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Summary
Furnaces with multiple flameless combustion burners

In this thesis three different combustion systems, equipped with either a single or mul-
tiple flameless combustion burner(s), are discussed. All these setups were investigated
both experimentally and numerically, i.e., using Computational Fluid Dynamics (CFD)
simulations.

Flameless combustion is a combustion technology capable ofaccomplishing the com-
bination of high energy efficiency (by preheating of the combustion air) and low emis-
sions, especially nitrogen oxides (NOx). These high combustion air preheat temperatures
normally account for increased thermal formation of NOx, however, in flameless combus-
tion, by delayed mixing of the fuel and oxidizer and high internal flue gas recirculation,
the rates of these reactions are decreased. Nitrogen oxide plays a key role in acid rain
formation and the generation of photochemical smog.

The first setup that has been investigated is a furnace equipped with two regenerative
flameless combustion burner pairs, with a thermal power of 100 kWth each, located at the
laboratories of Kungliga Tekniska Högskolan (KTH) in Stockholm, Sweden (Chapter 4).
The objective of this study is to investigate the performance of the furnace operating in
two different firing modes, parallel and staggered. The furnace performance is defined as
the energy efficiency and the NO emissions. Experimental results show that for parallel
firing mode both the efficiency was higher and the NO emissionswere lower compared
to staggered firing mode. With the use of the CFD simulations,it was shown that in
parallel mode the radiative heat transfer was higher due to formation of a larger zone
with gases with improved radiative properties and that higher velocities along the cooling
tubes, due to lower momentum destruction, led to higher convective heat transfer. Both
of these heat transfer methods contributed to the higher energy efficiency in parallel firing
mode. Additionally, the lower formation of NO emissions in parallel firing mode was
due to the fact that the low-momentum fuel jets merged slowerwith the high-momentum
combustion air jets, resulting in more internal flue gas recirculation and a less intense
combustion zone. Moreover, it was found that NOx was formed via the thermal and N2O
intermediate pathways. No prompt NO was formed, while the reburning pathway resulted
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viii Furnaces with multiple flameless combustion burners

in a reduction of the total NO emissions.

The second setup is a 300 kWth furnace equipped with three pairs of regenerative
flameless combustion burners, located at Delft University of Technology (DUT) in the
Netherlands (Chapter 5). An experimental parametric study was performed, varyingthe
positions of the burners in the furnace (the burner configuration), the firing mode (parallel
and staggered), the excess air ratio and the cycle time, withthe objective to optimize the
furnace performance. Since similar trends in the furnace performance, as for the furnace
at KTH, comparing parallel and staggered firing mode, were observed, staggered mode
was exempted from further analysis. Additionally, one of the five investigated burner con-
figurations has also been exempted due to a significant lower energy efficiency compared
to the other configurations. The experimental results show that the burner positioning and
the cycle time had a significant influence on the temperature inside the regenerators, and
thus on the preheat temperature of the combustion air. This temperature turned out to be
important regarding the CO emissions. Furthermore, it was found that comparing differ-
ent cases firing in flameless mode, an improved temperature uniformity in the furnace was
not reflected by a higher energy efficiency. Finally, a horizontal setup of the firing burners
(the three firing burners positioned in a horizontal row) improved the energy efficiency at
similar temperature uniformities.

Steady CFD simulations have been performed for this furnacefor four different burner
configurations firing in parallel mode (Chapter 6). During the careful selection of the set
of physical models to be used, it was found that, due to relatively low Reynolds num-
bers in the cooling air flow in the annulus of the cooling tubes, predictions of the heat
extraction rates of these cooling tubes were improved by treating the flow in the cooling
tubes as laminar. Furthermore, the applied error toleranceof the ISAT procedure was
insufficient for accurate species concentration predictions, however, based on analysis of
the main species concentrations in the flue gas, this inaccuracy did not influence the over-
all predictions. It was possible to explain the most important results of the experimental
study using the CFD simulations. In the first place, it was found that a recirculation zone
between the upper firing burners and the stack in two configurations resulted in a smaller
fraction of the flue gases leaving the furnace via the stack compared to the other two con-
figurations. Thus, a larger fraction of the flue gas left the furnace via the regenerating
burners, which resulted in higher preheat temperatures of the combustion air. Secondly,
the experimentally observed differences in the temperature uniformity between the four
configurations could be explained by the presence of less or more pronounced recircula-
tion zones, the latter leading to higher temperature uniformities in the furnace. Finally, it
was confirmed that the jets of the burners showed similar merging behaviour for different
burner configurations, leading to similar NO emissions, a trend that was also observed in
the experiments.

The third setup is a prototype flameless combustion gas turbine combustor (Chapter
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7). The combustor was fired with various Low Calorific Value (LCV) gases. The influence
of several parameters (the fuel composition, the outlet temperature and the inlet nozzle
diameter) on the CO and NO emissions has been investigated. In the first place, it was
shown that this prototype flameless combustion gas turbine combustor could be operated
in flameless mode firing the LCV gases. Moreover, for both pollutants ultra-low emissions
(single-digit) have been achieved. In the CFD simulations,different turbulence models
and chemistry mechanisms have been compared, leading to a set with models which gave
the best results. Comparing the measured and predicted axial temperature profiles in
the combustor, it was concluded that the observed discrepancies were within the range
of uncertainty in what are optimal values of the model constants. From NO calculations,
ultra-low emission combustion was confirmed. Also, it was found that 90% of the NO was
formed via the N2O path, and the remaining 10% via the thermal pathway. No prompt
NO was formed, a trend also observed for the KTH furnace.

In conclusion, important knowledge on the behaviour of furnaces equipped with mul-
tiple flameless combustion burners has been attained. Especially, the influence on the fur-
nace performance of the firing configuration of the burners and the burner positioning in
the furnace will contribute to more successful (industrial) application of this combustion
technology in the future. Recommendations for the installation of flameless combustion
burners in large industrial-scale furnaces have been proposed. Finally, the shown possibil-
ity of firing a (prototype) gas turbine combustor with low calorific value gases in flameless
mode, enables the utilization of biomass derived gaseous fuels in existing equipment.
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Samenvatting
Fornuizen met meerdere vlamloze verbranding branders

In dit proefschrift worden drie verschillende verbrandingssystemen, uitgerust met een
enkele of meerdere vlamloze verbranding brander(s), besproken. Al deze opstellingen
zijn zowel experimenteel als numeriek, te weten, met Computational Fluid Dynamics
(CFD) simulaties, onderzocht.

Vlamloze verbranding is een verbrandingstechniek die in staat is de combinatie van
hoge energie efficiënties (door middel van het voorverwarmen van de verbrandingslucht)
en lage uitstoot van verontreinigende stoffen, in het bijzonder van stikstofoxides (NOx)
te realiseren. Deze hoge voorverwarmingstemperaturen vande verbrandingslucht zorgen
normaal gesproken voor een toename van de thermische vorming van NOx, echter met
vlamloze verbranding wordt, door het uitgesteld mengen vande brandstof en het oxida-
tiemiddel en hoge interne rookgas recirculatie, de snelheid van deze reacties verlaagd.
Stikstofoxides spelen een belangrijke rol in de vorming vanzure regen en in het ontstaan
van fotochemisch smog.

De eerste onderzochte opstelling is een fornuis met twee regeneratieve brander paren
opererend in het vlamloze verbrandingsregime, met een thermisch vermogen van 100
kWth elk, gesitueerd in het laboratorium van de Kungliga Tekniska Högskolan (KTH)
in Stockholm, Zweden (Hoofdstuk 4). Het doel van deze studie was het onderzoeken
van de prestatie van het fornuis opererend in twee verschillende operatiemodi, parallel en
zigzagsgewijs. De prestatie van het fornuis is gedefinieerdals de energie efficiëntie en de
uitstoot van NO. De experimentele resultaten laten zien datin parallelle operatiemodus
zowel de energie efficiëntie hoger is als dat de NO uitstoot lager is, vergeleken met de
zigzagsgewijze operatiemodus. Met behulp van de CFD simulaties is aangetoond dat
in parallelle operatiemodus de warmteoverdracht door straling hoger was ten gevolge
van de vorming van grotere zones van gassen met verbeterde stralings eigenschappen
en dat hogere snelheden langs de koelbuizen, ten gevolge vanlagere impuls vernietiging,
resulteerde in hogere convectieve warmteoverdracht. Beide van deze warmteoverdracht
mechanismen droegen bij aan de hogere energie efficiëntie in parallelle operatiemodus.
Verder bleek de lagere NO uitstoot in parallelle operatiemodus een gevolg van het feit dat
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de jets met relatief lage impuls van de brandstof langzamer samenvloeiden met de jets met
hogere impuls van de verbrandingslucht, resulterend in meer interne rookgas recirculatie
en een minder intensieve verbrandingszone. Verder is gebleken dat de NOx zowel via
het thermische als via het N2O tussenproduct mechanisme werd gevormd. Er werd geen
prompt NO gevormd, terwijl het herverbrandingsmechanismevoor een afname van de
totale NO uitstoot zorgde.

De tweede opstelling is een 300 kWth fornuis uitgerust met drie paar regeneratieve
vlamloze verbranding branders, gestationeerd bij de Technische Universiteit Delft (TUD)
in Nederland (Hoofdstuk 5). Een experimentele parametrische studie is uitgevoerd door
het variëren van de posities van de branders (de branderconfiguratie), de operatiemodus
(parallel en zigzagsgewijs), de luchtovermaatfactor en decyclus tijd, met het doel om de
fornuisprestatie te optimaliseren. Omdat soortgelijke tendensen in de fornuisprestatie, als
geobserveerd in het KTH fornuis, bij het vergelijken tussenparallelle en zigzagsgewijze
operatiemodus, waar werden genomen, is de zigzagsgewijze operatiemodus weggelaten
uit de gedetailleerde analyse. Verder is één van de vijf onderzochte branderconfigura-
ties ook uitgesloten, vanwege haar significant lagere energie efficiëntie vergeleken met de
andere branderconfiguraties. De experimentele resultatenlaten zien dat de branderconfi-
guratie en de cyclus tijd een significante invloed hadden op de temperatuur in de regenera-
toren, en zodoende op de voorverwarmingstemperatuur van deverbrandingslucht. Deze
temperatuur bleek belangrijk te zijn voor de CO uitstoot. Voorts is gebleken dat, wan-
neer men verschillende experimenten onder vlamloze verbranding condities vergelijkt,
een verbeterde temperatuursuniformiteit niet weerspiegeld werd door een hogere energie
efficiëntie. Ten slotte verbeterde een horizontale opstelling van de opererende branders
(dat wil zeggen de drie opererende branders gepositioneerdop een rij) verbeterde de ener-
gie efficiëntie bij gelijke temperatuursuniformiteit.

Stationaire CFD simulaties zijn uitgevoerd voor dit fornuis voor vier verschillende
brander configuraties in parallelle operatiemodus (Hoofdstuk 6). Tijdens de zorgvuldige
selectie van de fysische modellen bleek dat, aangezien de Reynolds getallen in de koel-
lucht stroom in de annulus van de koelbuizen relatief laag waren, de voorspellingen van
de warmteonttrekking van deze koelbuizen verbeterd werdendoor de stroom in de koel-
buizen als laminair te beschouwen. Verder was de toegepastefout tolerantie voor de ISAT
procedure inadequaat voor nauwkeurige concentratie voorspellingen. Het bleek echter
dat, gebaseerd op de analyse van de belangrijkste concentraties in het rookgas, deze on-
nauwkeurigheid geen invloed had op de algehele voorspellingen. Het was mogelijk de
belangrijkste resultaten van de experimentele studie te verklaren met behulp van de CFD
simulaties. In de eerste plaats bleek dat een recirculatie zone tussen de bovenste branders
en de schoorsteen in twee van de configuraties resulteerde ineen kleinere fractie van de
rookgassen die het fornuis verliet via de schoorsteen, vergeleken met de twee andere con-
figuraties. Een groter deel van de rookgassen verliet het fornuis dus via de regeneratoren,
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wat resulteerde in hogere voorverwarmingstemperaturen van de verbrandingslucht. Ten
tweede konden de in de experimenten geobserveerde verschillen in de temperatuursuni-
formiteit tussen de vier configuraties uitgelegd worden door de aanwezigheid van min-
der of meer duidelijke recirculatiezones, waarbij de laatstgenoemde resulteerde in hogere
temperatuursuniformiteiten in het fornuis. Ten slotte werd bevestigd dat de branders ge-
lijksoortig samenvloeiingsgedrag vertoonden voor de verschillende branderconfiguraties,
resulterend in vergelijkbare NO uitstoot; een tendens die ook in de experimenten is waar-
genomen.

De derde opstelling is een prototype vlamloze verbranding gas turbine verbrander
(Hoofdstuk 7). In de verbrander werden verschillende gassen met lage calorische waarden
(LCW) gestookt. De invloed van drie verschillende parameters (de brandstofsamenstel-
ling, de uitlaattemperatuur en de diameter van de inlaatmondstukken) op de CO en NO
uitstoot zijn onderzocht. In de eerste plaats werd aangetoond dat deze prototype vlam-
loze verbranding gas turbine verbrander in vlamloze modus stabiel kon branden op LCW
gassen. Bovendien werden voor beide luchtverontreinigende stoffen ultra-lage uitstoot
(enkel-cijferige waarden) bereikt. In de CFD simulaties zijn verschillende turbulentie mo-
dellen en chemie mechanismen vergeleken, wat leidde tot eenset modellen die de beste
resultaten gaf. De gemeten en voorspelde axiale temperatuursprofielen in de verbrander
zijn vergeleken en er werd geconcludeerd dat de waargenomendiscrepanties binnen de
marge van onzekerheid vallen van wat de optimale waardes vande model constanten zijn.
In de NO berekeningen werd de ultra-lage uitstoot bevestigd. Verder bleek dat 90% van
de NO gevormd werd via het N2O tussenproduct mechanisme en de overgebleven 10%
via het thermische mechanisme. Geen prompt NO werd gevormd,een tendens die ook
werd waargenomen in het KTH fornuis.

Concluderend, belangrijke kennis over het gedrag van fornuizen met meerdere vlam-
loze verbranding branders is verkregen. In het bijzonder zal de invloed op de fornuis-
prestatie van de operatiemodus van de branders en de branderpositionering in het fornuis
bijdragen aan een succesvolle (industriële) toepassing van deze verbrandingstechniek in
de toekomst. Aanbevelingen voor de installatie van vlamloze verbranding branders in
grootschalige industriële fornuizen zijn voorgesteld. Bovendien maken in de toekomst
de thans bewezen mogelijkheden om een (prototype) gas turbine verbrander te opereren
met gassen met een laag calorische waarde in vlamloze modus het gebruik van biomassa-
afgeleide gasvormige brandstoffen in bestaande opstellingen mogelijk.
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Chapter 1

Introduction

1.1 Background

Fire has been an important phenomenon throughout human (pre)history. It was not a
human invention but humans over time learned mastering and applying it for many pur-
poses, such as heating, cooking, lighting, forging, to namea few. Nowadays, many of
these applications of fire (or combustion) are still in use both domestically and industri-
ally. In this thesis the focus is on the industrial application of combustion. Many sectors
of modern industry, e.g., electricity generation, steel and glass making, crude oil refining,
apply combustion on a large scale and together they use the majority of the total natural
energy resources. One particular application of combustion, i.e., the heating of industrial
process furnaces, is of special interest here.

Alongside the evolution of the usage of combustion, research in combustion technolo-
gies has also been developing over the recent centuries. Especially, over the last decades
an increasing interest has been developed worldwide for improving combustion technolo-
gies. This development can be roughly split into two periods.

In the first period, directly after the energy crises of the seventies and early eighties
of the past century, increasing the energy efficiency was thefocus. Combustion engineers
improved the energy efficiency by recycling heat from the hotflue gases to the com-
bustion air using heat exchangers. At first, continuous heatexchangers, or recuperators,
were mainly used. Later, regenerative heat exchange was applied, where the exchange
of heat is achieved by alternately leading the hot flue gas andthe cold combustion air
over a ceramic heat exchanger, or regenerator. The difference between recuperators and
regenerators is thus the method of heat recovery and not a property of the heat exchanger
itself. With regenerative heat exchange even higher heat recovery rates can be achieved
[1, 2]. Reduction in fuel requirements with regenerative combustion have been reported
up to around 30% compared to conventional combustion, and hence similar reductions in
carbon dioxide emissions [3, 4, 5].

1
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However, it soon turned out that systems with these high heatrecirculation ratios also
emitted relatively high concentrations of nitric oxide (NO) and nitrous oxide (NO2), to-
gether abbreviated as NOx. When these NOx molecules are released in the air, they may
be converted in the presence of oxygen and water to nitric acids (HNO3). Nitric acids
have been implicated in acid rain. The increase in the NOx emissions for regenerative
combustion are due to increased flame temperatures caused bythe higher combustion
air preheat temperatures, which lead to increased NOx production via the thermal path-
way [6]. Thus, in the second period, roughly from the mid-eighties, when environmental
laws on NOx emissions were getting more stringent, low-NOx combustion technologies
became increasingly important for industrials and combustion researchers. Various com-
bustion methods combining high efficiency and low pollutionemissions were developed
in these years, e.g., re-burning, oxy-fuel or staged combustion [7]. In the early nineties, a
new incentive, i.e., flameless combustion, was among such new combustion technologies
[5, 8].

The flameless combustion technique potentially offers enormous advantages com-
pared to conventional combustion methods and even comparedto other modern high-
efficiency and low-emission combustion technologies. It combines the advantage of high
energy efficiency of regenerative combustion with very low NOx emissions. For that
reason, flameless combustion has already been applied, on a small scale, in the indus-
try [9, 10]. Nowadays, additional fundamental and applied research on the behaviour
of flameless combustion is needed, so it may become the universally preferred mode of
combustion in industrial furnaces in the near future.

1.2 Flameless combustion

Flameless combustion is achieved by separately injecting the fuel and combustion air
with high-momentum in a hot and confined environment, e.g., afurnace. In this way,
the comburant jets entrain large quantities of the surrounding (inert and hot) flue gases
before they mix with each other, as schematically presentedFigure 1.1. The strain rates
in the high momentum jets are very high, and thus flame extinction would be expected.
Therefore, to ensure stable combustion, the temperature ofthe surroundings in which the
comburants are injected should be higher than the self-ignition temperature of the fuel/air
mixture.

It is stressed here that the temperature of the surroundings(i.e. the flue gases in the
furnace) should be higher than the self-ignition temperature and not the temperature of
the preheated combustion air. This is shown in Figure 1.2, where the CO and NO emis-
sions are plotted during the transition of three burners in afurnace changing from flame
to flameless firing mode (see for more details Chapter 2). A sampling period of 300 sec-
onds is presented, with the switch to flameless combustion att = 0 s. The burners in
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Figure 1.1: Schematic representation of the flameless combustion technique principle.

this system switch automatically to flameless mode at a furnace temperature of 850°C,
which is above the self-ignition temperature of the used Dutch Natural Gas and air mix-
ture. At this furnace temperature, the temperature of the preheated combustion air is not
yet above the self-ignition temperature (it is around 800°C). However, flameless combus-
tion is achieved, which can be concluded from the drastic decrease in especially the NO
emissions after t = 0 s. Moreover, Kumar et al. [11] succeededin firing a burner in flame-
less combustion mode using non-preheated combustion air. They concluded that the main
requirement for achieving flameless combustion is high recirculation ratios. Also other
researchers stressed the importance of the aerodynamic properties of the comburant jets
as responsible for the establishment of flameless combustion [12, 13].

The advantages of flameless combustion concerning the main gaseous emissions are
also observed in Figure 1.2: both the CO and NO emissions are drastically reduced after
t = 0 s. In Chapter 5, where more experimental results of this furnace are presented, it is
shown that also at higher furnace temperatures (around 1050°C) and higher combustion
air preheat temperatures (around 900°C) these emissions remain relatively low (between
20 and 40 ppmv@3%O2, dry for both CO and NO). The observed peaks in the CO con-
centration are due to the operation dynamics of the on-line gas analyzer.

The decrease in NO emissions is due to the decrease of the maximum (peak) temper-
atures in the reaction zones. These decreased peak temperatures have been measured by
various researchers [14, 15]. Due to these lower peak temperatures, the formation of NO
via the thermal pathway is reduced, since the reactions of this mechanism take place at
relatively high temperatures [6, 16].

The decrease in the peak temperatures is attributed to the formation of an enlarged re-
action zone in flameless combustion, which have been visualized by various researchers
by means of measured OH radical concentrations [14, 17, 18].In this enlarged reaction
zone the oxygen concentrations are lower, which is a result of the entrainment of the inert
flue gases by the high-momentum jets. Because of these lower oxygen concentrations,
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Figure 1.2: Concentrations of CO and NO (ppmv@3%O2, dry) in the flue gas of a furnace
with three burners changing from flame to flameless firing modeat t = 0 s at a furnace
temperature of 850°C.

the combustion reactions are slower than for conventional combustion techniques. Fur-
thermore, the heat generated by the combustion reactions isnow divided over more mass,
i.e., the mass of the comburant jets and their entrained flue gases. Another advantage of a
more distributed reaction zone is more uniform heat transfer rates in the furnace [19].

Finally, Wünning and Wünning performed sound level measurements, reporting that
flameless combustion resulted in a significant reduction in noise levels compared to con-
ventional combustion [8].

1.3 Misnomers

The term ’flameless combustion’ might need some additional explanation here. Many
different misnomers have been proposed in the past few decades for the combustion tech-
nique discussed in this thesis. Why has the term ’flameless combustion’ been chosen in
this thesis? In this section the most widely used misnomers are discussed.

Flameless oxidation (FLOX) was proposed by Wünning and Wünning [8]. This name
is close to the one chosen here, but there is one large disadvantage of the name ’flameless
oxidation’. This regards the term ’oxidation’. Combustionreactions are indeed oxidation
reactions, however, not all oxidation reactions are combustion reactions. Thus, a process
as rusting (oxidation of a metal) would be the most obvious ’flameless oxidation’ process,
i.e., an oxidation reaction without the appearance of a flame.

The name ’excess enthalpy combustion’ (EEC) is originally derived from publica-
tions of Weinberg in the seventies [20]. Here the word ’excess’ is troublesome, it is a
comparative, indicating situation A exceeding situation B. However, the comburant jets
of a furnace equipped with conventional regenerative burners will have similar enthalpy
contents. But the burners are not necessarily firing in flameless combustion mode.
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A very widespread name is ’high temperature air combustion’(HiTAC), proposed in
Japan, among others by Tsuji et al. [5]. This name is focusingon the fact that this tech-
nique can combine high combustion air preheat temperatureswith low NOx emissions,
which is indeed an important achievement of the flameless combustion technique. How-
ever, as has been stated before, a high preheat temperature of the combustion air is not
required to achieve flameless combustion.

Then, ’medium or intense low-oxygen dilution’ (MILD) combustion was proposed by
Cavaliere et al. [21]. This name is rather confusing; is it ’medium’ or ’intense’? What
is ’medium’ or ’intense’; is it, for instance, ’intense low-oxygen’ or ’intense dilution’?
In other words, are the adjectives ’medium’ and ’intense’ related to ’low-oxygen’ or to
’dilution’? Actually, the reader should be familiar with the combustion technique to be
able to answer these questions.

The last name discussed here is ’colorless combustion’ proposed by Gupta et al. [22].
Since the flame is invisible, it is also colorless, indeed. However, the term is not distinc-
tive, there are many other ’non-properties’ of this combustion technique.

Additionally, the word ’flameless’ of ’flameless combustion’ needs to be elucidated a
bit further here since it has been the topic of controversies. This requires a specific defini-
tion of the term ’flame’. The on-line Cambridge dictionary describes the term ’flame’ as
’burning gas (from something on fire) which produces usuallyyellow light’ [23]. The on-
line Merriam-Webster dictionary defines a ’flame’ as ’the glowing gaseous part of a fire’
[24]. Indeed, the term ’flame’ refers to the light (or glowing) produced by the reactions
and not (merely) to the reactions itself.

In conclusion, this combustion technique can best be called’flameless combustion’,
since its main distinctive property is the fact that it emitsvery low levels of light, visible
to the human eye, during the combustion reactions.

1.4 Thesis objectives

Many research areas for investigation of flameless combustion remain open. On the one
hand, fundamental issues need to be researched, such as, thestability of the combustion
process, NOx formation, ignition kernels, et cetera. At the same time, the demand from
industry, especially from companies already applying flameless combustion, for knowl-
edge on implementation of flameless combustion in large scale furnaces equipped with
multiple burners, is increasing. These questions compriseoperation during turn-down,
effects of the burner multiplicity, fuel flexibility, et cetera.

In this thesis, the objective is to investigate the behaviour of a system (furnace) where
multiple regenerative flameless combustion burners are firing. The effect of the relative
position of the burners with respect to each other, to the stack and to the heat sink is
investigated. Furthermore, the influence of the firing mode,i.e., which burners form a
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regenerative burner pair, is studied. These effects are assessed for their furnace perfor-
mance. The furnace performance is defined as the heat extraction of the cooling tubes
(heat sink), the temperature uniformity in the furnace and the emissions (CO and NO) in
the flue gas.

In order to achieve these objectives three different setupshave been investigated both
experimentally and numerically. In the first place, experiments have been performed on
an existing furnace equipped with two regenerative flameless combustion burner pairs at
Kungliga Tekniska Högskolan (KTH) in Stockholm, Sweden. In this furnace only the
influence of the firing mode was investigated, since it was notpossible to change the po-
sitions of the burners. Secondly, a new multi-burner furnace has been installed at Delft
University of Technology (DUT). In this furnace three pairsof regenerative flameless
combustion burners were operated, whose positions could bevaried. In order to under-
stand and explain the experimental observations made in these furnaces, both furnaces
were simulated using Computational Fluid Dynamics (CFD) simulations. Moreover, a
prototype flameless combustion gas turbine combustor was fired with a low calorific value
gas (simulating for example a biogas) to get more insight in flameless combustion itself
and its (fuel) flexibility.

1.5 Thesis outline

In the following two chapters, the results of literature studies on multi-burner regenera-
tive flameless combustion furnace experiments and CFD simulations are presented, re-
spectively. Moreover, Chapter 2 ends with a detailed description of the newly installed
multi-burner furnace at DUT, whereas at the end of Chapter 3 the choice of physical mod-
els used in the CFD simulations in this thesis is discussed indetail. Subsequently, in
Chapter 4, the experimental and numerical results of the furnace at KTH are presented.
For the furnace at DUT, the experimental and numerical results are divided over Chapter
5 and 6, respectively. In Chapter 7 all the results, both experimental and numerical, of
the investigation on the flameless combustion gas turbine combustor are presented. Fi-
nally, Chapter 8 summarizes all the conclusions of the preceding four chapters, including
recommendations for future research(ers) and industry.



Chapter 2

Experimental furnaces

This chapter focuses on experimental research regarding flameless combustion in furnace envi-

ronments. In the first part, an overview of experimental research efforts on (semi-)industrial scale

furnaces equipped with (multiple) regenerative flameless combustion burners is presented. In the

second part of this chapter, a detailed description is givenof the experimental multi-burner flame-

less combustion furnace that has been built and commissioned at the laboratories of DUT. It is

denoted where and how this new experimental setup will satisfy existing deficiencies in the knowl-

edge of regenerative flameless combustion in furnace environments. The experimental results of

the DUT furnace are presented in Chapter 5. At the end of this chapter, an overview of the main

characteristics and experimental results of the discussedfurnaces is given.

7
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2.1 Introduction

Since the introduction of flameless combustion in the early nineties of the last century,
many universities and research departments of industry have made efforts in experimen-
tally investigating this new technology. These studies have been performed on many
different scales. The smallest scale is the jet-in-hot-coflow setup [15, 25, 26, 27]. In
the design of these setups the flame is non-confined, generally in order to have optimal
optical access for laser-based measurements. The recirculating flue gases required for
flameless combustion are simulated by a flow of flue gas from a separate upstream lean
combustor, the so-called coflow. On a slightly larger scale,experimental investigations
are performed on laboratory-scale furnaces [12, 13, 14, 18,22, 28, 29, 30, 31]. These are
small furnaces generally fired with a custom made burner. Theinternal flue gas recircula-
tion is genuine and with the use of high-temperature resistant windows also non-intrusive
optical measurement techniques can be utilized in most of these setups. On the largest
scale, Weber et al. investigated an industrial size furnaceequipped with one commer-
cial flameless combustion burner [32, 33, 34, 35]. However, the air preheating in this
burner is not regenerative, but simulated by a vitiated air flow from an auxiliary burner.
Also, reports of full industrial scale furnaces equipped with flameless combustion burn-
ers have been published, e.g., [36, 37], but these are not discussed in more detail here,
as the number of published qualitative measurements is generally marginal. This chapter
focuses on (semi-)industrial scale furnaces equipped with(multiple) regenerative flame-
less combustion burners. Generally, the advantage of this scale is that in these setups
actual commercial burners can be operated and investigatedusing less or more advanced
diagnostic equipment.

2.2 Flameless combustion furnaces

In this section an overview is given of the most important andlatest experimental studies
on (semi-)industrial scale furnaces equipped with (multiple) regenerative flameless com-
bustion burners. In Table 2.1, at the end of this chapter, an overview is presented of the
(operational) characteristics of these furnaces. Furthermore, the main results of the ex-
periments that resemble the most the experiments performedon the furnace at DUT are
also included.

At Kungliga Tekniska Högskolan (KTH) in Stockholm (Sweden) a 200 kWth HiTAC
furnace has been commissioned in 1999 for an extensive research programme [19, 38, 39].
In the furnace two types of flameless combustion burners wereinstalled; one single au-
toregenerative REGEMAT burner and two pairs of NFK-HRS-DF regenerative burners.
Both burners fired LPG and they were not operated simultaneously. The two pairs of
regenerative burners could be operated in three different firing configurations and the per-
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formance of the furnace has been compared for these firing configurations [40, 41]. Using
different intrusive probes the temperature distribution,radiative and total heat flux and lo-
cal flue gas compositions were measured inside the furnace [40]. Also, flame properties
[42] and the performance of the regenerators [2] have been investigated in more detail. In
brief, the research at KTH has largely contributed to the general knowledge of flameless
combustion in industrial scale appliances.

Another extensive research program was initiated in 2002 atthe IFRF research station
in IJmuiden, the Netherlands [43]. The heating source in this furnace was one pair of
NFK-HRS-DL4 regenerative burners, with a maximal thermal input of 1000 kWth. The
inner volume of the furnace was made adjustable from 12 to 20 m3. In this way the
thermal load per volume could be varied. However, in all the reported studies the furnace
was operated at its maximum volume. Not only natural gas was fired, but also coke
oven gas produced at Corus Steel was used as the fuel [44, 45].The furnace temperature
was taken as the average of eight type K thermocouple measurements in the side walls
and five in the roof. The objectives of the furnace experiments were to generate extensive
experimental datasets for the development and validation of CFD simulations [44, 45, 46].
For this purpose, also the flow fields in the furnace have been measured with non-intrusive
laser measurements (LDA) [47]. Finally, based on the obtained results, a study has been
performed on the implementation of the flameless combustiontechnique in industry [48,
49].

A third large research programme on flameless combustion wasperformed on a 200
kWth furnace by Pesenti et al. at the Faculté Polytechnique de Mons (FPM) in Belgium
[50, 51]. The heat source is one autoregenerative REGEMAT burner firing natural gas.
The heat sink consists of water-cooled tubes that slide in and out of the furnace. In this
way the thermal load of the heat sink could be controlled. Thefurnace temperature is de-
fined as the flue gas temperature at 1.9 meter from the burner exit measured with a suction
pyrometer. For the in-furnace measurements mainly intrusive probes were used, except
for the OH concentration, which was determined by OH self-emission in UV measure-
ments with a CCD camera [51, 52]. A comparison of the experimental data with CFD
simulation results was the main objective. In particular the heat transfer, temperature and
NOx concentrations were compared.

Furthermore, at the NKK steel corporation in Japan several slab reheating furnaces
with four pairs of regenerative burners were successfully fired with the by-product gas of
the steel making factory [53, 54, 55]. The total thermal power input ranged from 2919
to 4640 kWth and the heat sink was a moving slab in the bottom of the furnace. Tem-
perature and gas composition have been measured at several positions inside the furnace
intrusively. The obtained results served as validation data for an extensive numerical in-
vestigation of the furnaces.

Other studies, in the field of more industrially orientated research, include a study on
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flameless combustion in semi-industrial scale furnaces performed at the research depart-
ment of Gaz de France. A special interest was on the effect of varying the excess air
ratio on the burner performance [56]. Additionally, tests have been performed with three
different types of commercially available flameless combustion burners [57]. Finally, re-
sults (NOx emissions and production rates) have been presented of flameless combustion
burners installed in two actual industrial furnaces [3].

Furthermore, at the Gaswärme-Institut in Germany a research project has been initi-
ated exploring and comparing new emission curbing combustion technologies [58, 59].
The performance of flameless combustion has been compared with conventional and air-
staged combustion burners. The flameless combustion burnerachieved lowest NOx emis-
sions at otherwise comparable conditions. Also experiments at furnace temperatures of
around 1600°C, i.e., temperatures typical for the glass making industry, have been per-
formed [4].

At the laboratories of burner manufacturer NFK in Japan electrostatic probe measure-
ments were performed on a 1.2 MWth flameless combustion furnace [60]. The reaction
region inside the furnace was characterized with these measurements. Many thin reac-
tion zones were observed in the furnace, which is in contrastwith the distributed reaction
zone, which is generally assumed to be present in flameless combustion.

Hughes et al. performed temperature measurements in a 200 kWth natural gas fired
flameless combustion furnace both using an intrusive suction pyrometer and a laser-based
system (CARS, [61]). Two types of burners were investigated; a conventional low-NOx
burner and a self-regenerative flameless combustion burner. The results using the py-
rometer were consistently lower than the CARS measurements, which was attributed by
the authors to the lack of sufficient suction power of the pyrometer. Additionally, it was
observed that the oscillations in the temperature were lower when firing a regenerative
burner, compared to a recuperative low-NOx burner. These lower temperature fluctua-
tions resulted in lower emissions of NOx for the regenerative burner.

Recently, interests are increasing for the fuel and oxidizer flexibility of flameless com-
bustion in industrial scale furnaces. For example, experiments were performed in a single
burner 200 kWth propane and pure oxygen fired cylindrical furnace by Krishnamurthy
et al. [62]. It was concluded that also in oxy-fuel applications, flameless combustion
achieved improved furnace performance compared to conventional combustion.

Colorado et al. investigated a 20 kWth furnace equipped with one self-regenerative
burner firing both natural gas and biogas. Most of the reported results are similar for both
fuels, except for the thermal performance of the furnace, which is slightly decreased when
firing biogas [63].

Thus, it can be concluded that the flameless combustion technique has been exten-
sively investigated over the last decades. Both furnaces with multiple burner pairs and
setups with one burner (pair) have been performed. Some researchers have carried out
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studies comparing flameless combustion to conventional andother low-emission com-
bustion technologies. Also, the high fuel and oxidizer flexibility has been demonstrated,
as will also be addressed in Chapter 7 of this thesis.

In Table 2.1, at the end of this chapter, an overview of the main characteristics and
operational conditions of the above-discussed furnaces isgiven. Additionally, the experi-
mental results that resemble the most the experiments performed on the DUT furnace are
summarized, for comparison purposes. In the first row the characteristics and results of
the DUT furnace are presented. It is noted that this furnace has a relatively high energy
density compared to the other furnaces. Furthermore, the operational furnace temperature
is on the lower side. Regarding the results, the NOx emissions are lower than in most
other furnaces. No large differences are observed for the COemissions. It is noted here
that the mentioned efficiencies are unreliable for comparison and thus merely indicative,
since very few researchers specify the exact way of computation of this variable.

However, none of these studies investigated the influence ofthe positions of the burn-
ers in the furnace. The positioning of the burners can have a large influence on the furnace
performance, especially in a regenerative (transient) environment. Therefore, investiga-
tion of the influence of burner positioning, such as burner-burner, burner-heat sink or
burner-stack interactions, is required. A large 300 kWth test facility at the laboratories of
DUT has been established with three flameless combustion burner pairs and the possibil-
ity of changing the position of these burners. For further details on this furnace, see the
next section.

2.3 Flameless combustion furnace at DUT

A furnace equipped with three pairs of regenerative flameless combustion burners has
been designed, built and commissioned at Delft University of Technology. The burner
pairs have a thermal power of 100 kWth each, thus 300 kWth in total. The furnace has
inner dimensions of 1500 x 1500 x 1850 mm (length x width x height). The insulation
consists of three layers of ceramic fire bricks, together 300mm thick. In total 18 flanges
for the burners are divided over two opposite sides of the furnace (nine each). In this way,
it is possible to investigate different burner configurations in the furnace. In Figure 2.1 a
sketch of the furnace is presented. Additionally, in Figures 2.2(a) to (c) drawings of the
furnace front, back and side(s) are presented, respectively.

The burners were manufactured by Wärmeprozesstechnik GmbH and are of the
REGEMAT CD 200 type. Drawings of these burners are presentedin Figure 2.3. Each
burner has four combustion air/flue gas nozzles around a central fuel nozzle. They can
operate in two different modes; flame and flameless mode. In flame mode the air and fuel
are mixed before injection and the mixture is injected through the air nozzles only, after
ignition by a spark igniter. In flameless mode the combustionair is injected through the air
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Figure 2.1: Furnace sketch. The boxed numbers 1 and 2 indicate the two sample positions
for the flue gas. Sampling position 2 is after the regenerators (at its cold side). All
dimensions are in mm.

nozzles and the fuel separately through the fuel nozzle. During heating up of the furnace
the burners fire in flame mode. Once the furnace temperature exceeds 850°C (this tem-
perature is above the auto-ignition temperature of the fuel/air mixture) the burners switch
to flameless firing mode automatically. See also Figure 2.4 for the differences between
flame and flameless mode. Dutch natural gas is used as the fuel,for its composition see
Appendix A.

The burners have ceramic honeycomb heat exchangers incorporated. Eighty percent
of the flue gas is sucked by a fan via the air nozzles over these honeycombs of the regener-
ating burners (thus heating them) for regeneration of the heat, while the remaining twenty
percent is leaving the furnace via the central stack at the roof. Three burners are firing
simultaneously, while the other three burners are regenerating. After a preset time inter-
val of 10 to 30 seconds they switch and the firing burners startregenerating, et vice versa.
During the firing period, the combustion air is led over the preheated ceramic honeycomb,
thus achieving very high preheat temperatures of the air. The cycle time is defined as the
total time of a complete firing and regenerating period together of one burner.

In order to simulate a thermal load, the furnace is equipped with a heat sink consisting
of eight single ended cooling tubes; four placed above the burners and four beneath. These
cooling tubes consist of two concentric annular tubes each,the inner tube with a diameter
of 100 mm and the outer with a diameter of 150 mm. The stainlesssteel tubes have a
thickness of 5 mm. The outer tube penetrates 1400 mm in the furnace, while the inner
tube penetrates 1282 mm into the outer tube. Air is used as thecooling medium. The
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Figure 2.2: (a) Furnace front; the large circles represent the burner flanges, the small circles denote the position of the cooling
tubes. (b) Furnace back; the large circles represent the burner flanges. (c) Furnace side(s); the three rectangles represent the
inserts where windows can be installed. The numbers represent outer dimensions in mm.
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Figure 2.3: Scale drawings of the REGEMAT CD 200 type flameless combustion burner.
Left-hand side represents a front view of the burner, displaying the four air/flue gas nozzles
and central fuel nozzle. Right-hand side represents a crosssection of the burner as built
into a furnace wall. All dimensions are in mm.

air enters the inner tube, turns at the end and flows back through the annulus between
the inner and outer tube. This setup was chosen to minimize the temperature gradients
along the length of the outer tube, thus, creating an as uniform as possible heat extraction
distribution.

As a part of the design efforts of the furnace, a separate study has been performed
on the maximum thermal cooling capacity of the cooling tubesin the furnace, in order
to estimate the required number of cooling tubes. The thermal cooling capacity of one
cooling tube has been calculated using a customized engineering model and using an
CFD simulation [64]. From the calculations a maximum thermal cooling capacity for
one cooling tube was estimated to be around 25 kWth, which in practice turned out to be
slightly too optimistic.

During the experiments the temperature at the inside of the furnace walls was mea-
sured at various locations with slightly protruding TMG thermocouples type S. These
thermocouples have a ceramic shield to reduce errors due to radiation losses and to pro-
tect the equipment. One of these temperature measurements,a double-fitted thermocouple
in the side wall, was determined to characterize the furnacetemperature. The pressure in
the furnace was measured with a Kalinsky pressure transmitter type DS2.

The temperature of the cold combustion and cooling air is measured directly after the
main air fan. The air is then split threefold; one line goes tothe burners (combustion
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Figure 2.4: Schematic cross-sectional view of burner in different operational modes. Top
level (a) represents flame mode; fuel and and air are mixed andintroduced both through
the air nozzles. The bottom level (b) is flameless mode; fuel and air are introduced sepa-
rately through the fuel and air nozzles, respectively. Light gray arrows represent the fuel
flow, black arrows the combustion air flow.

air) and the two other lines go towards the cooling tubes (cooling air). For every four
cooling tubes there is thus one cooling air line. In these twolines the air flow is measured
using Höntzsch thermal flow sensors TA10. For the simulation boundary conditions it
was assumed that the cooling air was divided equally over thefour cooling tubes. At the
outlet of every cooling tube the temperature of the cooling air was measured.

All the comburant flows to the burners (fuel and air) are measured with custom made
orifice plate flow meters. The conversion factors of the orifice plates are determined
theoretically, see for more details Appendix B.

At all burner exits the temperature of the flue gas after regeneration is measured with
TMG thermocouples type K. Also, the temperature of the preheated air was measured in
two burners (one burner pair). For this purpose a thin thermocouple type S was inserted
through the honeycombs of these burners to measure the temperature of the preheated
combustion air leaving the regenerator.

As stated earlier, eighty percent of the flue gas is sucked by afan over the honey-
comb heat exchangers of the regenerating burners. This flue gas flow is measured using
a Kobold vortex flow meter model PWL positioned after the flue gas fan. To convert
this measurement to normal volumetric flow, also the local pressure and temperature are
measured.

There are two flue gas sampling positions in the furnace. One is a sampling tube,
crossing the diameter of the central stack, with six small sampling holes, in order to
achieve an uniform sampling over the stack width, boxed number 1 in Figure 2.1. The
second is after the vortex flow meter, thus, in the flue gas thathas been regenerated,
boxed number 2 in Figure 2.1. The flue gas is sampled by a KNF N024 ST.11E heated
diaphragm gas sampling pump. After the sampled flue gas has been dried, by cooling
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it down to approximately 2°C in a MAK 10-2 gas conditioner, itis analyzed using a
Sick Maihak S710 gas analyzer. The NO and CO concentrations are measured using
a MULTOR module based on the NDIR measuring principle. The O2 concentration is
determined paramagnetically with an OXOR-P module. The CO2 concentration in the
flue gas was monitored, but was not stored by the data acquisition system due to hardware
limitations.

All the signals of the above-mentioned diagnostic equipment are recorded every sec-
ond by a data acquisition system designed in Labview. Subsequently, the written raw data
was analyzed by a Matlab routine, of which a summary is presented in Appendix B. A
full process and flow diagram is presented in Figure 2.5.

As was stated before, the added value of the DUT furnace is itspossibility of inves-
tigating many different burner configurations in combination with different firing modes.
In this context, aburner configurationis defined as the position of the burners, i.e., which
flange they occupy. Thefiring modeis referred to as which burners form a burner pair. For
more details and results, see Chapter 5. Furthermore, the regenerative or cyclic behaviour
of the burners can be investigated, since the recording timeof the diagnostic equipments
is much smaller than the typical cycle times, one second versus 20 to 60 seconds.

Finally, the furnace has been equipped with high temperature resistant quartz win-
dows, allowing advanced in-furnace laser-based measurements in the near future. How-
ever, this was out of the scope of this thesis.

2.4 Conclusions

Flameless combustion has been proven to be a superior technique over conventional and
over other emission curbing combustion technologies. In the recent years many experi-
mental studies have been performed on flameless combustion,from very small scales for
fundamental studies to actual industrial applications. This chapter presented an overview
of research efforts on similar (semi-)industrial scale furnaces equipped with (multiple)
regenerative flameless combustion burners. The furnace at DUT promises to supply valu-
able information concerning the influence of the burner configuration and firing mode
in furnaces with multiple flameless combustion burners. Finally, in the near future, as
high fuel flexibility is becoming more important for combustion techniques, flameless
combustion will keep on being an interesting alternative for conventional combustion.
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Figure 2.5: Process flow diagram of the furnace at DUT.



Table 2.1: Furnace (operational) characteristics and mainexperimental results of studies on similar (semi-)industrial scale flame-
less combustion furnaces. Abbreviations: n.a. = not available, LPG = Liquefied Petroleum Gas, NG = Natural Gas, DNG = Dutch
Natural Gas, LNG = Liquefied Natural Gas, LCF = Low Calorific Fuel. Variables: Pth = thermal power,δE = energy density, tcycle

= cycle time,λ = excess air ratio, Tfurn = furnace temperature, Tpreheat = combustion air preheat temperature andη = thermal
efficiency. The top row is the DUT furnace.

Reference(s) Burners Fuel Pth δE tcycle λ Tfurn Tpreheat NOx CO η
(ppmv, dry (ppmv, dry

(kW th) (kW th/m3) (s) (-) (°C) (°C) @3%O2) @3%O2) (-)
[65, 66] 3x2 REGEMAT CD200 DNG 300 72 20 1.15 1050 950 16 4 0.50
[67] 2x2 NFK-HRS-DF NG 200 27 60 1.1 1100 n.a. 39 2 0.46
[41] 2x2 NFK-HRS-DF LPG 210 28 60 1.15 1100 1040 55 n.a. 0.65
[41, 68] 1 REGEMAT LPG 210 28 20 1.15 1100 940 52 n.a. 0.56
[44, 45] 1x2 NFK-HRS-DL4 NG 910 46 60 1.27 1303 1270 94 ~30 0.09
[50, 51] 1 REGEMAT NG 190 63 20 1.15 1090 900 4 n.a. n.a.
[54] 4x2 NFK LCF 2919 30 60 1.15 n.a. 1133 n.a. n.a. n.a.
[69, 55] 4x2 NFK LCF 3280 34 60 1.27 n.a. 1306 94 n.a. 0.73
[53] 4x2 NFK LCF 4640 10 60 1.05 n.a. 1300 n.a. n.a. 0.66
[56] 1 custom NG 200 n.a. n.a. 1.1 1200 1000 85 n.a. n.a.
[3] 16 REGEMAT NG 3200 n.a. n.a. 1.1 1220 n.a. 163 n.a. 0.21
[58] 1 REGEMAT NG 300 55 n.a. 1.05 1200 1030 90 n.a. n.a.
[4] 1 REGEMAT NG n.a. n.a. n.a. 1.05 1200 920 79 n.a. n.a.
[60] 1 NFK burner LNG 1200 97 40 1.2 n.a. 900 10 n.a. n.a.
[61] 1 REGEMAT NG 192 n.a. 20 1.05 n.a. 895 12 n.a. 0.33
[63] 1 REGEMAT NG 21 n.a. 60 1.2 870 537 3 15 0.70
[63] 1 REGEMAT LCF 21 n.a. 60 1.2 870 680 2 16 0.68



Chapter 3

Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a numerical method for the discretized simulation of con-

tinuous fluid flow with the possibility of including chemicalreactions. This chapter starts with a

discussion of fundamental CFD simulations of flameless combustion. In the middle part, a focus is

on reported CFD simulation results of multi-burner (regenerative) flameless combustion furnaces.

Then, the simulation approach for the numerical efforts presented in this thesis is discussed. This

approach comprises the realizable k-ε turbulence model coupled by the Eddy Dissipation Concept

model to a skeletal chemistry mechanism for the combustion of the fuel. Radiation is incorporated

using the Discrete Ordinates method. Finally, at the end of this chapter, an overview of the mod-

els used in the CFD simulations of the furnaces equipped with(multiple) flameless combustion

burner(s), is given.
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3.1 Introduction

In Computational Fluid Dynamics (CFD) continuous fluid flow and chemical reactions
are simulated in a discretized fashion. A numerical grid (ormesh) of the physical geome-
try is generated. This grid divides the physical volume in a finite number of cells. A set of
transport equations, which describe conservation of mass,momentum, heat and species,
are solved. Since direct numerical calculation of many physical phenomena are computa-
tionally too demanding for the state-of-the-art computers, many of these phenomena are
represented by simplified models.

In the first part of this chapter, fundamental simulation efforts on flameless combustion
are discussed, with a focus on simulations of semi-industrial scale furnaces in the second
section. In the final part of this chapter, the choice of models used in the CFD simulations
in this thesis is presented.

3.2 Simulation of flameless combustion

At the end of the second and in the beginning of the third millennium, the first detailed
publications appeared on fundamental CFD simulation efforts regarding flameless com-
bustion. Tabacco et al. [70] were such pioneers, simulatinga single flameless combustion
burner. In their simulations they used the Eddy Dissipationmodel [71] and a Probability
Density Function (PDF) method assuming chemical equilibrium. Both models overpre-
dicted the peak temperature, since they assume very fast chemistry compared to turbu-
lence, whereas in flameless combustion the chemical and turbulent time scales are sim-
ilar, Da ≃ 1, with Da the Damköhler number. Additionally, the NOx contributors were
assessed in the simulations. From the investigated contributors (thermal, prompt, nitrous
oxide), it was concluded that nitrous oxide was the largest contributor. Additionally, some
NOx was formed via the thermal pathway, but none via the prompt mechanism.

In 2001 Coelho and Peters [72] presented the results of simulations of a flameless
combustion burner. In their simulations they used the steady flamelet combustion model
with presumed PDF for the mixture fraction. For the post-process calculation of the NOx
they used an Eulerian Particle Flamelet Model (EPFM). The numerical results have been
validated with measured velocity fields and NOx concentrations. The numerical results
were in the same order of magnitude for both the velocity and the NOx concentrations,
however, the results can still be improved.

Murer et al. [73] investigated a single flame 30 kWth flameless combustion furnace
for several settings of the excess air ratio and furnace temperature (controlled by the heat
extraction rate). The simulations incorporate a set of basic physical models. Combustion
is modeled by a combination of the Eddy Dissipation model andFinite Rate chemistry
(the ED/FR approach) with a two-step chemistry mechanism. The temperatures at the



Chapter 3. Computational Fluid Dynamics 21

furnace walls, which serve as the main validation method, were overpredicted, especially
in the first half of the flame. The authors observed that the reaction zone is moving away
from the burner outlet with decreasing furnace temperature.

Galletti et al. [74, 75] have simulated a recuperative 13 kWth flameless combustion
burner. A comparison between an 2D and 3D grid for the simulation of the burner was
performed. The authors found that the 2D (axisymmetric) simulation overpredicted the
recirculation in the burner. Furthermore, a comparative study was performed on turbu-
lence and radiation models. The constantCε1 of the standardk-ε turbulence model was
increased from its standard value of 1.44 to 1.6. In Equation3.1 the transport equation of
the rate of dissipation of turbulent kinetic energy (ε) as solved in Fluent is presented [76],

∂
∂ t
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∂

∂xi
(ρεui) =

∂
∂x j

[(

µ +
µt

σε

)

∂ε
∂x j

]

+Cε1
ε
k
(Gk)−Cε2

ε2

k
ρ +Sε (3.1)

whereρ is the density,u the velocity,µ the viscosity,σε is the turbulent Prandtl number
for ε, k the turbulent kinetic energy,Gk represents the generation of turbulent kinetic
energy due to the mean velocity gradients,Cε1 andCε2 are modeling constants andSε
is a (user-defined) source term. Thus, by increasing the constantCε1 the dissipation rate
generation term incorporating the generation of turbulentkinetic energy due to the mean
velocity gradients is increased. The authors confirmed thatthis adjustment increased
the recirculation in the burner, compared to the otherwise underpredicted recirculation
when using the standard value ofCε1. Similar effects were observed in the simulation
of a prototype flameless combustion gas turbine combustor, see Chapter 7. Finally, the
authors note some differences between the models for radiation and spectral properties of
the gases, e.g., the gray gas assumption overpredicts the temperatures.

In 2006 a flameless combustion combustor has been simulated using Large Eddy Sim-
ulation (LES) [77]. The results showed that LES can be a promising tool for the numerical
study of flameless combustion. The method was, however, computationally very demand-
ing, and a look-up table for the chemistry had to be set up to reduce the computational
times.

Additionally, many studies have been performed specifically on comparing different
combustion and/or chemistry mechanisms for the simulationof flameless combustion. In
2008 Kim et al. [78] compared the results for different global chemistry mechanisms in
combination with the EDC model for turbulence chemistry interaction. Their conclusion
was that the four-step global mechanism of Jones and Lindstedt [79] was able to predict
the temperature profile correctly, but overpredicted the intermediate CO and H2 concen-
trations. The authors also concluded that the EDC model was suitable for the calculation
of flameless combustion processes.

Panne et al. [80] compared several combustion models (Eddy Dissipation (ED) model,
combined ED/FR approach, Burning Velocity model) for the simulation of a flameless
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combustion gas turbine combustor. These models were combined with two chemistry
mechanisms, an one-step and two-step mechanism. While the authors refrained from
drawing hard conclusions, the ED/FR approach combined withthe two-step mechanism
seemed to perform better. Finally, the Burning Velocity model was regarded as not suit-
able for the simulation of flameless combustion.

Finally, De et al. performed a detailed study on the capability of the set of models,
as used in this thesis and described below, of simulating theexperimental results of a
jet-in-hot-coflow setup, which emulates flameless combustion [81]. It was shown that the
realizablek-ε performed better than other two-equation turbulence models. Also, simula-
tions using (the below-mentioned) constant values for the viscosity and the species mass
diffusivities showed no significant differences with simulations with a temperature depen-
dent viscosity or using multi-component diffusion. The largest difference, compared to
the experiments, was that the ignition was predicted to occur too early. Finally, a limita-
tion of the use of the EDC model with a skeletal chemistry mechanism was demonstrated
for flows with low turbulence Reynolds numbers. Overall, theset of models was well
capable of predicting flameless combustion.

3.3 Simulation of flameless combustion furnaces

Concurrently, the above-mentioned insights have been implemented in larger scale CFD
simulations of flameless combustion furnaces. In this section these efforts are discussed
in more detail, with again a focus on furnaces with multiple (regenerative) burners. At the
end of this chapter, an overview is presented of the CFD simulations (and their incorpo-
rated physical models) of these furnaces, see Table 3.1.

The semi-industrial furnace at the Kungliga Tekniska Högskolan (KTH) has been sim-
ulated extensively with the STAR-CD CFD package [82, 83]. Besides the standardk-ε
turbulence model, several combustion models have been investigated, of which the com-
bined ED/FR approach turned out to give better results. A two-step chemical mechanism
for the combustion of the fuel (LPG, i.e., propane), with CO as an intermediate, was used.
Thermal radiation is calculated with the Discrete Ordinates method. The temperature in
the cooling tubes was estimated using empirical equations based on measured tempera-
tures. For the prediction of the formation of NOx only the thermal and prompt pathways
were incorporated. Most of the presented numerical resultsare for the autoregenerative
burner setup [84, 85]. But also the results of CFD simulations of the experiments with
the two regenerative burner pairs have been presented [86].For the validation of the sim-
ulations measured heat fluxes, wall temperatures and in-furnace species concentrations
were used. The validation results were reasonable, howeverthe in-furnace temperatures,
which these models are known to overpredict, were not compared. The different firing
modes with the two burner pairs were investigated numerically and the main differences
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observed in the experiments were reproduced in the simulations. However, the analysis of
these results was mostly focused on the fundamental properties of flameless combustion,
and less on the observed and reproduced differences. Finally, in 2008, Rudnicki et al.
made an effort on doing transient simulations of the three different firing modes. Prelim-
inary results have been presented [87], but since no validation against experimental data
was provided, the quality of the simulations is hard to verify.

In 2004 Hekkens et al. simulated the experiments performed with the IFRF furnace
using the Fluent CFD package [88, 89, 90]. Again, the standard k-ε turbulence model was
applied. However, three different combustion models were applied; two PDF methods,
assuming chemical equilibrium and laminar flamelets, and the Eddy Break-Up (EBU)
model. In this last model a two-step chemistry for the combustion of methane was used.
Radiation was incorporated using the Discrete Ordinates method. After detailed compari-
son of the numerical and experimental results, it turned outthat the EBU model performed
best regarding the species concentration predictions inside the furnace. The PDF meth-
ods were unable to correctly predict the temperatures inside the furnace, which can be
explained by the fact that they assume (too) fast chemistry.However, also the EBU model
overpredicted the peak temperatures inside the furnace, although two model constants in
this model had been tuned for flameless combustion purposes using previous IFRF mea-
surements.

The flameless combustion furnace at the Faculté Polytechnique de Mons has been
simulated by Lupant et al. using the Fluent CFD package [51, 52, 91]. The standardk-ε
turbulence model is applied. The value of the constantCε2 was decreased from its stan-
dard value of 1.92 to 1.8, in order to improve the spreading rate of the round jets. See
also Equation 3.1 for the transport equation ofε incorporating this model constant. The
modification of the model constantCε2 in the turbulence model improved the prediction
of the delay in the reaction. Combustion modeling is done using both the PDF method
assuming chemical equilibrium and the combination of Eddy Dissipation model and Fi-
nite Rate chemistry. Again, as in the simulations for the IFRF furnace by Hekkens et al.,
two model constants in the ED/FR approach were manipulated in order to improve the
results. An one-step chemistry mechanism has been used for the combustion of methane.
Radiative heat transfer is modeled with the Discrete Ordinates approach. NOx model-
ing is performed incorporating the thermal and prompt pathways only. Validation of the
simulations is performed by comparison of the measured heattransfer, temperatures and
species concentrations inside the furnace and the NOx levels in the flue gas. Reasonable
agreement is achieved for the heat fluxes, however, all simulations overpredicted the tem-
perature inside the furnace. This difference was decreasedin the ED/FR model when
the model constants were adjusted. In a subsequent step, theinlet temperature of the
combustion air was lowered, which improved the results. However, it remains unclear
how the exact combustion air temperature is calculated and if this adjustment was phys-
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ically justified. The disagreement in the temperatures inside the furnace also makes the
NOx predictions unreliable. Although the maximum concentrations of O2 were predicted
rather well, the concentration was dropping too fast after this maximum. This indicates
that the combustion reactions are too fast, which also explains the too high predicted
temperatures.

Finally, the regenerative reheating furnace at NKK was simulated by Ishii et al. using
the Fluent CFD package [53, 54, 55, 69, 92]. Again, the standard k-ε model for turbu-
lence is used. For the modeling of the combustion the PDF method assuming chemical
equilibrium is applied. Radiation is incorporated using the P-1 model. Besides these stan-
dard set of models, a wide variety of models was compared in [92]. Firstly, the standard
and Renormalization Group (RNG)k-ε models and the Reynolds Stress Model (RSM)
were compared, concluding that the differences in the results did not justify the usage
of computationally more expensive models than the standardk-ε. This result is in ac-
cordance with the results observed in the combustor simulations, see Chapter 7 of this
thesis. Also, no significant changes in the results was observed for the variation between
standard or non-equilibrium wall functions andβ - or δ -shaped PDF’s. It was concluded
that the characteristic length of the cells is preferred above the mean beam length for
the path length used in the model for the absorption coefficient of the gas mixture. The
NO predictions are based on the thermal, prompt and reburning models. In [54] the sim-
ulations are validated against in-furnace temperature measurements. The agreement is
reasonable outside the combustion zone. Inside the combustion zone the temperatures are
fairly overpredicted, as was observed also in the other simulations using an PDF method.
After the validation of the simulation, several numerical investigations were performed.
Besides a numerical investigation for design purposes [55], in [53] results are presented
on the influence of variation of the air and fuel injection velocities on the NO emissions.
The authors conclude that this velocity ratio has a strong influence on the NO produc-
tion rate in the furnace. Finally, the importance of the three investigated NO pathways
were investigated [69]. It was concluded that the reburningmodel did not contribute to
the total NO emissions, since the fuel has low contents of methane. Furthermore, the
authors stress the importance for accurate NO calculationsof the PDF form used to incor-
porate the turbulence-chemistry interactions and the method of determining the O radical
concentrations.

Mancini et al. have performed many simulations focusing on the formation of NOx of
experiments performed at the IFRF with a single flameless combustion burner. Mancini
identified (as Hekkens did [90]) the prediction of the entrainment of the jets as the main
problem in CFD simulations of flameless combustion [93]. In order to get around this
problem, a simulation consisting of a network of perfectly stirred reactors (PSR) has
been set up, incorporating detailed chemistry. The recirculation (or entrainment) was
imposed based on experimental results [94, 95]. Comparisonof their model with CFD
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simulations [96] were performed, with a focus on the formation of NOx. The prediction
of prompt NO formation is significant in the PSR simulation, whereas little importance of
this pathway is predicted by the CFD simulations. Furthermore, Mancini states that CFD
simulations are not able to predict the strong reburning processes in flameless combustion,
however, this will be contradicted in the next chapter. The benefit of this PSR simulation
is the possibility of applying detailed chemistry, which improves the results significantly.
However, the PSR simulation is highly empirical, i.e., manyparameters should be known
on beforehand, such as the entrainment values inside the furnace, for good simulation
results.

Generally, it can be concluded that combustion models assuming fast chemistry are
not applicable for the simulation of flameless combustion. Also, the importance of a
careful choice of chemical mechanism can be concluded. Based on the above discussed
simulation results and their validation, various combinations of physical models for the
simulation of flameless combustion have been investigated,see also Chapter 7. This
investigation resulted in a preferred (default) set of models, which have been used in the
different simulation efforts in this thesis, see also Chapters 4, 6 and 7. In the next section
the choice of this set of models is further explained.

Figure 3.1: Furnace sketch, representing burner configuration C5 firing in parallel mode.
The boxed numbers 1 and 2 indicate the two sample positions for the flue gas. The ver-
tical symmetry plane is indicated by the filled (green) plane. All dimensions are in mm.
The two inserts show enlarged frontviews of the mesh around aburner (lefthand side)
and a cooling tube (righthand side). The total mesh containsapproximately 1.5 million
hexahedral cells.
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3.4 Flameless combustion simulation setup

In this section the choice of physical models as used in the CFD simulations presented in
this thesis is discussed.

Mesh

Three-dimensional meshes were generated, containing approximately 500.000 to 1.5 mil-
lion hexahedral cells, depending on the physical domain. Exploiting (axi)symmetry of
the domains, to reduce the computational time, only parts ofthe physical domains were
meshed. In Figure 3.1 a sketch is presented of the furnace at DUT, with the shaded plane
the vertical symmetry plane and in the two enlargements the mesh around the burners and
the cooling tubes.

Solver

The CFD simulations were performed with the commercial codeFluent (versions 6.3.26
[76]). The implicit pressure based steady solver was used with Green-Gauss node based
interpolation for all simulations.

Turbulence

All the above-mentioned studies use the standardk-ε turbulence model. However, it was
decided to use the realizablek-ε model for the turbulence closure in these simulations.
On the one hand, this model has been shown to give improved results, compared to the
standardk-ε model, for the prediction of (round) jets [97], as is the casein these burn-
ers. On the other hand, in comparative preliminary simulations the realizablek-ε model
performed better than the standard or the RNGk-ε models. In Equation 3.2 the transport
equation forε as solved in Fluent for the realizablek-ε model is presented,
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whereC2 is an additional model constant andC1 andSare calculated from the values of
k andε. Apart from some other improvements compared to the standard k-ε model, it
is noted that in the realizablek-ε model the generation term [ρC1Sε] does not depend
on the generation ofk. Therefore, better predictions of velocity profiles in the jet have
been achieved [97] and improved predictions of the recirculation caused by the jets can
be expected.

In the simulations of the combustor in Chapter 7 the ReynoldsStress Model (RSM)
was also investigated. The RSM solves six transport equations for the Reynolds stresses
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and one transport equation for the dissipation rateε (Equation 3.1), thus increasing the
computational effort by the addition of five transport equations compared to the (real-
izable)k-ε models. The RSM model produced comparable results as the realizable k-ε
model. Also, it turned out that the RSM underpredicted the recirculation rate of the jets.
Therefore, the model constantCε1 was increased from its standard value of 1.44 to 1.6.
This constant is scaling the dissipation rate generation term incorporating the generation
of turbulent kinetic energy (k) due to the mean velocity gradients, see also Equation 3.1.
The adjustment of the constant proved that the actual results of the experiments could
be reproduced by tuning this constant. Since the extra computational effort of the RSM
became significant in the larger furnace computations, it was chosen to use the realizable
k-ε model in these simulations.

Chemistry

For the combustion of the fuel the mechanism of Smooke et al. for the combustion of
methane was applied, see [98]. This so-called skeletal mechanism consists of 16 species
(resulting in 16 transport equations to be solved) and incorporates 46 reactions. The Ar-
rhenius kinetic parameters are presented in Appendix C. It is noted here that a mechanism
for the combustion of methane only is used. Actually, the fuel in the furnaces (Chapters 4
to 6) was natural gas, which also contains small amounts of higher hydrocarbons (mostly
ethane to hexane). Thus, the natural gas in the furnace simulations is replaced by a sim-
ulation fuel, containing only methane as the fuel component, also replacing the higher
hydrocarbons present in natural gas, in such way that the heat release per unit mass stays
equal. For more details on the derivation of the simulation fuels, see Appendix A. Fur-
thermore, the water content in the combustion air was also calculated, see Appendix D.

Turbulence-chemistry interaction

The turbulence-chemistry interaction is taken into account by using the Eddy Dissipation
Concept (EDC) model [99]. The EDC model has been successfully applied for various
turbulent and flameless combustion applications [100, 101]. Parente et al. compared
results for flameless combustion with different turbulence-chemistry interaction models
and chemistry mechanisms [102]. They concluded that the EDCmodel combined with a
skeletal or full chemistry mechanism performed best. Additionally, Stefanidis et al. [103]
also compared the EDC model with the Eddy Break-Up (EBU) model. They stress the
main disadvantage of the EBU model, i.e., too fast reaction rates for the oxidization of
the fuel. This disadvantage is especially undesired for flameless combustion applications,
since in flameless combustion the reaction rates are relatively low. Finally, in another
study [78] on the use of different chemistry mechanisms for the simulation of flameless
combustion, the EDC model was used in all the test cases, since it was considered by the
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authors as a very suitable model for the simulation of flameless combustion.

Radiation

Radiative heat transfer is accounted for using the DiscreteOrdinates method and the
Weighted Sum of Gray Gases Model (WSGGM) for the absorption coefficient of the gas
mixture. For the used path length in the WSGGM both the mean beam length and the cell
size has been investigated. Both characteristic lengths have proponents and opponents in
the literature. In a brief comparison between two simulations of the KTH furnace using
these two characteristic lengths, no large differences were observed in the final results.
The choice of path length was therefore made depending on thespecific goals of the sim-
ulations. For example, in the simulations of the KTH furnace(Chapter 4) a focus is on
the radiative properties of the gas mixture, thus the cell size is chosen as the characteristic
length. The emissivity of steel was set to 0.8 and that of the firebrick insulation to 0.68.

Material properties

The density of the mixture is calculated by the multicomponent incompressible ideal gas
law. The molecular viscosity and thermal conductivity of the gas mixture are taken con-
stant at 1.72x10−5 kg/ms and 0.0241 W/mK, respectively. The mass diffusivity is calcu-
lated by Fick’s law with a constant and identical mass diffusion coefficient of 2.88x10−5

m2/s for all species. Finally, the heat capacities are determined per species with a temper-
ature dependent piece-wise polynomial provided by Fluent,and for the mixture with the
mixing law.

NOx chemistry

The formation of NO has been studied in post-processing mode. In post-processing mode
none of the transport equations are calculated (thus the values of all the physical quanti-
ties remain equal), except for the transport equation(s) ofthe process of interest, in this
case the formation of NO. The main advantage of this method isthe enormous reduction
of computational times. Calculations have been performed both simultaneously and sepa-
rately for different NO pathways; the thermal NO, prompt NO,nitrous oxide (N2O) inter-
mediate and NO reburning mechanisms. By additionally performing simulations with the
mechanisms separately it was verified that all mechanisms yielded realistic rates and the
relative contributions of the different mechanisms could be investigated. Thermal NO is
calculated using the extended Zel’dovich mechanism [6] with O and OH radical concen-
trations taken from the computed species concentrations. Prompt NO is incorporated by
using the modified De Soete model [104, 105]. The N2O intermediate mechanism [106]
is calculated including a separate transport equation for the N2O concentration. For the
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prediction of the reburning of NO, the work of Bowman is followed [107]. Here, the CH
radical concentration is computed based on the CH radical partial equilibrium. Finally,
the fluctuations in the mean temperature and O2 concentration have been included in the
mean reaction rate of NO by a two-variable PDF which is assumed to be a two-moment
beta function. However, the influence of these fluctuations on the total NO formation rate
have been investigated and turned out to be small.

3.5 Conclusions

Flameless combustion in setups on many different scales hasbeen extensively simulated
using CFD software over the last decades. In general it can beconcluded that many of the
more simple combustion models result in too high predictionof the combustion reaction
rates for flameless combustion. Thus, combustion models, including a more sophisticated
description of the turbulence-chemistry interactions, are required. Moreover, it was found
from the literature study that more elaborated chemistry mechanisms significantly im-
proved the quality of the predictions for flameless combustion. Based on these findings,
combined with the results of the numerical study in Chapter 7, a carefully selected set of
physical models was determined and shown to be adequate for the simulation of flameless
combustion (in large furnace environments).



Table 3.1: Flameless combustion furnace CFD simulations and their incorporated physical models. Abbreviations: n.a.= not
available, RNG = Renormalization Group, RSM = Reynolds Stress Model, ED = Eddy Dissipation, FR = Finite Rate, EDC = Eddy
Dissipation Concept, PDF = Probability Density Function, DO = Discrete Ordinates, DTRM = Discrete Transfer Method, P-1=
one term in spherical harmonics expansion, t = thermal NO, p =prompt NO, r = reburning NO, n = nitrous oxide intermediate.
The top row is the DUT furnace.

Reference(s) # Grid CFD Turbulence Chemistry Turbulence-Chemistry Interaction Radiation NO
cells Package

[66] 1,500,000 Fluent realizablek-ε 16 species EDC DO -
[67] 750,000 Fluent realizablek-ε 16 species EDC DO t,p,r,n
[86] n.a. STAR-CD k-ε 2-step ED/FR DTRM t,p
[84, 85] 85,000 STAR-CD k-ε 2-step ED/FR DTRM t,p
[87] 1,200,000 Fluent RSM n.a. EDC DO -
[88, 89, 90] 1,500,000 Fluent k-ε 2-step β -PDF-equilibrium, -flamelets, ED/FR DO -
[51, 91, 52] 340,000 Fluent k-ε 1-step, 2-step β -PDF-equilibrium, ED/FR DO t,p
[53, 69, 54, 55] 70,000 Fluent k-ε 15 species β -PDF-equilibrium P-1 t,p,r
[92] 70,000 Fluent k-ε , RNGk-ε , RSM 15 species β -PDF-,δ -PDF-equilibrium P-1, DTRM t,p,r



Chapter 4

Firing modes in furnace with four
burners

Combustion in a furnace equipped with two flameless burner pairs, with a thermal power of 100
kWth each, has been investigated experimentally and computationally. The objective of this study
is (1) to observe differences in the performance of the furnace operating in two different firing
modes, parallel and staggered, and (2) to explain these differences using detailed CFD simula-
tions. Besides the permanent measurements of temperature,flow and pressure, in-furnace probe
measurements of temperature, oxygen and emissions (NO and CO) have been performed. Exper-
imental results show that the efficiency of the furnace was higher in parallel mode compared to
staggered mode, 48% and 41% respectively. The values of CO emitted were equal for both firing
modes. However, in parallel mode the NOx production was 39 ppmv@3%O2, whereas in staggered
mode 53 ppmv@3%O2 NOx was produced. Considering both efficiency and emissions, parallel
firing mode performs better than staggered mode.

Next, CFD simulations of the furnace were performed in orderto explain the observed differences.

The simulations were validated with the in-furnace measurements. It was confirmed that the fur-

nace firing in parallel mode achieved a higher efficiency. Theradiative heat transfer was higher

due to formation of a larger zone with gases with improved radiative properties. In addition,

higher velocities along the cooling tubes, due to lower momentum destruction, led to higher con-

vective heat transfer. Also, the lower production of NOx in parallel mode was reproduced by the

simulations. This is due to the fact that in parallel mode thefuel jets are merging slower with the

combustion air jet, leading to less intense combustion zones. Thus, lower peak temperatures and

radical concentrations are achieved, and the NOx production via the thermal and N2O pathways

was lower.

The contents of this chapter have been published inCombustion Science and Technology, Emission
and efficiency comparison of different firing modes in a furnace with four HiTAC burners, B. Danon, A.
Swiderski, W. de Jong, W. Yang and D.J.E.M. Roekaerts, 2011;183(7):686-703.
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4.1 Introduction

Flameless combustion, also known as High Temperature Air Combustion (HiTAC [5]),
flameless oxidation [8] or MILD combustion [21], potentially offers enormous advantages
compared to conventional combustion methods because it establishes a more uniform
temperature distribution with lower emissions and higher efficiencies. For that reason it
may become the preferred mode of combustion in industrial furnaces.

Many publications on experimental work regarding single flame semi-industrial fur-
naces are available [46, 50, 58]. Also experimental work hasbeen reported on three flame
[108] and four flame [54] furnaces, the latter with a fixed firing configuration. In the
present work a semi-industrial 200 kWth furnace equipped with two pairs of flameless
combustion burners has been studied. The focus of this studyis on the observation and
explanation of differences in the efficiency and emissions (NO and CO) of the furnace fir-
ing either in parallel or staggered mode. Previously, this furnace has been experimentally
investigated firing Liquefied Petroleum Gas [2, 41, 42]. In the present experiments the
furnace was fired with natural gas instead.

For the explanation of the observed differences in the experiments, Computational
Fluid Dynamics (CFD) simulations have been performed. In many previous CFD simula-
tions of furnaces, combustion has been modeled using the Eddy Break Up (EBU) model in
combination with simple reaction kinetics [83, 86, 89] or byfast chemistry/assumed PDF
calculations [53, 55, 90]. Since the Eddy Dissipation Concept (EDC) model seems to be
a promising model for the simulation of flameless combustion[109], in the present simu-
lations the EDC model combined with a skeletal chemistry mechanism has been applied.
Using these detailed CFD simulations, it was possible to explain the observed differences
in performance between the two different firing modes.

4.2 Experimental setup

Experiments have been performed on a flameless semi-industrial test facility at Kungliga
Tekniska Högskolan (KTH) in Stockholm, Sweden. The internal dimensions of the fur-
nace are 1600 x 1600 x 2900 mm, for width, height and length, respectively. The firebrick
insulation is 300 mm thick. In the furnace side walls two pairs of regenerative NFK-HRS-
DF burners (manufactured by Nippon Furnace Koygo Kaisha) are installed. These burners
have two fuel nozzles, separated 0.185 m from each other, with a central rectangular air
nozzle in the middle, see also Figure 4.1(a). Each burner pair has a thermal capacity of
100 kWth. The furnace is cooled with air flowing through four horizontal cooling tubes,
made of a special temperature resistant kanthal alloy, see also Figure 4.1(c).

The burners have ceramic honeycomb heat exchangers incorporated. The flue gas is
sucked by a fan via the air nozzles over these honeycombs (thus heating them) for regen-
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eration of the heat. Two burners are firing simultaneously, while the other two burners
are regenerating. After a time interval of 30 seconds they switch and the firing burners
start regenerating, et vice versa. Different firing modes, i.e., selection of burners firing
simultaneously, can be chosen.

The fuel consists of 90%-vol methane, 9%-vol higher hydrocarbons up to hexane
and 1%-vol inerts (CO2 and N2) and has an LHV of 39.5 MJ/m3n. The wall temperature
measured in the middle of the roof of the furnace was defined asthe furnace temperature
(Tfurn). This temperature was kept constant at a preset value by varying the amount of
cooling air flowing through the cooling tubes.

4.3 Diagnostic equipment

Besides the continuous measurements of temperature, pressure and inlet gas flows, de-
tailed in-furnace temperature, oxygen and emission concentration data have been ac-
quired. The temperature inside the furnace is measured using a suction pyrometer probe,
while for the species analyses gas was sampled using a water-cooled sampling probe.

Permanent thermocouples, type K and S, are placed in the roofand in one of the
side walls of the furnace. In burner A, see Figure 4.1 (b), thetemperature of the air
and flue gas entering and exiting the regenerator is monitored with a type S and type R
thermocouple, respectively. Also the outside wall temperature is measured. In order to be
able to calculate the heat extraction of the cooling tubes, the flow rates and temperatures of
the cooling air flows are measured. The furnace efficiency is defined as the heat extracted
by the cooling tubes divided by the total heat input.

The suction pyrometer probe has a ceramic tip, with a length of 180 mm and a hole on
the side (diameter 10 mm) to suck the gases in. In the ceramic tip a type S thermocouple
is mounted. This device has an error of about 10−15 K at these temperatures.

The sampling probe, used for the species analysis, has a tip with a length of 150 mm.
On the top of this tip there is a hole with 2.5 mm diameter through which the gases are
sampled. The probe itself was cooled with cold water, whereas the tip was cooled with
warm water (around 60°C). In Table 4.1 the species analysis techniques are presented.
The error presented in the Table is the maximum possible error.

Table 4.1: Species analysis techniques.

Species Analyzer Technique Range± Unit
O2 M&C PMA 25 Paramagnetic 0–30 0.4 %-vol
CO Maihak Multor 610 NDIR 0–30 0.6 %vol
CO Sick GME 64 NDIR 0–1000 22 ppm
NOx Tecan CLD 700 EL ht Chemiluminescence 0–1000 10 ppm
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The probes were inserted using an automated traversing system. With this system the
position could be controlled remotely and very accurately (± 1 mm). During the experi-
ments, on various positions inside the furnace the probe measurements were performed.
In Figure 4.1 the topview (b) and sideview (c) of the furnace are depicted. The encir-
cled numbers in Figure 4.1(b) represent the holes where the probes were inserted in the
furnace. The different heights at which measurements were performed are presented in
Figure 4.1(c).

(a) (b)
(c)

Figure 4.1: Burner frontview (a), with central rectangularair nozzle and two round fuel
nozzles. Furnace topview (b) with encircled numbers indicating the probe insertion po-
sitions. Furnace sideview (c) with indication of probe measurement heights and cooling
tube diameter and positions. All dimensions are in mm.

All signals, both permanent and in-furnace, were logged to acomputer every two
seconds with a Keithley 2701 Ethernet Multimeter system. The experimental results are
obtained by first averaging the measurements at discrete time steps in the cycle for ten
entire cycles. Subsequently, the last eight seconds (then steady state had been reached) of
a half cycle, i.e. a firing or regenerating period, have been averaged.

4.4 Experimental campaign

In this work a comparison is made between two different firingmodes, parallel and stag-
gered, see also Figure 4.2. Other operational parameters were kept constant; the excess
air ratio (λ ) was 1.1± 0.05, the thermal power input was 200± 7 kWth and the furnace
temperature 1100± 5 °C. The cooling air is controlled such that the furnace temperature
is constant.
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(a) Parallel (b) Staggered

Figure 4.2: Sketch of upper half of the furnace, showing the firing modes. The dark gray
plane in the bottom represents the symmetrical midplane of the furnace. (a) Parallel: A
and B firing, while C and D regenerating, et vice versa. (b) Staggered: A and D firing,
while B and C regenerating, et vice versa. The cooling tubes are numbered 1 and 2. The
arrows indicate the flow direction of the comburants and the cooling air.

4.5 Numerical setup

A three-dimensional mesh of the furnace was generated usingGambit 2.3. The mesh
contains approximately 750,000 hexahedral cells. Exploiting the symmetry of the furnace
with respect to the midplane through the burners, to reduce the computational time, only
half of the furnace is meshed.

Steady simulations were performed with Fluent 6.3. The implicit pressure based
steady solver was used with Green-Gauss node based interpolation.

For turbulence closure the realizablek-ε model was used. This model is shown to give
improved results, compared to the standardk-ε model, for the prediction of jets [97], as is
the case in these burners. For the combustion of the natural gas a skeletal mechanism (16
species, 46 reactions) for the combustion of methane was applied [98]. The natural gas
is simulated with a simulation fuel, containing only methane, also replacing the higher
hydrocarbons present in natural gas, in such way that the heat release per unit mass stays
equal, see also Appendix A. The chemistry-turbulence interaction is taken into account
by using the Eddy Dissipation Concept model [99]. Radiativeheat transfer is accounted
for using the Discrete Ordinates method and the cell-based Weighted Sum of Gray Gases
model for the absorption coefficient of the gas mixture. The emissivity of steel was set to
0.8 and that of the firebrick insulation to 0.68.

The density of the mixture is calculated by the multicomponent ideal gas law. The
molecular viscosity and thermal conductivity are taken constant. The mass diffusivity
is calculated with the constant dilute approximation. Finally, the heat capacities are de-
termined per species with a temperature dependent piece-wise polynomial, and for the
mixture with the mixing law.

The heat losses through the walls were incorporated by calculating the convective
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and radiative heat flux to the environment. For a realistic value of the effective thermal
conductivity of the walls, the predicted furnace temperature agreed with the measured
furnace temperature. Enhanced wall functions are combinedwith a two-layer model for
the near-wall modeling.

The NO formation has been studied in post-processing mode. Calculations have been
performed both simultaneously and separately for thermal NO, prompt NO, N2O inter-
mediate and NO reburning mechanisms. Thermal NO is calculated using the extended
Zel’dovich mechanism with O and OH radical concentrations taken from the computed
species concentrations. Prompt NO is incorporated by usingthe modified De Soete model
[104, 105]. The N2O intermediate mechanism [106] is calculated including a separate
transport equation for the N2O concentration. For the prediction of the reburning of NO,
the work of Bowman is followed [107]. Here, the CH radical concentration is computed
based on the CH radical partial equilibrium. The fluctuations in the mean temperature and
O2 concentration have been included in the mean reaction rate of NO by a two-variable
PDF which is assumed to be a two-moment beta function. The influence of the fluctua-
tions on the total NO formation rate have been investigated and turned out to be small.

4.6 Results and Discussion

4.6.1 Experimental results

The obtained results for the furnace operating in parallel and staggered mode are pre-
sented in Table 4.2. In the last column the variance (σ2) of the variables is presented, a
value not available for the cooling air flow rate (φcool), since this was not kept constant. It
is observed that in parallel mode, at the same furnace temperature, more heat is extracted
by the cooling tubes, compared to staggered mode.

Table 4.2: Main results for parallel and staggered firing modes.

Variable Parallel Staggeredσ2

Tfurn (°C) 1101 1099 1
φfuel (m3

n/h) 17.0 17.0 0.2
φair (m3

n/h) 192.4 193.7 1.5
φcool (m3

n/h) 628.6 501.8 n.a.
Tcoolin (°C) 31 31 0.1
Tcoolout (°C) 390 407 1
Qcool (kW) 91.2 76.4 n.a.

In Figure 4.3 pie charts of the calculated heat balances for the two firing modes are
presented. The ’Efficiency’ is defined as the cooling tube heat extraction and the ’Flue
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gas losses’ are the sensible heat of the flue gas after regeneration. The ’Other losses’
consist mainly of wall losses, but also losses to the (cold) probes, losses through cracks,
etc. All the heat flows were divided by the total heat input, based on the LHV of the fuel.
The efficiency of the furnace in parallel mode is 48%, whereasin staggered mode the
efficiency is 41%.

Efficiency 48%

Flue gas losses 15%

Other losses 37%

Parallel

Efficiency 41%

Flue gas losses 15%

Other losses 44%

Staggered

Figure 4.3: Heat balances for the furnace in both firing modes.

In Table 4.3 the composition of the flue gas during the two firing modes is presented.
It is noted that for similar operation conditions (i.e. combustion air and fuel flow rates,
Tfurn) the NOx emissions differ substantially between the two firing modes. In parallel
mode 39 ppmv@3%O2 of NOx is produced, versus 53 ppmv@3%O2 in staggered mode.
Comparable values and trends has been observed previously in this furnace firing LPG
[41, 86], however, further investigation on the sources of these differences in NO concen-
tration is required. No significant differences could be observed in the CO emissions.

Table 4.3: Species concentrations in the flue gas (on dry basis).

Variable Parallel Staggered
O2 (%-vol) 1.9 2.1
CO (ppmv@3%O2) 2 2
NOx (ppmv@3%O2) 39 53

Concluding, parallel firing mode shows lower NOx emissions combined with higher
efficiency, and is therefore preferred over staggered firingmode. The same trends have
also been observed in this furnace with LPG [86] and with natural gas in the multi-burner
furnace, see Chapter 5. with different burners [110].

4.6.2 CFD validation

In Figure 4.4 the predicted values for temperature and O2 concentration inside the furnace
are compared with the measured values. The hole number is denoted on thex-axis, with
four points per hole, representing the four different heights, from low to high, where
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measurements were performed, see also Figure 4.1(b) and (c). No measurements were
performed in hole 1.
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Figure 4.4: Comparison between the steady state experimental and simulated results for
parallel and staggered mode. Squares represent the experiments, solid lines the CFD
simulations. Oxygen concentrations (%-vol dry) are in grayand temperatures (°C) are in
black.

The predicted temperatures inside the furnace agree well with the measured values.
Also, the trend in the temperature agrees reasonably.

For the staggered case, the O2 concentrations agree well with the measurements. How-
ever, in parallel mode, the predicted O2 concentrations are consistently lower than the
measured values. This is due to air leakage. During the experiments in parallel mode, the
furnace pressure dropped significantly below zero for two seconds every cycle. Since it is
known that there are openings and cracks in the furnace, during these periods of negative
pressure, ambient air leaks into the furnace. This air leakage was proven by simple cal-
culations to be large enough to explain the observed differences, see also Appendix E. In
staggered firing mode the negative pressure peaks were negligible.

In Table 4.4 the heat balance of the experiments and simulations are compared. The
heat extracted by the cooling tubes in the simulations is lower than the experimental val-
ues. This non-extracted heat is leaving the furnace partly via the walls and partly as
sensible heat of the flue gas. This remains an unresolved issue in the simulations. How-
ever, it is noted that the trend in the results for parallel and staggered firing mode do agree,
showing that essential aspects of the change of firing mode are captured.

It was concluded that the CFD simulations are validated sufficiently for the purpose of
investigating the observed differences in efficiency and emissions for the different firing
modes.
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Table 4.4: Heat balance comparison between experiments andsimulations.

Parallel Staggered
Experiment CFD Experiment CFD

Cooling tubes (kW) 91.2 67.4 76.4 61.9
Flue gas losses (kW) 29.9 50.0 30.7 48.5
Wall losses (kW) 70.0 77.3 83.9 83.1
Total (kW) 191.1 194.7 191.0 193.5

4.6.3 Efficiency comparison

From analysis of the CFD simulations, the increased efficiency in parallel mode turned out
to be mainly due to increased radiative heat transfer, and toa smaller extent to increased
convective heat transfer.

Table 4.5: Cooling tube comparison between parallel and staggered firing mode.

Parallel Staggered
Tube wall temperature (K) 1332 1322
Furnace maximum gas temperature (K) 1814 1890
Mean velocity magnitude 1 mm from tube wall (m/s) 0.67 0.55
Hot side heat transfer coefficient (W/m2K) 16.3 15.0

In order to evaluate the convective heat transfer to the cooling tubes, the important
parameters regarding convective heat transfer are presented for the cooling tubes in Table
4.5. The mean tube wall temperatures of the cooling tubes in both firing modes are almost
equal. Thus, the convective heat extraction in parallel mode is higher due to the increased
velocity along the tubes, resulting in a higher heat transfer coefficient. The differences
in velocity can be related to the rate of momentum destruction in the furnace. In Figure
4.5, where the momentum along the centre line of the burner pairs is presented, it can
be observed that in staggered mode more momentum is destroyed by the opposing jets,
leading to lower velocities in the furnace.

For comparison of the radiative heat transfer, the mean radiative heat extraction (RHE)
by cooling tube 1 and 2 (see Figure 4.2), plotted along the tubes, is presented in Figure
4.6. Note here that an increased RHE means a lower or more negative value. Additionally,
the normalized emissive source term, defined in Equation 4.1, was considered [111],

Re =
α
αr

(

T
Tr

)4

(4.1)

whereα is the absorption coefficient (m−1), T the temperature (K) and the subscript r
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Figure 4.5: Momentum per unit volume (kgm/sm3) on the centre lines of burner pairs A-C
and B-D for both firing modes.

denotes reference values (αr = 1m−1, Tr = 298K). In Figure 4.7 contours of higher values
of the normalized emissive source term (Re > 750) in the furnace midplane for both firing
modes are presented. These zones indicate where most radiative energy is emitted by the
hot gases. The centre line of cooling tube 1 is the lower gray line in Figure 4.7 and cooling
tube 2 the upper gray line. Thez-distance increases from left to right in Figure 4.7.
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Figure 4.6: Mean radiative heat extraction (W/m2) along the cooling tubes.

In Figure 4.6 it is observed that cooling tube 1 has comparable radiative heat extraction
(RHE) for both firing modes. It is noted that an increase in theRHE is observed in
staggered mode aroundz-distance 1.5 m, which is due to the location of high Re in this
location, see Figure 4.7. Note that the central air nozzles of burners B and D are atz-
distance 1.45 m, see also Figure 4.1(b).

For cooling tube 2 the RHE is higher for parallel mode along the entire length of the
tube. This is confirmed in Figure 4.7 by the location of the higher values of Re in parallel
mode underneath this cooling tube. Additionally, there is no distinct increase visible in the
RHE atz-distance 0.5 m (centre line of burners A and C) for staggeredmode in cooling
tube 2. This is due to flow direction of the cooling air. Because the cooling air is entering
at z-distance 2.9 m and then travels towards 0 m, the RHE decreases with decreasingz-
distance due to the increasing temperature of the cooling air. The expected increase in
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Figure 4.7: Higher values of the normalized emissive sourceterm (-) on the furnace
midplane. The horizontal gray lines denote the centre linesof the cooling tubes, cooling
tube 1 is the lower and cooling tube 2 is the upper line.

RHE of cooling tube 2 in staggered mode atz-distance 0.5 m cancels with the decrease
due to this phenomenon.

Overall, it is observed in Figure 4.6 that in parallel mode more radiative heat is ex-
tracted by the cooling tubes. This is confirmed in Figure 4.7 by an overall larger zone with
high values of the emissive source term Re in parallel mode. In staggered mode higher
maxima in the Re are observed in the centre of the furnace, however, these maxima are
located further from the cooling tubes.

Finally, the normalized absorptive source term [111], as defined in Equation 4.2, was
considered,

Ra =
α
αr

(

(G/4σ)1/4

Tr

)4

(4.2)

whereG is the incident radiation (W/m2) andσ the Stefan-Boltzman constant (W/m2K4).
The contours of the absorptive source term are presented in Figure 4.8. The zones with
highest absorptive source term are the fuel jets. This is because these jets are relatively
cold and have high methane contents. In the rest of the furnace there are no other distinct
zones with high absorptive source term.

Concluding, the efficiency is higher in parallel mode, due toan overall larger zone with
high emissive source term close to the cooling tubes and lessmomentum destruction.

4.6.4 Emission comparison

In Table 4.6 the measured and simulated values for the concentration of NOx in the flue
gas are compared.

The simulated values for NOx are slightly overpredicted. However, their order of
magnitude do agree. Also, in the simulations, as in the experiments, parallel firing mode
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Figure 4.8: Normalized absorptive source term (-) on the furnace midplane.

Table 4.6: NOx concentrations in the experiments and the simulations.

Unit Parallel Staggered
Experiment ppmv@3%O2 dry 39 53
Simulation ppmv@3%O2 dry 48 86

produces less NOx than staggered. The production of NOx via the thermal, prompt, N2O
intermediate and reburning pathways were investigated both separately and simultane-
ously.

About half of the NOx was formed via the thermal pathway, whereas the other half
was produced via the N2O intermediate pathway. No NOx was formed via the prompt
pathway, however the reburning pathway did result in a reduction of the emissions.

This is noteworthy, since both the prompt NO and NO reburningmechanisms occur
in fuel-rich zones, where CHi radicals react with N2 and NO, respectively. Since the fuel
and air are introduced separately, a fuel-rich zone is present in front of the fuel nozzles.
The reason that in these zones no NO is formed via the prompt mechanism but NO is
reburning, is the temperature dependence of the chemical reactions. In Figure 4.9 the
reaction rates for prompt NO and NO reburning are plotted versus the local temperature.
Indeed, it is noted that at lower temperatures the NO reburning mechanism shows higher
reaction rates than the prompt NO mechanism.

Mancini et al. investigated quite extensively the NO formation in a single-burner
flameless combustion furnace [96, 95]. In different CFD simulations they find either
mainly thermal NO or mainly prompt NO. Based on a Reactor Network Model (RNM),
tuned with experimental recirculation data, they find the NOreburning mechanism to be
important for flameless combustion conditions, as has been found in this chapter. How-
ever, Mancini observed in the RNM large quantities of NO formed via the prompt mecha-
nism. This observation disagrees with the present results and could be due to overpredic-
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Figure 4.9: Rate of formation of prompt NO and rate of destruction for NO reburning
(mol/m3s) versus the local temperature (K). Data are values of all grid cells of the furnace
midplane.

tion of the local temperatures in the RNM model, see also Figure 4.9. Moreover, Mancini
did not observe any NO formation via the N2O intermediate pathway, which disagrees
with both the present results and previously reported results [112].

In Figure 4.10 the NOx formation is presented on lines atx/d = 12, wherex is the
distance from the burner nozzles and d is the hydraulic diameter of the air nozzle (0.035
m). It was found that at this distance from the burner nozzlesthe production of NOx was
at its maximum. The central air nozzles of burners A and C are at z-distance 0.5 m, and
at 1.45 m for burners B and D, see also Figure 4.1(b). It is observed that the total NOx
production is higher in staggered firing mode.
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Figure 4.10: Total rate of formation of NO (kmol/m3s) on lines at x/d = 12.

For further investigation, the temperature and the OH radical mole fraction are pre-
sented in Figure 4.11 over the same lines atx/d = 12. The vertical lines denote the centre
lines of the nozzles; the middle line for air and the outer twolines for the fuel nozzles.

As expected, higher peaks in both the temperature and OH molefraction are present
in staggered mode. Additionally, it is observed that these peaks in staggered mode are
closer to each other. This indicates that the combustion zone is smaller and more intense
in this mode.
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Figure 4.11: Temperature (°C) and OH radical mole fraction (-) on lines at x/d = 12.

In order to explain these more intense combustion zones in staggered mode, the veloc-
ity magnitude vectors are plotted on the furnace midplane inFigure 4.12. In these vector
plots it is observed that the fuel jets in staggered mode are merging faster with the central
air jet. The merging of the comburants jets plays an important role in the establishment
of flameless combustion behaviour.

Figure 4.12: Velocity magnitude (m/s) in vector view on the furnace midplane. Burners A
and C are the lower burners, B and D the upper.

The interaction of multiple parallel jets with different Reynolds numbers, the strong-
jet/weak-jet problem, can be divided into three zones [113,114]. The first zone is called
the ’converging zone’, where recirculation in between the jets occurs. This zone extends
downstream until all velocities in between the jets are non-negative. The second zone,
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the ’merging zone’, continues until the velocity peak of thejet with the lower Reynolds
number disappears, i.e., the point of confluence (xc). Further downstream, the ’mixing
zone’, is where the multiple jets have merged and behave likeone jet.

No clear differences were observed in the size of the converging zones for the different
firing modes. In Figure 4.16, the velocity in thex-direction (i.e. the direction of injection)
is plotted at several distances from the nozzles of burner A in order to identify the point
of confluence. It is noted that the point of confluence of the fuel nozzle on the right side
is different for the two firing modes. In staggered mode, the point of confluence is around
x/d = 9 for this fuel jet, whereas in parallel mode it is aroundx/d = 12.

Grandmaison et al. [115] derived a mathematical model for the strong-jet/weak-jet
interaction. Using this model, the point of confluence of a single fuel jet and the cen-
tral air jet has been calculated to be around 14x/d, for both parallel and staggered mode.
This value agrees in order of magnitude with the experimental values, however, the dif-
ference between the two firing modes was not reproduced. Thus, it is shown here that the
interaction of the burners influenced the actual position ofthe point of confluence.

Additionally, Grandmaison also derived an expression for the amount of entrainment
to the jets as a function of the distance of the point of confluence from the burner outlets.
In Figure 4.13 the point of confluence divided by the air nozzle diameter (d) is plotted
versus the momentum flux ratio of the jets and the entrainmentto the jets, for the theoreti-
cal case of one air and one fuel jet. The ratio of momentum flux in these burners is around
0.1. It is observed in the Figure that for both the air and the fuel jet a longer distance to
the point of confluence results in more entrainment.

Summarizing, in this particular case, the observed shorterdistance to the point of
confluence (due to burner interactions) of the fuel jet in staggered mode results in less
entrainment, which leads to higher NO formation rates. Alsocompare Figure 4.10 and
Figure 4.16 atx/d=12 and betweenz-distance 0.5 and 0.55 m. For the other burner pair
comparable differences were observed.
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In order to illustrate the correlation between the jet merging behaviour and the NO
production, the maximum reaction rate of NO atx/d = 12 is plotted versus the location
of the point of confluence (xc) divided by the air nozzle diameter (d) for all fuel nozzles
in Figure 4.14. It is observed that the slower the fuel jet merges with the air jet (higher
values ofxc), the less NO is formed. The correlation seems to be linear, although more
data would be required to verify this.
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Figure 4.14: Maximum reaction rate of NO at x/d = 12 versus thelocation of the point of
confluence xc/d (-) for all fuel jets.

Additionally, the recirculation ratios [8], i.e. the mass flow of the sum of the inlet
and recirculated gases over the mass flow of the inlet gases, for the air nozzles of the
burners for both firing modes are presented in Figure 4.15. Asexpected, the recirculation
ratio in staggered mode is lower than in parallel mode, confirming that less flue gases are
internally recirculated.
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Figure 4.15: Recirculation ratios (-) for air nozzles for both firing modes.

Concluding, the slower merging of the comburant jets in parallel mode allows higher
recirculation ratio and leads to a less intense combustion zone, with lower peak tempera-
tures and oxygen availability, and thus lower production ofNOx.
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4.7 Conclusions

A furnace with two flameless burner pairs was investigated operating in two different
firing modes, parallel and staggered. The focus of this studywas on the (1) observation
and (2) explanation of the differences in efficiency and emission production between the
different firing modes in the furnace. No significant differences were observed for CO
emissions. In the experiments it was shown that parallel firing mode led to higher heat
transfer to the cooling tubes (i.e. efficiency) and lower NOx emissions.

Detailed CFD simulations were performed in order to explainthe observed differ-
ences. It was concluded that a larger zone with a high emissive source term in parallel
mode improved the radiative heat transfer to the cooling tubes. Combined with a lower
rate of destruction of momentum, leading to an increase in convective heat transfer to the
cooling tubes, the total efficiency was higher in parallel mode. Additionally, in staggered
mode, due to the interaction between the burners, the distance to the point of confluence
was shorter, resulting in less entrainment to the jets. Thus, higher peak temperatures and
radical concentrations were present in the combustion zone, and higher production of
NOx via the thermal and N2O intermediate pathways in staggered mode were observed.



Chapter 5

Parametric study on multi-burner
furnace

A parametric study on a 300 kWth furnace equipped with three pairs of regenerative flameless
combustion burners has been performed. Each burner pair hasa rated thermal power of 100 kWth
firing Dutch natural gas. The objective of the study was to optimize the furnace performance, i.e.,
to maximize the cooling tube efficiency and minimize the CO and NO emissions. In the study the
following parameters were varied: the positions of the burners in the furnace (burner configura-
tion), the firing mode (parallel and staggered), the excess air ratio (λ ) and the cycle time (tcycle).
Also, the influence on the furnace performance of the jet momentum of the combustion air and the
temperature uniformity in the furnace were studied.

It was concluded that staggered firing mode is disadvantageous, since it results in significantly

higher NO emissions than parallel firing mode. Also, out of the five investigated burner configu-

rations one has been exempted, since its cooling tube efficiency was significantly lower compared

to the other configurations. Furthermore, a horizontal setup of the firing burners improved the

cooling tube efficiency at a fixed temperature uniformity. Also, for the burner configurations with

the firing burners positioned closer to the regenerating burners and further from the stack, the

temperatures in the regenerators were higher, leading to higher combustion air preheat temper-

atures. The temperature in the regenerators was also influenced by the cycle time; higher cycle

times leading to higher (peak) temperatures in the regenerators. Finally, this temperature in the

regenerators was shown to be more decisive for the final amount of CO emitted than the excess air

ratio or the jet momentum. In all experiments, due to differences in path length of the mean flow,

higher CO emissions were measured in the flue gas from the regenerators compared to in the flue

gas from the stack. These two trends in the CO emissions were not observed for the NO emissions.

The contents of this chapter have been published inApplied Thermal Engineering, Parametric op-
timization study of a multi-burner flameless combustion furnace, B. Danon, E.-S. Cho, W. de Jong and
D.J.E.M. Roekaerts, 2011;31(14-15):3000-3008.
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5.1 Introduction

Energy efficiency and clean combustion are two main issues infossil fuel utilization. Con-
trol of nitrogen oxides (NOx) has been a major issue in designing combustion systems,
since NOx plays a key role in acid rain formation and the generation of photochemi-
cal smog. Flameless combustion, also known as Flameless Oxidation (FLOX) [8], High
Temperature Air Combustion (HiTAC) [5] or Moderate or intense low-oxygen dilution
(Mild) combustion [21], is a promising combustion technology capable of accomplishing
the combination of high efficiency and low emissions. It is based on delayed mixing of
fuel and oxidizer and high flue gas recirculation. High momentum injection of the sep-
arated fuel and air flows entrain the flue gas through internalrecirculation, thus diluting
the oxygen concentration in the combustion zone. This leadsto a more distributed heat
release rate of the chemical energy, avoiding high peak temperatures and reducing the
thermal formation of NO [16].

Since the introduction of flameless combustion in the early nineties of the last century,
many universities and research departments of industry have made efforts in experimen-
tally investigating this new technology. These studies have been performed on many
different scales, from small jet-in-hot-coflow setups up tofull industrial size furnaces.
However, before wide industrial application of this technology can be established, more
in-depth knowledge of its behaviour in industrial scale environments needs to become
available, especially in (regenerative) multi-burner systems. The most important previous
experimental studies that include multi-burner regenerative systems are discussed below.

At the fall of the second millennium, a 200 kWth HiTAC furnace has been commis-
sioned at the Kungliga Tekniska Högskolan, Stockholm, Sweden [39]. In the furnace two
pairs of NFK-HRS-DF regenerative burners firing natural gasand LPG were installed
[42]. The two pairs of regenerative burners could be operated in three different firing con-
figurations and the performance of the furnace has been compared extensively for these
firing configurations [41, 67, 86].

In 2002 an extensive research program was performed at the IFRF research station in
IJmuiden, the Netherlands [49]. The heating source in the furnace was one pair of NFK-
HRS-DL4 regenerative burners, with a maximal thermal inputof 1000 kWth. Several
types of fuel were investigated (natural gas, coke oven gas), while the objectives of the
experiments were to generate extensive experimental datasets for the development and
validation of CFD simulations.

A third large research project on regenerative flameless combustion was performed
on a 200 kWth furnace at the Faculté Polytechnique de Mons, Belgium [52]. One au-
toregenerative REGEMAT burner firing natural gas was used asthe heating source. A
comparison of the experimental data with CFD simulations was the main objective. In
particular the heat transfer, temperatures and NOx concentrations were compared.
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Furthermore, at the NKK steel corporation in Japan, a slab reheating furnace with four
pairs of regenerative burners was successfully fired with the by-product gas of the steel
making factory [54, 55]. The total thermal power input was 2919 kWth and the heat sink
was a moving slab in the bottom of the furnace. Also here, the obtained results served as
validation data for CFD simulations of the furnace.

As can be concluded, although the above mentioned experimental studies are per-
formed on furnaces equipped with either a single autoregenerative burner or multiple
regenerative burner pairs, none of them investigated the influence of the positions of the
burners. The positioning of the burners can have a large influence on the furnace perfor-
mance, especially in a regenerative (transient) environment. Therefore, investigation of
the influence of burner positioning, such as burner–burner or burner–stack interactions, is
required.

In this chapter results are presented of an experimental campaign on a furnace
equipped with three pairs of regenerative flameless combustion burners. An important
degree of freedom in the experiments was the positioning of the three burner pairs. The
objective is to investigate and, where possible, optimize the multi-burner furnace perfor-
mance for the variation of four parameters. These parameters are the burner configuration,
the firing mode, the excess air ratio and the cycle time. The optimization of the furnace
performance is defined as the maximization of the cooling tube efficiency and minimiza-
tion of the CO and NO emissions.

5.2 Experimental setup

A furnace equipped with three pairs of regenerative flameless combustion burners has
been designed, built and commissioned at Delft University of Technology. In Figure 5.1 a
sketch of the furnace is presented. Each pair of regenerative flameless combustion burners
has a rated thermal power of 100 kWth, thus 300 kWth in total. The fuel fired is Dutch
natural gas, which has a net (lower) calorific value of 31.669MJ/m3 and consists of around
81%-vol CH4, 3%-vol C2H6, 1%-vol other higher hydrocarbons, 14%-vol N2 and 1%-vol
other inert gases [116]. The burners were manufactured by WSWärmeprozesstechnik
GmbH and are of the REGEMAT CD 200 B type. Each burner has four combustion
air/flue gas nozzles (d=20 mm) around a central fuel nozzle (d=12 mm).

The burners can operate in two different modes, i.e., flame and flameless mode. In
flame mode the air and fuel are mixed in the burner before injection and the mixture is
injected through the air nozzles only. An electric spark igniter is used in flame mode for
ignition. In flameless mode the combustion air is injected through the air nozzles and the
fuel is injected separately through the fuel nozzle. In thismode no igniter is necessary
because the temperature in the furnace is above the self-ignition temperature of the fuel/air
mixture. During the heating up of the furnace the burners firein flame mode. Once the
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temperature in the furnace exceeds 850 °C (which is above theself-ignition temperature
of the fuel/air mixture) the burners switch to flameless firing mode automatically. In this
chapter only results from the burners firing in flameless modeare presented.

Figure 5.1: Furnace sketch. The boxed numbers 1 and 2 indicate the two sample positions
for the flue gas. Sampling point 2 is after the regenerators. All dimensions are in mm. The
sketch represents burner configuration C5 firing in parallelmode (see also Table 5.1).

The furnace has inner dimensions of 1500 x 1500 x 1850 mm (length x width x
height). The insulation consists of three layers of ceramicbricks, together 300 mm thick.
During the experiments the wall temperature of the furnace was measured at various loca-
tions with slightly protruding thermocouples type S. Additionally, the temperature of the
regenerated flue gases and the cooling air was measured with thermocouples type K. The
measurement error of these thermocouples is around 2–5 K. One of these measurements,
a double-fitted thermocouple in the side wall close to the reaction zones, was determined
to characterize the temperature in the furnace. Also, the temperature of the preheated air
was measured in two burners (one burner pair). The fuel and combustion air flow rates
are measured by custom-made orifice plate differential pressure meters. The combustion
air flow rate is controlled by manual valves, allowing the variation of the excess air ratio.

Heat recirculation of the hot flue gases is achieved by regeneration. Eighty percent
of the flue gases is sucked by a fan via the air nozzles of the regenerating burners over a
ceramic honeycomb, while the remaining twenty percent leaves the furnace directly via
the central stack at the roof. During regeneration the sucked flue gas traverses the ceramic
honeycomb heat exchangers situated inside the burners. Theinlet temperature is between
800 and 900 °C and the outlet temperature is between 110 and 140 °C, under steady state
conditions. The volume flow of all the regenerated flue gas is measured using a vortex
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flow meter.

The thermal load is simulated by a cooling system which consists of eight single-
ended cooling tubes, four placed at the bottom of the furnaceand four at the top. Every
cooling tube consists of two concentric tubes; the cooling air enters the inner tube, turns at
the end and flows back through the annulus between the two tubes. This design was made
to minimize the temperature gradients along the length of the outer tube, thus, creating
an as uniform as possible heat extraction distribution. Thecooling air flow is measured
using thermal mass flow meters and its inlet and exit temperatures are measured with type
K thermocouples.

Additionally, a Sick Maihak S710 gas analyzer monitors the flue gas composition in
two positions, i.e., in the stack and after the regenerators, see also Figure 5.1. Using NDIR
the concentrations of the pollutants (CO and NO) are determined. The average error in
these emission measurements is± 7 ppm. In the same positions the O2 concentration is
determined paramagnetically for normalization purposes,with an accuracy of around±
0.4 %-vol. All the data are stored by a data acquisition system every second.

In total eighteen flanges for the burners are divided over twoopposite sides of the
furnace (nine each). In this way, it is possible to investigate different burner configurations
in the furnace.

5.3 Experimental campaign

Many different parameters were varied. In Table 5.1 all different parameters and their
variation are summarized. The ’burner configuration’ is defined as the physical position
of the burners. The ’firing mode’ is defined as which burners form a firing-regenerating
pair. In parallel mode three burners fire at the same side, while in staggered mode two
burners fire at one side and one burner at the opposing side, see also Table 5.1. Finally,
the ’cycle time’ (tcycle) is defined as the total time of a complete firing and regenerating
period of one burner.

The thermal performance of the furnace is characterized by the cooling tube effi-
ciency, which is calculated by the difference in the sensible heat of the incoming and
outflowing cooling air, which is subsequently divided by thetotal power input based on
the net (lower) calorific value of the fuel.

The reported values ofλ are a representation of the measured O2 concentration in the
flue gas from the stack. The O2 concentration has been converted toλ with the following
equation,

λ =
20.9

20.9− [O2]
(5.1)

where[O2] is the molar oxygen percentage on dry basis.
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Table 5.1: Overview of the experiments. The burner configurations are depicted by the
two sidewalls of the furnace with burner flanges (large circles), with numbers 1 to 6 the
positions of the burners and the small circles denoting the positions of the cooling tubes.
In parallel firing mode burners 1-2-3 fire simultaneously while 4-5-6 regenerate, et vice
versa. In staggered firing mode burners 1-3-5 are firing while2-4-6 regenerate, et vice
versa.

Burner
configuration

Firing mode
Cycle time

(sec)
Excess air ratio

(-)

C1
1 3

2 4

5

6 parallel
staggered

20, 40, 60 1.05–1.35

C2
2 4 6

1 3 5
parallel
staggered

20, 40, 60 1.05–1.35

C3
1 2 3

4 5 6 parallel
staggered

20, 40, 60 1.05–1.35

C4
21 3

4 5 6
parallel
staggered

20, 40, 60 1.05–1.35

C5
5

642

31

parallel
staggered

20, 40, 60 1.05–1.35

The spatial temperature uniformity (Tu) is defined as in the following equation,

Tu = 1−

√

√

√

√

1
N

N

∑
i=1

(

(Ti − T̄)

T̄

)2

(5.2)

whereN is the total number of temperature measurement positions,Ti is the temperature
in the ith position andT̄ is the mean of all the temperature measurements. The value of
theTu is between 0 and 1, where the value 1 indicates a perfectly uniform furnace. In the
furnace the wall temperatures were measured with type S thermocouples in 18 different
positions. Of these thermocouples, 12 are positioned in theunused burner flanges (see the
empty circles in Table 5.1), while the remaining six are evenly divided over the other two
side walls of the furnace.
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The presented data are averages of a five to ten minutes periodof steady state operation
and a round number of cycles.

5.4 Results and Discussion

In this section the experimental results are discussed discriminated by the variation in
the following parameters; the firing mode, the burner configuration, the excess air ratio
(λ ), the combustion air momentum, the cycle time (tcycle) and the spatial temperature
uniformity (Tu). For every parameter the influence on the cooling tube efficiency and the
emissions are assessed.

Before proceeding to the parametric results, a remark is made on the emission mea-
surements. In Figure 5.2 the measured concentrations in theflue gas in the stack and from
the regenerators are presented. The presented data is from configuration C3, but similar
results were found for the other configurations. For these two flue gas sampling locations,
see the boxed numbers in Figure 5.1.

The values of NO in both flue gas streams are comparable to eachother and to values
measured in other flameless combustion furnaces [28, 41, 49]. However, for the CO
concentrations large differences are observed between thetwo flue gas streams. In the
stack flue gas, no significant amounts of CO are detected, whereas in the regenerator flue
gas small amounts of CO are detected. This is explained by thedifference in pathlength
of the mean flow; the pathlength of the mean flow of the gases from a firing burner is
shorter to a regenerating burner compared to its pathlengthto the stack. Due to the longer
pathlength to the stack, more CO is allowed to be converted toCO2 before leaving the
furnace. It is concluded from these observations that the distance between the firing and
regenerating burners in the present furnace is too short forthe size of the burners.
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Figure 5.2: Emission measurements (ppmv@3%O2, dry) in the flue gas from the stack
and from the regenerators for burner configuration C3 firing in parallel mode.
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In the parametric results below, the presented CO concentrations are the measured
concentrations in the regenerator flue gas. The presented NOconcentrations are the aver-
age of the measured concentrations of both flue gas streams.

5.4.1 Firing mode

In this section the two different firing modes, i.e., parallel and staggered, are compared.
For details about these firing modes see Table 5.1.

In Figure 5.3(a) and (b) the cooling tube efficiency and the temperature uniformity
are presented, respectively. Firstly, it is observed in Figure 5.3(b) that in staggered firing
mode the temperature in the furnace is less uniform comparedto the cases firing in parallel
mode. However, considering Figure 5.3(a), these lower temperature uniformities do not
result in lower cooling tube efficiencies. Actually, there are no significant differences in
the cooling tube efficiency between the two firing modes.
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Figure 5.3: (a) Cooling tube efficiency (-) and (b) temperature uniformity (-) for the dif-
ferent firing modes for all burner configurations, values ofλ and cycle times.

It is noted here that the values of the cooling tube efficiencyare lower than those
of other furnaces, e.g., cooling tube efficiencies in KTH furnace are between 0.41 and
0.48 [67]. This is due to the fact that the burners in the KTH furnace use all the flue
gases for regeneration, whereas the present burners use only 80%-wt of the flue gases
for regeneration. The remaining 20%-wt of the flue gases is leaving the furnace at high
temperature via the central stack.

In Figure 5.4(a) and (b) the CO and NO emissions are compared,respectively. For the
CO emissions, there are no significant differences between the two firing modes. How-
ever, it can be observed in Figure 5.4(b), that the NO emissions in staggered mode are
systematically higher than in parallel mode, for all the experiments. This difference in
NO emissions for different firing modes has also been reported previously [41, 86] and
has been discussed in the previous chapter. The increase in NO formation in staggered
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mode is caused by a shorter distance between the comburant nozzles and the point of
confluence of the comburants. This shorter distance allows less flue gas to be entrained
before the fuel and oxidizer mix [67].
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Figure 5.4: (a) CO and (b) NO emissions (ppmv@3%O2, dry) for the different firing
modes for all burner configurations, values ofλ and cycle times.

It is concluded that in staggered firing mode, comparable cooling tube efficiencies are
achieved as in parallel firing mode. However, regarding the emissions, staggered mode
produces more NO at comparable thermal performance. Therefore, staggered firing mode
is regarded as disadvantageous and is excluded from the following discussions.

5.4.2 Burner configuration

In Figure 5.5 the cooling tube heat extraction rates for all the configurations are compared.
It is shown that configuration C2 has a significantly lower cooling tube heat extraction
compared to the other burner configurations. This is due to the fact that in configuration
C2 all the burners are positioned in the upper two rows in the furnace, see also Table 5.1.
Due to this fact, there are less flue gases flowing through the lower part of the furnace (note
that the central stack is in the furnace roof), resulting in significant lower heat extraction
by the lower cooling tubes. Based on these results it was decided to exclude configuration
C2 from further investigation.

In Figure 5.6(a) and (b) the preheat temperature of the combustion air and the exit
temperature of the regenerated flue gas are presented. A difference in these temperatures
is observed for burner configurations C1 and C3 on the one hand, and configurations C4
and C5 on the other hand. The temperatures are consistently lower for C1 and C3, over the
whole range ofλ compared to C4 and C5. There are two explanations for the observed
lower preheat and exit temperatures in configurations C1 andC3. In the first place, a
shorter distance between the upper level burners and the stack in the roof in configurations
C1 and C3, causes relatively more flue gas to flow towards the stack. This difference was
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Figure 5.5: Cooling tube heat extraction (kW) versus all burner configurations for paral-
lel firing mode,λ = 1.1 and tcycle = 20 sec.

confirmed by the measured values of the flue gas flow from the regenerators. Due to this
burner–stack interaction, less flue gas is available for regeneration. Secondly, in these
cases, the flue gases from a firing burner on the lower level, travelling to a regenerating
burner on the higher level, have a longer pathlength, and thus a longer residence time in
the furnace. This burner–burner interaction results in more heat exchange with the cooling
tubes and furnace walls.

Finally, the differences in cooling tube efficiencies and COand NO emissions between
the remaining four burner configurations were too small compared to the influence of
parameters that could not be controlled, such as the ambienttemperature or the preheating
time of the furnace, to draw solid conclusions.
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Figure 5.6: (a) Combustion air preheat temperatures and (b)regenerated flue gas exit
temperature (°C) for parallel firing mode and all values ofλ and tcycle.

5.4.3 Excess air ratio

In Figure 5.7 the cooling tube efficiency is shown versus the excess air ratioλ for all
burner configurations and cycle times. It is observed that the cooling tube efficiency
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Figure 5.7: Cooling tube efficiency (-) versusλ (-) for parallel firing mode and all burner
configurations and cycle times.

shows a decreasing trend with increasingλ . This is explained by the fact that the increase
in λ is achieved by increasing the combustion air mass flow, at constant fuel flow. Thus,
more inert gases from the air (mainly N2) are introduced in the furnace, resulting in a
lower energy content per unit mass flue gas and thus lower efficiencies.

The increase in the combustion air flow also influences the regenerative preheating of
the combustion air. In Figure 5.6(a) in the previous section, it can be observed that for an
increasing value of theλ , the preheat temperature of the combustion air is decreasing. As
a result, also the exit temperature of the regenerated flue gas is lower, as shown in Figure
5.6(b).
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Figure 5.8: (a) CO and (b) NO emissions (ppmv@3%O2, dry) versus the cycle time for
C3 configuration in parallel firing mode, for all values ofλ .

In Figure 5.8(a) and (b) the CO and NO concentrations are presented for the C3 par-
allel experiment, respectively. The presented data is fromconfiguration C3, but similar
results were found for the other configurations. It is observed in (a) that higher values
of λ causes slightly higher CO emissions. However, these differences are smaller than
the effect of the cycle time, see for a discussion regarding the cycle time below. This
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unexpected trend of increasing CO emissions at increasingλ (a higherλ implies higher
concentrations of O2 and thus less CO) is explained by the temperatures of the combustion
air and flue gas. As shown in Figure 5.6(a) and (b), the air preheat temperature and regen-
erated flue gas exit temperature decrease with increasingλ . It is noted here that due to the
increased combustion air mass flow at higher values ofλ also the residence time will be
shortened, however, these differences will be relatively small. Thus, two opposing effects
are influencing the conversion of CO to CO2; increased O2 concentration is enhancing the
reactions, whereas lower temperatures are slowing down thereactions. In these experi-
ments the temperature has a stronger effect on the reactions, which is in accordance with
what has been reported in the literature [117]. Finally, regarding Figure 5.8(b), the NO
emissions are not correlated to the value ofλ , at least not within the investigated range.

In conclusion, considering both the cooling tube efficiencyand the CO emissions, a
value ofλ closest to unity is optimal. It is noted here that the observed differences in the
CO emissions are strongly related to the regenerative preheating of the combustion air.

5.4.4 Combustion air momentum

In the literature it is mentioned that flameless combustion is achieved by high internal
flue gas recirculation, which in turn is realized by discretehigh momentum injection of
the comburants [5, 8]. The momentum of the combustion air jetis calculated by Equation
5.3,

G =
RTpreheat(Φburner

m,air )2

p◦MairAn
(5.3)

whereG stands for jet momentum (N),R is the universal gas constant (J/molK),Tpreheatis
the temperature of the preheated combustion air (K),Φburner

m,air the mass flow of combustion
air (kg/s),p◦ the pressure in the furnace, which is atmospheric, (Pa),Mair the molecular
weight of air (kg/mol) andAn the area of the air nozzles (m2). Note that since the mass
flow and temperature of the fuel jet are equal for all experiments the fuel jet momentum
is also equal for all cases and the trends in the air jet momentum are equal to the trends in
the momentum ratio. In these burners the average inlet velocity of the combustion air and
fuel jets is around 100 and 30 ms−1, respectively.

Firstly, the parameters influencing the jet momentum are discussed. In Figure 5.9(a)
and (b) the combustion air jet momentum is presented as a function of the air mass flow
and the air preheat temperature. As expected from the equation, the jet momentum is
increasing for increasing air mass flow. Contrarily, the jetmomentum is decreasing with
increasing air preheat temperature, i.e., decreasing air mass flow orλ . Thus, the air mass
flow has a stronger influence on the jet momentum, which is confirmed in the equation,
where the air mass flow is squared.

Secondly, the effect of the air jet momentum on the furnace performance is investi-
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Figure 5.9: Correlation between the combustion air jet momentum (N) and (a) the mass
flow (kg/s) and (b) the preheat temperature (°C) of the combustion air for all configura-
tions firing parallel mode and all values ofλ and cycle time.

gated. In Figure 5.10 the cooling tube efficiency is presented versus the combustion air
jet momentum. It is noted that the efficiency is decreasing for an increase in the jet mo-
mentum. This is in accordance with the trend observed for thecooling tube efficiency
as a function of theλ , see also Figure 5.7. Actually, in this case the trend is evenmore
pronounced, since the jet momentum incorporates both the effects of the air mass flow,
i.e., theλ , and the preheat temperature.
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Figure 5.10: Cooling tube efficiency (-) versus air jet momentum (N) for all configurations
firing parallel mode and all values ofλ and cycle time.

In Figure 5.11(a) and (b) the emissions of CO and NO as a function of the jet momen-
tum are presented, respectively. The CO emissions are increasing with an increasing jet
momentum. Although an increasing jet momentum indicates increased oxygen concen-
tration and increased internal flue gas recirculation (two effects enhancing the CO to CO2

conversion), still the decrease in the air preheat temperature has the largest influence on
this conversion. It is concluded that in this furnace the preheat temperature of the air is an
important parameter for the emission of CO.

The NO emissions show no significant correlation with respect to the jet momentum.
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Figure 5.11: (a) CO and (b) NO emissions (ppmv@3%O2, dry) versus combustion air jet
momentum (N) for all configurations firing parallel mode and all values ofλ and cycle
time.

Since the NO emission values are also low, it shows that the ’flamelessness’ of the burners
suppresses possible increases in the NO emissions due to theincrease in preheat temper-
ature or oxygen availability.

5.4.5 Cycle time

In Figure 5.8(a) and (b) the CO and NO emissions were presented as a function of the
cycle time for burner configuration C3, respectively. The NOemissions are not signif-
icantly affected by the change in cycle time. However, the COemissions show a clear
dependency with the cycle time; lower CO emissions are measured at longer cycle times.

This trend is due to the additional conversion of CO to CO2 in the flue gas in the
regenerators. Actually, the flue gas at the hot side of the regenerators has a tempera-
ture of around 850 °C, cf. the air preheat temperature, see also Figure 5.6(a). At these
temperatures the above-mentioned reaction has significantrates [117].

In Figure 5.12(a) and (b) the temperature at the cold and hot side of the regenerators
of one burner are presented for a period of three entire cycles for all values of tcycle. The
presented data is from configuration C3, but similar resultswere found for the other con-
figurations. It is noted here that the presented temperatures were measured in a burner
that regenerates the first half of the cycle, and fires the second half. It is observed that in
case of longer cycle times, the maximum temperature of the flue gas entering the regener-
ators, i.e., the first half of the cycles in (b), is higher and that this maximum temperature
is reached relatively faster. Also, the exit temperature ofthe flue gas is higher for longer
cycle times, as can be seen in the first half of the cycles in (a). Thus, in the cases with
longer cycle time, the flue gases cross the regenerators at higher temperatures and, rela-
tively to the entire cycle time, for a longer time at these high temperatures. This explains
the lower measured CO levels for longer cycle times.
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Figure 5.12: Temperature (°C) at the cold side, position (a), and at the hot side, position
(b), of the regenerator of one burner during configuration C3, parallel firing mode,λ
= 1.2 and all cycle times. The actual measurement positions of Figures (a) and (b) are
represented in the sketch of the burner by the encircled a andb, respectively. For every
cycle time three entire cycles are presented, with the first half of the cycle a regenerating
period.

As a next step, the relative emissions of CO and NO, at a constant value for theλ and
tcycle, are calculated with Equation 5.4,

Relative emission=

(

xi

xi,max

)

j
(5.4)

wherexi is the mole fraction (-) of speciesi (either CO or NO) andj represents either at
constantλ or tcycle. Every case is part of a series obtained by variation ofλ (and thus at
constant tcycle), and part of a series obtained by variation of the cycle time(and thus at
constantλ ). The relative emission is calculated twice for each case, i.e., as part of one of
these two series. For all cases the two relative emissions are plotted versus each other in
Figure 5.13.

It is observed that the relative NO emissions are randomly scattered around the ’parity
line’, which indicates that none of the two effects (λ or tcycle) has a significant larger
influence than the other. Also, the values are close to unity,indicating that the differences
in the NO emissions between the cases are small.

However, most of the CO relative emissions are below the ’parity line’. This clearly
indicates that a change in theλ (along the x-axis) has a smaller effect on the CO emissions
than a change in the cycle time (along the y-axis). In other words, while the cycle time
has no effect on the NO emissions, it does affect the CO emissions, see also Figure 5.8.
Moreover, the effect of the cycle time on the CO emissions is larger than the effect of the
λ .

Finally, the cooling tube efficiency showed no relation withthe variation of the cycle
time.
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Figure 5.13: Relative CO and NO emissions (-) at constant tcycle and λ , for all burner
configurations in parallel firing mode.

5.4.6 Temperature uniformity

In many publications it is reported that flameless combustion is achieving a more uni-
form temperature distribution compared to conventional combustion and that this higher
temperature uniformity results in higher efficiencies [35,100].
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Figure 5.14: Cooling tube efficiency (-) versus temperatureuniformity (-) for all burner
configurations in parallel firing mode and all values forλ and cycle time.

To verify whether this hypothesis holds for different casesunder flameless combus-
tion conditions, the temperature uniformity is presented versus the cooling tube efficiency
in Figure 5.14. Note that a value of unity for the temperatureuniformity represents per-
fect uniformity, whereas a decreasing value of the temperature uniformity indicates an
increase in the temperature gradients in the furnace.

Considering the burner configurations separately, the cooling tube efficiency shows a
decrease with increasing temperature uniformity. This contradicts the general validity of
the above mentioned hypothesis.

Furthermore, it is observed that burner configurations C1 and C5 together tend to a
linear correlation with the temperature uniformity, as configurations C3 and C4 do. In
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this view, a horizontal setup of the firing burners (C3 and C4)behaves differently from a
triangular setup of the firing burners (C1 and C5, see Table 5.1). Additionally, the hor-
izontal firing setup achieves higher cooling tube efficiencies, compared to the triangular
firing setup, for the same values of the temperature uniformity. The same observation
can be made in Figure 5.10. Therefore, the observed trends inFigure 5.14 are related to
burner–burner interactions.
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Figure 5.15: (a) CO and (b) NO emissions (ppmv@3%O2, dry) versus the temperature
uniformity (-) for all burner configurations in parallel firing mode and all values of the
cycle time andλ .

Finally, in Figure 5.15(a) and (b) the CO and NO emissions arepresented as a function
of the temperature uniformity. For the formation of both pollutants no clear correlation
with the temperature uniformity could be identified.

5.5 Conclusions

A parametric study has been performed on a multi-burner flameless combustion furnace
with the objective of optimizing the furnace performance, i.e., maximizing the cooling
tube efficiency and minimizing the emissions (CO and NO). From a first observation,
regarding the difference in CO emissions in the flue gas from the regenerators and in the
central stack, the present furnace is too small for the size of the burners.

For the optimization of the furnace performance, two conditions could be ruled out.
First, staggered firing mode has been ruled out mainly due to higher NO emissions. Sec-
ondly, burner configuration C2 (see Table 5.1) was exempted,since the cooling tube effi-
ciency was significantly lower compared to the other burner configurations.

Furthermore, it was observed that for burner configurationsC4 and C5, with the burn-
ers positioned in the middle and lower levels in the furnace,the combustion air preheat
and flue gas exit temperatures are higher than for burner configurations C1 and C3. How-
ever, this trend was not reflected in the CO emissions. Then, configurations C3 and C4,
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with a horizontal setup of the firing burners, showed better cooling tube efficiencies than
configurations C1 and C5, at comparable values of the temperature uniformity. It was also
shown that with an increase in theλ , the cooling tube efficiency decreased. However, al-
though both the oxygen availability and the internal flue gasrecirculation are increased
with an increasingλ , also the CO emissions increased. This was due to decreased temper-
atures in the regenerators. Finally, it was observed that for different cases under flameless
combustion conditions, the cooling tube efficiency showed adecreasing trend with in-
creasing temperature uniformities.

Although no distinct optimal case could be identified, some conditions could be
exempted. Moreover, it was shown that the positioning of theburners, and thus the
burner–burner and burner–stack interactions, influenced the performance of the furnace.

These experimental results will serve as validation data for a set of Computational
Fluid Dynamics simulations of the furnace. The results of these simulations are presented
in the next chapter.



Chapter 6

Numerical study on burner positioning
in multi-burner furnace

In this chapter results are presented of a numerical study performed for four different burner con-
figurations in a furnace equipped with three pairs of flameless combustion burners firing Dutch
natural gas. The simulations have been validated against the experimental data presented in the
previous chapter. The commercial Computational Fluid Dynamics (CFD) code Fluent 6.3 was
used for the calculations. Using the Eddy Dissipation Concept (EDC) model for turbulence-
chemistry interaction in combination with the realizable k-ε model for turbulence and a skeletal
chemistry mechanism, the main furnace performance was consistently reproduced for all the in-
vestigated burner configurations. Moreover, it was found that predictions of the heat extraction
rates of the cooling tubes were improved by treating the flow in the cooling tubes as laminar. Fur-
thermore, the applied error tolerance of the ISAT procedurewas insufficient for accurate species
concentration predictions, however, based on analysis of the main species concentrations in the
flue gas, this inaccuracy did not influence the overall predictions.

The most important experimental results have been investigated using the CFD simulations.

Firstly, a longer path length from the firing burners to the stack, compared to the path length to

the regenerating burners, explained the lower CO emissionsin the flue gas in the stack. Secondly,

a recirculation zone between the upper firing burners and thestack in configurations C4 and C5

resulted in a smaller fraction of the flue gases leaving the furnace via the stack. Thus, a larger

fraction left the furnace via the regenerating burners and this resulted in higher preheat tempera-

tures of the combustion air. Furthermore, more pronounced recirculation zones in configurations

C3 and C4 led to higher temperature uniformities in the furnace. Finally, it was confirmed that

the jets of the burners in configurations C1 and C3 showed similar merging behaviour, leading to

similar NO emissions, as observed in the experiments.

The contents of this chapter have been published inApplied Thermal Engineering, Numerical investi-
gation of burner positioning effects in a multi-burner flameless combustion furnace, B. Danon, E.-S. Cho,
W. de Jong and D.J.E.M. Roekaerts, 2011;31(17-18):3885-3896.



68 Furnaces with multiple flameless combustion burners

6.1 Introduction

The industrial wish for higher energy efficiency of large-scale furnaces, and its associated
fuel savings, has demanded for new combustion technologies, combining heat recircula-
tion from the flue gas with low pollutant emissions. Flameless combustion (also known
as flameless oxidation (FLOX) [8], HiTAC [5] or MILD combustion [21]) is such a novel
combustion technique. In this technique the combustion aircan be highly preheated, with-
out increasing the pollutant emissions, in particular NOx. The air and fuel are injected at
high velocity and spatially separated. Due to this high-momentum injection, large quanti-
ties of hot flue gases are entrained into the jets before they mix with each other, lowering
the oxygen availability in the reaction zone, thus, also lowering the local reaction rates
and the peak temperatures. These low peak temperatures reduce the thermal NO emis-
sions [16].

Since the introduction of flameless combustion in the early nineties of the last century,
many universities and research departments of industry have made efforts in experimen-
tally investigating this new technology. These studies have been performed on many
different scales, from single open flames in jet-in-hot-coflow setups [15, 25] to (semi-)
industrial scale test furnaces equipped with multiple burners [41, 45, 52, 54]. A focus is
here on furnaces equipped with multiple flameless combustion burners.

Many of these experimental studies have been complemented with Computational
Fluid Dynamics (CFD) simulations. In the following the quality of these simulations of
furnaces with multiple flameless combustion burners and thechoice of physical models
in these simulations are discussed.

The 200 kWth semi-industrial furnace at the Kungliga Tekniska Högskolan (KTH) has
been simulated extensively using the STAR-CD CFD package [83]. Besides the standard
k-ε turbulence model, several combustion models have been investigated, of which the
combination of the Eddy Dissipation model and Finite Rate chemistry (ED/FR) turned
out to give better results. A two-step chemical mechanism for the combustion of the fuel
(LPG, i.e., propane), with CO as an intermediate, was used. Thermal radiation was calcu-
lated with the Discrete Transfer method and the absorption coefficient of the gases using
the Weighted Sum of Gray Gases (WSGG) model. The cooling tubes were not incorpo-
rated in the simulation, but a temperature, based on measured temperatures, was set as
a boundary condition. For the validation of the simulationsmeasured heat fluxes, wall
temperatures and in-furnace species concentrations were used [86]. The validation results
were reasonable, however, the in-furnace temperatures, which this set of models is known
to overpredict, were not compared. The three experimentally investigated firing modes,
i.e., which combination of burners form a burner pair, were also investigated numerically.
The main differences observed in the experiments were reproduced by the simulations.
Initially, the analysis of the results was focused on the fundamental properties of flame-
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less combustion. In a later study (firing natural gas) also the observed and reproduced
differences between the firing modes were investigated numerically in more detail, see
Chapter 4.

In 2004 Hekkens et al. simulated the experiments performed with the 1000 kWth

IFRF furnace firing natural gas using the Fluent CFD package [89, 90]. Again, the stan-
dardk-ε turbulence model was used. Three different combustion models were applied;
two Probability Density Function (PDF) methods, assuming chemical equilibrium and
laminar flamelets, and the ED/FR model. In this last model a two-step chemistry for the
combustion of methane was used. Radiation was incorporatedusing the Discrete Ordi-
nates method and the absorption coefficient was calculated with the domain based WSGG
model. After detailed comparison of the numerical and experimental results, it turned out
that the ED/FR model performed best regarding the species concentration predictions in-
side the furnace. The PDF methods were unable to correctly predict the temperatures
inside the furnace, which can be explained by the fact that they assume (too) fast chem-
istry. However, also the ED/FR model overpredicted the peaktemperatures inside the
furnace, even though two model constants have been adjustedfor flameless combustion
purposes using previous IFRF measurements.

The 200 kWth natural gas fired flameless combustion furnace at the Facult´e Poly-
technique de Mons has been simulated by Lupant et al. using the Fluent CFD package
[51, 52, 91]. The standardk-ε turbulence model is applied, with a model constant ad-
justed for improved prediction of the spreading rate of the jets. Combustion modeling
is done using both the PDF method assuming chemical equilibrium and the combinated
ED/FR model. Again, as in the simulations for the IFRF furnace, two model constants
in the ED/FR model were changed in order to improve the results. A one-step chem-
istry mechanism has been used for the combustion of methane.Radiative heat transfer
is modeled using the Discrete Ordinates method and the WSGG model was used for the
calculation of the absorption coefficient. Validation of the simulation is performed by
comparison of the numerical results with in-furnace radiative heat flux, temperature and
species measurements. Reasonable agreement was achieved for the heat fluxes, however,
all simulations overpredicted the temperature inside the furnace. This difference was
smaller in the simulation where the model constants in the ED/FR model were adjusted.
Although the maximum concentrations of O2 were predicted rather well, the concentra-
tion dropped too fast after its maximum. This indicates thatthe combustion reactions are
too fast, which also explains the prediction of the temperatures being too high. Finally, it
is noted that the modification of the model constant in the turbulence model improved the
prediction of the delay in the reaction.

Several regenerative reheating furnaces at the NKK steel company firing Low
Calorific Value gases were simulated by Ishii et al. using theFluent CFD package
[53, 54, 55]. Again, the standardk-ε model for turbulence is used. For the modeling
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of the combustion the PDF method assuming chemical equilibrium is applied. Radiation
is incorporated using the P-1 model and again the WSGG model was used for the ab-
sorption coefficient. Besides this standard set of models, awide variety of models for
turbulence, wall functions and PDF shapes were compared [92]. The simulations are val-
idated against in-furnace temperature measurements [54].The agreement is reasonable
outside the combustion zone. Inside the combustion zone thetemperatures are fairly over-
predicted, as was observed also in the other simulations using a PDF method. After the
validation of the simulation, several numerical investigations were performed [53, 55].

Generally, it can be concluded that combustion models assuming fast chemistry (e.g.
PDF methods assuming chemical equilibrium) are not applicable for the simulation of
flameless combustion. Also, a careful choice of the chemicalmechanism is important.

At Delft University of Technology (DUT) a 300 kWth furnace equipped with three
pairs of flameless combustion burners, with the unique possibility to vary the positions
of the burners in the furnace, has been investigated experimentally [65]. In this chapter
the results of detailed CFD simulations of this furnace are presented. The objective of the
simulations was to investigate and explain the observed trends in the furnace performance
for the different burner configurations in the furnace.

6.2 Experimental setup

The furnace is equipped with three pairs of regenerative flameless burners. The burner
pairs have a thermal power of 100 kWth each, thus 300 kWth in total. The furnace has
inner dimensions of 1500 x 1500 x 1850 mm (length x width x height). The insulation
consists of three layers of ceramic fire bricks, together 300mm thick. In total 18 flanges
for the burners are divided over two opposite sides of the furnace (nine each). In this way,
it is possible to investigate different burner configurations in the furnace. The heat sink is
made of eight single ended cooling tubes, four placed above the burners and four beneath,
see also Figure 6.1 and Section 6.3.2.

The burners were manufactured by Wärmeprozesstechnik GmbH and are of the
REGEMAT CD 200 type. Each burner has four combustion air/fluegas nozzles around a
central fuel nozzle, with diameters of 20 mm and 12 mm, respectively. The burners have
ceramic honeycomb heat exchangers (regenerators) incorporated. Eighty percent on mass
basis of the flue gas is sucked by a fan via the air nozzles over these honeycombs (thus
heating them) for regeneration of the heat, while the remaining twenty percent is leaving
the furnace via the central stack at the roof. Three burners are firing simultaneously, while
the other three burners are regenerating. After a preset time interval of 10 to 30 s they
switch and the firing burners start regenerating, et vice versa. The cycle time (tcycle) is
defined as one periodic cycle, i.e., the sum of the firing and regenerating period for one
burner. The experimental data with the highest cycle time (60 s) were taken for the present
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Figure 6.1: Furnace sketch, representing burner configuration C5 firing in parallel mode.
The boxed numbers 1 and 2 indicate the two sample positions for the flue gas. Sampling
point 2 is after the regenerators. The vertical symmetry plane is indicated by the (green)
shaded plane. All dimensions are in mm. The two inserts show enlarged frontviews of the
mesh around a burner (lefthand side) and a cooling tube (righthand side). The total mesh
contains approximately 1.5 million hexahedral cells.

steady RANS simulations, since these experiments are considered to be closest to steady
state operation. The data with an excess air ratio (λ ) of 1.25 were used for the simula-
tions. Dutch natural gas (DNG) was used as the fuel, which hasa net (lower) calorific
value of 31.669 MJ/m3. The furnace operates at atmospheric pressure. Using an NDIR
gas analyzer, the NO and CO concentrations in the flue gas fromthe stack and from the
regenerators (boxed numbers 1 and 2 in Figure 6.1, respectively) were measured on-line.
In the same positions the O2 concentration was determined on-line paramagnetically for
normalization purposes. More details on the experimental setup and results can be found
in the previous chapter.

Four different burner configurations were investigated numerically. For all of these
configurations the firing mode was parallel, indicating thatall the firing burners are on
one side of the furnace, while all the regenerating burners are on the other side of the
furnace. In Figure 6.2 the simulated burner configurations are presented.

6.3 Numerical setup

A three-dimensional mesh of the furnace was generated usingGambit 2.4, see also Fig-
ure 6.1. The mesh contains approximately 1.5 million hexahedral cells. Exploiting the
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C1 C3 C4 C5

Figure 6.2: Overview of simulated burner configurations. The two rectangles represent
the two side walls of the furnace with the burner flanges. The large circles represent the
burner flanges, if filled black it is occupied by a firing burner, if filled gray it is occupied
by a regenerating burner. The black and gray circles switch after a period of 30 s. The
small circles denote the position of the cooling tubes.

symmetry of the furnace with respect to its vertical midplane, to reduce the computational
time, only half of the furnace is meshed. The cooling tubes are entirely incorporated in
the simulations.

The simulations were performed with the commercial code Fluent 6.3.26 [76]. The
second order implicit steady solver was used with Green-Gauss cell based interpolation.
A SIMPLE algorithm is used for pressure-velocity coupling.

The calculations were performed on a cluster with 4 dual coreAMD Opteron 8222
(3.0 GHz) processors with 8 GB DRAM per processor, thus 32 GB in total. The simula-
tions were calculated parallel on all eight nodes.

6.3.1 Furnace

For turbulence closure the realizablek-ε model was used. This model is shown to give
improved results, compared to the standardk-ε model, for the prediction of round jets
[97], as is the case in these burners.

For the combustion of the fuel the mechanism of Smooke et al. for the combustion
of methane was applied [98]. This so-called skeletal mechanism consists of 16 species
(resulting in 16 transport equations to be solved) and incorporates 46 reactions. It is noted
here that a mechanism for the reaction of methane only is used. This implies that the
Dutch natural gas (DNG) is replaced by a simulation fuel. This simulation fuel contains,
as a fuel component, only methane, also replacing the higherhydrocarbons present in
DNG, in such a way that the heat release per unit mass stays equal. In Table 6.1 the
composition of the actual DNG and its simulation fuel is presented, see also Appendix A.

The turbulence-chemistry interaction is taken into account by using the Eddy Dissipa-
tion Concept (EDC) model [99]. The EDC model has been successfully applied for vari-
ous turbulent and flameless combustion applications [100, 101]. Parente et al. compared
results for flameless combustion with different turbulence-chemistry interaction models
and chemistry mechanisms [102]. They concluded that the EDCmodel combined with a
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Table 6.1: Composition of actual and simulation fuel for Dutch natural gas [116].

DNG
Actual Simulation

Component %-mass %-mass
CH4 69.97 75.98
C2H6 4.63 -
C3H8 0.90 -
C4H10 0.47 -
C5H12 0.16 -
C6H14 0.23 -
O2 0.02 0.02
N2 21.52 21.87
CO2 2.10 2.13

skeletal or full chemistry mechanism performed best. Additionally, Stefanidis et al. also
compared the EDC model with the combined ED/FR approach [103]. They report that
the main disadvantage of the ED/FR model is too fast reactionrates for the oxidization
of the fuel. This disadvantage is especially undesired for flameless combustion applica-
tions, since in flameless combustion the reaction rates are relatively low. Finally, Kim et
al. performed a study on the use of different chemistry mechanisms for the simulation of
flameless combustion. The EDC model was used in all the test cases, since it was consid-
ered by the authors as a very suitable model for the simulation of flameless combustion
[78].

The in situ adaptive tabulation (ISAT) procedure, for the efficient computation of ho-
mogeneous reactions in chemically reacting flows, has been applied [118]. The error
tolerance of this procedure was stepwise decreased until a value of 10−4. For one case,
reported below, the error tolerance was decreased further to a value of 10−5.

Radiative heat transfer is accounted for using the DiscreteOrdinates method and the
domain-based Weighted Sum of Gray Gases Model (WSGGM) for the absorption coef-
ficient of the gas mixture. The mean beam length was based on the dimensions of the
furnace since the flue gas composition inside the furnace is reasonably uniform and with
this approach improved predictions of the radiation fluxes between the walls and cool-
ing tubes are expected. The emissivity of steel was set to 0.8and that of the firebrick
insulation to 0.68.

The density of the mixture is calculated by the multicomponent ideal gas law us-
ing the low Mach number approximation p = pref. The molecular viscosity and thermal
conductivity of the gas mixture are taken constant at 1.72x10−5 kg/ms and 0.0241 W/mK,
respectively. The mass diffusivity is calculated by Fick’slaw with a constant and identical
mass diffusion coefficient of 2.88x10−5 m2/s for all species. Finally, the heat capacities
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are determined per species with a temperature dependent piece-wise polynomial provided
by Fluent, and for the mixture with the mixing law.

The heat losses through the walls were incorporated by calculating the convective
and radiative heat flux to the environment. For a realistic value of the effective thermal
conductivity of the walls, the predicted wall temperatureswere compared with the exper-
imental values.

In previous studies this set of models proved to be suitable for the simulation of flame-
less combustion in furnace environments [67, 119]. Additionally, De et al. performed a
detailed comparison study of these and comparable models for experimental results of a
jet-in-hot-coflow setup, which emulates flameless combustion [81]. Overall, the set of
models was well capable of predicting flameless combustion.Moreover, it was shown
that the realizablek-ε performed better than other two-equation turbulence models. Also,
the use of the above-mentioned constant values for the viscosity and the species mass
diffusivities showed no significant differences with simulations with a temperature de-
pendent viscosity or using multi-component diffusion. Thelargest difference, compared
to the experiments, was that the ignition was predicted to occur too early. Finally, a limita-
tion of the use of the EDC model with a skeletal chemistry mechanism was demonstrated
for flows with low turbulence Reynolds numbers. In the present furnace the Reynolds
numbers were verified to be higher than the Reynolds numbers where these limitations
become apparent.

6.3.2 Cooling tubes

In preliminary simulations of the furnace the heat extraction rate of the cooling tubes
was fairly overpredicted. In order to investigate this difference a separate simulation was
performed on a single cooling tube. The mesh of this single cooling tube is kept exactly
the same as the mesh of a cooling tube in the mesh of the furnace. As a boundary condition
the furnace temperature was set on the outer tube in this separate simulation.

Each cooling tube consists of two concentric annular tubes.Air was used as the cool-
ing medium and enters the inner tube, turns at the end and flowsback through the annulus
between the inner and outer tubes. This setup was chosen to minimize the temperature
gradients along the length of the outer tube, thus, creatingan as uniform as possible heat
extraction distribution. The inner tube has an internal diameter of 100 mm and penetrates
1282 mm into the outer tube, which in turn penetrates 1450 mm into the furnace and has
a inner diameter of 150 mm. In Figure 6.3 a schematic representation of a single cooling
tube is presented.

In order to characterize the flow regime inside the cooling tube the Reynolds number
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Figure 6.3: Schematic representation of a single cooling tube. All dimensions are in mm.

was calculated. The Reynolds number (Re) is defined in Equation 6.1,

Re=
ρudh

µ
(6.1)

whereρ is the mean density (kg/m3), u the mean velocity magnitude (m/s),dh the hy-
draulic diameter (m) andµ the molecular viscosity (kg/ms). The hydraulic diameterdh

is 0.1 m and 0.05 m for the inner tube and the annulus, respectively. The Reynolds num-
ber of the flow in the inner tube and annulus are around 20,000 and 10,000, respectively.
These values indicate that the flow in the inner tube is turbulent, however, in the annulus
it is in the range of Reynolds numbers that indicate the transition regime between laminar
and turbulent flow.
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Figure 6.4: Predicted velocity magnitude profiles (m/s) in the cooling tube at three axial
distances z (m) versus the radial distance x with x = 0 at the axis. (a) Realizable k-ε
turbulence model and (b) laminar zone.

In order to further investigate the flow regime in the annulus, the predicted velocity
magnitude profiles, using the turbulence model, in the cooling tube at three axial positions
(z) are presented in Figure 6.4(a). Indeed, the velocity profile in the inner tube has the
shape typical for turbulent pipe flow. However, the velocityprofiles in the annulus tend to
a parabolic form, which indicates laminar flow.

In a subsequent simulation the entire cooling tube has been treated as a laminar zone.
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In Table 6.2 the numerical results for the single cooling tube (with boundary condition
values taken from the C1 configuration experiment), treating the flow in the cooling tube
either as turbulent or as laminar, are compared with the experimental values. It is observed
that the predictions for both the total heat extraction rate(Qtube) and for the temperature
of the cooling air at the outlet (Tcoolout) were closer to the experimental values when the
cooling tubes were treated as laminar. This can be explainedby the flow in the annulus
to rather resemble laminar flow behavior and thus creating a sort of thermal resistance,
limiting the total heat extraction rate of the cooling tube.In Figure 6.4(b) the velocity
profiles using the laminar model are presented. It is observed that the velocity profiles in
the annulus are more pronounced parabolic.

Table 6.2: Heat extraction rate (Qtube) and temperature of the cooling air at the outlet
(Tcoolout) of a cooling tube from configuration C1.

Variable Experiment Turbulent CFD Laminar CFD
Qtube (kW) 12.3 18.9 14.6
Tcoolout (°C) 496 702 550

To conclude, in the furnace simulations, the flow in the cooling tubes is treated sepa-
rately from the rest of the furnace and as laminar flow. The flowwithin the furnace itself
is still treated as turbulent flow.

6.3.3 Data comparison

For comparison of the transient experimental data (due to the switching of the burners)
and the steady state numerical results, averaging is required. In Figure 6.5 the furnace
temperature, characterized by a thermocouple in the furnace side wall, and the preheat
temperature of the combustion air in one burner are presented over a period of 5 entire
cycles. These data are from the C3 burner configuration experiment.

It is noted that the transient behavior is well represented in the preheat temperature,
while the furnace temperature is not showing any correlation with the cycle time. Actu-
ally, all the measurements used as boundary conditions or for validation of the simulations
(wall temperatures, heat extraction rates of the cooling tubes, composition of the flue gas)
show similar steady signals.

The preheat temperature of the combustion air is also used asa boundary condition for
the simulations, since the regenerators are not incorporated in the simulations. Therefore,
the data of the preheat temperature of an entire firing periodis averaged and set as the
boundary condition.

Furthermore, in order to have a similar spatial heat distribution in the simulations as
in the experiments, two separate steady state simulations were performed for each con-
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Figure 6.5: Furnace temperature (Tfurn, °C) and preheat temperature of the combustion
air (Tpreheat, °C) over a period of 5 entire cycles from the C3 burner configuration exper-
iment.

figuration. For both parts of an entire cycle a steady simulation was performed, i.e., one
simulation with one set of burners firing and one simulation with the other set of burners
firing was performed, see also Figure 6.2. For the final comparison of the experimental
and numerical results, the results of these two simulationswere averaged.

6.4 Results and Discussion

6.4.1 Validation

In Table 6.3 the main results of the experiments are comparedwith the numerical results
for all the configurations. It is noted here that all the four configurations are simulated
with the exact same set of physical models and settings, as described above.

Table 6.3: Comparison of main variables between experiments (EXP) and simulations
(CFD) for the four different burner configurations (C1, C3, C4 and C5).

C1 C3 C4 C5
Variable EXP CFD EXP CFD EXP CFD EXP CFD
Tfurn (°C) 1036 1121 1051 1113 1074 1142 1052 1128
Qcool (kW) 99 104 97 101 98 102 90 99
Qloss (kW) 145 110 122 108 141 110 150 110
Tstack(°C) - 1182 - 1192 - 1216 - 1195
Q∗

loss (kW) 137 - 112 - 134 - 144 -
O2 (%-vol) dry 3.48 3.22 3.95 4.76 3.22 3.47 3.79 3.43
Oth

2 (%-vol) dry 3.66 3.64 5.58 5.56 4.16 4.14 4.03 4.01

The furnace temperature is overpredicted in the simulations with around 70 °C, how-
ever, these differences are considered to be acceptable.
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The heat extraction by the cooling tubes (Qcool) is predicted reasonably accurately.
The predicted values are slightly higher for all configurations, but the values are close.
The other heat losses (Qloss), mainly through the walls, are underpredicted in the sim-
ulations. This is partly due to the calculation method of this value in the experiments.
In the analysis of the experimental results, the heat flux through the stack is calculated
assuming that the flue gas leaving the furnace via the stack isat a temperature equal to
the furnace temperature. However, comparing the furnace temperature (Tfurn) and the flue
gas temperature in the stack (Tstack) in the simulations, the latter is consistently higher.
This indicates that by taking the furnace temperature as thestack flue gas temperature,
the experimental heat flux through the stack is underestimated. The values for the experi-
mental heat losses calculated with the predicted temperature of the gas in the stack (Q∗loss)
show that this error explains only part of the difference.

Finally, the oxygen concentration (O2) in the flue gas is considered. In Table 6.3 the
measured and predicted values of the O2 concentration in the flue gas from the stack are
presented. Additionally, the theoretical value (Oth

2 ) calculated from the measured flows
of comburants for complete combustion, both using the actual fuel (DNG) and using
the simulation fuel (only containing CH4 as a hydrocarbon, see above), are reported.
In the first place, the measured values are compared with the theoretical values for the
experiments. All the measured O2 values are lower than the theoretical values. These
differences are, besides the error in the measurement of theoxygen concentration itself,
due to errors in the measurement of the comburant mass flows. Secondly, comparing
the theoretical values for the actual fuel (DNG) and the simulation fuel, it is noted that
they are very similar. Finally, comparing the predicted values in the simulations with
the theoretical values for the simulation fuel, it is noted that the predicted values are
systematically lower. This is due to the integration of the chemistry in the simulations. As
stated before, the ISAT procedure was used for shorter computational times. Gordon et al.
investigated the maximal value for the ISAT error tolerance(IET) for several mechanisms
[120], concluding a maximal value of 10−6 for the Smooke mechanism is required. Due
to too long computational times, this value was not supportable for the current mesh in
combination with the current cluster.

To verify the impact of the error due to this deficiency, one case (configuration C5 with
the black burners firing, see Figure 6.2) was run with IET 10−5. In Figure 6.6 the main
results, as presented in Table 6.3, are plotted for the simulations with the different values
of the IET. It is noted that a large difference in the main results is observed between
the simulations with IET 10−3 and 10−4. In case of IET 10−5 the results do improve,
however, relatively marginally. It is concluded here, thatthese simulations would improve
by additional calculation with IET 10−5, however, considering the time investment versus
the expected improvement, this was not performed.

Additionally, in Figure 6.6, the results of the simulation with IET 10−4 with both



Chapter 6. Numerical study on burner positioning in multi-burner furnace 79

       1st−ip3 1st−ip4 1st−ip5 2nd−ip4        
1000

1100

1200

1300

1400

1500
T

em
pe

ra
tu

re
 (°

C
)

 

 
T

furn
T

stack

       1st−ip3 1st−ip4 1st−ip5 2nd−ip4        
80

100

120

140

160

H
ea

t e
xt

ra
ct

io
n 

ra
te

 (
kW

)

 

 
Q

cool
Q

loss

       1st−ip3 1st−ip4 1st−ip5 2nd−ip4        
0

1

2

3

4

5

O
2 (

%
−

vo
l, 

dr
y)

 

 

O
2

(a) (b) (c)

Figure 6.6: Main predicted results for configuration C5 parallel versus ISAT error tol-
erance (IET) and discretization scheme; ip4 = IET of 10−4, ip5 = IET of 10−5, 1st =
first order discretization and 2nd = second order discretization. (a) Furnace temperature
(Tfurn, °C) and flue gas temperature in the stack (Tstack, °C). (b) Heat extraction rate of
the cooling tubes (Qcool, kW) and other heat losses (Qloss, kW). (c) Oxygen concentration
in the flue gas from the stack (%-vol, dry).

first order and second order discretization schemes are compared. It is noted that the
differences in main results between these two simulations are marginal.

Finally, in Figure 6.7 the mass fractions of the main speciesin the flue gas in the
stack are compared for the simulations of configuration C5 with IET 10−4 and 10−5. It
is noted that in the simulation with IET 10−4 lower O2 concentrations and higher CO2

and H2O concentrations are predicted. In the case of IET 10−5 the O2 content is slightly
higher and the CO2 and H2O contents are lower. Thus, by decreasing the IET the oxygen
concentration is tending towards the experimental and theoretical values. For both cases,
the concentrations of CO and CH4 are very low; they are in the order of 10 and 10−4

ppm, respectively. It can be concluded that in the simulation with the higher value of
IET (10−4) the combustion is complete, i.e., there is hardly any CO andCH4 left in the
flue gas. Therefore, no large errors in the total heat distribution in the furnace due to
integration errors are to be expected.
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Figure 6.7: Main species mass fractions (-) in the flue gas in the stack with burner con-
figuration C5 for (a) IET = 10−4 and (b) IET = 10−5.

Although no in-furnace measurements were performed for a detailed validation, the
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consistency of the predictions for all the four investigated configurations confirmed the
suitability of the set of physical models for a numerical investigation of this furnace.

6.4.2 Carbon monoxide emissions

In Figure 6.8 the concentrations of CO in the flue gas from the stack and from the re-
generators are presented for the experiments and the simulations. For these two flue gas
sampling locations, see the boxed numbers in Figure 6.1.
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Figure 6.8: Comparison of experimental values for CO concentration (0.1 x
ppmv@3%O2, dry, EXP) and predicted values from the simulations (0.01 xppmv@3%O2,
dry, CFD) in the flue gas from the stack and from the regenerators for all four burner con-
figurations firing in parallel mode.

All the predicted values of the CO concentration are much higher than the measured
values. This is a deficiency of the used chemistry mechanism and has also been mentioned
as such by the developers of the mechanism [98]. Additionally, in the simulations the CO
concentrations in the flue gas from the regenerators are taken before the regenerators (at
the hot side), whereas in the experiments this CO concentration is measured after the
regenerators (at the cold side). Thus, part of the excess CO observed in the numerical
results would have been converted to CO2 in the regenerators if simulated.

However, the trend in the difference between the values in the flue gas from the stack
and from the regenerators is reproduced correctly; in the stack flue gas, relatively small
amounts of CO are predicted, whereas in the regenerator flue gas larger amounts of CO
are predicted.

The difference in the CO concentrations in the two exits is related to the path length
of the mean flow to these exits. In Figure 6.9(a) the pathlinesalong the streamlines of
the mean velocity (taken from the CFD simulations) of the gases flowing from the middle
firing burner in configuration C5, to the opposing regenerating burners and to the stack
are presented. The burners and the stack are indicated by thearrows. It is observed that
the pathlines to the stack are longer than those to the regenerating burner. Also, it is noted
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that part of the gases not immediately leaves the furnace, but is recirculated to the root of
the comburants jet.
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Figure 6.9: (a) Sideview of the furnace showing the pathlines from the nozzles of a firing
burner in configuration C5. Pathlines are coloured by the velocity magnitude (m/s). (b)
CO concentration (ppmv@3%O2, dry) versus distance along the paths from the firing
burner to the opposing regenerating burner (solid line) andto the stack (dashed line).
Results from CFD simulations.

Based on the observed pathlines from CFD, the approximate path lengths of the mean
flow were calculated exploiting only straight lines and right angles. The recirculating
gases were not included in this calculation since they join the jet again at its root. Fur-
thermore, it can be assumed that the gases that immediately leave the furnace, either via
a regenerating burner or via the stack, account for the largest part of the observed CO
concentrations.

The path lengths between all firing burners and all regenerating burners were calcu-
lated and subsequently averaged. The same was done for the path lengths between the
firing burners and the stack. The averaged path lengths from the firing burners to the re-
generating burners and to the stack are approximately 2.0 m and 3.0 m, respectively. For
the firing burner in Figure 6.9(a) these path lengths were converted to residence times by
division with the local velocity. The residence time of the gases from this burner to the
regenerating burner was 0.2 s. From the firing burner to the stack the residence time was
0.5 s. Again, these values include the direct paths only, excluding recirculation.

In Figure 6.9(b) the CO concentration along the considered paths from the firing
burner to the opposing regenerating burner and to the stack are presented from the simu-
lations. The initial 1.5 m is identical for both paths, sincein both cases the gases cross the
furnace width first. The peak in CO concentration, which can be regarded as the center
of the combustion zone, is at approximately 1.2 m from the burner nozzles. After this
point, the CO concentration decreases steadily. It is observed that the CO in the gases to
the regenerating burner is not fully converted before reaching the exit point. On the other
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hand, in the gases traveling towards the stack, the CO concentration further decreases (see
insert with enlargement in Figure 6.9(b)) .

Thus, it is concluded that the flue gas leaving the furnace viathe stack had a long
enough residence time (due to its longer path length) to havemost of the CO converted to
CO2.

6.4.3 Combustion air preheat temperature

In the experiments a difference in the preheat temperature of the combustion air was ob-
served for the different burner configurations. In Figure 6.10(a) the experimental values
of the preheat temperature of the combustion air are presented. It was observed that the
preheat temperatures for the C4 and C5 configurations are higher than those for configu-
rations C1 and C3.
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Figure 6.10: (a) Experimental values of the combustion air preheat temperatures (°C) for
all configurations, parallel firing mode, all values ofλ and cycle time [65]. (b) Position
of thermocouple in regenerators.

In Figure 6.11 the maximum value of the normalized temperature (τ) at the hot side
of the regenerator in the experiments is compared with the predicted flue gas temperature
entering the regenerating burners. The normalized temperatureτ is defined in Equation
6.2,

τ =
T

Tref
(6.2)

whereT is the temperature (K) andTref the reference temperature (273.15 K).
The numerical values are higher than the experimental values. This is due to two

reasons. In the first place, the thermocouples inserted in the regenerators only penetrate
until the end of the regenerators, while in the simulations the flue gas temperature is taken
at the nozzle, see also Figure 6.10(b). In the second place, the measured temperatures
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Figure 6.11: Comparison of the maximum value ofτ (-) at the hot side of the regenerators
in the experiments and the predictedτ (-) of the flue gas entering the regenerating burners.

Table 6.4: Measured mass percentage (%-mass) of flue gas leaving the furnace via the
stack.

C1 C3 C4 C5
Mass percentage stack (%-mass) 27.3 31.2 22.1 22.1

will be slightly lower than the actual gas temperatures due to radiative heat losses of the
thermocouples. The reported experimental measurements were not corrected for these
radiative losses.

However, in both the experiments and the simulations the values ofτ are higher for
configurations C4 and C5. This is explained by the amount of flue gas leaving the furnace
via the stack. In Table 6.4 the experimental values of the mass percentage of flue gas
leaving the furnace via the stack is presented for the four configurations. It is noted here
that the mass percentage of flue gas to the stack is set as a boundary condition in the
simulations.

It is observed that for both C1 and C3 relatively larger percentages of the flue gases
leave the furnace via the stack. This is due to the fact that inthese configurations the three
higher burners are positioned in the upper level, whereas inC4 and C5 they are positioned
in the middle level, see also Figure 6.2.

In Figure 6.12 pathlines along the streamlines of the mean velocity are presented from
all grid cells of the firing burner inlets of all the configurations, colored by the local tem-
perature. It is observed that in configuration C4 and C5, as expected, less of these path-
lines leave the furnace via the stack in the roof. This is due to an additional recirculation
zone above the firing burners compared to configuration C1 andC3.

It is concluded that in configurations C1 and C3, due to the firing burners positioned
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Figure 6.12: Pathlines from all grid cells of the firing burner inlets of all configurations
colored by the local temperature (K) viewed towards the vertical midplane of the furnace.
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closer to the stack and the absence of a recirculation zone between these firing burners
and the stack, significantly more flue gas leaves the furnace via the stack and relatively
less hot flue gas is available for regeneration, leading to lower preheat temperatures of the
combustion air.

6.4.4 Cooling tube heat extraction

In Figure 6.13 the experimental and numerical values of the cooling tube heat extraction
rate of the four configurations are compared. The predicted values are slightly higher than
the experimental. However, the trend between the differentcases is well captured by the
simulations.

The cooling tube heat extraction is directly related to the total mass flow of cooling
air to the cooling tubes. In the total mass flow of cooling air the same trend is observed
as in Figure 6.13. Since the measured total cooling air mass flows are set as boundary
conditions in the simulations, the trends in the total cooling tube heat extraction rates are
also reproduced in the simulations.
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Figure 6.13: Cooling tube heat extraction rates (kW) comparison for the experiments
(EXP) and simulations (CFD).

6.4.5 Temperature uniformity

In Figure 6.14 the experimental and numerical values of the temperature uniformity of
the four configurations are compared. The temperature uniformity (Tu) is defined as in
the following equation,

Tu = 1−

√

√

√

√

1
N

N

∑
i=1

(

(Ti − T̄)

T̄

)2

(6.3)
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whereN is the total number of temperature measurement positions,Ti is the temperature
in the ith position andT̄ is the mean of all the temperature measurements. The value of
theTu is between 0 and 1, where the value 1 indicates a perfectly uniform furnace.

The trend in the temperature uniformities agrees well between the experiments and
simulations. Especially, the observation that configurations C3 and C4 achieve higher
temperature uniformities, compared to configurations C1 and C5, is reproduced. How-
ever, there is an opposing trend in the temperature uniformities of C3 versus C4 and C1
versus C5.
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Figure 6.14: Temperature uniformity (-) comparison for experiments (EXP) and simula-
tions (CFD).

In Figure 6.15 the predicted values for the wall temperatures are presented for burner
configuration C4 and C5. The exact positions of the thermocouples are denoted in the
drawings of the four side walls of the furnace.

It can be observed, comparing the thermocouples in the highest level (numbers 1, 3
and 5) with those in the middle or lower level (numbers 2, 4 and6), that the difference
in the temperature is larger for configuration C5, which resulted in a lower temperature
uniformity. Actually, in configuration C4, thermocouples 1, 3 and 5 have relatively higher
values. This is due to the fact that a stronger recirculationzone in this configuration
results in higher temperatures in the upper zone of the furnace, see also Figure 6.12.
This also explains the lower temperature uniformity in configuration C1, where the least
pronounced recirculation zones can be identified. For the values of the thermocouples in
the opposite wall (numbers 10 to 15) the same behavior can be observed.
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Figure 6.15: Predicted temperatures (K) for all thermocouples in burner configurations
C4 and C5. The four large rectangles represent the four side walls of the furnace with the
numbers indicating the positions of the thermocouples.

6.4.6 Temperature uniformity versus cooling tube heat extraction

In the experimental results, a linear correlation was observed between the cooling tube
heat extraction and temperature uniformity [65]. In Figure6.16 these values are plotted
for both the experiments and the simulations. It is observedthat the decreasing trend in
the cooling tube heat extraction rate with increasing valueof the temperature uniformity
is not reproduced. Due to the choice of experiments that havebeen simulated it is not
possible to either confirm or contradict the observations ofthe experimental results. In
order to be able to do this, additional simulations of cases exploiting more variation in
the values of the cooling tube heat extraction and the temperature uniformity are required.
Due to time limitations, these additional simulations are currently not performed.
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Figure 6.16: Cooling tube heat extraction rate (kW) versus temperature uniformity (-)
for all burner configurations in parallel firing mode. Black symbols are the experimental
values, gray symbols represent the numerical values.

6.4.7 Point of confluence

In a previous study on a comparable furnace [67] the point of confluence of the comburant
jets was indicated as an important factor for the NO formation. In this study the NO
emissions were similar for all configurations and operatingconditions [65]. To verify
whether the jets show similar merging behavior in this furnace the firing burners in the
lowest level of configurations C1 and C3 are compared.

In Figure 6.17 the velocity in the (axial)z-direction, the temperature and the mixture
fraction are plotted on lines at three distances from the nozzles of these burners. The
distance from the burner nozzlesz is normalized by the diameter of the air nozzlesd
(0.02 m). The fuel nozzles are positioned atx = 0.295 m and 0.75 m and are surrounded
by four high momentum air nozzles, two of which are captured by the lines. The mixture
fraction was calculated by applying Bilger’s formula [121].

The point of confluence is defined as the point where the low-momentum jet is fully
absorbed by the high momentum jet(s) [115]. The further the point of confluence from
the nozzles, the more internal flue gas recirculation is present before the fuel and oxidizer
jets merge and the lower the NO emissions are expected to be.

For the burner atx = 0.295 m no clear differences can be observed between config-
uration C3 and C1, both seem to have a point of confluence atz/d = 6. The burner atx
= 0.75 m has a point of confluence atz/d = 8 in both configurations (only configuration
C3 is shown in Figure 6.17, but the burner of configuration C1 showed the same value).
Concluding, it is confirmed that the jets of the burners in configurations C1 and C3 show
similar merging behavior, which is in agreement with the proposed explanation for the
similar NO concentrations in their flue gases. Also, no distinct differences in the max-
imum temperatures could be identified between the two configurations. Finally, it can
be expected that the middle burner (atx = 0.75 m) produces less NO than the two outer
burners.
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Figure 6.17: Development of the velocity in the z-direction(m/s), temperature (°C) and
mixture fraction (ξ , -) for the lower burners in configurations C1 and C3 parallel. The
data are plotted over the three gray lines depicted in the sketch of the numerical domain
of configuration C3. The (green) shaded plane is the verticalsymmetry plane.
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6.5 Conclusions

A numerical study has been performed for four different burner configurations in a fur-
nace equipped with three pairs of flameless combustion burners. A carefully selected set
of physical models proved to be adequate to reproduce the main results observed in the
furnace experiments. The simulations have been validated against the main results of the
furnace experiments and by consistently capturing the trends in these results for the dif-
ferent burner configurations. Moreover, it was found that due to relatively low Reynolds
numbers in the cooling air flow in the annulus of the cooling tubes, predictions of the heat
extraction rates of these cooling tubes were improved by treating the flow in the cooling
tubes as laminar. Furthermore, the applied error toleranceof the ISAT procedure was
shown to be insufficient for accurate species concentrationpredictions, however, based
on analysis of the main species concentrations in the flue gas, this inaccuracy did not
influence the overall predictions.

The most important experimental results have been investigated using the simulations.
In the first place, a longer path length from the firing burnersto the stack, compared to
the path length to the regenerating burners, explained the lower CO emissions in the flue
gas in the stack. Secondly, it was found that a recirculationzone between the upper firing
burners and the stack in configurations C4 and C5 resulted in asmaller fraction of the
flue gases leaving the furnace via the stack compared to the other configurations. Thus,
a larger fraction left the furnace via the regenerating burners and this resulted in higher
preheat temperatures of the combustion air. Furthermore, the total cooling tube heat ex-
traction was directly related to the total amount of coolingair. In the fourth place, more
pronounced recirculation zones in configurations C3 and C4 led to higher temperature
uniformities in the furnace. Finally, it was confirmed that the jets of the burners in config-
urations C1 and C3 showed similar merging behavior, leadingto similar NO emissions,
as have indeed been observed in the experiments.

It can be concluded that by the numerical study more insight is attained regarding
the effects of burner positioning in a multi-burner flameless combustion furnace. In the
future, the simulations can be improved by further decreasing the error tolerance of the
ISAT procedure. Also, in order to verify the observation in the experiments of a de-
creasing cooling tube heat extraction with increasing temperature uniformity, additional
simulations are required.



Chapter 7

Gas turbine combustor firing LCV
gases

A prototype flameless combustion gas turbine combustor has been investigated experimentally and
numerically. The combustor was operated with various Low Calorific Value (LCV) gases. At the
outlet main component and emission measurements (CO and NO)have been performed. The influ-
ence of several parameters (i.e. fuel composition, outlet temperature and nozzle diameter) on the
emissions have been investigated. Ultra-low emissions (single-digit) have been achieved. More-
over, axial temperature profiles in the combustion chamber have been measured with a suction
pyrometer.

The combustor has been simulated with a commercial CFD code (Fluent 6.3) to gain insight in

the combustion characteristics. Using the Eddy Dissipation Concept (EDC) model for turbulence-

chemistry interaction in combination with the Reynolds Stress model for turbulence and two dif-

ferent chemistry mechanisms, the measured temperature profiles have been reasonably well repro-

duced. In post-processing mode different NO formation paths have been studied.

The contents of this chapter have been published inCombustion Science and Technology, Experimental
and numerical investigation of a flox combustor firing low calorific value gases, B. Danon, W. de Jong and
D.J.E.M. Roekaerts, 2010;182(9):1261-1278.
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7.1 Introduction

Nowadays, two issues are gaining attention worldwide: the search for a substitute for
fossil fuels and curbing emissions from combustion applications. Biomass has been iden-
tified as such a substitute. To be able to use this solid phase energy resource in existing
(combustion) applications, gasification is an obvious choice. Biomass gasification using
air produces Low Calorific Value (LCV) product gases, containing large amounts of H2
and CO. Simultaneously, novel combustion techniques have been developed to curb the
emissions of CO, CO2 and NO. Flameless combustion, also mentioned in the literature
as flameless oxidation (FLOX, [8]), MILD combustion [21] or HiTAC [5], is such a low
emission combustion technique.

The flameless combustion technique is based on high momentuminjection of the fuel
and/or oxidizer. Furthermore, it has been reported that lowcalorific value gases mix more
slowly under flameless conditions, as compared to natural gas, also resulting in zones of
higher axial strain and vorticity [122]. In this way large amounts of flue gas are internally
recirculated into the flame zone. The mixing of the flue gas with the comburants before
combustion results in an extended reaction zone with lower oxygen concentrations and
lower peak temperatures [5]. This lowers the NO formation via the thermal pathway.

In this chapter the results are reported of a research project combining the devel-
opments of using LCV gas and flameless combustion. A prototype flameless gas tur-
bine combustor was fired with LCV gases (representing typical biomass gasification
gases) under ultra-low emission combustion. In the combustor the fuel and air are
introduced (partially) premixed, a design that is currently widely applied in industry.
This [123] and similar [124] combustors have also been tested at high pressures, how-
ever this study is at atmospheric pressure only. The resultsof the experiments and
the CFD simulations will be compared with similar research reported in the literature
[123, 124, 125, 126, 127, 128, 129]. The effect of the combustor outlet temperature, the
fuel gas composition and the inlet velocity on the CO and NO emissions have been an-
alyzed experimentally. As a second step, measured axial temperature profiles have been
used for the validation of the CFD simulations. The validated simulations gave detailed
insight (e.g. flame shape and recirculation zones) in the physical and physicochemical
phenomena of flameless combustion applied to such low calorific value gases and can
lead to improved design of combustors for different applications.

7.2 Experimental setup

In Figure 7.1 schematic representations of (a) the experimental setup and (b) the combus-
tion chamber are presented.

For the experiments a catalytic Auto Thermal Reforming (ATR) unit was used for the
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Figure 7.1: Schematic representation of (a) experimental setup (b) combustion chamber
(dimensions are in mm).

production of the LCV gases. In this unit, desulphurized Dutch natural gas (containing
about 14 %-vol nitrogen) is reformed (with steam and air) to amixture of CH4, CO, CO2,
N2 and H2 via catalytic partial oxidation and the watergas shift reaction. The gas is dried
by cooling it down to 25 °C. The composition of the LCV gas is varied by adjusting the
initial ratios of natural gas, steam and air. Different mixing ratios led to differences in the
heat of combustion of the LCV gases.

In Table 7.1 the dry gas composition of some of the produced fuels is presented. The
fuel with a lower heat of combustion value of 6.5 MJ/m3

n was used as the standard fuel.

Table 7.1: Fuel gas composition and lower heat of combustionvalues for some of the
studied fuels.

Hcomb CH4 CO CO2 H2 N2

MJ/m3
n %-vol dry %-vol dry %-vol dry %-vol dry %-vol dry

5.9 1.67 11.65 6.28 35.62 44.78
6.1 2.82 10.82 6.64 34.92 44.81
6.5 4.23 9.54 7.22 34.90 44.11
7.0 7.15 7.90 7.55 31.93 45.47
7.7 10.55 6.81 7.68 28.34 46.62
8.6 15.47 5.20 7.38 22.63 49.32

The LCV gas was subsequently burned in a prototype flameless gas turbine combustor
manufactured by WS Wärmeprozesstechnik, see also [130]. The combustor consists of
12 fuel nozzles that inject the fuel in 12 mixing ducts, as canbe seen in Figure 7.2. The
nozzles are positioned in a circle with a diameter of 125 mm.

The air is introduced centrally and mixes with the fuel in themixing ducts. Finally,
the mixed fuel and air flow through the main inlet nozzles intothe combustion chamber.
Two different sizes of main inlet nozzles were used during the experiments in order to
vary the inlet velocity (vin); the inner diameter (dn) of these main inlet nozzles used in an
experiment was either 11 mm or 6.75 mm.
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Figure 7.2: (a) Detailed view of the nozzles and the mixing duct, a sector of 30 degrees
containing one nozzle is depicted. (b) Surface mesh of the planes with symmetry boundary
conditions in the region close to the nozzles.

The combustion chamber is cylindrical, with an inner diameter of 156 mm. On two
sides of the combustion chamber there is a flat window for optical access. The casing is
double, allowing cooling air to flow through the annulus. On four positions (between 75
and 400 mm from the main nozzle tip) the temperature of the inner casing was measured.
These measured temperatures were used as boundary conditions in the CFD simulations.

The combustor is operated at atmospheric pressure. The thermal power input (Pth) was
chosen to be either 67 kWth or 100 kWth. For the 67 kWth cases the outlet temperature
(Tout) was varied in a few steps between 950 °C and 1050 °C and could be controlled
by changing the amount of cooling air in the combustion chamber casing. When not
mentioned otherwise, the standard LCV gas is used in the experiments, which is the gas
with heat of combustion (Hcomb) of 6.5 MJ/m3

n. Furthermore, for the 67 kWth cases,
different LCV gases with different values of Hcomb were tested. In Table 7.2 an overview
is presented with the different cases.

Table 7.2: Investigated cases.

Case Pth (kWth) dn (mm) Hcomb (MJ/m3
n) Tout (°C)

67n11 67 11 6–8.5 950–1050
67n675 67 6.75 6–8.5 950–1050
100n11 100 11 6.5 1050
100n675 100 6.75 6.5 1050

The excess air ratio (λ ) was kept constant at approximately 1.5 for all experiments
(corresponding to an equivalence ratioφ = 0.67), with only a minor deviation of at most
10%. Furthermore, the combustion air (Ta) was preheated to 300 °C, representing the
air temperature after the compressor in a gas turbine. During operation the pilot burner,
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located on the central axis (see Figure 7.1(b) and 7.2(a)), was switched off, though a small
ambient air flow (about 2 m3n/h) is maintained on the pilot burner to protect the equipment.
The diameter of the pilot nozzle is 25 mm, leading to an injection velocity of 1.2 m/s.

Various on-line measurements were performed during the experiments. The NO, CO
and CO2 concentrations were measured using an NDIR analyzer, whilethe oxygen con-
centration was determined paramagnetically. Axial profiles of the gas temperature were
measured by the downstream insertion of a suction pyrometerprobe. In this device a type
S thermocouple was mounted. The pyrometer was traversed over the central axis of the
combustion chamber. Note that the axis is not in the main combustion reaction zone, since
the nozzles are positioned on a circle around the central axis.

For four different cases the axial temperature profiles weremeasured and the associ-
ated simulations were performed. These are with thermal power input Pth of 67 and 100
kWth and main inlet nozzle diameter of 11 and 6.75 mm. In all these cases the outlet
temperature was 1050 °C.

It is known that the insertion of a suction pyrometer influences the flow field and thus
alters the combustor behaviour. To verify that this influence is acceptable, an additional
simulation, with the cold suction pyrometer fully inserted, was performed. In Figure 7.3
the axial temperature profile of this additional simulationis compared with the simulation
without the suction pyrometer for the 100n11 case. It was concluded that the disturbance
due to the insertion of the suction pyrometer is acceptable.
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Figure 7.3: Axial temperature profiles of the simulations with and without the insertion of
the suction pyrometer for the 100n11 case.

Also, gas temperatures measured with a suction pyrometer are known to be lower
than the actual gas temperatures due to radiation losses of the pyrometer. To estimate this
difference, the efficiency of the suction pyrometer has beendetermined with the dynamic
response method [131]. The efficiency was calculated to be 0.88 for the current setup
and the temperatures were corrected with 10–15 K. The errorbars indicate the error of the
mounted type S thermocouple.
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7.3 Numerical setup

A three dimensional mesh was generated using Gambit 2.3. Themesh contains ap-
proximately 500.000 hexahedral and tetrahedral cells. Exploiting the axial symmetry
of the combustor, to reduce the computational time, only onetwelfth of the combustor
is meshed. The two planes with symmetry boundary conditionsare slicing two nozzles
through their middle, see Figure 7.2(b).

The simulations were performed with Fluent 6.3.26. The implicit pressure based
steady solver was used with Green-Gauss node based interpolation. For turbulence clo-
sure the Reynolds Stress model (RSM) and the realizable k-ε model (RKE) were used.
The realizable k-ε model is shown to give improved results, compared to the standard
k-ε model, for the prediction of round jets, as is the case in thiscombustor geometry
[97]. For the combustion of the LCV gas two different kineticmechanisms were applied
and compared; a combination of the standard Fluent kinetic mechanisms for methane and
hydrogen (SFM, 7 species, 4 reactions) and a detailed mechanism (SMO, 16 species, 46
reactions, [98]). The SFM mechanism is the combination of the methane-air-two-step
[132] and hydrogen-air-one-step [133] mechanisms. The chemistry-turbulence interac-
tion is taken into account by using the Eddy Dissipation Concept model [99]. The EDC
model was found earlier to give good predictions for flameless combustion [102]. Radia-
tive heat transfer is accounted for using the Discrete Ordinates model and the cell-based
Weighted Sum of Gray Gases model for the absorption coefficient of the gas mixture
[134]. The emissivity of the steel casing was set to 0.8.

The density of the mixture is calculated by the multicomponent ideal gas law. The
molecular viscosity and thermal conductivity are taken constant, after a check that calcu-
lating their values with kinetic theory showed no significant change in the results. The
mass diffusivity is calculated with the constant dilute approximation. Finally, the heat ca-
pacities are determined per species with a temperature dependent piece-wise polynomial,
and for the mixture with the mixing law.

As mentioned before, the measured wall temperatures of the inner casing were used
as boundary conditions for the CFD simulations. These temperatures were introduced in
the simulations as a second order polynomial fit of the axial distance. In Figure 7.4 the
measured temperatures and the polynomials are presented for all cases. It is noted that in
the 100 kWth cases lower temperatures are observed further along the axis. This is due to
the increased amount of cooling air.

The NO formation is studied in post-processing mode. Calculations have been made
for thermal (including N2O pathway) and prompt NO for all cases, using standard Fluent
models [112]. The reburning of NO was not included.
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Figure 7.4: Measured wall temperatures (K) and polynomialsfor boundary conditions.

7.4 Results and Discussion

7.4.1 Experiments

In Figure 7.5 the flame shapes are presented for the combustorfiring at 67 kWth and
the outlet temperature kept at 1050 °C for the two different inlet velocities. Both pictures
were taken with the same camera adjustments. The white arrows denote the flow direction
from the main inlet nozzles. The flame was stable and characterized by low noise levels
(also reported for similar fuels [135]). A clear differencein flame colour can be observed
between the two pictures. In the case of higher inlet velocities (b) the flame becomes
less bluish and more transparent. This is a trend that is expected in the line of flameless
combustion [8]. However, the flame is not fully invisible, thus the term flameless would
be inappropriate here; the flame is tending towards the flameless regime.

(a) (b)

Figure 7.5: Flame shapes at different inlet velocity; (a) vin = 51 m/s and (b) vin = 135
m/s. White arrows indicate the flow direction. Ta=300°C,λ=1.5, p=1atm, Pth=67kWth,
Tout=1050°C, Hcomb=6.5MJ/m3

n.
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In Figure 7.6 the measured NO and CO concentrations are plotted versus the outlet
temperature. Unfortunately, due to a measurement error in the low velocity case, Figure
7.6(a), CO measurements at the two highest outlet temperatures were unreliable. At these
temperatures only the NO measurements are included in the Figure. The current single-
digit emission results are compared with results from similar research reported in the
literature and were found to be comparable [123, 125, 126, 127] or even lower [124, 128,
129]. Thus, it is plausible to characterize this system as ultra-low emission combustion.

The NO and CO concentrations show opposite trends. The NO concentration in-
creases with higher outlet temperatures. This is due to increased NO formation via the
thermal (or Zel’dovich) mechanism. In contrast, higher outlet temperatures lead to faster
CO to CO2 reactions, causing the CO concentration to drop.

In the case of higher inlet velocities, Figure 7.6(b), the observed increase of NO with
increasing outlet temperature is enormously decreased. This reduction of a characteris-
tic of thermal NO formation is attributed to the flame tendingmore towards flameless
combustion, i.e. broadening of the reaction zone and lowering of the peak temperatures,
causing reduction of the thermal NO formation. This trend has been reported in the liter-
ature before [124].
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Figure 7.6: Emissions versus outlet temperature; (a) vin = 51 m/s and (b) vin = 135 m/s.
Ta=300°C,λ=1.5, p=1atm, Pth=67kWth, Hcomb=6.5MJ/m3

n.

Next, the effect of changing the composition of the fuel (andthus its heat of combus-
tion) on the CO and NO emissions was investigated. In Table 7.1 the composition of some
different fuels are overviewed (characterized by their lower heat of combustion, Hcomb).

In Figure 7.7 the results for the emission measurements are presented. It is gen-
erally noted that the production of both CO and NO increase with increasing Hcomb.
The increase of CO is explained by the higher concentration of C-containing comburants
(methane and CO) in the fuels (see Table 7.1, from approximately 10%-vol to 20%-vol).

The increase of NO is mainly due to thermal NO formation, since no prompt NO is
expected under these fuel lean conditions. Two important influencing parameters con-
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Figure 7.7: Emissions versus fuel composition; (a) lower vin and (b) higher vin.
Ta=300°C,λ=1.5, p=1atm, Pth=67kWth, Tout=1050°C.

cerning thermal NO formation are the oxygen availability and the adiabatic equilibrium
temperature, see e.g. Landman et al. [136]. In Figure 7.8 (a)the adiabatic flame tem-
perature (Tadiab) for the used fuel-air mixtures are presented (calculated using Chemkin
4.1.1 using the GRIMECH 3.0 mechanism). In Figure 7.8 (b) theoxygen fractions in
these mixtures are presented. Both the Tadiab and oxygen fraction show an increase for
the fuels with increasing Hcomb values. However, the fuels with a heat of combustion
value, above 8 MJ/m3n, show an opposite trend; the Tadiab is decreasing while the oxy-
gen fraction is comparatively strongly increasing. This isdue to the higher fraction of
C-containing species in these fuels, which also results in higher specific heat of the flue
gas. These trends also have an opposite effect on the thermalNO formation. Referring to
Figure 7.7, it is observed that these opposite effects on thethermal NO formation result
in a continuation of the increasing trend in the emissions production.

Comparing the lower and higher inlet velocities, both the COand NO emissions de-
crease with higher inlet velocities, regardless of the heatof combustion. This is attributed
to the flames tending more towards the flameless regime. For NO, the lower peak temper-
atures curb the thermal NO formation. In the case of CO, it is assumed that the improved
mixing of the flameless regime enhances the CO reacting towards CO2.

7.4.2 CFD simulations

In order to optimally simulate the experiments, different turbulence models and chemistry
mechanisms were evaluated.

For turbulence the realizablek-ε (RKE) and Reynolds Stress (RSM) models were in-
vestigated. Both models were combined with the Smooke mechanism and the turbulence
chemistry interaction was incorporated using the Eddy Dissipation Concept model. These
first simulations were performed using the 100n11 case, see Table 7.2.
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Figure 7.8: Adiabatic equilibrium temperatures (a) and oxygen fractions (b) in the fuel-
air mixtures.

Flow and temperature fields

In Figure 7.9 the O2 mole fraction is displayed for the incoming fuel and air flows. In this
Figure the extent of mixing can be seen. It is observed that towards the end of the mixing
duct a non-uniform O2 concentration profile is present. Thus, the fuel and air mixture
enters the combustion chamber partially mixed.

Main
inlet

nozzle

FUEL

AIR

Mixing duct

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22O2 mole fraction

Figure 7.9: O2 mole fraction (-) in the mixing duct and main inlet nozzles for the 100n11
case.

In Figure 7.10 the experimental and computational results for the axial profile of the
mean temperature are presented. The measurement points areat the central axis of the
combustor, not in the main combustion zone, with zero corresponding to the height of the
tip of the inlet nozzle, see also Figure 7.2(b). The error bars consist of the measurement
error of the thermocouple. All measured temperatures were corrected for the error due to
radiation and conduction losses of the suction pyrometer [131]. The pilot nozzle injecting
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ambient air is located at axial distance -50 mm, explaining the lower temperature at low
axial distance.
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Figure 7.10: Axial temperature profiles. Experiments versus simulations with Smooke
chemistry mechanism selecting different turbulence models (RSM = Reynolds Stress
model, RKE = realizable k-ε model).

On the basis of the results shown in Figure 7.10 it is not possible to conclude that either
RSM or RKE performs better. Both calculations seem to miss some essential features of
the experimental profile. Because of the known capability ofthe RSM to describe flows
with recirculation zones well [137] and since the computational time of the simulation
was not increased significantly by the change from realizable k-ε to Reynolds Stress it
was decided to use the latter model.

In Figure 7.11 the measured and simulated axial temperatureprofiles are presented
for all four cases. Two different chemistry mechanisms are used; the Smooke mechanism
(SMO) and the combination of the standard available Fluent mechanisms (SFM). This
latter mechanism is the combination of the in Fluent incorporated methane-air-2-step and
hydrogen-air mechanisms [76].

Some essential trends seen in the measurements are reproduced by the calculations.
Comparing the upper two figures with the lower two it can be seen that higher thermal
input causes higher temperatures. Contrarily, comparing the figures on the left hand side
with those at the right hand side, it can be seen that higher inlet velocities reduce the
temperatures. In the case of lower inlet velocity the shape of the simulated temperature
profiles is somewhat better captured than in the case of higher inlet velocity.

The SFM simulations tend to be closer to the measurements, especially between x =
50 mm and x = 150 mm. This is related to higher internal flue gas circulation, see Figure
7.12, in which the axial z-velocity is plotted on the axis. The more negative this velocity
is, the stronger the recirculation zone is. This higher recirculation is due to much higher
inlet velocities of the comburants, as can be seen in Table 7.3, where the experimental and
simulated inlet velocities of the fuel-air mixtures are presented. The experimental values
are calculated from the measured flows and temperatures of fuel and air.
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Figure 7.11: Axial temperature profiles using Reynolds Stress model selecting different
chemistry mechanisms (SMO = Smooke mechanism, SFM = Standard Fluent Mecha-
nisms).

As expected, for increasing thermal power input and for decreasing inlet nozzle di-
ameter the inlet velocity rises. This trend is observed for experiments as well as for the
simulations. Small differences in inlet velocities found in the simulations using the SMO
mechanism and the experiments can be attributed to small differences between simulation
and experiment in the thermal wall boundary conditions in the nozzle.

However, the inlet velocities in the SFM simulations are much higher than the ex-
perimental values. In the following analysis an explanation was found for these high
velocities.

In Figure 7.13 the temperature contours are presented for the 100n11 case for both
mechanisms. In the SMO simulation (on the righthand side) itis observed that a broad
flame front is present in the combustion chamber, as could be expected looking at Figure
7.5. On the other hand, the SFM simulations, with their temperature profiles closer to
the measurements, predict reactions to take place within the mixing duct of the nozzles
(flashback). However, flashback in these experiments is veryunlikely, since the turbulent
flame speed of the mixtures is much smaller than the inlet velocities calculated from the
experiments. For this reason the SFM simulations must be considered inaccurate.

However, it was observed that due to the flashback the internal flue gas recirculation
increased and thus the shape of the axial temperature profiles were improved. This raised
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Figure 7.12: Axial z-velocity profiles using Reynolds Stress model selecting different
chemistry mechanisms (SMO = Smooke mechanism, SFM = Standard Fluent Mecha-
nisms).

the question whether there are model changes that could improve the prediction of the
recirculation. It is known that the predicted entrainment by jets and consequently the
strengths of recirculation zones in the neighborhood of jets depends on the values of
some of the model constants. In this respect, it is known thata change in the value of the
model constant Cε1 can improve the prediction of the spreading rate of round jets [75].
Therefore, additional simulations were performed with theCε1 of the Reynolds Stress
model increased from its standard value of 1.44 to 1.6, a recommended value found in
[138].

In Figure 7.14 results are presented for the SMO mechanism inthe 100n11 case for
Cε1 = 1.44 and for Cε1 = 1.6. The experimental values of the temperature are between
the the predicted temperature profiles of the simulations with and without the adjusted
value of Cε1. Thez-velocity profiles show, as expected, that an increase in Cε1 causes
the internal recirculation to increase. It is concluded that the discrepancies between the
measured and simulated temperatures are within the range ofuncertainty in what are
optimal values of model constants in the turbulence model. Fine tuning the turbulence
model was out of the scope of this research, and the standard RSM was retained.

Next, the shape and position of the recirculation areas in the combustion chamber are
presented in Figure 7.15 for the SMO simulations. The streamlines show that two recircu-
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Table 7.3: Experimental and simulated values of mixture inlet velocities vin (m/s) for
different cases.

67n11 67n675 100n11 100n675
vin experiments m/s 51 135 76 201
vin SMO m/s 51 140 75 208
vin SFM m/s 120 329 160 335

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800Temperature (K)

Figure 7.13: Temperature (K) for standard Fluent mechanisms (left) and Smooke mecha-
nism (right).

lation areas are present; the main zone under the nozzle (in the middle of the combustion
chamber) and a second (minor) area between the wall and the nozzles. This has been
observed before in a similar flameless burner [124]. In the cases with lower inlet veloc-
ity the minor recirculation area is not present. However, inthe 100n675 case this minor
recirculation zone is similar to such zones observed in the literature.

In order to get a good insight in the predicted recirculationat different axial positions,
radial profiles of thez-velocity are plotted in Figure 7.16. In this figure, as in Figure 7.15,
for the 100n11 case no recirculation zone is observed between the nozzle and the wall,
where in the 100n675 case this zone can be observed. In Figure7(a) in [129] there is
also a small recirculation zone observed between the nozzleand wall. This was found by
Duwig et al. using LES simulations and here with RANS. The additional recirculation
zone explains the observed lower emissions in these cases. Since the total recirculation
is increased, more inert flue gases are mixed into the flame zone, thus lowering the peak
temperatures and the thermal NO production there. A second advantage of the additional
recirculation zone is the improved mixing in the combustionchamber, thus increasing the
CO to CO2 conversion. In Figure 7.16 it is observed that the minor recirculation zone
pushes the jet from the wall. In both cases the main internal recirculation zone looks
similar.
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Figure 7.14: Axial profiles for (a) temperature and (b) z-velocity for 100n11 case, using
Smooke mechanism; with Cε1 1.44 (SMO) and 1.6 (SMO Ceps1).

Emissions

In Table 7.4 the predicted values of the main components in the flue gas are compared
with the experimental values after data reconciliation.

Table 7.4: Outlet species concentrations for experiments (italic) and simulations.

67n11 67n675 100n11 100n675
O2 calculated %-vol (dry) 6.9 7.5 6.6 7.1
O2 SMO %-vol (dry) 7.1 7.6 6.9 7.6
CO2 calculated %-vol (dry) 7.9 7.4 8.0 7.7
CO2 SMO %-vol (dry) 7.7 7.3 7.8 7.3
CO measured ppm@15%O2 1 1 4 2
CO SMO ppm@15%O2 25 35 78 95
NO measured ppm@15%O2 5 none 5 none
NO SMO ppm@15%O2 5 5 8 7

The oxygen and carbon dioxide predictions in the flue gas agree reasonably well with
the simulations. For CO there are large discrepancies, the simulated CO concentrations
are much higher than the measured. It remains to be investigated whether these dis-
crepancies are due to the chemical mechanism used or due to the model used for the
turbulence chemistry interaction (EDC). Results from the NO post-processing calcula-
tions agree well with measured values, all values are single-digit. In post-processing
mode thermal, prompt and N2O pathways were calculated separately and simultaneously.
The simulated NO production was mainly via the N2O pathway; around 90% of the re-
ported values are formed via the N2O pathway (for all cases). Formation of NO via this
pathway is plausible under the current operational conditions [16] and similar observa-
tions for flameless combustion have been reported in the literature [70]. No prompt NO
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Figure 7.15: Contours of the z-velocity (m/s) with streamlines for 100n11 (top) and
100n675 (bottom) cases using the Smooke mechanism.

was formed, also previously observed [70, 139]. This was expected, since prompt NO is
formed under fuel rich conditions [16]. The remaining 10% ofthe formed NO was via
the thermal (or Zel’dovich) pathway.

7.5 Conclusions

A prototype flameless combustion gas turbine combustor was successfully fired with dif-
ferent LCV gases. Ultra-low emission combustion was achieved. Two visually different
combustion regimes have been observed for two different inlet velocities. Clear trends
have been observed for the effect of the outlet temperature,fuel composition and inlet
velocity on the emissions of CO and NO. Most trends in the emission production could
be explained based on the concept of flameless combustion.

The combustor has successfully been simulated with a standard set of CFD models.
The simulations have been validated with measured axial mean temperature profiles.

Different turbulence models and chemistry mechanisms havebeen compared to get the
best results. The simulations using standard Fluent mechanisms showed better axial mean
temperature profiles than in the case using the more detailedSmooke mechanism. This
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Figure 7.16: vz/vz0 (-) at different distances from the burner. D is the combustion chamber
diameter (156 mm), the nozzle is positioned at 0.4 x/D.

improvement turned out to be caused by flashback in the main inlet nozzle, which was
not considered realistic. However, the analysis of the consequences of flashback stressed
the importance of internal recirculation of flue gas. By changing the model constant Cε1

in the turbulence model the recirculation predictions could be significantly influenced. It
was concluded that the discrepancies between the measured and simulated temperatures
are within the range of uncertainty in what are optimal values of the model constants. The
predicted species concentrations in the flue gas agree reasonably well with the experimen-
tal values.

Some restrictions of using standard CFD models have been encountered, e.g., CO con-
centration predictions and proper estimation of the internal flue gas recirculation. How-
ever, the simulations offered the opportunity to get a more detailed insight into the com-
bustion regimes. Two different recirculation zones were identified, as has been reported
earlier in the literature. From NO calculations, ultra-lowemission combustion was con-
firmed in the simulations. It turned out that 90% of the NO was formed via the N2O
pathway and the remaining 10% via the thermal pathway.
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Appendix A

Simulation fuel

In the CFD simulations of the furnaces in Chapters 4 and 6 a chemistry mechanism for
the combustion of methane is used. Since in the actual (Dutch) natural gas used in the
experiments also higher hydrocarbons are present, a ’simulation fuel’, only containing
methane as a hydrocarbon, has been calculated and used in thesimulations.

For the calculation of the composition of these simulation fuels first the total heating
value (∆H [MJkg−1]) of all the hydrocarbons of one kilogram of fuel is calculated with
Equation A.1,

∆H =
N

∑
i

∆Hi yi (A.1)

whereN is the total number of hydrocarbons,yi is the mass fraction of hydrocarboni in
the actual fuel [-] and∆Hi is the lower heating value of pure hydrocarboni [MJkg−1]. It
was decided to average based on the mass fractions here sincethe mass flow of fuel is set
as a boundary condition of the simulations. For the used values of∆Hi see Table A.1.

In the next step, the CH4 mass fraction in one kilogram of simulation fuel is calculated,

Table A.1:∆Hi [MJkg−1] of hydrocarbons present in the natural gases [116].

∆Hi

Component (MJ/kg)
CH4 -50.016
C2H6 -47.489
C3H8 -46.357
C4H10 -45.742
C5H12 -45.351
C6H14 -45.105
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such that this fuel has the same total heating value∆H as the actual fuel,

YCH4 =
∆H

∆HCH4

(A.2)

whereYCH4 is the CH4 mass fraction in the simulation fuel [-].
Finally, the remaining mass content of the simulation fuel is divided over the inert

species (N2, CO2 and O2), weighted to their ratios as calculated from their mass fractions
in the actual fuel,

Yj = (1−YCH4)

[

y j

∑M
j y j

]

(A.3)

whereYj is the mass fraction of inert speciesj in the simulation fuel [-],y j is the mass
fraction of inert speciesj in the actual fuel [-] andM is the total number of inert species.

In Table A.2 the composition of the actual fuels and their computed simulation fuels
are presented. The simulation fuel of Dutch natural gas (DNG) is used in Chapter 6 and
that of natural gas (NG) in Chapter 4.

Table A.2: Composition of actual and simulation fuels for Dutch natural gas (DNG,
[116]) and natural gas (NG, composition supplied by supplier).

DNG NG
Actual Simulation Actual Simulation

Component %-mass %-mass %-mass %-mass
CH4 69.97 75.98 78.76 96.64
C2H6 4.63 - 9.61 -
C3H8 0.90 - 5.55 -
C4H10 0.47 - 2.89 -
C5H12 0.16 - 0.79 -
C6H14 0.23 - 0.28 -
O2 0.02 0.02 - -
N2 21.52 21.87 0.43 0.68
CO2 2.10 2.13 1.69 2.68

Finally, it is noted here that the measured mass flows of fuel and combustion air are
maintained in the simulations. Therefore, the compositionof the flue gases of the actual
and its accompanying simulation fuel are not equal; small differences in CO2 and O2

contents are expected (around 0.2%-mass). However, this inaccuracy in the simulations
is regarded acceptable, since the alternative would be using an extremely more exten-
sive chemistry mechanism, which would increase the computational times far too much
compared to its added accuracy.



Appendix B

Data analysis routine

The raw data output of all the measurements in and around the furnace at DUT are stored
every second by a data acquisition system. In this appendix the data analysis routine,
programmed in Matlab R2009b, is elucidated.

As a general first step, the beginning of a cycle was identified. Then, the data of each
experiment was truncated so as to encompass a round number ofentire cycles.

Mass Balance

Fuel flow

The volume flow of fuel to the burners is characterized by differential pressure measure-
ments (∆p [Pa]) over an orifice plate at every burner. This∆p is converted to a volume
flow (Φ◦

v,fuel [m3s−1]) at normal conditions (T◦ is [273.15 K] andp◦ is [101325 Pa]) by
the following equation,

Φ◦
v,fuel = Cj

√

∆p (B.1)

whereCj is the calibrated conversion constant [m3s−1Pa−½] for orifice platej. The molar
mass of the fuel (Mfuel [kg/mol]) is calculated by the weighted sum of all the components
in Dutch natural gas (DNG, [116]),

Mfuel =
N

∑
i

Mi xi (B.2)

whereN is the number of components in the fuel,Mi is the molar mass of componenti
[kg/mol] andxi is the molar fraction of componenti in DNG [-]. Then, the density (ρ◦

fuel
[kgm−3]) at normal conditions is calculated with the ideal gas law,

ρ◦
fuel =

p◦ Mfuel

R T◦ (B.3)
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whereR is the universal gas constant (8.314472 [Jmol−1K−1]), T◦ is the reference tem-
perature [273.15 K] andp◦ is the reference pressure [101325 Pa], which is equal here to
the furnace pressure. Finally, the normal volume flow is converted to a mass flow (Φm,fuel

[kgs−1]) using the normal density,

Φm,fuel = Φ◦
v,fuel ρ◦

fuel (B.4)

Combustion air flow

The volume flow of combustion air is also characterized by differential pressure measure-
ments over orifice plates. However, since no reliable conversion constants were available,
first the actual volume flow (Φv,air [m3s−1]) is calculated with the following equation
[140],

Φv,air = Y K Aor

√

(2 ∆p ρair)

ρair
(B.5)

whereK is a dimensionless constant (0.65),Aor is the area of the orifice hole [m2] andρair

is the density of air at actual conditions [kgm−3]. The dimensionless variableY is defined
as,

Y = 1−
(

1− r
k

)

[

0.41+0.35

(

d
D

)2
]

(B.6)

wherer is the ratio of the upstream and downstream pressure of the orifice plate [-],k is
the ratio ofCp/Cv for air (1.4 [-]),d the diameter of the orifice hole [m] andD the diameter
of the tube [m]. Subsequently, the actual flow was converted to normal conditions using
the ideal gas law,

Φ◦
v,air = Φv,air

(

pair

p◦

)(

T◦

Tair

)

(B.7)

wherepair is the pressure of the air at the orifice plate [Pa] andTair the temperature of
the air measured directly after the air fan [K]. In these calculations the combustion air is
assumed to be dry. Finally, the normal volume flow of air was converted to a mass flow
(Φm,air [kgs−1]) in the same way as has been elaborated for the fuel flow, see above. For
the molar mass of air a value of 0.0288 [kg/mol] is used based on its dry composition
[141].

Flue gas flow

The actual volume flow of the flue gas leaving the furnace via the regenerators was mea-
sured. In the same location the local pressure and temperature were measured, with which
the actual flow was converted to normal conditions, as in Equation B.7. Next, the normal
volume flow of the flue gas is converted using the density, as inEquation B.3, which in
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turn was calculated using the ideal gas law, see Equation B.2. For this, the molar mass
of the flue gas (Mflue) had to be calculated, and thus the composition of the flue gasis
required. The composition was calculated assuming complete combustion of one mole of
fuel (nfuel [mol]) with such an amount of air (nair [mol]) that the same excess air ratio as
in the experiment was achieved. The amounts of mole of the main species in the flue gas
are defined in the following equations,

nCO2 = nfuel

N

∑
j

xj,fuel ξj,C+nair xCO2,air (B.8)

nH2O = nfuel
1
2

N

∑
j

xj,fuel ξj,H (B.9)

nO2 = nfuel xO2,fuel +(λ −1) γ nfuel xO2,air (B.10)

nN2 = nfuel xN2,fuel +nair xN2,air (B.11)

whereni is the amount of speciesi in the flue gas [mol],N is the total number of species
j in the fuel and air,ξj,C andξj,H are the number of carbon or hydrogen atoms in species
j, xO2,fuel andxO2,air the oxygen fractions in pure fuel and air [-], respectively,xN2,fuel and
xN2,air the nitrogen fractions in pure fuel and air [-], respectively, andγ is the stoichiomet-
ric required amount of air [8.528 mol/mol] [116]. The excessair ratio (λ [-]) has been
calculated from the measured oxygen concentration in the flue gas ([O2] [%-vol]) with the
following equation,

λ =
xO2,air

xO2,air− [O2]
(B.12)

where[O2] is the molar oxygen concentration on dry basis in the flue gas.The amounts
of moles are then converted to mole fractions,

xi =
ni

∑N
i ni

(B.13)

Then, using the weighted molar mass of the flue gas, the density was calculated, allowing
the conversion of the normal volume flow to a mass flow of flue gasleaving the furnace
via the regenerators (Φregen

m,flue [kgs−1]).

Finally, the flue gas flow through the stack (Φstack
m,flue [kgs−1]) was calculated by closing

the total mass balance, as presented in the following equation,

∂m
∂ t

= 0 = Φm,fuel +Φm,air−Φregen
m,flue−Φstack

m,flue (B.14)
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Heat Balance

All the heat flows are calculated relative to normal conditions, i.e., atT◦ = 273.15 [K] and
p◦ = 101325 [Pa].

Fuel heat flow

The heat flow of the fuel (Qfuel [W]) consists of two components, the sensible heat and
the chemical energy of the fuel, represented by the two termsin the square brackets in the
following equation, respectively,

Qfuel = Φm,fuel

[(

cp,fuel Tfuel−c◦p,fuel T◦
)

+∆Hfuel

]

(B.15)

where∆Hfuel is the lower heating value of Dutch natural gas (38,018,007 [Jkg−1]) from
[116], cp,fuel the specific heat capacity of the fuel at actual conditions and c◦p,fuel the spe-

cific heat capacity of the fuel at normal conditions [Jkg−1K−1]. For the calculation of
the specific heat capacities of the fuel at a certain temperature (T [K]), first, the specific
heat capacity of all the components separately (cp,i [Jkg−1K−1]) at this temperatureT is
calculated, using the following equation,

cp,i = c1+c2

(

c3
T

sinh(c3
T )

)2

+c4

(

c5
T

cosh(c5
T )

)2

(B.16)

where the constantsc1 to c5 were taken for every species from [140]. Next, the total
specific heat capacity is the molar weighted average of all the species,

cp,fuel =
N

∑
i

cp,i xi (B.17)

Combustion air heat flow

The heat flow of the combustion air is calculated with Equation B.18,

Qair = Φm,air

(

cp,air Tair−c◦p,air T◦
)

(B.18)

The temperature-dependent specific heat capacity of air is calculated using the following
equation,

cp,air =
(

A+B T +D T2)E (B.19)

where the constantsA, B, D andE were taken from [142] andT is either the temperature
of the air or the reference temperature. It is noted here thatthe regenerators are within in
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the calculation domain of the mass and heat balance, and thusthe (cold) air temperature
before the regenerators is used.

Flue gas heat flow

The heat flow of the flue gas flows exiting via the regenerators (Qregen
flue [W]) and stack

(Qstack
flue [W]) are calculated with Equation B.20,

Q∗
flue = Φ∗

m,flue

(

c∗p,flue T∗
flue−c◦p,flue T◦

)

(B.20)

where the asterisk represents either via the regenerators or via the stack,cp,flue is the
specific heat capacity of the flue gas [Jkg−1K−1] andTflue is the temperature of the flue gas
[K]. For the temperature of the flue gas from the regeneratorsthermocouple measurements
directly after the regenerators are used, while the generalfurnace temperature (Tfurn [K])
was used as an approximate of the temperature of flue gas leaving the furnace via the
stack. The specific heat capacities of the flue gas are calculated in the same way as for
the fuel, using Equations B.16 and B.17. For the compositionof the flue gas, again, the
theoretical composition after complete combustion is used, as has been elaborated for the
mass flow calculations.

Cooling tubes heat flow

The heat flow extracted by the cooling tubes is calculated by the difference in heat flow
of the cooling air at the inlets and outlets of the cooling tubes,

Q∗
cool = Φ∗

m,cool

(

c∗p,cool T
∗
cool−cp,air Tair

)

(B.21)

where the asterisk represents either upper or lower coolingtubes,Tcool the temperature of
the cooling air at the exit of the cooling tubes [K] andcp,cool the specific heat capacity of
the cooling air at the exit of the cooling tubes [Jkg−1K−1]. The total cooling air flows to
the four upper and four lower cooling tubes (Φupper

m,cool andΦlower
m,cool [kgs−1]) are measured

separately using two thermal mass flow meters. For the temperature of the cooling air at
the inlets the same temperature as for the combustion air is used (Tair [K]). At the outlets
of all the individual cooling tubes the temperature is measured, and these temperatures
are averaged for the upper and lower tubes. The specific heat capacities of the cooling
air at the inlet (cp,air [Jkg−1K−1]) and outlets (cp,cool [Jkg−1K−1]) are calculated in the
same way as for the combustion air, using Equation B.19. The total heat extraction of the
cooling tubes is calculated by summing the heat extraction rates for the upper and lower
tubes,

Qcool = Qupper
cool +Qlower

cool (B.22)
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Heat losses

Finally, the unknown, or at least unquantified, heat losses (Qloss [W]) are calculated by
closing the overall heat balance,

∂q
∂ t

= 0 = Qfuel +Qair−Qregen
flue −Qstack

flue −Qcool−Qloss (B.23)

This general heat loss termQloss includes heat losses to the environment, conduction
losses, losses of hot flue gases through cracks, heat stored in the ceramic walls, to name a
few.

Miscellaneous

Air momentum

The momentum flux of the combustion air jet is calculated for investigation purposes. It
is assumed that exactly one-third of the total combustion air is entering via each burner.
The momentum flux (G [N]) is then calculated with the following equation,

G =
RTpreheat(Φburner

m,air )2

p◦MairAn
(B.24)

where Tpreheatrepresents the measured temperature of the preheated combustion air [K],
Φburner

m,air the mass flow of air through one burner [kgs−1] andAn the total area of the burner’s
four air nozzles [m2]. Again, for the molar mass of air a value of 0.0288 [kg/mol] is used.

Cooling tube efficiency

For the investigation of the furnace performance the cooling tube efficiency (ηcool [-]) is
considered. This efficiency is defined as in Equation B.25,

ηcool =
Qcool

(Qfuel +Qair)
(B.25)

Emissions

The emissions of CO and NO are measured in both flue gas streams. The measurement
is in ppmv on dry basis. With the following equation these values are normalized to a
theoretical content of 3%-vol of oxygen in the flue gas,

xi = xm
i λ
(

xO2,air−0.03
xO2,air

)

(B.26)



Appendix B. Data analysis routine 117

wherexi is the normalized mole fraction of speciesi [ppmv@3%O2, dry] andxm
i the mole

fraction of speciesi in the flue gas as measured [ppmv, dry].

Temperature uniformity

The temperature uniformity (Tu [-]) is presented in the following equation, based on a
definition proposed by Yang [143],

Tu = 1−

√

√

√

√

1
N

N

∑
i=1

(

(Ti − T̄)

T̄

)2

(B.27)

whereN is the total number of temperature measurements positions in the furnace,Ti is
the temperature in theith position andT̄ is the mean of all the temperature measurements.
The value ofTu is between 0 and 1, where the value 1 indicates a perfectly uniform
furnace. In the furnace the temperature was measured with type S thermocouples in 18
different positions divided over all the furnace side walls.
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Appendix C

Chemistry mechanism

In the CFD simulations the chemical mechanism for the combustion of methane devel-
oped by Smooke et al. is used [98]. This mechanism consists of16 different species and
46 reactions. In the table below the rate coefficients of these reactions are presented. The
coefficients are in the form of an Arrhenius equation,

k = ATβ exp

(

Ea

RT

)

(C.1)

where k is the rate constant [kmols−1m−3], A is the pre-exponential factor
[kmols−1m−3K−β ], T is the temperature [K],β is the power factor of the temperature
[-], Ea is the activation energy [Jkmol−1] and R is the universal gas constant (8314.472
[Jkmol−1K−1]).

aThird body efficiencies: H2O = 21, H2 = 3.3, N2 = O2 = 0.
bThird body efficiencies: H2O = 6, H = 2, H2 3.
cThird body efficiency: H2O = 20.
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REACTION A β Ea

(1) CH4 + M ⇌ CH3 + H + M 1.00e14 0.000 3.5982e08
(2) CH4 + O2 ⇌ CH3 + HO2 7.90e10 0.000 2.3430e08
(3) CH4 + H ⇌ CH3 + H2 2.20e01 3.000 3.6610e07
(4) CH4 + O ⇌ CH3 + OH 1.60e03 2.360 3.0962e07
(5) CH4 + OH ⇌ CH3 + H2O 1.60e03 2.100 1.0293e07
(6) CH2O + OH⇌ HCO + H2O 7.53e09 0.000 6.9873e05
(7) CH2O + H ⇌ HCO + H2 3.31e11 0.000 4.3932e07
(8) CH2O + M ⇌ HCO + H + M 3.31e13 0.000 3.3890e08
(9) CH2O + O⇌ HCO + OH 1.81e10 0.000 1.2895e07
(10) HCO + OH⇌ CO + H2O 5.00e09 0.000 0
(11) HCO + M⇌ H + CO + M 1.60e11 0.000 6.1505e07
(12) HCO + H⇌ CO + H2 4.00e10 0.000 0
(13) HCO + O⇌ OH + CO 1.00e10 0.000 0
(14) HCO + O2 ⇌ HO2 + CO 3.00e09 0.000 0
(15) CO + O + M⇌ CO2 + M 3.20e10 0.000 -1.7573e07
(16) CO + OH⇌ CO2 + H 1.51e04 1.300 -3.1715e06
(17) CO + O2 ⇌ CO2 + O 1.60e10 0.000 1.7154e08
(18) CH3 + O2 ⇌ CH3O + O 7.00e09 0.000 1.0733e08
(19) CH3O + M ⇌ CH2O + H + M 2.40e10 0.000 1.2055e08
(20) CH3O + H ⇌ CH2O + H2 2.00e10 0.000 0
(21) CH3O + OH⇌ CH2O + H2O 1.00e10 0.000 0
(22) CH3O + O⇌ CH2O + OH 1.00e10 0.000 0
(23) CH3O + O2 ⇌ CH2O + HO2 6.30e07 0.000 1.0878e07
(24) CH3 + O2 ⇌ CH2O + OH 5.20e10 0.000 1.4466e08
(25) CH3 + O ⇌ CH2O + H 6.80e10 0.000 0
(26) CH3 + OH ⇌ CH2O + H2 7.50e09 0.000 0
(27) HO2 + CO⇌ CO2 + OH 5.80e10 0.000 9.5956e07
(28) H2 + O2 ⇌ 2 OH 1.70e10 0.000 1.9991e08
(29) OH + H2 ⇌ H2O + H 1.17e06 1.300 1.5171e07
(30) H + O2 ⇌ OH + O 2.20e11 0.000 7.0291e07
(31) O + H2 ⇌ OH + H 1.80e07 1.000 3.6928e07
(32) H + O2 + M ⇌ HO2 + Ma 2.10e15 -1.000 0
(33) H + O2 + O2 ⇌ HO2 + O2 6.70e16 -1.420 0
(34) H + O2 + N2 ⇌ HO2 + N2 6.70e16 -1.420 0
(35) OH + HO2 ⇌ H2O + O2 5.00e10 0.000 4.1840e06
(36) H + HO2 ⇌ 2 OH 2.50e11 0.000 7.9496e06
(37) O + HO2 ⇌ O2 + OH 4.80e10 0.000 4.1840e06
(38) 2 OH⇌ O + H2O 6.00e05 1.300 0
(39) H2 + M ⇌ H + H + Mb 2.23e09 0.500 3.8744e08
(40) O2 + M ⇌ O + O + M 1.85e08 0.500 3.9982e08
(41) H + OH + M⇌ H2O + Mc 7.50e20 -2.600 0
(42) H + HO2 ⇌ H2 + O2 2.50e10 0.000 2.9288e06
(43) HO2 + HO2 ⇌ H2O2 + O2 2.00e09 0.000 0
(44) H2O2 + M ⇌ OH + OH + M 1.30e14 0.000 1.9037e08
(45) H2O2 + H ⇌ HO2 + H2 1.60e09 0.000 1.5899e07
(46) H2O2 + OH ⇌ H2O + HO2 1.00e10 0.000 7.5312e06



Appendix D

Combustion air water content

The water content of the combustion air was estimated, sinceit might have an influence
on the radiative properties at high preheat temperatures. The average of the measured
temperature of the cold combustion air of all the experiments, i.e., 34 °C, was used in
these calculations.

First the saturated water vapour pressure (psat [Pa]) was calculated with Equation D.1
following Bolton [144],

psat= 611.2 exp

(

17.67Tair

Tair+243.5

)

(D.1)

whereTair is the temperature of the combustion air [°C].
Next, using the ideal gas law, the molar fraction of water vapour is defined as in

Equation D.2,
xw =

psat

p− psat
(D.2)

wherexw is the molar fraction of water vapour [-] andp is the total pressure [Pa]. The
total pressurep is 101325 Pa (atmospheric) in this case.

Finally, the mole fractions were converted to mass fractions for implementation as
boundary conditions in the simulations. In Table D.1 the composition of the wet combus-
tion air at 34 °C is presented in mass percentages.

Table D.1: Composition of combustion air including water vapour at 34 °C.

Component yi (%-mass)
N2 74.03
CO2 0.04
O2 22.43
H2O 3.49
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Appendix E

Air leakage

The furnace pressure in the KTH furnace is found to be below zero for a recurring time
frame in every cycle. During these pressure dips surrounding air is sucked into the furnace
through cracks, small openings and alike.

In Figure E.1 the furnace pressure is plotted for both firing modes for a period of 200
s. In both firing modes the pressure dip is directly after the switching of the burners, but
in the Figure they are phased for better visibility. It is observed that in parallel mode these
negative pressure peaks are significantly larger than in staggered mode.
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Figure E.1: Furnace (gauge) pressure (Pa) for a period of 200s for parallel and staggered
firing mode.

It is verified whether these peaks can explain the differencein the oxygen percentage
between the experiments and the CFD simulations. Since the CFD simulations are steady
state, these peaks (and thus the leakage) are not incorporated. From mass balance calcu-
lations it is known that an amount of around 1.9 m3

nh−1 of air would compensate for the
difference in the O2 concentrations.
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The expected amount of air leakage due to the pressure difference over a crack is
calculated using Bernoulli’s law,

1
2

ρv2+ρhg+ p = constant (E.1)

whereρ is the density (kgm−3), v the velocity (m/s),h the height (m),g the gravitational
acceleration (ms−2) andp the pressure (Pa). This equation is set up for two positions,i.e.,
outside the furnace wall (position a) and inside the furnace(position b). Since the total
energy should be conserved the two equations should balance,

1
2

ρav2
a+ pa =

1
2

ρbv2
b + pb (E.2)

assuming no differences in the height. It is assumed that thesurrounding air is quies-
cent (va = 0) and that the density remains constant. After rearrangement Equation E.2 is
rewritten as follows,

vb =

√

2∆p
ρ

(E.3)

where∆p is pa− pb. The density of the ambient surrounding air is 1.293 kg/m3 and the
∆p is estimated from Figure E.1 to be 40 Pa. This leads to a velocity vb of around 7.9 m/s.

Subsequently, the volume flowφair
v (m3h−1) can be calculated with the following

equation,
φair

v = Avb (E.4)

whereA is the area (m2). If the area of all the cracks and openings in the furnace together
measure 0.001 m2 (e.g. an area of 4 cm by 2.5 cm), the total amount of air leakageinto
the furnace is 1.89 m3h−1. This includes the fact that the negative pressure only holds for
a period of 2 seconds per cycle of 30 seconds.

Therefore, it can be concluded that the leakage of surrounding air explains the differ-
ence between the measured O2 concentration and the O2 concentration merely based on
the comburant flows.
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