern. There seems to be an agreement
among researchers that these improvements are larger as the amplitudes of
the acoustic field are increased. There are conflicting results ‘regarding the
effects of frequency and the importance of the “location relative to the
standing wave pattern. These findings suggested that oﬁerating' ‘catalytic
combustors under pulsating should improve their performance while

preserving their other advantages. The increase in the raté of mass transfer

of reactants and products to and from the catalyst surfaces is expected to

increase the overall reaction rate. Conscquently, _the amount of heat generated
by1 the surface reactions should -increase. Despite the hlgher energy
production‘_ rate, the catalyst» surface temperatnre is not expected to: change
considerably, ~since the rate of heat transfer fretn _the, catalyst surfaces to the

main stream of flowing gases is .also expected to increase.

Addttronal benefits might also result ‘from the introduction of pulsatlons
in catalytrc combustors. One of the difficulties encountered in the applrcatton
of these combustors in gas turbines is the spatial nonuniformity of fuel/air
concentrations {S} which introduces temperature gradients downstream of the
catalyst and creates "hot spots” on the turbine blades. Since pulsations tend to
enhance both heat and mass transport, their introduction could improve the
mixing of the species, and reduce the temperature nonuniformities at the exit
of the catalyst section. As a result of the pulsations, temperature gradients
should decrease even further as the gases flow downstream of the catalyst due

to improved mixing, and the "hot spots” on the turbine blades could be possibly

eliminated.

The acoustic enhancement of both mass and heat transfer, and the

possible improvement of - heterogeneous reactions due to these effects, initiated



several investigations regarding the effect of pulsations on heterogeneous
reactions. Most of these investigations are theoretical and try to’ explain the
mechanisms that can cause pulsattons to enhance surface reactions. Several
second order acousuc phenomena can contribute to the enhancement of the
heat and the mass transfer. Chendke and’ Fogler {20} suggest that acoustically
induced cavitation is the most important mechanism in liquid systems, and
acoustic streaming has a dominant effect in gaseous catalytic reaction systems.
Other investigators {21,22,23} developed mathematical models to show that the,
reactton rate should increase due to the effect of acoustnc osctllatnons on etther
the diffusion or the adsorpuon‘steps_ _of the heterogeneous reaction.
Experimental investigations of the effect of pulsations“_ on the reaction rate of
the gas-phase catalytic decomposition of cumene to' benzene and propylene
were  conducted by Zhorov and by Lintner. (24,25}. In his studies Lintner found
that the rate of this catalyttc reaction can be increased up to 160% by

introduction of ultrasonic vibrations.

“" No experimental investigation regarding the effect of pulsations on the’
catalytic combustion of 'gaseous'g fuels ‘Wwith air has been uncovered in the’
literature in spite of existing evidence that considerable improvement in the
performance of catalytic combustors can be achieved by operating such
combustors ‘in a pulsating mode. This research program has been undertaken
to investigate the feasibility “of operating catalytic combustors under pulsating
conditions .and to get quantitative- data which will determine the range of
pulsatmg flow conditions that could optimize the performance of catalytic

combustors.



Chapter II

DESCRIPTION OF THE EXPERIMENTAL SETUP
Design Considerations = - o T e ey

The objectives of the experimental setup developed under .this program
were to provide capabilities for burning different fuels in a catalytic
combustor under ' different pulsating - and non-pulsating * conditions. Based
upon "inform‘iation ;der'ived from the literature {1,4}, and the objectives of this
research program, it was “decided that the expenmental setup should include
an a1r heattng sectlon a fuel/air mtxtng sectton and” a catalyttc combustion
section. The acousttcal part" of the setup "should include a sound generatton
system, a "knoWn"“ acoustic termination upstream of  the ‘catalytic combustion
section that would help to "identify" the excited' standing waye ‘pattern, and an
abtlny to move the catalyst section along the combustor to prov1de a capabtltty
for poslttontng the catalyst at’ ‘any desired location on the’ standmg wave
pattem In order to avoid the need to use spectal matertals, the system was
deslgned of a carbon steel tube wnh 1o opt1cal wmdows and ~without
1nsulatton This made the combustor s1mple to build and” mexpenstve, but ‘ruled
out any posstbtltty of measurtng " radiation along ‘the combustof, and
1ntroduced large heat losses through the walls Wthh produced large rad1al

temperature gradtents.

~The - parameters -for investigation were ::the-.fuel/air -ratio, ‘flow velocity,
inlet - temperature to” the::catalyst section, location of catalyst . on the standing:
acoustic - wave: and . the amplitude ‘and ' frequency . of the.: driving pulsations.
Starting "a ‘test . was done by first letting air flow through: the: heating system
and then heat the ' upstream’ part ‘of the combustor, including the catalyst
segments. Upon reaching a desired temperature in the catalytic section; -the
fuel supply ltne was opened. Proper setttng of fuel and air flow rates and the
energy output by the heaters determme the total flow rate, ‘the fuel/alr ratio
and tho mlxture temperature at’ the 1nlet to ‘the catalyst The mixture should
"ltght off" upon contact wnth the hot catalyst but an’ 1gmuon system can start
a gas phase flame if the catalyst temperature is not sufflctently ‘hot. The
relative locatlon of the catalyst on the standmg wave pattem is determined



mainly by its axial distance from the acoustic termination which is set prior to
starting the test, the frequency o‘fi.'the' pulsations and the temperature
distribution between the acoustic ‘termination and the catalyst. Changing the
frequency and power of the electrical signal to the drivers determines the

frequency and amplitude of the pulsations in the combustor.

Description of the Experimental Setup

lv !

. The developed expenmental setup 1s shown in Frg 1. It consists of a
vertical pipe which connects to a honzontal pipe. Alr is supplned at the top of
the vertical sectnon and it passes through four e1ectncal heaters whrch are
located along the vertical pipe. The heated air enters the mixing section in the
horizontal part of the combustor through a porous plate. Fuel is 1n_|ected into
the a1r stream _|ust downstream of the porous plate. An ignition system located
upstream of the catalytnc combustor sectlon 1s capable of igniting combustnble
mixtures and anchormg the flame on a flame holder The hot gases are used to
preheat the catalyst surfaces to. a desrred temperature. The catalyst sectlon is
located downstream of the ignition system. When there is ‘no ﬂame upstream of
the . catalytrc combustnon sectton. and the catalyst surfaces are sufficrently hot,
the combustlble _mixture reacts upon contact with the catalyst ‘surfaces. }I‘n
addition to the heterogeneous surface reactrons, gas phase reactnons can also
be mmated and ,take place in the catalyst section. The combustlon products
leave the catalyttc combustion section and move along the horrzontal pipe
towards its open end where they are exhausted. The sound generatlon system is
attached to the -horizontal. pipe :just upstream of the -exit plane. The - horizontal
~part -.of the rcombustor which consists :of the mixing section, .the - ignition
system, the catalytic:' combustion section -and several hollow . pipe sections, is
made : of interchangeable pipe segments.. This design provides a..capability for
moving the catalytic combustor section .to: various locations along the

combustor, TS N . R

An rnner d1ameter of 2 5 1nches ‘was chosen for the catalyttc combustor
Thrs dlameter represents a compromlse between the need to mlmmlze wall
heat losses and total fuel flow. The latter also reduces operatlng costs and
safety hazards This declslon was also mfluenced by experience at the Alzeta

Corp {26} _where .accurate and repettttve temperature ~and veloclty
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measurements in catalytic combustors were achieved only when combustors

having diameters of 2" or larger were used.

Monolith type platinum catalyst segments, which have been widely used
in recent investigations {1,2} as well as in automotive catalytic converters
have been chosen for this research project. A monolith type catalyst consists
of a ceramic honeycomb substrate coated with a thin layer of porous
"washcoat". The "washcoat" has a very /large specific surface area on which
the active catalytic material is deposited. The structure of typical monolith
catalyst' segments is shown in Fig. 2. The ‘open channels in the honeycomb
structure minimize the pressure drop in the gas flowing through the catalyst,
and the "washcoat" provides a large surface area over a relatively short
catalyst segment. An additional reason for wusing monolith type catalyst
segments was the belief that due to the presence of straight and relatively
large channels, the acoustic attenuation provided by these catalysts will be
small compared to that exerted by other types of available catalysts. Up to four
monolith units, each of them 1" long, could be used simultaneously in the
developed experimental setup. There was no intention in this research to
investigate which type of catalyst is ‘o'piimal for use in pulsating catalytic
combustors. Catalyst segments similar to those used at other facilities

reséarching catalytic combustion were chosen for this study.

The combustion air is supwp,l”ied‘ from a compressed air line. Prior to
-entering the experimental setup, the air passes through a filter system which
removes any particulai!és. moisture and oil mist from the flow. The air pressure
is controlled by a ﬁressure regulator and its  flow rate is measured by a
rotameter system. The flow rate is determined by the pressure and the line
resistance which is changed by a needle valve downgtrehm of the rotameter on
the air line comnected to the experimental setup. ‘

The air enters the combustor at the top of the vertical pipe section
where it is preheated. Four electric heaters -with ti;')t’al output of up‘ to 12 kW
were selected for the heating of the combustion air. To attain air temperature
control, some of the heaters were powered by on/off toggle switches while
others were connected to a variable voltage regulator. The maximum mixture
temperature needed for "light-off" of methane/air catalytic reaction at the
entrance to the catalyst section was assumed to be 500 Oc.

10
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The fuel (commercial methane or propane) is supplied from a high
pressure bottle equipped with a pressure regulator that lowers the pressure to
approximately 120 psi. The fuel then flowsv through a 1/4" sta1nless steel tube
to the fuel flow rate measuring system which is ;similar to that of the air,
consisting of a. second pressure regulator a rotameter and a needle valve The
fuel flows from the valve to the injector at the inlet -of the mixing chamber
through a solenoid valve and a ﬂame arrestor. The. solenoid acts as a shut-ofl'
valve and it can stop the flow of fuel to the “eom'bustor instantane'ously The
flame arrestor is a safety device which prevents the upstream propagation of
the flame into the fuel line ‘

The combustion products are exhausted‘ through an 8" ‘circular duct
with its inlet 2 feet from the combustor exit plane. The duct connects to a high
output exhaust fan which pumps additional air from the area adjacent to the

combustors exit to cool down the combustion products.

The Acoustic System

A catalytic combustor is known to operate at' very low noise ‘levels in
comparison  with gas-phase combustors, and spontaneous self-driven
pulsations were not expected. Thus, in order to excite the desired pulsations, an
acoustic driving system had to be incorporated into the system. '

A voltage "sig-nal changinig sinusoidally “with time at any desired
frequency is created by a function generator and .serves as the input of the
acoustic driving: system. The .signal is amplified by a 100 watt acoustic
amplifier and its high-level voltage output is fed into two University Sound
electric acoustic drivers operated in tandem. The two acoustic drivers are set to
generate its pulsations in phase so that their outputs are additive. '

Upstream of the mixing section, a stainless steel porous plate is mstalled
to restrict the air flow and create a pressure drop between the heating and
fuel mixing sectrons. In addition .to eliminating the possibility of flow . of a
combustible mixture upstream into the heating is‘ection. the porous ﬂplate
reflects the acoustic waves and acts, acoustically, as a hard wall termination.
The downstream end of the experimental setup is an open tube. Both the
"open” tube and hard wall terminations are supposed, theoretically, to reflect

12 ¢



.the entire acoustic energy back into the tube. The hard -and smooth inner -

combustor surface is known to produce negligible amount of - acoustic energy

-dissipation. - Thus, theoretically, a standing wave pattern should be :created by

any acoustic instability with resonance frequencies .at values corresponding
to odd number of quarter wavelcngths. In reality, acoustic energy losses exist,
mamly "due to viscous ~and rad1at1ve effccts and they increase as the

tcmpcrature increases. The Sound Prcssure ‘Level excited by the system in the

"cxpcrlmental setup dcpends upon the acoustlc energy 1nput by the driving

system and the acoustic losses which are’ a functton of the dnvmg frcquency
and the characteristics of the expcnmental setup. ’

During the initial phasc of this rcsearch it became clear that the

location - of the catalytic combustion section with respect to the acoustic

standlng wave rmght be one of the 1mportant paramcters Hence, provisions

have been made to allow posmomng the catalytic combustion section at

several different locations along the honzontal part of . the cxpcnmental setup.

_The mterchangeable segments of the hortzomtal part of the expenmental

setup can be ‘moved around or taken out. ThlS provndes the capabllttles for
positioning the catalytrc combustlon sectlon at different locatlons w1th respect
to the standmg wave pattern, and for_, changing the acoustnc characteristic of
the system. |

Measurements
2

The ﬂow rate of both the air and the fuel are mcasured by rotameter

systems consisting of a pressure regulator and a needle valve located upstream

and downstream of the rotameter, respectively. The needle valve and the
regulator toge'ther control the pressure in the rotameter, ‘which is measured

by a Bourdon type pressure gauge. The rotameters were callbrated at room

temperature and vatmosphenc pressure for air, and the1_r readmgs are

_corrected _ for _pressure, temperature  and composmon of the gas flowing
‘through it, Smce ‘the . rotameters are . accurate _only wnthln a hmtted range of

flow rates. several rotameters for each gas were uscd for measunng the entire
range of ﬂo_w rates mvestlgated in _ this research- program.

Temperatures dre measured at different locaiions along the center line

“of the experimental setup. K-type (Chromel - Alumel) thermocouples with no
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zero (ice’ point)..compensation are used. The thermocouple voltage is amplified -
by :a- NEFF amplifier, usually by: a factor of 90, .so that the maximum measurable
temperature (approx. 1400 0C) would not exceed 5 Volts, which is the maximum

voltage that the. A/D converter can: digitize.

Acoustic pressures are measured by Kis‘t_ler piezotron miniature
pressure transducers. These transducers are acceleration-compensated apd
.produce a low lmpedance voltage sxgnal which is proportional  to the dynamnc
!ﬂpressure input. The output from the pressure transducer is fed into a Klstler
‘amplifier which generates a hlgh -level slgnal that can be measured

accurately by the data acquisition system.

A prevxously developed gas composmon analyS1s system capable of
measurmg the concentrations of CO, C02. NOx, 02, SO2, and hydrocarbons is

utilized to measure these species' concentrations, in the exhaust products.

A 220 Volt, 60 Amp., line, controlled by a switching system and a
variable voltage regulator, supplies the 12 kw electrical power for the air
heating system. A 115 Volt, line‘ supplies the power needed for 'the operation of
the acoustic driving system, the fuel solenoid shut-off valve and the

instrumentation used in the experiment.
The Data Acquisition System

A 32 channel model 8013A LeCroy data logger equipped with a 12 bit A/D
converter and’ an mdependent storage memory of 256 kllOWOl’dS of 12 bit each
is used in thls research The data logger ‘can operate only one A/D converter
and is thus limited to one sampling frequency at a time. It can acqulre data
from 32, 16, 8 or 4 channels simultaneously with a maximum s“am'pling rate of
5, 10, 20, and 40 kHz, respectively. The minimum sambling rate is not limited
since the ‘logge:r ‘can be triggered by an external clock at any desired sampling
:frequeucy below the maximum sampling rate. The internal clock can be set
for"“sarhpling frequencies of 0.2, 1, 2, 5, 10, 20 and 40 kHz, but cannot exceed thie
maximum aliowed rate. The data logger can store the data in its memory unit
without moving the data to another storage location, and act as an accurate
digital scope. In thls configurauon the data is erased every tlme a new set of

_measurements _is started .This mode of operation is used '_ﬂwhen the time

14



dependent data is not needed for future analysis, as in a calibration process.
Alternatively, the data can be démultipleXcd and transferred to the computer

storage disk automatically after ’each set of measurements, to be analyzed later.

The data logger is controlled by an IBM Personal Computer AT with 640
kbytes of RAM, a 30 Mbyte hard drive, one double-sided, doublc.-'dénsity (360
kbyte) and one double-sided high-density (1.2 Mbyte) flexible disk drives. The
data logger transfers the demultiplexed data from its independent storage unit
to the hard drive. Each 12 bit word is stored on two single- byte memory units
of 8 bit each on the hard drive. The computer is equipped with a SYSGEN QIC-
FILE :fast. tape backup ; system - which enables the data to:- be transferred
periodically for storage on backup tapes and free the hard drive for storage of

new data.
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" Chapter. IIT
" THE DATA ANALYSIS
_Time Depéndent Data‘_'

The CATALYST software controlling the data logger stores the data of
each set of measurements on the computer's hard drive as a FORTRAN
unformattéd sequential file. The CATALYST file starts with a header that
contains the information needed for the interpretation of the data. This
information includes the number of the starting channel, the number of
channels; the sampling time interval, the * offset and amplitude of the digitized
voltage signal, the units in which the data is recorded, the size of a data block,
the number of data blocks and the type of data recorded. After the header
there is a space for a comment or message of up to 161 characters. The
comment area and file name are used to identify the data set. Beyond the
comment area the data is stored in blocks having the number and size defined
by the file header. Each data point is stored as a two byte integer having a
value between 0 and 4095. The offset value states which integer value
corresponds to zero input voltage to the digitizer. Thus, all values smaller than
this integer indicate negative input voltages and larger integers correspond to
positive voltages. The amplitude specifies the value in Volts of one digit
difference in the integer data. The data logger is generally used at its highest

amplitude, which is 2.4414 milliVolts, and the offset is set to 2047, which

corresponds to the range from -5 Volts to +5 Volts. It should be noted that the
CATALYST software limits the highest sampling rate specified for an external
clock to a time interval of 9999 microseconds which corresponds to a sampling
frequency of 100 Hz. If the sampling frequency is lower than 100 Hz, the

header information must be corrected.

An ILS (Interactive Laboratbry System - by Signal Technology, Inc.)
software package is utilized for analyzing the data. This software requires
information to be stored as FORTRAN unformatted sequential files, one file for
each channel. ILS handles two types of files. Sampled data is stored as two byte
integers. The ILS sampled data file is very similar to a CATALYST file except
that it contains the data of only a single channel. ILS manipulates data using
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files where the data are stored as stngle prectston floatmg potnt numbers
calltng this type of files records ILS prov1des programs whtch ‘can change
sampled “data to records, and vice versa, when needed. The CATALYST software
contains a program which transfers a CATALYST data file: with n channels to n
ILS sampled data files with consecuttve numbers. A programmtng error which
can cause an’ incorrect sampltng frequency to be wntten in a ILS sampled data
file was detected and a correctton of the sampltng rate of the ILS files "is

occastonally needed

Due to simpler and quicker ‘data manipulation when using‘ sampled data
files, all time dependent information  is" handled by this ‘type of files. A
program was developed that takes the ongtnal CATALYST data file, wntes the
ILS sampled data files, allows correctton of ‘the sampltng rate and converts the
data to tts appropnate units. More 1nformatton about the translatton of the
measured voltages to_’ actual temperatures pressures and spectes

concentrattons‘ is given in the fol]lowmg paragraphs

Calibration ' of the ‘channels of temperature’ measurement *are done by
adjusting the zero output of the: NEFF amplifier 'and setting ‘an appropriate
amplification'. gain. The maximum temperature a K - type thermocouple can
measure ‘is appro'xir:nately 1400 Oc, yielding “a voltage:« differénce “of 55
milliVolts. An amplification gain'-of 90 covers the entire ‘‘measurable
temperature range with a resolution of 27 microVolts which corresponds to 0.6
- 0.8 OC Stnce the thermocouple readtngs have a large ttme constant
temperature data files are recorded at sampltng frequencles of 5 to 10 Hz If
h1gher sampltng rates are used the sampllng frequency is reduced to save
storage space. The program d1v1des the measured voltage by the ampltficatton
gatn to calculate the thermocouple output voltage and uses the 9th order NBS
{27} polynomtal to calculate the correspondtng temperature ' S1nce the
1nd1v1dual channels do not have an 1ce pomt compensatton unit, the calculated
temperature is the dtfference between the actual temperature and the
temperature of the 1nput board at the 'instrumentation panel ‘This temperature
is, approxtmately, the ambtent temperature The (uncorrected) calculated
temperature values 1n OC are wntten to the hard dnve 1n an ILS sampled data

format.
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L Calrbratton of the channels measunng 9dynam1c ‘lpres{sure is done
utlltzmg a, Photocon Systems acousttc callbrator whtch inputs a 1000 Hz signal
whose amplltude can be set 10 any deslred level between 95 and 160 dB. The
Kistler ampltfier output signal ts measured by an AC voltmeter. The program
asks for the the amplitude of “the pressure s1gnal and the AC calibration
voltage It assumes the caltbratton signal to be slnusoldal and the voltage to be
a true RMS value to establish the ratio between the pressure actlng on the
transducer and the input to the data logger. Since the pressure transducers
response:. is. linear, only the -header information in the ILS file is altered,

changing the units to psi and setting. the correct amplitude.

, The chemlcal analysts system conslsts of slx 1nd1v1dual analyzers for CO,
C02, 802, 02, NO or NOx and hydrocarbons Detatled information about the
pnnctples of thetr operatton calibration and use, is presented in the systems
operation manual {28} The cahbratlon of each analyzer is done w1th a zero
concentration gas, which is used to adjust the zero reading, and a calibration

gas which has a specified concentration of the gas the analyzer is. supposed to

detect. Each analyzer output can be. set:to: a desired amplification by changing

the range and gain settings, and reading the -DC output voltage. The time
constants. of the.analyzers are -larger than -those of the thermocouples, and the
sampling rate .is decided by the temperature data.

The f1rst three analyzers (CO C02, and 802) have nonlmear response,
and the output voltage“ per unit of species concentratlon _decreases as. the
concentratton increases. b#rt}gmally, the analyzers were cahbrated for each
regton of concentration and supplied w1th factory callbratlon charts
However, in order to computenze the data analys1s, the callbratlon charts were

used to calculate a response curve for each analyzer The response curves state

vwhat is the ratto of voltage output at any concentratton to the output at the

maximum concentratlon specnfted for the analyzer By letting a specific
voltage output correspond to the cahbratlon gas concentratton the | response
curve can be 1nterpreted in terms of ‘voltage response to the concentrat:on
mput Polynomlal correlations for the voltage output as a functlon of the
concentration (1e, forward polynomial) and the concentration as a functlon
of the measured voltage (i.e., backward polynomial) were developed. The

forward polynomial is used to convert the response curve units to voltage by
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utilizing the calibration data and the backward polynomial is used to calculate
the concentration data from the measured voltage The calculated

concentratton is stored as 1nteger data in ILS sampled data format

¢ The 02, NO/NOx, and hydrocarbon analyzers have .linear responses
whiché means:’ that the measured voltage is :proportional to -the ‘species
concentration.: The calibration gas  concentration and the DC  calibration
voltage of the analyzer specify the proportionality constant, and as in the case
with the dynamic pressure channels, only the header information in the ILS
file is altered; that is, changing the units to proper species concentration and

setting the correct amplitude.

‘The data measured by the hydrocarhon, 02 and ‘C02' analyzers was :used to
calculate combustion efficiencies. Explanation about the determination of the

combustion efficiency is given in Appendix A.
Spectral ' Analysis

The ILS software package ~enables .calculation: of ‘various - spectral
relationships, but with limited spectral resolution of thesé functions (i.e., the
FFT program limits the analysts to 1024 data pomts and cross- spectra  are
limited to 256 ‘points). I also has no prov1slons for calculation of ensemble
averages and SPL values. In view of these 11m1tattons only the basic ILS FFT
program was used with additional analysls software which was developed on
an as needed bas1s The CATALYST data acqutsltlon system ‘cannot ' transfer
parttal data to the computer memory. ‘and the transfer of data to the computer
takes several mmutes Thus, data collected durmg a single run must be utilized
for ensemble averagmg Spectral analysts of the pressure data at the maximum
possible samplmg frequency (1e .. 10 kHz for 16 channels) at the entire range
of frequencres explored (1 c., 200 to 2000 Hz) showed that the spectrum was
dominated by the dnvmg frequency set by the function generator with peaks
of several higher harmonics bemg more than an order of ‘magnitude (i.e), 20
dB) weaker. The peaks. had narrow bandwidth, and it was assumed that a
Nyquist . frequency 25% higher ‘than the driying frequency :would be
sufficient for. the spectral analysis.:’_;Using a low Nyquist frequency. pro_v.ides_‘a

better spectral resolution - of the FFT information.
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The spectral analysns program takes one block of 1024 consecuttve
pomts from the measured time series and calculates the FFT transform in polar
form at the original samplmg rate, Whlch is usually 5 kHz. The program than
finds where the peak of the spectral signal is located, and decides by which
factor (power of 2) to downsample the data to..get the best Nyquist  frequency
for that data set. The program then rearranges all the data in the time series
file into ‘blocks of 1024 points with time intervals corresponding to. the
assigned Nyquist frequency, and performs FFT transformation on all blocks.
Since the' phase information in the FFT data is arbitrary, and is the outcome of
DC noise, the program shifts the phases of all blocks except the first, so that
the phase at the spectral peak is identical to the phase of the first block. This
procedure corresponds to triggering a data logger to start acquiring data for
every block at the same location on the sinusoidal pressure signal of the
driving frequency. The program then averages the real and imaginary parts
of the FFT data and stores the averaged FFT data in an ILS record. When more
than 16 channels were monitored, only 8 blocks of 1024 data polnts each were
measured for each pressure channel. Averaging these eight ensembles for

each channel resulted in considerably lower noise. level.

The averaged FP'I‘ data are used to calculate the autospectrum Usually,
th1s information is given in logartthmrc scale compared to the threshold of
heanng, in dB units. The spectral analysis program calculates the SPL level in
dB for each point m‘_v,the frequency domain. To get the total power of the signal,
integration of the pressure is performed over the entire frequency range
Ninety nine percent of the contribution to the total power is from about 10
points, 5 on each side of the main spectral peak The spectral analysrs program
writes an ASCII ﬁle which includes a header, the spectral data and the total
calculated.acoustlc power. The file header gives information about the nature
of the data. The spectral .data includes the FFT information for each frequency
in both polar and rectangular forms, and the frequency resolved (SPL in dB.

The Cross- spectrum issued to~ find phase differences between channels.
The cross- spectrum is calculated using the averaged FFT data. The phase
difference is meaningful only at the driving fréquency, and should converge
to a constant value as the driving frequency is approached from either
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direction. Away from the driving frequency, the calculated phase is due to

noise, and has arbitrary values.

The values of the pressure amplitudes along the combustor, and its
phase difference were used to. correlate the experimental data with data
calculated using a developed theoretical model, which is presented in Chapter



| N Chapter IV
THEORETHICAL REPRESENTATIVE MODEL

Overview -

In this chapter equations 'which describe the behavior of acoustic waves in a duct
with a low velocity gas flow and a steady temperature gradient are developed.
The steady-state equations and the measured temperature data are used to derive
continuous, approximate functions describing the axial dependence of the gas mix-
ture temperature, density and mean flow velocity in the developed experimental
setup. The first order equations are manipulated to derive a wave equation for a
tube with temperature gradients and a low Mac':hvnumber flow, which represent
the conditions inside the developed catalytic combustor setup. The wave equa-
tion is solved by an approxirﬁa-te analytical approach which uses the steady-étate
density and temperature profiles and a single measurement of acoustic pressure
to calculate the distribution of the acoustic pressure and velocity amplitudes and
phases along the combustor. Since we are not measuring the acoustic velocities in
our experimental setup, and dynamic pressures are only measured at several dis-
crete locations along the combustor, the calculated dynamic pressure and velocity
distributions yield important information regarding the location of pressure and
velocity nodes and antinodes and the location of the catalytic combustion section
with respect to the excited acoustic wave. '

In this analysis we assume that a one-dimensional representation of the flow

in the tube is adequate, and that the gaseous medium is inviscid and thermally
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pérfect. Since our experimental setup is not'insulated and considerable heat losses
to the combustor walls are present, such heat-losses are taken into account in’
the energy balance. Large radial temperature gradients exist in the experimental
combustor, and the mixture temperatures used in the analysis were those measured
along the centerline of the .éorxibustor. A good agreemeﬁt was found between the

calculated and measured acoustic bressurés, as will be pfésénted in Chapter V.

The Steady-State Solution''

The flow of the gaseous medium ‘;.hl:o'ugh a tube of a ‘ﬁvxedy diameter is governed

by the following one-dimentional conservation.equations:

P o Cdntiniiity:

¢ Momentum: R N L R 2 SR
. Dv , ap‘_, Sy
Dt~ 81:   o - (2)v
« Energy: IO TSN SRS S ‘
DT Dp el
POy = e v U T) (3)
'o State: ’

Where p, v, p, T, U, C,, ¢, R, z, and t are the gas density, 'the gas velocity,
the pressure, the absolute temperature, the 'heat transfer coefficient per unit
length of the tube, the specific heat of the gas mixture ét constant preséure,
the rate of heat generation by the reyaét»_ion_p}er unit length of the tube; the
universal gas éonsta.nt, the axial cbordihﬁfe, and the time, respectively. T, is
the tube’s outer wall temperature, and the term U(T — T,) represents heat

losses through the tube’s walls. T)D_t is the substantial derivative.
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Assuming that: any variable sican be expreSSed ‘as a sum of the time averaged
value 3 and higher order-perturbations denoted by s', etc., the expressions for the

density, temperature, pressure, velocity and the heat generated become:

Plat) = ple) + Hlmd) +
" ‘YT(z,‘t):7= T(z) + T(z,8) + -
plz,t) = #(z) + Plzt) + - (5)

u(z,t) = (z) + v'(z,t). +

| qr(z,"t) = q'r(:c)} + q;.(;ft) + .

The equations involving only the-time averaged.values for“each variable - the
zero order equations, yield the time averaged “steady-state” representation of the

physical behavior of the gases flowing through the tube. The stéady-sta.te conser-

~ vation equations are derived from Eqgs. 1 through 4 by replacing each dependént

variable s(z,t) by its time averaged value 3(z). In addition, the assumption that
momentum convection can be négiected isb)_ma.de based on having a low mean flow

velocity and inviscid fluid, yielding -

e Continuity:

po=rm= Constant (6)
where rir is the mass flux.

~ ¢ Momentum: v , , L

- @ _ 0 or "—‘Constant | (7
dz . p-=L.onstant ... -
 o*Energy: T
596, = q, - U(T' =T, 8
| peg =e-U0-T) @
o State:

p=#RT . (9)
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The axial dependence of the time averaged temperature, density and velocity is-
calculated utlhzlng Egs. (6) to (9) and measured temperature, concentration and
flow data. The mass ﬂux th=pvis ca.lcula.ted by dmdlng the sum of the measured.
flow rates of the air and the fuel by the tube’s cross-séction area. In Eq. (9) we
ha.ve two unknown para.meters — the heat transfer coefficient — U, and the heat
generated by the chemical reaction per unit length - 47,.. The speciﬁc heat of the |
gas mixture as function ot'ﬂtemper'ature can be found in thermodynamic data.
The evei-agemass flow rate 7 and the reactants concentrations at the inlet and
éihaust of the combustor specify the total ‘energ& inpﬁt by the chemical reaction
per unit time - §, = / dr dz. Since the reaction is spatially limited to the catelyst
section region, and most of the rea.ctlon occurs on a short axial distance on the
surface of one active catalyst segment, a ﬂamc sheet approzimation was used. This
approximation assumes a plane of discontinuity at the center of the active catalyst
segment, Where the entire heat of reaction is added to the system. Discontinuity
in the average temperature, deneity and velocity exist at this axial location. The
energy equation on both sides of the “flame sheet” becomes: |

-vc‘;—T=;U(T—T,)E.” o

 The heat transfer coefficient — U can be estimated by matching the measured
temperature drops bothv:‘-upstrea.m and downstream of the catalyst under non-
pulsating conditions, with the results obtained by integrating numerically Eq. (10)
assnmin‘g T, to be equal to the ambient temperature, and using different values for
U. The best fit yields an axial‘average temperature profile T'(z) for the combustor.
If Eq. (9) is“used assuming the average pressure to be equal to the barometric
pressure, the calculated temperature profile can be used to yield the average axial
density profile. Dividing the mass flux v by the local average density yields the
‘axial dependence of the mean flow veloci-ty,\ thus compléting the determination
of the steady-state distributions of the dependent variables within the deve10ped

combustor. -
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The First Order Equations

B oo

First order conservatlon equa.tlons are used to derlve the wave equatxons for the
developed ca.ta.lytlc combustor which consxsts of a constant diameter tube with
heat losses at the walls a.nd containing a low Mach number ﬂow To get the
conservation equation for the first order perturba.tlons, the expressions in Eq. (5)
are substituted into Egs. (1) through (4), and all terms of order higher than
second are neglected In addition, the steady-state conserva.txon equations are
substra.cted and the convectwe terms involving ¥ are neglected because of the low

Mach number assumption. This yields:

. ;o Continuity:

3 a4, , |
—(pv') =0 . . M
S+ 5 () o
e Momentum:
S _ o o
. ‘ g t oz (12)
.o'Energy:
N BT’ , o dT _3p , o :
pCp — Y C "4z = ot +q U(T T)) (13)

Further simplification of the energy equation is done by neglecting the last
two terms on the right handside of Eq. (13).. These two terms represent
the fluctuating heat addition and removal to and from the system. . This
investigation shows that the acoustic waves can have considerable effect on

- both heat generation by the reaction (i.e., the improvement in combustion
. efficiency) and heat losses through the wall of the tube (due to the changes
.in temperature distribution). These improvements prove that the pulsations
affect the time averaged heat addition and removal from the combustor, but

" it was not possible to measure the effect on their perturbations. Periodic
- -heat inflows and outflows, when located at certain positions on the acoustic
standing wave pattern with proper phase relative to the local pressure os-

cillations, induce self-driven pulsations. Since in ca.ta.lytic combustion with
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“heterogeneous reactions, = spontaneols ‘acoustic = pulsations = are ' not
detected, it is reasonable to assume that these terms are negligible. Thus

. the final simplified energy equauon is:

a:r' s .ap' <

e State: » o o

" “The four equations describing the first order deviation from the time averaged
values of the flow variables in the catalytic cAombvustor (11, 12, 14 and 15) ‘can
be used to derive a wave equation valid in a one-dimentiofial, non-isothermal low
Mach number flow. First, the state equations are used to express the temperatures

in terms of the pressures and densities, yielding:

1df 146
1dT __1dp 16
Tdz pdzx , (16)

and:

Pt “Rot la ' ‘”)

Equatxons (16) and (17) are now substituted into the energy equatlon (14) and
usmg the thermodynamnc |dent1ty C, — C = R glves

cap | g 317

ap' 3
Substituting the expressnon for i +v 35" from the ﬁrst order continuity equation

(11) and deﬁmng a local speed of sound & (=) = 'yRT = g” RT ‘Eq. (18) can be

Wl'ltten as : P Sen A T A T A A
18 _av o ) ; ., .
: 'E’Gt-.l--ﬁaz o o ‘( )
Dlﬁ'erentnatxng Eq (19) thh respect to tnme gwes o '
aZPJ ; P R . EE P
20
i a a: =0 | (20)

21



Differentiating the first order momentum equation (12) with respect to the axial

coordinate:x yields: SN :
azv' . 32 ' 1 dp.op' e e .
5 .-2e dpdp S (21)
. dzdt oz pdz 9z

Finally, the wave eqnation fora one-dirnens”ion;al, non-isothermal low Mach number

flow is derived by substituting Eq. (21) into Eq. (20):

2.1 2
G A 2
.. This equation was suggested by Cummings [29];for analysis of acoustic pulsa-
tions in non—is'otherrnalilo_w Mach number. flow. The last term in equation (22)
represents the deviation from the classical one-dimensional wave equation in homo-
geneou_s:‘med.ium due to tevmpevrva.ture,g_radients fa.l,,ong the axial coordinate. When
isothermal conditions exist in the tube, @ _is zero and the conventional one-

dz

dimensional wave equation for isothermal, low Mach number flow, is obtained.

Approximate Solution of the Helmholtz Equation

Assuming that :

p(:l: t)—P(z)e““‘ | .' Av (23)

where P(:::) is a spatially dependent complex va.nable, and substxtutlng Eq. (23)
into the wave equation (22) yields the,eorrespondmg Helmholtz Equation:

—
Sle aa g

w\?. dP 1dpdP L
()“dxz‘,szzz—“ U (24)

: ‘Gummingsgjspfégest‘ed two ways to solve this ordinary, second-order, diﬂ'erent_ig‘l‘
equation with variable coefficients; a numerical solution [29], and an approximate
‘analytical approach [30] which was la.dopted" in this study.

In order to solve the Helmho]tz equatxon a.na.lytlcally, it is a.ssumed that the
complex amplitude function P(:::) can be represented by:

f [a(z)-hb(z)]dz

Plz) = (25)
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where a and b are real functions of z. a represents the ¢hange in the amplitude due
to the temperature gradient and b the phase velocity of the axial traveling wave.

Substituting Eq. (25) and its spe.tia.l derivatives into the Helmholtz equation (24)
yields:

[a?’_x)] +(a+ib)’_+(: +:53) =(a+ b) ::* -(26)
Separating Eq. (26) into its real and imaginary perts yxelds:
[(x) 4l - e + 2 — oo )l_j‘; @)
and PR
26(2) b(xi S8y, ;j: @)
Rearranging Egs. (27) and (28)- nges
e =[] e + 4 28
and S SRR
VR

a and b can be determined by an xtera.twe solution techmque First, the as-
sumption is ma.de tha.t a and its ﬁrst spa.txal denva.tlve are small enough to be
neglected in compa.rnson to the wave number in Eq. (29), and the followmg ap-
proximate value of b is obta.med

per=[] e s@=x[ly] o

The first spa.tia.l derivative of b, assuming v to be consta.nt is:

db(::) wy) d 1 F=08Y _
=5 (5)- ot (\/,,7‘) s _,,,)

fipdl W
T(" 5) :F
2\/‘7}2 dz ) 2 '7R ]

(32)

o1
N
N
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Using Eq. (16), Eq. (32) becomes:

db(z)  wi 1dp. - w 1dp
=+ -~ —
- dx o\/vRT Pz C(.‘l:)pd.‘l:

(33)

Substituting the expression for b(z), Eq. (31), and its derivative Eq. (33) into the
expression for a(z), Eq. (30), gives:

afe) = =22 P o (34)

k:Eqs. (31) and (34) ‘are the first iterative approximations for b(z) and a(z),
respectively. The expression for a in Eq. (34) can now be utilized to get a better
approximation for b, and so forth. It should be noted that the first approximation
should be applicable when l;he temper#tﬁré (and dé”n‘sity) gradient is relatively
small. Cummings [30] found that When using-the above relations, the calculated
and the experimental data fit very well even when the temperature gradient was
large. In view of Cummings’ results, the first ofdéf approximations were used in
this investigation to calculate the acoustic pressure and velocity, both upstream
and downstream of the catalytic combustor section.

Using the approximate relation for a(z), one gets:

ez » 1 21_~ lla; ,_; ’ﬁ(z)%

| /o a(z) dz = Z/b Sd5 = Z[; dinp = ln[—ﬁ;—]» . (3)
ﬁéxt, sﬁb#tituting Egs. (31) and (35) into Eq (25) yields the fol]owing'sdlut'i“t')'h
for the acoustic pressure in the non-isothermal case: o |

In [g‘L:l C .- Jiuz)dz _ (36)

-i ';;‘dz. S [T tyds
[ﬁ] {A()c Ity + Ay lo 5 }
Equation (36) includes two complex constants A(-) and A(+') which are the

complex amplitudes at £ = 0 of the waves propagating in the +z and —z directions,

respectively. These two constants must be known in order to calculate the acoustic
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P, at z =0; that is:

pressure along the combustor. In general, if the acoustic pressure and velocity (or
the acoustic pressure and impedance) are known ‘at a certain location, these two
constants can be calculated. In the present study, the origin of the 'axia.lcoordina.te
was chosen to be the porous plate ai,the entrance to the mixing section, where
the acoustic conditions approximate a hard wall termination. Thus, at z = 0.the
acoustic wave is totally reflected (i.e. y A(<) = A(3+) = A), and the acoustic ve]oc1ty

is zero. Since the phase at one point can be set arbitrarily, the phase at z =0 is

taken to be zero. The amplitude at. z = 0 thus becomes Py = m{f’(,go)} = 24,

and the expression for the.pressure amplitude in the experimental setup is:
- dz . 4 sid
P(z) P(z [ { o stite ¢ gl o } (37)

As in the isothermal case, P=P,andis always real. The pressure oscillations are
in phase (or 180 degrees out of phase) everywhere in the combustor. The expres-
sion for acoustic pressure becomes simpler and more meaningful when expressed

as a trlgonometnc function, a.nd when 24 .is replaced by the pressure amplitude

zi‘ Po[—l] cos { /0 c::)d:} ., A!’;’“‘:(38)

And the _expression for the acoustic pressure p’ is:

p:(z,t)=Po[%] ;cc'>s { /0 E::)dz} coswt (39)

The acoustic velocity v’ is calculated from the acoustic pressure using the first

order momentum equation (12):

9v'(z,t) _ _18¢ _ _1dP(z)
dz =~ poz p‘ Tdr

wV (z)et = et (40)

The acoustic velocity leads (or lags) the pressure by 90 degrees and its ampli-
tude can be calculated from the acoustic pressure amplitude using the following
relationship:

V(z) = %é%z) | (41)

31



It should be noted that P(z) and V(z) in this derivation, hive both positive
and negative values: This is different from the usual definition of amplitude whose
magnitude is always positive. P(z) is the instantaneous acoustic pressure at the
time when thé pressure at the “acoustic hard wall termination” reaches a maximum
value. V(z) is the instantaﬁeous acoustic velocity ‘half a cycle later, when the
velocities near even andiodd pressﬁre nodes reach maximum and minirmum values,
respectively. This description of the acoustic amplitudes was chosen because when
the data is px_'esented?the locations of the nodes and the relative phase differences
are shown clearly in a single figure, as in Fig. 3. “The negative values of either
pressure or velocity indicate a 180 degree phase change with respect to the positive
values. When both the pressure and the velocity have the same‘si}gn (i.e., for
0 <z <.5and 1<z < 1.5 in Fig. 3), the acoustic velocity leads the pressure by
90 d-egreés‘ and the acoustic pressure and gas particle displacements are in phase
: (i.e., as the pr’esfsure increases the gas pa.rt"xc:les move in the downstream direction,
‘and: vice v’erszp). Whén the signs are opposite (i.e.,for .5 < z'< 1 and 1.5 < z<?2
in Fig. 3), the velocity lags the pressure by 90 degrees. In this case the acoustic
pressure and velocity are out of phase and the gas particle displacements are in
the upstream direction wheri pressure increése;, and in the downstream direction

when the pressure decreases.
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Chapter V

RESULTS AND DISCUSSION

Introduction

The objectives of this research were to- investigate the feasibixli'ty of
operating a catalytic combustor under pulsating conditions and to determine
whether acoustic pulsations would improve the combustor's performance. In
order to attain these objectives, the experimental system should .be capable of
maintaining incomplete but stable catalytic combustion with no gas phase
reactions under non-pulsating oper'ationm, and react stably upon the
introduction of- acousti;;_ oscillations. Since commercial methane is the most
widely used gaseous fuel and the sponsor of the research program was
interested in the investigation of its combustion, methane was chosen as the

fuel in the first stage of this investigation.

Methane ~was used to check the proper operation of the experimental
setup and to develop an appropriate test procédure. These initial tests revealed
that the available catalyst was not as active as it should have been according to
the litg;rature. Spontaneous ignition of surface reactions did not occur at
catalyst temperatures below 500 Oc, although the literature {3,4,31} reported
that ignition should occur at temperatures below 400 Oc. Consequently,? a new
ignition method had to be developed. Additional tests with methane revealed
that the measurements of temperatures and acoustic pressures along the
combustor in different tests conducted under identical conditions were not
repetitive and that stable incomplete catalytic combustion of methane could
not be reached due to the poor performance of the catalyst. Since operating
conditions of the developed experimental setup for which the combustion of
methane was incomplete could not be found, another fuel which is more
reactive and could ignite spontaneously on the catalyst at low temperatures
had to be found in order to meet the objectives of this study. Propane was
found to satisfy these requirements. In what follows, the results of the tests
with methane are presented in the first part of this chapter, and those

obtained with propane are presented in the second part.
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Catalyst Light-Off o

According to the literature {3,4,31) ignition of ‘methane on a catalytic
surface occurs in thé 250 - 400 0C ‘temperature range for a wide range of
methane/air ratios. ' Since' our heating 'system was capable of - delivering
mixture temperatures ‘of up to, approximately, 500 0C, it was assumed that
spontaneous catalytic ‘combustion can be started by flowing a hot methane/air
mixture over the catalyst. Initial ‘attempts to ignite the catalytic combustor
with methane concentrations both above ‘and below the lower flammability
limits (i.e., methane concentrations in' the range of 2 to 6 percent by volume)
failed "in’ spite “of the fact that the catalyst was preheated with hot air to 525 0c
and’ a ‘mixture temperature " of approximately 500 0c was used. Contacts with
investigators ‘at the Alzeta 'Corp. " (the supplier of ‘the catalyst segments)
revealed that ‘the ' catalyst surfaces needed to be heated to a very high
temperature ‘(i.e., approximately 1300 0C) in order to start ‘catalytic reactions.
Consequently, it was:'decided to preheat the catalyst surfaces with a flame
produced at ‘the beginning of cvcry' test by igniting a flammable methane/air
mixture upstream of “the catalytic ' combustion section. The resulting flame
heated the catalytic surfaces to the desired high"tcmperatUrc in a very short
time. Subsequently, the methane flow rate was cut off for a period of 2 to 3
scconds to extinguish the gas phase flame. The methane valve was then opened
again to establlsh a ﬂow rate nceded for catalyuc hetcrogcncous reactlon This
was gcnerally bclow the lower ﬂammablllty limit for ambient temperatures;
that is, bctwecn 1 and 4 percent mcthanc by volume. Followmg this proccdure

hetcrogeneous catalyuc rcactlon could be attained rcpcatcdly Catalytlc

‘surfacc rcactnon under non-pulsatmg condmons could not bc stabnlnzcd _at

,extremcly low ﬂow rates or whcn _very lean mcthanc/alr mnxtures were uscd

‘When' flow rates below 50 Std. lit/sec were used with ' methane
conccntr'ation's higher than approximately 2.3 percent methane by volume the
reaction shifted upstream and a gas phase flame anchored itself on the flame

" holder of the ignition system. This happened because heat “generated by “the

reaction on’ ‘the catalyst surfaces was conducted upstream and héated the
incoming mlxturc At the elevated mixture temperatures the lower
flammability limit dccrcascd and methane concentrations in excess of - 2.3

percent could support gas phase reactions. Since at the low flow rates mixture
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flow velocities were lower than 2 m/sec, the flame velocity was higher than
the flow velocity and the flame shifted upstream. When flow rates below 50
lit/min - and methane concentrations, between. 1.5 and 2.3 percent were used,
the reaction stopped after a short period -of time, usually after a. gas phase
flame was, detected. It is .believed‘ that the same phenomenon occurred in these
cases, but the \lower methane concentrations generated less heat. due to the
combustion. The heat -generation rate was lower than the rate of heat losses
through the walls and caused the temperatures along the.. combustor to
decrease. Due to less heat conduction from the combustion zone in the
upstream direction, the incoming methane/air mixture temperature decreased
until the gas phase reaction was extinguished. .The catalytic surfaces were too
cold and could not reignite the surface reactions. When the mixture
concentration and flow rate were too low (e.g., 1.5 percent methane at a flow
rate of 50 lit/min or 1 percent at a flow rate of 90 lit/min, or less) the reaction
stopped. It is believed -that in these cases the heat supply by the reaction was
lower than .the heat losses through the. walls, resulting  in cooling of the
catalyst surfaces. Catalytic reaction was stable only when a temperature. of 800
0C or higher was measured downstream of the active catalyst segment. When
the mixture flow rate .and methane concentration were decreased to below the
above - mentioned values, the temperature decreased gradually until the

reaction stopped.

The temperature downstream of the catalyttc section increased sharply
wnh mcreasmg flow rate and methane concentration. This happened because
the heat input was larger than the heat losses through the walls. Operation of
the expertmental setup at catalyst temperatures in excess of approximately
1100 0c was not desirable. At about this temperature, onset of gas phase
reactions occurred and damage to the catalyst starts. Consequently, stable
catalytic combustion of methane with no gas phase reactions was possible only
for a limited range of flow rates and rnet-hane concentrations. At flow rates of
about 100 lit/min stable catalytic combustion was achieved with methane
concentrations between' 1.3 and: 5 percent. At flow rates of about 600 lit/min
the operation of the experimental setup was possible with methane
concentrations between 1.5 and 2.1 percent,‘ and for flow rates of .1000 lit/min

or higher the temperatures were always in excess of 1100 0c, and operation of
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the combustor without gas phase reaction and damage to “the -catalyst ‘'was not
possible. ‘ ' ‘ '

SaEly

Repetition/Hysteresis .of. Exp‘erirnent,al, Results;.

_ In the mmal phase of thls study the repeatablllty of the measured data
was mvestlgated It was found that tests conducted at the same flow rates,
methane concentrations, mixture mlet temperatures "‘"’and catalyst
configurations did not yield the same (or close) quantitative data. Temperature
variations of 50 to. 100 0c, and acoustic. pressure variations of approximately
100% (i.e., 4 to 6 dB) were measured when. tests were. repeated. |

There are several possible explanatidus for the observed variations 'in
the measured . parameters. The .accuracy of the rotameters .used .to measure _the
flow rates of both the air and the fuel is £2% of full scale, which can produce
errors of 5% or more in the methan¢” concertration: Such -unnoticed variations
can cause even larger differences in the  heat generated b’&“rthe reaction - and,
consequently, ‘in the temperature of the catalyst’ surfaces. The preheating of

‘the" catalyst by the methane/air flame can cause large: differences in catalyst

surface temperatures due to the changes “in fuel* “conceiitration, 'in the’ heating
time and in the length of time the methanepflow is cut off to ‘extinguish the gas
phase ‘flame ‘before catalytic * surface combustion is': ignited. The different
catalysts' surface temperatures can affect the ~spatial location “‘where the
reaction ' takes ‘place ‘on"“the catalysts.  Different heat inputs and different
temperatures- of the catalyst surfaces are created by the inaccuracies in flow
measurements. - These differences cause changes in ‘the temperature of . the
gases flowing th-rdugh the channels of the catalysts ‘and to the temperaturesof

adjacent solid surfaces. In addition ‘the room --temperature increased

considerably “(about 10 0C) during ‘normal operation of the combustor due - to

the “heat -'released 'to the* surroundings. S

. -The varnatrons .in _ heat generatron and heat losses and .. the dnffcrent
catalyst . surfaccs . temperature - stabilized. in the combustor can cause changes
in both the axial and the radial .temperature. distributions in the experimental
setup..;~as__-ﬁwas,;%;d§tected. ‘The variations in the temperature distribution in the
combustor change its acoustic charact'eristic and can cause different rates of

acoustic energy dissipation and greatly affect the acoustic energy content



stabilized in- the combustor: This can explain ‘- the variations in pressure
amplitudes measured during identical operating conditions. In addition, results
of tests run under the "same" conditions but with different time histories (e.g.,
two periods of non-pulsating operation before and after a period when
pulsations were tumed on) _were usually less consnstent than when effort was
made to canduct (I e., repeat) |dent|cal sequences of tests from the |gn1t|on
stage This suggests that hysteresxs effects might also exist and affect the
operation of the catalytlc combustor

o

Although the tests ‘were not repetitive from a quantitative point of view,
the observed phenomena ‘were repeated qualitatively even when - test

conditions were not exactly the same.
The Effect of Acoustic Oscillations on Methane Combustion -

.- During the-first ;phase. of this study, - four catalyst segments were used in
the - catalytic section; Tests- with this configuration. revealed that the catalytic
surface reaction took place mainly on one of the catalyst segments at-all of the
investigated flow rates. This was indicated by the temperatures measured
upstream and -downstream of the four catalysts. Test No. 16 was a typical test. of
catalytic - combustion of methane in which such temperature distributions in
the -catalytic combustion section . were -measured, as shown in Fig. 4.
Temperature ,‘,_distributiqns in the . catalytic combustion section at three
different inst_ances,. are presented in Fig. ‘4. These temperature data show that at
the indicated .instances catalytic surfacc reaction stabilized on . the third, the
second and ‘the first catalyst segments, respectively. In all .three cases sharp

temperature; increases were measured by the thermocouples: upstream and

downstream : of the.  “"active" catalyst segment, with temperature decreases

~ measured - further dowmstream. This suggests that most of the combustion. took '

place on a single catalyst segment. Figure 4 .also shows calculated temperature
distributions which were obtained by assuming that an infinitely thin flame
was positioned at the center of the "active™ catalyst' segmeni. The reasonable fit
between the measured and calculated temperatures along the ‘'combustor
justified the use of the calculated ‘axial temperature distribution for evaluation
of the standmg wave pattern in the combustor, as explamed in - the ‘previous
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The part of Test No. 16 for which the data appears in Fig. 4 was
conducted as follows. After "igniting" the catalytic surface reaction, the
combustion stabilized on the third catalyst segment. Introduction of pulsations
of 144 dB at a frequency of 800 Hz shifted the reaction to the second catalyst
segment. When the acoustic drivers were turned off, the combustion remained
anchored on the second catalyst segment. The second set of data shown in Fig.
4 was measured during this pcﬁod of non-pulsating operation. Turning the
acoustic drivers on once again at the same frequency and amplitude forced the
reaction to move further upstream and stabilize on the - first ‘catalyst segment.
Again, the stoppage of pulsations did not cause the 'active catalytic site to
change. The temperature data for the first éatalyst being chemically active

was taken again during the non-pulsating operation.

After extinguishing the reaction by shutting off the fuel supply and
letting the Cétalysl‘ cool for several seconds, the catalytic reaction was
reignited and stabilized on the fourth catalyst segment. When acoustic
pulsations at the same frequency of 800 Hz but with an amplitude of 149 dB
were introduced, the surface reaction moved from the fourth catalyst to the
flame holder of the ignition system, changing to- a gas phase reaction. This
change in location was detected both by temperature readings and by the shift
upstream. of the red glowing circumference indicating the hottest region in
the combﬁstor. The existence of gas phase reactions was immediately noticed
by the occurrence of combustion noise cha‘ractérizcd by a broadband
frcqucncy spectrum with amplitudes in the 125 to 130 dB. range. Such
spontancously excited pulsations were never present when only a surface
reaction was present. It seems that the shifting of the combustion location is
amplitude dependent, and that at the higher dB levels we detect the same effect
as with the lower amplitudes, but with stronger shifts.

The responséAof the experimental setup to the onset of ' acoustic
oscillations varied with frequency .and amplitude of the acoustic waves.
Acoustic pulsations at low anipliludcs Gi.e, Sound Pressure Levels below 135 dB)
did not shift the location of the reaction. The response varied when high
amplitude acoustic oscillations were excited in the experimental setup. In some
cases the reaction continued stably on the same catalyst segment where it
stabilized before the onset of the pulsations. In other cases the reaction was
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shifted either upstream or downstream, was extinguished or transformed into
a gas phase reaction. In order to find ‘the causes for this behavior, the
characteristics of the’ accusticﬁ standing wave in the setup was studied. Figure 5
shows. the wave pattem for a frequency of 800 ‘Hz calculated us1ng the
temperature data of Test No. 16. According to Fig. 5, the catalyuc section is
located between an upstream pressure node and the downstream pressure
antinode. Figure 6 shows the structure of the acoustic pattern for a frequency
of 285 Hz. The introduction of pulsations at this frequency also shifted
upstream the location of the combustion, although the amplitude was only 139
dB. In this case the catalytic section was also located between an upstream
pressure node and a downstream velocity node. When: a small shift in
frequency from 285 Hz to 300 Hz was made, pulsations at an amplitude of 140 dB
caused. an opposite effect;vthat is, the combustion shifted- downstream from the
third to the fourth catalyst segment. Figure 7. shows the acoustic standing wave
pattern for this frequency‘; " which is only slightly different* from the one for

the 285 Hz frequency When 300 Hz pulsations at an amplltude of 145 dB were

drlven the reacuon was extinguished. e

o Driving{f acoustic pulsations at a frequency of 200 Hz with varying
amplitudes (from 138 dB to 158 dB) did not cause any shift in the active catalyst
site and did not cause extinction of the reaction. It should be noted that at this
frequency the . location of the catalytic section on the standing _acoustic wave
pattern is uptstream of the fjrst pressure‘ node. In this region the acoustic
pressure leads the acoustic velocity by 90 degrees, which means that during an
mcrease in the acoustic pressure, ' the acoustlc velocity causes gas pamcles in
this reglon to move in the upstream direction. The acoustic pressure and the
gas particle dlsplacements are "out of phase”. There - 'were many tests in which
onset of pulsations at different frequencies did not cause a shift in the location
of the catalytic reaction When several catalyst segments were used. This
behavior occurred either when the catalyst was in an "out of phase” condition,
or when the arnplltudes were lower than 138 dB. Flgure 8 shows such an
acoustic pattern for pulsations at 500. Hz for which no shift in the reaction site

was detected.

Shifts in the location of the combustion were detected in many tests
with the catalytic combustion section consisting of either four or two catalyst
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segments. These shifts occurred only when the acoustic pressures and
velocities were "in phase”; that is, when durmg a pressure increase, the gas
particle displacements due to the acoustic oscillations were in the downstream
direction, and when the amplitude was at least 137 dB. No differences in the
operating conditions were found that could eiplain why in some cases the
shift was in the upstream direction, while in others it was in the downstream
direction. When the amplitudes of the acoustic pulsations were high and the
combustible mixture not very lean (i.e., methane concentrations above 2.4%),
there were cases when “the excitation of acoustic waves produced a gas phase
reaction which stabilized on the flame holder. In other cases, and when the
fuel concentration was below 2.4%, high amplitude pulsations extinguished
the reacuon The dB level of the acousnc pulsauons causing extinction of the
reaction or onset of gas phase flames was not repetitive. In some instances
combustion was extinguished by 142 dB pulsations, whereas in other cases
even pulsations of 158 dB did not extinguish the reaction although -the acoustic
pressure and the particle displacement were "in phase”. Similar observations
were made when shifts to gas phase reactions occurred. When only a single
catalyst segment was used, a shift in the location of reaction was not detected,
but in many cases chitation of acoustic pulsations at a frequency  that
positioned the ’catalyst between an upstream pressure node and a downstream
. pressure antinode extinguished the catalytic reaction or "ignited" a gas phase

reaction.

In most of the cases when the reaction shifted its location upon the
»exCitation of acoustic wavés, the stoppage of the oscillations did not change the
“location of" the reaction. In other instances, the stoppage of the pulsations
caused the reaction to shift back to the original location. No differences in

operation which could explain these different responses were detected.

The shift in the “reaction zone, the extinction of the reaction and the
onset of gas phas.éj reactions can be viewed as different »responses to
instabilities- in the catalytic combustor. Such instabilities occurféd when the
catalytic combustion section was .located between an upstream pressure node
and a downstream velocity node (i.e., in an "in phése" condition). These
instabilities were amplitude dependent, but the specific threshold amplitudes
causing the instabilities differed from test to test.
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A second menon . caused by the ‘excitation of acoustic pulsatlons

was a sudden change;'

in temperatures at some locatlons along the experimental
setup. Figure 9. ‘shows " the temperature histories in the catalytic combustion
section during Test No. 17 in which this phenomenon was. investigated.
During a period of about 34 minutes catalytic surface reaction ‘occurred on the
third catalyst. Three thermocouple measurements in the catalytic combustion
section are shown. that is, upstream of the first catalyst segment (TC 5),
between the first and the second segments (TC 6), and between the third and
the fourth segments_ (TC 8). Acoustic pulsations at relatively low amplitudes
and six different‘; frequencies were excited du__ring this period. :»'.I_‘he frequencies
were 200, 150, 400, 500, 600, and 800 Hz. The electrical poWer input into the
acoustic drivers was 80 watt which according to previous experience did not

cause the location p of the reaction to move. The system responded differently to

different frequencies, and the Sound Pressure Level reached in the

experimental setup varied from frequency to frequency.” The pressure

amplitudes ranged from 122 dB for pulsations of 600 Hz to 138 dB for pulsations

‘of 800 Hz. The amplitudes of the pulsations are plotted at the bottom of Fig. 9,
with the vertical scale proportional to the acoustic pressure. It can be seen

that the mixture temperature upstream of the first catalyst segment there was

‘not affected by the acoustic pulsations. Similarly, no effect of‘pulsations upon
temperature was observed at the igniter and in the mixing section which were

‘also located upstream of the first catalyst segment. Downstream of the first

catalyst segment, large temperature variations occurred. The temperature

“increased within a short period of time upon the excitation “of acoustics, and

decreased rapidly after the pulsations were. ﬂstopped. The changes were
frequency dependent. The change caused by the 200 Hz pulsations was slightly
larger than the change caused by the 800 Hz pulsations, although the latter
had more than double the amplitude. The same can be- concluded from
comparing the effects of 150 and 500 Hz pulsations. Downstream of the third
(and the "active") catalyst segment the effects of acoustic pulsatlons were
much smaller, They caused a temperature change for’ only a limited time
period both when the drivers were switched on and when they were switched
off.
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Figure 10 describes the temperature histories in Test No. 17 downstream
of the catalytic combustion  section- for the same period of time as in Fig. 9.
Temperature h'is“:tb'ri‘es{' measured 50, 100, 200, 300, and .400 .cm. downstream of
the center of the catalytic section are presented (i.e., thermocouples TC 10 to TC
14). The effect of the acoustic pulsations on the temperatures at 50 and 100 cm.
downstream from ‘the catalytic cnmbustio_n section are almost negligible. The
temperature measured by the ;third thermocouple (TC 12) deceased when
acoustic pulsations were excited. This temperature shifted back to the original
temperature when the pulsation stopped. A comparison of the changes due to
200 and 500 Hz waves with those produced by 150 and 800 Hz waves show that
the frequency dependence is different at this location from that observed in
the catalytic combustion section. The effect of pulsations on the temperature
readings of thermoeouple TC 13 were similar to those of TC 12, but with
considerably smaller temperature changes. The effect of acoustic pulsations
on the temperatures measured by thermocouple TC 14 were negligible. The
temperature changes due to the onset of acoustic oscillations were observed in
a‘lvl cases when the flow rate was less than about 600 litVsec and decreased with
increasing mixture flow rate. This was expected since at this flow rate and the
high temperature generated by the reaction (i.e., approximately 1100 0¢), the
flow velocity is about 13.5 m/sec and the Reynolds number for a hollow pipe is
approximately 17500. This Reynolds number corresponds to the end of the
laminar flow and -the beginning of the transition zone where the turbulent
flow is not fully':’de\izeloped. Turbulent: circnlatory flow patterns should appear
at about this Reynolds number nt the iniets to the catalyst segments as well as
between the different catalyst segments and downstream “of the -catalytic
combustion section. Since the catalyst segments are relatively short (i.e., 2.5
cm) some rotational flow should exist in the catalyst channels, until fully
damped. Mixing caused by turbulence might have the. same effect on the

catalytic combustion as the mixing caused by acoustic waves.

The wvariations in temperature upon onset of acoustic oscillations are
probably the outcome of ‘rotational flows excited by the acoustic pulsations.
Such rotational flow patterns should improve mixing and enhance heat
transfer by convection, causing both the radial and the axial temperature
distributions to change. Chendke and Fogler {20} suggested that the mixing

effect induced by acoustic pulsations in gas phase media is caused mainly by
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acoustic streaming. Circulatory flows excited by acoustic streaming have
directionality which depends upon the location on the acoustic standing wave
pattern, as shown schematically in Fig. 11. This can explain  the frequency
dependence of the changes in temperat’tire which - were observed in the tests.
Circulatory flow patterns which enhance mixing and improve the heat

transfer between the center of the tube and the walls can explain the

different changes in temperature at different axial locations. A short distance

upstream of the combustion zone, the inflowing gases were relatively cold,
while the metal tube was very hot due to the heat conducted along the tube
from the region where the surface reaction was taking place. The mixing due
to acoustic waves caused the temperature of the gas in the center of the tube,
where the thermocouples were located, to increase in this region. Downstream
of the combustion zone both the tube and the gas were hot and the radial
temperature gradients in the gas Were relatively small. Radial mixing in this
region is not expected to cause large 'temp?crature- changes, which explains
why the effect of the acoustic pulsations on thermocouples TC 8, TC 10, and TC
11 shown in Figs. 9 and 10 was very small. Further downstream, the tube cooled
down more rapidly than the gas inside it, and improveinent in the mixing
caused the temperature to decrease, as measured by thermocouples TC 12 and TC

13 shown in Fig. 10.

Chemical analyses of the combustion products were performed in some
of the methane combustion tests. Hydrocarbons and CO were detected in the
products during stable catalytic combustion only when fuel rich mixtures
were used, and no oxygen was available for further combustion. In an attempt
to .get incomplete combustion, the entire range of flow rates was investigated
with four, then two and finally a single catalyst segment. When the flow rate
of reactants was increased the reaction was less stable, and lower amplitudes of
acoustic pulsations caused extinction of the reactions. In all cases where
during combustion of lean methane/air mixtures hydrdcarbons were detected,
it was an indication that the combustion stopped, and it was followed by a rapid
decrease in the temperatures throughout the combustor. The response time of
the chemical analyzers, and specifically of the hydrocarbon analyzer, is at
least an order of magnitude larger than that of the thermocouples measuring

the temperature. Thus, it was impossible to know if incomplete combustion
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occurred shortly (seyeral seconds) before the reactions stopped and triggered
the extinction of the reactlon by cooltng the catalyst down; or if the reaction
was first extinguished. by.. the acoustic pulsations causing the decrease in

temperatures.

The temperature changes along ‘the combustor ‘which were’ observed
upon onset and stoppage ‘of acousttc pulsattons " m the entire range of
1nvesttgated frequenctes (1e. 150 to 2000 Hz) leads to the conjecture that
acoustic pulsatlons cause better mlxlng of gas parttcles in the flow. Since

improvement tn the mtxtng was expected to enhance the diffusion processes,

,these results suggested ‘that 1mprovement of the combustion efficnency could

be expected if stable mcomplete catalyttc combustton is obtamed

Catalytic Combustion of Prbp‘ane

)

. The results obtamed w1th methane suggested that unprovement of
mtxtng due to excitation of acousttt. pulsattons should be studted at low flow
ratesm,rather than at high flow rates ._where ,,turbulence can cause similar
effects. Since .the objective was to get stab_le, but incomplete catalytic
combustion, a decision . was made to use only a single catalyst segment with
relatively‘_ low .flow rates. ” |

The first attempts to ‘run the combustor with propane revealed that the
1gnttton of its catalyttc ‘combustion can be dore by heating the catalyst with
the electrically- preheated combustion air. The "light off" temperature

~depended on the. ﬂow -rate and the fuel/air ratio, and was in the 300 to 450 Oc

range. It also proved poss1ble to ignite the catalytlc combustton by preheatlng
the catalyst. segment. by a ~gas phase flame, as was done with methane. When
the gas flame. ignition techmque was used the input air could be heated to any
desired. temperature, or not heated at ,all. enabllng better control - of the

maximum temperature attained in the catalytic section.

Catalytnc combustnon tests of propane were conducted with ﬂow rates
rangxng between 70 and 500 Std. llt /mm ‘and’ at fuel concentratlons below 25%
propane by volume. At the lowest ﬂow rate (1e. 70 Std ht /mtn) the axial ﬂow
velocity in the catalyttc combustlon section was 1.2 m/sec “and the Reynolds
numbers were 600 when calculated for the tube, and 12 when calculated for
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the catalyst channel. At the maximum flow rate of 500 Std. lit/min the flow
velocity was 11.15 m/sec and the Reynolds numbers for the tube and the
channels were 10,000 and 225, respectivély. It was found that, as with methane,
increasing cither the flow raie or the fuel concentration resulted in a higher
steady-state temperature at the exit from the catalyst. This reflects a higher
catalyst surface temperature. Catalytlc reactions were stable in a wide range of
flow rates and conccntratlons Using concentratlons lower than 4,000 ppm
resulted in very low combustlon cfﬁc:cnc:cs (i.e., 25 to 35%). The temperatures
measurcd during non- pulsatmg operation at the cxlt from the catalyst with
propane conccntranons in the 3,500 - 4,000% ppm range were betwccn 250 and
300 OC Onset of acoustlc pulsatlons at various frequenc:cs and amplntudes
caused coolmg of thc catalyst (as indicated by the temperaturcs measured at its
exit), and extinction of the catalytic reaction. Propane concentrations below
3,500 ppm did not support catalytic combustion even at mnon-pulsating
conditions, and caused quick extinction of the reaction. Only traces of
hydrocarbons were detécted when propane concentrations of about 10,000
ppm were used. The combustion reaction proceeded to completion when the
propane concentrations were in excess of 12,000 ppm. Extinction of catalytic
reactions at propane concentrations and flow rates above 4,000 ppm and 100
lit/min, respectively (i.e., for V 21.4 ‘m/sec and Re2800), were not detected.
. This was probably due to the lower activation energy and the easier ;ignition‘ of
propane compared to methane. Onset of gas phase flames upon. the excitation

of acoustic pulsatlons has occurrcd only at concentrations abovc 15 000 ppm.

" ‘Incomplete reactions were achieved when the ‘temperatures measured
downstream of the catalyst"‘wcrc””relatively low (i.e., less than 1,000 OC).
Increasing the flow rate resulted in higher combustion efficiencies although
the residence time of reactants in the catalytic section decreased. "Best" results
(i.e., stable, but incomplete catalytic combustion) were achieved when usiﬁg
inlet mixture temperatures of up to approximately 250 0C, flow rates between
100 and 160 Std. lit./sec., and propane concentrations of 4,000 to 9,000 ppm. The
ranges of flow velocities and Rcynolds numbers for the tube and the catalyst
channels calculatcd for thesc operation condmons were 14 to 8 m/scc 800 to
7000 .and 17 to 160, respccnvcly Combustion cffncncnc:cs measured while

opcraung w1th1n thesc ranges were bctwccn 40 and 85%.
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As with methane, test results were not quantitatively repeatable.
Temperature and pressures variations of up to +750C and £3 dB, respectively,
were measured in the experimental setup during “identical" operating
conditions. | S B

-

The_ Effect of Temperature on Steady-State Propane Combustion
Efficiency

In order to investigate the  effect of acoustic oscillations on the
performance of the developed catalytic combustor, the system was investigated
both under steady-state (i.c., non-pulsating) and pulsating conditions. The data
obtained during steady- -state operation with :incomplete catalytic combustion
shows the changes in performance of the combustor caused by changing the
mixture's flow rate and propane concentratlon Measurements of temperatures
just downstream of the catalyst, and calculated combustion efficiencies for
non-pulsating operation of the”catalytic combustor vare presented in Tables 1
and 2. Table 1 lists combustion efficiency data for propane/air mixtures at a
constant air flow ratel of 156.1 lit/min and_ five different propane
concentrations in the 4000 to 9000 ppm range The mean flow velocity
calculated from the data for the catalync combustion section was in the 1.9 to
2.5 m/sec range. Table 2 presents temperature and combustion efficiency data
for four different flow .rates between 100 and 160 lit/min at concentrations of
about 8900 ppm. The data in both tables was measured at different times for
cach flow rate and concentration and shows the large variations of both
temperature and combustion efficiency measured ‘at "identical" conditions. The
combustion efficiency data in Tables 1 and 2 was plotted in Figs. 12 and 13 as
function of propane concentration and air flow rate, respectively. In spite of
the large variations in the data, it can be clearly secen that an increase in
cither the fuel concentration or the flow rate caused higher combustion
efficiencies. The temperature data in Tables 1 and 2 is plotted in Figs. 14 and 15
as function of propane concentration and air flow rate, respectively, and show
that the temperature measured at the exit from the catalyst increased with the

increase of ecither the fuel concentration or the mixture's flow rate.

The temperature measured at the exit from the catalyst is a measure of

the "heat balance between the heat generated by the reaction and the losses to
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Table 1: Té;npefatures and Combustion Efficiencies Measured During

Non-Pulsating Catalytic Propane Combustion — Constant Flow Rate

_PropTTemperature CombusTonw
Concentration - °C - 7 | Efficiency
480 44.6%
4023 | 620 | 653%
pem 520 | 49.0%
| 550 - 52.2%
505 | 45.7%
660 - 62.5%
4817 osts 52.0%
- | . pem 523 | 50.1%
SRR TR . 605 | . 52.3%
620 . 57.5%
4 600 [ 55.6%
5096 582 | 51.9%
_ppm | 712 | 68.2%
696 - .| 60.3%
620 | 58.2% :

56



~ Continuation of Table 1.

- Propane | Temperature ‘Co_rixj.xbustion
Concentration | = °C-..::| Efficiency
S| om0 | sas
e870 | 818 | 701
& ppm i 745 ., ' 58.5
785 .. |  67.8
867 69.3
8860 - 950 83.4
ppm R ws | sso
- ' : 9207 - 80.7 I
H_ s 893 - | 753 |

Air flow rate — 156.1lit/min, total mixture

flow rates between 156.7 and 157.5sh't/mz:n |

" mean flow velocities between 1.9 and 2.5 m/sec.
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Table 2: Temperatures and Combustion Efficiencies Measured During

Non-Pulsating Catalytic Propaﬁé Combustion — Constant Fuel Concentration

Air Flow. ‘Propane Terﬁperaﬁ-ture Combustion
Rate . | Concentration‘ | °C Efficiency

867 69.3%
156.1 8860 - 907 | 80.7%
lit/min ppm . 950 83.4%
o=3m/sec | ' 993 85.0%
’ 803 ‘| 75.3%
821 80.4%
137.8 ' 8973 904 - 82.1%
lit/min - ppm - T93 65.3%
= 2.5m/sec N 864 77.9%
| ‘ 804 | T76.0%
1214 | 86 | 863 | 793%
‘lit/mfn pprrgl_. | . T45 59.2%
7= 1.6fh/sec - 704 62.8%
108.6 623 62.1%
lit /min 8921 713 63.2%
¥ =3m/sec ppm 679 55.6%
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the wall and is an indication of the temperature of the catalyst surfaces. This -
suggests that the combustion efficiency obtained in the catalytic section could
depend upon the ca_talyst_ surface temperature. Figure 16, which shows the
combustion efficiency as function of the temperature measured at the exit
from the catalyst ‘using the data from both tables, supports this suggestion. It
shows that the combustion efficiency increased as the temperature measured

at the exit from the catalyst increased.

The Effect . of Acoustic Pulsations on the Axial Temperature
Distribution in ‘ Propane Combustion Tests "

Observations of the effect of acoustic pulsations on catalytic combustion
of propane were in many aspects similar to those observed with methane. The

magnitude of acoustic pulsations excited in the combustor by driving the

system at a certain power input varied with frequency, and was not

quantitatively “repetitive. This indicates :that acoustic energy absorption by the

system is frequency and temperature dependent Since only ‘a single catalytic

segment was used, a shift in the location of the reaction was not detected The

effect of pulsations on the temperature dlstl‘lbllthnS along the combustor was
very similar o the effect on temperature whic]h was detected when operating.
the catalync combustor with methane. “There were no temperature _changes at
the mixing section. Onset of oscillations caused some tem‘peratnre increase
(about 10 0C) just upstream of ‘tlte catalyst. When acoustic waves had no (or
slight) effect on ‘the combustion efficiency, very slight temperature increases

were detected just downstream of the catalyst, and the temperature changes

‘reached a maximum of 10 to 30 OC about 20 cm downstream of the catalyst. The

temperature changes decreased . further downstream until no significant
change could be detected about 60" to. 80 .cm from the catalyst Further
downstream, the effect was opposite, that is, a very large temperature drop
occurred when acoustic pulsations were turned on.- This temperature drop
reached a maximum of 60 to 90 OC about 150 to 250 cm from the end of the
combustor. From this point towards the end of the experimental setup, the
temperature drop decreased and near the exit of the combustor no significant

temperature changes were detected.

When an improvement in the combustion efficiency was detected, the

temperature increase downstream of the catalyst was larger, between 30 to
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100 Oc depending upon the increase in the combustion efficiency. This higher
temperature increase reﬁects' the additional heat generated by the reaction.
The slight increase in temperature upstream of the catalyst, and the large
temperature drop in the section 50 to 300 cm from the end of the combustor
were not affected by the change in the combustion efficiency. Figure 17
presents the temperéture gradients along the combustor when a propane
concentration of about 9,000 pp‘m'and a flow rate of 150 lit./sec. were used ai
pulsating and non-:pulsatingr conditions. The temperatures measured
downstream of the catalyst were relatively high (close to 950 0c) for propane,
but still lower than the average temperatures measured when the combustor
was operated with méthane. The temperature scale in Fig. 17 is not. sensitive
enough to show :the small increase in temperature upstream of the catalyst,
but the temperature increase downstream of the catalyst caused by an increase
of 12% in the combustion efficiency (from 85 to 97%), and the large
temperature drop caused by onset of acoustic waves at the center of the
combustor, are clearly seen. Figure 18 presents similar data for a propane
concentration of 6,000 ppm. The effects are, generally, very similar to those
shown for the concentration of 9,000 ppm, with temperature changes in the
vicinity of the éatalet (both ﬁpstrea’m and downstream of it) somewhat
higher. This can be explained by noting the difference between the two tests.
When a propane Vconcentration of 9,000 ppm was used the combustion
efficiency during _non';pulsating operation was about 85% and' improved upon
the excitation of acoustic waves by 12%. With 6,000 ppm, the efficiency during
non-pulsating operation was only 65% - and the onset of -acoustic '- waves
increased the efficiehéy by about 22%. Table 3 presents the temperatures
measured along. the combustor under non-pulsating conditions and three
different amplitudes of 717 Hz oscillations. Figure 19 shows the temperature
data and the calculated ~tempefatu‘re distributipn ~along the cbmbus'tor durii)g
the non-pulsating operation, and Fig. 20 shbws the changes catjsed by the
oscillations and the improvement in" the combustor's op'er'ation‘ upon
increasing acoustic powér. The data for non-pulsating operation is the
average temperature measured during the stoppage of the acoustic drivers
between the periods of acoustic excitation at different amplitudes. The data is
 for an air flow rate of 156.1 lit/min, a propane concentration of 5996 ppm,
acoustic oscillations at 717 Hz, mean flow velocity in the catalytic combustion
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Table 3: Temperatures Measured Along the Combustor in Tests with Different
Acoustic Amplltudes.

. ; . [ . B
I Axial Acoustics | Amplitude of Acoustic Wave II

Location of [1306dB|14884dB|1617dB|

x= 70cm| 171.8°C | 171.8°C | 171.8°C [ 171.8°C |
x= 285cm | 141.5°C | 140.8 °C | 140.8°C | 141.5°C ||

x= 37.6cm| 118.1°C | 118.1°C | 118.8 °C | 118.8 °C
x= 780cm| 91.9°C | 92.6°C | 92.6°C | 93.3°C
x = 112.5cm | 1003 °C | 102.3°C | 103.7°C | 104.3 °C
x= 1209cm | 103.7°C | 105.1°C | 107.7 °C | 109.9 °C
x= 1288 cm | 132.3°C | 134.3°C | 137.7°C | 141.1°C
x = 132.3 cm | 145.0°C | 147.7°C | 1517 °C | 185.1 °C
x = 137.8cm | 626.0 °C | 646.0°C | 658.1 °C | 667.6 °C
x= 1529 cm | 441.8°C | 460.7°C | 482.4 °C | 4962 °C
x= 219.3cm | 161.3 °C | 127.3°C | 108.3 °C | 94.5 °C
x = 3489cm | 110.3°C | 100.0°C | 95.9°C | 93.4°C
Xx= 463.5cm | 84.0°C | 84.0°C.| 84.0°C | 84.0°C

e 552% | 723% | 863% | 937 % |

" Air flow rate 156.1 lit/msn, 5996 ppm propane, ..

frequency of acoustic pulsations = 717 Hz.
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section of 2.15 mfsec, and with the catalyst at a distance of 135.3 cm from the
acoustic termination (the axial reference point, which is the porous plate
shown in Fig. 1). This temperature distribution along the combustor and the
effects of the acoustic wave amplitude on the temperature distribution are
typical for acoustic pulsations which caused increases in the combustion

efficiency.

Responses of three thermocouples downstream of the catalyst to onset
and stoppage of acoustic oscillations in Test No. 30 are shown in Fig. 21.
Thermocouple No. 11 was about 80 cm downstream of the catélyst and its
temperature increased when the drivers were tumed on, and vice versa.
Thermocouples Nos. 12 and 13 were 120 and 240 cm further downstream,
respectively, and showed the opposite effect. Similar effects were noted with
methane and have been explained. The plots presented in Fig. 21 show that
when the acoustic oscillations were stopped the temperature measured by
thermocoupie ‘No. 12 was in several instances larger than the temperature
measured upstream of it by thermocouple No. 11. Figure 22 shows the axial
locations of thermocouples Nos. 11 and 12, and the temperatures measured by
them before, during, and after the onset of acoustic pulsaiions, and shows
clearly the "reversed” gradient measured after the stoppage of pulsations. It
~should be’ noted that the small difference in the temperatures measured by
thermocouples Nos. 11 and 12 prior to the onset of acoustic pulsations is due to
the similar “"reversed” effect cauSed”by the steppage of the previous acoustic
pulsétions. ‘Similar effect of "reversed" axial temperature gradient ié shown in _
Fig. 23 for different test conditions. Thermocouple No. 4 was located 84 cm
downstream of the catalyst, and thermocouple No. 11 is the next thermocouple
130 cm further downstream. Onset of acoustic pulsauons increased the
temperature readings of thermocouple 4 and decreased the feadings of
thermecouple 12, "as explained before. When the pulsations were stopped, the
opposite changes occurred with the temperature measured by thermocouple 4
being lower than those measured by thermocouple 12 upstream of it. Such
"reversed” temperature gradients downstream of the catalyst which existed
during several minutes were observed several times when acoustic pulsations
were stopped during catalytic combustion of propane. Although
thermoacoﬁ_stics (see Rott {32} and Swift {33}) can explain "reversed" axial
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temperaturé “gradients during -acoustic pulsations, no explanation was found

for such temperature gradients caused by the stoppage of pulsations.

The Effect of Acoustic Pulsations -on Combustion Efficiency - of
Propane

Sincc it v)as possible to attain stablc and mcomplctc catalytlc
combusuon of propanc “under non-]pulsatmg opcratmg condmons. - became
possxblc to 1nvcstlgatc whether acoustic pulsatlons can improve the
combustion cfflcxcncy of the catalytlc combustor. Frequencies in the 200 -
2, 000 Hz rangc were investigated. Thc excited wave amplitudes dcpcndcd on the
frcqucncy of thc wavcs and thc llocanon ‘of the catalyst. When opcratmg thc
acoustxc drivers at frcqucncxcs up to 1000 Hz and an clcctncal power input of
100 watt, the average sound prcssurc lcvcls in the cxpcnmcntal setup were
about 140i5 dB Amphtudcs of up to 162 dB were mcasured at scvcral narrow
rcsonant frequency rangcs At frcqucncxcs above 1000 "Hz, the amplxtudc of
the acoustic pulsauons decreased wnh mcrcascd frcqucncy, and "resonant”
peaks wcrc not detected. Amplitudes of 130 ‘dB or less wcre mcasurcd at
frcqucncncs h:ghcr than 1600 Hz The rcsonant frcqucnclcs shlftcd when the
axial temperature distribution changcd but thc Shlfts in "resonant" frequency
ranges and the amplitudes measured 'wcrc ncglxgxblc when thc axial

tcmpcraturc dlstnbutlon was approxlmatcly constant

For ' some operating ‘conditions, large changes in. hydrocarbon, O2 and
CO2 concentrations were detected when pulsations at . frequencies' in the 300 -
1,000 Hz range were excited, and the resulting‘amplitudes of pulsations
exceeded 135 'dB. The hydrocarbon and oxygen ‘concentrations decreased ‘in
these cases, while the carbon dioxide concentration increased.  This - indicated
that the excitation of acoustic pulsations ' increased the amount of fuel
consumed by the catalytic rcaction The increase in the temperature just
downstream of the catalyst. which was obscrvcd dunng these periods (as
described in the prcv:ous scct:on). also xndlcatcd 1mprovcmcnt in the
combustion cfficlcncy At dlffcrcnt opcrating conditions, onset of acoustic
pulsauons produced no or anllglbIC changcs in the hydrocarbon, 02 ‘and CO2
conccntratnons Furthcrmorc, undcr these conditions practlcally - no
tcmpcraturc changcs were obscrvcd 1mmcd1atc1y downstream “of the catalyst.
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The first improvements in the combustion efficiency . were detected
during initial tests with propane when acoustic pulsations in the 600 - 680 Hz
frequency range were excited. In this frequency range, acoustic amplitudes of
137 to 15 dB were excited when running the system with a propane
concentration of 6,000 ppm. and driving the acoustic sound generation system
with an electrical input of 100 watt. The effects of pulsations in the 600 - 680 Hz
frequency range upon the combustion efficiency are presented in Figs. 24 1o
27. Figure 24 descnbes the time variations of the amplitude of oscnllatnons. and
Figs. 25, 26, and 27, the time variations of the hydrocarbon, C02, and oxygen
concentrations, respecttvely. The data presented in all four figures :was
measured during tlte ‘same 17 minutes time irtterval The initial data were
measured when a 627 Hz oscillation was stopped. This change to non-pulsatmg
operation decreased the c0mbustnon efficiency as reflected by the increase of
hydrocarbonl and oxygen concentrations and the decrease in CO2
concentration. Upon the excitation of a 650 Hz, 150.6 dB acoustic pulsation the
combustion effictency increased from 55 to 78%. When the pulsations were
stopped, the combustion efficiency decreased to 46%. Similar results were
obtained in 15 tests conducted in 't‘heoOO - 680 Hz frequency range with the
acoustic drivers operating at maximum power. Although -the combustion
efficnency during the non-pulsatmg operanon periods varied from 46 to 62
percent, the onset of acoustic pulsatlons increased the effictency by 20 to 40%,
yielding efficiencies of 75 to 94%. It was clear from these measurements that
the onset of acoustic pulsations improved considerably the combustion
efficiency. When the electrical input to the acoustic drivers  was. decreased,
causing lower Sound Pressure Levels in the combustor, th_e_ increases in
combustion efficiencies were smaller. No .improvement .in. combustion
efficiencies was detected when the acoustic amplitude was reduced .below 135

dB. This proved that the effect of acoustic pulsations is: amplitude dependent.

¥

Dunng the mmal tests the catalyst was located about 60 cm downstream
of the porous plate whtch acted as acoustic terrnmatton The acoustlc pressure
and velocity amplltude distributions inside the experimental setup were
calculated jforv _the exclted frequ_encles. These callculations indicated that
whenever combustiort_ efficiencies improved uporr the onset of pu‘lsatior_ts. the

catalyst _ivas‘ located between an upstream pressure node and a downstream
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velocity node. Figures 28 and 29 show the calculated acoustic wave patterns for
627 and 649 Hz, respectively, where the caialyst was located “at such a position
(i.e., located after the second pressurc node at x = 60 cm) When operating the
combustor with methane, the same relative locatlon of the catalytic_ section on
the standing wave pattern caused shifts in the location of the combustion and
onset or extinction of gas phase combustion’.‘ These changes were probably
caused by extensive local circulatory flows induced by the onset of puls'a‘tion_s.

~ which changed the temperature distribution in the catalytic section. * Such

circulatory flow patterns can effect both the temperature and the propane
concentration distributions - in the catalytic combustion section and cause the
changes in combustion efficiency. o S

During the initial tests with  propane, dvurin”g. ~which the. catalyst
segment “was located ;a“bout 60 cm -dowﬁstrea'n‘l of. -thc porous plate, only one
"resonant” frequency rangc (i.e., the 600 - 680 Hz range) existed. Outside the
frequency range the maximum detccted sound pressure levels obtained w1th
the acoustic drivers operating at max1mum power were less than 140 dB In
order to. understand the - effect of the frequency of pulsations and to fmd
whether the location of the catalyst with. respect to ‘the acoustic standing wave
is an important factor, a broader frequency range at which high amplitude -
acoustic oscillations can be stabilized was necded "Two changes in the
operation of the combustor could produce - ‘higher amplltudc acoustic pulsatlons
in the cxpcnmental setup; acqulsmon of more powerful acoustic drivers, - or
changing - the acoustic characteristic pf.n ‘the qxpernmentalf.. setup. . by . changing
the location of the catalyst and/or. chéng"ing the experimental setup “length. In
order to change the acoustic characterlsucs, the catalyuc secnon was moved
towards the downstream end of the combustor and’ placed approximately 135
¢cm from the "acoustic hard wall termination”. With the modified
configuration, 6 to 8 new "resonant” frequencies were detected (depending on
operating conditions), compared to the single "resonant” frequency (the 600 -
680 Hz range) with the original configuration. When operating near these
frequencies, amplitudes between 140 and 162 dB could be excited. The existence
of these "resonant" frequency ranges provided an opportunity for a more
systematic investigation of the parameters which affect the combustion
efficiency. In more than 15 tests, onset of pulsations at amplitudes in excess of
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150 dB produced no or at most 2 to 5% increase in the combﬁstion efficiency.
Since the efficiencies measured - during -non-pulsating operations used to vary
by about 5% without noticeable _chenge in the operating conditions, such
changes were considered to be negligible. In all of these tests (which were
conducted at different frequenc'ies, bflow rates and fuel concentrations) the
calculations{ of acoustic pressures and velocities indicated that the location of
the catalyst was between an upstream velocity node and a downstream
pressure node; that is, in an "out of phase" location. When considerable
improvements in combustion efficiency were detected upon onset of acogstic
pulsations, calculations showed that the catalyst was in an "in-phase" location
(i.e., between an upstream pressure node and a downstream velocity node).
These results prqyed“j that the location of the catalyst on the standing wave
pattem is a critical factor which » determines whether the onset of pulsations
would improve the performance 'of the catalytic combustor.

In order to determme the dependence -of the combusuon efflclency
upon the ‘amplitude of pulsetlons ‘the performance of the combustor was
investigated at several "resonant” frequencies and flow rates with the catalyst
at an "in”phase” location. The results of these tests, in which the power input
into the acoustic drivers was increased gradually, are summarized in Tablés 4
to 7. Up to a pewer ini)ut,"'_ of about 60 watts the measured conc‘entiations _ef
hydrocarbons, oxygen and carbon dioxide operation. A further increase in the
electric power inpu:t" to the driverS"cause‘d imp}evemelit of the combustion
efficiency.” Table ‘4 shows the data for 5996 ppm propane and air flow rate of
156.1 lit/min for acoustlc pulsatlons of 717 Hz, Table 5 for ‘the same
concentration and flow rate, ‘but -for a 663 Hz pulsation; Table 6 for an air flow
rate of 156.1% lit/min, propane concentration of 4817 ppm and a pulsation
frequency of 665 Hz; and Table 7 for an air flow rate of 121.4 lit/min, propane
concentration of 8776 ppm and a 453 Hz pulsation. The flow velocities through
the catalyst channels were between 1.9 and 2.5 m/sec. Zero electric power
input means that the acoustic drivers were turned off. The combustion
efficiency data in Tables 4 to 7 show that the values measured when the
pulsations were turned off varied by up to 13%. Figures 30 to 33 present the
data in Tables 4 to 7, respectively. The combustion efficiency is plotted vs. the
amplitude of pulsations in dB These figures show that for pressure amplitudes

84



prome = —

B T

—

Table 4: Combustion Efficiency as Function of Acoustic Pressure Amplitude for

156.1lit/min Air, 5996 ppm Propane and 717 Hz Pulsations.

85

Ejectfic Powef | Amblitu‘&é at n, beforé:: n, durmg IR n., a.fter -.
to Drivers | ,“Ha.rd; Wall” Pul_sations Pu]sa;tions Pulsations
0w 112+3 dB - 51.9% to 60.3%
60w 134.2dB | 51.9% |. 51.9% 51.9%
70 w 130.6dB | 5L9% | 72.3% | 55.6%
80w . 1454dB | 55.6% | 78.8% —
80 w . 144.8 dB — 80.1% 52.4%
85 w '148.8 dB 52.4% 86.2% 60.3%
90 w . 153.1dB - 60.3% |- 89.1% 58.2%
95 w .. 158.0 dB 56.4% | .91.4% 54.1%
100 w 161.7 dB 54.1% -93.7% . 58.3%




Table 5: Combustion Efficiency as Function of Acoustic Pressure Amplitude for

156.1 lit/min Air, 5996 ppm Propane and 663 Hz Pulsations.

Electric Power | Amplitude at n. before | n, during | 7. after
~to Drivérs _ “Ha.rd Wall” ‘Puléatibﬁ"s Pulsations | Pulsations
Ow 112+3 dB ~ 50.8% to 59.4%

60 w 128.8 dB 521% | 52.1% 52.1%
70 w 133.4dB° | 521% | 521% 52.1%
Bw | 137.9dB | 521% | 634% | 50.8%
80w 141.1dB | 50.8% | 70.9% -
80 w © 1409dB | — | 7T1.0% 54.2%
85 w 144.6dB | 54.2% ' 79.6% 56.7%
96 w 148.7 dB 56.7% | ' 84.3% 59.4%
95 w 151.3dB | 51.3% | 86.7% 56.1%
100 w 156.2 dB 56.1% 89.9% 52.0%
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Table 6: Combustion’ Efficiency 2"as?»f-Fu‘ri(f:t'.io‘r'‘1‘'of:,:rAc“outst'.ic Pressure Amplitude for

156.1lit/min Air, 4817 ppm Propane and 665 Hz Pulsations.
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Electric Power “Amplitude at n; bef",ore I n, ftliurrin.g .:rj;;~;5.fter"j
. “to Drivérs g “Ha.rd Wall” | Pulsations | Pulsations.| Pulsations
Ow = | 115+3 dB  45.7% to 57.5% |
60 w 1324dB | : 457% . | 45.7% | 45.7%
65 w 135.7dB ;| - 45.7% | -50.1% . 50.1%
- 0w '139.1dB | 50.1% | 62.9% - 48.3%
5w "+ 142.0 dB 48.3% - | :68.4% . 52.3%
.80 w 1453dB | 54.1% 76.6% | . 52.0%
85w 149.1 dB 52.0% |- 82.5% | . 49.8%
90w "152.5dB | 49.8% |  88.1% 52.6%
95w | -156.6 dB 52.0% | - 89.7% | 57.5%
100 w 1504 dB | 57.5% | 924% | 54.9%
| 100 w 1602dB. |- 54.9% | 91.9% |.49.3%
_87




Table 7: Combustion Efficiency as Function of Acoustic Pressure Amplitude for

121.4 lit/min Air, 8776 ppm Propane and 453 Hz Pulsations.

LRI PO

Electric Power ‘Amplitude at | n, Before n,,-during j17,_.- a:ffér
to Drivers - | “Hard Wall” |:Pulsations { Pulsations | Pulsations
Ow | 109+4dB . 62.8% to 79.3% -1,
60 w . 1264 dB 64.3% 64.3% 64.3%
65w | '1200dB | 64.3% | 69.8% | 62.8%
0w 133.1dB | 62.8% 76.5% - 68.1%
15w | . 136.7dB | 64.9% :| 83.7% 69.2%
80w '140.0dB | 69.2% -03.4% - 72.7%
85 w | 145.1dB .| 727% | 97.6% 76.0%
90 w 148.0 dB 75.2% | 98.0% 79.3%
‘95w | 151.8dB. | 793% | 984% | 69.9%
100w | 153.2dB" | 69.9% |  97.9% 65.4%
© 100w | 160.2dB | 54.9% | .91.9% | (49.3%
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below 130 dB the pulsations exerted no effect on the combustion efficiency.
However for ampliiudes higher than 130 dB the combustion efficiency
increased as the amplitude of oscillations increased. Figures 34 .'through 37
show .the improvement in combustion efficiency for the conditions described
in Tables 4 through 7, respectively, by plotting the ratio of combustion
effiéiehcy measured during operating the combustor under pulsating

conditions to the combustion efficiency measured during non-pulsating

operation both before and after onset of the oscillations. These figures show,
as do Figures 30 through 33, that for pulsations larger than the threshold of
about 130 dB, the improvement in combustion efficiency increased with the

increase in the amplitude of the acoustic oscillations.

'Propo'sed Mechanisms

‘The observed improvements in the performance of the .';.)'ulsating
catalytic combustor. when the catalyst was located between an upstream
presSui'e node and a downstream velocity node can be explained by acoustic
streaming. Lord Rayleigh {34} was the first to derive. approximate equations
for the second order gas particle motions in a viscous medium betwéen two
parallel plates due to acoustic pulsations. Both Lofd Rayleigh and Eckart {35},
who introduced a more rigorous approach'; fmind that time independent
circulatory flows are induced due to the damping effect of friction in the
viscous boundary layer. These circulatory flow patterns, termed acoustic
streaniing. are flowing from the pressure nodes in the ' direction _of the
velocity nodes in the viscous boundary layer near the plate, and in the

opposite direction, near the plane of symmetry in the center between the

‘plates. A schematic of these second order, time independent flows is shown in

Fig. 11.

 The monolith batalyst used in this study consisted of rectangular
channels having a cross section area of about 1.5 mm2- The flow within each
channel is laminar and viscous throughout the channel due to its very low
Reynolds number (based on catalyst channels properties Reynolds numbers
were always less than 200). The axial flow velocity near the catalyst surfaces is
very small and most of the flow is taking place at the centers of the channels,

where the velocity is much higher. When the catalyst is located at an "in
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phase” condition, the acoustic streaming superimposed on ‘the  steady state flow
increases the axial velocity near the catalyst surfaces and slows the flow at the
center. The higher axial flow velocity in the downstream direction near the
walls causes higher reéctant concentrations at the surface due to axial mass
convection. The lower flow velocity at the centers of the channels causes a
longer residence time for the reactants flowing through the centers of the
channels in the catalytic section. This allows more time for radial diffusion of
reactants from the center to the catalytic surfaces. This increases the amount
of fuel reacting in the catalytic section. Similarly. the acoustic streaming
improves the removal of products from the cat‘glytic: surfaces. The higher
overall diffusion rates of both the reactants and the products to and from the
catalyst surfaces, respectively, enhances the catalytic reaction if, as has been
assumed, the dfiffu_sion processes are limiting the overall reaction rate.
Although the lqcatioii of the nodes which divide the acoustic streaming flow
pattern is fréquency dependent, the acoustic' streaming velocities are
frequency independent. The acoustic streaming ‘velocities are determined by
the amplitudes of the pulsations. This can .explain the dependence of the
measured imbrbvements of the combustiovnh efficiencies upon pﬁlsations'
amplitudes and the insensitivify of the cdﬁlbustion efficiency to the frequency
of the acoustic pulsations.

. When the catalyst is at an "out of phase" location, the flow ‘directions
due to acoustic streaming are reversed relative to the axial coordi{nate."‘ In’ this
case, the flow near the catalyst surfaces is slowed, while at the same time the
velocity in the centers of the channels increases. This change in flow
velocgties shortens the residence time of the reactants at the centers of the
channels and it can cause reversed flow (i.e:, flow in the ‘upstream direction)
in the boundary layer near the catalytic surfaces. Such a fld_w pattern does not
allow more fuel molecules to reach the ca;aly;ic surfaces and is not expected to
improve the performance of the E:lombustor,l' as has been observed in this study.

The circulatory flows caused by acoustic streaming move hotter gas
particles from the center of the tube downstream of the catalytic section to the
boundary layer near the wall and increase the heat losses causing the
measured decrease in temperature at the downstream part of the combustor.

Since the radial temperature gradient is much larger than the axial gradient,

98



——t

R e e

<

e TR T Sy

A

ISR

o

S
1

Rz

direction of the circulatory flow has only minor importance on the
enhancement of the heat transfer through the wall of the combustor. This
explains why such . temperature chan_ges occurred whenever pulsations were
excited. Upon the stoppage bf the acoustic oscillations, the circulatory flows
stopped and a streamlined flow pattern in the -axial direction was reestablished.
This decreased the heat losses and restored the - axial temperature distribution

to the situation prior to onset of pulsations.
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Chapter VI
SUMMARY OF RESULTS AND CONCLUSIONS

‘The experiments conducted in this study showed that . catalytic
combustors can be operated under pulsating conditions and  that their

performance can be improved by acoustic oscillations.

Stable, incomplete catalytic combustion of propane was attained under
certain operating conditions when the catalyst surfaces were kept at a
relatively low temperatures (i.e., below 1000 0C). The operating conditions
producing such Jlow temperatures but still supporting stable catalytic
combustion were flow rates between 100 and 160 lit/min and propane
concentrations in the range of 4000 to 9000 ppm. Although the results were
not quantitatively repeatable, the repeatable trends permitted the
determination of the effects of different variables on both pulsating and non-

pulsating operation of the experimental catalytic combustor.

When operating under non-pulsating conditions both combustion
efficiencies and temperatures at the exit from the catalyst increased when the
total mixture flow rate and/or propane concentration increased. Combustion
efficiency increased as the temperature measured downstream of the catalyst
segment increased. The dependence of combustion efficiency on catalyst
temperature is the reason why incomplete propane combustion was attained
only at relatively low propane concentrations and low reactants flow rates.
-Although high combustion efficiencies can be achieved by increasing the
temperature in the catalytic section, such operating conditions are not always
desired or possible. Combustion of very lean fuel/air mixtures, the need to
keep NOx, concentrations as low as possible and the need to avoid damage to the
catalyst due to exposure to elevated témperaturcs calls for operation of
catalytic combustors at low temperatures, which could result in incomplete
combustion. Enhancement of such incomplete catalytic reactions by
introduction of acoustic pulsations can make implementation of this

technology more feasible.

Acoustic oscillations caused changes in the temperature distributions

along the combustor. Upon onset of acoustic pulsations, temperatures

100



e

A g

TR . T B

B

increased : near the catalyst section, while: further downstream they -decreased: -
considerably. The .:temperature-. decreases at - the - downstream - part. of the:
combustor were detected both when the combustion was enhanced by -the:
pulsations ‘and when no improvenient: .in combustidn“«cfficiencyn; was evident..
This -suggests -that heat transfer 'coefficients —are: larger. when the system

pulsates as compared to non-pulsating operation. Increase in ithe heat transfer

coefficient makes utilization of the heat produced in the combustor more

ro. Caw ot

economical. o

-« . The ‘effect of .acoustic pulsations..;at different frequencies: ‘on ‘the:
combustion. efficiency of the experimental setup was. studied: -No -improvement
was found when the acoustic intensities were lower than 135 dB and -when the
catalyst::was in an "out of phase” location. ~Pulsations - with amplitudes in excess:
of 140 -dB were obtained only for-frequencies: between 300 and 1000: Hz: When

the catalyst was located - between an - upstream - pressure node and a downstream

velocity node, pulsations of more than.. 140 dB caused considerable increase in

combustion efﬁcienc'y. The increase 'in"'efficicncy~.::was between:' 15 .and 50
percent - and depended upon the steady-state-.efficiency and the amplitude of
the acoustic waves. For. amplitudes in excess of ' the -threshold ~of approximately
135 dB and with catalyst at the proper "in phase"” location, increase in the
sound pressure level increased the combustion efficiency. The improvement
in the performance of the catalytic combustor due to acoustic oscillations
suggests that pulsating catalytic combustors bperated at low temperatures will
be more efficient if the catalyst is located properly relative to the acoustic
standing wave pattern (i.e., where the acoustic pressure and particle

displacement are "in phase”).

Acoustic streaming is the mechanism suggested to cause the changes in
the catalytic combustor upon onset of oscillations. It explains why combustion
efficiencies are improved when the catalyst is at an "in phase” location, and
why the acoustic amplitude has a large influence on the combustor's
performance while the frequency of pulsations is of much lesser importance.
The design of the current system did not make it possible to measure the flow.
velocity near the acoustic surfaces to verify the mechanism. In order to
perform such velocity measurements, a combustor consisting of two parallel

catalytic plates and optical windows is suggested. Such a design will provide
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'cap‘a'bilities -for both ' Schlieren ' imaging “and ‘laser Doppler velocimetry. This
two diagnostic ‘methods can provide “information. about flow directions and.
velocities near the catalyst surfaces, and help understand what processes . are
occurring in the catalyst channels. Optical windows will also -provide the
capability - to measure temperatures and changes in combustion rates using
radiation diagnostic methods.

The poor properties of the catalyst used in. this study vprleven‘ted'
investigation of the effect of acoustic pulsations on combustion efficiency of
methane/air - mixtures. A more active catalyst could support stable  catalytic
combustion ~‘of methane - at' low temperatures “(catalyst surface temperatures of
less than 800 0C). If methane' combustion at low temperatures proves possible;
incomplete catalytic reaction could “be obtained, and the effect of  acoustics on-
catalytic' ‘combustion of methane -can be investigated. It is believed that such
investigation -can show that -acoustic -pulsations can -improve the performance:
of catalytic  combustors burning. methane. Since i.commercial methane (or
natural -gas) is a 'more common fuel than propane, and since methane is..more
difficult ' to- ignite and burn,: implementation' of pulsating catalytic combustor
for methane combustion could be more feasible if such improvements: are
possible. "
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| Appendix A |
CALCULATION OF THE COMBQSTIO& EFFICIENCY

Combustion efficiency . is defined as the fraction of heat generated by
the combustion reaction relative to the heat that ~would _be produced if the
reaction proceeded to completion. Since “in cataiytic coinbustion of lean
gaseous hydrocarbon/air mixtures the concentration of CO is negligible, the
assumption was made that all hydrocarbon :molecules undergoing reaction are
oxidized to CQO2 and water according to. a single global reaction. Thus,
combustion efficiency is given by the fraction of hydrocarbon molecules
consumed by the reaction. Since in ‘our study ' all- cxpcrim;-,nts with methane
combustion proceeded to-'completibn, . combustion éfficicncics .- were -calculated
only for. propane. - - Do : D

Propane combustion in the catalytic combustor proceeds according to

the following chemical equation:

If the mole (or volume) fraction of:.ypr‘opanc entering the combustor is
Xp and we assume the air to consist of '21% oxygen and 79% nitrogen, the
oxygen and nitrogen mole fractions are .21(1 - Xp) and .79(1 - Xp),

respectively. The fraction of propane undergoing reaction equals to the
combustion efficiency - T ¢ ,and out of each mole of mixture entering the

combustion zone we get 3NcXp moles 6f»CO;2”“and 4ncXp moles of water vapor.
The number of moles of unbumed propane and oxygen is given by Xp(l - N¢)
and .21(1 - Xp) - SNcXp, respectively, -and the number of nitrogen moles stays
unchanged. We do not take into account the formation of NOx from nitrogen
and oxygen in air, which was f‘iounq,,»» in the products in negligible

concentrations.

The combustion products in  the sampling “line leading to the chemical
analyzers pass through *a dryer. which' eliminates the water vapor. Thus, the

total number of moles produced from one mole of -reactants (i.e., propane and
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air) reaching the analyzers is 1 - 3N ¢Xp. The mole fraction of propane, oxygen .

and carbon dioxide passing through the analyzers are given by

ro_ Xp(1 - ne) |
Yp‘—1;3neXp R (A=),

— 21(1 = X,) - .54Xp7h »

Cu b - 3n.X, ‘
. Yoo, = 1—3n.X, (A -23)

- The “mole fraction of :propane in . the reactants (Xp) is. -calculated from
the- air and fuel rotameters meésurements, and the mole fractions in the
products sampling line are measured by the analyzers. Thus, the combustion
efficiency can be calculated from the concentrations measured by either of

the analyzers.

« From propane concentration measurements:

-5
_1- B
e = T3y, (A —4)

« From oxygen concentration mcasurements:
: . N HEE 3 )

C21(1-X,) — Yo,

= Pl __ A-5
« From carbon dioxide concentration "measurements: -
B S T - Yeo,. . - . .
e = 3X,(1 + 3Yco,) (A ~6)

"Practically,;combﬁstion”‘efﬁciency was usually calculated. uSi‘ﬁ'g only
Equations (A-5) and (A-6) since the time needed. for the: hydrocarbon analyzer

to: reach: a constant. reading was in excess of :10 minutes. The ::agreement
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between the calculations using the oxygen and CO2 concentrations was good
and the efficiency results were never more than two percent apart from one
another. The average of the two calculated efficiencies was always used. When
the combustion efficiency was calculated wusing the the concentration
measured by the propane analyzer after running the combustor at constant
conditions for more than 15 minutes, it was found to be within 5% from the
average combustion efficiency calculated using the O2 and CO2 concentrations.
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