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During the past decade, new advanced combustion systems that share the same basic concept of 
using a substantially diluted and high-temperature oxidizer in the reaction volume have gained a 
great deal of interest regarding their application in industrial and power systems. These novel 
combustion technologies have proved to offer significant benefits compared to traditional 
combustion techniques. These benefits include reductions in pollutant emissions and energy 
consumption, as well as a higher and more uniformly distributed heat flux. This entails the 
potential to, for example, reduce the size of equipment in industrial units or increase production 
rates while fuel consumption and the subsequent CO2 emissions are decreased or maintained at 
the same level. 

Although the development of these new combustion technologies has occurred fairly recently, it 
has gained worldwide recognition. During the past few years the technique has been used 
commercially with several different types of burners. Despite its widespread use, the basic 
understanding of the chemical-physical phenomena involved is limited, and a better 
understanding of the combustion phenomena is required for more effective utilization of the 
technology. 

The objectives of this work have been to obtain fuel-jet characteristics in combustion under high-
temperature, low-oxygen conditions and to develop some theoretical considerations of the 
phenomena. The effect of the preheat temperature of the combustion air, combustion 
stoichiometry and the fuel-jet calorific value on flame behavior was investigated. Temperature 
and heat-flux distribution were also studied using a semi-industrial test furnace to see if similar 
flame features would be found for the small- and large-scale experiments. 

 Particle Image Velocimetry (PIV) was used for the first time to obtain information on 
the flow dynamics of a fuel jet injected into a crossflow of oxidizer at either a normal 
temperature or a very high temperature. Light emission spectroscopy was used to collect 
information on time-averaged radical distributions in the combustion jet. 

 Jet turbulence, time-averaged velocity distribution, fuel-jet mixing, the distribution of 
radicals such as CH, OH and C2, and flame photographs were investigated. The results showed 
delayed mixing and combustion under high-temperature low-oxygen-concentration conditions. 
The combustion air preheat temperature and oxygen concentration were found to have a 
significant effect on the burning fuel-jet behavior. The results of the semi-industrial-scale tests 
also showed the features of even flame temperature and heat flux. 
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The combustion of fossil fuels provides the vast majority of the world's energy requirements, and 
is thus also a major source of air-pollutant emissions and greenhouse gases. In 1992 a first 
initiative was taken by the United Nations to preserve the global environment. This initiative led 
to the Kyoto Protocol in 1997 which stipulated that developed countries should reduce their total 
emission of greenhouse gases by at least 5% of 1990 emission levels by the year 2012. The 
increased concern regarding environmentally harmful pollutants has led to greater emphasis on 
the development of combustion systems marked by low emission of undesirable pollutants and 
high energy efficiency. For industrial furnaces, fuel consumption represents a major operational 
cost and results in large amounts of greenhouse gases being emitted into the atmosphere. 
Industrial furnaces consume a significant amount of the total energy consumption of fossil fuels 
and are at the same time characterized by much lower efficiency than, for example, boilers. As a 
consequence of fossil fuel consumption, the industrial furnace also emits large amounts of CO2, 
which is one of the important greenhouse gases. Clearly there is an urgent need to reduce furnace 
fuel consumption, and with that, CO2 emissions, if we are to reduce costs for CO2-trading 
systems and the environmental impact of the emissions. 

Several different combustion technologies have been developed to meet new and more stringent 
demands on energy consumption, environmental impact and production expenditure. These 
technologies have been developed by the initiatives of different groups. The underlying concept 
of all of the technologies is separate injection of the oxidizer and fuel at very high injection 
velocities which results in a substantial entrainment of reaction products back to the reaction 
zone, thus leading to a reduced oxygen concentration in the reaction zone and consequently a 
reduced reaction rate. These novel combustion technologies use combustion with the flame not 
attached to the burner face, which is opposed to traditional techniques.  Moreover, the reaction 
volume and distribution are controlled by the injection velocity, which is an important factor 
since it has been proved that it is possible to use pure oxygen as an oxidizer due to the strong 
entrainment of combustion products back to the reaction zone which renders a very low local 
oxygen concentration within the reaction volume.  

One of the most distinctive features of these new technologies is combustion with a high 
oxidizer temperature and low oxygen concentration inside the reaction volume. Combustion at 
the low oxygen concentration forms flames which have different properties compared to 
conventional air-combustion flames. In practical applications such combustion phenomena are 
achieved by separated injection of combustion air and fuel into the reaction volume. The 
regenerative burners, partly studied in this work, inject the combustion air and fuel into the 
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combustion region at very high velocities, causing strong entrainment and thus lowering the 
oxygen concentration in the combustion region. This has been denoted “oxygen-deficient 
combustion” as it is characterized by a lower excess oxygen ratio. This yields a uniform and a 
relatively low flame temperature in the combustion region. 

Utilization of these new combustion technologies offers several environmental and economical 
benefits/advantages compared to traditional combustion technologies [1]: 

- reduced fuel consumption and consequently reduced CO2 emissions 

- reduced NOX emissions at very low CO levels 

- reduced combustion noise 

- enhanced temperature uniformity 

- enhanced heat transfer 

- increased production rates or downsizing of production equipment as a consequence of 
the above-mentioned benefits 

These benefits offer significant economic and environmental incentives when retrofitting or 
rebuilding industrial heating facilities, which also has resulted in a large number of the systems 
being implemented in facilities throughout the world. Energy savings in the area of about 30% 
coupled with CO2-emission reductions have been reported by many industrial organizations that 
have implemented these new types of combustion systems [2]. These technologies have been 
adopted mainly in heating furnaces, heat-treatment furnaces, melting furnaces and ladle heaters. 
With further development, they can also be applied to steam reformers, chemical process heaters, 
gas turbines, waste incinerators and boilers. 
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3.       EXPERIMENTAL STUDY 
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In order to obtain information on the phenomena arising from a combusting fuel jet when 
preheating the oxidizer to high temperatures and reducing its oxygen content, two types of 
experimental apparatuses were employed equipped with various measurement and analysis 
instruments.  

The single fuel jet was injected into a crossflow of oxidizer composed of air diluted with 
nitrogen.  The oxidizer preheat temperature and oxygen concentration was varied. Several non-
intrusive experimental techniques were employed to investigate the phenomena arising under the 
conditions of high-temperature and low oxygen concentration. Non-intrusive techniques are 
preferred in experimental investigations because no disturbance is introduced into the 
investigated system. The oxidizer used in the single-fuel-jet experiments was regular air diluted 
with nitrogen in order to obtain the correct oxygen concentration for the experiments. 

The aim of the work was to complete experimental investigations of a transverse fuel jet under 
different combustion stoichiometry, oxidizer temperatures and fuel calorific values in order to 
obtain information on the phenomena which arise when oxidizer temperature and oxygen 
concentration change. The experimental set-up for the single jet flame allowed for well-controlled 
conditions and convenient optical access to the studied fuel jet. 

Furthermore, semi-industrial-scale jet-flame experiments were performed where temperature 
distribution and heat flux was studied. The purpose of the semi-industrial study was to determine 
if the found benefits of the jet-flame in a high-temperature and oxygen-deficient environment 
also applied on a larger scale, and if the phenomena were similar to what was seen with the small-
scale experiments. In studying the most important aspects of the occurring phenomena, a simple 
analytical approach was taken in order to obtain more widely applicable results from the 
empirical investigation.  

 

3.1. Single jet flame experimental facility 
The single-flame experimental apparatus was constructed to permit investigation of the 
interaction between the fuel jet and the high-temperature and low-oxygen-concentration 
crossflow under steady-state conditions throughout the experiment. This permitted determining 
the structure and distribution of flames under high-temperature and low-oxygen conditions.  

The single flame experimental apparatus, shown with a photograph in Figure 1 and schematically 
in Figure 2, is a high-temperature air combustion test apparatus. It consists of two burners, with 
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firing alternating between two different furnace sections (A and B). The furnace sections are 
equipped with ceramic honeycomb regenerators for thermal storage of the thermal energy before 
the exhaust gases are released to the environment. Before discharge to the atmosphere, almost all 
of the thermal energy of the exhaust gas is extracted and used to preheat the oxidizer.  

The apparatus generates a continuous mass flow of a highly preheated oxidizer (up to 1400 K) in 
the test section by passing the oxidizer through ceramic honeycomb regenerators where heat is 
exchanged to the oxidizer. The composition of the oxidizer, especially the oxygen concentration, 
is controlled by the addition of nitrogen to the oxidizer. By adding different amounts of nitrogen, 
any oxygen concentration could be maintained in the test section. The air at ambient temperature 
is preheated during its passage through the thermal-storage honeycomb bed. The ceramic 
honeycombs are heated by alternate firing of the burners in the A and B furnace sections. The 
inlet flow was conditioned by a honeycomb element placed immediately below the test section of 
the apparatus to ensure a laminar flow was entering the test section.  

Every 20 seconds the flow direction was automatically switched, but during the switching 
sequence no tests were run, and consequently the experiments were performed in steady state. 
Throughout the experiment there was a temperature drop of 2 K per second in the experimental 
section.  

The flow rates of the oxidizer and fuel were monitored via a flow control panel throughout the 
experiments. At the panel the oxidizer and the fuel flow through a plug valve into a glass tubular 
flow meter. The pressure in the flow meter was measured by a pressure gauge. From the panel 
the flows were directed in to the single jet experimental apparatus.  Calibration data for all of the 
gauges is provided by the manufacturer. 

 
Figure 1. Photograph of  the single jet experimental facility 

 



17 

 

Test fuel

Heat up fuel

Combustion 
air

Flue gases

Dilutant (N2)

4-way switching valve

Pressurized 
gas

Fluidized 
bed

Test section

TC

TC

TC

TC

TC

Gas 
analyzer

 
Figure 2. Schematic layout of  the High Temperature Air Combustion facility 

 

Prior to running an experiment, the air was preheated to a specific temperature. The heating 
process is illustrated in Figure 3. 

In cycle A when burner A is firing, the fuel valve for burner A is opened and fuel is supplied to 
the burner. At the same time, combustion air flows in through the 4-way switching valve and 
regenerator B where the combustion air is heated from the heat stored in regenerator B. The 
combustion in chamber A creates hot furnace gases that flow directly through regenerator A, 
which stores the heat, and the gases are then released to the ambient air at lower temperatures. 

After 20 seconds the system is switched to cycle B. Now burner B is firing and the combustion 
air flows in through regenerator A. While the air passes through regenerator A, heat is exchanged. 
Now regenerator A releases heat to the air. Upon exiting regenerator A, the air can have reached 
temperatures up to 50K below the flame temperature of the fuel gas. The furnace gases flow 
directly to chamber B and through regenerator B, where heat is exchanged once more. Now the 
regenerator again stores the heat from the gases and they are released to the ambient air at lower 
temperatures. 
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By repeating this process it is possible to preheat the incoming air to very high temperatures. A 
fraction of the combustion air flowing through the burner system bypasses and flows through the 
test section. 

The dimensions of the test section were 200 x 260 mm (in the X and Y directions, respectively). 
The dimensions of the flow inlet were 95 x 58 mm (in the X and Z directions, respectively). The 
test section was equipped with quartz glass windows of 4 mm thickness to allow for optical 
observation of the flame on three sides. Alumina-oxide insulation was used to minimize heat loss. 
The oxygen concentration and gas temperature were determined shortly before the flow entered 
the test section. The flow rate of the oxidizer and the fuel was also monitored. 

To form a jet-in-crossflow arrangement, the fuel jet to be examined was introduced into the test 
section normal to the preheated oxidizer via a nozzle 1 mm in diameter. The fuel jet pressure was 
maintained at 40 kPa throughout the experiment. The different fuel jets used were methane, 
propane and a simulated low-calorific-value fuel (methane 10 % diluted with nitrogen). The fuel 
jet was at room temperature while the combustion air in the crossflow was either 298 K, 1173 K 
or 1373 K.  

Cycle A Cycle B
 

Figure 3. Illustration of  test facility cycle 

 

3.2. Semi industrial experimental facility 
Investigation of a single HiTAC jet flame in semi-industrial conditions was carried out. The semi-
industrial test apparatus was equipped with a high-cycle regenerative system (HRS). The burner 
system was equipped with “honeycomb” regenerators. The burner was able to operate in both 
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conventional flame mode and in HiTAC mode, so comparisons could be made between the 
conventional jet flame and the flame in HiTAC mode. 

The inner dimensions of the furnace body were 3.5x2.2x2.2 m. The test facility was built for a 
maximum firing rate of 500 kW. The furnace body was insulated with a 0.3 m thick layer of 
ceramic fiber material. 

The inner volume of the combustion chamber was 6.7 m3. There were also a number of openings 
in the furnace body for observation and obtaining measurements from inside the combustion 
chamber. The top view of the test equipment with observation and test openings and the 
experimental burner can be seen in Figure 4. 

The heat was removed from the furnace with four horizontal cooling tubes made of a special 
temperature-resistant kanthal alloy. The tubes were air cooled and enabled a large amount of heat 
to be removed.  

The test furnace was also equipped with two different flue gas channels:  one with a water-cooled 
heat exchanger for hot flue gases and one for cold flue gases from the heat regenerators. The flue 
gas channel for hot gases allowed the furnace to be run in conventional mode and was also used 
when the furnace was operated in one-burner mode, when 20% of the flue gases had to be 
extracted through the hot flue gas channel. 

The burner system was a so-called “one-flame system”, which provided a single HiTAC flame in 
the combustion chamber. The switching time of the burner was constant and set to 10 seconds. 
The firing capacity of the one-burner system was 200 kW. The burner system was fired with LPG 
as fuel. 

 

 

 

 

Figure 4. Top view of  semi industrial test furnace with traversing system and burner system 
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4.    MEASUREMENT & ANALYSIS 
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In order to attain well-controlled conditions during the experiments, all decisive parameters were 
monitored. The oxidizer temperature was recorded before and after the thermal storage 
honeycombs throughout the experimental apparatus and directly below the test section. The final 
measurement of the oxidizer temperature was carried out directly before the preheated oxidizer 
entered the test section. In the same cross-section of the apparatus, before the flow entered the 
test section, the composition of the oxidizer was also determined with a Horiba PG-250 gas 
analyzer. The gas analyzer was a portable stack gas analyzer that can simultaneously measure up 
to five separate gas components. Composition data was obtained on the concentration of oxygen, 
carbon oxide, carbon dioxide and nitrous oxides. This facilitated adjustment of the flow rates of 
the oxidizer and nitrogen diluent in order to achieve the desired temperature, flow rate and 
oxygen concentration of the oxidizer. The mass flow rates of the combustion air, the preheat fuel 
and the test fuel were monitored with flow meters located before the flow entered the 
experimental apparatus in order to achieve stable and reproducible conditions for the 
experiments conducted. Thermocouples were placed on both sides of the regenerators to allow 
monitoring of oxidizer temperature in the test apparatus.  

After obtaining stable experimental conditions, several different experimental techniques were 
employed to investigate the high-temperature air combustion phenomena briefly described 
below. 

Measurement and analysis details are presented in appendix A. 

 

4.1. Particle Image Velocimetry 
Particle Image Velocimetry (PIV) is one of the most important achievements in experimental 
fluid dynamics as it allows non-intrusive flow analysis. Particle Image Velocimetry (PIV) is a 
technique providing an instantaneous flow field image in a cross section of a flow.  

The basic principle of PIV is simple. The fluid motion is traced by the addition of micron-size 
particles to the flow which is then illuminated by a laser light sheet with two instantaneous pulses. 
The displacement of the particles is calculated and the velocity field determined.  

Compared to other techniques for flow-field determination such as pitot tubes, hot wire 
anemometry, or LDV, PIV offers the benefits outlined below. 
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• Non-intrusive velocity measurement. No probe is present in the flow, thus the 
flow remains undisturbed. PIV also enables indirect determination of fluid motion 
since the velocity of the tracer particles is measured. 

• PIV is a whole-field technique which allows for simultaneous determination of the 
velocities at a large number of points, while other techniques only permit 
measurement at a single point. 

• Statistical determination of the velocity at each point as several hundreds of 
images are collected and gives a statistical correlation of the velocity distribution.  

These advantages mean more reliable data in comparison to velocity data obtained by intrusive 
methods.  

 

4.2. Light Emission Spectroscopy 
Light emission spectroscopy was used to analyze the spontaneous emission of intermediate 
species generated in the flame from the combustion. With light emission spectroscopy it was 
possible to determine the spatial distribution of different flame radicals, such as OH, CH and C2.  
This was used to provide information on the distribution in the reaction zone and heat release 
within the flame.  

The investigated area was 130.0 * 156.0 mm (X * Y) for the high-temperature oxygen-deficient 
conditions (at 1173 K and 1373 K) and 130.0 * 78.0 mm (X * Y) for the normal-temperature 
(298 K) combustion air conditions. 

 

4.3. Direct Flame Photographs 
Direct flame photographs were captured with a digital camera to obtain time-averaged flame 
characteristics such as flame color, size, and volume. The digital camera was equipped with a 
CMOS sensor with an active pixel array of 3072 x 2048 pixels. Several different exposure times 
were used during the experiments in order to obtain flame images of suitable quality. The 
exposure time under the direct flame photograph experiments was 8 seconds for the LCV fuel jet 
under high-temperature conditions and 1/8 second for the methane and propane fuel jets. The 
different exposure times were chosen with respect to the different luminosity of the different 
flames under the changed conditions. The time-averaged photographs provide an estimation of 
the flame structure over time, although the photographs give no information about the dynamic 
features of the flame which is why PIV was used in this study.  

 

4.4. Suction pyrometer and heat flux probe 
Water-cooled measurement probes were inserted at various points inside the furnace through 13 
openings in the furnace roof as shown in Error! Reference source not found.. Each probe was 
mounted at the top of the furnace and moved by a computer-controlled traversing system.  

For measurement of the flue-gas temperature, a suction pyrometer was used. The suction 
pyrometer was made of regular stainless steel with a ceramic tip shielding from thermal radiation. 
Inside the shield, a regular thermocouple of type S was mounted. The thermocouple was placed 
150 mm from the tip of the ceramic shield. The flue gases were sucked through the ceramic 
shield at a velocity of 140 m/s. The high velocity coupled with the radiation shields surrounding 
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the thermocouple ensure convective heat transfer from the hot furnace gas to the thermocouple 
tip and results in highly accurate temperature measurement. [62] 

The total heat flux was recorded with a water-cooled probe with a steel plug in its tip. The 
temperature gradient was measured between the surface of the steel plug and the water-cooled 
surface and the total heat flux was calculated [63].  
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5. EXPERIMENTAL CONDITIONS 
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5.1. Single fuel jet experiments 
The experiments were carried out under several different conditions in order to investigate the 
combustion phenomena arising under high-temperature and low-oxygen conditions. 
Investigations were conducted in order to investigate the influence of the: 

• oxidizer preheat temperature [varying from 298 K to 1373 K] 

• oxidizer oxygen concentration [varying from 21 % O2 to 2 % O2] 

• fuel-jet calorific value [varying from 1023 to 21800 kcal/m3] 

The experiments were performed at ambient temperature, 298 K, under either reacting or non-
reacting conditions, which allowed for basic investigation of the influence of the combustion 
process on a normal fuel jet. The elevated temperature levels used in the experiments were 1173 
and 1373 K with reacting fuel jets. These temperatures facilitated investigation of combustion 
phenomena under high-temperature and low-oxygen-concentration conditions.  

The influence of the oxidizer oxygen concentration was also considered for the elevated 
temperatures. The oxygen concentration was controlled by mixing a diluent with the combustion 
air. The diluent utilized throughout the experiments was nitrogen. The investigated cases used 
oxidizer oxygen concentrations of 21 %, 15 %, 10 %, 5 % and 2 %. 

Several different gaseous fuels were investigated. These were propane (commercial grade >99 %), 
methane (commercial grade >99 %) and a low calorific value fuel, which consisted of 11.9% 
methane diluted with nitrogen, used in order to simulate the calorific value of a low-grade fuel 
gas from pyrolysis processes of waste, biolfuels etc. A compilation of the different experimental 
cases can be seen in Table 1.  

The momentum flux ratio between the gas jet and crossflow was maintained constant when 
examining different gaseous fuel jets and crossflows, thus providing similarity in mixing for 
different test conditions. When the momentum flux ratio is maintained constant throughout the 
experiment, the mixing and flow patterns between the jet fluid and crossflow fluid should be the 
same. Differences in velocity, turbulence and other measured quantities can then be related to the 
phenomena originating from the combustion process itself and the variation in parameters in the 
different experiments. 
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The momentum flux ratio, r, was calculated by: 
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              Equation 1 

 

where, Uj and V∞ represent the inlet fuel-jet velocity and crossflow velocity, respectively, and ρj 
and ρ∞ the density of the gas jet and the crossflow, respectively. In addition, the velocity ratio 
between the gas jet and crossflow is also important. The velocity ratio,λ, sometimes also denoted 
the Patrick number (which is the inverse of momentum flux ratio number), was calculated as: 
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The equivalence ratio is calculated by dividing the stoichiometric oxygen concentration of the 
combustion air by its actual oxygen concentration: 
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To calculate the stoichiometric oxygen concentration, the reaction between propane and oxygen 
is used. 
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Table 1. Experimental cases 

Oxidizer 
temperature 

[K] Fuel jet case
Equivalance 

ratio
jet Flowrate 

[l/h]
Jet Velocity 

U0 [m/s]

Oxidier 
flowrate 
[m3/s]

oxygen 
concentration 

[%]

Cross flow 
Velocity V0 

[m/s]
Momentum  flux 

ratio
Patrick 

number λ2

298 C3H8 non-reacting - 42,0 14,9 16,0 21,0 0,92 19,7 0,0025
298 C3H8 reacting 0,079 42,0 14,9 16,0 21,0 0,92 19,7 0,0025

1173 C3H8 reacting 0,079 25,0 8,8 16,0 21,0 0,92 19,8 0,0025
1173 C3H8 reacting 0,11 25,0 8,8 16,0 15,1 0,92 19,8 0,0025
1173 C3H8 reacting 0,21 25,0 8,8 16,0 9,8 0,92 19,8 0,0025
1173 C3H8 reacting 0,33 25,0 8,8 16,0 5,0 0,92 19,8 0,0025
1173 C3H8 reacting 0,83 25,0 8,8 16,0 2,0 0,92 19,8 0,0025

1373 C3H8 reacting 0,079 20,0 7,1 16,0 21,0 0,92 20,2 0,0025
1373 C3H8 reacting 0,11 20,0 7,1 16,0 15,1 0,92 20,2 0,0025
1373 C3H8 reacting 0,21 20,0 7,1 16,0 9,8 0,92 20,2 0,0025
1373 C3H8 reacting 0,33 20,0 7,1 16,0 5,0 0,92 20,2 0,0025
1373 C3H8 reacting 0,83 20,0 7,1 16,0 2,0 0,92 20,2 0,0025

298 CH4 non-reacting - 70,0 24,8 16,0 21,0 0,92 20,1 0,0025
298 CH4 reacting 0,03 70,0 24,8 16,0 21,0 0,92 20,1 0,0025

1173 CH4 reacting 0,03 42,0 14,9 16,0 21,0 0,92 20,4 0,0024
1173 CH4 reacting 0,04 42,0 14,9 16,0 15,1 0,92 20,4 0,0024
1173 CH4 reacting 0,07 42,0 14,9 16,0 9,8 0,92 20,4 0,0024
1173 CH4 reacting 0,13 42,0 14,9 16,0 5,0 0,92 20,4 0,0024
1173 CH4 reacting 0,3 42,0 14,9 16,0 2,0 0,92 20,4 0,0024

1373 CH4 reacting 0,03 33,0 11,7 16,0 21,0 0,92 20,4 0,0024
1373 CH4 reacting 0,04 33,0 11,7 16,0 15,1 0,92 20,4 0,0024
1373 CH4 reacting 0,07 33,0 11,7 16,0 9,8 0,92 20,4 0,0024
1373 CH4 reacting 0,13 33,0 11,7 16,0 5,0 0,92 20,4 0,0024
1373 CH4 reacting 0,3 33,0 11,7 16,0 2,0 0,92 20,4 0,0024

298 LCV non-reacting 58,0 20,5 16,6 8,1 1,00 22,4 0,0020
1173 LCV reacting 32,5 11,5 16,0 8,1 0,92 22,0 0,0021
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5.2. Semi-industrial experiments 
All semi-industrial-scale measurements were performed under two different furnace operational 
conditions. The two compared cases were conventional combustion and High-Temperature Air 
Combustion. A one-flame regenerative burner system was used. 

When the furnace was operated in one-flame regenerative burner mode, 20 % of the flue gas had 
to be extracted through the hot-flue-gas channel. In the conventional mode, 100 % of the flue 
gas exited through this channel.  

The furnace temperature during the experiments was 1273 K. 

 

Table 2 Configuration of  semi industrial test stand 

 Fuel flow 
rate 

(Nm3/h) 

Fuel 
type 

Combustion 
air flow rate 

(Nm3/h) 

Furnace 
Temperature (K) 

Combustion 
air temp (K) 

Conventional 7.7 LPG 210 1273 293 

One-flame HTAC 7.7 LPG 210 1273 1213 
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6.       THEORETICAL ANALYSIS 
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The changed properties of the flame under high-temperature and low-oxygen-concentration 
combustion conditions indicate that oxidizer temperature, oxygen concentration and fuel type 
have a significant impact on the fluid dynamics, which affects the fuel and oxidizer mixing. In 
order to enhance our fundamental understanding of the phenomena, theoretical assessments had 
to be done. This enabled prediction of experimental results. Some of the most important 
parameters evaluated are covered below. The theoretical considerations also explain some of the 
behavior of high-temperature low-oxygen combustion phenomena.  

 

6.1. Fuel jet trajectory 
The transverse jet has been extensively investigated over the years, due to the well-documented 
positive effects on jet mixing when the jet is injected into a transverse air stream. Pratte and 
Baines [56] reported that jets injected into transverse air streams easily could be normalized with 
the length scale rd and the trajectory for jets with different momentum flux ratios could be 
described with the following equation: 
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           Equation 4 

 

In this equation x is the radial distance from the jet nozzle in the jet exit direction, and y is the 
axial distance in the crossflow direction from the fuel-jet nozzle and d is the fuel-jet diameter. A 
and B are experimental constants. Several different values for A and B have been reported, 
generally ranging between 1.5-2.5 for A and 0.25-0.38 for B [57]. In this study, A was found to be 
2.1 and B to be 0.38. The constants are affected by several different factors such as fuel-jet and 
crossflow properties and turbulence.  
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6.2. Jet entrainment 
The noticeable change in the flame appearance, reported by several other researchers, indicates a 
slower mixing of the reactants and a reduced reaction rate. With this it is obvious that 
entrainment of the crossflow fluid into the fuel jet is of significant importance. Hasselbrink and 
Mungal [58] derived a correlation of the mass entrained by a transverse jet by using the centerline 
trajectory information. Their work was based upon calculation of the momentum of the 
crossflow required to bend the fuel jet injected laterally into the crossflow. The time-averaged 
conservation principles for the mass and the momentum in the x and y directions are:  

 

mmm j &&& =+ ∞             Equation 5 

 

xumum && =∞∞             Equation 6 

 

yjj umum && =             Equation 7 

 

In using momentum equations, the pressure term is to be neglected when the momentum flux 
ratio is much greater than one. In this work’s experimental cases the momentum flux ratio was 
twenty. Furthermore, the effect of buoyancy was neglected in the calculation of the momentum 
flux ratio term, which means that the equation is only valid for large Froude numbers. In these 
experimental cases the Froude number is much larger than one. 

At a large distance from the jet nozzle, where y>rd one can assume that the jet width is 
proportional to its height from the jet exit level, yc1=δ , the mass flux can then be expressed 
by: 
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By combining the equations, the mass flux problem can be described with: 
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When the trajectory equation is coupled with the mass flux equation it can be written: 
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which is the ratio of the velocity components. According to Hasselbrink and Mungal [58], the 
mass flux, thus the mass entrainment, can be written as:  
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where jm&  is the initial fuel-jet mass-flow rate and em&  the mass-flow rate entrained from the 
crossflow stream. 

 

6.3. Combustion noise 
The issue of combustion noise has become of greater importance over the years. The reduced 
turbulence in the high-temperature flames suggests reduced levels of combustion-generated 
noise. The noise is associated with pressure pulses generated by fluctuation and movement of the 
flame front. According to a study by Gaydon and Wolfhard [59], the intensity, I, of sound is 
expressed as a function of the pressure variation ΔP: 
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where, ρ is the density and c the sound velocity. The pressure difference is generated from 
expansion of the gas due to heat release from the combustion process. For theoretical 
consideration of the issue, a simplified approach was chosen and the sound intensity was 
calculated at distance d from a single point in the flow field. The pressure pulsation originating 
from the combustion process was then calculated as:  
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where dV/dt is the rate of change of the volume in the considered volume element. The rate of 
change of the volume is proportional to the combustion intensity. Assuming spherical expansion, 
the rate of change of the source volume is defined by: 
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where EV is the volumetric expansion ratio of the combusted gas compared to the volume of the 
non-combusted reactants. The pressure fluctuation can be calculated by: 
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During steady burning, the flame travels at a uniform speed Vu ESdtdr = , were Su is the 
burning velocity. For a steady-state combustion process, the burning velocity becomes more or 
less constant and the second derivative, 022 =dtrd , describing fluctuation of the radius of the 
expanding volume element approaches and becomes zero. Building on these assumptions, 
Equation 11 becomes:  
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To estimate the pressure fluctuation, the burning velocity has to be estimated. Chomiak [60] 
presented a study of the burning velocity. Analysis of the burning velocity was based on the 
magnitude of the thickness of the combustion region δl and the characteristic time τ of the 
reaction. δl is estimated by dimensional analysis by:  

 

τδ al =                        Equation 17 

 

where a is the thermal diffusivity of the mixture, calculated by: 

 

ρ
λ

pC
a =

                       Equation 18 

 

where, λ is the thermal conductivity, Cp the specific heat and ρ the density. The characteristic 
time for a reaction is related to the reaction rate w, i.e.,  

 

w
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                                Equation 19 

 

The reaction rate, w, is based on the changes in concentration of the different species in the 
combustion reaction by:  
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where 
yxHCC  and 

2OC  denote the concentration of propane and oxygen, respectively, and k is 

the reaction rate constant. The reaction rate constant is calculated using the Arrhenius formula: 
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where Aa is a constant, Ea is the activation energy, R the universal gas constant and T the 
temperature. In evaluating the reaction-rate calculation, the results show the reaction rate to 
increase significantly with an increase in temperature T. A reduced oxygen concentration reduces 
the reaction rate. With the calculated information, the burning velocity Su can be calculated 
assuming that during a short time τ, the combustion will propagate the distance δl , i.e.,  
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                    Equation 22 

 

Now the pressure fluctuation and the theoretical sound intensity can be determined. Regarding 
the burning velocity, it can be seen to be dependent on the combustion air temperature and 
oxygen concentration. The formulas indicate an increase in burning velocity with an increase in 
temperature at a maintained oxygen concentration and a decrease in burning velocity with a 
decrease in oxygen concentration in the oxidizer. Similar results were reported by Gaydon and 
Wolfhard [59].  

 

6.4. Jet size and shape 
The empirical PIV and light emission spectroscopy data , as well as the flame photographs, reveal 
changed fluid-dynamics properties under the high-temperature and low-oxygen conditions. The 
jet appears to be wider when compared to the normal-temperature cases. In an attempt to 
theoretically quantify the jet width, some properties of the fluid dynamics of a jet in crossflow 
had to be determined. 
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Figure 5. Scheme of  jet in cross flow. 

 

 

The jet deflection results from the balance between the jet momentum and the crossflow 
momentum. First it is assumed that the fuel-jet momentum is much larger than one. The jet 
centerline is defined as the maximum-velocity line along the jet trajectory. The jet border is the 
point where the velocity in the jet flow direction rises above the surrounding flow velocity. The 
force balance, for a separate mass element of the jet can be expressed as:  
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A centrifugal force which occurs when a mass element, of area Aj, moves at the velocity Uj along 
a curve linear trajectory of changing radius Rj, with the angle αj.  The centrifugal force is written 
as:  
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The other force in the force balance, dFp, may be expressed as proportional to the dynamic 
pressure, with Cj as the drag coefficient, ρc, the crossflow density, Uc the crossflow velocity and bj 
the width of the jet, which can be determined by means of the velocity component normal to the 
jet axis.  
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Incorporating Equations (24), (25) and (26) into (23) renders: 
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Considering the momentum conservation principles, it is reasonable to assume that the jet 
momentum is constant along the y-axis. 
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Figure 6. Scheme of  jet trajectory 
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To comply with the above condition, and incorporating the following dimensionless 
relationships, 
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the equation is transformed into the following: 
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This uses the fact that: 
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Some more relationships are introduced 
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The incorporation of these into the equation results in a differential equation to be solved: 
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or, when solving assuming y’=t 
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In order to solve the differential equation it is necessary to define the relationship between the jet 
width and the coordinates of the jet axis. To be able to successfully solve the differential equation 
it should be transformed so it represents changes as a function k which should be inverse in its 
relation to t ( jtk α1tan1 −== k=1/t=tan-1αj). Furthermore, the k function should not follow 

the x-y coordinates, but the jet axis. Using the trigonometric relationships: 
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transforms the differential equation into 
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With the boundary conditions s=0, k=k0= 01
0 tan,0 jkks α−=== , it is the differential 

equation of the jet axis. Changes in jet width (bj)N are expressed by adopting an equation of a jet 
flowing into a stationary medium. The equation was corrected for the influence of the crossflow 
by an empirical correlation.  The equation is: 
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With the following parameters defined as follows: ( ) ( )02 SSCb
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6.5. Flame temperature 
Estimation of the flame temperature in the experimental jet is possible by measuring the C2 
vibrational intensity and using the relationship between the two peaks at 470 nm and 515 nm. 
The spectral intensity for the electronic transition, or the integrated intensity including all of the 
related rotational and vibrational transitions, changes depending on the flame temperature T and 
the number of combustion radicals N. The intensity can be expressed as [33, 34, 35]:  
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where h is the Plank’s constant, υ the frequency, N the number density, g the statistical weight of 
the excitation level, A the transition probability for spontaneous emission, E the upper-level 
energy, k the Boltzmann’s constant, and Q(T) the partition function.  

Flame temperature was determined by taking the ratio of C2 emission intensities obtained at two 
wavelengths (470 and 515 nm). The profiles for the net emission intensities of C2 species were 
estimated by subtracting the background intensity level (at 490 nm) from the C2 emission 
intensity level (at 470 or 515 nm). The intensity ratio I1/I2 of the two vibrational bands was taken 
from [35]. The instrument constant, p, was determined as an average value. The calibration was 
based on the temperatures measured at two spatial points in the flame by means of an Rh-Pt 
thermocouple. 
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Using equations (38) and (39) we can derive a simple expression for the intensity ratio I1/I2 in 
terms of flame temperature T, i.e.:  
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where K is the ratio of the term νgA/Q(T) (this ratio is almost constant at temperatures below 
2500K). 
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7.       RESULTS AND DISCUSSION 
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7.1. Jet flame trajectory and jet width 
Figure 7 shows information on the trajectories. By using the data extracted from the velocity-field 
plots it can be seen that preheat temperature, oxygen concentration and fuel calorific value have a 
minor effect on the jet trajectory. This shows that there is an influence on the jet trajectory of 
parameters such as oxidizer temperature, oxygen concentration and the fuel jet calorific value and 
that the trajectory is affected by the momentum flux ratio between the fuel jet and the crossflow. 
The trajectory is expected to be the same as the momentum flux ratio, thus the force balance 
between the fuel jet and the crossflow fluid is the same. The PIV data shows that with an 
ambient-temperature oxidizer, combustion of the gaseous fuel jet causes the jet to penetrate 
further into the crossflow. This was also reported by Hasselbrink and Mungal [36]. Furthermore, 
the high-temperature and low-oxygen-concentration conditions that were investigated showed 
similar tendencies with a stronger penetration of the fuel jet into the crossflow when compared 
to ambient non-burning conditions. The figure shows that the fluid dynamics, thus the mixing, 
do not change significantly between the fuel jet and the crossflow under high-temperature low-
oxygen conditions when compared to cases of normal temperature and oxygen concentration. 
The results were as expected as the trajectory of the fuel jet is controlled by the momentum flux 
ratio according to Equation 2. The effect of oxidizer temperature, thus the oxidizer density, can 
be seen in Figure 8. The plot reveals that the jet width increases when the oxidizer temperature is 
reduced, i.e. the oxidizer density is lowered. 
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Figure 7. Fuel jet trajectories at varying oxidizer preheat temperatures and oxygen concentration 

 
Figure 8. Jet width for different fuels and preheat temperatures 
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7.2. Jet flame entrainment 
The entrainment is illustrated in Figure 9, where the effect of oxidizer temperature and oxygen 
concentration on the entrainment can be seen. The data shows that within the first 40 nozzle 
diameters from the fuel jet orifice, the entrainment is similar in all experimental cases. However, 
it can be clearly seen that when an oxidizer of 21 % oxygen is maintained and the preheat 
temperature is increased, the entrained mass is smaller. This clearly shows the effect of the 
reduced flame volume and reaction zone as the ignition is faster and the reaction more intense at 
high preheat temperatures with an oxygen concentration of 21 %. The reaction is also more 
intense under high oxidizer temperatures with 21% oxygen in the oxidizer. The intense 
combustion reaction causes strong thermal expansion of the reaction volume which hampers 
entrainment of the surrounding crossflow fluid. When the oxygen concentration is reduced and a 
high preheat temperature maintained, the mass entrainment is increased. This is due to the 
increased reaction volume that the high-temperature low-oxygen-concentration conditions 
render, which is created by the less intense reaction in the flame volume. The increased 
entrainment of the crossflow fluid is also necessary in order to complete the combustion reaction 
due to the low oxygen concentration. From the theoretical considerations it can be concluded 
that the temperature difference between the oxidizer and the fuel-jet fluid has a significant 
influence on the entrainment as the density of the different fluids is affected by the temperature. 
A higher temperature difference renders stronger entrainment of the crossflow fluid into the fuel 
jet. However, the theory does not explain why the entrainment again increases when the oxidizer 
oxygen concentration is reduced. It can be concluded from the results that the oxygen 
concentration has a stronger influence on the entrainment than the temperature does, and that 
the reduced amount of available oxygen hampers the combustion reaction which in turn leads to 
the stronger entrainment. 
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Figure 9. Entrainment of  cross flow oxidizer into a propane fuel jet 

 

7.3. Combustion noise 
The relative sound pressure levels are illustrated in Figure 10. Here the effects of the high-
temperature low-oxygen-concentration conditions can easily be seen. When the oxygen 
concentration is reduced and the preheat temperature is increased, the relative sound pressure 
level is significantly lowered. The reduced combustion noise is a result of the decreased 
turbulence in the flame under high-temperature oxygen-deficient conditions. The PIV data 
plotted in Figure 19 and Figure 20 show reduced turbulence levels under these conditions. The 
reduced turbulence levels are an effect of the laminarization of the flow that occurs when 
combustion is taking place. The laminarization is primarily an effect of the heat release from the 
combustion process. The data in Figure 10 presents the relative sound pressure levels for several 
different experimental cases. It can be seen that the oxygen concentration and oxidizer 
temperature have a strong hampering effect on the relative sound pressure levels. The high 
oxidizer preheat temperatures reduce the relative sound pressure levels by 50 % when the oxygen 
concentration is maintained at 21 %. Although the more intense combustion reaction which 
could be seen from the flame photographs in Figure 11 and Figure 12 and in the spatial data of 
in-flame generated radicals in Figure 13 and Figure 14, the laminarization of the flow has a strong 
effect on the relative sound pressure levels, which are significantly reduced. Moreover, when the 
oxygen concentration is reduced to 5 %, the relative sound pressure levels drop further. This is 
an effect of the lower combustion intensity as the reaction extends over a larger volume.  

When considering the burning velocity (Equation 22), it can be seen to be dependent on 
combustion air temperature and oxygen concentration, which explains why the relative sound 
pressure levels are reduced. The formulas indicate an increase in burning velocity with an increase 
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in temperature at a maintained oxygen concentration and a decrease in burning velocity with a 
decrease in the oxygen concentration of the oxidizer. Similar results were reported by Gaydon 
and Wolfhard [59]. 
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Figure 10. Relative sound pressure levels (in dB) from the jet flames: (a) 21% oxygen 

concentration at 298K; (b) 21% oxygen concentration at 1173K; (c) 5% oxygen 
concentration at 1173K; (d) 21% oxygen concentration at 1373K; and (e) 5% oxygen 
concentration at 1373K 

 

7.4. Jet flame size and appearance 
The direct flame photographs can be seen in Figure 11 and Figure 12. The photographs present 
the flame appearance under different conditions and for different fuel jets. They also illustrate the 
effect of oxidizer preheat temperature on flame size and color.  

The flame-color information is of interest when studying the combustion chemistry. Flame color 
has been reported to be significantly dependent on the combustion chemistry and the formation 
of radicals, which is much more prevalent under high-temperature low-oxygen conditions.  

When the oxidizer is preheated, the flame appears to be reduced and more intensive. The 
photographs indicate that when the preheat temperature is increased from 298 K to a high 
temperature, the flame shrinks and takes on a yellow-white bright appearance. When the oxygen 
concentration in the oxidizer is reduced, the flame size increases and the flame color turns to 
blue. At very low oxygen concentrations, the flame is invisible. The changed flame color shows 
that a different and less intense combustion reaction takes place under the high-temperature and 
low-oxygen-concentration conditions. Flame color has been reported to clearly correlate with the 
generation of radicals during the combustion process in the flame, which in the present case is 
much less intense. Flame color is highly dependent on the diluent in the oxidizer used to lower 
the oxygen concentration. Several researchers have reported a green flame under high-
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temperature and low-oxygen conditions. The green flame color was not observed in the 
experiments conducted in this work. Nitrogen was used as the diluent in this investigation, which 
explains the blue flame color at low oxygen concentrations. Other researchers have used carbon 
dioxide or flue gas to lower the oxygen concentration, which affects the combustion chemistry 
slightly, thus the changed flame color.  

The images obtained with light emission spectroscopy can be seen in Figure 11, Figure 13 and 
Figure 14. Further results are also provided in Paper 1 and Paper 3. The intensity plots show the 
time-averaged spatial distribution of flame-generated radicals. The data presented gives 
information on the distribution and intensity of light emission from the combustion-generated 
species. The spatial intensity plots illustrate the relative intensity of the emitted light from the 
radicals, where red indicates the strongest intensity and black indicates a zero-emission intensity 
on the current wavelength. The spatial distribution of radicals gives information on time-averaged 
changes in the radicals light emission in the jet flame as the air preheat temperature and oxygen 
content in the combustion air changes. The selected species included in the determined spatial 
distributions were OH, CH and C2 which corresponds to wavelengths of 307 nm, 340 nm and 
470 nm, respectively. The OH radical serves as the flame marker and provides an estimation of 
the flame borders. The CH radical indicates the intensity of the time-averaged heat release and 
the C2 radical provides information on the intensity of the combustion process.  

Strong dependence on combustion air temperature and oxygen concentration of the radical 
species can be seen in the spatial distributions for the different experimental cases. When the 
oxygen concentration is reduced and the combustion-air preheat temperature is increased from 
298 K to 1173 K and 1373 K, there is a dramatic change in the distribution of the different 
radicals. The data shows a significantly enlarged reaction zone under the high-temperature low-
oxygen conditions. This can be explained by the low oxygen concentration of the oxidizer, which 
reduces the combustion rate. Due to the limited availability of oxygen molecules in the reaction 
volume, different flame radicals are generated as the combustion reaction can not be completed 
immediately. This explains the elevated levels of radicals that can be detected in the high-
temperature and low-oxygen-concentration flames. The enlarged reaction volume is also one of 
the characteristic features of high-temperature and low-oxygen combustion.  

The ignition delay time is the time that elapses from when an element of the fuel-jet fluid 
emerges from the fuel nozzle to the time the element is ignited. The ignition delay time in this 
work’s experiments was estimated from the distance between the fuel jet and the ignition point, 
which can be seen in the photos. Knowing the fuel-jet velocity, the time for the fuel to be ignited 
can easily be estimated. With an increase in air preheat temperature, the ignition delay is reduced. 
This is due to the high temperature that the fuel jet is heated to immediately after exiting the fuel 
nozzle. At high temperatures the fuel is ignited faster when less energy is needed from the 
combustion process itself to heat the fuel to a temperature above the auto-ignition temperature. 
Evidence of this are the elevated levels of OH closer to the nozzle along the trajectory, which 
render a shorter flame stand-off distance at elevated temperatures. The flame stand-off distance 
has been determined as the distance between the fuel-jet nozzle and the point where the flame is 
ignited and radicals were detected by light emission spectroscopy. The data clearly indicates a 
shorter ignition delay time at a higher air preheat temperature. At an oxygen concentration of 21 
% in the combustion air, the difference between the different air preheat temperatures was small. 
At 5% oxygen, the ignition delay was found to be 3 μs at an air preheat temperature of 1173 K.  

The ignition delay time was found to be significantly greater for the LCV fuel jet when compared 
to the methane and propane fuel jets. This can be explained by the lower calorific value of the 
LCV fuel jet. Having a lower calorific value, the fuel has to be heated to a very high temperature 
due to the low heating value of the fuel and a high auto-ignition temperature. The LCV fuel jet 
takes longer time to mix with the oxygen in order to be able to ignite and combust. However, the 
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LCV fuel jet, once ignited, can be considered a well-stirred reactor because of the complete 
mixing of the reactants which is illustrated in the homogenous reaction zone in the intensity 
plots.  

 

7.5. Distribution of combustion radicals 
When studying the C2 distribution within the flame in Figure 13 and the reaction-zone 
distribution was found to change with the oxygen concentration and air preheat temperature of 
the combustion air. The reaction zone is defined as the region in the C2 plots where the intensity 
from the emission is larger than for the background radiation at the current wavelength.  

The C2 distribution serves as a reaction-zone marker where the combustion intensity is highest, 
i.e. where oxidation of the fuel takes place. The different plots of the C2 distribution reveal a 
significantly larger, but less intense reaction zone in the case of high-temperature air combustion 
compared to the normal-temperature air case. The maximum reaction intensity location moves 
further downstream in the jet trajectory under conditions of high air temperature, revealing the 
ignition delay.  

Under high-temperature oxygen-deficient conditions, the reaction zone is significantly enlarged. 
The strongest intensity of the C2 species clearly shows that combustion reaction is delayed, i.e. it 
is found at a position further downstream in the trajectory. Furthermore, a more evenly 
distributed reaction zone can be distinguished as the C2 distribution was found to be significantly 
larger at the 5 % and 2 % oxygen contents and at a 1373K air preheat temperature. This is 
opposite the C2 distribution at 21 % for which a small and intense distribution can be observed.  
This was captured with a short exposure time and a long exposure time was used for high-
temperature low-oxygen conditions.  

The wider and extended C2 distribution is a characteristic of the high-temperature air 
combustion. The enlarged C2 distribution indicates a larger reaction zone. This has been noted by 
several other researchers who have reported spatial distribution data on radicals or direct flame 
photographs which illustrated significantly enlarged reaction zones. This indicates a reduced 
reaction rate of the combustion process due to the lowered oxygen content in the oxidizer. This 
also complies with 
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that indicates an increase in burning velocity with an increase in temperature at a maintained 
oxygen concentration, and a decrease in burning velocity with a decrease in oxidizer oxygen 
concentration. The reduced reaction rate is also what some researchers denote “mild 
combustion”. 

The intensity of the spatial emissions of CH and OH in Figure 13 and Figure 14, is higher in the 
ignition region of the fuel jet as compared to the intensity further downstream the fuel-jet 
trajectory. An extended combustion zone can be seen downstream along the trajectory for the 
cases with high-temperature preheat air. This also indicates that the reaction rate of the fuel jet is 
reduced because the combustion is occurring over a larger region under high-temperature 
oxygen-deficient conditions. This is one of the main characteristics of high-temperature air 
combustion. 
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The CH-radical distribution indicates the intensity of the time-averaged heat release from the 
flame. In comparing the different cases, it can be seen that not only the reaction zone increases, 
but also the heat release. The novel combustion technology using a low oxygen concentration in 
a large reaction volume is well known for its even and high heat release. The effect of the evenly 
distributed heat release is a consequence of a reduced reaction rate which results in a larger 
reaction zone. Moreover, the even heat release has a positive effect on the entrainment, as a 
strong and sudden heat release has a hampering effect on the entrainment when the thermal 
expansion is substantial due to an intense combustion process. 

A secondary or extended reaction zone can be observed in Figure 13 and Figure 14 in the high-
temperature low-oxygen environment. The enlarged reaction zone shows that two-stage burning 
is taking place when the oxygen concentration is reduced. An enlarged reaction zone can be seen 
when the oxygen concentration is reduced, and a reduced reaction zone when the oxidizer 
temperature is increased. The extending of the flame stems from the lower oxygen concentration 
which results in a reduced reaction rate. The extended flame can also be coupled with the higher 
axial strain rates in the high-temperature low-oxygen environment (detected in the PIV analyses).  
This can be observed in Figure 17 and Figure 18. The elevated axial strain rates indicate more 
entrainment of the crossflow fluid into the fuel jet. The stronger entrainment is desirable in the 
high-temperature and low-oxygen-concentration cases as it facilitates providing the fuel with 
enough oxygen to complete the combustion process and counterbalances the lower oxygen 
concentration in the crossflow oxidizer. 

The propane fuel jet in Figure 13 exhibits a stronger tendency towards two-stage burning, or a 
significantly enlarged reaction zone when compared to the methane fuel jet in Figure 14, which 
can be seen in the C2 distribution. This indicates slower oxidation of the larger propane 
molecules which take several steps to be broken down and to completely react. This is a 
characteristic of the high-temperature oxygen-deficient oxidizer and explains the enlarged flames 
and the more even heat flux distribution which is a characteristic feature of the high temperature 
and low oxygen concentration combustion. 
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Figure 11. Flame photographs of  C3H8 and CH4 at 298 K, 21 % O2 and LCV fuel at 1173 K and 1273 K 
at 8 % O2 and intensity plots of  radicals generated in the flame 
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Figure 12. Flame fotographs under 1173 and 1373 K oxidizer preheat temperature and 21 - 2 % oxygen concentration 
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Figure 13. Light Emission spectroscopy data showing C2, CH and OH specie at 1173 and 1373 K oxidizer preheat temperature and 21 - 2 % 
oxygen concentration in C3H8 fuel jet flames 
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Figure 14. Light Emission spectroscopy data showing C2, CH and OH specie at 1173 and 1373 K oxidizer preheat temperature and 21 - 2 % 
oxygen concentration in CH4 fuel jet flames 
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7.6. Jet flame aerodynamics 
Some examples of the flow-field results for the non-burning and burning cases using propane 
and methane as fuels are shown in Figure 15 to Figure 22. The color-coded bar above each image 
gives information on the magnitude of the particular velocity component and the vectors indicate 
flow direction. The data that the figures are based on was normalized by the jet exit velocity in 
order to normalize the results with respect to the jet exit velocity. Also, the same momentum flux 
ratio was used in order to attain similarity in the mixing and jet and crossflow mixing, and thus be 
able to identify the effects of combustion air preheat temperature and oxygen concentration.  

The average velocity distribution, turbulence characteristics, axial strain rate and total strain rate 
were calculated from the obtained data. The axial strain rate in the direction of the crossflow is 
calculated by: 
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dvS y =            Equation 42 

 

where Sy is the axial strain rate and v is the axial velocity in the y direction of the flow. The 
rotation of the fluid is represented by the vorticity, which is defined as the curl of the velocity 
vector u: 

 

dy
du

dx
dv

z −=×∇=Ω u          Equation 43 

 

where v is the velocity in the y direction and u is the velocity in the x direction. The vorticity also 
provides a measure of where the mixing takes place between the jet and the surrounding fluid. 
The average velocity distribution is defined by the average of the u and v velocities, i.e.:  
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The average velocity distribution normalized by the jet exit velocity is presented in Figure 15 and 
Figure 16. Some results are also presented in Paper 1. The plots give information on the effects 
of combustion-air preheat temperature and oxygen content on the mean average velocity 
distribution. The average velocity distribution for a burning jet injected into a crossflow of 
ambient temperature air of 21% oxygen concentration is presented. The effect of the combustion 
can be directly seen from the results. The distribution of the jet is wider for the burning case 
compared to the non-burning case using a normal air temperature. (This is discussed in greater 
detail in Papers 1 and 2.) The heat release from the combustion process causes thermal expansion 
of the jet. This can be clearly seen when comparing the burning and the non-burning jets in 
ambient conditions. When the combustion-air preheat temperature is increased, higher velocities 
are measured in the jet. This is due to the direct effect of combustion-air properties on fuel-jet 
penetration. At higher air preheat temperatures, the fuel jet penetrates slightly further into the 
crossflow. Under high-temperature combustion conditions, the fuel jet shows a stronger 
expansion compared to normal temperature conditions. This indicates a strong entertainment 



62 

during the high-temperature air combustion and a stronger expansion as a function of the more 
intense heat release.  

At lower oxygen concentrations, greater amounts of combustion air must be entrained into the 
fuel jet before complete combustion. At high temperatures combined with a combustion-air 
oxygen concentration of 21%, the jets with a 1373K preheat air are distinctly smaller than those 
with a preheat air of 1173K. This correlates well with the flame photographs, showing a smaller 
flame size with an increase in air preheat temperature for normal air. The smaller expansion is 
also due to the lower flow rate of fuel, as the momentum flux ratio between the fuel and the 
crossflow was held constant. The mixing pattern of the different cases indicated similar behavior 
due to the constant momentum flux ratio used. As the oxygen concentration was changed from 
21% to 5% at a constant temperature, the averaged flow field indicates dramatic expansion of the 
flame. This also correlates well with the flame photographs that illustrated a larger flame volume 
at a lower oxygen concentration in the combustion air. The effect of oxygen concentration on jet 
expansion was also expected to have an influence on the flow since a sudden reaction renders 
faster mixing of the fuel and the crossflow. When the reaction rate is slower, this jet expansion 
occurs over a larger volume, in both axial and radial directions. The results also imply, on the 
other hand, a smaller jet expansion for the methane fuel jets, which is due to the less complex 
fuel molecules which react faster. 

The CH intensity distribution plots in Figure 13 and Figure 14 can be coupled with the larger 
expansion of the average velocity pattern resulting from the fuel jet. This is because of the less 
intense heat release in the high-temperature and low-oxygen cases which allows a stronger 
entrainment and thus a more widely distributed jet flow field.  



63 

(a) (b)

(c) (d)

(e) 

Figure 15. Average velocity distribution normalized by jet exit velocity at (a): 298K, 21% O2
combustion air, C3H8 burning; (b): 1173K, 21% O2 combustion air, C3H8 burning; (c): 
1173K, 5% O2 combustion air, C3H8 burning; (d): 1373K, 21% O2 combustion air, 
C3H8 burning; (e): 1373K, 5% O2 combustion air, C3H8 burning 



64 

(a) (b)

(c) (d)

(e) 

Figure 16. Average velocity distribution normalized by jet exit velocity at (a): 298K, 21% O2
combustion air, CH4 burning; (b): 1173K, 21% O2 combustion air, CH4 burning; (c): 
1173K, 5% O2 combustion air, CH4 burning; (d): 1373K, 21% O2 combustion air, CH4 
burning; (e): 1373K, 5% O2 combustion air, CH4 burning 
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  The axial strain rate distributions normalized by the jet exit velocity for the different 
cases are illustrated in Figure 17 and figure 18. The axial strain rate is correlated to the 
acceleration or deceleration of a finite volume element. The acceleration of the flow in the axial 
(v or y) direction can also be determined (in the case of crossflow) from the entrainment of 
crossflow fluid into the fuel jet. The deceleration of the flow upstream of the fuel jet can be 
interpreted as a wake immediately upstream of the fuel-jet path where a portion of the crossflow 
is entrained back into the fuel jet.  

The experimental results presented in Figure 17 show that for the ambient temperature cases, the 
combustion process is strongly dependent on the entrainment. It can be seen that the 
combustion process increases the entrainment of the crossflow into the jet path. The magnitude 
of the axial strain rate during high-temperature conditions was higher compared to the normal-
temperature air cases. This also indicates dependency on the combustion air temperature. For a 
21% oxygen combustion air at higher air preheat temperatures, the reaction is more intense from 
the stronger entrainment and axial strain rate. The extended reaction zone, which is a distinct 
feature of the low oxygen concentration, can be clearly distinguished from the axial strain rate 
distribution data when the oxygen content is reduced to 5 %. This trend can be observed for all 
different fuels examined in this work. The results indicate an extended zone of elevated axial 
strain rates. This shows the influence of the oxygen content, as larger volumes of the crossflow 
have to be entrained into the fuel-jet region before the fuel can react completely. The axial strain 
rate distribution shows similar dependency on the temperature of the combustion air. The axial 
strain rate levels are higher at higher temperatures, although the entrainment is distributed quite 
similarly when the oxygen content is kept constant and the air preheat temperature is changed. 
The oxygen content shows a larger influence on the entrainment. At a low oxygen concentration, 
the reaction zone is enlarged. Thus a stronger entrainment of combustion air into the reaction 
zone is required in order to combust the fuel jet completely. The influence of the fuel jet fluid on 
the axial strain rate can also be seen in Figure 17 and Figure 18. The propane fuel jet shows a 
more widespread axial strain rate distribution, which indicates that more of the crossflow fluid is 
entrained in order to complete the combustion process. 

The results provided in Paper 3 are for the LCV and methane fuel jets. For the normal air case, 
higher strain rates were obtained for the LCV fuel gas jet compared to the methane fuel gas jet. 
Also, a more coherent zone of elevated strain rate levels was found when the LCV gas was used. 
This suggests a slower mixing of the LCV gas fuel jet. The zones of elevated strain rates can be 
identified in the zone below the jet trajectory where the jet and the crossflow interact. The slower 
mixing might in this particular case depend on the higher density of the LCV gas (1.134 kg/m3) 
compared to the methane gas (0.669 kg/m3), which results in a higher inertia of the gas jet, thus 
reducing entrainment and mixing in the case of the LCV gas jet. 

The plots for the high-temperature cases indicate better defined zones of both positive and 
negative axial strain rates below and above the jet trajectory, respectively. Furthermore the axial 
strain rate levels were found to be higher for the low-calorific-fuel gas jet. In the high-
temperature case, the changed fluid-dynamics properties of the combustion air would be 
expected to have a large impact on the axial strain rate distribution, which also can be seen from 
the results.  

This can also be seen in the direct flame photographs, where a flame region can be identified at a 
longer distance downstream along the jet trajectory during the LCV fuel-jet combustion case 
compared to the methane fuel-jet case, thus indicating an ignition delay as the methane fuel jet 
renders faster ignition of the fuel. 
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(a) (b)

(c) (d)

(e) 

Figure 17. Axial strain rate distribution normalized by jet exit velocity at (a): 298K, 21% O2 
combustion air, C3H8 burning; (b): 1173K, 21% O2 combustion air, C3H8 burning; (c): 
1173K, 5% O2 combustion air, C3H8 burning; (d): 1373K, 21% O2 combustion air, 
C3H8 burning; (e): 1373K, 5% O2 combustion air, C3H8 burning 
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(a) (b)

(c) (d)

(e) 

Figure 18. Axial strain rate distribution normalized by jet exit velocity at (a): 298K, 21% O2 
combustion air, CH4 burning; (b): 1173K, 21% O2 combustion air, CH4 burning; (c): 
1173K, 5% O2 combustion air, CH4 burning; (d): 1373K, 21% O2 combustion air, 
CH4 burning; (e): 1373K, 5% O2 combustion air, CH4 burning 
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The results show that combustion decreases the degree of turbulence in the region where the jet 
begins to deflect into the crossflow, denoted laminarization. Figure 19 and Figure 20 present the 
distribution of the intensity of radial turbulence levels normalized by jet exit velocity resulting 
from the entrained jet. The diagrams show a similar turbulence distribution in the nozzle region. 
This is as expected since the mixing is primarily governed by the momentum ratio between the 
jets, which was maintained constant for all the cases presented here. Reduced turbulence levels 
can be observed for the high-temperature air combustion. The results shown here suggest that 
radial turbulence intensity is lower under conditions of high air preheat temperature and low 
oxygen concentration. The areas of elevated turbulence in the reaction region can be seen where 
the axial strain rates are elevated also. This region provides information on the local mixing of the 
fuel jet with the crossflow.  

The heat release generated from the combustion process has a hampering effect on the 
turbulence levels. The results showed that combustion decreases the degree of turbulence in the 
region where the jet begins to deflect into the crossflow. Paper 4 presents results on the LCV and 
methane fuel jets in normal temperature air. They show that the LCV fuel jet produces similar 
turbulence levels as the methane fuel jet in close proximity to the nozzle. This was expected as 
the mixing is primarily governed by the momentum ratio between the jets and this ratio was held 
constant for the two cases. The experimental findings suggest that high-temperature cases reduce 
the radial turbulence intensity significantly. Comparison of the results from the non-burning and 
combustion cases for LCV and methane shows that the turbulence levels are low for the high-
temperature air case compared to the normal-temperature air case. A very small local region of 
higher turbulence can be seen in the zone of high axial strain rate. This region provides local 
mixing of the fuel jet with the crossflow. Furthermore, it can be seen that the turbulence is even 
further reduced when using methane as the fuel as compared to the low-calorific-value fuel 
(methane diluted with nitrogen). This indicates that the combustion process reduces the 
turbulence in the flow path. Also, the stronger heat release of the methane and propane fuel jets, 
compared to the LCV fuel jet, has a stronger effect on dampening the turbulence along the 
trajectory of the fuel jet. Similar results were reported by Eickhoff et al.[38] from studies on 
stabilization mechanisms of jet diffusion flames. This information suggests the clear role played 
by combustion in the flow dynamics associated with normal- and high-temperature air 
combustion conditions. 



69 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. RMS radial velocity distribution normalized by the jet exit velocity at at (a): 298K, 21% 
O2 combustion air, C3H8 burning; (b): 1173K, 21% O2 combustion air, C3H8 burning; 
(c): 1173K, 5% O2 combustion air, C3H8 burning; (d): 1373K, 21% O2 combustion air, 
C3H8 burning; (e): 1373K, 5% O2 combustion air, C3H8 burning 

(a) (b)

(c) (d)

(e) 
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Figure 20. RMS radial velocity distribution normalized by the jet exit velocity (a): 298K, 21% O2 
combustion air, CH4 burning; (b): 1173K, 21% O2 combustion air, CH4 burning; (c): 
1173K, 5% O2 combustion air, CH4 burning; (d): 1373K, 21% O2 combustion air, CH4 
burning; (e): 1373K, 5% O2 combustion air, CH4 burning 

(a) (b)

(c) (d)

(e) 
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Some results of the vorticity normalized by jet exit velocity are presented in Figure 21 and Figure 
22. The vorticity is generated as soon as the jet starts to deflect into the crossflow, leading to 
rotation of the jet. A generally stronger vorticity for the high-temperature air case as compared to 
the normal-temperature air case can be noted. This indicates that strong rotation is initiated in the 
fuel jet/crossflow interaction area. In examining the different plots, it can be seen that in the 
regions of strong vorticity there are also elevated levels of axial strain. An explanation for this is 
that as soon as the main flow begins to entrain into the jet, rotation of the flow occurs. The 
slower mixing under high-temperature conditions for the low-calorific-value case would have the 
consequence of stronger rotation which would lead to delayed mixing. For the normal-
temperature case, the findings indicate that the vorticity is distributed in a similar manner along 
the jet trajectory for both cases, giving an indication that similar mixing of the jet and crossflow 
takes place under non-burning conditions. 

For the high-temperature case, a larger vorticity area can be seen for the combustion of LCV fuel 
jets compared to the methane fuel-jet case. The heat release from chemical reactions affects 
vorticity negatively, reducing vortex formation and destroying local vortex tubes  [31]. This can be 
observed where the vorticity is concentrated to a smaller area for the methane and propane cases, 
which entail a more immediate heat release, and is distributed over a larger area for the LCV fuel 
for which combustion is slower.  
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(a) (b)

(c) (d)

(e) 

Figure 21. Vorticity distribution normalized by the jet exit velocity (a): 298K, 21% O2 combustion
air, CH4 burning; (b): 1173K, 21% O2 combustion air, CH4 burning; (c): 1173K, 5% O2
combustion air, CH4 burning; (d): 1373K, 21% O2 combustion air, CH4 burning; (e):
1373K, 5% O2 combustion air, CH4 burning 
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Figure 22. Vorticity distribution normalized by the jet exit velocity (a): 298K, 21% O2 
combustion air, CH4 burning; (b): 1173K, 21% O2 combustion air, CH4 burning; (c): 
1173K, 5% O2 combustion air, CH4 burning; (d): 1373K, 21% O2 combustion air, 
CH4 burning; (e): 1373K, 5% O2 combustion air, CH4 burning 

(a) (b)

(c) (d)

(e) 
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7.7. Superimposition of experimental data 
In order to be able to couple the distinctive characteristics of the flames in the high-temperature 
low-oxygen environment, the flame photographs were superimposed with the PIV plots and 
intensity plots from the light emission spectroscopy analyses (Figure 23 and Figure 24). In 
Appendix 3 the results of some other experimental cases are presented. The Appendix shows the 
results for the LCV fuel jet under high-temperature conditions and for methane fuel jets both 
under high-temperature low-oxygen conditions and ambient conditions and finally, for a propane 
fuel jet under ambient conditions. In Figure 23a, the flow field is superimposed on a flame 
photograph of a C3H8 fuel jet in 1173K and with  a crossflow oxygen concentration of 5 %. The 
figure illustrates the flow-field distribution and correlation of the flow field to the visible flame. 
The jet expansion and ignition of the fuel jet can be seen. The flow field follows the flame 
contour. Figure 23b, with the superimposed radial RMS distribution, clearly shows how the 
crossflow interacts with the fuel jet, and in the interaction zone where the mixing is highest, the 
turbulence levels are also highest. Figure 23c presents the vorticity distribution superimposed on 
the flame photograph. Two different crossflow-fluid rotation zones can be identified above and 
below the fuel jet. This is as expected, in line with the fluid dynamics of a fuel jet in crossflow. In 
Figure 23d, the superimposed axial strain distribution can be seen. The axial strain indicates 
acceleration or deceleration of the crossflow fluid, and it can be seen that the highest strain rates 
lie below the fuel jet. This indicates strong entrainment of the crossflow fluid into the fuel jet and 
explains the extended reaction zones found in Figure 24.  

The reaction zone clearly shows the extended flame that occurs in the environment. A 
comparison with the results from the other experimental cases in Appendix 3 shows a 
significantly larger reaction zone with a secondary burning zone in the high-temperature oxygen-
deficient cases. 
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(a) (b)

(c) (d)

Figure 23. Superimposed data of flame photographs and; (a) average velocity field, (b) radial RMS 
values, (c) vorticity distribution and (d) axial strain rate distribution. The fuel jet was C3H8

at 1173 K and 5 % oxygen concentration 
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(a) (b)

(c) 

Figure 24. Superimposed data of flame photographs and light emission spectroscopy data; (a) C2-
distribution, (b) CH-distribution, (c) OH-distribution. The fuel jet was C3H8 at 1173 K 
and 5 % oxygen concentration in the oxidizer 
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7.8. Flame temperature 
The results of the flame temperature calculations are illustrated in Figure 25, Figure 26, figure 27, 
Figure 28 and Figure 29. The influence of the oxidizer oxygen concentration and temperature can 
be observed, as well as the influence of fuel type.  

Calculated temperatures for the vibrational temperatures of the C2 species are shown. The 
temperature was calculated using Equation 39. The temperature data used for the plots pertain 
only to within the reaction volume. This is because the temperature was calculated as a function 
of the C2 species that is only present within the reaction zone. Thus, there are no C2 radicals 
outside the reaction zone and calculated temperatures for that area would be meaningless. 

In considering the effect of oxidizer oxygen concentration, a significant difference in the 
temperature field can be seen when the oxygen concentration is changed between 21 % and 5 %. 
At 21 % oxygen, the temperature plot reveals a small region of high temperatures; when the 
oxygen concentration drops to 5%, the flame is significantly larger. This is due to the extended 
reaction zone that results from the slower reaction rate due to insufficient oxygen in the reaction 
volume. This enlargement of the reaction zone can be seen in both the propane and methane 
fuel-jet cases. 

Preheat temperature was found to have an effect on the temperature distribution as well. When 
the oxidizer temperature is increased, the zone of high temperatures tends to shrink. Thus, a 
more intensive reaction takes place. This is due to faster ignition, and a greater amount of energy 
being available for more rapid heating of the fuel. The ignition is determined for the position 
where the temperature in the trajectory is first elevated. More rapid ignition of the fuel jet can 
also be noted when the temperature is 1373 K versus 1173 K. However, an enlarged reaction 
zone can be seen for the higher oxidizer temperature and oxygen content of 5 %. This shows 
that oxidizer oxygen concentration has a stronger influence on flame volume than does oxidizer 
temperature.  

A change in fuel calorific value had a minor impact on the temperature distribution within the 
flame regarding comparison of the propane and methane fuel jets. The methane fuel-jet results 
indicated faster ignition when considering the point where the first elevated temperatures can be 
detected along the trajectories. The behavior of the LCV fuel jet significantly differed from that 
of the methane and propane fuel jets. The temperature plot of the LCV fuel jet shows a delayed 
ignition and a very evenly distributed temperature within the reaction volume. This implies that 
the LCV fuel jet has a slow ignition, as it has to be heated up to a high temperature and be well 
mixed with the oxidizer in order to react. This shows that it is possible to combust fuels with low 
heating values, but the mixing and the oxidizer temperature are of great importance in ignition of 
the fuel jet.   
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Figure 26. Temperature plots based on the C2 vibrational temperature calculation for
C3H8 gas fuel jets at 1173 K (left) and 1373 K (right) oxidizer preheat and 5
% oxygen concentration

Figure 25. Temperature plots based on the C2 vibrational temperature calculation for
C3H8 gas fuel jets at 1173 K (left) and 1373 K (right) oxidizer preheat and 21
% oxygen concentration
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Figure 27. Temperature plots based on the C2 vibrational temperature calculation for
CH4 gas fuel jets at 1173 K (left) and 1373 K (right) oxidizer preheat and 21
% oxygen concentration

Figure 28. Temperature plots based on the C2 vibrational temperature calculation for
CH4 gas fuel jets at 1173 K (left) and 1373 K (right) oxidizer preheat and 5 %
oxygen concentration
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Figure 29 Temperature plots based on the C2 vibrational temperature calculation for 
LCV gas fuel jet at 1173 K  oxidizer preheat and 8.1 % oxygen concentration 
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7.9    Semi-industrial HiTAC jet flame study 
In order to compare the experimental results from the small-scale test apparatus and to 
determine if the characteristics found for the single flame were similar to those for a larger flame, 
experiments where conducted using a semi-industrial experimental apparatus equipped with a 
burner that could be operated in both regenerative and conventional mode. The experiments 
were performed with the burner running in conventional combustion mode and with a burner 
running in regenerative combustion mode. Flame temperature and heat flux were determined 
using probes that were inserted from the furnace ceiling. The experimental results showed a more 
compact zone close to the burner face with high temperatures in the conventional mode, and in 
the regenerative combustion mode the peak temperatures were lower and the temperature more 
evenly distributed within the entire combustion chamber. The results of the temperature and 
total-heat-flux measurements are illustrated in Figure 30 and Figure 31, respectively. The results 
clearly show that the same features of even flame-temperature distribution and even heat-flux 
distribution were obtained in both the large-scale and small-scale experiments.  

 

The temperature plots in Figure 30 show, for conventional mode, a peak flame temperature at 
the burner face. In regenerative burner mode, the temperature peak is absent. This is due to the 
high injection velocity which generates a strong entrainment and in turn leads to slower ignition 
as the flame is not attached to the burner face. Thus, a larger volume to react exists once the fuel 
is ignited, leading to a more even temperature distribution.  The enlarged reaction volume can 
also be seen in Figure 32which shows the CO distribution for both regenerative burner mode 
and for conventional mode.  A larger reaction zone can be seen in the case of the regenerative 
burner mode. The enlarged reaction zone is an effect of enhanced mixing due to the higher 
injection velocities that result in a more diluted and low-oxygen-concentration reaction zone.  

The results indicated a significantly enlarged reaction zone, which is coherent with the results of 
the radical determinations in the single-flame test apparatus. This also shows that the reaction 
zone was found to be enlarged in the semi-industrial-scale results and that the flame features 
observed were similar to those found for the single-jet experiments.  
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Figure 31. Heat flux profiles at the burner face level in the semi-industrial test furnace for 
HiTAC mode (left) and for conventional mode (right) 

Figure 32. CO concentrations along a vertical cut in the semi-industrial test furnace for HiTAC 
mode (left) and for conventional mode (right) 

Figure 30. Temperature profiles at the burner face level in the semi-industrial test furnace for
HiTAC mode (right) and for conventional mode (left) 
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8.      CONCLUSIONS 
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An investigation on the effects of oxidizer temperature, oxidizer oxygen concentration and fuel-
jet calorific value on the combustion process and flame features has been carried out using the 
configuration of a single fuel jet in crossflow. Experiments were also performed using a semi-
industrial test apparatus where conventional and HiTAC flames from an experimental burner 
were compared. The fuels used in the investigation were propane, methane and partially a low-
calorific-value fuel. 

Particle Image Velocimetry (PIV) was employed for the first time to investigate the flow field of 
a gaseous single fuel jet in a high-temperature oxygen-deficient environment. Light emission 
spectroscopy and direct flame photographs were also used to investigate the experimental single 
fuel jet. 

The study’s results showed the oxidizer preheat temperature to have a significant effect on the 
single gas jet flame. The flame shrunk in volume when the preheat temperature was increased. 
When the oxygen concentration in the oxidizer was reduced, the reaction volume increased 
significantly. This was due to a reduced reaction rate as not enough oxygen was present to 
complete the combustion process in one step, leading to two-stage burning.  This can clearly be 
seen in the LES plots.  

The fuel calorific value was found to have an effect on ignition delay. The LES results showed 
significant ignition delay for the LCV fuel.  

The mass entrainment decreased when the oxygen concentration was increased due to faster and 
more intense reaction, which in turn rendered a reduced reaction volume. The mass entrainment 
under high-temperature low-oxygen conditions increased as a consequence of an enlarged 
reaction volume. 

The jet expansion was larger for high-temperature low-oxygen conditions due to the larger 
entrainment required for complete combustion of the gaseous fuel. 

Combustion noise was shown to be reduced for jet flames in the high-temperature low-oxygen 
environment compared to normal-temperature jet flames. Moreover, the turbulence levels in the 
flames were found to be significantly lower under high-temperature low-oxygen conditions. 

Finally, the same flame features observed in the results from the small-scale experiments were 
found for the semi-industrial-scale experiments.  
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