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ABSTRACT

This work is devoted to generate knowledge and high quality experimental
data of catalytic combustion at operational gas turbine conditions.

The initial task of the thesis work was to design and construct a high pressure
combustion test facility, where the catalytic combustion experiments can be
performed at real gas turbine conditions. With this in mind, a highly advanced
combustion test facility has been designed, constructed and tested. This test
facility is capable of simulating combustion conditions relevant to a wide range
of operating gas turbine conditions and different kinds of fuel gases. The
shape of the combustor (test section) is similar to a “can” type gas turbine
combustor, but with significant differences in its type of operation. The test
combustor is expected to operate at near adiabatic combustion conditions and
there will be no additions of cooling, dilution or secondary supply of air into the
combustion process. The geometry of the combustor consists of three main
zones such as air/fuel mixing zone, catalytic reaction zone and downstream
gas phase reaction zone with no difference of the mass flow at inlet and exit.
The maximum capacity of the test facility is 100 kW (fuel power) and the
maximum air flow rate is 100g/s.

The significant features of the test facility are counted as its operational
pressure range (1 – 35 atm), air inlet temperatures (100 – 650 °C), fuel
flexibility (LHV 4 - 40 MJ/m3) and air humidity (0 – 30% kg/kg of air). Given
these features, combustion could be performed at any desired pressure up to
35 bars while controlling other parameters independently. Fuel flexibility of the 
applications was also taken into consideration in the design phase and proper 
measures have been taken in order to utilize two types of targeted fuels, 
methane and gasified biomass.

Experimental results presented in this thesis are the operational performances 
of highly active precious metal catalysts (also called as ignition catalysts) and
combinations of precious metal, perovskites and hexaaluminate catalysts
(also called as fully catalytic configuration). Experiments were performed on 
different catalytic combustor configurations of various types of catalysts with 
methane and simulated gasified biomass over the full range of pressure. The
types of catalysts considered on the combustor configurations are palladium 
on alumina (Pd/AL2O3), palladium lanthanum hexaaluminate (PdLaAl11O19), 
platinum on alumina (Pt/AL2O3),and palladium:platinum bi-metal on alumina 
(Pd:Pt/AL2O3). The influence of pressure, inlet temperature, flow velocity and 
air fuel ratio on the ignition, combustion stability and emission generation on 
the catalytic system were investigated and presented.

Combustion catalysts were developed and provided mainly by the project
partner, the Division of Chemical Technology, KTH. Division of Chemical 
Reaction Technology, KTH and Istituto di Ricerche sulla Combustione (CNR) 
Italy were also collaborated with some of the experimental investigations by 
providing specific types of catalysts developed by them for the specific 
conditions of gas turbine requirements.
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SAMMANFATTNING

Detta arbete ägnas åt att generera kunskap och experimentell erfarenhet om 
katalytiska förbränningsprocesser vid förhållanden typiska för brännkammaren 
i industriella gasturbiner.

Den första uppgiften för doktorsarbetet var att noggrant designa och 
konstruera en högtrycksanläggning för katalytiska förbränningstester, där 
experimentet kan utföras vid riktiga gasturbinförhållanden. Med detta i åtanke 
har en mycket avancerad förbränningsanläggning konstruerats, tillverkats och 
provkörts. Testanläggningen är kapabel till att simulera förbränning som är 
relevant för ett brett spektrum av driftsförhållanden och för olika typer av 
bränslen för gasturbiner. Utformningen av brännkammaren (dess testsektion) 
liknar den "burk" som är karaktäristisk för brännkammaren i en industriell 
gasturbin, men uppvisande väsentliga skillnader i sin operation.
Testbrännaren förväntas arbeta på närmare adiabatiska förhållanden utan 
några som helst tillsatser av sekundär lufttillfärsel, kylningsmedia eller
utspädning av förbränningsgaserna. Brännkammarens geometri består av tre 
huvudsakliga områden såsom blandningszon för luft och bränsle, katalytiska 
reaktionszonen och gasreaktionszon nedströms utan någon skillnad på
massflödet vid inlopp och avutlopp. Den maximala termiska kapaciteten av 
testanläggningen är på 100 kW (bränsleeffekt) och det maximala luftflödet är 
100 g/s.

Bland de mest betydande egenskaperna för testanläggningen räknas dess 
mycket variabla operativa tryckområde (1 - 35 atm), variabel lufttemperatur vid
inloppet (100 - 650 °C), bränsleflexibilitet (LHV = 4 - 40 MJ/m3) och variabel 
luftfuktighet (0 – 30%). Med tanke på den inbyggda operativa flexibiliteten kan 
förbränning utföras vid varje önskat tryck upp till 35 bar och samtidigt andra 
parametrar kontrolleras och styras oberoende av varandra. 
Bränsleflexibiliteten vid de aktuella tillämpningarna har beaktats genom att i
konstruktionsfasen vidta lämpliga åtgärder för att kunna utnyttja två typer av 
målinriktade bränslen, nämligen metan och förgasad biomassa.

De experimentella resultaten som presenteras i denna avhandling är en
funktion av den operativa prestationen för flera typer av hyperaktiva 
katalysatorer i form av ädelmetaller (även kallade för tändningskatalysatorer)
och kombinationer av ädelmetaller, perovskiter och hexaaluminater (även 
kallade för helkatalytiska konfigurationer). Testkörningar utfördes på olika 
katalytiska brännkammarkonfigurationer med olika typer av katalysatorer, med 
metan och simulerad förgasad biomassa vid alla tryckförhållanden. De typer 
av katalysatorer som anses lovande för brännkammarkonfigurationer är 
palladium till aluminiumoxid (Pd / AL2O3 ), palladium lantan hexaaluminat 
(PdLaAl11O19), platina till aluminiumoxid (Pt / Al2O3) , och palladium-platina 
bimetall till aluminiumoxid (Pd:Pt / Al2O3). Inverkan av arbetstrycket, 
inloppstemperaturen, flödeshastigheten och luft/bränsleförhållandet vid
tändning har utforskats och studerats tillsammans med förbränningens
stabilitet och generationen av föroreningar från den katalytiska processen.
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Förbränningskatalysatorer har utvecklats och tillhandahållits främst av 
projektets partner, Institutionen för Kemiteknik, Avdelningen för Kemisk 
Reaktionsteknik vid KTH i Stockholm, Sverige. Istituto di Ricerche sulla 
Combustione (CNR) i Italien har också samarbetat inom några av de 
experimentella undersökningarna genom leveransen av särskilda typer av 
katalysatorer utvecklade speciellt för vissa gasturbinförhållanden.
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NOMENCLATURE

Latin letters
A constant
B constant

Greek letters
ratio of actual air fuel ratio to stoichiometric air fuel ratio
equivalence ratio

Abbreviations
A/D Analog to Digital
ATR Auto Thermal Reforming
CPO Catalytic Partial Oxidation
cpsi cells per square inch
EDS Energy Dispersive Spectroscopy
GHSV Gas Hourly Space Velocity [1/h]
IGCC Integrated gasification combined cycle
LCV Lower Calorific Value [MJ/kg]
LFL Lower Flammability Limit
LP Lean Premixed
MFC Mass Flow Controller
NDIR Non Dispersive Infrared
PLHA Palladium Lanthanum Hexaaluminate 
SCO Selective Catalytic Oxidation
SEM Scanning Electron Microscopy 
TIT Turbine Inlet Temperature [°C]
ULE Ultra Low Emission
UHC Unburned Hydrocarbon 

Chemical formulas
CH4 methane
CO carbon monoxide
CO2 carbon dioxide
FeAl203 ferrous aluminate
H2 hydrogen 
LaCoO3 lanthanum cobaltite
LaMnAl10O18 lanthanum manganese hexaaluminate
NO nitric oxide
N2O nitrous oxide
NO2 nitrogen dioxide
NOx mixture of nitric oxide and/or nitrogen dioxide 

(collectively)
Pd palladium
PdAl2O3 palladium on alumina
Pd:PtAl203 palladium platinum bi metal  on alumina 
PdO palladium oxide
Pt platinum
Rh Rhodium
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1 INTRODUCTION

The main interest of this study is on the development of environmental 
friendly, fuel flexible and economical combustion systems for land based gas 
turbine applications. To that end, this thesis focuses on the development of 
catalytic combustion technology for gas turbine combustion. The main work 
described here is the experimental investigations of the operation of 
combustion catalysts under gas turbine operating conditions. 

Catalytic combustion is widely considered as the combustion technology for 
next generation of gas turbines. The motivation for said developments is its 
capability of ultra low level of pollution emissions. Apart from the emission 
issue, catalytic combustion circumvent many of the technical problems 
associated with gas turbine combustion such as flame acoustics, flame 
stability issues, mechanical vibrations etc., in a reasonable way and 
combustor structures are made rather simple too [Beebe et al. 1995], [Hayes 
et al. 1997], [Kajitha et al. 2003] [Carroni et al. 2010]. The technology also 
offers particular strength for utilization of non-conventional turbine fuels of low 
heating capacity [Johansson et al. 1998], [Jacoby et al. 2001].

A highly advanced combustion test facility has been designed and constructed 
for simulating conditions of present and future gas turbines for the 
experimental investigations of catalytic combustion. Fuel flexibility of the 
applications was considered in the design phase, accounting from 
conventional fuels to renewable fuels; natural gas and gasified biomass, 
where a significant difference of the heating value from one to the other has to 
be considered. Combustion experiments are conducted at pressures as high 
as 35 bars in the fuel capacity of 100 kW. The test facility design has also 
been considered for the possibilities of integrating catalytic combustion 
experiments into the future advanced gas turbine cycle conditions of 
evaporative gas turbine (EvGT) or humidified gas turbine (HAT) [Dalili 2003].

The combustion catalysts subjected for the high pressure combustion
experiments were developed and provided by the project partner, the Division 
of Chemical Technology, KTH. The experimental results reported in this thesis 
are mainly investigations on catalytic combustion of methane on highly active
precious metal under real gas turbine conditions. Catalytic combustion of 
gasified biomass was also tested under pressurized conditions. Some of the 
initial results are included herewith.

Future works, that are not described here, includes experimental 
investigations of gasified biomass as an alternative fuel and humidified air 
turbine conditions. 
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1.1 Gas Turbine Power in Energy Industry

Gas turbines are one of the world’s most important sources of industrial and 
domestic power, they are also the dominant driving force behind aviation. The 
demand for gas turbine units from the energy industry is growing steadily. 
According to the reported figures, gas turbine unit sales have been increased 
by 37% during the years 1999 and 2000 [McNeely, 2000]. By 1999, the share 
of gas turbine and combined cycle power plants (GT/CCPP) in power 
generation were still of modest proportions as same as nuclear power station 
and only about half as much as the installed hydro capacity [Basler, 2001]. 

Figure 1.1: Installed capacity and fuel resources used (primary fuel utilization 
in power generation total 3355 GW in 1999) [Basler, 2001].

Figure 1.2: Additional capacity per year by technology [Basler, 2001]

The momentum gained by the gas turbine installations during the recent years 
in the energy industry is significant. The gas turbine installations (GT/CCPP) 
in additional capacity building-up accounts for 60 % share in energy industry.
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This achievement is mainly due to the increasing confidence gained by this 
technology, its potential in terms of efficiency, durability and certainly because 
of its short term availability and it being economical too. The following tables, 
table 1.1a and 1.1b state the performance and price development from gas 
turbine technology from 1940 to date.

Table 1.1a: Gas turbine performance from 1942 to today

Performance
GT/CC Efficiency 14%…60%
GT Power Density 50……450 kJ per kg air (CC:700)
NOx Concentration > 200...< 15 ppm
NOx Charge 10…….0.1 kg per MWh electric power

Table 1.1b: Gas turbine prices from 1942 to today

Price
GT Cost > 500…< 200 $/kW
CC Cost > 800…< 350 $/kW
GT Mass 10..……1.5 kg/kW

1.2 Basic Operation of Gas Turbine

The gas turbine is a quite complicated piece of equipment. However, its basic 
principle of operation is simple to explain. The basic configuration of the gas 
turbine is an association of three major components such as air compressor, 
combustor and turbine unit arranged in such a way shown in the figure 1.3. 

Figure 1.3: Basic components of the gas turbine

The air compressor delivers the compressed air into the combustor unit where 
the introduction of fuel and the combustion reactions take place. As a result of 
the combustion process, the energy contained in the fuel is released as heat
and the temperature of the compressed air is increased. The expansions of 
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the hot pressurized gases take place inside the turbine unit while transferring 
energy into mechanical form. The operation of the gas turbine in such a 
manner is called the simple gas turbine cycle. 

The pressure ratio and the turbine inlet temperature are determining factors of 
the gas turbine efficiency. Higher pressure ratios and high inlet temperatures 
are favored by modern high efficiency gas turbines.  The maximum gas inlet 
temperatures of the gas turbines are limited to around 1500 C, as constrained 
by unavailability of high temperature materials. The combustion temperatures 
rise in the conventional type combustors are in the range of 2000 C, as it is 
determined by the stoichiometric requirements of the combustion process and 
the combustor exit temperatures are unacceptably high for turbine inlets. The 
usual way to bring down the combustor exit temperature is to mix combustion 
products with fresh compressed air. A part of combustion air has to bypass 
the combustor and be mixed with combusted gases before the turbine entry, 
in order to maintain the gas temperature at acceptable levels. The highest 
allowable temperature limit is even lower for small scale gas turbines where 
the blade cooling is rather complicated due to the sizes of components. Hence 
diluting combustion products with bypassing air is a crucial need for 
temperature control and durability of turbines in conventional gas turbine 
combustors.

1.3 Gas Turbine Fuels

Gas turbine will run on a variety of fuels: any combustible fuel that can be 
injected into the air stream will burn in a turbine. The gas turbine has this 
flexibility because the continuous combustion is not heavily reliant on the 
combustion characteristics of the fuel. However, today’s concern of pollutant 
emission from the gas turbine combustion has a significant influence on the 
determination of fuel types and the designs of combustors. 

In general gas turbines are operated either on gaseous fuels, liquid fuels or 
both. The duel fuel capability of the gas turbine is an advanced feature of 
modern land based gas turbines, which is appreciated by gas turbine users. 
The most common fuel for today’s land based gas turbines is natural gas. 
Natural gas become so popular due to its abundant availability, relatively 
cheaper price, fairly cleanliness and quite significant in heating value,
approximately 45 MJ/nm3. The combustion products from the natural gas 
combustion would theoretically be carbon dioxide and water vapor. Generally 
it doesn’t contain additives of pollution formation compounds. However, in 
practical situations, apart from the said products, considerable amounts of 
pollution components such as carbon monoxide, unburned hydrocarbon and 
nitric oxides and nitrogen dioxides (collectively called as NOx) are emitted. 
The emission formations are also based on the performance of the 
combustion process. 

Utilization of renewable fuels in industry is an important concept with national 
and international concern. Gas turbines can utilize renewable fuels/biomass at 
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its optimal conversion efficiency in modern power generation cycles.  Biomass 
is an alternative fuel for gas turbines, which has to be pre processed through 
gasification process in order to make it acceptable for gas turbine use
[Jacoby, 2001]. In a recent publication, [Gupta et. al., 2012] have reviewed the 
characteristics of various types of bio fuels; bio ethanol, bio diesel, Dimethyl 
ether (DME), bio methanol, gasified biomass to find the suitability of them to 
use as a gas turbine fuel.

1.4 Pollution Emissions and Regulations

Emissions from the power generation industry have always been a great 
concern of the public. The pollution species, more related to gas turbine 
combustion are the emissions of nitric oxide (NO) and nitrogen dioxide (NO2)
components, collectively called as NOx, carbon monoxide (CO), hydrocarbons 
(HC) and particulates. All these species are dangerous for human health and 
moreover harmful to the environment. The emissions from the power 
generation facilities are therefore regulated and needs to satisfy the local 
emission standards. Many countries have implemented their own emission 
standards while some countries are agreeing on common standards 
(European commission). The most strict emission standards in force for gas 
turbines are found in California and Japan today. The most general fact of the 
issue is those standards are reviewed periodically and made more and more 
stringent to cope with performances best available technology of the time. The 
ultimate aim of this process is to encourage the developments of more 
environmental friendly technologies to avoid the emissions of harmful 
pollutants. 

1.4.1 Impact of NOx Emissions

The emissions of nitric oxides (NO) and Nitrogen dioxide (NO2), collectively 
called as NOx are one of the negative impacts of combustion process. Four 
chemical pathways have been identified as the routings for their formation. 
The most significant method of NOx formation in gas turbine combustion is the 
formation through thermal route, which is called as thermal NOx. Due to the 
high temperatures created in gas turbine combustors, oxygen and nitrogen 
molecules present in the region get sufficient energy to break atomic bonds 
between themselves and produce other compounds and radicals. This 
process is significant at temperatures above 1500 C and exponentially grows 
with the temperature increase. The second identified rout for the formation of 
NOx has been named as prompt NOx mechanism. This process is significant 
only at the combustion near-stoichiometric conditions. This process is not that 
much of a significant to gas turbines as they are operated at quite fuel lean 
conditions. The third way of NOx formation is called as fuel NOx formation, 
where the fuel bound nitrogen compounds get oxidized at the combustion 
process. The fuel bound nitrogen problem is an important issue to consider on 
utilizing fuels containing nitrogen compounds such as biomass. The forth 
route is through the nitrous oxide (N2O) process. The formation of N2O during 
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the combustion process is governed by a complex series of reactions and its 
formation is dependent upon many factors. However the formation of N2O is 
minimized when the combustion temperature is kept above 800°C. 

These toxic emissions hold a huge impact over the environment in different 
ways. NOx emissions at ground level contribute to photochemical smog 
formation or the formation of ozone at low altitudes, which directly affects the 
human health. Acid rains, which are also a consequence of NOx emissions 
has a strong impact on the human health and the environment, causing forest 
depletion, acidification of lakes and waterways. The acidification of water 
leads to the dissolution of heavy metals, which normally remain insoluble at 
higher pH values, causing metals such as mercury and cadmium to make 
their way into the food chain. These metals, if found in drinking water could 
cause strong repercussions on human health [Thevanin, 2003].  The 
destruction of ozone layer in stratosphere is another environmental impact of 
NOx emissions. The presence of stratospheric ozone layer is very important 
as it filters the UV/B radiation coming towards the earth from the sun. The 
consequence of the radiation penetrated ozone layer would be proliferation of 
skin cancer and biological mutation among the human race [Skin Cancer Org, 
2013].

1.4.1.1  NOx emission standards for gas turbine
The emission standards for NOx levels from industrial turbines are prescribed 
by local or regional regulatory agencies.  The strictest regulations imposed 
today for the NOx emissions gas turbines are found in the California state in 
the USA. It demands NOx emission levels less than 2.5 ppm from simple 
cycle gas turbine installations and 2 ppm from combine cycle gas turbine 
power plants when burning natural gas as the fuel. In both cases NOx levels 
are to be specified/corrected to 15% O2 concentration in the exhaust stream
[Nazemi, 2012]. European emission limit for (both new and old) gas turbines 
running on natural gas is 24.4 ppm @ 15% O2 stream in exhaust stream (EU 
2012 Directive)

1.4.2 Impact of CO Emissions

The emissions of CO from the combustors are due to the incomplete 
combustion of fuel which also paves the way to reduce the combustion 
efficiency. These emissions are toxic and harmful to the environment and 
would cause a number of health issues such as causing damage in the 
respiratory, cardiac and nervous systems of the human body [Turns, 2000].

1.4.2.1 CO emission standards for gas turbine
This is also a regulated species of emissions and standards implemented for 
gas turbine operations are dependent on local or regional governing authority. 
The strictest regulation today on this species is less than 4 ppm@ 15% O2 
stream for simple cycle installations and 2 ppm@ 15% O2 stream for combine 
cycle installations as implemented in the California state in the USA [Nazemi, 
2012].
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1.4.3 Impact of HC Emissions

The emissions of hydrocarbons from combustion installations are also a result 
of incomplete combustion process, which reduces the efficiency of the 
combustion process. These emissions are also identified as environmental 
pollutants and are regulated. The allowable emission limits are set according 
to the relevant local or regional authorities. Hydrocarbon emissions contribute 
to photochemical smog and also for the problems of global warming.

1.4.3.1 HC emission standards for gas turbine
The regulations for HC emissions have been implemented for gas turbine 
operations in power industry in many developed and developing countries. As 
for the other emissions, most strict emissions limits which amount to less than 
2 ppm at 15 % O2 are found in force in USA for both simple cycle and 
combine cycle installations[Nazemi, 2012].
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2 BACKGROUND: GAS TURBINE COMBUSTION

Gas turbine is a versatile machine in energy and transport sectors, being 
considered as the prime mover of 21st century [Lefebvre, 1998]. History of the 
gas turbines in power generation runs not more than 70 years back, even 
though it was born more than a century ago. Norwegian/Swedish citizen Jens 
William Ægidius Elling is credited for producing the world’s first gas turbine 
which produced net positive power in 1903 [CompEduHPT, 2004]. Figure 2.1 
illustrates the schematic of Ellings gas design and figure 2.2 shows the 
prototype of Ellings gas turbine design from 1903 and 1912 are now being 
exhibited at Norsk Teknisk Museum in Oslo [Wikipedia, 2013]. Many years 
later, in 1930, Sir Frank Whittle, building on the early work of Elling, managed 
to build a design for practical gas turbine engine for an airplane, the jet 
engine.

Figure 2.1: Schematic view of the World’s first gas turbine (Elling’s Gas 
Turbine) that produced net power output
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Figure 2.2: A photograph taken from the prototype of Ellings Gas Turbine, 
which is being exhibited at Norsk Teknisk Museum in Oslo (Photo given by 
Professor Torsten Strand, Siemens Gas Turbines, Finspång, Sweden)

Application of gas turbine power in power generation industry also shares a 
similar history of applications. Figure 2.3 and Figure 2.4 show a schematic 
and a picture of world’s first industrial gas turbine which was used in power 
generation. This machine is now regarded as an International Historic 
Mechanical Engineering Landmark and an exhibit at Neuchâtel Switzerland.

Figure 2.3: Schematic view of the World’s first Industrial gas turbine design 
for power generation application, 4 MW power output [ASME 1998].
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Figure 2.4: A photo taken of an Engineering Landmark, World’s first industrial 
gas turbine, exhibited at Alstom Headquarters Switzerland [Alstom, 2007].

Gas turbines first surfaced in power generation sector as peak shaving 
machines owing to the fact of easy start-up capabilities and comparatively low 
installation costs. Those machines were operated on simple gas turbine cycle 
and the efficiency was limited to the order of 15 - 30 percent. Continues 
improvements and technology developments throughout past decades have 
been the contributing factors for the gradual increase in efficiency, significant 
reductions on emissions and competitive cost in gas turbine technology. 
Introduction of advanced power cycles broke the barriers faced by the simple 
gas turbines in terms of efficiency. Developments of high temperature 
materials as well as advanced blade cooling techniques resulted for the 
increase of firing temperature and the pressure ratio of the turbine to 
eventually increase efficiency of the gas turbine cycle. Gas turbines now 
occupy all kinds of thermal power applications ranging from large scale based 
load power plants, medium and small scale peak shaving applications to small 
and micro scale de-centralised power generation applications. 

Figure 2.5: A typical configuration of a modern industrial gas turbine; SGT 
750, 36 MW power output [Siemens, 2013].
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Figure 2.5 shows a schematic view of a typical advanced industrial gas 
turbine; in these modern designs, gas turbine consisted with Dry Low NOx 
(DLN) emission combustors, the size of the combustor section has become a 
relatively smaller component in comparison to the other parts of the engine
(compressor and turbine sections). The compactness of the combustor is also 
a significant improvement of these machines when compared them with 
earlier designs. 

Large-scale gas turbines in combined power cycles (steam cycle as the 
bottoming cycle) are capable of achieving overall cycle efficiency of electricity 
generation in the order of 60 percent.  Medium and small-scale turbines on 
advanced cycles (Humid Air Turbine (HAT) or Evaporative Gas Turbine 
(EvGT) and Steam Injected Gas Turbine (STIG) also have the mechanical
efficiency in the order of 50 percent while being operated as stand alone units. 
These methods in advanced cycles are not only helpful in improving the 
efficiency, but also will also reduce the pollutant emissions. The highest 
efficiency of electricity generation in thermal power cycles is estimated today 
as 74 percent in gas turbine fuel cell combined cycle (Gas Turbine/Solid 
Oxide Fuel Cell Combined Cycle, GT/SOFCCC) power generation [George et 
al, 1996].

2.1 Environmental Impacts of Gas Turbine Combustion 

The environmental impacts caused by the emissions of gas turbine 
installations are of great concern. Having fuel combustion as the main process 
of energy conversion, gas turbines are naturally expected to emit emissions. 
Emissions of the gas turbines are usually oxides of nitrogen (NO and NO2
collectively called as NOx), carbon monoxide (CO), un-burnt hydrocarbon 
(UHC), carbon dioxide (CO2) and water vapour (H2O). Natural gas is the most 
common and widely used fuel for power generation gas turbines and it is 
generally considered as a clean fuel. However the quality of natural gases 
varies depending on the locations they are extracted and in some cases it 
contains some amounts of nitrogen compounds and sulphur. Presence of 
such compounds in the fuel is problematic in the sense of emission control. 
Gas turbines also utilise other types of fuels, liquid fuels such as diesel or 
gaseous fuels like gasified coal or gasified biomass. In these situations 
emissions are higher in comparison to the situations where natural gas is 
used for the combustion. Furthermore, these other types of fuels generate 
additional emissions such as soot (a form of un-burnt carbon) and sulphur 
oxide (SO2).

Oxides of nitrogen are today considered as the most dangerous pollutant 
generated by the combustion process and it could diversely affect the 
human/animal life and environment in many different ways. Photochemical 
smog and so-called acid rains are direct impacts of NOx emissions. 
Formations of the oxides of nitrogen are connected to the combustion process 
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itself. Nitrogen oxides are formed through four different pathways, namely 
through thermal NOx formation, prompt NOx formation, nitrous oxide (N2O) 
mechanism and fuel NOx formation. In the first three cases, nitrogen in the 
combustion air takes part in formation of NOx and in the fourth case NOx is 
formed out of nitrogen compounds bound to the fuel. Particularly in the 
operations of modern gas turbines (combustion of natural gas at fuel lean 
conditions), formation of NOx by thermal mechanism would be significant. The 
mechanism of the thermal NOx formation was first proposed in 1946 and in 
the memory of the scientist who first proposed it, it is sometimes called as 
Zeldovich mechanism [Glassman, 1986]. As explained by the mechanism, 
NOx formation occurs via the formation of oxygen and nitrogen radicals at 
high temperature. Threshold temperature for this mechanism is considered as 
1500 C and NOx formation is rapidly increased with the temperature beyond 
this level. Hence it is important to control the temperature of the combustion 
process not to exceed the threshold level. Prompt NOx is formed by the 
reactions between hydrocarbon and nitrogen molecules forming hydrogen 
cyanide, which is further oxidised to NO. This mechanism only takes place in 
rich hydrocarbon containing flames. Prompt NOx formation may occur at 
much lower temperature than the temperature required for the formation of 
thermal NOx. The only way to circumvent its formation is by lowering the 
amounts of formed hydrocarbon radicals. The third way of forming NOx in the 
flames is via nitrous oxide. Molecular nitrogen and atomic oxygen present in 
the flame first combined to form nitrous oxide, as an intermediate substance 
and then gets oxidised further to NOx. The final pathway of the NOx formation 
is by the fuel bound nitrogen. As the fuel is being burnt, the nitrogen 
containing molecules would thermally compos into low molecular weight 
compounds and radicals. These radicals would then be oxidised to NOx.

Carbon monoxide and un-burnt hydrocarbon emissions are results of 
incomplete combustion reactions of the combustion process. Emissions of 
these substances reduce the combustion efficiency. However these emissions 
can be reduced by giving sufficient temperature and residence time for the 
combustion process. Carbon monoxide is a well-known toxic gas. Emissions 
of hydrocarbon will interact with nitrogen oxide and sunlight thereby forming 
ground level ozone. Emissions of hydrocarbons such as methane also bear 
high global warming potential.

Sulphur dioxide is a direct result of the presence of sulphur in the fuel. 
Influence of the existence of sulphur dioxide emissions in the atmosphere can 
be depicted by the formations of acid rains. The only possible solution to 
eliminate the formation of sulphur dioxide in the combustion is to remove 
sulphur from the fuel itself.

Formation of the main emission products; Carbon dioxide and water vapour 
cannot be avoided. Owing to it being a greenhouse gas, emission of carbon 
dioxide is a seriously concerned issue in the context of global warming. 
However increased process efficiency would lead to reduced carbon dioxide 
formation. This will give less amount of carbon dioxide per unit of thermal 
energy produced.
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In a nut shell, emissions from the combustion are in one way or the other, 
harmful for the life on earth. Emissions of NOx, CO, HC and soot therefore are 
regulated in many countries. While regulations implemented on maximum 
allowable limits are country or region dependent, they are continuously 
revised and updated throughout the world. Most strict regulations 
implemented on NOx emissions are found in the California state of USA, 
which demands less than 5 ppm of NOx in power production. In addition, 
some countries have initiated CO2 reduction strategies by implementing 
taxes. Continuous tightening of emission regulations and related penalties 
have become the main driving force behind the development of emission 
reduction technologies. 

2.2 Emission Reduction Technologies

Regulatory pressure on the emission reduction paved the way to a number of 
new technical approaches concerning the control of emissions. The 
developments took two different pathways in determining low emission 
strategies. The first strategy was to cleanup the exhaust gases in order to 
remove formed emissions and the latter was to develop a combustion 
technology which would eliminate the formation of emission compounds in the 
combustion process.  The latter method, which is all about pollution 
prevention, is called as the primary method while the emission cleanup 
approach is called the secondary method on abetment of pollution emissions. 

2.2.1 Primary Methods – Elimination of Formation

In the primary method the main focus was on the gas turbine combustor itself 
for the elimination of the formations of emissions and to meet this end 
attempts were made to get the temperature down in the combustor. Reduction 
of the temperature in the combustion chamber was the main attempt against 
NOx formation. Water injection into the combustion chamber was introduced 
in 1980s as a measure for lowering combustion temperature. This had helped 
for tremendous reduction of NOx emissions from few hundred ppm to about 
50 ppm. However this method was found out to be not without its inherited 
flaws as it was learned that the method resulted in increased amounts of CO 
and HC emissions.   This called for other methods and innovations to fight this 
battle. The figure 2.6 indicates how the implementation of NOx reduction
technologies progressed during past decades. Two of the other methods 
implemented for lowering the combustion temperature are steam-injected gas 
turbine (STIG) and premixed dry low NOx combustion (DLN). The most of 
present day low emission combustors are based on DLN concept and such 
combustors are capable of meeting NOx emissions less than 25 ppm. 
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Figure 2.6: Developments on reduction of NOx emissions

2.2.1.1   Water/steam injected gas turbine
The water injected or steam injected gas turbine operations were introduced 
in 80’s as a precaution to reduce NOx formations. The method seems to be 
working fine and NOx emissions were tremendously reduced. Furthermore, 
water or steam injected gas turbine technology is rated as a technology that 
meets the NOx emission standard of 42 ppm.  

Simultaneous mixing of fuel and air (in diffusion flames) and subsequent 
combustion results in localized fuel-rich zones within the combustor that yields 
high flame temperatures. Injecting water or steam into the flame area of the 
combustor generates a heat sink that lowers the flame temperature and 
ultimately reduces the thermal NOx formation. 

In water injected turbines, the “water to fuel” ratio (WFR) has a direct impact 
on the controlled NOx. Products of incomplete combustion, carbon monoxide 
(CO) and unburned hydrocarbon (UHC) increase as more water or steam is 
added to quench the flame temperature. The practical limitation of the water 
injection rate seems to be the water impingement on the combustion liner as 
direct water impingement results in rapid liner wear [Major, 1999]. In steam 
injection turbines significantly higher steam flow rates are practical since 
impingement is not an issue.

However, apart from the issues of the limitation of NOx reduction to higher 
ppm level and increased amounts of CO and UHC the high cost of operation 
has slowed down the use of water/stem injection cycles. 
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2.2.1.2    Dry Low NOx combustion
Dry Low NOx (DLN) combustion is the most common technology for today’s 
operational gas turbines. This technology emerged during 1990’s. DLN 
combustor technology premixes air and a lean fuel mixture that significantly 
reduces peak flame temperature and thermal NOx formation. In contrast to 
conventional combustion where fuel and air are injected into the combustor 
separately and combustion occurs locally at stoichiometric interfaces resulting 
in peak temperatures, DLN combustors generally operate in premixed mode 
where air and fuel are mixed before entering the combustor. 

DLN combustors are operated well within the 25 ppm NOx emission limits as it 
was the allowable maximum emission level in 1990’s and is still applicable for 
many countries. The DLN gas turbines are installed in areas where the most 
stringent emission levels are imposed (less than 5 ppm) and have to be 
incorporated with an exhaust cleaning system. 

At very lean premix conditions, the formation of NOx is nearly independent of 
residence time, meaning that under these conditions, DLN system can also 
achieve low levels of CO and UHC which require long residence times in the 
combustor for effective reduction [Turns, 2000]. According to the reports from 
several gas turbine manufactures, NOx emissions are achieved as low as 9 
ppm under certain conditions while CO and UHC are less than 20 ppm. 
Vanderort [Vanderort, 2000] reports a development of a new General Electric 
DLN combustion system named as “DLN –2.6” which has entered into the 
commercial entity with emission levels of less than 9 ppm of NOx and CO 
(corrected at 15% O2) on 50 – 100 percent load range of “F” class conditions 
while operating on natural gas. The field results are referred to the engine 
type GE MS7001FA (7FA) with a firing temperature 1300 C.

A significant issue of the DLN combustors is a “flash back” where fuel 
upstream of the burner ignites prematurely, damaging turbine components. 
Another issue of the DLN combustion is pressure harmonics that results in 
significant vibration and acoustic noise.

Combustors operating on DLN technology are virtually designed for gaseous 
fuels. Even though there are some examples for machines working on DLN 
technology with liquid fuels (duel fuel operation), operation liquid fuel has 
been problematic due to issues involving evaporation and auto-ignition. 

In the current status of the developments, General Electric (GE) has 
announced that achieving NOx levels as low as 3 PPM on natural gas 
combustion in DLN gas turbine combustion [GE energy, 2013].

Flue gas recirculation (FGR) is a technique used in combustion systems to
reduce NOx emissions. Combining FGR into DLN gas turbine combustion
could provide two folds of environmental benefits; reduction of NOx and 
capturing of CO2 at increased concentration in exhaust stream. Experiments 
conducted at GE GRC facilities in Niskayuna, NY has concluded that 30% 
FGR can reduce NOx level by 50% (no FGR situation) and CO2 concentration 
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in the exhaust stream has increased to 8% without suffering negative impacts 
on combustion performance of the engine [Evulet et al., 2009].

2.2.1.3   Catalytic combustion
The strong dependence of NOx formation on flame temperature means that 
NOx emissions are lowest when combustor is operating close to lean 
flammability limit. One method of extending lean flammability limit to lower fuel 
air ratio is by incorporating a combustion enhancing catalyst within the 
combustor. Catalytic combustion is a flameless process, which allows fuel to 
oxidise over the surface of the catalyst approximately at 1000 C. Catalytic 
combustors are being developed to control NOx less than 3 ppm and 
CO/UHC emissions less than 5 ppm. A small scale gas turbine of 1.5 MW 
operates on catalytic combustion system was commercialised in 2002 and 
manufactures of the system guarantees emission levels to be less than 3 ppm 
NOx, and 5 ppm CO/UHC. Figure 2.7 shows the commercially available 
catalytic gas turbine combustor developed as cooperation between Kawasaki 
gas turbines and Catalytica cooperation Inc., who developed the catalytic 
combustion system. 

Figure 2.7: Gas turbine fitted with catalytic combustion system: 1.4 MW 
Kawasaki gas turbine [Kawasaki, 2003]

The system consists of pre-burners to pre heat fuel air mixture up to a 
temperature where catalysts can initiate reactions. There is also a post 
combustion zone down stream of the catalysts where homogeneous 
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combustion reactions are taken place in order to get the gas temperature as 
required by turbine inlet. 

The reasons for such arrangement are that the catalysts developed so far are 
not able to guarantee the fuel ignition (natural gas) at temperatures less than 
300 C, where the conditions are relevant for part load compressor delivery 
conditions. Providing a post-combustion zone downstream of the catalysts, 
the design intended to control the temperature at the exit of the catalysts. 
Catalysts deactivation is an issue on the developments of combustion 
catalysts for gas turbines where the catalysts are exposed to high temperature 
range in the order of 1000 C.

Catalytic combustors operate quite smoothly and do not generate vibrations 
and acoustic problems. One possible problem could be the possible potential 
for auto ignition of the fuel upstream of the catalyst.  Although the fuel air 
ratios are well below the lean flammability limit and in theory should not be
susceptible to auto ignition, local pockets of rich fuel mixtures can exist near 
the fuel injector. Mixing must be achieved quickly to prevent fuel rich pockets. 
The other need is uniform air fuel mixture at the entrance of the catalysts to 
achieve the optimum performance [Major, 1999]. 

2.2.2 Secondary Methods – Removal of Emissions

Exhaust gas clean up at the end of the discharge is also called as end pipe 
technology which concerns the removal of formed emissions from the exhaust 
stream. A considerable recognition is given to the removal of NOx produced in 
the energy industry by this technique. However one must keep in mind that 
such post treatment arrangements are bulky and contradicts the compactness 
of the gas turbine.

2.2.2.1   Selective catalytic reduction (SCR)
Exhaust gas clean up using selective catalytic reduction (SCR) was 
developed as a method to remove NOx after gases leave the turbine. Even 
though the method showed excellent performance on NOx reduction, 
complications of the system reduced efficiency of the power generation. On 
top of that high operating costs and the possibility of ammonia releasing to the 
environment made it less attractive. 

The SCR process is about injecting ammonia upstream of the catalyst bed. 
NOx combines with the ammonia and is reduced to molecular nitrogen in the 
presence of the catalyst. SCR is capable of over 90 percent NOx reduction 
and can be combined with DLN and water/steam injection to achieve NOx
outlet concentrations of 5 ppm or less at 15 percent O2 when firing on natural 
gas. Some of the examples for achieving NOx level less than 5 ppm are GE 
frame 6 turbine of 45 MW, installed at San Joaquin Valley California, by the 
Northern California Power achieves 3 ppm NOx using steam injection and 
SCR. The Siemens 106 MW V84.2 water injected gas turbine on combined 
power cycle at Brooklyn Navy Yard achieves 3.5 NOx limit [Major, 1999].
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The most commonly used material for SCR catalysts is titanium oxide. Other 
types of materials that are also used on SCR are vanadium pentoxide, noble 
metals and zeolites. This system operates only at a specific temperature 
window 300-400 C.

2.2.2.2   Catalytic absorption system (SCONOx)
SCONOx is the trade name of a flue gas cleaning system developed by ABB 
Alstom Power. The SCONOx catalytic absorption system is ammonia free 
exhaust gas cleaning system that maintains the emission levels at less than 5 
ppm.  The first commercial installation of this technology was experienced in 
December 1996 at California. The co-generation plant with 30 MW GE LM 
2500 gas turbine plant retrofitted with the SCONOx system has performed 
with NOx emissions at less than 3 ppm and CO emissions at less than 1 ppm 
[Czarnecki, et al, 2000].

The system utilises a single catalyst for the reduction of CO and NOx without 
using ammonia. In the oxidation and absorption cycle SCONOx catalyst works 
by simultaneously oxidising CO to CO2, NO to NO2 and absorbing NO2 on to 
the catalyst surface. The potassium carbonate layer present on the catalyst 
surface absorbs NO2.  The absorbed NO2 reacts with potassium carbonate 
and forms potassium nitrites and nitrates. Hence the catalyst must be 
regenerated to keep up the NO2 absorption.

The high installation and operating cost of this system has reasoned for not 
gaining wide popularity in the energy industry. Both the installation and 
operating costs of SCONOx system are more than double compare to the cost 
of SCR system.
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3 OVERVIEW OF CATALYTIC COMBUSTION

The function of the catalyst is to accelerate the rate of a chemical reaction,
without itself being transformed or consumed. A catalyst participates in the 
chemical reaction but will become neither a chemical reactant nor a chemical 
product. 

When the catalysts are involved into a chemical reaction they can alter to the 
reaction rate either to occur much faster or to proceed at lower temperatures 
because of the influence caused in the reactants by the catalyst. Catalysts are 
actually providing an alternative pathway to the chemical reaction, since it is 
taking the reaction through a lower activation energy barrier than the 
activation energy level of the non-catalytic reaction. Molecules that would not 
have had the energy to react or that have such low energies that it is likely 
that they would take a long time to go through the reaction are able to react 
faster or even at lower temperature in the presence of a catalyst. A catalyst 
reduces the energy required for the reaction to occur. Figure 3.1 illustrates the 
level of energy of the reactant and product at a catalytic exothermic reaction 
compared to the homogeneous reaction. 

Figure 3.1: Potential energy diagram for catalytic combustion and 
homogeneous reaction [Hayes et al.,1997]

Catalysts are categorised into two main categories; heterogeneous catalysts 
and homogeneous catalysts. Heterogeneous catalysts are present in different 
phases from the reactants in the reaction they are catalysing, whereas 
homogenous catalysts are in the same phase. A simple model for 
heterogeneous catalysis involves the catalyst providing a surface on which the 
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reactants temporarily become adsorbed. When the reactants are adsorbed on 
to the catalysts, chemical bonds in the reactants become weakened and 
become sufficient for new products to be created. The bonds between the 
products and the catalyst are weaker, so the products are released. This 
explains the basics behind the process of catalytic combustion in gas turbine 
combustor. A homogeneous mixture of air/fuel mixture (gaseous phase) flows 
over the catalyst surface (solid phase), which is at adequate temperature to 
initiate combustion reactions catalytically. The products of combustion will 
leave the catalyst surface.

With the benefit of catalysts, at the lower activation energy of the combustion 
reaction, very lean fuel air mixtures can be oxidised at much lower 
temperatures than in homogenous gas phase reaction. The catalytically 
stabilised combustion of lean fuel air mixtures, outside the typical lean 
flammability limits result in reduced adiabatic temperature of the combustion 
process. The reduced combustion temperature and the combustion stability 
on lean fuel air mixtures are important for avoiding emissions of NOx
(dominating process of thermal NOx formation in gas turbine combustors), CO 
and HC from gas turbine combustion. The process of the catalytic combustion 
is simply illustrated on figure 3.2.  

Figure 3.2: The process of heterogeneous catalytic combustion

High temperature catalytic combustion is considered to be a promising 
alternative to conventional flame combustion in industrial gas turbines [Hayes 
and Kolaczkowski, 1997]. The systems are being developed by several gas 
turbine manufacturers together with catalyst developers [Johansson, M., 
1998], [Fant, D. B., et al, 2000], [Yee, D. Y., et al, 2001], [Ersson, A., 2003]. 
The operating temperature of the combustion process is reduced to about 
1400°C in the catalytic combustion system, the oxidation reaction is complete 
and it is possible to combust lean fuel/air mixtures. The result is that almost no 
thermal-NOx is formed, and low levels of carbon monoxide and hydrocarbon 
can be achieved. 

Lean fuel/air mixture
(well mixed and pre-heated)

Combustion 
catalyst

Hot product 
gasses 

1300 C400 C 900 C
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3.1 Catalytic Combustion Chemistry

In catalytic combustor both heterogeneous and homogeneous reactions are 
important, and depending on the conditions, interactions may be significant. 
From a practical point of view, the determination of mechanism and kinetic 
expressions where hetero-homogeneous reactions are combined is a
formidable task and is therefore often simplified them as two separate and 
distinct sets of reactions [Prasad et al., 1984]. Details of the reaction 
mechanism(s) by which fuel is oxidized on a catalyst are generally not well 
understood and so reactions are often considered in global terms and the 
chemistry of the reaction is described by simple reaction schemes that vary 
from as little as one, up to two or more simple steps [Hayes and 
Kolaczkowski, 1997].

3.2 System Configurations

The focus of this study is on the applications of gas turbine combustion. The 
catalysts prepared for the intended applications of combustion must be fitted 
into the gas turbine combustor configurations and hence be supported by 
proper structures. Those support structures could be variety of materials such 
as pellets, honeycomb monoliths, parallel plates and etc. The purpose of the 
structure is to provide the mechanical integrity and large surface area to 
disperse catalytic materials. Considering the target application of gas turbine
combustion, where high flow rates are involved and the pressure drop 
generated across the combustor is a significant negative effect on the 
efficiency, the catalytic structure should stand as a minimum disturbance to 
the flow field. The multi-channel honeycomb structures have become the 
choice for catalytic combustor gas turbine applications as they are better in 
terms of pressure drop compare to other types. 

A complete element of a honeycomb type combustion catalyst is a composite 
of three basic elements such as substrate or mechanical structure, washcoat 
or surface enhancing layer and the positioning of active materials.

3.2.1 Substrates

Substrate or the support of the catalyst should offer large surface area and 
should not cause significant pressure drop across the catalysts. In order to 
satisfy those requirements, honeycomb type substrates are chosen for gas 
turbine combustor applications. The honeycombs are made of extruded 
ceramic structures or wounded metal sheets. The size of the substrate is 
specified by the number of channels per square inch (cpsi) and the typical 
size for gas turbine applications is 400 cpsi. Figure 3.3 and figure 3.4 show 
pictures of ceramic and metallic substrates. The desired properties of 
substrate are:

High volume to area ratio
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Low pressure drop (thin walls)
High melting point
Low thermal expansion
High shock resistance
Stable in oxidising atmosphere containing steam
Chemical inertness towards the other components of catalytic system 

Figure 3.3: Honeycomb type ceramic monolith comes in variety shapes 
[Hayes and Kolaczkowski, 1997]

Figure 3.4: Metal monolith with metal foils oriented in an S-shaped form. As 
illustrated in the unwounded section, the structure is formed from flat and 
corrugated steel foils [Hayes and Kolaczkowski, 1997]
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Johansson [Johansson, 1998] has reviewed the materials available for 
substrates or monoliths and presented with relevant properties.

Table 3.1: Materials for monolith supports [Johansson, 1998]

Material Composition
Maximum

Temperature
[ C]

Thermal
Expansion

[10-6 .cm/ C]
Remarks**

Dense alumina , -Al2O3 1500 - 1600 8 Low cost
Mullite aluminum 
titanate - 1600 - Good thermal 

shock resistance
Aluminium titanate - 1800 2
Silica SiO2 1100 0.6

Zirconia ZrO2 2200 10 Good thermal 
shock resistance

Zirconia-spinel 1700 -

Silicon Carbide SiC 1550 - 1650 5

Good thermal 
shock 
resistance, 
low - high cost

Silicon Nitride Si3N4 1200 - 1540 3.7

Good thermal 
shock 
resistance, 
low - high cost

Mullite 3 Al2O3.SiO2 1350 2 Good corrosion 
resistance

Zirconium Mullite 1550 4

NZP Na2-Zr2O-
P2O5-SiO2

<1500 <2

Magnesia MgO 1800* 10
Spinel MgO. Al2O3 1400 -

Cordierite 2 MgO. 
2Al2O3. 5 SiO2

1200 - 1400 Excellent 
thermal shock 
resistance, 
moderate cost

FeCrAlloy 15% Cr, 5% 
Al, Y traces, 
balance Fe

1250 - 1350 11 Excellent 
thermal shock 
resistance, low 
cost

* Value based on 2/3 of the melting point
** According to the original document

3.2.2 Washcoats

The washcoat is a porous material applied on the surface of the substrate. 
The main purpose of the washcoat is to enhance the surface area of the 
catalyst. The desired properties of the washcoat are thermal stability of the 
pore distribution and low thermal expansion of the material. Washcoat should 
be remained adhered to the substrate surface with temperature changes of 
the system and the surface area of the catalyst surface should not be 
diminished when the catalyst is elevated to highest operating temperature. 
The figures 3.5 and 3.6 show sectional pictures of a honeycomb catalyst 
where the channels are coated with washcoat material.
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Figure 3.5: Washcoat layered on mechanical support (substrate) 

Figure 3.6: Microscopic structure of coated channels [Hayes and 
Kolaczkowski, 1997]

There are several types of materials developed for washcoat applications. 
One of the most promising groups of materials to be used as washcoat of 
combustion catalysts is hexaaluminates. The main positive features of 
hexaaluminates are their resistance to high temperature sintering and the 
quality of high catalytic activity. However, the high thermal expansion and 
poor resistance to thermal shock are unwanted characteristics that 
hexaaluminate posses. The general formula of the hexaaluminates are 
ABxAl12-xO19 where the A position could be an alkali, alkaline earth or rare 

support

active 
material & 
washcoat
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earth metal and the B position could be a metal with similar size and charge 
as the Al-ion.

The other groups of materials could be used as washcoats, perovskites, 
spinels, pyrochlores and zeolites. All these materials are not only enhancing 
the surface area of the catalyst, but also offer a kind of catalytic activity at the 
same time [Johansson, 1998].

Table 3.2: Washcoat materials [Johansson, 1998]

Catalyst material Formula Surface Area
m2/g (@Temp C)

Application

Hexaaluminate ABAl11O19         a 8 (1400) Active phase/support
Perovskite ABO3                         

b 1 (1400) Active phase
Palladium on alumina Pd-PdO/Al2O3    Active phase
Platinum on alumina Pt/Al2O3                  Active phase
Spinel AB2O4                       

c 8 (1400) Active phase/support
Pyrochlore A2B2O7                    

d 3 (1000)
2 (1200)

Active phase/support

Zeolites                          e Active phase

a – A= Alkali, Alkaline earth or rare earth metal, B = transition metal (e.g. 
Mn, Fe, Cu, Co)

b - A = Large ion, B = metal ion

c - A = Large ion (e.g. Mg, La etc.), B = metal ion

d - A = rare earth or element with an inert lone electron pair, B = transition 
or post transition metal

e - Several different ions could be ion exchanged into the structure

3.2.3 Active Materials

Noble metals are the most preferred materials for catalytic combustion 
applications. They offer higher level of activity and resistance to sulphur 
poisoning than catalysts using base metal/transition oxides. Most common 
noble metals for combustion application are palladium, platinum and Rudium.  
Noble metals are, however, substantially more expensive than base metals. 
Oxides containing Co, Cr, Mn, Fe, Cu and Ni all offer the same potential as 
combustion catalysts, which could lead to inexpensive solutions of catalytic 
materials.



28 Chapter 3 / Overview of Catalytic Combustion

3.3 Catalysts Preparations

Preparation of combustion catalysts is a delicate process and the technique 
used for the preparation has an influence on the activity of the catalyst 
[Persson et al, 2003]. Presenting a detailed description of a catalytic 
preparation is beyond the objective of this thesis. Interested readers are 
directed to the references of [Persson et al, 2003] and [Johansson et al, 1998] 
for details. However, it is wise to give a brief description on the preparation of 
combustion catalysts, which were used for the experiments reported in this 
thesis.  

The catalyst preparation process begins with the selection of proper type of 
support material and turn into the required size. The application of the 
washcoat layer and the deposition of active materials on the substrate are 
carried out subsequently. 

The catalysts tested and reported here are precious metals dispersed on 
alumina (Al2O3) base or prepared as hexaaluminates (ABxAl12-xO19).

3.3.1    Preparation of Al2O3 based Catalysts

The alumina based catalysts prepared for the high pressure experiments 
reported in this thesis are palladium on alumina (Pd/AL2O3) and palladium 
platinum bi metal on alumina (Pd:Pt/Al2O3) in 2:1 Pd:Pt proportion. The 
preparations were done as follows: the catalyst powders used were prepared 
by the incipient wetness technique. First, an aqueous solution of the metal 
ion/ions was prepared. For this purpose palladium nitrate or palladium and
platinum nitrate were dissolved in water and carefully mixed with alumina 
powder [PURALOX HP-14/150, Condea]. The powders were then dried at 
300 °C and the procedure was repeated in order to achieve the desired metal 
loading. The catalyst powders had all a total loading of 470 mol metal/g, 
which corresponds to 5 % wt of palladium (Pd on alumina catalyst) or mixture 
of palladium/platinum (in the case of bi metallic catalyst) on the alumina. The 
resulting powders were thereafter calcined at 1000 °C for 1 hour. The catalyst 
powders were then ball-milled and coated onto cordierite monoliths (400 cpsi, 
Corning). The monoliths were 20 mm in length and 35 mm in diameter and 
had a washcoat loading about 18 weight-%. The coated monoliths were 
calcined at 1000°C for two hours.

3.3.2    Preparation of Hexaaluminate Catalysts

The hexaaluminate catalysts, which were prepared for the high pressure 
combustion experiments reported in this thesis are palladium lanthanum 
hexaaluminate catalysts (PdLaAl11O19). The process of hexaaluminate 
catalyst preparation takes of several steps.

Synthesis of the hexaaluminate support
Impregnation of Pd(NO3) solution
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Preparation of the slurry and washcoating the Cordierite monolith

The hexaaluminate material was prepared according to the carbonate co-
precipitation method. Read Groppi et al. [1993] for detailed information. 
Ammonium carbonate was dissolved in an excess of water and the pH of the 
solution was adjusted to 9.0 by addition of aqueous solution of ammonia. A 
water solution containing a stoichiometric amount of aluminium and 
lanthanum nitrate was added drop-wise to the ammonium carbonate solution 
to form a precipitate. The intermediate precursor was a mixture of metal 
carbonate, hydroxicarbonates and aluminium hydroxide. The precipitate was 
then centrifuged, washed twice acetone and dried over night at 180°C. As the 
last step in the catalyst preparation, the material was calcined at 600°C and 
1000°C for 4 hours. The powder was crushed and calcined at 1200°C for 12 
hours. Palladium was deposited by wet impregnation of aqueous solution of 
Pd nitrate. The concentration of the solution was fixed in order to reach a 
palladium loading of 5% (weight). A slurry was produced by mixing the 
catalyst powder with ethanol (20% dry content) and then ball-milled for 24 
hours. A dip-coating procedure based upon the method described in Zwinkels 
et al. [1993] has been utilized to coat the ceramic monolith with the washcoat 
and the catalytically active material. The monoliths are dipped in this slurry 
and air is blown through the channels to remove the excess of slurry blocking 
the channels. The coated monoliths are then dried at 390K. This procedure 
was repeated until the desired washcoat loading is obtained. The catalysts 
were calcined at 1470K for 12 hours in air to obtain adequate adhesion of 
washcoat onto the monolithic substrate.

The preparation method influences the thermal stability and catalytic activity of 
hexaaluminates [Groppi et al. (1997)].

3.4 Catalysts Performances

The performance of the combustion catalysts is determined by its capabilities 
on the application of interest. Higher activity at lower temperature i.e. low light 
off temperature against the fuel concerned and the combustion stability of 
higher conversion rates are the primary importance of the catalysts. The other 
importance is resistance to the high temperature.

As it is one of the major objectives of this work and as presented in the results 
and discussion chapter, the performance of the different catalysts were 
evaluated by looking at their fuel conversion capability at different operating 
conditions such as temperature, pressure, flow stream velocity and etc. 
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3.5 Catalysts Deactivations

The deactivation of catalysts has been the subject to numerous research in 
chemical engineering. The facts given under this topic here is a simple 
introduction on the deactivation. For more details, interested readers are 
directed to the references, [Hayes and Kolaczkowski, 1997], [Thomas and 
Thomas, 1997] and [Johansson, 1998].

Catalysts deactivation basically can be treated as two deactivation process, 
namely the catalytic poisoning and catalytic sintering. Catalytic poisoning 
happens through chemical process where the catalytic materials react with the 
components in reactants to make catalytically inactive materials. One simple 
example is palladium oxide catalyst (PdO). Palladium oxide is a highly active 
material for the catalytic combustion of methane. However at moist 
atmosphere, PdO will react with water vapor to produce catalytically inactive 
palladium hydroxide. Another well known example is sulphur poisoning of 
catalysts, this could be experienced in utilizing gasified biomass as the fuel for 
catalytic combustion [Johansson, 1998].

Surface area and the pore structure of the catalyst are extremely important 
parameters of the catalyst to perform at desired level. Loss of the surface area 
or the reduced exposure of catalytic materials to the reactants can 
significantly decay the activity of the catalysts. Sintering is a process that 
reduces surface area of the catalysts due to high temperature. The high 
temperature will become a cause for change in pore structure. Evaporation of 
active material and agglomeration are the other deactivation processes that 
could happen due to high temperature.
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4 STATE OF THE ART: CATALYTIC GAS TURBINES

Catalytic fuel combustion technology for gas turbine and heating applications 
was originaly proposed by Pfefferle in early seventies [Pfefferle, 1974, 1978]. 
Today, the technology has reached the level of commercial interests through 
decades of research and developments. Motivation for the development is its 
ultra low emission capability at lower installation and operating costs. Several 
research projects and pilot plant operations of catalytic combustion were 
reported in different capacities as carried out by gas turbine manufactures 
together with catalyst developers. The world’s first catalytic combustor 
integrated gas turbine has reached market in 2002 and has been operating 
since November 2002 [Catalytica Energy Systems, 2004].  The Xonon (Xonon 
is the trade name of the catalytic system developed by Catalytica Energy 
Systems) equipped Kawasaki M1A-13X (1.4 MW) operating at Sonoma 
Developmental Center is the first commercial gas turbine in history to 
generate ultra-low emissions levels without the use of an add-on exhaust 
cleanup system.

4.1    Catalytic Combustor Developments

Although the catalytic combustion technology was proposed for gas turbine 
applications in mid 70s, it was not practically possible in gas turbine 
combustors at early stages. The early attempts of developing catalytic gas 
turbine combustors were constrained by requirement of high temperature 
catalytic materials, that can stand on higher temperature levels exists in gas 
turbine conditions. Precious metals, (Platinum, Palladium, Rhodium) well-
known catalytic materials would not stand temperatures more than 800 -
900 C. Development of hexaaluminate materials by Japanese researchers 
introduced in early eighties [Machida et al., 1989] was a breakthrough for 
continuous search on high temperature materials developments. 
Hexaaluminate materials are reported to be capable of withstanding 
temperatures up to 1200 C without thermally deteriorating its structure. The 
high temperature materials proposed for gas turbine applications are either 
hexaaluminate itself or hexaaluminates doped with metal oxides, which are 
called perovskites. However, there are no catalysts present up to today for 
high temperature needs of modern high efficiency gas turbines, i.e. 
1400 - 1500 C at the inlet to the turbine section. 

As it is seen from literature, several engineering techniques have been 
introduced on the gas turbine combustor developments to overcome the 
material barriers. Lean premixed combustion over the catalysts is one of the 
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widely considered and pioneering techniques integrated to the gas turbine 
combustor developments. The fuel is partially converted over the catalysts, by 
limiting the heat release and avoiding over heating catalysts. The presence of 
a homogeneous combustion zone at the downstream of the catalytic bed is 
seen to be a common feature of such designs, where the gas phase reactions 
increase the exit temperature as required by the turbine inlet conditions. Some 
of the combustor models reported in the literature are presented in the 
proceeding sections of this chapter. In addition to the high temperature 
stability issue of the catalysts, another significant need is the high catalytic 
activity at low temperatures in order to ignite the air fuel mixture at 
compressor exit temperatures, i.e. around 200 - 300 C at part load conditions. 
Ignition temperature, usually called as light off temperature of the catalyst 
usually depends on type of fuel, mixture strength and catalytic materials. The 
state of art shows most of the efforts are to develop catalytic combustors for 
gas turbines running on natural gas [Beebe et al., 1995], [Vortmeyer et al., 
1996], [Yee et al., 2001]. Natural gas, popular fuel for land based power 
generation applications, is considered to be a clean fuel, which has methane 
as its main constituent. Many researches have reported that the ignition of 
methane over the catalysts has shown to be a difficult task at temperatures 
less than 400 C even with highly active palladium based catalysts [Thevenin, 
2002]. Integration of preheating techniques to raise the air fuel mixture 
temperature up to the catalysts light off limit has become an essential need for 
gas turbine combustors designed for lean premixed combustion of natural 
gas. The preheating techniques utilised are either introduction of pre-burners 
or selection of recuperators [Fant et al., 2000]. Both of these techniques have 
negative consequences and limitations as the pre burner operation 
contributes to NOx penalty while the recuperation technique is limited to small 
scale turbines of pressure ratios less than 10 bars due to the problem of 
efficiency drop with increasing pressure ratios. Rich Catalytic Lean burn (RCL) 
technique is another proposed method being developed to bring down the 
ignition temperature and eliminate the need of pre-burners.  RCL developers 
have reported less than 3 ppm NOx levels and 10 ppm CO levels in high 
pressure rig tests at 17 bars [Lance et al., 2003].

In parallel with the catalysts, developments of high temperature materials for 
the structures of catalytic gas turbines combustors are also evolved. Materials 
for other catalytic applications, ceramic [Gulati, 1998] and metal [Carter et al., 
1998] honeycomb shaped monolithic substrates for three-way-catalysts 
(TWC) for vehicle exhaust control and selective catalytic reduction (SCR), 
which have been developed successfully during the last 20-30 years gained 
positively for catalytic combustion developments. Similar ceramic and metal 
substrates have been put to use in catalytic combustors during the last 15 
years. 

4.2    Catalytic Combustor Designs

Several catalytic combustor designs have been proposed, developed and 
tested in a number of catalytic combustion/gas turbine integration projects 
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reported in past decades. Those designs can basically be clarified into two 
major types such as fully catalytic combustor designs and hybrid combustor 
designs. An illustration of those systems is found in figure 4.1. The fully 
catalytic combustor converts all the fuel over catalysts through heterogeneous 
reactions and no flame associated. Hybrid combustor allows a flame at the 
down stream of the catalysts, where the complete conversion of the fuel is 
taken place through homogeneous reactions. 

The fully catalytic combustor design was first proposed by Sadamori et. al 
[1995]. The proposed design was a co-operation between Osaka Gas, Kobe 
Steel and Catalysts and Chemicals Inc. [Johansson, 1998]. The major 
constraint of the fully catalytic design is the limitation on combustor exit 
temperature. The maximum possible combustor outlet temperatures of around 
1100°C are not adequate for today’s need of high efficiency gas turbines. 
However, the fully catalytic design is a promising technique for ULE emissions 
in small-scale turbines where the turbine inlet temperatures (TIT) are not 
above 1100°C. 

Figure 4.1: Basic designs of catalytic combustors

The hybrid system has been proposed to achieve the required high 
temperature level at the turbine inlet while keeping the catalytic temperature at 
acceptable level. Hybrid designs are capable of providing higher turbine inlet 
temperatures while keeping the catalyst temperature at acceptable limits. The 
conversion of fuel over the catalysts is limited by several means in these 
designs. Introductory of partially active catalysts (active and passive channels 
in the catalytic substrate) by Catalytica Energy Systems, USA [Catalytica, 
2004] developed the catalytic combustor module for commercial applications. 
Another approach is secondary introduction of fuel or fuel air mixture to the 
hot gases at the downstream of catalyst bed. Quick mixing of secondary stage 
is extremely important here as the local fuel rich combustion could lead to 
thermal NOx formation in the flame zone. Rich catalytic combustion of fuel at 
the initial stage and introductory of secondary air to the downstream of the 
catalysts is another design approach to get out of required turbine inlet 
temperatures while keeping catalyst temperature low as appropriate.
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4.2.1    Active Passive Channelled Catalysts

This method is patent to Westinghouse [Young et al., 1989,]. In this 
preparation method, catalytic materials are coated only on some of the 
selected channels of the catalyst. The rest is kept inactive. The method 
provides a temperature control on the catalyst since the flow through the 
inactive channels cool down the substrate. The un-reacted mixture through 
the passive channels and hot combustion products from active channels are 
mixed at post-catalytic zone to extend the reactions to completion. This 
method is adapted by Catalytica Energy Systems and the catalytic combustor 
system on commercially available Kawasaki turbine is on this concept [Yee et 
al. 2001]. 

4.2.2    Secondary Fuel Injection

Toshiba Tokyo Electric Company has proposed the secondary fuel injection in 
their design of catalytic combustor [Yoshine et al., 1991]. Here the catalysts 
temperature is limited by stage combustion. Pure fuel is introduced after the 
catalytic segments. Even though low NOx emissions have been reported on 
this design, the fuel air mixing homogeneity could be of great difficulty to 
achieve.

4.2.3     Secondary Air Injection

Rich catalytic combustion and secondary air injection is another proposed 
concept for catalytic combustion. In a recent paper Karim et al [2002] have 
reported test results from pressurised tests of Solar Turbines Taurus 70 
engine. The test result shows less than 5 ppm NOx and CO at 15% O2 for 
100% and 50% load conditions.

4.3    Research and Development Programs 

Numbers of research and development programs aiming integration of 
catalytic combustion technology into gas turbine combustor are being 
reported. Some of these are General Electric Design for Heavy Duty Gas 
Turbine, United State, Department of Energy (DOE) Advanced Turbine
System (ATS) program, European, Advanced Gas Turbine for Automobiles 
(AGATA), European Catalytic, Hybrid, Lean Premixed Burner for Gas 
Turbines and Swedish Catalytic Combustion Technology Project.
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4.3.1    General Electric Design for Heavy Duty Gas Turbine

Full scale demonstration of hybrid combustor design (air fuel mixture reacting 
partially over the catalysts to follow the completion of reactions in a post-
reactor homogeneous combustion before entering the turbine first stage 
nozzle) was reported by Beebe and co-authors [Beebe, 1995]. The full-scale 
catalytic system was developed by catalytica, for General Electric GE9001E 
gas turbine (firing at 1105 C). The combustor incorporates a pre burner 
arrangement, 20 inch diameter catalytic system and post combustion zone. 
However, emissions reported from these tests were out of the expectation of 
single digits, developers concerned the potential for further developments as 
they achieved from rig tests of smaller diameters of catalysts (5 – 7.2 cm). 
GE9001E is a multi can gas turbine of 104 MW electric out put.

4.3.2    US DOE – ATS Program (Solar Mercury and Siemens Westinghouse)

United State, Department of Energy (DOE) Advanced Turbine System (ATS) 
program concerned of integrating of catalytic combustion into its high 
efficiency, ultra low emission gas turbine developments.

Solar turbine has been developing a catalytic combustor design to meet ATS 
emissions goals while providing firing temperatures necessary for overall 
efficiency goals [Dutta, et al, 1997]. The Solar Mercury 50 turbine has become 
the platform for catalytic combustor design and was being developed for 
thermal efficiency >40 percent, for NOx emissions <5 ppmv. Mercury 50, 
designed for distributed power generation needs and combined heat and
power applications (cogeneration) uses a recuperated cycle in order to 
achieve these goals. Followed by the successful operation of sub scale testing 
(50 – 100% load), solar turbine was at the design and fabrication stage of 
multi-can catalytic combustion system for planned engine demonstration in 
late 1999 [Fant et al., 2000]. In addition to the operability issues, concerns
such as long term catalysts durability and mechanical integrity have been 
addressed. Sub-scale tests with palladium based catalysts at simulated 
engine conditions have reported no deterioration shown in catalyst 
performance over approximately 1000 h. 

4.3.3     European AGATA

Advanced Gas Turbine for Automobiles [Gabrielsson et al., 1999], AGATA, 
the 5 year European research program commenced in early 1993 was an 
attempt to develop catalytic combustor integrated gas turbine for automobile 
applications. The program was dedicated to develop three main components 
that are critical for the operation, a catalytic combustor, radial turbine wheel 
and static heat exchanger for a 60 kW turbo-generator in hybrid electric 
vehicle. These three components have been designed, manufactured and 
tested as part of the full-scale feasibility study. All the components are 
ceramic. Since the cold start with ceramic is critical a special cold start 
procedure had been chosen.
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The diameter of the catalytic combustor was 100 mm and which contained 5 
segments of 25 mm thickness. The inlet temperature to the catalyst was 
1208 K and the exit temperature of 1635 K reported at full load conditions. 
Similar results of NOx less than 4 ppm (@ 15% O2) and low levels of CO and 
HC emissions were reported on both tested fuels diesel and methanol. 

4.3.4   European ULECAT

The ULECAT project (Ultra Low Emissions Catalytic Combustor), European 
project aimed for the development of an ultra low emission gas turbine in the 
range of 1 to 5 MWe, able to run with both biomass and derived gases and 
liquid fuels. The project has been running from May 1996 to April 1999 [Lebas 
et al., 2000]. The objective of the project was to assess the feasibility of 
burning biomass derived gases in a catalytic combustor which will replace the 
ordinary flame combustor, as a mean to overcome difficulties arising with the 
use of such fuels in gas turbines, in specified range. A pilot scale combustion 
tests were performed at a pressurized test facility up to 5 bar pressure. Two 
main types of combustion catalysts, lanthanum manganese hexaaluminates 
and palladium lanthanum hexaaluminates were considered for the tests. The 
test results of individual segments showed that the former catalyst was not 
ignited even at maximum inlet temperature of 510°C, while the latter was 
ignited at 210°C. However the limitations of temperature in this catalysts 
resulted for higher amounts of CO emissions.  The arrangement of combined 
catalytic segments, first segment of palladium lanthanum hexaaluminte and 
two segments of lanthanum manganese hexaalumintes has given very low 
levels of CO emissions (< 10 ppm). However the conversion of NH3 to Nox
was 85 – 90%. When testing both catalysts with diesel fuel, both palladium 
lanthanum hexaaluminte and lanthanum manganese were able to ignite at 
250° and 410° respectively. When the outlet temperature reachers 1000°C, 
less than 10 ppm CO and neglegible amounts of NO were reported.

4.3.5    European CATHLEAN

Catalytic, Hybrid, Lean Premixed Burner for Gas Turbines is EU/CH 
sponsored 3 year research program within FP5 energy research project. The 
project has been in operation since 2003 [Carroni et al., 2003]. The project 
aim is to develop an advanced, ultra-low NOx, hybrid burner for gas turbines 
(present and future, 1MW to 200 MW), which combines catalytic and lean-
premix combustion technologies. The proposed hybrid design enables new 
technology to be introduced in a low-risk manner. The catalytic elements 
serve to pre-treat the fuel, which can be natural gas, biogas or syngas, in 
order to enhance performance in terms of emissions (<3ppm NOx and 
<10ppm CO at 15% O2 at 50-100% load, for NG fuel), part-load stability 
(reducing the temperature at which LBO occurs for lean-premixed flames) and 
thermo acoustic phenomena (pulsations < 0.3% of pressure). The principal 
scientific objective of the project is to quantify, both experimentally and 
numerically, the technical advantages of the hybrid burner in terms of the 
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three above-mentioned criteria, relative to traditional, lean-premixed 
combustors [KTH, 2004].

4.3.6    Swedish CCT Project

Catalytic Combustion Technology Project is a Swedish research program 
financially supported by Swedish Energy Agency (STEM). The project is in 
operation since 2001 for a period of 5 years. The work presented in this thesis 
is a part of CCT project.

The project is collaboration between the catalytic combustion group at the
Division of Chemical Technology (KT), the Division of Heat and Power (HPT) 
and the Division of Chemical Reaction Engineering (CRE). The heart of the 
project consists of two pressurised test rigs (HPT) and the lab-scale catalyst 
preparation/characterisation and test facilities (KT). Of the two pressurised 
tests rigs one is designed for gasified biomass and the other designed for 
natural gas (methane) as well as gasified biomass. The former can 
accommodate pressures up to 4 bar while the latter can accommodate 
pressures up to 35 bar. The high-pressure facility is also equipped with a 
humidifier allowing experiments to be conducted at high levels of water 
vapour. The primary goal is to generate design data for catalytic combustors 
at conditions relevant to gas turbines. In order to extend the data collected to 
real designs advanced computer models will be developed in collaboration 
with the division of Chemical Reaction Engineering at KTH [Energy 
Technology, 2004].

4.4   Pilot Plant Operations 

Numbers of research projects have been reported for investigations of 
catalytic combustor integrated gas turbine operations. A few successful 
operations of gas turbines with catalytic combustor have demonstrated ultra 
low levels of NOx, CO and HC emissions during combustion tests [Fant, 
2000].  Main attention of those projects was given on the development of 
catalytic combustion systems for natural gas fuelled gas turbine applications. 
Since the most of the projects were financed by industry, the details of the 
projects and test results were kept as company secrets. There are very little 
on no data available on literature regarding the operational characteristics of 
combustion catalysts / catalytic configurations at real gas turbine operating 
conditions. Availability of such data has a significant importance as design 
tools for the development of catalytic combustors. 
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4.5   Commercially Available Catalytic Gas Turbines

The technology has made it to the gas turbine market in the year 2002. The 
introduction of a small gas turbine of 1.5 MW has become the first 
commercially available turbine equipped with a catalytic combustor. The 
turbine is a Kawasaki machine and the combustor is called XONON 
combustor developed by Catalytica Energy Systems USA. Developers of the 
system guaranties emission levels of NOx less than 3 ppm and CO and HC 
less than 6 ppm (corrected at 15% O2) and the reliability for minimum one 
year of operation [Yee, 2001].

The projects reported are mainly investigated on the combustion of natural 
gas and the systems consist of pre burner arrangements to increase the 
temperature of the gas mixture to the light off temperature of the catalysts. On 
the other end of the catalytic combustor, at the downstream of the catalyst 
bed, homogeneous combustion zone is allowed in order to limit the catalyst 
temperature while reaching the combustor exit temperature as sufficiently high 
for the operational requirements of modern gas turbines. The thermal stability 
of the high temperature catalysts is limited to about 1200 C as it is
constrained by the properties of the materials.
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5 OBJECTIVES OF THE WORK

When summarising the research efforts so far related for the gas turbine 
combustion developments and the challenges put forward by ever tightening 
environmental regulations, catalytic combustion technology is considered to 
be a potential combustion technique for future land based gas turbine 
operations. The technology prevents the formation of pollution emissions,
particularly the formation thermal NOx as combustion temperatures are 
effectively controlled while assuring the stability and efficiency of the 
combustion process. Ultra low levels of pollution emissions could be obtained 
in economical gas turbine operations. 

Most of the works reported in the area of catalytic combustion relevant for gas 
turbine combustion are concerned with catalytic combustion of natural gas 
and the published data are more or less limited to laboratory scale combustion 
experiments done at atmospheric pressure conditions. There are very little or 
no data published on the catalytic combustion of natural gas at higher 
pressures as real gas turbine applications. Data reported on the alternative 
fuels are almost negligible.

The overall objective of this work is to experimentally study the broad aspects 
of catalytic combustion under modern gas turbine operating conditions to 
provide knowledge and tools for design and development of catalytic 
combustors for gas turbine operations. The main goal of the project is to 
develop, experimentally investigate and publish experimental data on catalytic 
combustion for designing gas turbine combustors. The combustion 
performances; rates of fuel conversions, combustion stability and emissions 
from the operations of various types combustion catalysts and operations of 
proposed catalytic combustor configurations are to be investigated 
experimentally under various gas turbine operating condition of practical 
importance.

Lean catalytic combustion approach is considered as the main direction of 
catalytic combustor design for this study and the combustion experiments are 
planned accordingly to identify the potential candidates of catalytic elements 
and its operational performances.

Experiments can be classified basically into following groups in order to obtain 
experimental data on catalyst performance at interested operational
conditions.

Catalytic combustion of methane on individual catalytic 
elements and proposed catalytic combustor 
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configurations under varies combustion pressure, flow 
velocity etc., as relevant for real gas turbine operations.
Catalytic combustion of alternative fuels such as 
gasified biomass (LHV issues on gas turbine 
combustion) on individual catalytic elements and 
proposed catalytic combustor configurations under 
varies combustion pressure, flow velocity etc., as 
relevant for real gas turbine operations.

Investigate the combustion performance of catalytic 
combustion approach integrated with advanced gas 
turbine cycles. Experiments are on humidified gas 
turbine cycle (so called HAT cycle or EvGT cycle).

In order to fulfil the technological/scientific objectives, it is a prime requirement 
to design and construction of an advanced infrastructure for the experimental 
investigations. Hence it has been made the first objective of the work to 
design and construction of a pilot scale test facility, which could be used at
varies operating conditions as mentioned below and equipped with advanced 
monitoring and control systems. 

Combustor should able to be configured for various 
different catalyst configurations.
Combustion pressure can be at any desired value 
between atmospheric and 35 bars.
Fuel control and measurement system should be 
capable of accurately handling the different gas fuels 
such as methane and gasified biomass.
Uniform quality of air and fuel mixing.
Combustion air pre heating and temperature control up 
to maximum of 650°C.
Combustion air humidification and control of humidity 
level (max 0.3 kg of steam per kg dry air).
Implementation of emissions collection and analysis 
system.
Implementation of data acquisition, monitoring and 
control system.

Within the scope the thesis a fully functional test facility will be constructed 
and commissioned. Experimental data of methane and simulated gasified 
biomass combustion over precious metals and hexaaluminate catalysts will be 
investigated at different pressure and temperature levels over the full range of 
operational pressure. 

Catalytic activity and stability of PdAl2O3, PtAl2O3, PLHA and Pd:PtAl2O3
catalysts will be investigated extensively in order to understand reaction 
regimes and influences of pressure, temperature, air fuel ratio and flow 
velocity in the combustor.
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6 METHOD OF ATTACK

This study is mainly an experimental approach to investigate the operations of 
combustion catalysts at modern gas turbine conditions. The experimental 
investigations of catalysts are done in the high pressure combustion rig either 
as single catalyst element or combinations of similar or different catalyst 
segments. The project collaborator, Division of Chemical Technology, KTH 
has developed and supplied the combustion catalysts chosen for experimental 
investigations under this thesis work. The catalysts/catalytic segments brought 
in to high pressure tests were selected through a sample testing process on 
laboratory scale at developer’s site. Lab scale tests are performed at small-
scale reactor operated at atmospheric pressure.

Upon confirmation of lab tests, catalysts are brought forward to high pressure 
combustion tests. In the high pressure test facility, catalysts are mounted in 
series inside the ceramic reactor tube of the well insulated combustor. The 
number of catalytic segments chosen for a test is dependent on the particular 
interest of the experiment and could consist of single or multiple (up to five) 
catalyst segments. All the catalysts placed in the reactor tube for combustion 
tests were instrumented with several thermocouples.

The pressure inside the combustor is one of the independent variables to be 
set at each test condition. The combustor pressure is adjusted to desired level 
of testing by the pressure regulator to the facility. The air flow rate through the 
reactor is maintained as interested by setting the flow rate set to give required 
residence time of the flow in the reactor tube under all test intervals. The 
combustion air supply is electrically heated and temperature controlled 
electronically to desired levels. The fuel is injected to the preheated air stream 
in the mixing chamber upstream of the catalyst bed. The arrangement is 
capable of providing uniformly mixed preheated air fuel mixture over the 
catalysts. Temperature variations on the catalyst segment and the
temperatures at the downstream are monitored through the thermocouples. 
Temperature data are recorded at 1 Hz frequency in computer data storage. 

Independent variables of the experiments are air inlet temperature, pressure 
and the air fuel ratio. Inlet temperature of the air is increased in programmed 
steps up to certain maximum and again cooled down through similar rates by 
monitoring temperature responses on the catalysts surface and downstream 
flow. The procedure is repeated at several intervals of pressure in the range of 
interest.

The gas emission samples are collected through a water-cooled gas sampling 
probe traversed into the pressurised combustion chamber. Samples are 
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analysed by on-line emission analysers and recorded data at same frequency 
as temperature. 

Based on the experimental data obtained from elemental tests of individual 
catalysts under varies operating conditions, multi segment fully catalytic 
combustor model have been developed and tested.
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7 PILOT SCALE COMBUSTION TEST FACILITY

An advanced high pressure catalytic combustion test facility is designed and 
constructed. The combustor of the test facility is of 100 kW (max fuel power) 
and can be operated in the range of 1.5 – 100 kW. The combustion pressure 
could be set between atmospheric and 35 bars. The total length of the 
catalytic combustor section is 550 mm and the diameter of the catalytic 
reactor tube is 35 mm. The gas velocity through the reactor is 5 - 15 m/s. The 
electrical heating system installed for preheating air can raise air temperature 
up to 650°C.

7.1 Major Hardware of the Test Facility

The construction of the test facility is an integration of three main specific sub 
units, such as high pressure air supply and measurement system,
compressed air humidification system and pressurized catalytic combustion 
system. Other sub sections of the test facility are compressed air preheating 
and temperature control system, fuel supply and control system, temperature 
measurements system, emission collection and analysis system and 
computer assisted data acquisition and control system. The figure 7.1 gives 
an overview of the overall design of the test facility.

Figure 7.1: Overview of the experimental facility
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7.1.1 High Pressure Air Compressor and Compressed Air Supply 
System

The test facility is supplied with compressed air by a high-pressure stationary 
type air compressor. The 40 bar, two stage reciprocating type compressor 
employed for this task has a delivery capacity of 100 g/s. The compressed air 
supply system is connected with other standard components such as air 
reservoir tank and filters. The capacity of the tank is 3500 liters and the 
pressure is maintained at the maximum of 35 bars. There are three main 
adjustable components to set the air pressure and flow through the catalytic 
combustor section. The pressure regulator installed at the entrance to the 
humidification column basically sets the pressure and the electronically 
operated flow regulation valve placed just after the pressure regulator controls 
the air flow at specified rate. The third component, the back pressure valve 
placed at the exit of the high pressure vessel also plays a crucial role in 
maintaining set pressure and flow conditions.

7.1.2 Compressed Air Humidification Unit

The humidification unit, a tubular type humidifier was originally constructed for 
the component studies of humidification gas turbine cycle. This unit is now 
integrated with high pressure combustion test facility in order to generate 
moist combustion environment for simulating advanced gas turbine cycle 
conditions. A brief introduction of the tubular humidifier is given here. Detailed 
information of the humidification unit can be obtained from the doctoral thesis 
“Humidification in Evaporative Power Cycles” [Dalili, 2003].

The tubular humidifier column is basically a vertical heat exchanger of two co-
axial steel tubes. The inner diameter of the inside tube is 50 mm and the inner 
diameter of the outer tube is 200 mm. The total height of the column is 9 
meters. The compressed air flow is going through the inner tube upward when 
the water flow is arranged in such way to flow counter current to the air flow 
by wetting the inner surface of the inner tube. The annular region between 
tubes is constructed with extended heat transfer surfaces and heated with an 
electrically heated hot air stream to enhance the evaporation process. 

7.1.3 High Pressure Catalytic Combustion Unit

The high pressure catalytic combustor section is a specially designed and 
constructed unit for experimental purposes.  A cylindrical chamber of 3 meters 
of height and 300 mm in diameter, pressure vessel contains the 2 meters long 
bunch of electrical heaters hanging at the top of the vessel. The combustion 
chamber, which is placed at the bottom of the vessel is only 550 mm long. 
The purpose of the long heaters is to obtain uniform temperature profile 
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across the flow. The 80 kW heaters are operated and controlled electronically 
in order to maintain required temperature levels at the inlet to the combustor. 

The “can type” combustor of 550 mm height and 35 mm in diameter is well 
insulated with high temperature insulation materials and the combustion is 
expected to occur near adiabatic conditions. The combustor length consists of 
200 mm mixing length and 350 mm reactor length. The fuel injection is done 
at the entrance of the 550 mm long combustor tube. A cylindrical type fuel 
injection head with eight radial holes is placed on the center axis at the 
upstream of the combustor can. The mixing tube takes the shape of venetury 
where the fuel injection holes are placed at the minimum cross section of the 
duct. The high turbulence created by the geometry at the fuel injection points 
enhances the air fuel mixing in the duct. An uniform air fuel mixture is 
expected at the level of catalyst bed which is 200 mm below the fuel injection. 
Figure 7.2 shows the design of the high pressure combustion unit.

(a) (b)
Figure 7.2 (a): Schematic diagram of the pressurized combustor
Figure 7.2 (b): Enlargement of catalytic section
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Since there is no turbine connected to the test facility, hot exhaust gases at 
high pressure should go through a pressure reduction device before dump to 
the atmosphere. A specially designed water-cooled pressure reduction valve 
is employed for pressure reduction and safe release of exhaust gases, which 
then go through a silencer to the atmosphere. 

A schematic view of the overall test facility is shown in figure 7.3.

Figure 7.3: Schematic view of the test facility



Doctoral Thesis / Jeevan Jayasuriya 47

7.2 Combustor Design and Operational Capacity

Designing a pre-mixed type combustor, which has to be operated at a range 
of inlet conditions, is an extremely complicated matter. There are several 
important operational and safety factors to be considered in designing a high 
pressure combustion test facility that should work on large range of varying 
conditions such as pressure, inlet temperature, air/fuel ratios and most 
significantly of the types of fuels with different characteristics. 

The efficient air fuel mixing at the mixing chamber is extremely important due 
to two reasons. In order for the uninterrupted operation of the catalyst, uniform
mixture air/fuel strength along the cross section of catalyst is a primary 
requirement.  Uneven mixtures can cause local high fuel concentrated 
regions, where the possibility for auto ignition prevails. In order to have proper 
air fuel mixing, the turbulence of the flow has been increased at the mixing 
duct. The other factor to consider is the strength of fuel air mixture with 
respect to the flammability limit at specified test conditions. This could also 
cause pre combustion at the mixing duct if the conditions are right for auto 
ignition. The auto ignition delay time and the mixture residence time in the 
mixing duct are parameters to compare. When considering biomass, which 
contains hydrogen in it, as the fuel, the spontaneous ignition of hydrogen at 
varying pressure and temperature is a significant factor to be considered.

The other major issue on premixed combustors is the problem of flash back. 
The flash back can be prevented by keeping the bulk flow velocity higher than 
the flame speed of the turbulent flame.

In order to fulfill those important operational and safety requirements and the 
limitations of the air delivery capacity of the compressor (max 100 g/s), an 
operational window of flow velocity in the combustor has been identified 
against the combustor pressure. The maximum velocities of the combustor at 
certain pressures are determined by the air delivery capacity of the 
compressor and the air inlet temperature, while the minimum velocities are 
determined by the limits of mixing and auto ignition characteristics. Figure 7.4 
shows the operational window of the flow velocity in the combustor for the 
combustion operations of methane. The maximum velocities are obtained for 
higher inlet temperatures and the minimum velocity is limited to 5 m/s in order 
to secure proper air fuel mixing.
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Figure 7.4: Operating window of flow velocity

The operational capacity (fuel power supplied) of the test facility is determined 
according to combustion pressure of interest. In order to maintain a constant 
level of residence time in the combustor at each test condition (at varies 
combustion pressure) Compressed air mass flow rate into the combustor has 
to be increased. Consequently the fuel power supply has to be increased to 
maintain the air fuel ratio at required levels ( value).

The combustion test facility is designed to operate at maximum fuel capacity 
of 100 kW when the combustion pressure 35 bars. The loading on the 
combustor varies linearly from 3 kW to 100 kW in corresponding pressure 
range of 1 to 35 bars according to the design criteria of constant residence 
time inside the combustor. The flow velocity is limited to 7 m/s in the 
combustor is guaranteed throughout the whole pressure range. Figure 7.5 
shows the loading curve of the test facility where approximately the same 
residence time is obtained under varies pressures. The fuel power has to be 
varied on the pressure to have nearly the same air fuel ratio ( value) and the 
gas velocities.
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Figure 7.5: Loading curve of the test facility

7.3 Fuel Supply System

The fuel supply system has to be designed to investigate the catalytic 
combustion of different fuels. Under the current assignment the test facility is 
prepared for two different fuels, methane and gasified biomass, which has 
large difference in heating value. Considering the operational range of the 
combustor and variations in the heating value, one should expect 
considerably large variations in the fuel flow rates. As it is calculated, the 
variations of the fuel flow rates accounts as 1:700. The minimum fuel flow rate 
comes with methane, 50% load operation at atmospheric pressure and the 
maximum flow comes with gasified biomass operation on full load at 35 bars 
pressure. The fuel supply system must be capable of handling such large 
variations accurately.  In order to minimize the uncertainty of the fuel flow 
measurements, a group of mass flow controllers of different flow capacity 
were installed in parallel to control the fuel flow. By means of the computer 
based control system, a corresponding flow controller is triggered to control 
the fuel flow. Figure 7.6 shows the configuration of the fuel control panel,
which consists of four mass flow controllers  (MFC) of varies flow capacity, 
maximum flow of; 2.5, 25, 63 and 97 kg/hr. 2.5 and 25 kg/hr controllers are 
used to control the methane while 25 and 63 kg/hr flow controllers are used 
for biomass gas flow to cover the entire power range of the test facility and to 
maintain the uncertainty of fuel flow measurements below 2% at all operating 
intervals. Flow controller 97 kg/hr is used for controlling the nitrogen flow. 
Nitrogen is added in biomass gas operation to make diluted gas mixture to 
represent the strength of and the composition of downdraft-gasified biomass 
gas mixture.
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Figure 7.6: Configuration of the fuel control panel

7.4 Fuel Injection and Mixing

Uniform air fuel mixing is one of the essential requirements of the catalytic 
combustion. In this design a cylindrical fuel injection head is placed at the 
center of the combustor can with several radial holes along a horizontal plane 
on the circumference.  The inlet duct of the combustor takes a venturi shape 
at the point of fuel injection. The arrangement accelerates the air flow at the 
fuel injection point to higher flow velocity. At higher flow velocity, turbulence 
makes better mixing. The mixing duct provides adequate mixing length before 
mixture meets the catalysts surface. Figure 7.7 (a) shows air/fuel mixing 
arrangement and the figure 7.7 (b) shows a picture of the fuel injection head.
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7.5 Catalytic Combustor

The catalytic combustor takes the simple geometrical shape as a straight tube 
with a total length of 300 mm and diameter of 35 mm. The total length is made 
up with three pieces of ceramic tubes. These ceramic pieces are serving as 
catalyst holders. The ceramic holders are then placed inside the cylindrical 
casing made of high temperature insulation materials. This arrangement has 
certain advantages as a test combustor. It provides easy access to catalytic 
elements and convenient to change elements according to different 
configurations. The piecewise ceramic structure avoids the risk of thermal 
cracking (Figure 7.8 (a). Figure 7.8 (b) showed the schematic of catalytic 
reactor tube. Two catalysts are shown here placing serially with respect to the 
flow of air fuel mixture. The ceramic liner is consisted of number of ceramic 
rings placed on over the other and merged into the inner hole of cylindrical 
liner, which is made of high temperature insulation material. Figure 7.8 (c) 
shows the construction of the catalytic combustor test section.

(a) (b) (c)

Figure 7.8: Assembly of the reactor tube

Figures 7.8 (a), (b) and (c) show ceramic pieces and a catalytic element 
(before assembly), the assembly of ceramic reactor tube and ceramic reactor 
tube inserted into the high temperature insulation liner respectively.
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(a) (b)       (c)

Figure 7.9: Combustor and high pressure vessel

Figure 7.9 (a) shows the bottom part of the high pressure rig, where the 
catalytic tube in installed. Figure 7.9 (b) shows the assembly of catalytic 
combustor section into the high pressure rig while Figure 7.9 (c) shows a 
picture of pressure vessel mounted with catalytic combustor test section.

Figure 7.10: Pressure reduction valve

Figure 7.10 shows the pressure reduction valve connected at the exit to the 
pressure vessel. The combustion products exiting from the pressurized 
catalytic combustion chamber will pass through the pressure reduction valve 
to bring down the exit pressure. The flow exits the pressure reduction valve 
vent out to atmosphere through a silencer at reduced noise level.  
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7.6 Control Systems

The test facility is equipped with several control systems to ensure safe and 
accurate operation. Air and fuel flow rates, compressed air temperatures and 
humidity levels are controlled by means of software assisted control systems. 
Some of the control systems are connected to a computer based data 
acquisition system and some are functioning as individual control systems on 
manually set targets.

7.6.1 Inlet Temperature to the Combustor

Inlet temperature of the air fuel mixture at the inlet to catalyst is a primarily 
important parameter to control on these experiments. Regulating the power 
supply (electrical) to the air pre heaters controls the inlet air temperature to 
the catalyst section. The temperature required at the inlet is set through a 
temperature controller1, which controls the power supply to the heaters based 
on the difference of temperatures at set value and the measured value. The 
temperature controller senses the actual temperature at the inlet through a 
thermocouple. Inlet air temperature is a parameter, which could be set 
independently with in the range of 100 – 650°C.

7.6.2 Combustion Pressure

The pressure inside the combustor is another very important parameter of 
these tests. The combustor pressure is set manually through a pressure 
regulator placed at the entrance to the high pressure combustion rig. The 
pressure could be set at independently at any desired level within the range of 
1 – 35 bars.  

7.6.3 Combustion Air Flow Rate

The combustion air flow rate is a parameter to measure and control accurately 
in order to have accurate fuel air ratio. The air mass flow rate is controlled by 
electronically operated pneumatic-flow-control valve to meet flow set point 
given by the operator. Data acquisition and control software supports the 
operation of the valve comparing the measurement data (measured value 
read through the flow sensor and conditioning unit) with required flow rate 
specified by the operator. Data processing is done by the operation and 
control software and the actuator is commanded through digital to analog 
signal converter. Flow signal is acquired at 1 Hz frequency and the actuator is
being adjusted continuously to maintain the required air flow.

1 Eurotherm 2032
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Figure 7.11: Combustion air flow control arrangement

7.6.4 Fuel Flow Rate

Fuel flow rates are controlled by electronically operated mass flow controllers 
(MFCs).  There are four mass flow controllers with different flow capacities 
connected in parallel on the test facility. They are operated through a 
computerized control program and commanded through computer interface.
Figure 7.12 shows the circuit architecture of the MCF control system 
connected to the computer for the operation and control functions. MFC 
functions are governed through the flow control software program “FlowDDE”
provided by the MFC manufacture “Bronkhorst “ Hi-tech instruments.
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Figure 7.12: Fuel control system circuit architecture

7.6.5 Moisture Control on Combustion Air

Under certain experimental conditions, where the interest is on the 
combustion of humidified air (relevant to operation on EvGT cycle) 
compressed air must be humidified by adding water in it. The water addition 
and humidification process is done at the specially designed tubular type 
humidifier. The amount of water to be injected into the system has to be 
calculated according to the air flow rate. The water injection is controlled at 
levels by an independent control system.

7.7 Measurement System

The measurement system is implemented for the on-line measurements of 
pressure, temperature, flow rates and concentrations of emissions. The 
instruments are communicating with software controlled data acquisition 
system and data are stored in 1 Hz frequency.
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7.7.1 Pressure Measurements

Pressure inside the combustion chamber is monitored through the signals 
from pressure transducers2 installed at the entrance to the high pressure 
combustion chamber. The transducer excited by 10 V voltage supply, 
generates analog voltage signals corresponding to the pressure in the vessel. 
The transducer was calibrated for the pressure range of 1 – 40 bars. The 
analog signals from the transducers are taken into the data acquisition system 
through A/D converters. The online measurements are displayed on the 
control screen and recorded in the computer. As specified by the supplier, the 
accuracy of the measurement is 0.1% of the measured value.

7.7.2 Air Flow Measurements

The compressed air flow into the test facility is measured by digital mass flow 
meter3. The flow meter, works on the Coriolis principle [Fransson, 1995] to 
measure mass flow directly so, the measurements are unaffected by changes 
in fluid density, pressure, viscosity and temperature. This makes extremely 
good accuracy of the air flow measurement which has to be done at varies 
operating pressures under test conditions. According to the manufactures 
specifications [Danfoss, 1993], the measurement accuracy of the system is 
within 0.1% of actual flow (measured) above the flow ratings of 5% of the full 
scale while the measurement uncertainty of the flow measurement below 5% 
of the full scale flow takes the relationship given in the flow details in table 7.1.
Air flow measurement uncertainty, as specified by the instrument manufacture 
is shown in figure 7.13

Figure 7.13: Air flow measurement uncertainty

During the experiments, air flow measurements are available online and 
stored in the computer at the data acquisition frequency. The signal converter 
of the measuring instrument has five outputs (3 current out puts 4 – 20 mA 
and 2 frequency outputs) in addition to instrument display. One of the current 
outputs is taken through data logger4 and converted digital signal is sent to 

2 Gems Sensors, 4000 Series – High performance,
3 Danfoss Flow Instruments, MASSFLO flow meter: Sensor type MASS 2100/Signal 
converter type MASS 3000.
4 Keithley Model 2701 Ethernet –based multimeter/Data acquisition System
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the computer for data storage. The real time values of flow measurements are 
displayed to the operator through software interface.

Table 7.1: Air flow measurement uncertainty details

Flow Meter 
Type Maximum Flow Rate Uncertainty 

Flow <5% Flow > 5% 

MASS 2100 
DI6 1000 kg/h  

E – Error %
Z – Zero Point Error ( kg/h); 0.15kg/h for 
DI6
qm- mass flow ( kg/h) 

0.1% 

7.7.3 Fuel Flow Measurements

Fuel flows are set and measured by mass flow controllers (MFC). They 
provide the function of mass flow measurement and the control. Four mass 
flow controllers of different capacity, 2.5, 25, 63 and 97 kg/hr flow capacities 
are connected in parallel to minimize the uncertainty of the measurement of 
the fuel flow.  As shown in figures 7.14 and 7.15, uncertainty of the fuel flow 
measurement has been limited to less than 3% through out the whole range of 
operation with the considered fuel types. The mass flow controllers5 employed 
here are “Bronkhorst “ Hi-tech instruments. They are working on the principle 
of thermal mass flow measurement. 

Figure 7.14: Uncertainty of flow measurements (Methane) for = 2 and = 4 
operating conditions

5 Bronkhorst EL –FLOW controllers  
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Figure 7.15: Uncertainty of flow measurements (gasified biomass gas) for =
2 and = 4 operating conditions

According to the manufactures specifications, these instruments are accurate 
to 0.1% of the full scale value [Bronkhorst, 2003]. However the instruments 
are to be calibrated or the correct calibration coefficients are to be selected 
from the manufacture’s software for the accurate measurement on the 
particular flow stream.

7.7.4 Temperature Measurements

Several thermocouples are employed on the test facility for temperature 
measurements. The thermocouples instrumented on the humidification unit 
are K type thermocouples and the thermocouples instrumented on the 
combustor section are N type thermocouple. K type thermocouples have been 
selected by the designer of the humidification test facility. N type 
thermocouples have been selected instrumentations in the combustor section 
due to its enhanced thermoelectric stability relative to standard base metal 
alloys (type E, J, K and T). The accuracy of these thermocouples (both K and 
N type, above 0°C) are ± 0.75% according to the manufactures specifications 
[Omega, 2003]. The temperature measurements from the combustor section 
are extremely important to map reactions in each area. Thermocouple 
positions in the combustor are at the bulk temperature of the inlet air stream, 
bulk stream temperature at inlet and exit of each catalyst and the on the 
surface of catalyst monoliths. Thermocouples with two sizes of sheath 
diameter are chosen for this instrumentation. Thermocouples placed for bulk 
flow stream temperature measurements are 1.6 mm diameter and 
thermocouples placed for catalysts surface measurements are 0.8 mm in 
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diameter. The temperature monitoring is done through A/D conversion and 
data are transferred to data acquisition system at the frequency of 1 Hz. 

7.7.5 Emission Measurements

A set of single component on-line gas emission monitoring system6 was 
implemented on the test facility. Table 7.2 lists the species that were set to 
monitor with the respective measuring range of the equipment, accuracy and 
the measuring principle.

Table 7.2: On-line emission analysis instruments, all values taken from 
equipment manuals

Species Measurement range Resolution / 
Linearity

Measurement 
Principle

O2 0-5/25% 1% F.S. linearity Electrochemical
CO2 0-1/16% 1% F.S. linearity NDIR
CO 0-50/2500 ppm 1% F.S. linearity NDIR
THC 0-10/102/103/104/105 ppm 1% F.S. linearity FID
NO 0-10/102/103/104/105 ppm 1% F.S. linearity Chemilumin
NO2 0-10/102/103/104 ppm 1% F.S. linearity Chemilumin
NOx 0-10/102/103/104 ppm 1% F.S. linearity Chemilumin

Catalytic Segments

Gas sampling probe

C
oo

lin
g 

w
at

er

Exhaust out

Homogeneous reactions

Gas out to analysers

Fuel/air mixture in

Mechanical device

Figure 7.16: Positioning of traversable water-cooled gas sampling probe

6 J.U.M Engineering FID 3-300A analyzer, Eco Physics CLD 700EL analyzer, Rosemount 
NGA 2000 analyzer
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The emission samples are collected by means of a traversable gas sampling 
probe. Traversable probe allows the possibility of collecting samples at
different zones in the combustor. The probe is a special design manufactured 
for the use of high pressure rig. The water-cooled sampling probe was made 
out of high temperature steel. The dimensions of the probe are 900 mm long 
in length, 1 mm diameter in gas suction path and 6 mm in external diameter. 
Co-axial cylinders of cooling water channels take the space between gas 
suction path and the external housing. The water-cooled probe gives the 
advantage of quenching chemical reactions and the information of radicals 
and incomplete products are available to analysis system. The cooling water 
supplied to the probe is kept under pressure (20 bar) to avoid boiling and to 
ensure sufficient flow rate through tiny coaxial channels.  Figure 7.16 show 
the positioning of sampling probe in the high pressure test rig.

The gas samples collected by the probe are directed to the analysis system 
through heated tubes. The heated tubes are necessary in order to prevent 
condensation inside connection pipes. If condensation occurs inside tubes, 
NO2 emissions present in gas phase will be de-solved in the water and gas 
analysis system will not be able to detect them. Figure 7.17 shows the 
arrangement of emission analysis system.

Heated tubes

THC & pump NOx & pump

Cooler

Flow meter

O2/CO2/CO

Gas exit

excess gas
exit

excess gas exit

Gas exit

Emission gas sample

Figure 7.17: Arrangement of emission analysis instruments
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7.8     Uncertainty Estimation of Measurements

7.8.1 Uncertainty of air to fuel ratio (Lambda, )

Air to fuel ratio (lambda) setting for any of the combustion experiment is a very 
important parameter that determines the combustion performance. For the 
high pressure catalytic combustion experiments conducted in the reported 
work, air to fuel ratio (lambda) was considered as an Independent variable 
decided by the user. Depending on the combustion pressure and the 
residence time (flow velocity) of the catalytic combustor selection required to 
be maintained, air flow into the combustion test facility is decided and 
controlled through air mass –flow control system. Once the air flow rate is 
fixed, then depending on the fuel type and the lambda-value of the mixture to 
be set, amount of fuel required is calculated and executed through of the fuel 
mass flow control system. As presented in section 7.7.2 measurement 
uncertainty of the air flow measurements and in the section 7.7.3 fuel system, 
it is understood that the lambda values are being set for the experiments
would not be accurate due to the measurement uncertainties of the air and 
fuel flow measurements. Uncertainty range for the lambda settings have been 
calculated by considering the measurement uncertainties of air and fuel flow 
meter readings and the results are presented in figures 7.18 and 7.19. 

Figure 7.18: Uncertainty estimation of lambda, for of methane 
and biomass gas air/fuel mixtures

Figure 7.8 shows the uncertainty range of lambda for =2 air/fuel ratio 
settings separately in two plots for both methane and biomass gas cases. 
Figure 7.19 shows similar contents as figure 7.18 for =4 cases. Biomass gas 
uncertainty lines in figure 7.18 are not continuing beyond the corresponding 
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air flow 150 kg/hr flow rate having the reason that the fuel power would 
increase over 100 kW at this point onward with the increased air flow rate, if  
=2  flow mixture of biomass gas to be maintained. The maximum power limit 
of the test facility is 100kW.

Uncertainty estimations of the lambda, of the combustion system shows that 
the level of the uncertainty remains below ± 3% for whole range and it is 
below ± 2% beyond the air flow rate settings over 50 kg/hr.

Figure 7.19: Uncertainty estimation of lambda, for 4 setting of methane 
and biomass gas air/fuel mixtures

7.8.2 Uncertainty of Temperature Measurements

Temperature measurements are being done with a thermocouple 
arrangement. Section 7.7.4 describes the types and measurement accuracies 
of thermocouples associated with the test facility. Thermocouple accuracies 
given by the manufacture is only the uncertainty of the thermocouple wire. 
Overall measurement uncertainty of the temperature is associated with 
several factors; accuracy of the thermocouple, accuracy of the extension wire 
and connectors, accuracy of the Data Acquisition System (DAS) and mounting 
errors of the thermocouple installations [Nakos, 2004]. In the case of 
combustion test facility, where the temperatures are in the order of 600°C and 
higher, most significant could be the uncertainty due to mounting errors while 
the others such as extension wires, connectors and DAS are insignificant.

In order to minimise the temperature measurement uncertainties, existence of 
mounting errors, following precautions have been considered;
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Instrumenting thermocouples for measuring surface
temperatures of the catalysts, 0.8 mm sheath diameter, 
exposed joint thermocouples where used, stuck them on 
the measurement surface and joint covered with ceramic 
cement to avoid radiation and cooling effects. 
Instrumenting thermocouples for measuring hot stream 
temperatures, care has been taken to radiation protection 
and included redundancy measuring points across the 
same plain perpendicular to the flow stream.

Measurement uncertainty of the thermocouple measurement are 
expected to be 2 – 3% in low temperature regions below 200°C 
and around 2 – 5% at high temperature regions. 

7.9 Data Acquisition and Control System

The data acquisition and control system implemented for high pressure 
combustion test facility is in house built control software. The main software 
program was written under visual basic program and linked several 
commercially available control software modules for communicating with 
measuring instruments as sub routings. The graphical display capabilities of 
LabVIEW (commercial software) are used for buildup user interface on visual 
basic. The control system has totally 140 data acquisition and control 
channels. Eighty channels out of the total are accessed through data logger7

(where A/D conversion is done) while the rest are connected to the computer 
through Ethernet or RS 232 connections. The data acquisition and control 
system, the software interface allows the operator to select the fuel type and 
can control the user specified air flow rates and fuel flow rates according with 
the user specified air/fuel ratios. Measurements integrated with control 
software are as following: 

Temperature measurements
Pressure measurements
Air flow measurement and control
Fuel flow measurement and control
Emission measurement

The safety module associated with the software control system is to make 
sure that there is no unburned fuel leaving through the exhaust system as it 
shuts down the fuel supply in case if there is no temperature rise across the 
catalyst within 5 seconds interval. 

7 Keithely Instruments Model 2701 
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Figure 7.20: Computer interface – data acquisition

Figure 7.20 shows the user interface of the control program. The interface 
graphically displays the real time values of the temperature variations across 
the catalysts, surface of the catalysts, inlet and exit air temperatures, emission 
levels, fuel flow rate and the space velocity. The values indicate numerically 
are value of combustion pressure, set and operating values of the air and fuel 
flow rates. 
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8 RESULTS AND DISCUSSION

This chapter presents the catalytic combustion data and results obtained 
experimenatally through the operations of high pressure catalytic combustion 
test facility. 

The main approach considered was the development of “Lean Catalytic 
Combustion” technology for gas turbine applications. Experimental works 
were carried out in collaboration with chemical engineering partners, who 
were the developers of the catalysts. Most of the works presented in this 
thesis were dedicated for the development of catalytic modules capable of 
fulfilling the ignition and thermal stability requirements of the gas turbine 
combustor. With the collaboration of the division of Chemical Technology at 
KTH, who produced and supplied varies types of combustion catalysts to 
meet above requirements, combustion experiments were conducted at real 
gas turbine operational conditions. Types of the catalysts and detailed 
information of experimental arrangements; named as “test configurations” are
described in following sections. All the catalytic segments provided by the 
division of Chemical Technology were types of fully coated cordierite 
monolithic catalysts of varies catalytic compositions suitable for  varies 
requirements of gas turbine combustors aiming for two types of fuel; methane 
and gasified biomass in separate applications. Catalytic configurations, 1 to 5 
and 7 descried below were configured with the catalysts provided the division 
of Chemical Technology at KTH. Published papers appended to this thesis, 
Paper 3, Paper 4, Paper 5, Paper 6, Paper 7 and Paper 9 are based on 
results obtained through experiments conducted under above configurations. 

Division of Chemical Reaction Technology was one of the other partners 
collaborated with in this work. With the interest of both parties, alternatively 
channel coated platinum based alumina catalysts were developed and 
experimented for biomass fuelled gas turbine combustors of hybrid combustor 
design; heterogeneous catalytic combustor section followed by the 
homogeneous gas phase combustion at downstream to achieve complete 
combustion under controlled conditions.  Configuration 6 described below,
briefly presents the details of the experiment while paper 8 appended to the 
thesis provides the complete analysis of the hybrid combustor experiment.

Configuration 8, presented below has taken a completely opposite direction to 
the main approach of the catalytic combustor designs considered in this 
thesis; that is “Rich Catalytic Combustion” approach. Configuration 8 was 
developed with the collaboration of Istituto di Ricerche sulla Combustione –
CNR within European Commission supported project; SUSPower for the 
application of low temperature catalytic combustion of methane through 
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catalytic partial oxidation method. Resulted were published and appended in 
this thesis (Paper 10)

Catalytic configurations experimented in this work were mainly descried 
according with the types of the catalysts used (see table 8.1 for details of the 
configurations). Eight different types of combustion catalysts; five of them 
were precious metal supported highly active catalysts (palladium on alumina 
(Pd/Al2O3), palladium platinum bimetallic catalyst (Pd:PtAl203), Platinum on 
Alumina (PtAl203), Rhodium- lanthanum/manganese perovskites on alumina
(Ru-LaMnO3/Al2O3) and palladium lanthanum hexaaluminate (PdLaAl11O19)),
while two others were perovskites (LaCoO3), lanthanum manganese 
hexaluminates (LaMnAl11O19) and Ba/Zr_PtO3 have been experimentally 
investigated as an individual element or a combination of them at various 
operating conditions. These arrangements are referred as configurations in 
the chapter and described in details. 

The focus of these experiments were to determine the characteristics of 
catalytic ignition of fuel and fuel conversion rates over catalysts at varies 
combustion conditions, such as pressure, flow velocity, mixture strength 
(air/fuel ratio) and inlet air temperature. 

Followed by the experimental investigations on precious metal catalysts 
(single or bi-element tests) for ignition performances, a combination of 
precious metal and metal oxide catalytic arrangement was tested. The 
selected combination was according to a proposed design [Ersson, 2003] of a 
fully catalytic combustor, which contains highly active precious metal catalysts 
and high temperature resistive metal oxide catalysts. The fully catalytic 
configuration consisted of four combustion catalysts, placed serially against 
the direction of the flow of air/fuel mixture. Four catalysts consisted in the 
configuration were, Pd:Pt bi-metal on alumina, Lanthanum Cobalt perovskites 
on hexaaluminate and two segments of Lanthanum Manganese 
hexaaluminates. 

Two types of fuels, methane and simulated mixture of gasified biomass were 
considered for these experiments and the presentation of the results in this 
chapter are basically divided into two sections depending on the fuel used.  

Fuels, methane and simulated mixture of gasified biomass were purchased as 
pressurised gas bottles of 50 litre capacity (methane at 200 Bar and simulated 
biomass at 75 bar). According to the fuel supply company, the mixture 
strength of methane is 99.9999% and the simulated biomass mixture 
consisted of four gaseous components, carbon monoxide (CO) 33.2%, 
hydrogen (H2) 24%, methane (CH4) 10.6% and carbon dioxide (CO2) 32.2%. 
This simulated fuel mixture did not contain any troublesome components such 
as tars, ash or nitrogen and sulphur bound components, which usually are 
present in real gasified biomass. The heating value of the purchased mixture 
is significantly higher compared to product gas coming from air blown 
gasification process. In order to keep the heating value at practical levels, the 
fuel mixture is diluted with nitrogen gas. 
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The majority of the experiments reported in the following sections were 
performed with methane as the fuel and three different types of catalysts, 
namely, palladium on alumina (Pd/Al2O3), palladium lanthanum 
hexaaluminate (PdLaAl11O19) and palladium platinum bimetallic catalyst 
(Pd:Pt/Al203) were extensively investigated as probable candidates for the 
initial stage of catalytic combustor for gas turbines. These three types of 
catalytic monoliths were placed on four different catalytic arrangements 
configuration 1 to 4). The fifth configuration descried here is a combination of 
precious metal and metal oxide catalysts. Biomass experiments were 
performed within catalytic configurations 4, 6 and 7. Configuration 6 was
platinum on alumina (Pt/Al2O3) catalyst, which had catalytic materials coated 
only on alternative channels, specially manufactured for biomass experiments
of hybrid gas turbine combustor design. Configuration 7 consisted of 5 
different catalytic segments, placed in the order from upstream to the 
downstream of flow along the combustor; Pt:Pd/Al2O3, (diffusion barrier 
coated), Pt:Pd/Al2O3, LaMnAl10 O18 (two segments) and Ba/Zr_PtO3

Descriptions of the catalytic configurations tested for the combustion of 
methane and simulated mixture of gasified biomass at different pressure 
intervals are given in table 8.1.

Table 8.1: Descriptions of the catalytic configurations tested under varies 
conditions

Configuration Number 
of 

Segments

Type of Catalysts Fuel Dimensions
d x h (mm)

1 2 PdLaAl11O19
Methane 50 x 20

400 cpsi

2 2 Pd/Al2O3 and
PdLaAl11O19

Methane 35 x 20
400 cpsi

3 1 Pd/Al2O3
Methane 35 x 20

400 cpsi

4 1 Pt:Pd/Al2O3

Methane 
and
Biomass

35 x 20
400 cpsi

5 4
Pt:Pd/Al2O3,

LaCoO3/LaMnAl10O1

8, and LaMnAl10 O18

Methane 35 x 20
400 cpsi

6 1 Pt/Al2O3
(alternative channel coated) Biomass 35 x 35

400 cpsi

7 5

Pt:Pd/Al2O3, (diffusion 
barrier coated), 
Pt:Pd/Al2O3,

LaMnAl10 O18 and
Ba/Zr_PtO3

Biomass 35 x 20
400 cpsi

8 2 Ru- LaMnO3 on
Al2O3

Methane
30 x 8
30 x 18
600 cpsi
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The experiments were performed at different pressure points between 
atmospheric and 30 bars under each fuel category. The fuel capacity was set 
at the rate of 3.3 kW/bar and the maximum operated power was 99 kW at 30 
bars pressure. The residence time of the gas mixture was kept constant at all 
operating conditions.

8.1    Combustion Tests with Methane

Combustion of methane over catalysts has been reported to be a very difficult 
task at temperatures below 400 C [Thevenin, 2003]. Many of the experimental 
reports published on catalytic combustion of Methane insisted the need of 
highly active catalytic materials for the ignition process of Methane. Most of 
the tests reported are more or less in laboratory scale tests conducted at 
atmospheric pressure and showed the ignition temperature in the range of 
400 C. In the present series of tests the high pressure factor and high flow 
velocity are integrated into the test conditions and focused on the operation of 
highly active precious metal catalysts at near real gas turbine conditions.  
According to previous studies of catalytic combustion of methane [Thevenin, 
2003], palladium is regarded as the most active catalytic material for the 
combustion of methane over the temperature window particularly interested 
for gas turbine application. Three types of catalytic monoliths (400 cpsi, 
honeycomb ceramic monoliths) containing palladium on different washcoat 
mixtures (washcoat is 20% weight of the monolith and palladium is 5% weight 
of the washcoat) were subjected to testing in four different arrangements. 
These catalysts are generally considered as ignition catalysts and candidates 
for the first/initial segments of a catalytic combustor designing for 
methane/natural gas fuelled catalytic combustor.  The fifth configuration was 
also consisted of precious metal catalyst as the initial segment and followed 
by perovskites and metal oxide catalysts as latter stage segments. 

8.1.1    Combustion of Methane in Configuration 1

The first selection of the catalysts to be tested in the high pressure rig was 
palladium lanthanum hexaaluminate catalysts. The catalysts contained 
palladium loading as 5% weight of the washcoat. The configuration consisted 
of only two segments of similar PLHA (PdLaAl11O19 ) catalysts placed serially 
in the reactor tube. The inlet air stream was electrically heated and air 
temperature at the inlet to the reactor tube was regulated at predetermined 
values. The amount of fuel, determined by the specific air fuel ratio of interest 
is calculated and injected into the hot air stream upstream of the catalyst. A 
sufficient mixing time is provided along the length of the mixing duct before 
mixture reaches the catalysts. Figure 8.1 shows a schematic diagram of the 
catalytic reactor with thermocouple locations for temperature measurements. 
If the mixture is at the right conditions to ignite catalytically, a sudden
temperature rise could be observed on the catalyst (surface) as well as on the 



Doctoral Thesis / Jeevan Jayasuriya 69

flow (mixture of fully or parcially converted products) downstream of catalyst. 
In the case of multiple segments of catalysts, the total temperature rise in the 
catalytic section would be the accumulation of individual temperature 
increments across the catalysts. This suggests evidence of partial 
conversions of fuel in steps. 

Preheated air supply

T/C positioning

Placements of catalysts

Fuel Injection

Convrging/diverging nozzle

Air/fuel mixing zone

Exhaust

Figure 8.1: Setup of the catalysts and instrumentation for temperature
measurements

Table 8.2 provides a summary of test conditions related to the experiments 
performed in configuration 1.  The last column in the table “Exit Temp” 
presents the steady state temperature readings at the exit of the second 
catalysts placed in the configuration.

Table 8.2: Test conditions of the experiments performed in configuration 1 
(Methane)

Pressure 
(Bar)

Inlet Temp 
(°C)

Velocity 
(m/s)

Lambda Power 
(kW)

Exit Temp1

(°C)

1

400±5 6
3 3.8 450±5

2.5 4.7 450±5

2 5.5 520±6

450±5 6.5 2.5 4.7 510±6

500±6 6.8 2.5 4.8 600±7

7.2 2.2 5.5 700±8

550±6 7.5 2.5 4.8 640±7

7.5 2.2 5.5 805±9

1 Exit temperature at the 2nd catalyst
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Figure 8.2 illustrates the temperature profiles along the catalytic combustor 
containing two catalytic segments. This test was conducted at atmospheric 
pressure and flow velocity through the catalysts was in the range of 6 – 7 m/s.  
The air inlet temperature was kept constant at certain intervals between 400 
and 550°C. It was also attempted to maintain a constant air flow rate through 
the combustor in order to have a constant flow velocity. The amounts of fuel 
injected into the flow stream were calculated separately and executed though 
mass flow controllers. The test showed the ignition of fuel on the palladium 
lanthanum hexaaluminate catalysts at 400°C inlet temperature. The exit 
temperature of the reacted mixture at the exit of second catalyst varied with 
respective to the increased fuel/air ratio from lambda from 2.5 to 2. Even 
though both catalysts are of same type, the second catalyst showed activity 
from the beginning of the tests with lambda values even higher than 3. The 
first catalyst responded only at lambda closer to 2 and the second catalyst 
continued with increased activity with the temperature boost from the 
operation of the first catalyst. The difference in the activity of similar catalysts 
observed during the tests was quite surprising as they were obtained from a 
same batch of manufacture. One of the possible reasons for this observation 
could be a situation of non-homogenous air fuel mixture at the inlet to the first 
catalyst if this observation was not an error caused by the thermocouple 
measurement taken at the exit of the first catalyst. Having obtained these test 
results, modifications have been implemented to catalytic combustor text 
section to have improved air/fuel mixing before it reaches the inlet of the 
catalysts.

Figure 8.2: Ignition and catalytic activity of PLHA catalysts under atmosperic 
conditions.

The influence of inlet temperature (temperature of air/fuel mixture) on the 
catalytic activity is an interesting parameter to be determined. By controlling 
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the electrical heaters the air temperature was gradually increased. 
Temperature profiles from the same test run at increased air inlet temperature 
are presented in figure 8.3. At elevated temperature, the activity of both 
catalysts was increased considerably. The fuel conversions over the catalysts 
were shown to be stable at the operated temperature range but were sensitive 
to the variations of air fuel ratio. 

Figure 8.3: Influence of inlet temperature on catalytic activity  of PLHA 
catalysts at atmospheric conditions

The highest catalytic activity recorded on these experimental conditions was 
obtained at 550 C and at Lambda 2 fuel strength. The total conversion of fuel 
over both catalysts was in the order of 30%. 

Conclusions of methane tests over configuration 1
The two segment catalytic configuration, both PLHA catalysts showed stable 
catalytic reactions of methane above 400 C inlet temperature. Experiments 
have shown the increase of catalytic activity with the increase of inlet 
temperature of the mixture as well as with the increase of fuel concentration 
(reduced lambda) of the mixture under the test conditions considered for 
these experiments. Test conditions were the inlet temperature variations from 
400°C till 550°C and the variations of lambda value between 3.5 and 2.  
However, according to the experimental data, it was evidential that the fuel 
conversion rates over the set of catalysts investigated under this configuration
were not significant at these test conditions but the stability of the reaction 
over the catalysts were quite good. Increased reaction rate with increased 
inlet temperature means the heterogeneous reactions were controlled 
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kinetically and the increased reaction rate with reduced lambda means the 
heterogeneous reactions were also controlled by the diffusion rates.

Experiments performed in test configuration 1 were limited to atmospheric 
combustion tests due to some practical issues. 

8.1.2  Combustion of Methane over Configuration 2

The second catalytic configuration consisted of two segments of catalytic 
monoliths. The combination of two different catalysts consisted of palladium 
on alumina catalyst as the first segment and palladium lanthanum 
hexaaluminate catalyst as the second segment. Palladium on alumina 
catalysts was chosen as the first catalyst for this configuration. Pd on alumina 
catalyst is considered more active than palladium on lanthanum 
hexaaluminate catalyst capable of reducing the ignition temperature of 
methane oxidation [Ersson, 2003]. The higher overall conversion and low 
temperature ignition were expected from this configuration compare to the 
previous. 

Positioning of thermocouples was more or less similar to the measurement 
points described in configuration 1.  

Table 8.3: Test conditions of the experiments performed in configuration 2 
(Methane)

Pressure 
(Bar)

Inlet Temp 
(°C)

Velocity 
(m/s)

Lambda Power 
(kW)

Exit Temp2

(°C)
1 425±5 12 2.5 4.3 610±7

5

435±5 10 2.5 18 510±6

450±5 9.5 2.5 18 560±6

475±5 10 3 16 560±6

2.5 19.5 660±7

450±5 8 3.5 12.5 560±6*

15
440±5

10
3 48 470±5**

500±6 3.5 38 590±6

525±6 3.0 48 610±7

25
425±5 8 3.5 60 630±7

500±6 10 3.5 61 610±7

550±6 9 3.8 56 620±7

Table 8.3 provides a summary of test conditions related to the experiments 
performed in configuration 2.  The last column in the table “Exit Temp” 
presents the steady state temperature readings at the exit of the second 
catalysts placed in the configuration. Under this configuration combustion 

2 Exit temperature at the 2nd catalyst
* 2nd set of catalysts
** 3rd set of catalysts
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experiments were performed at several pressure (absolute) points such as 1, 
5, 15, 20, 25 bars. 

Following figures, figure 8.4 to 8.12 show experimental data obtained under 
varies conditions.

Figure 8.4: Ignition and catalytic activity of Pd/Al2O3 and PLHA catalysts
under atmospheric pressure.

The PdAl2O3 catalyst ignited at slightly above 400°C air inlet temperature and 
is shown to be more active than PLHA catalyst for conversion of fuel. 
However there were no improvements observed on the reduction of ignition 
temperature.  Instead the ignition temperature was increased by few degrees 
of Centigrade compare to the PLHA catalysts under configuration 1. The lower 
flow velocity in configuration 1 (figure 8.2) compared to the configuration 2 
(figure 8.4) has favored for the observation. Fuel power of this experiment was 
5 kW. 

350

400

450

500

550

600

650

700

0:25:00 0:27:53 0:30:46 0:33:38 0:36:31 0:39:24

Time on Stream (h:mm:ss)

Te
m

pe
ra

tu
re

 (°
C

)

0

1

2

3

4

5

6

La
m

bd
a

Pressure: Atmospheric
Velocity: 12 m/s

Temperature: exit Cat 2

Temperature: inlet Cat 

Lambda

Temperature: exit Cat 1



74 Chapter 8 / Results and Discussion

Figure 8.5: Ignition and activity of PdAl2O3 catalyst at 5 bar pressure

The combustor pressure was increased to 5 bar pressure and re-ignited the 
catalysts which had been operating more than 3 hours under atmospheric 
pressure. It was observed that the same catalysts were unable to ignite at 
previously ignited temperature level when the pressure was increased. The 
catalysts inlet temperature had to be increased to a higher level than previous 
atmospheric tests in order to get reactions over the catalysts. The catalysts 
were ignited about 50°C higher than at the atmospheric ignition temperature. 
The important observation from these tests is high initial activity and un-
stability of holding reactions by PdAl2O3 catalysts at high pressure. The same 
phenomenon was observed from the tests performed at higher pressures than 
5 bars and the results will be presented in following sections.

After a couple of test runs under atmospheric and 5 bar pressure levels, the 
catalytic elements used in configuration 2 were replaced by a set of new 
catalysts of similar kind.  When placing the new catalysts the arrangements 
were made to measure the surface temperature of the catalysts in addition to 
the flow stream temperature measurements. Three thermocouples were 
inserted through channels of the monolith to make catalyst surface 
temperatures. Figure 8.6 shows the surface and flow stream temperature 
profiles of the first catalyst, which is PdAl2O3 catalyst. The ignition 
characteristics were similar to the observation of previous tests. The decaying 
rate of the reactivity was higher in fresh catalyst than old once (compare 
figures 8.5 and 8.6). The surface temperature measurements indicated that 
the surface temperature was few tens of degrees higher than the flow stream 
temperature.
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Figure 8.6: Surface and flow stream temperatures of first (PdAl203) catalyst 
operating at 5 bar pressure

Figure 8.7: Surface and flow stream temperatures of second (PLHA) catalyst 
operating at 5 bar pressure
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Surface temperature measurement of the second catalyst, which is PLHA in 
this configuration, was also measured with another set of thermocouples. The 
three thermocouples were placed symmetrically in channels along a circle of 
15 mm radius. Figure 8.7 shows the flow stream and surface temperatures 
measured on the PLHA catalyst at 5 bar pressure operation. The temperature 
of the catalyst surface was about 50°C higher than the temperature of the flow 
stream at steady state. The exit temperature of the PLHA catalyst did not 
show a significant temperature in these experiments and it was suspected that 
the catalyst could be deactivated due to some reasons. The catalyst setup 
was replaced by another set of new catalysts for proceeding experiments.

The third set of catalysts, another new set placed under configuration 2 was 
subjected to several test runs under 5 bar pressure before changing 
conditions to higher pressures for testing. The ignition and activity of these 
catalysts were monitored at 15 bars and 25 bars pressure intervals. Figures 
8.8 and 8.9 show the results.

Figure 8.8: Ignition and catalytic activity of Pd/Al2O3 and PLHA catalysts 
under 15 bars pressure.
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Figure 8.9: Ignition and catalytic activity of Pd/Al2O3 and PLHA catalysts 
under 25 bars pressure.

The high pressure results reveiled that the ignition temperature of the catalyst 
was slightly increasing with the incrasing pressure. The stable catalytic 
reactions were observed only above 500°C at 15 bar pressure and it was 
above 550°C at 25 bar pressure.

Figure 8.10: Surface and flow stream temperatures of Pd/Al2O3 and PLHA 
catalysts under 25 bars pressure
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Figure 8.10 shows the flow stream and surface temperatures of both Pd/Al2O3
and PLHA catalysts. The temperature difference between the catalyst surface 
and the flow become reduced at increased pressure. 

During these high pressure tests, the lambda value was not able to lower than 
3 due to the auto ignition problems experienced at upstram of the catalyst 
bed. It was identified as a problem of air fuel mixing at higher pressures when 
the fuel capacity was increased. Two modifications were suggested and 
implemented to the test facility after the tests carried out with configuration 2. 
The modifications were, the implemetation of a mixing device in order to 
enhance the quality of air fuel mixing and the implementation of electronically 
controlled air regulation valve to control more precisly the air flow rate into the 
combustor. 

Conclusions of methane tests over configuration 2
The two segment catalytic configuration of PdAl2O3 and PLHA catalysts were 
tested at varying pressure levels from atmospheric to 25 bars. Depending on 
the pressure both air and fuel supplies were increased to maintain similar flow 
velocities on the catalysts. Bulk flow velocity through the catalysts was 
maintained around 10 – 12 m/s.

Pd/Al2O3 was showing high activity at the catalyst light off and poor capability 
to hold the higher reaction rate. The reaction rates were showing rapid decay 
and stabilized at much lower reaction rate. 

Fuel ignition over the catalysts showed slightly negative effect on the 
increasing pressure.

The temperature difference between the catalyst surface and the bulk flow 
stream was being reduced with increasing pressure. 

8.1.3    Combustion of Methane over Configuration 3

Having made the improvements to the test facility, it has been decided to 
make detailed investigations of single catalysts before putting them in 
combinations of multiple segments to create catalytic combustors. Hence the 
third combustion configuration consisted of only one element of Pd/Al2O3
catalyst. The catalyst was subjected to similar experiments as previous 
configurations under different pressures, varying inlet temperatures and 
air/fuel ratios. Table 8.4 provides a summary of test conditions related to the 
experiments performed in configuration 3. The test results obtained at various 
conditions are presented in the following figures. Figure 8.11 shows the 
catalytic activity of PdAl2O3 catalyst under 5 bar pressure. At higher bulk flow 
stream velocity, the catalyst was ignited below 500°C and showed extremely 
high initial activity. The initial high activity was quickly followed by a rapid 
decay of resulting reduced exit temperature. Similar behavior was observed at 
10 bar pressure as well with only difference was increased ignition 
temperature at higher pressure. Those results are presented in figure 8.12. 
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Table 8.4: Test conditions of the experiments performed in configuration 3 
(Methane)

Pressure 
(Bar)

Inlet Temp 
(°C)

Velocity 
(m/s)

Lambda Power 
(kW)

Exit Temp 
(°C)

5

400±5 9 3 16 395±5

2.5 20 390±5

450±5 9.5 4 14 440±5

2.5 20 460±5

500±6 10
4 14 490±5

3 17 520±6

2.5 20 535±6

550±6 12 3 17 600±7

2.5 20 630±7

10

450±5

10

3 34 440±5

2.5 41 455±5

500±6 3 34 520±6

2.5 41 550±6

550±6 3 34 570±6

2.5 41 600±7

15 500±6 3 51 515±6

550±6 3 51 600±7

Figure 8.11: Reactions over PdAl2O3 catalyst at 5 bar pressure
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Figure 8.12: Reactions over PdAl2O3 catalyst at 10 bar pressure

With the increasing pressure, ignition process has become more difficult and 
the reactants temperature (gas mixture inlet temperature) had to be further 
increased corresponding with the pressure to have ignition over the catalyst.

Conclusions of methane tests over configuration 3
Single PdAl2O3 catalyst segment was tested at 3 pressure levels, 5, 10 and 
15 bars. The catalysts ignition temperature was increased with the increasing 
pressure.

The activity level of the catalysts showed slight increase with the increasing 
temperature. Despite the rapid peaks of conversions at the initiation of 
reactions the overall fuel conversion over the catalyst at the steady state was 
about 5 – 10% at all cases. The variation of lambda did not show influence on 
the reaction but showed rates influence to the ignition temperature. 

8.1.4   Combustion of Methane over Configuration 4

The fourth combustion configuration was much similar to the third 
configuration, which consisted of only one catalytic element. In the fourth 
configuration the Pd/Al2O3 catalyst was replaced by a Pd:Pt/Al2O3 catalyst. 
Through the results from lab scale experiments performed at Chemical 
Engineering laboratory, the new catalyst has been reported for higher activity 
and better stability in reactions. The catalyst was subjected to similar 
experiments as previous configurations under different pressure, varying inlet 
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temperatures and air/fuel ratios at high pressure test facility. Table 8.5 
provides a summary of test conditions related to the experiments performed in 
configuration 4. The operational performance of the bimetallic catalyst under 
specified conditions was investigated and the results are presented in
following sections. 

Table 8.5: Test conditions of the experiments performed in configuration 4 
(Methane)

Pressure 
(Bar)

Inlet Temp 
(°C)

Velocity 
(m/s)

Lambda Power 
(kW)

Exit Temp 
(°C)

5

400±5

10

3
17 390±5

430±5 17 460±5

450±5 17 520±6

2.5 21 540±6

500±5 3 17 540±6

2.5 21 590±6

550±6 3 17 600±7

2.5 21 650±7

10

400±5
3.5 29 390±5

3 35 395±5

2.5 40 405±5

450±5
3.5 29 540±6

3 35 550±6

2.5 41 555±6

500±6 3.5 29 560±6

3 35 560±6

550±6 3.5 29 630±6

3 35 630±6

20

450±5 3.5 60 485±5

3 69 490±5

500±6 3.5 60 540±6

3 69 560±6

550±6 3.5 60 600±6
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Figure 8.13 shows the activity of Pd:PtAl2O3 catalyst tested under 5 bar 
pressure. 

Figure 8.13: Reactions over Pd:PtAl2O3 catalyst at 5 bar pressure

Figure 8.14: Reactions over Pd:PtAl2O3 catalyst at 10 bar pressure
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Figure 8.15: Reactions over Pd:PtAl2O3 catalyst at 20 bar pressure

Figures 8.14 and 8.15 show the activity of bimetallic catalyst at 10 bars and 20 
bars pressure levels. Bimetallic catalyst was ignited at 450°C temperature and 
showed quite well stability of reactions over the time. According to the 
experimental results the ignition temperature was not seen influenced by the 
pressure and the catalytic activity was not changed due to the inlet air 
temperature. The conversion rate of over the catalysts was calculated in the 
range of 5 to 10%.

Table 8.6: Ignition test results of methane at temperatures lower than 450°C 
over Pd:Pt/Al2O3 bi metallic catalyst

Pressure (bar) 5 10 15
Tempe
rature
(°C)

Velocity 
(m/s) 5 10 15 5 10 5 10

350 No ignition at all

400
Ignites at 

= 4, 3, 
2.5 and 2

No ignition

450 Ignites at = 4, 3, 2.5 and 2

Fuel ignition at lower temperatures
With an interest to see the performance of catalytic ignition at lower 
temperatures than 450°C and the influence of the pressure and flow velocity 
on the ignition performance, a new set of experiments were performed at 
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reduced air inlet temperature. Table 8.6 summaries the test conditions and the 
results.

Conclusions of methane tests in configuration 4
Single Pd:PtAl2O3 (2:1) catalysts segment was tested at 4 pressure levels, 5, 
10, 15 and 20 bars. The catalyst was ignited at 450°C and above this 
temperature the pressure or the flow velocity did not influence the ignition 
temperature.  At lower temperature than 450°C, both the pressure and the 
flow velocity were shown influencing the ignition.

The fuel conversion rate over the catalyst was around 5 –10% and yields a 
temperature rise within a range of 100 – 150°C. The level of the catalytic 
activity was similar between the ranges of inlet air temperature 450 – 550°C.

Despite the higher ignition temperature (450°C) at tested conditions, 
Pd:Pt/Al2O3 bi metallic catalysts showed a better combustion stability and the 
regulation of the exit temperature. The regulation of the temperature is very 
important, in order to keep the catalyst temperature below the deactivation 
levels. Precious metal catalysts, particularly these types of catalysts on 
alumina medium would irreversibly deactivate at temperatures above 800°C.

8.1.5   Combustion of Methane over Configuration 5

The fifth configuration for the experimental investigations consisted of four 
segments of different catalyst monoliths. This configuration could also be 
mentioned as the first fully catalytic combustor model tested at high pressure 
test facility. The fully catalytic setup was a combination of four catalysts of 
three different types. The first segment of the setup was a bi metallic catalytic 
element of Pd:Pt/Al2O3 catalyst while the second was a perovskite catalytic 
element of cobalt. The third and forth segments are hexaaluminate catalysts 
of Lanthanum Manganese. This catalytic arrangement was expected to work 
according to a consecutive temperature increase over each catalytic segment 
via partial fuel conversions in each segment. The relatively higher inlet 
temperatures to second, third and forth catalysts were expected be met with 
required temperature levels in order to activate them for proceeding with 
completing fuel conversions.

Emission measurement system was established for this series of experiments 
and the emission samples extracted from the high pressure/high temperature 
region at the downstream catalytic bed was send through on-line emission 
analyzers for the quantitative measurements of CO, CO2, O2, THC, NO, NO2
and NOx species. The results are shown in figure 8.16.

The results reported in this thesis are from an experiment performed at 5 bar 
pressure and 10 m/s flow velocity through the catalysts. The experiment was 
began with inlet temperature to the first catalyst set at 450°C. The first catalyst 
was activated at the inlet temperature and resulted for the temperature 
increment of 150°C to give 600°C as the inlet temperature to the second 
perovskite catalyst. As reported by Thevenin [2003], refereeing to original 
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publication of Barnard et al [1990], lanthanum cobalt, LaCoO3, has nearly the 
same activity as platinum-alumina catalysts. However the perovskite catalyst 
tested in configuration 5 did not show any significant activity at persisted 
conditions. 

As reported in literature [Cimino et al, 2001], the thermal stability of the 
perovskites is quite good but their activity is probably not sufficient for extreme 
requirements of gas turbine conditions. The relatively good activity and 
stability of perovskites were resulted for us to choose it as an intermediate 
catalyst of fully catalytic configuration configured for combustion of methane. 
The temperature and emission results obtained from the fully catalytic 
experiments are shown in figure 8.16.

Hexaaluminate catalysts are the highest temperature resistive and the least 
active catalysts configured in configuration 5. Conversion of methane over 
these catalysts would take place at temperatures above 750°C [Johansson, 
1998]. 

Figure 8.16: Reactions in fully catalytic setup (5 bar)

Conclusions of methane tests over configuration 5
Fully catalytic configuration, consisted of four different types catalysts 
(precious metal, perovskites and hexaaluminates) was tested at 5 bar 
pressure and 10 m/s flow velocity. The system was ignited at 450°C and 
raised the exit temperature to 600°C across the first catalytic segment 
precious metal bi metallic catalyst. The second catalyst, lanthanum cobaltate 
was not able to show any significant activity at the inlet temperature of 600°C 
and the conversions along the reactor was ceased beyond the perovskite 
catalyst.
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The emission measurements of CO, CO2, and THC were measured and are 
shown in the figure 8.16. The conversion rate of methane calculated over the 
first catalyst based on the temperature measurements well agreed to the 
overall conversion rate calculated on the details of emission measurements. 
This clarifies the observations of temperature measurements as only the 
reactions happened in first catalyst. As it was obvious for this range of 
temperature and the quality of fuel gas used, there were no NOx detected.   

However, it should be mentioned here the results presented from 
configuration 5, are not conclusive as only one experiment was performed 
under the said conditions due to the limitation of time for concluding this 
thesis. More tests have been planed for fully catalytic system and will be 
performed under different test conditions.  

8.1.6   Partial Oxidation of Methane over Configuration 8

Experiments conducted under this configuration had taken a completely 
opposite direction to the main approach of the catalytic combustion 
technology investigated and reported in other configurations. Rich catalytic 
combustion approach had been considered here with the aim of partially 
oxidation of methane at low temperature to produce radicals and active 
species of combustion, hence to overcome the difficulty of ignition at lower 
temperature. Configuration 8 was consisted with 2 segments of Rhodium 
supported lanthanum manganese perovskite catalysts on alumina. 
Experiments were conducted at pressure levels between 4 bars and 12 bars 
while varying the equivalence ratio of the air fuel mixture between 5 and 16. 
Figure 8.17 shows the methane conversion rate at the variation of 
equivalence ratio. With the increased value of the equivalence ratio, methane 
conversion rate has been reduced. Conversion of the methane is resulting to 
yield carbon monoxide and hydrogen in the mixture which produces 
composition of gas mixture with reduced lower flammability limit.

Figure 8.17: Catalytic partial oxydation of methane (5 and 10 bars)
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Figure 8.18 shows the influence of pressure on the conversion of methane to 
yield active species: hydrogen and carbon monoxide at two difference 
equivalence ratios.

Figure 8.18: Influence of pressure on the catalytic partial oxydation of 
methane at two different equivalence ratios.

Influence of the pressure is not seen as significant while the equivalence ratio 
is pronouncing the convertion rate of methane into partially oxydised products.

Conclusions of catalytic partial oxidation of methane over configuration 8
Catalytic partial oxidation of methane was exercised over Rhodium supported 
perovskite catalysts on alumina. Conversion rate of methane was influence of 
the change of equivalence ratio of the fuel rich mixture by giving the highest 

= 5). Catalytic partial oxidation of methane results the production of active 
species, hydrogen and carbon monoxide in the air fuel mixture. These species 
reduces the lean flammability of the mixture, hence reduces the flame 
temperature of the fuel mixture at combustion conditions. Followed by a 
comprehensive presentation of the test results, possible application of 
catalytic partial oxidation of methane to replace the pilot burner of the dry low 
NOx combustors have been discussed in paper 10.

8.2    Combustion Tests with Biomass

Biomass combustion tests were conducted in high pressure combustion test 
facility. A simulated gas mixture of gasified biomass was purchased from a 
commercial gas supplier for the experiments. The purchased gas mixture 
contained CO, H2 and CH4 in respective percentages of 35, 24 and 10 while 
the rest being CO2. The heating value of the mixture was approximately 
9 MJ/Nm3. Since the heating value is much higher than typical air blown 
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gasified gas of interest, this gas was diluted in 1:1 proportion with nitrogen 
before it was injected into the combustion chamber.

8.2.1   Combustion of Biomass over Configuration 4

The catalytic configuration of single bimetallic catalyst, which was described 
under configuration 4 of the previous section, was considered for these tests. 
The catalyst showed extremely high activity at the presence of biomass and 
the fuel was ignited below 200 C. Figure 8.19 shows the conversion profiles 
of the fuel over the bimetallic catalyst. Even at very lean fuel mixtures ( = 6 
and above), the reactions showed very high stability and steady rate of 
conversion. 

Table 8.7: Test conditions of the experiments performed in configuration 4 
(simulated biomass)

Pressure 
(Bar)

Inlet Temp 
(°C)

Velocity 
(m/s)

Lambda Power 
(kW)

Exit Temp 
(°C)

5 180±3 10

10 8 380±4

7 11 430±4

6 14 450±4

5 17 450±4

15 8 11 400±4

Figure 8.19: Biomass conversion over Pd:PtAl2O3 catalyst at 5 bar pressure

Combustion stability is a main issue with the developments of gas turbine 
combustors for low heating value (LHV) gas applications.  The rates of fuel 
conversion over this catalyst are about 60–70% and the danger of 
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overheating the catalyst exists at richer fuel mixtures than =4. This suggests 
that bimetallic catalysts are too active for gasified biomass combustion 
applications. 

Figure 8.20: Biomass conversion over Pd:PtAl2O3 catalyst at 15 bar pressure

Figure 8.20 shows experimental results at 15 bar pressure. At higher pressure 
the fuel conversion rate over the catalysts seems to be reduced. However the 
total conversion over the catalyst at this experiment was above 50%.

Conclusions of biomass tests over configuration 4
Gasified biomass tests were conducted with bimetallic catalysts, pd:ptAl2O3
catalyst. The catalyst ignites at temperatures between 150 – 200°C and very 
high fuel conversion rates over the catalyst were observed. Combustion 
stability over the catalyst was uniform and very high compare to methane 
combustion. Tests were only able to conduct at very low lambda values since 
high temperature peaks above 800°C were necessarily to avoid. 

It can be concluded that the bimetallic catalyst is too active for the mixture of 
biomass conversions and catalyst temperature would not be able to control at 
air/fuel ratios relevant to gas turbine application.
         

8.2.2   Combustion of Biomass over Configuration 6

The catalytic configuration 6 was consisted with a single monolith of ptAl2O3 
catalyst. This monolith was constructed into a different size than the catalysts 
considered in in previous configurations. Catalytic monolith is with 35 mm 
diameter and 35 diameter length, only alternative channels of the monolithic 
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structure were coated with platinum on alumina catalytic washcoat. Channels 
coated with catalytic medium were referred as active channels while the 
uncoated channels are referred as passive channels. The main purpose of 
introducing active passive channels into the catalytic element was to limit the 
combustion reactions only to active channels and to use the flow through the 
passive channels to cool down the catalyst. Hence the temperature of the 
catalyst was to maintain at a desired level. Combustion experiments of this 
configuration were conducted at 5 different test points within 5 and 16 bar 
pressure range. Figure 8.21 shows the temperature profiles of the catalytic 
conversion of biomass mixture at 10 bar pressure level. Thermocouples were 
measuring the surface temperatures of active channels, passive channels and 
inlet and out let gas stream temperatures of the catalyst. Experimental data 
obtained from these experiments were used for the validation of the numerical 
model developed to predict the surface reaction rates of the catalyst. This 
work was carried out with collaboration of division of Chemical Reaction 
Technology at KTH and published results/paper is appended to the thesis 
(paper 8)

Figure 8.21: Biomass conversion over PtAl2O3 catalyst at 10 bar pressure
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Conclusions of biomass tests over configuration 6
Gasified biomass tests were conducted with alternatively channel coated 
ptAl2O3 catalyst at 5 different test points within the pressure range of 5 to 16 
bars. At the test conditions within the pressure range (mixture strength; 
lambda value between 4 and 6) air fuel mixture catalytically ignited at the inlet 
temperature range around 250°C and maintained very good stability of 
conversion over the time. At constant inlet velocity to the catalysts, 
combustion efficiency reduces with the increase of the pressure and the 
observed behavior was agreeable with numerical prediction of the reaction 
model. A detailed explanation of the reaction model and the experimental 
comparison was presented in a published paper (paper 8) appended to this 
thesis.

8.2.3   Combustion of Biomass over Configuration 7

The catalytic configuration 7, considered for the high pressure combustion 
experiments was a design of a fully catalytic combustor consisting of 5 
different catalysts and tested for the catalytic combustion of simulated gasified 
biomass under the pressure range between 5 bars and 13 bars. Experiments 
were performed at 3 different pressure points; 5.4 bar, 8.7 bar and 12.5. At 
each pressure various levels of air fuel mixture strength (Lambda value 5.6 
and 30) were considered. Figure 8.22 shows the schematics of the catalytic 
arrangement and figures 8.23 to 8.25 show the temperature profiles of flow 
stream through the catalysts in different pressure points at various lambda 
conditions.

Figure 8.22: Fully catalytic combustor configuration considered for simulated 
biomass conversion (numbers indicated in circles are the positioning of 
thermocouples).
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Figure 8.23: Temperature profiles recorded at 5.4 bar pressure tests, along 
the fully catalytic configuration at various lambda values

Figure 8.24: Temperature profiles recorded at 8.7 bar pressure tests, along 
the fully catalytic configuration at various lambda values

Figure 8.25: Temperature profiles recorded at 12.5 bar pressure tests, along 
the fully catalytic configuration at various lambda values
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Conclusions of biomass tests over configuration 7
Simulated gasified biomass tests were conducted over a fully catalytic 
configuration considered for the catalytic combustion of gasified biomass. 
Ignition catalysts, pd:ptAl2O3 catalysts used in the configuration was coated 
with a diffusion layer of barium in order to reduce the activity, otherwise due to 
the high activity of pd:ptAl2O3 catalysts at the presence of hydrogen in the 
mixture, reaction were not possible to control at the ignition catalysts which 
results the overheating and the deactivation of the ignition catalysts. At 
increased pressure, mixture strength has to be further reduced (higher lambda 
values) in order to control the chemical reaction without experiencing 
overheating at the ignition catalysts. It was observed at all test cases 
hydrogen and carbon monoxide present in the mixture was converted 
completely into products while the methane conversion recorded to be only 
about 20% of the initial concentration. Exiting temperatures of the catalysts 
however not sufficiently high enough to maintain post catalytic combustion 
regime to completely oxidize the methane escaped the catalytic region. These 
findings were discussed in detail and presented in published paper (paper 9) 
appended to this thesis.
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9 SUMMARY OF THE PUBLICATIONS INCLUDED IN THE 
THESIS

Paper 1; “Bench Scale Experimental Test Rig for High Pressure Catalytic 
Combustion” Jeevan Jayasuriya, Jan Fredriksson, Torsten Fransson, 
Katharina Persson, Philippe Thevenin, Sven Järås., presented at 5th

International Workshop on Catalytic Combustion, Seoul, Korea, April / May , 
2002.

This paper presents the basic design of the high pressure combustion test 
facility that has been designed, constructed and commissioned at the 
department of Energy Technology, KTH for fulfilling the specific objectives of 
investigating catalytic combustion technology at near realistic gas turbine 
combustion operating conditions. The experimental facility with advanced 
features would open the opportunities for new knowledge of catalytic 
combustion performances at practically useful operating conditions and 
provide avenues for the catalyst developments. The new knowledge and 
developments achieved through the high pressure combustion experiments 
would provide tools and methods for the designs of catalytic combustors for 
the ultra-low emission gas turbine combustion operations. 

Specific features of the high pressure test facility namely are its capability to 
carryout combustion experiments at various pressure levels up to 35 bar 
(gauge) pressure, capability of precisely controlling inlet combustion air
temperature at various temperature levels up to a maximum of 650°C, and
capability of humidifying combustion air up to a level of 0.3 kg water per 1 kg 
of dry air. Fuel control and measurement system consists of number of Mass 
Flow Controllers (MFCs) which are capable of precisely controlling the fuel
power at different levels up to a maximum of 100 kW. The facility is designed 
to operate on gaseous fuels, methane (main constituent of Natural gas) and 
synthetic gas mixtures of varied species to represent the gas mixture of 
downdraft gasification of biomass. 

Design, installation (along with the computer based supervisory control and 
data acquisition system) and commissioning of the test facility were done by 
Jeevan Jayasuriya and Jan Fredriksson of the division of Heat and Power 
Technology at KTH. Designing of the catalytic combustion test section was 
done with consultation of the division of Chemical Technology at KTH, who is 
the developer and the provider of combustion catalysts for the experimental 
campaign.

This publication was originated, structured and written by Jeevan Jayasuriya 
while co-authors have contributed by reviewing and suggesting improvements 
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before the final draft was submitted for conference reviewing. Paper was 
presented by Jeevan Jayasuriya at 5th International Workshop of Catalytic 
Combustion held in Seoul 2002.

Paper 2; “Catalytic Combustion Developments for Ultra Low Emission Gas 
Turbine Combustion” Jeevan Jayasuriya , Anders Ersson,  Jan Fredriksson, 
Sven Järås, Torsten Fransson presented at 7th International Conference on 
Energy for Clean Environment, Clean Air 2003, Lisbon Portugal, July 2003.

First part of the paper describes literature review of gas turbine combustor 
developments throughout past decades and improvements of combustion 
emission performances due to various innovations and applications of various 
types of combustion technologies in gas turbine combustion applications. The 
challenges are to accommodate the requirements of continuously tightening 
environmental emission regulations by minimizing the emission of pollutant
gasses from the gas turbine operations while maintaining the safety and 
reliability of the operation. Specific attention has been given to the aspects of 
catalytic combustion technology developments towards the gas turbine 
combustion applications. In the second part of the paper, the KTH based 
Catalytic Combustion Technology Research and Development Project along 
with the infrastructure developed at KTH for the related activities are briefly 
presented.

During the last part of the paper, followed by a brief description of the test 
facility and the test conditions, paper presents the initial results of combustion 
experiments conducted on Pd/Al2O3 and PLHA catalysts under 5 bar and 10 
bar pressure levels, taking methane as the fuel. Air/fuel mixture was 
maintained at quite fuel lean conditions (around 4 -6 lambda) and tested for 
ignition temperatures under different operating pressures; 5 bar and 10 bar.
Test results have shown the evidence of increased difficulty of ignition at 
increasing pressure levels. It was also evidenced by the experiments that the 
combustion instability of the Pd/Al2O3 catalyst is serious issue at all the
operating conditions considered during the reported experiments.

Experiments were conducted by Jeevan Jayasuriya and Jan Fredriksson of 
the division of Heat and Power Technology together with collaborative partner 
Anders Ersson of Chemical Technology, KTH. Publication was originated 
structured and written by Jeevan Jayasuriya while co-authors have 
contributed by reviewing and suggesting improvements before the final draft 
was sent for conference reviewing. Paper was presented by Jeevan at clean 
air conference held in Lisbon, Portugal 2003.
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Paper 3; “Experimental Investigations of High Pressure Catalytic Combustion 
of Methane” Jeevan Jayasuriya, Anders Ersson, Jan Fredriksson, Torsten 
Fransson, Sven Järås., presented at the joint meeting of Scandinavian, Nordic 
and Italian Sections of the Combustion Institute, Ischia, Italy, September 
2003.

In the first part of the paper, it describes the performances/requirements to be 
achieved by the combustion catalysts to become a suitable candidate for 
methane combustion under gas turbine operational conditions.

In the final part of the paper, the experimental results of catalytic combustion 
over 2 segmented catalytic configuration of Pd/Al2O3 and PLHA catalysts at 
different pressure levels; 5, 15, and 25 bars are presented. The main interest 
of these experiments was to find out the influence of related operational
parameters; pressure, inlet temperature, gas flow velocity and fuel to air ratio 
on the ignition (light-off the catalyst) performance of the catalyst. It has been 
concluded that the qualitatively facts namely parameters such as pressure, 
increased fuel to air ratio of the air fuel mixture (increasing the Lambda value 
of the mixture) and the increasing flow velocity through the catalysts, all 
influence negatively on fuel ignition over the catalyst.

Experiments were conducted by Jeevan Jayasuriya and Jan Fredriksson of 
the division of Heat and Power Technology together with collaborative partner 
Anders Ersson of Chemical Technology, KTH. Publication was originated 
structured and written by Jeevan Jayasuriya while co-authors have 
contributed by reviewing and suggesting improvements before the final draft 
was sent for conference reviewing. Paper was presented by Jeevan 
Jayasuriya at the Joint Meeting of The Scandinavian-Nordic and Italian 
Sections of The Combustion Institute conference held in Ischia, Italy 2003.

Paper 4; “Ultra Low Emission Gas Turbine Combustion: An Experimental 
Investigation of Catalytically Stabilized Lean Pre-mixed Combustion on 
Modern Gas Turbine Conditions” Jeevan Jayasuriya, Anders Ersson, Jan 
Fredriksson, Sven Järås, Torsten Fransson., presented at 24th Congress of 
Internal Combustion Engines (CIMAC), Kyoto, Japan, June, 2004.

The main objective of this paper was to compare the ignition and stability 
performances of Pd/Al2O3 and Pd:Pt/Al2O3 catalysts of methane combustion 
under 5 and 10 bar pressure intervals. Experiments were conducted 
separately with two different types of catalysts and varying inlet temperature 
intervals. Even though the both types of catalysts have shown a similar trend 
of ignition difficulty at the elevated pressure, it was evidential that the 
beneficial effects of Pd:Pt bi-metallic catalysts over the performances of Pd 
only catalysts in relation to the stability of the reactions as well as the ignition 
temperature of the catalysts.

Experiments were conducted by Jeevan Jayasuriya of the division of Heat and 
Power Technology together with collaborative partner Anders Ersson of 
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Chemical Technology, KTH. Publication was originated structured and written 
by Jeevan Jayasuriya and co-author Anders Ersson. Other co-authors have 
contributed by reviewing and suggesting improvements before the final draft 
was sent for conference reviewing. Paper was presented by Anders Ersson at 
the 24th CIMAC World Congress on Combustion Engine Technology held in 
Kyoto, Japan 2004.

Paper 5; “Experimental Investigations of Catalytic Combustion for High 
Pressure Gas Turbine Applications” Jeevan Jayasuriya, Arturo Manrique, 
Reza Fakhrai, Jan Fredriksson, Torsten Fransson, presented at ASME Turbo 
Expo, GT2006-90986, Barcelona, Spain, May 8-11, 2006.

This paper deals with the limitations of the catalysts when the catalytic 
combustor is to satisfy specific operational conditions of the gas turbine 
applications of different turbine capacities. In all situations, it is preferably 
important and needed to have a catalyst which can ignite the entering air/fuel 
mixture at lowest possible temperatures (conditions of the compressor 
delivery) and at the downstream of the combustor, catalysts should be able to 
stand thermally stable at higher temperatures suitable for the turbine inlet 
conditions. Since there is no single type of catalyst that can satisfy the 
requirements at both ends, various engineering approaches are to be 
employed always to best utilize the operational performances of the catalysts 
to match the turbine requirements.  Paper presents various possibilities of the 
combustor designs that can match the operational requirements of turbines at 
different capacities.

Experimental results presented in the paper contain further comparisons of 
Pd/Al2O3 and Pd:Pt/Al2O3 catalysts of methane combustion under 5, 10, and 
20 bar pressure intervals. These results have further confirmed that the bi-
metallic (Pd:Pt/Al2O3) catalysts are a better choice over the Pd only 
(Pd/Al2O3) catalysts for low temperature ignition, higher conversion rate and 
the stability of the conversion.

Experiments were conducted by Jeevan Jayasuriya and Arturo Manrique of 
the division of Heat and Power Technology together with collaborative partner 
Anders Ersson of Chemical Technology, KTH. Publication was originated,
structured and written by Jeevan Jayasuriya while the co-authors have 
contributed by reviewing and suggesting improvements before the final draft 
was sent for conference reviewing. Paper was presented by Arturo Manrique
at the ASME Turbo Expo Conference held in Barcelona, Spain 2006.

Paper 6; “Gasified Biomass Fuelled Gas Turbine: Combustion Stability and 
Selective Catalytic Oxidation of Fuel-bound Nitrogen” Jeevan Jayasuriya, 
Arturo Manrique, Reza Fakhrai, Jan Fredriksson, Torsten Fransson, 
presented at ASME Turbo Expo, GT2006-90988, Barcelona, Spain, May 8-11, 
2006.
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This paper presents the experimental results of catalytically stabilized 
combustion of extremely lean fuel mixtures (lambda values between 8 and 22) 
of simulated gasified biomass fuel mixture and selective catalytic oxidations of 
fuel bound nitrogen into molecular nitrogen to avoid fuel NOx formations from 
the fuel-bound nitrogen. Experiments conducted in 600kW (fuel power) test 
facility showed over 96% conversion efficiency of catalytic fuel combustion 
and the fuel bound nitrogen conversion efficiency to molecular nitrogen was 
below 30% at the test conditions maintained. Air fuel mixture ignites 
catalytically at inlet temperatures below 200°C, hence when catalytically 
combusting gasified biomass on gas turbine conditions, ignition is not going to 
be a problem while the controlling of the combustion at first stage catalytic 
segment to prevent from overheating becomes an issue.  Notable changes 
made to catalytic configuration were the introduction of Barium layer on to 
palladium impregnated ignition catalyst to retard activities (as the simulated
biomass fuel mixture contains hydrogen, reactions over the palladium 
impregnated become uncontrollable and due to the high temperature peaks to 
be generated would destroy the catalyst physically). Inclusion of Fe/ Al2O3
catalyst to work as the selective catalytic oxidation catalyst for fuel-bound 
nitrogen, amount of NOx formation via fuel-bound nitrogen route is reduced.

Experiments were performed by Jeevan Jayasuriya and Arturo Manrique of 
the division of Heat and Power Technology together with collaborative partner 
Anders Ersson of Chemical Technology, KTH. Publication was originated,
structured and written by Jeevan Jayasuriya and Arturo Manrique Carrera, co-
authors have contributed by reviewing and suggesting improvements before 
the final draft was sent for conference reviewing. Paper was presented by 
Arturo Manrique at the ASME Turbo Expo Conference held in Barcelona,
Spain 2006.

Paper 7; “Supported palladium-platinum catalyst for methane combustion at 
high pressure” K. Persson, A. Ersson, A. Manrique Carrera, J. Jayasuriya,
R. Fakhrai, T. Fransson, S. Järås., journal paper published on Catalysis 
Today 100 (2005) 479–483 and available online at www.sciencedirect.com.

This paper presents the experimentally investigated combustion performance 
comparisons of catalytic combustion of methane over a supported 
monometallic Pd catalyst and bimetallic Pd-Pt catalyst under various 
operating pressure levels. Experiments were conducted in two different 
combustion reactors; lab scale atmospheric combustion reactor and 
pressurized catalytic combustion test facility. Results further illustrated the 
improved combustion stability of bimetallic Pd-Pt catalysts over monometallic 
Pd catalysts under all the test conditions. Experiments have shown that the 
combustion pressure amplifying has negatively influenced the combustion 
efficiency (overall fuel conversion efficiency over the catalyst) of the catalyst.

Results presented in the paper were obtained from the experiments 
conducted in two laboratories at KTH. Anders Ersson and Katharina Persson 
conducted atmospheric combustion test in the lab scale reactor at the 
laboratory of Chemical Technology while high pressure tests were conducted 
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by Jeevan Jayasuriya and Arturo Manrique at the laboratory of Heat and 
Power Technology at KTH.

Publication was originated, structured and written by Anders Ersson and 
Katharina Persson while Jeevan Jayasuriya and Arturo Manrique Carrera, 
analyzed the high pressure test results and contributed to the publication.

Paper has been published on the journal Catalysis Today and available online 
at www.sciencedirect.com.

Paper 8; “High-pressure catalytic combustion of gasified biomass in a hybrid 
combustor” J.C.G. Andrae, D. Johansson, M. Bursell, R. Fakhrai, J. 
Jayasuriya, A. Manrique., journal paper published on Applied Catalysis A: 
General 293 (2005) 129–136 and available online at www.sciencedirect.com.

In this paper catalytic surface reaction limitations were investigated by using 
two dimensional numerical model (surface reaction model) coupled with 
chemical kinetic module CHEMIKIN and model predictions were compared
with experimental results produced at elevated pressure levels (experimental 
results were obtained at 3 different pressure levels). Experiments were 
performed on channels alternatively catalytically coated monolithic structure of 
Pt/Al2O3 catalyst. Fuel considered for the investigation was synthetic mixture 
of gasified biomass. Experimental results have shown proper agreement with 
numerical predictions highlighting the influence on combustion efficiency 
against pressure changes.

Numerical model investigations and the production of the alternative channel 
coated catalysts were done by the collaboration partners, Chemical Reaction 
Engineering division at KTH and the experiments were performed at the 
department of Energy Technology at KTH.

Paper was originated and structured by Dr. Johan Andrea at Chemical 
Reaction Engineering while Jeevan Jayasuriya and Arturo Manrique at the 
department of Energy Technology has conducted the experiments, analyzed 
data and contributed by writing the experimental part of the paper and revising 
the paper in full context.

Paper has been published on the journal Applied Catalysis A: General 293 
(2005) 129–136and available online at www.sciencedirect.com.

Paper 9; “Staged Lean Catalytic Combustion of Gasified Biomass for Gas 
Turbine Applications: An Experimental Approach to Investigate Performance 
of Catalysts” Arturo Manrique, Jeevan Jayasuriya, Torsten Fransson, 
presented at ASME Turbo Expo, GT2013- 95339, San Antonio, Texas, USA,
June 3-7, 2013.

The work presented in this paper deals with the experimental investigations of 
partial conversion efficiencies of fuel species; H2, CO and CH4 present in the 
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simulated gasified gas mixture. Catalytic combustor configuration considered 
for these experiments has contained combination of 5 different catalysts 
starting with diffusion barrier protected Pd/Pt alumina catalyst placed at 
upstream of the configuration and segments of hexaluminate/ Barium 
Zirconium transition metal catalysts placed towards the downstream. Overall 
fuel conversion efficiency as well as the individual conversion efficiencies of 
fuel species H2, CO and CH4 was experimentally determined under various 
pressure and air to fuel ratios. Conversion efficiencies of individual fuel 
species under various conditions of independent parameters of air to fuel ratio 
and the pressure were correlated.

Experiments were performed and analyzed at the department of Energy 
Technology by Jeevan Jayasuriya and Arturo Manrique.

Paper was originated by Arturo Manrique and written by Jeevan Jayasuriya
and Arturo Manrique. Paper was presented by Arturo Manrique at the ASME 
Turbo Expo Conference held in San Antonio, USA in 2013.

Paper 10; “Catalytic Partial Oxidation of Natural Gas in Gas Turbine 
Applications” Arturo Manrique, Jeevan Jayasuriya, Torsten Fransson, 
presented at ASME Turbo Expo, GT2013- 95338, San Antonio, Texas, USA,
June 3-7, 2013.

The work presented in this paper has taken a somewhat different approach 
than all the other publications. Here investigation of rich catalytic combustion 
of methane was conducted over Rhodium/Alumina catalysts at relatively lower 
temperatures but at favourable gas turbine operating conditions. Approach 
was to generate highly reactive chemical radicals at the rich combustion zone 
and to ensure fast chemical reactions of fuel radicles at the subsequent fuel 
lean combustion chamber at downstream where the significantly enough 
amount of combustion air is being introduced. The ultimate objective is to 
create catalytically instigated and homogeneously lean burned two stage 
combustion chamber for natural gas combustion that requires no higher 
ignition energy and no thermal formation.

This work was performed at the department Energy Technology at KTH with 
collaboration of Instituto di Ricerche Sulla Combustione in Naples-Italy.

Paper was originated by Arturo Manrique and written by Jeevan Jayasuriya
and Arturo Manrique. Paper was presented by Arturo at the ASME Turbo 
Expo Conference held in San Antonio, USA in 2013.
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10 CONCLUSIONS

Design, Construction and Commission High Pressure Combustion Test 
Facility

An advanced combustion test facility has been designed, constructed and 
tested. The test facility is capable of simulating combustion conditions relevant 
to a wide range of operating gas turbine conditions and different kinds of gas 
fuels.  The combustor can be configured to test the performance of individual 
catalyst segments as well as full configurations of catalytic combustors such 
as fully catalytic or hybrid catalytic combustor designs. The maximum capacity 
of the test facility is 100 kW (fuel power) and the maximum air flow rate is 100 
g/s. 

The significant features of the test facility are its operational pressure range (1 
– 35 atm), air inlet temperatures (100 – 650°C), fuel flexibility (LHV 4 - 45
MJ/m3) and air humidity (0 – 30% kg/kg of air). Combustion can be performed 
at any desired pressure level up to 35 bars while controlling other parameters 
independently. The online emission measurement system attached to the test 
facility measures the species of NO, NO2, NOx, CO, CO2, THC and O2 in the 
emission samples collects directly from the downstream of the catalytic zone 
of the combustor. A computer based data acquisition system is employed for 
the accurate measurements and to control temperature, pressure, flow rates 
and emissions. 

The design of test facility was done also with consideration to the possibilities 
of integrating catalytic combustion experiments in future advanced gas turbine 
cycle conditions of evaporative gas turbine (EvGT) or humidified gas turbine 
(HAT). 

Experimental Investigations of Catalytic Combustion at various 
conditions relevant to gas turbine operational conditions

The experimental data and results reported in this thesis were performed 
under eight different combustor configurations of combustion catalysts, either 
as single segments or the combinations of them. Combustor configurations 1 
to 7 considered the combustion process under lean catalytic combustion 
approach with two different types of fuel; methane and simulated mixture of 
gasified biomass on separate experimental campaigns. Configuration 8 had
taken the direction of rich catalytic combustion approach there to produce 
radicals and more active combustion species (hydrogen and carbon 
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monoxide) through catalytic partial oxidation of methane at moderately lower 
temperature. 

The types of various combustion catalysts considered for the combustor 
configurations were palladium on alumina (PdAl2O3), platinum on alumina 
(PdAl2O3), palladium lanthanum hexaaluminate (PdLaAl11O19), and 
palladium:platinum on alumina (Pd:PtAl203) for the lean catalytic combustion 
approach. For the rich catalytic combustion experiments, for the purpose of 
methane cracking, Rh- LaMnO3 on Al2O3 catalyst was used.

Lean Catalytic Combustion of Methane 

One of the main objectives of this work was to experimentally investigate the 
performance of combustion catalysts at conditions relevant for gas turbine 
operations.  By considering the operational requirements of the gas turbine 
combustors and as well as aligning with the known operational limitations of 
the catalysts, the test campaign designed for investigation of catalytic 
combustion performances was divided into two categories; testing of 
individual segments of highly active catalysts for ignition purpose and the multi 
segmented configurations of the catalyst combinations to achieve ignition as 
well as the continuation of the chemical reactions to completion. 

Three different types of combustion catalysts; all of them made as fully 
catalytically coated modules of ceramic monoliths, considered and tested for 
the function of ignition catalysts. Catalysts considered for ignition category 
were; PLHA, PdAl2O3 and Pd:PtAl2O3 catalysts. They were tested under 
different pressure, inlet flow velocity and different air/fuel strengths (lambda) 
to determine the minimum temperature requirement of the incoming air fuel 
mixture to ignite catalytically and the corresponding fuel conversion rates of 
the catalysts at the test conditions were estimated. Detailed results of the 
operations of these catalysts are presented in chapter 8.

Accordingly with the experimental investigations, following conclusions can be 
made on lean catalytic combustion tests performed with methane. 

None of the above catalysts were able to ignite air fuel mixture at any 
temperature below 400°C at any conditions of pressure, mixture 
strength or flow velocity.
Increase of the combustion pressure, increase of the inlet flow velocity 
to the catalysts and reduction of the air fuel mixture strength (increase 
of lambda value) all independently influenced a negative effect on
ignition temperature of the catalyst.
Fuel conversion rate over the ignition catalysts (single segment 
configurations) were not over 25% at any of the test conditions. For the 
constant inlet flow velocity, conversion efficiency has further reduced 
with the increase of the pressure.
Among the three different types of ignition catalysts, Pd:PtAl2O3 has 
been identified as the most suitable candidate for the initial stage of 
catalytic gas turbine combustor. Even though this catalyst still requires 
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higher inlet temperature of air fuel mixture of about 400°C (which 
further rises with the increase of the pressure) Pd:PtAl2O3 registered 
the stable conversion rates throughout the experiments conducted at 
different pressure levels.

When transferring these findings to designs of gas turbine combustors, it 
should be concluded that the requirement of air fuel mixture to the inlet of 
the ignition catalyst should be about 400°C or higher if the reactions are to 
be initiated catalytically and to be progressed. In order to satisfy this need, 
combustor design must be either accompanied with a pilot burner 
arrangement or recuperative gas turbine cycle arrangement (appropriate 
for smaller capacity gas turbine designs). 

Lean Catalytic Combustion of simulated Gasified Biomass

One of the other objectives of this work was to investigate catalytic 
combustion of gasified biomass at conditions relevant to gas turbine 
combustion. It should be mentioned that, only a simulated mixture of gasified 
biomass, which did not include nitrogen, tar or alkalis was used for the 
experiments. 

Two different types of catalyst designs; fully catalytically coated monolithic 
segmented catalysts and partially coated monolithic (alternatively catalytically 
coated channels) catalysts of different catalytic materials such as Pd:Pt Al203,
LaMnAl10O18 and Pt Al203 were considered for these experiments.

Depending on the design of the catalyst (whether all the channels are coated 
with catalytic materials or only partially coated with catalytic materials), two 
different types of the catalytic combustor designs had been configured. 
Configuration type1 was the fully catalytic combustor design where the total 
air fuel mixture pass through catalytically coated channels while in 
configuration type 2, which was a hybrid catalytic combustor design, only a
portion of the air fuel mixture pass through catalytically active channels while 
the other portion of the mixture pass through non catalytic channels. In the 
latter design, post catalytic homogeneous combustion reactions were 
expected to prevail in order to complete the fuel conversion.

Fully catalytic configuration tests with Pd:Pt Al203 catalyst as an ignition 
catalyst
The catalyst ignited at temperatures between 150 – 200°C and very high fuel 
conversion rates over the catalyst were observed. Combustion stability over 
the catalyst was uniform and conversion rates of the fuel were high in
comparison to methane combustion. Combustion experiments were only able 
to conduct at higher lambda values since high temperature peaks above 
800°C were necessarily to be avoided.
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It can be concluded that the bimetallic catalyst was too active for the mixture
of biomass conversions and overheating catalyst would not allow combustion 
at the rates of air fuel ratios relevant to gas turbine applications.

Hybrid combustor configuration tests with Pt Al203 catalyst as an ignition 
catalyst
Pt Al203 catalyst was tested as a monolithic catalytic element of alternative 
channel coated catalytic segment. It was possible easily to ignite the mixture 
at around 250°C inlet temperature at various combustion pressure levels.
Very good stability of the fuel conversion over the catalyst was observed over 
the time. However, it was not possible to reduce the lambda value (increase 
the strength of the air fuel mixture) below lambda =4 at any pressure level as 
homogeneous combustion reactions were initiated at the entrance of the 
catalyst. Minimum lambda of = 4 was possible at 5 bar combustion pressure,
for increased combustion pressures, lambda value had to be further increased 
in order to avoid homogeneous combustion at the inlet of the catalyst.

Fuel conversion efficiency was around 50% at lower pressure levels (at 5 bar) 
and conversion efficiency was gradually reduced with the increase of 
combustion pressure when the same inlet flow velocity to the catalyst was 
maintained. Numerical study performed to model the reaction has presented
the same trend observed in experiments. 

When transferring these findings into gas turbine combustor designs, it should 
be concluded that, requirement of igniting the mixture at lower  temperatures 
(around 250°C) is not an issue, rather it was a difficult task to control reactions 
over the catalysts and avoid overheating and destruction of the catalyst. 
Catalytic arrangement can be used effectively to stabilize the combustion 
process of very lean air fuel mixtures in appropriate designs.

Rich Catalytic Combustion of Methane

Under the rich catalytic combustion concept, catalytic cracking of methane at 
moderate temperature was performed to produce a mixture of more active 
species which has lower flammability limit than methane. Such mixture can be
burned in stabilized combustion process at lower combustion temperatures 
avoiding NOx penalty of the pilot burners of the gas turbine combustors. Rh-
LaMnO3 on alumina catalysts has showed very good selectivity of forming 
hydrogen and carbon monoxide mixture from methane at moderate inlet 
temperature conditions (below 400°C). This approach and experiment results 
were presented in a published paper (paper 10) appended to this thesis. In 
the paper this method has been proposed as a possibility to avoid pilot burner 
requirement of the low emission combustor as the mixture of carbon 
monoxide, hydrogen and methane generated through CPO process has an 
extended lean flammability limit and facilitates the flame stabilization at lower 
combustion temperature than otherwise. 
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11 FUTURE WORK

Future work can be described into two separate scopes; development of 
combustion catalysts and performance data, and design and development of 
catalytic combustion systems for practical applications.

11.1 Continued activities on the Development of Combustion 
Catalysts and Performance Data

Experimental facility built at KTH during this work is a unique resource 
established in an academic institute for the development of catalytic
combustion technology. Collaborations with Swedish and European catalysts 
developers should be continued in order to develop new types of 
catalyst/configurations and to generate new knowledge of performance data.

11.1.1 Continuation of High Pressure Experiments 

Knowledge of catalytic combustion performance at real gas turbine 
operational conditions will provide the basis for the development of stable and 
ultra-low emission combustion performance in gas turbine engines.

Since two types of fuels; methane and syngas (gasified biomass and/or 
hydrogen rich LCV gases) are considered as gas turbine fuels for separate 
applications; particularly methane, R&D activities should be continued to find 
catalysts that are capable of igniting methane at relatively lower temperature 
levels than what we have today. For the mid temperature range catalysts of 
the catalytic combustor, further developments and high pressure experiments 
should be conducted focusing on perovskites and hexaaluminate catalysts.
For the gasified biomass (and/or Hydrogen rich LCV gases) attention should 
be put on the development of metal oxide catalysts particularly Pd-LaAl11O18
and LaMnAl11O19.

11.1.2 Modifications and Improvements to the Test Facility

As we have identified certain limitations of the test facility, following 
improvements have been suggested to be carried out. 

Air/fuel mixing uniformity at the upstream of the catalyst section. Since 
it is the same fuel injection system (hardware) which has to function 
throughout entire operating range of the test facility (where the 
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operating condition are varying drastically) it is important to study the 
mixing process numerically for various conditions and improve as 
appropriate.

Due to the limitation of the air flow delivery capacity of the air 
compressor coupled to the high pressure test facility, the flow velocities 
created at higher pressures (15 bars and above) though the combustor 
section are not compatible with realistic flow velocities of the high 
pressure gas turbines. Air flow delivery capacity to the test facility to be 
improved by providing an air compressor with higher delivery capacity 
(of about 1200 m3

n/h).

11.2 Design and Development of Catalytic Combustion 
Systems for Practical Applications

Despite there are limitations, catalytic combustion has proven to be a
promising technology for ultra-low emission, low thermal acoustics and stable 
combustion for gas turbine applications. For a specific condition of gas turbine 
design, catalytic technology has been developed to commercial scale and has 
demonstrated many years of reliable operation so far as reported in published 
literature (Kawasaki/Catalytica joint venture).

11.2.1 Natural Gas Fired Small Scale Heat and Power Systems

For the near future applications of catalytic gas turbine practices, it should be
focused on integrating catalytic combustion technology into small and medium 
size gas turbine designs to operate on natural gas. In those systems, with the 
possibility of integration recuperation/regeneration of heat, low temperature 
ignition problem of methane can be eliminated to acquire expected 
combustion performances from the system. Under this concept, two different 
configurations of cost effective ultra-low emission performance concepts are 
proposed as potential candidates for technical and commercial success.

Design and development of turbo charger principle based catalytic 
combustion gas turbine system for small scale, biogas fueled (50 kW el
+100 kW heat) CHP applications. Figure 11.1 shows the idea of the 
design, which will yield ultra-low levels of emissions. Proposed cycle 
has to be studied by matching with turbo charger characteristics of the 
relevant sizes and the catalytic combustor should be designed and 
developed to match such conditions. Fully catalytic combustor 
configuration can be considered as the potential combustion system 
configuration for this application.

Similar cycle can be configured with the integration of smaller size gas 
turbine (500 - 1500 kW el) to achieve the same benefits in larger 
deliveries of outputs. In such a system, catalytic combustor design 
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should be changed from fully catalytic to a hybrid combustor design in 
order to provide necessary temperatures at the turbine inlet.

These are the possible applications to be considered as most promising and 
cost effective ways of gas turbine operations at this smaller scales when
compared to other options of emission reductions.

Figure 11.1: Catalytic combustion integration in small scale power generation

11.2.2 Syngas Fired Large Scale IGCC Systems

The other highly potential future application of interest would be the 
development of catalytic combustion technology for hydrogen rich low heating 
(LCV) gas combustion, particularly for IGCC applications. IGCC is being 
developed as the major thermal power production source. In IGCC 
combustion systems, due to larger amount of hydrogen present in the gasified 
gas (higher flame speeds and flash back issues), it will not be possible to 
apply Lean Premixed (LP) combustion techniques which are being used to 
control NOx in natural gas fired gas turbine applications. Since the catalytic 
combustion has been showing the operational performances of combustion 
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stability at lean conditions, ultra-low NOx emission performances and low 
thermal acoustics, catalytic combustion should be considered as a major 
potential combustion technique for IGCC applications. 
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