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[57] ABSTRACT 

A method is disclosed which encompasses a two stage 
combustion process wherein a carbonaceous fuel, 
which when burned with stoichiometric amount of air 
has an adiabatic ?ame temperature of at least 3,300° 
E, admixed with air is partially combusted in a ther 
mal zone. The ef?uent is quenched and then con 
tacted with a solid oxidation catalyst to combust or 
oxidize the fuel under essentially adiabatic conditions. 
The operating temperature of the catalyst is preferably 
substantially above the instantaneous auto~ignition 
temperature of the fuel-air admixture but below a 
temperature that would result in any substantial for 
mation of oxides of nitrogen, for example at a temper 
ature of about 1,500° to 3,200° F. The resulting ef?u 
ent is characterized by high thermal energy useful for 
generating power and by low amounts of atmospheric 
pollutants, especially oxides of nitrogen. ‘ 

25 Claims, 3 Drawing Figures 
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TWO STAGE COMBUSTION PROCESS 

This application is a continuation-in-part of co 
pending application Ser. No. 209,169 ?led on Dec. 17, 
1971, now abandoned. , 

This invention relates to a two stage combustion pro 
cess. In its more speci?c aspect, this invention relates 
to a two stage combustion process in which a carbona 
ceous fuel admixed with air is partially combusted in a 
thermal zone, the effluent quenched and then catalyti 
cally combusted under essentially adiabatic conditions. 
The resulting effluent is characterized by high thermal 
energy and low in nitrogen oxides content. 
Adiabatic combustion systems from a practical 

standpoint have relatively low heat losses, and the heat 
released from the combustion zone appears in the ef?u 
ent gases as thermal energy for producing power. In 
general, conventional adiabatic, thermal combustion 
systems (e.g., engines and power plants) operate at 
such high temperatures in the combustion zone as to 
form nitrogen oxides or NO,, and especially including 
NO. A thermal combustion system operates by contact 
ing fuel and air in in?ammable proportions with an ig 
nition source, e.g., spark, to ignite the mixture which 
then will continue to burn. Flammable mixtures of most 
fuels for complete combustion normally burn at rela 
tively high temperatures, i.e., about 3,300° F. and 
above, which inherently results in the formation of sub 
stantial amounts of N01. ln-the case of gas turbine ther 
mal combustors, the formation of N03 hasbeen re 
duced by limiting the residence time of the combustion 
products in the combustion zone. However, due to the ‘ 
large quantities of gases being handled, undesirable 
amounts of NO, are produced. ' v - 

It has long been realized that little or no NO, is 
formed in a system which burns fuel catalytically at rel 
atively low temperatures. This type of combustion, 
sometimes referred to as catalytic combustion, has 
been regarded generally as being impractical as a 
means of providing power and has achieved success 
only in limited situations. For example, catalytic com 
bustion has been employed to treat tail gas streams of 
nitric acid plants where the catalytic reaction is em 
ployed to heat spent process air containing about two 
percent (2 percent) oxygen to temperatures of about 
l,400° F. The heated gases are used to power a turbine 
which drives the air compressor for the nitric acid 
plant, but such a system could not be used as a source 
of primary power because the amount of catalyst re 
quired would be impractically large as explained below 
in greater detail. 
For a catalytic reaction, one can plot temperature 

against rate of reaction as shown in FIG. 3 in the ac 
companying drawings. For any given catalyst and set of 
reaction conditions, as the temperature is initially in 
creased the reaction rate is also increased as shown in 
the kinetic region A of the rate curve of FIG. 3. This 
rate of increase is exponential with temperature. As the 
temperature is raised further, the reaction rate than 
passes through a transition zone where the limiting pa 
rameters determining reaction rate shift from catalytic 
to mass transfer (region B of the curve in FIG.,3). 
When the catalytic rate increases to such an extent that 
the reactants cannot be transferred to the catalytic sur 
face fast enough to keep up with the catalytic reaction 
rate, the reaction shifts to mass transfer control, and 
the cayalytic reaction rate levels off regardless of fur 
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2. 
ther termperature increases; The reaction is then said 
to be mass transfer limited (region C of the curve of 
FIG. 3). In mass transfer controlled catalytic reactions, 
one cannot distinguish between a more active cayalyst 
and a less active catalyst because the intrinsic catalyst 
activity is not determinative of the rate of reaction. Re- , 
gardless of any increase in catalytic activity above that 
required for mass transfer control, a greater catalytic 
conversion rate cannot be achieved for the same set of 
conditions. 
Because of the above described limitation, in order 

to increase the conversion rate for any given system, it . 
appears essential either to increase the amount of cata 
lyst surface or to increase the rate of mass transfer of 
reactants to the surface. The former, for practical com 
bustion systems, would require either a catalyst size of 
such magnitude as to be unwieldy or a catalyst con?gu 
ration which results in increased speci?c pressure drop 
and which would require unwieldy geometry to hold 
total pressure drop at a low level. For example, in the 
case of gas turbine engines, the catalytic reactor might 
very well be larger than the engine itself. On the other 
hand, increasing the rate of masstransfer of reactants 
to the catalytic surfaces would result in increased pres 
sure drop and consequently a substantial loss of energy; 
sufficient pressure drop may not. even be available to 
provide the desired rate of reaction. Quite obviously, 
these approaches, while theoretically possible, are im- 
practical. 
As disclosed in my co-pending application Ser. No. I 

358,411, ?led May 8, 1973, I have discovered that it is 
possible to achieve essentially adiabatic combustion in 
the presence of a catalyst at a reaction rate many times 
greater than the mass transfer limited rate. That ‘is, I 
have found thatcatalytically-supported, thermal com 
bustion surmounts the mass transfer limitation. If the 
operating temperature of the catalyst is increased sub 
stantially into the mass transfer limited region, the re 
action rate again begins to increase exponentially with 
temperature (region D of the curve of FIG. 3). This is 
an apparent contradiction of catalytic technology and 
the laws of mass transfer kinetics. The phenomena may 
be explained by the fact that the catalyst surface and 
the gas layer near the catalyst surface are above a’tem 
perature at which thermal combustion occurs at a rate 
higher than the catalytic rate, and the temperature of 
the catalyst surface is above the instantaneous auto 
ignition temperature (de?ned hereinbelow) of the fuel 
air admixture. Such fuel-‘air admixture will, of course, 
include partially oxidized fuel such as may be produced 
by incomplete thermal oxidation. The fuel molecules 
entering this layer spontaneously burn without trans 
port to the catalyst surface. As combustion progresses, 
it is believed that the layer becomes deeper. The total 
gas is ultimately raised to a temperature at which ther 
mal reactions occur in the entire gas stream rather than 
only near the surface of the catalyst. At this point, the, 
thermal reactions continue even without _ further 
contact of the gas with the catalyst as the gas passes 
through the combustion zone. 
The term “instantaneous auto-ignition temperature” 

for a fuel-air admixture as used herein and in the ap- ' 
pended claims is de?ned to mean that the ignition lag 
of the fuel-air mixture entering the catalyst is negligible ' 
relative to the residence time in the combustion zone‘ 
of the mixture undergoing combustion. 
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Broadly, the present invention encompasses a two 
stage combustion process wherein a carbonaceous fuel, 
which when burned with stoichiomet'ric amount of air 
has a adiabatic ?ame temperature of at least 3,300° F., 
admixed with air is partially combusted in a thermal 
zone. The ef?uent from the thermal or homogeneous 
zone is quenched, preferably with air, to substantially 
arrest combustion. The quenched effluent is then con 
tacted with a solid oxidation catalyst to combust or oxi 
dize at least about ten percent of the fuel under essen 
tially adiabatic condition. The operating temperature 
of the catalyst is substantially above the instantaneous 
auto-ignition temperature of the fuel-air admixture but 
below a temperature that would result in any formation 
of oxides of nitrogen, for example, at a temperature of 
l,500° to about 3,200° F. 
In many instances, it is advantageous to introduce a 

fuel in liquid phase rather than vapor prior to passing 
it to the combustion zone. However, in the second cata 
lytic combustion stage, the fuel must be substantially 
vaporized prior to contact with the catalyst. The ?ame 
in vthe initial thermal combustion zone serves to quickly 
vaporize the fuel when charged to this zone as a liquid 
or as a ?ne particulate solid. Further, prior thermal 
combustion permits the turbine or other power 
producing system to respond quickly to operational 
changes, e.g., speed or power changes, even though a 
portion of the combustion is accomplished by catalytic 
means, without substantial formation of NO,. Gener 
ally, a catalyst must have adequate volume to afford the 
desired catalytic reaction time. As the volume of cata 
lyst increases, however, the system will take a longer 
time to respond to changes in operating conditions. For 
instance, if the temperature of a catalytic combustion 
zone is to be changed and the speed of a turbine thus 
altered, the operation will not be completely effective 
until most, if not all, of the catalyst is at the new operat 
ing temperature. This heating process may be too slow 
for satisfactory turbine operation if the turbine were to 
be employed in a system designed for quick response, 
as is the case in automotive vehicles. Use of the present 
invention, employing an initial thermal oxidation zone, 
produces a hot effluent and reduces such response 
time. Additionally, by virtue of the heat supplied by the 
initial thermal zone, cold start-up of the system is 
readily accomplished. A further advantage of the pres 
ent invention is that since the ef?uent gases have un 
dergone partial combustion prior to catalytic combus 
tion, a lesser volume of catalyst may be required for ob 
taining a given overall extent of combustion than in a 
system using a catalyst for the initial oxidation. 

In accordance with the present invention, carbon 
aceous fuel in the presence of air is thermally com 
busted substantially continuously during operation. 
This initial combustion serves to partially combust or 
oxidize and to vaporize any carbonaceous fuel. At least 
enough oxidation is required to provide sufficinet heat 
to rapidly vaporize the fuel. If complete oxidation oc 
curs in the thermal zone, excessive NO,r formation re 
sults. It is found particularly advantageous to oxidize 
from about 35 to 90 percent of the fuel by this initial 
thermal oxidation to carbon oxides and water. Prefera 
bly, the free oxygen content of the total feed to the 
thermal combustion zone is at least about 80 percent 
by weight of the stoichiometric amount needed for 
complete combustion of the fuel to carbon dioxide and 
water to sustain the combustion but through proper de 
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4 
sign, much greater quantities of oxygen are effective, 
e.g., up to about 200 percent by weight of the stoichio 
metric amount. The combustion in the thermal oxida 
tion zone takes place at somewhat lower temperatures 
than the theoretical adiabatic ?ame temperature of the 
fuel when completely combusted with a stoichiometric 
amount of air. This difference is due to incomplete 
combustion of the fuel and in lesser degree to radiation 
losses from the combustion zone. If desired, heat from 
the thermal combustion zone may also serve to preheat 
a secondary air supply for the system. The temperature 
of the ?ame supported thermal combustion zone is gen 
erally from about l,800° F., and may be as high as 
3,700° F. or higher, with ef?uent gas temperatures 
preferably being in the range of about l,800° to 2,800° 
F. to minimize NO,1r formation. The temperature in the 
thermal combustor can be controlled by varying the 
fuel-to-air ratio. A further means of temperature con 
trol is to use the thermal combustor in indirect heat ex 
change with, for example, air charged to the system. 
The partially oxidized ef?uent from the thermal zone 

is quenched to effectively prevent complete thermal 
combustion of the ef?uent, thus minimizing NO, and 
insuring a relatively high concentration of carbon mon 
oxide which aids in preventing NOJr formation. 
Quenching is preferably accomplished by admixing the 
ef?uent with cooler air, preferably below about 1,500° 
F ., but where desired, an inert gas such as nitrogen may 
be used. In the preferred embodiment of the invention, 
sufficient air is admixed with the ef?uent to insure a 
stoichiometric excess thereof for catalytically 
supported thermal combustion. The-ef?uent gases from 
the thermal combustor will contain substantial amounts 
of carbon monoxide and hydrocarbons due to the par 
tial oxidation of the fuel. Since high temperatures for 
a prolonged period promote the formation of nitrogen 
oxides, the thermal partial oxidation is preferably fol 
lowed by a sufficiently rapid quench or cooling of the 
flame to minimize such formation. The amount of ni 
trogen oxides produced can also be minimized by 
quenching the initial thermal combustion before the 
global temperature reaches the levels at which signifi 
cant formation of NO, occurs. . 
The temperature of the ef?uent can also be reduced 

by other means, for example, by expansion of the ef?u 
ent, by indirect heat exchange or by direct heat ex 
change through contact with a ceramic heat sink. 
While quenching minimizes nitrogen oxide formation, 
this minimization can also be accomplished by increas 
ing the gas ?ow which in turn reduces the amount of 
time the reactants remain at a high temperature level. 
The velocity of the gases passing from the thermal com 
bustion zone to the catalytic oxidation may be from 
about 50 to 200 feet per second. Creation of gas turbu 
lence in the quenching zone as well as minimization of 
the distance the gases travel between the thermal oxi 
dation and catalytic oxidation zones also assists in re 
ducing nitrogen oxide formation. 
The partially oxidized ef?uent gases passing to the 

catalytic combustion zone of this invention are mixed 
with a sufficient amount of air to adjust the theoretical 
adiabatic ?ame temperature to the desired value. The 
adiabatic ?ame temperature of fuel~air admixtures or 
partially oxidized fuel-air admixtures at any set of con 
ditions (e.g., initial temperature and, to a lesser extent, 
pressure) is established by the ratio of fuel to air. The 
proportions of the partially oxidized fuel and air 
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charged to the catalytically-supported thermal combus 
tion zone are preferably such that there is a stoichio 
metric excess of oxygen based on complete conversion’ 
of the effluent to carbon dioxide and water. Generally, 

- the total amount of air added to the system, that is, the 
air added to the thermal combustion zone and any ad 
ditional air added to the partially oxidized ef?uent from 
this zone which passes to the catalytic zone is at least 
about 1.5 times the stoichiometric amount required for 
complete combustion of the fuel to water and carbon 
dioxide and preferably two times the stoichiometric 
amount. 

Although the invention is described herein with par 
ticularity to air asthe non-fuel component, it is well un 
derstood that oxygen is the required element to support 
proper combustion. Where desired, the oxygen content 
of the non-fuel component can be varied and the term 
“air” is used herein to refer to the non-fuel components 
of the admixtures. The fuel-air admixture fed to the 
catalytically-supported combustion zone may have as 
low as 10 percent free oxygen by volume or less, which 
may occur, for example, upon utilization as a source of 
oxygen, a waste stream wherein a portion of the oxygen 
has been reacted. The additional or quench air can be 
at ambient temperature or, preferably, at an elevated 
temperature achieved, for example, by indirect heat ex 
change with the thermal combustion zone. The temper 
ature of the mixture of partially combusted gas and air 
at the inlet to the catalytic combustor is below the in 
stantaneous auto~ignition temperature of the mixture, 
preferably below about l,500° F., to insure incomplete 
combustion before reaching the catalytic zone. If de 
sired, additional fuel may be added to the system be 
tween the thermal and catalytic combustion zones so 
long as at least partial vaporization of such fuel occurs 
before reaching the catalyst. This addition, if any, is 
done at a temperature high enough to insure vaporiza 
tion of the fuel. _ 

The catalytically-supported thermal combustion 
step, in accordance with the proposed embodiment of 
the invention, is achieved by contacting at least a por 
tion of the partially oxidized carbonaceous fuel, in va 
porous form and intimately admixed with a stoichio 
metric excess of air with a solid oxidation catalyst hav 
ing an operating temperature substantially above the 
instantaneous auto-ignition temperature of such fuel 
air admixture. The admixture is then combusted under 
essentially adiabatic conditions, and preferably at least 
about 10 percent of the fuel is combusted. Combustion 
is characterized by the use of a partially oxidized fuel 
air admixture having an adiabatic ?ame temperature 
substantially above the instantaneous auto-ignition 
temperature of the admixture but below a temperature 
that would result in any substantial formation of oxides 
of nitrogen. Theoretically, the adiabatic ?ame temper 
ature would be the same throughout the catalytically 
supported combustion zone, but in practical-applica 
tions where there is some heat loss, the adiabatic ?ame 
temperature is more accurately determined at the cata 
lyst inlet. The resulting effluent from the catalytically 
supported zone is characterized by high thermal energy 
useful for generating'power and by low amounts of 
N01. 
Sustained catalytically-supported, ‘thermal combus 

tion occurs at a substantially lower temperature than in 
conventional adiabatic thermal combustion and there 
fore it is possible to operate without the formation of 

20 

6 
a signi?cant amount of N01. Combustion is no longer 
limited by mass transfer as it is in the case of conven 
tional catalytic combustion. At the speci?ed operating 
temperatures, the reaction rate is substantially in 
creased beyond the mass transfer limitation, e.g., at 
least about ?ve or 10 times greater than the mass trans 
fer limited rate. Reaction rates of up to about 100 or 
more times the mass transfer limited rate may be attain 
able. Such high reaction rates permit high fuel space 
velocities which normally are not obtainable in conven 
tional catalytic reactions’. The catalytic zone can em 
ploy, for instance, an amount of partially oxidized fuel 
equivalent in heating value to about 300 pounds of pro 
pane per hour per cubic foot of catalyst, and this 
amount may be at least several times greater, for in 
stance, an amount of such fuel equivalent in heating 
value to at least about 1,000 pounds of propane per 
hour per cubic foot of catalyst. 
The carbonaceous fuels utilized in the invention may 

be gaseous, liquid, or solid at normal temperature and 
pressure. Suitable hydrocarbon fuels may include, for 
example, low molecular weight aliphatic hydrocarbons 

' such as methane, ethane, propane, butane, pentane; 
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gasoline; aromatic hydrocarbons such as benzene, tolu 
ene, ethylbenzene, xylene; naphtha; diesel fuel; jet fuel; 
other middle distillate fuels; hydrotreated heavier fuels; 
and the like. Among‘the other useful carbonaceous 
fuels are alcohols such as methanol, ethanol, isopropa 
nol; ethers such as diethylether and aromatic ethers 
such as ethylphenyl ether; carbon monoxide; and low 
ash chars. 
The carbonaceous fuel, ,which when burned with a 

stoichiometric amount of air (atmospheric composi 
tion) at the combustion inlet temperature usuallyvhas 
an adiabatic ?ame temperature of at least about 3,300° 
F ., and is combusted essentially adiabatically in the cat 
alyst zone. Although the instantaneous auto-ignition 
temperature of a typical fuel may be below about 
2,000° F., stable, adiabatic combustion of the fuel 
below about 3,300" F. is extremely dif?cult to achieve 
in many primary combustion systems. It is for this rea 
son that even with gas turbines limited to operating 
temperatures of 2,000° E, the primary combustion is 
typically at temperatures in excess of 4,000° F. As 
stated above, in a preferred form of the present inven 
tion combustion in the catalytic zone is characterized 
by using a fuel-air admixture, having an adiabatic ?ame 
temperature substantially above the instantaneous 
auto-ignition temperature of the admixture but below 
a temperature that would result in any substantial for 
mation of N01. The limits of the adiabatic ?ame tem 
perature are governed largely by residence time and 
pressure. Generally, adiabatic ?ame temperatures of 
admixtures are in the range of about l,500° to 3,200° 
F., and preferably are about 2,000° to 3,000° F. Operat 
ing at a temperature much in excess of 3,200° F .' results 
in the signi?cant formation of NO, even at short 
contact times; this derogates from the advantages of 
this invention vis-a-vis a conventional thermal system. ' 
A higher temperature within the de?ned range is de 
sired, however, because the system will require less cat- 
alyst and thermal reactions are faster by an order of 
magnitude or more, but the adiabatic ?ame tempera 
ture employed can depend on such factors as the de-. 
sired composition of the ef?uent and the overall design 
of the system. It thus will be observed that a partially 
combusted fuel which would ordinarily burn at such a 
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high temperature as to form No,,, is successfully com 
busted within the de?ned temperature range without 
signi?cant formation of N01. Although combustion oc 
curs adiabatically, it should be understood that for 
practical operations, there may be heat losses to the en 
vironment from the combustion zone. A loss in temper 
ature as measured by the effluent temperature may be 
as much as about 300° F. and preferably is not more 
than about 150° F. Notwithstanding these minor heat 
losses, the catalytic zone operation from a practical 
standpoint is considered adiabatic, and the heat of re 
action is released primarily in the effluent gases. Thus 
there may be about four times, preferably at at least 
about seven times, more heat released (thermal en~ 
ergy) in these gases than is lost from the catalytic com 
bustion zone. 
The catalyst used in the catalytic zone generally op 

erates at a temperature approximating the theoretical 
adiabatic flame temperature of the partially oxidized 
fuel-air admixture introduced to the catalytic combus 
tion zone. The entire catalyst may not be at these tem 
peratures, but preferably at least a major portion of the 
catalyst surface is at such operating temperatures. 
These temperatures are usually from about l,500° to 
3,200° F., preferably about 2,000° to 3,000° F. The 
temperature of the catalyst zone is controlled by con 
trolling the composition of the fuel-air admixture, i.e., 
adiabatic flame temperature, as well as the uniformity 
of the mixture. At the higher end of the temperature 
range, shorter residence times of the gas in the catalytic 
combustion zone appear to be desirable in order to 
lessen the chance of forming N01. The residence time 
is governed largely by temperature, pressure and space 
throughput, and generally is measured in milliseconds. 
The residence time of the gases in the catalytic com 
bustion zone may be below about 0.1 second, prefera 
bly below about 0.05 second. The gas space velocity 
may often be, for example, in the range of about 0.5 to 
10 or more million cubic feet of total gas (standard 
temperature and pressure) per volume of total combus 
tion zone per hour. For a stationary turbine burning 
diesel fuel, typical residence times could be about 30 
milliseconds or less; whereas in an automotive turbine 
engine burning gasoline, the typical residence time may 
be about 5 milliseconds or less. The total residence 
time in the catalytically-supported combustion zone 
should be sufficinet to provide essentially complete 
combustion of the fuel, but not so long as to result in 
the formation of N01. 
Nitrogen oxides found in the effluent may have been 

introduced to the system from the air supply or-even 
from the fuel as an impurity. By reason of the inven 
tion, combustion occurs, however, without the substan 
tial formation of NO;. Typically, the combustion efflu 
ent will contain less than about 10 parts per million by 
volume of NO, above the amount fed to the combus 
tion system. It is of further signi?cancethat the ef?uent 
typically may contain less than'about 10 parts per mil 
lion by volume hydrocarbons, and in some cases, less 
than about 20 parts per million by volume of carbon 
monoxide. Ef?uents this low in pollutants are most ac* 
ceptable and are far below any requirements of the 
Federal Emission Standards established by the Envi 
ronmental Protection Agency for 1976 for automobile 
emissions. 
The solid oxidation catalysts useful for the invention 

may include any of a number of catalysts used for the 
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8 
oxidation of fuels. Typically, the catalyst comprises a 
carrier and an active component with or without the 
addition of other activators or promoters. These cata 
lysts may include a wide variety of materials as well as 
con?gurations or structures. For example, the catalyst 
may comprise a packed bed of pellets, saddles, rings, or 
the like. Preferably, the catalyst comprises a monolithic 
or unitary structure comprising a ceramic substrate or 
carrier impregnated with one or more catalytically 
active components. Monoliths of this type may be 
shaped ceramic ?ber, usually in cylindrical form or 
thin-walled honeycomb-type structures. The flow chan 
nels in the honeycomb structures are usually parallel 
and may be of any desired cross-sectional shape such 
as triangular or hexangular. The number of channels 
per square inch may vary greatly depending upon the 
particular application, and monolithic honeycombs are 
commercially available having anywhere from about 50 
to 2,000 channels per square inch. The substrate or 
carrier portion of the honeycomb desirably is porous, 
but may be essentially non-porous, and catalytically is 
relatively inert. The substrate may be provided with a 
porous ?lm or coating, typically of alumina, which is 
impregnated with one or more catalytically-active com 
ponents. Structures of this type are particularly desir 
able because the pressure drop of gases passing through 
them is relatively low, and generally they are self 
supporting. The catalytically-active component of the 
catalyst is generally metal either in the elemental state 
or .in the combined state, for example, oxides. Included 
are heavy refractory types ‘as well asother Transition 
metals for example, ‘zirconium, vanadium, chromium, 
manganese, copper, platinum, palladium, iridium, rho~ 
dium, ruthenium, cerium, cobalt, nickel, and iron. The 
particular catalyst and amount employed may depend 
primarily upon the design of the combustion system, 
the type of fuel used and operating temperature. The 
pressure drop of the gases passing through the catalyst, 
for example, may be below about 10 psi, preferably 
below about 3 psi, or less than about 10 percent of the 
total pressure. ‘ 

The present invention will be described further in 
connection with the drawings in which: 
FIG. 1 is a schematic diagram of a turbine system em 

ploying a thermal‘combustor, a catalytic combustor 
and a turbine in accordance with the present invention; 

FIG. 2 is a schematic diagram of a turbine system em 
ploying a thermal combustor, a first turbine, a catalytic 

- combustor and a second turbine; and 
FIG. 3 has been previously described. 
With reference to the FIG. 1, a power shaft ltltcarries 

a turbine-type air compressor 12 and gas power turbine 
14. The shaft 10 can be connected to, say, any suitable 
power transmission system to use the power imparted 
to the shaft by turbine 14. Thus, turbine 14 may be em 
ployed to operate an electrical generator, an automo 
tive vehicle through an automatic transmission. Tur 
bine 14 may, for example, be a high compression tur 
bine having a compression ratio of 10:1. Turbines gen’ 
erally have compression ratios of at least about 2:1 and 
typically at least about 5:1 causing combustion to occur 
at elevated pressures relative to ambient pressure. The 
compression ratios preferred to are the approximate 
number of atmospheres under which combustion takes 
place. Automotive vehicles will generally have a tur 
bine with a compression ratio of about 5:1 indicating 
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that combustion takes place at about 75 psia when am 
bient air is at about one atmosphere; The structure, op 
eration and control of turbines are known in the art, de 
tails in this regard will be omitted from this description 
since they are unnecessary to explain the present inven 
tion. 

A hydrocarbon fuel, for instance, liquid JP-4 turbine 
fuel enters thermal combustor 16 by line 18 after pass 
ing through pump 20 and valve 22 which regulates the 
amount of fuel sent to the turbine system. Air to be sup 
plied to the thermal combustor 16 enters compressor 
12 by a line 24, is compressed, and exits by line 26. The 
compressed air ?ow is then divided between line 26 
and line 28 which mates with line 26. Line 28 directs 
a portion of the compressed air through regulating 
valve 30 to the thermal combustor 16. 

lg‘nitor 32 in the thermal combustor l6 ignites the 
fuel in the presence of the air during start-up. As soon 
as ?ame supported thermal oxidation is sustained, igni 
tor 32 is shut down. Thermocouple 34 is positioned at 
the exit of the thermal combustor to detect the temper 
ature within thermal combustor 16 at this location. The 
partially combusted fuel is quenched by another por 
tion of compressed air from line 26 passing through 
regulating valve 37 through line 38 and entering 
quenching zone 40. The admixture of air and the par 
tially combusted fuel is fed into catalytic combustor 42. 
While catalytic combustor 42 is represented as sepa 
rate from turbine 14 in the present drawing, if desired, 
the catalytic combustor can also be located adjacent to 
turbine 14 or the catalytic combustor may also be fol 
lowed by a thermal oxidation zone located before the 
turbine 14. 
The partially combusted fuel and air mixture after 

entering catalytic combustor 42 is contacted with cata 
lyst 46. Thermocouples 48 and 50, located adjacent to 
the initial and final catalyst surface, respectively, detect 
the temperature of the entering and exiting gases at 
these locations. The catalytically combusted gases exit 
the catalytic combustor 42 by line 52, connected to tur 
bine 14, where the gases are expanded in the usual 
manner to impart rotating motion to shaft 10. The ex 
haust gases exit turbine 14 by exhaust line 54 and are, 
for instance, released to the atmosphere. 
When operation has been established, the quenched, 

partially combusted fuel-air admixture entering the cat 
alytic combustor 42 via quenching zone 40 is at 3 ve 
locity prior to or at inlet to the catalyst in excess of the 
maximum flame propagation velocity. 
FIG. 2 illustrates another form of the inventionyin 

FIG. 2 like numbers designate the same members as in 
FIG. 1 except that turbine 14 is positioned between the 
thermal combustor 16 and the catalytic combustor 46 
and is driven by the effluent gases from the thermal 
combustor. After these gases are allowed to expand, 
they pass through line 36 and are admitted to the cata 
lytic combustor 42. The ef?uent gases from catalytic 
combustor 42 are used to drive a second turbine 56 
which imparts motion to shaft v58. In this system, tur 
bine 14 is used as a so-called free turbine. If desired, 
the exhaust line 54 in either FIG. 1 or FIG. 2 can be 
used, through proper design, as a source of indirect 
heat for the air passing through valve 30 and line 28 to 
be admixed with the fuel to the thermal combustor 16. 

The following examples will more fully illustrate the 
embodiments of this invention, in particular the 

10 

10 
method of essentially completely combusting partially 
oxidized carbonaceous fuels by contact with a catalyst 
in order to obtain an ef?uent containing very small ' 
amounts of hydrocarbons, carbon monoxide and nitro 
gen oxides. All proportions referred to herein and in 
the appended claims are by weight, unless otherwise 
indicated. 

In these examples, the catalyst is of the monolithic, 
honeycomb-type having a nominal 6-inch diameter and 
is disposed within a ‘metal housing as two separate 
pieces each having parallel flow channels 2 14 inches 
in length extending therethrough. There is ‘a small 
space of about one-fourth inch between these pieces. 

' Both pieces of catalyst have approximately 100 ?ow 
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channels per square inch of cross-section with the walls 
of the channels having a thickness of 10 mils. The cata 
lysts have similar compositions and are composed of a 
zircon mullite honeycomb support which carries a 
coating of alumina containing palladium, chromia, and 
ceria. 

The catalyst for these examples typically can be 
made by slurrying 2,400 grams .of activated alumina 
powder, less than 40 mesh in size, in a mixer with a so 
lution prepared by dissolving 2,526 grams Cr(NO3)3-9 
H20 and 1,382 grams Ce(NO3)3‘6 H2O in 890 ml. H2O. 
The mixture is dried at 120° C. overva weekend. The 
dried solids are crushed and screened to less than 40 
mesh, and then the powder is calcined for 4 hours at 
1,000° C. 3,200 grams of the powder is charged to a 3.4 
gallon ball mill along with 3,200 ml. H20 and 145.4 
grams of palladium nitrate. The mill is rolled for 17 
hours at 54 RPM. The resulting slip has a density of 
1.63 grams per ml., a pH of 4.20 and a viscosity of 12 
centipoises. 1,625 grams of the asrecovered slip are di 
luted with 1,180 ml. of a 1 percent nitric acid solution. 
The zircon mullite honeycomb is dipped in the diluted 
slip and held for one minute, and then withdrawn from 
the slip and blown with air to remove excess slip. The 
coated honeycomb is dried for 16 hours at 110° C. and 
then calcined for 2 hours at 500° C. The honeycomb is 
cooled, and shows a pickup of l 1.0 weight percent slip 
or coating. 
The upstream or initial catalyst in the housing has a 

catalytic coating of 13.9 weight percent of the catalyst. 
This coating is 70 weight percent alumina, 14 weight 
percent CrzOa and 16 weight percent CeO2 based on 
these components. The catalyst also contains 0.23 
weight percent palladium (calculated) disposed in the 
coating. The subsequent-in-line catalyst has a similar 
coating of alumina, ceria and chromia which is 11.0 
weight percent of the catalyst. The catalyst also con 
tains 0.18 weight percent palladium (calculated) dis 
posed in the coating. 

EXAMPLE 1 

Type A jet fuel having 14 percent aromatics and a 
344° F. to 504° F ASTM Boiling Point range and com- I ‘ 
pressed air in 150 percent of the stoichiometric ratio 
necessary to fully combust the fuel are supplied by sep 
arate inlets to the thermal combustor. The compression 
ratio is 4 to 1. The mixture is ignited to produce an ef- , 
?uent of about 50 percent oxidized fuel. The ef?uent 
is mixed in the quenching zone with sufficient excess 
air to give an adiabatic ?ame temperature of 2,600° F. 
The quenched partially oxidized ef?uent-air admixture 
is then passed to the catalytic combustion unit and fully 
combusted. The ef?uent from the catalytic unit is al 
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lowed to expand in a turbine to produce rotating mo 
tion and exhausted through a test chamber to deter 
mine pollutant content. 
The inlet air temperature is l,200° F. and the quench 

air temperature is 600° F. The temperature at the outlet 
of the ?ame supported thermal combustion zone is in 
excess of 3,300° F. The outlet temperature from the 
catalytic unit is 2,500° F. Results of this two stage com 
bustion produce essentially complete oxidation of the 
fuel, and it is found that the ef?uent is low in NO, emis 
sions. 

EXAMPLE 2 

JP-4 fuel and compressed air in 85 percent of the 
stoichiometric ratio necessary to completely combust 
the fuel are supplied by separate inlets to the thermal 
combustor. The compression ratio is 4 to l. The mix 
ture is ignited to produce an effluent of about 40 per- > 
cent oxidized fuel. The effluent is mixed in the quench 
ing zone with sufficient excess air to give an adiabatic 
?ame temperature of 2,300° F. The quenched effluent 
air admixture is then passed to the catalytic combustion 
unit and fully combusted. The effluent from the cata 
lytic unit is allowed to expand in a turbine to produce 
rotating motion and exhausted through a test chamber 
as in Example 1. 
The inlet air temperature and the quench air temper 

ature are both 400° F. The temperature at the outlet of 
the ?ame supported thermal combustion zone is less 
than 2,800° F. The outlet temperature from the cata 
lytic unit is 2,200° F. Results of this two stage combus 
tion are similar to Example 1. 

EXAMPLE 3 

Diesel fuel having an 18 percent aromatic content 
and a 368°-644° F. ASTM boiling range and com 
pressed air in 95 percent of the stoichiometric ratio 
necessary to completely combust the fuel are supplied 
by separate inlets to the thermal combustor. The com~ 
pression ratio is 10 to l. The mixture is ignited to pro 
duce an effluent of about 65 percent oxidized fuel. The 
ef?uent is mixed in the quenching zone with sufficient 
excess air to give an adiabatic ?ame temperature of 
2,500“ F. The quenched ef?uent air admixture is then 
passed to the catalytic combustion unit and fully com 
busted. The ef?uent from the catalytic unit is allowed 
to expand in a turbine to produce rotating motion and 
exhausted through a test chamber as in Example 1. 
The inlet air temperature and the quench air temper 

ature are both 600° F. The temperature at the outlet of 
the ?ame supported thermal combustion zone is in ex 
cess of 3,300° F. The outlet temperature from the cata 
lytic unit is 2,400° F. Results of this two stage combus 
tion are similar to Example 1. 

EXAMPLE 4 

Diesel fuel identical to that of Example 3 and com 
pressed air in 110 percent of the stoichiometric ratio 
necessary to completely combust the fuel are‘supplied 
by separate inlets to the thermal combustor. The com 
pression ratio is 20 to l. The mixture is ignited to pro 
duce an ef?uent of about 90 percent oxidized fuel. The 
ef?uent is mixed in the quenching zone with sufficient 
excess air to providean adiabatic ?ame temperature of 
l .500“ F. with sufficient additional fuel sprayed into the 
quenched ef?uent to raise the adiabatic ?ame tempera 
ture to 2,600° F. The quenched ef?uent air admixture 
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is then passed to the catalytic combustion unit and fully 
combusted. The ef?uent from the catalytic unit is al 
lowed to expand in a turbine to produce rotating mo 
tion and exhausted through a test chamber as in Exam 
‘ple 1. 
The inlet air temperature and the quench air temper 

ature are both 750° F. The temperature at the outlet of 
the ?ame supported thermal combustion zone is in ex 
cess of 3,300° F. The outlet temperature from the cata 
lytic unit is 2,500° F. Results of this two stage combus 
tion are similar to Example 1. 

In addition to employing the method of the present 
invention for powering gas turbines, the combustion 
system can be employed, for example, as a heat source 
in steam boilers wherein the heat of the exhaust gases 
are employed to generate steam as in a water-tube 
boiler, air heaters, hot water heaters and process fur 
naces. 

What is claimed is: 
1. In a method for oxidizing carbonaceous fuel which 

when burned with a stoichiometric amount of air has an 
adiabatic ?ame temperature of at least about 3,300° F., 
the improvement comprising admixing the carbona 
ceous fuel and air, partially combusting the fuel in a 
thermal combustion zone and producing an ef?uent 
containing partially combusted fuel, immediately 
quenching said ef?uent, and essentially adiabatically 
oxidizing at a temperature of about 1,500° to 3,200° F. 
at least about 10 percent-of the fuel by contacting the 
quenched ef?uent containing partially combusted fuel 
with a solid oxidation catalyst. , , 

2. The method of claim 1 wherein the partially com 
busted ef?uent is quenched by admixture with addi 
tional air. 

3. The method of claim 2 wherein the temperature of 
said catalytic oxidation catalyst is about 2,000° to 
3,000° F. 

4. ‘The method of claim 3 wherein the temperature of 
the gases from the thermal combustion zone is about 
l,800° to 2,800° F. , 

5. The method of claim 3 wherein the total amount 
of the air for thermal combustion and the additional air 
for quenching is at least about two times the stoichio 
metric amount needed for complete combustion of the 
fuel. 

6. The method of claim 1 wherein the carbonaceous 
fuel is combusted to about 35 to 90 percent of com 
plete oxidation in the thermal combustion zone. 

7. The method of claim 1 wherein the temperature of 
the thermal combustion zone is about 1,800° to 3,700° 
F. 

8. The method of claim 1 wherein the temperature of 
the thermal combustion zone is about l,800° to 2,800° 
F. 

9. The method of claim 1 wherein the quenched ef 
?uent has a theoretical adiabatic ?ame temperature of 
about 1,500° to 3,200“ F. _ 

10. In a method for operating a gas turbine which 
comprises oxidizing a carbonaceous fuel, which when 
burned with a stoichiometric amount of air has an adia~ 
batic ?ame temperature of at least about 3,300° F., and 
air to produce a motive ?uid for rotating the turbine, 
the improvement comprising admixing the carbona 
ceous fuel and air, partially combusting the fuel in a 
thermal combustion zone to about 35 to 90 percent of 
complete oxidation and producing an ef?uent contain 
ing partially combusted fuel, immediately quenching 



3,846,979 
13 

said effluent with air in excess of the stoichiometric 
amount sufficient to completely oxidize the partially 
combusted fuel, essentially adiabatically oxidizing at a 
temperature of about 2,000° to 3,000° F. in a catalytic 
oxidation zone at least about 10 percent of the fuel by 
contacting the quenched effluent containing partially 
combusted fuel with a solid oxidation catalyst, and 
passing the ef?uent from the catalytic oxidation zone 
through a gas turbine to rotate the turbine. 

11. The method of claim 10 wherein the partial com 
bustion ef?uent is further quenched by contact with 
said catalyst. 

12. The method of claim 10 in which the weight ratio 
of air to partially combusted fuel in the admixture prior 
to catalytic combustion is above about 20:1. 

13. The method of claim 10 wherein the temperature 
of the thermal combustion zone is about 1,800° to 
3,7000 F. ' 

14. The method of claim 10 wherein the temperature 
of the thermal combustion zone is about 1,800° to 
2,800° F. . ‘ 

15. In a method for operating a gas turbine which 
comprises oxidizing a carbonaceous fuel, which when 
burned with a stoichiometric amount of air has an adia 
batic flame temperature of at least about 3,300° F., and 
air to provide a motive fluid for rotating the turbine, 
the improvement comprising admixing the carbona 
ceous fuel and air, partially combusting the fuel in a 
thermal combustion zone and producing an effluent 
containing partially combusted fuel, vimmediately 
quenching said effluent, essentially adiabatically oxi 
dizing at a temperature of about 1,500° to 3,200° F. in 
a catalytic oxidation ‘zone at least about 10 percent of 
the fuel by contacting the quenched effluent containing 
partially combusted fuel with a solid oxidation catalyst, 
and passing the effluent from the catalytic oxidation 
zone through a gas turbine to rotate the turbine. 

16. The method of claim 15 wherein the carbona 
ceous fuel is combusted to about 35 to 90 percent of 
complete oxidation in the thermal combustion zone. 

17. A method for the catalytically-supported thermal 
combustion of carbonaceous fuel comprising: 

a. thermally oxidizing a carbonaceous fuel-air mix 
ture to produce a partially oxidized vaporous efflu 
ent having a stoichiometric excess of air; 

. quenching said effluent; and 
c. contacting said quenched, partially oxidized efflu 

ent with a solid oxidation catalyst to combust said 
partially oxidized effluent under essentially adia 
batic conditions to form a ?nal effluent of high 
thermal energy; said combustion being character 
ized by said partially oxidized effluent having an 
adiabatic ?ame temperature such that upon 
contact with said catalyst, the operating tempera 
ture of said catalyst is substantially above the in 
stantaneous auto-ignition temperature of said par 
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14 
tially oxidized ef?uent but below a temperature 
that would result in any substantial formation of 
oxides of nitrogen. 

18. A method as de?ned in claim 17 wherein said 
quenching is accomplished by introducing air into said 
partially oxidized ef?uent, saidv air being present in a 
sufficient amount to insure a stoichiometric excess 
thereof and being at a temperature sufficiently low to 
insure incomplete combustion of said carbonaceous 
fuel. 

19. A method as de?ned in claim 17 further compris 
ing the additional step of introducing fuel into said ef 
?uent to increase the adiabatic’ ?ame temperature 
thereof. . 

20. A method as de?ned in claim 17 further compris 
ing the step of adding air to said ?nal effluent, said air 
having a temperature lower than that of said ?nal ef?u 
ent, thereby cooling said ef?uent. 

21. A method as defined in claim 17 wherein said. ~ - 
?nal effluent is employed to produce power. 

22. A method as de?ned in claim 17 wherein said adi 
abatic flame temperature is about 1,500° to 3,200° F. 

23. A method as de?ned in claim 17 wherein said 
quenched partially oxidized ef?uent contains at least 
about 1.5 times the stoichiometric amount of oxygen 
based on complete combustion of said carbonaceous 
fuel. 

24. A method as de?ned in claim 17 wherein the resi 
dence time of said quenched, partially oxidized effluent 
undergoing catalytic combustion is less than about 0.05 
second. . l 

25. A method for operating a gas turbine by the 
catalyticallyrsupported thermal combustion of carbo 
naceous fuel comprising: 

a. thermally oxidizing a carbonaceous fuel-‘air mix 
ture to produce a partially oxidized vaporous ef?u 
ent having a stoichiometric excess of air; 

b. quenching said ef?uent; > 
c. contacting said quenched, partially oxidized ef?u 
ent with a solid oxidation catalyst to combust said 
partially oxidized effluent under essentially adia 
batic conditions to form a ?nal effluent of high 
thermal energy, said combustion being character 
ized by said partially oxidized effluent having an 
adiabatic flame temperature such that upon 
contact with said catalyst, the operating tempera 
ture of said catalyst is substantially above the in 
stantaneous auto-ignition temperature of said par 
tially oxidized ef?uent but below a temperature 
that would result in any substantial formation of 
oxides of nitrogen; and 

d. passing said final effluent from said catalytic com 
bustion through a gas turbine to cause rotary mo 
tion. 

* * * * * 


