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Summary

Furnaces with multiple flameless combustion burners

In this thesis three different combustion systems, equippi¢h either a single or mul-
tiple flameless combustion burner(s), are discussed. ABdhsetups were investigated
both experimentally and numerically, i.e., using Compatal Fluid Dynamics (CFD)
simulations.

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

The first setup that has been investigated is a furnace eggiyfh two regenerative
flameless combustion burner pairs, with a thermal power 0fkM;, each, located at the
laboratories of Kungliga Tekniska Hogskolan (KTH) in Stbolm, SwedenChapter 4.
The objective of this study is to investigate the perforneaatthe furnace operating in
two different firing modes, parallel and staggered. Thedaenperformance is defined as
the energy efficiency and the NO emissions. Experimentalteeshow that for parallel
firing mode both the efficiency was higher and the NO emissieer® lower compared
to staggered firing mode. With the use of the CFD simulatign&as shown that in
parallel mode the radiative heat transfer was higher duermdtion of a larger zone
with gases with improved radiative properties and that éigielocities along the cooling
tubes, due to lower momentum destruction, led to higher ectiwe heat transfer. Both
of these heat transfer methods contributed to the higheggredficiency in parallel firing
mode. Additionally, the lower formation of NO emissions iargllel firing mode was
due to the fact that the low-momentum fuel jets merged slawigr the high-momentum
combustion air jets, resulting in more internal flue gasroedation and a less intense
combustion zone. Moreover, it was found that N&as formed via the thermal and,®
intermediate pathways. No prompt NO was formed, while tbemeing 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 kWurnace equipped with three pairs of regenerative
flameless combustion burners, located at Delft Universityezhnology (DUT) in the
NetherlandsChapter §. An experimental parametric study was performed, varyirgg
positions of the burners in the furnace (the burner configag the firing mode (parallel
and staggered), the excess air ratio and the cycle time tigtlbbjective to optimize the
furnace performance. Since similar trends in the furnac®peance, as for the furnace
at KTH, comparing parallel and staggered firing mode, wersenled, staggered mode
was exempted from further analysis. Additionally, one effilie investigated burner con-
figurations has also been exempted due to a significant lavezge efficiency compared
to the other configurations. The experimental results shaithe burner positioning and
the cycle time had a significant influence on the temperahsidé the regenerators, and
thus on the preheat temperature of the combustion air. €mpérature turned out to be
important regarding the CO emissions. Furthermore, it waad that comparing differ-
ent cases firing in flameless mode, an improved temperatifiegmity in the furnace was
not reflected by a higher energy efficiency. Finally, a hartabsetup of the firing burners
(the three firing burners positioned in a horizontal row) ioyed the energy efficiency at
similar temperature uniformities.

Steady CFD simulations have been performed for this furf@deur different burner
configurations firing in parallel mod€hapter §. During the careful selection of the set
of physical models to be used, it was found that, due to xa&tilow Reynolds num-
bers in the cooling air flow in the annulus of the cooling tyh@=dictions of the heat
extraction rates of these cooling tubes were improved atitrg the flow in the cooling
tubes as laminar. Furthermore, the applied error tolerafdke ISAT procedure was
insufficient for accurate species concentration predistillowever, based on analysis of
the main species concentrations in the flue gas, this inacguwiid not influence the over-
all predictions. It was possible to explain the most impatrtasults of the experimental
study using the CFD simulations. In the first place, it wasfibthat a recirculation zone
between the upper firing burners and the stack in two configunsresulted in a smaller
fraction of the flue gases leaving the furnace via the staokpewed to the other two con-
figurations. Thus, a larger fraction of the flue gas left then&ige via the regenerating
burners, which resulted in higher preheat temperaturelseo€dmbustion air. Secondly,
the experimentally observed differences in the tempesatniformity between the four
configurations could be explained by the presence of lesoe pronounced recircula-
tion zones, the latter leading to higher temperature umifioes in the furnace. Finally, it
was confirmed that the jets of the burners showed similar imgtgehaviour for different
burner configurations, leading to similar NO emissionseadrthat was also observed in
the experiments.

The third setup is a prototype flameless combustion gasneitmmbustorGhapter
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7). The combustor was fired with various Low Calorific Value {)@ases. The influence
of several parameters (the fuel composition, the outlepesature and the inlet nozzle
diameter) on the CO and NO emissions has been investigatetie Ifirst place, it was
shown that this prototype flameless combustion gas turlmneastor could be operated
in flameless mode firing the LCV gases. Moreover, for bothytalits ultra-low emissions
(single-digit) have been achieved. In the CFD simulatiaiferent turbulence models
and chemistry mechanisms have been compared, leading tavdatsenodels which gave
the best results. Comparing the measured and predictettariperature profiles in
the combustor, it was concluded that the observed discosgmmwere within the range
of uncertainty in what are optimal values of the model camstaFrom NO calculations,
ultra-low emission combustion was confirmed. Also, it wagtd that 90% of the NO was
formed via the NO path, and the remaining 10% via the thermal pathway. No ptom
NO was formed, a trend also observed for the KTH furnace.

In conclusion, important knowledge on the behaviour of &oes equipped with mul-
tiple flameless combustion burners has been attained. Bfipgihe influence on the fur-
nace performance of the firing configuration of the burnetstae burner positioning in
the furnace will contribute to more successful (indusyrégdplication of this combustion
technology in the future. Recommendations for the indialeof flameless combustion
burners in large industrial-scale furnaces have been pezpd-inally, the shown possibil-
ity of firing a (prototype) gas turbine combustor with lowaadic value gases in flameless
mode, enables the utilization of biomass derived gaseals i existing equipment.



Furnaces with multiple flameless combustion burners




Samenvatting

Fornuizen met meerdere vlamloze verbranding branders

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

Vlamloze verbranding is een verbrandingstechniek dieaatss de combinatie van
hoge energie efficienties (door middel van het voorvervearwran de verbrandingslucht)
en lage uitstoot van verontreinigende stoffen, in het igay van stikstofoxides (NQ
te realiseren. Deze hoge voorverwarmingstemperaturede@erbrandingslucht zorgen
normaal gesproken voor een toename van de thermische \@ramNQ,, echter met
vlamloze verbranding wordt, door het uitgesteld mengendeabrandstof en het oxida-
tiemiddel en hoge interne rookgas recirculatie, de sneéllian deze reacties verlaagd.
Stikstofoxides spelen een belangrijke rol in de vorming zare regen en in het ontstaan
van fotochemisch smog.

De eerste onderzochte opstelling is een fornuis met twesnszgtieve brander paren
opererend in het vlamloze verbrandingsregime, met eemikeh vermogen van 100
kWi, elk, gesitueerd in het laboratorium van de Kungliga Tekaislogskolan (KTH)
in Stockholm, ZwedenHoofdstuk 4. Het doel van deze studie was het onderzoeken
van de prestatie van het fornuis opererend in twee versolid operatiemodi, parallel en
zigzagsgewijs. De prestatie van het fornuis is gedefiniakrde energie efficiéntie en de
uitstoot van NO. De experimentele resultaten laten zierirdparallelle operatiemodus
zowel de energie efficiéntie hoger is als dat de NO uitstaget is, vergeleken met de
zigzagsgewijze operatiemodus. Met behulp van de CFD simalés aangetoond dat
in parallelle operatiemodus de warmteoverdracht dootistydnoger was ten gevolge
van de vorming van grotere zones van gassen met verbeteadiags eigenschappen
en dat hogere snelheden langs de koelbuizen, ten gevoldegene impuls vernietiging,
resulteerde in hogere convectieve warmteoverdracht. eBead deze warmteoverdracht
mechanismen droegen bij aan de hogere energie efficiégnparallelle operatiemodus.
Verder bleek de lagere NO uitstoot in parallelle operatidosceen gevolg van het feit dat
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de jets met relatief lage impuls van de brandstof langzaaraesvioeiden met de jets met
hogere impuls van de verbrandingslucht, resulterend irr iné&rne rookgas recirculatie

en een minder intensieve verbrandingszone. Verder is kebldat de NQ zowel via

het thermische als via heto® tussenproduct mechanisme werd gevormd. Er werd geen
prompt NO gevormd, terwijl het herverbrandingsmechanisom een afname van de
totale NO uitstoot zorgde.

De tweede opstelling is een 300 Wornuis uitgerust met drie paar regeneratieve
vlamloze verbranding branders, gestationeerd bij de Tiecha Universiteit Delft (TUD)
in Nederland Hoofdstuk %. Een experimentele parametrische studie is uitgevoeod do
het variéren van de posities van de branders (de brandejomatie), de operatiemodus
(parallel en zigzagsgewijs), de luchtovermaatfactor enyaddus tijd, met het doel om de
fornuisprestatie te optimaliseren. Omdat soortgelijkelansen in de fornuisprestatie, als
geobserveerd in het KTH fornuis, bij het vergelijken tusparallelle en zigzagsgewijze
operatiemodus, waar werden genomen, is de zigzagsgevpgateemodus weggelaten
uit de gedetailleerde analyse. Verder is €én van de vifflearochte branderconfigura-
ties ook uitgesloten, vanwege haar significant lagere emefficientie vergeleken met de
andere branderconfiguraties. De experimentele resuliatem zien dat de branderconfi-
guratie en de cyclus tijd een significante invloed haddenediechperatuur in de regenera-
toren, en zodoende op de voorverwarmingstemperatuur vaeréeandingslucht. Deze
temperatuur bleek belangrijk te zijn voor de CO uitstootoN® is gebleken dat, wan-
neer men verschillende experimenten onder vlamloze vedirg condities vergelijkt,
een verbeterde temperatuursuniformiteit niet weerspdegerd door een hogere energie
efficientie. Ten slotte verbeterde een horizontale olastelan de opererende branders
(dat wil zeggen de drie opererende branders gepositiogezdn rij) verbeterde de ener-
gie efficiéntie bij gelijke temperatuursuniformiteit.

Stationaire CFD simulaties zijn uitgevoerd voor dit foswoor vier verschillende
brander configuraties in parallelle operatiemoddsdfdstuk §. Tijdens de zorgvuldige
selectie van de fysische modellen bleek dat, aangezien yieoRls getallen in de koel-
lucht stroom in de annulus van de koelbuizen relatief laagemade voorspellingen van
de warmteonttrekking van deze koelbuizen verbeterd wedden de stroom in de koel-
buizen als laminair te beschouwen. Verder was de toegejoastmlerantie voor de ISAT
procedure inadequaat voor nauwkeurige concentratie petirsgen. Het bleek echter
dat, gebaseerd op de analyse van de belangrijkste contiesirahet rookgas, deze on-
nauwkeurigheid geen invloed had op de algehele voorsgelin Het was mogelijk de
belangrijkste resultaten van de experimentele studiertdaren met behulp van de CFD
simulaties. In de eerste plaats bleek dat een recirculatie #issen de bovenste branders
en de schoorsteen in twee van de configuraties resulteesmikleinere fractie van de
rookgassen die het fornuis verliet via de schoorsteenglekgn met de twee andere con-
figuraties. Een groter deel van de rookgassen verliet hetif®dus via de regeneratoren,
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wat resulteerde in hogere voorverwarmingstemperaturerdeaverbrandingslucht. Ten
tweede konden de in de experimenten geobserveerde véradhilde temperatuursuni-
formiteit tussen de vier configuraties uitgelegd wordenrdi®maanwezigheid van min-
der of meer duidelijke recirculatiezones, waarbij de l@misoemde resulteerde in hogere
temperatuursuniformiteiten in het fornuis. Ten slottedvieevestigd dat de branders ge-
lijksoortig samenvloeiingsgedrag vertoonden voor declgiiende branderconfiguraties,
resulterend in vergelijkbare NO uitstoot; een tendens dieio de experimenten is waar-
genomen.

De derde opstelling is een prototype vlamloze verbrandiag tgrbine verbrander
(Hoofdstuk 7. In de verbrander werden verschillende gassen met lagesaie waarden
(LCW) gestookt. De invloed van drie verschillende paramse(de brandstofsamenstel-
ling, de uitlaattemperatuur en de diameter van de inlaatisioikken) op de CO en NO
uitstoot zijn onderzocht. In de eerste plaats werd aangetdat deze prototype viam-
loze verbranding gas turbine verbrander in viamloze mothlsed kon branden op LCW
gassen. Bovendien werden voor beide luchtverontreiniganaffen ultra-lage uitstoot
(enkel-cijferige waarden) bereikt. In de CFD simulatigs zerschillende turbulentie mo-
dellen en chemie mechanismen vergeleken, wat leidde tosetemodellen die de beste
resultaten gaf. De gemeten en voorspelde axiale tempesatafielen in de verbrander
zijn vergeleken en er werd geconcludeerd dat de waargendiserepanties binnen de
marge van onzekerheid vallen van wat de optimale waardedevarodel constanten zijn.
In de NO berekeningen werd de ultra-lage uitstoot bevestgdder bleek dat 90% van
de NO gevormd werd via hetd® tussenproduct mechanisme en de overgebleven 10%
via het thermische mechanisme. Geen prompt NO werd gevaerdtendens die ook
werd waargenomen in het KTH fornuis.

Concluderend, belangrijke kennis over het gedrag van feenumet meerdere vlam-
loze verbranding branders is verkregen. In het bijzondedeanvioed op de fornuis-
prestatie van de operatiemodus van de branders en de bposigonering in het fornuis
bijdragen aan een succesvolle (industriéle) toepassingleze verbrandingstechniek in
de toekomst. Aanbevelingen voor de installatie van vlambhearbranding branders in
grootschalige industriéle fornuizen zijn voorgesteldovBndien maken in de toekomst
de thans bewezen mogelijkheden om een (prototype) gasieuvierbrander te opereren
met gassen met een laag calorische waarde in vlamloze metgslbruik van biomassa-
afgeleide gasvormige brandstoffen in bestaande opgietimogelijk.
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Chapter 1

Introduction

1.1 Background

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

Alongside the evolution of the usage of combustion, resei@rcombustion technolo-
gies has also been developing over the recent centuriesciallp, over the last decades
an increasing interest has been developed worldwide foraupg combustion technolo-
gies. This development can be roughly split into two periods

In the first period, directly after the energy crises of theesgies and early eighties
of the past century, increasing the energy efficiency waoities. Combustion engineers
improved the energy efficiency by recycling heat from the fhoe gases to the com-
bustion air using heat exchangers. At first, continuous aeethangers, or recuperators,
were mainly used. Later, regenerative heat exchange wde@pwhere the exchange
of heat is achieved by alternately leading the hot flue gastia@daold combustion air
over a ceramic heat exchanger, or regenerator. The differbatween recuperators and
regenerators is thus the method of heat recovery and nopapycf the heat exchanger
itself. With regenerative heat exchange even higher heawesy rates can be achieved
[1, 2]. Reduction in fuel requirements with regenerativenbastion have been reported
up to around 30% compared to conventional combustion, andeh&milar reductions in
carbon dioxide emissions [3, 4, 5].
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However, it soon turned out that systems with these highreeatulation ratios also
emitted relatively high concentrations of nitric oxide (N&nhd nitrous oxide (N¢), to-
gether abbreviated as NOWhen these N@molecules are released in the air, they may
be converted in the presence of oxygen and water to nitridsa@iNG;). Nitric acids
have been implicated in acid rain. The increase in thg M@issions for regenerative
combustion are due to increased flame temperatures causin thygher combustion
air preheat temperatures, which lead to increaseg pltoduction via the thermal path-
way [6]. Thus, in the second period, roughly from the midkéigs, when environmental
laws on NQ emissions were getting more stringent, low-Né@mbustion technologies
became increasingly important for industrials and combuosesearchers. Various com-
bustion methods combining high efficiency and low pollutenissions were developed
in these years, e.g., re-burning, oxy-fuel or staged cotiuf/]. In the early nineties, a
new incentive, i.e., flameless combustion, was among suettambustion technologies
[5, 8].

The flameless combustion technique potentially offers moois advantages com-
pared to conventional combustion methods and even comparether modern high-
efficiency and low-emission combustion technologies. fhbmes the advantage of high
energy efficiency of regenerative combustion with very lo@,Nemissions. For that
reason, flameless combustion has already been applied, malhssale, in the indus-
try [9, 10]. Nowadays, additional fundamental and appliesearch on the behaviour
of flameless combustion is needed, so it may become the sallyepreferred mode of
combustion in industrial furnaces in the near future.

1.2 Flameless combustion

Flameless combustion is achieved by separately injectiegiuel and combustion air
with high-momentum in a hot and confined environment, e.duraace. In this way,
the comburant jets entrain large quantities of the surroun(inert and hot) flue gases
before they mix with each other, as schematically preselfigare 1.1. The strain rates
in the high momentum jets are very high, and thus flame extinatould be expected.
Therefore, to ensure stable combustion, the temperatuhe&urroundings in which the
comburants are injected should be higher than the selfiagriemperature of the fuel/air
mixture.

It is stressed here that the temperature of the surroundimgshe flue gases in the
furnace) should be higher than the self-ignition tempeeaaind not the temperature of
the preheated combustion air. This is shown in Figure 1.Zrevkhe CO and NO emis-
sions are plotted during the transition of three burnersfuriaace changing from flame
to flameless firing mode (see for more details Chapter 2). Aoiamperiod of 300 sec-
onds is presented, with the switch to flameless combustian=ad s. The burners in
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Figure 1.1: Schematic representation of the flameless cstidmutechnique principle.

this system switch automatically to flameless mode at a t@nemperature of 850°C,
which is above the self-ignition temperature of the usedcBbiNatural Gas and air mix-
ture. At this furnace temperature, the temperature of tebgated combustion air is not
yet above the self-ignition temperature (it is around 8Q0MHowever, flameless combus-
tion is achieved, which can be concluded from the drasticedese in especially the NO
emissions after t = 0 s. Moreover, Kumar et al. [11] succeéd&dng a burner in flame-
less combustion mode using non-preheated combustionkay doncluded that the main
requirement for achieving flameless combustion is highrcatation ratios. Also other
researchers stressed the importance of the aerodynanperpes of the comburant jets
as responsible for the establishment of flameless comioudi®) 13].

The advantages of flameless combustion concerning the raagpgs emissions are
also observed in Figure 1.2: both the CO and NO emissionsrastichlly reduced after
t =0 s. In Chapter 5, where more experimental results of thisdce are presented, it is
shown that also at higher furnace temperatures (around°@)zhd higher combustion
air preheat temperatures (around 900°C) these emissiorameelatively low (between
20 and 40 ppr@3%0O, dry for both CO and NO). The observed peaks in the CO con-
centration are due to the operation dynamics of the on-laseegalyzer.

The decrease in NO emissions is due to the decrease of thenmna{peak) temper-
atures in the reaction zones. These decreased peak tempsraave been measured by
various researchers [14, 15]. Due to these lower peak tenpes, the formation of NO
via the thermal pathway is reduced, since the reactionsi®itlechanism take place at
relatively high temperatures [6, 16].

The decrease in the peak temperatures is attributed totmafion of an enlarged re-
action zone in flameless combustion, which have been vimdly various researchers
by means of measured OH radical concentrations [14, 17,Ib8his enlarged reaction
zone the oxygen concentrations are lower, which is a resthiecentrainment of the inert
flue gases by the high-momentum jets. Because of these lowgen concentrations,
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Figure 1.2: Concentrations of CO and NO (pp@3%Q, dry) in the flue gas of a furnace
with three burners changing from flame to flameless firing maide= O s at a furnace
temperature of 850°C.

the combustion reactions are slower than for conventiomabzistion techniques. Fur-
thermore, the heat generated by the combustion reactiosvslivided over more mass,
i.e., the mass of the comburant jets and their entrained #segy Another advantage of a
more distributed reaction zone is more uniform heat transfes in the furnace [19].

Finally, Wiunning and Wiinning performed sound level measwents, reporting that
flameless combustion resulted in a significant reductioroisenlevels compared to con-
ventional combustion [8].

1.3 Misnomers

The term ’flameless combustion’ might need some additiorplamation here. Many
different misnomers have been proposed in the past few ded¢adthe combustion tech-
nique discussed in this thesis. Why has the term 'flamelesduastion’ been chosen in
this thesis? In this section the most widely used misnonrerdiacussed.

Flameless oxidation (FLOX) was proposed by Wiinning anchiitig [8]. This name
is close to the one chosen here, but there is one large distadjpeaof the name ’'flameless
oxidation’. This regards the term 'oxidation’. Combusti@actions are indeed oxidation
reactions, however, not all oxidation reactions are cordseactions. Thus, a process
as rusting (oxidation of a metal) would be the most obvioasritless oxidation’ process,
i.e., an oxidation reaction without the appearance of a flame

The name ’excess enthalpy combustion’ (EEC) is originalyiveed from publica-
tions of Weinberg in the seventies [20]. Here the word 'egtéstroublesome, it is a
comparative, indicating situation A exceeding situatiartH®wever, the comburant jets
of a furnace equipped with conventional regenerative bsmal have similar enthalpy
contents. But the burners are not necessarily firing in flassetombustion mode.
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A very widespread name is 'high temperature air combus{dTAC), proposed in
Japan, among others by Tsuji et al. [5]. This name is focusmthe fact that this tech-
nigue can combine high combustion air preheat temperamitedow NOy emissions,
which is indeed an important achievement of the flamelessastion technique. How-
ever, as has been stated before, a high preheat temperatheeaombustion air is not
required to achieve flameless combustion.

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

The last name discussed here is 'colorless combustiongsexpby Gupta et al. [22].
Since the flame is invisible, it is also colorless, indeedwEleer, the term is not distinc-
tive, there are many other 'non-properties’ of this comiaustechnique.

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

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

1.4 Thesis objectives

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

In this thesis, the objective is to investigate the behavada system (furnace) where
multiple regenerative flameless combustion burners argyfirlhe effect of the relative
position of the burners with respect to each other, to thekséamd to the heat sink is
investigated. Furthermore, the influence of the firing made, which burners form a
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regenerative burner pair, is studied. These effects aessad for their furnace perfor-
mance. The furnace performance is defined as the heat extradtthe cooling tubes
(heat sink), the temperature uniformity in the furnace d@dmissions (CO and NO) in
the flue gas.

In order to achieve these objectives three different sdtage been investigated both
experimentally and numerically. In the first place, expems have been performed on
an existing furnace equipped with two regenerative flansatesnbustion burner pairs at
Kungliga Tekniska Hogskolan (KTH) in Stockholm, Swedem. this furnace only the
influence of the firing mode was investigated, since it wagpossible to change the po-
sitions of the burners. Secondly, a new multi-burner fuenlaas been installed at Delft
University of Technology (DUT). In this furnace three paokregenerative flameless
combustion burners were operated, whose positions cowitied. In order to under-
stand and explain the experimental observations made se thenaces, both furnaces
were simulated using Computational Fluid Dynamics (CFD)wations. Moreover, a
prototype flameless combustion gas turbine combustor veabviith a low calorific value
gas (simulating for example a biogas) to get more insightaméless combustion itself
and its (fuel) flexibility.

1.5 Thesis outline

In the following two chapters, the results of literatureds&és on multi-burner regenera-
tive flameless combustion furnace experiments and CFD aiionk are presented, re-
spectively. Moreover, Chapter 2 ends with a detailed dpeson of the newly installed

multi-burner furnace at DUT, whereas at the end of Chaptke 8hoice of physical mod-
els used in the CFD simulations in this thesis is discussatketail. Subsequently, in
Chapter 4, the experimental and numerical results of theafte at KTH are presented.
For the furnace at DUT, the experimental and numerical tesué divided over Chapter
5 and 6, respectively. In Chapter 7 all the results, both exymntal and numerical, of
the investigation on the flameless combustion gas turbingbostor are presented. Fi-
nally, Chapter 8 summarizes all the conclusions of the gliegefour chapters, including
recommendations for future research(ers) and industry.



Chapter 2

Experimental furnaces

This chapter focuses on experimental research regardingelass combustion in furnace envi-
ronments. In the first part, an overview of experimental aese efforts on (semi-)industrial scale
furnaces equipped with (multiple) regenerative flamelesshustion burners is presented. In the
second part of this chapter, a detailed description is gigkthe experimental multi-burner flame-
less combustion furnace that has been built and commigs$ianéne laboratories of DUT. It is
denoted where and how this new experimental setup willfgatigsting deficiencies in the knowl-
edge of regenerative flameless combustion in furnace emagats. The experimental results of
the DUT furnace are presented in Chapter 5. At the end of thégter, an overview of the main
characteristics and experimental results of the discu$sethces is given.
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2.1 Introduction

Since the introduction of flameless combustion in the eairtgties of the last century,
many universities and research departments of industry hmede efforts in experimen-
tally investigating this new technology. These studiesehbgen performed on many
different scales. The smallest scale is the jet-in-hoteso®etup [15, 25, 26, 27]. In
the design of these setups the flame is non-confined, generailder to have optimal
optical access for laser-based measurements. The retinguflue gases required for
flameless combustion are simulated by a flow of flue gas fronparage upstream lean
combustor, the so-called coflow. On a slightly larger scakperimental investigations
are performed on laboratory-scale furnaces [12, 13, 142288, 29, 30, 31]. These are
small furnaces generally fired with a custom made burner.ifitieenal flue gas recircula-
tion is genuine and with the use of high-temperature resistandows also non-intrusive
optical measurement techniques can be utilized in mostesfetlsetups. On the largest
scale, Weber et al. investigated an industrial size furreapepped with one commer-
cial flameless combustion burner [32, 33, 34, 35]. Howe\Ves,dir preheating in this
burner is not regenerative, but simulated by a vitiated aw firom an auxiliary burner.
Also, reports of full industrial scale furnaces equippethwiameless combustion burn-
ers have been published, e.g., [36, 37], but these are nmisdied in more detail here,
as the number of published qualitative measurements ig@énmarginal. This chapter
focuses on (semi-)industrial scale furnaces equipped (mitlitiple) regenerative flame-
less combustion burners. Generally, the advantage of taie $s that in these setups
actual commercial burners can be operated and investigated less or more advanced
diagnostic equipment.

2.2 Flameless combustion furnaces

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

At Kungliga Tekniska Hogskolan (KTH) in Stockholm (Swedlen200 kW, HITAC
furnace has been commissioned in 1999 for an extensiverobsgagramme [19, 38, 39].
In the furnace two types of flameless combustion burners wetalled; one single au-
toregenerative REGEMAT burner and two pairs of NFK-HRS-[@Eanerative burners.
Both burners fired LPG and they were not operated simultasigo he two pairs of
regenerative burners could be operated in three diffenemg ftonfigurations and the per-
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formance of the furnace has been compared for these firirfggewations [40, 41]. Using

different intrusive probes the temperature distributranjative and total heat flux and lo-
cal flue gas compositions were measured inside the furn&e Mso, flame properties

[42] and the performance of the regenerators [2] have be@siigated in more detail. In
brief, the research at KTH has largely contributed to theegarknowledge of flameless
combustion in industrial scale appliances.

Another extensive research program was initiated in 20@2=6i-RF research station
in IIJmuiden, the Netherlands [43]. The heating source is filninace was one pair of
NFK-HRS-DL4 regenerative burners, with a maximal thermalut of 1000 kW,. The
inner volume of the furnace was made adjustable from 12 to 20 im this way the
thermal load per volume could be varied. However, in all #y@orted studies the furnace
was operated at its maximum volume. Not only natural gas wed,fibut also coke
oven gas produced at Corus Steel was used as the fuel [44Td&Furnace temperature
was taken as the average of eight type K thermocouple meuasuts in the side walls
and five in the roof. The objectives of the furnace experimergre to generate extensive
experimental datasets for the development and validafi@f® simulations [44, 45, 46].
For this purpose, also the flow fields in the furnace have besasared with non-intrusive
laser measurements (LDA) [47]. Finally, based on the obthiresults, a study has been
performed on the implementation of the flameless combusgiciique in industry [48,
49].

A third large research programme on flameless combustiorpesdisrmed on a 200
kWi, furnace by Pesenti et al. at the Faculté Polytechnique desNIePM) in Belgium
[50, 51]. The heat source is one autoregenerative REGEMAmdndiring natural gas.
The heat sink consists of water-cooled tubes that slide éhoan of the furnace. In this
way the thermal load of the heat sink could be controlled. flineace temperature is de-
fined as the flue gas temperature at 1.9 meter from the buriteneasured with a suction
pyrometer. For the in-furnace measurements mainly inteugrobes were used, except
for the OH concentration, which was determined by OH selission in UV measure-
ments with a CCD camera [51, 52]. A comparison of the expentaledata with CFD
simulation results was the main objective. In particular tleat transfer, temperature and
NOy concentrations were compared.

Furthermore, at the NKK steel corporation in Japan sevdaal ieheating furnaces
with four pairs of regenerative burners were successfuliglfivith the by-product gas of
the steel making factory [53, 54, 55]. The total thermal poimput ranged from 2919
to 4640 kW, and the heat sink was a moving slab in the bottom of the furndeen-
perature and gas composition have been measured at sevsitads inside the furnace
intrusively. The obtained results served as validatioma diat an extensive numerical in-
vestigation of the furnaces.

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

Furthermore, at the Gaswarme-Institut in Germany a rebgamoject has been initi-
ated exploring and comparing new emission curbing comtmgdchnologies [58, 59].
The performance of flameless combustion has been compatiedaviventional and air-
staged combustion burners. The flameless combustion bach&ved lowest NQemis-
sions at otherwise comparable conditions. Also experimanfurnace temperatures of
around 1600°C, i.e., temperatures typical for the glassimgakdustry, have been per-
formed [4].

At the laboratories of burner manufacturer NFK in Japantedstatic probe measure-
ments were performed on a 1.2 M\Mlameless combustion furnace [60]. The reaction
region inside the furnace was characterized with these uneaents. Many thin reac-
tion zones were observed in the furnace, which is in contvéktthe distributed reaction
zone, which is generally assumed to be present in flamel@eskusiion.

Hughes et al. performed temperature measurements in a 2gPndiral gas fired
flameless combustion furnace both using an intrusive supfoometer and a laser-based
system (CARS, [61]). Two types of burners were investigatedonventional low-N¢
burner and a self-regenerative flameless combustion buifte results using the py-
rometer were consistently lower than the CARS measuremehish was attributed by
the authors to the lack of sufficient suction power of the pyeter. Additionally, it was
observed that the oscillations in the temperature wererovien firing a regenerative
burner, compared to a recuperative low-NQurner. These lower temperature fluctua-
tions resulted in lower emissions of N@r the regenerative burner.

Recently, interests are increasing for the fuel and oxidiegibility of flameless com-
bustion in industrial scale furnaces. For example, expaniswere performed in a single
burner 200 kW, propane and pure oxygen fired cylindrical furnace by Krishughy
et al. [62]. It was concluded that also in oxy-fuel applioas, flameless combustion
achieved improved furnace performance compared to colvethicombustion.

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

Thus, it can be concluded that the flameless combustion icpotiinas been exten-
sively investigated over the last decades. Both furnacés mvultiple burner pairs and
setups with one burner (pair) have been performed. Somarasss have carried out
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studies comparing flameless combustion to conventionalogimer low-emission com-
bustion technologies. Also, the high fuel and oxidizer thdky 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 thenncharacteristics and
operational conditions of the above-discussed furnacgises. Additionally, the experi-
mental results that resemble the most the experimentsrpeztbon the DUT furnace are
summarized, for comparison purposes. In the first row theacheristics and results of
the DUT furnace are presented. It is noted that this furnaseahrelatively high energy
density compared to the other furnaces. Furthermore, tmtipnal furnace temperature
is on the lower side. Regarding the results, theyN@issions are lower than in most
other furnaces. No large differences are observed for the@@sions. It is noted here
that the mentioned efficiencies are unreliable for comparand thus merely indicative,
since very few researchers specify the exact way of computaf this variable.

However, none of these studies investigated the influentieegfositions of the burn-
ers in the furnace. The positioning of the burners can haasga influence on the furnace
performance, especially in a regenerative (transienty@mment. Therefore, investiga-
tion of the influence of burner positioning, such as burnemnbr, burner-heat sink or
burner-stack interactions, is required. A large 300:k¥¥st facility at the laboratories of
DUT has been established with three flameless combustiorebpeairs and the possibil-
ity of changing the position of these burners. For furtheaiieon this furnace, see the
next section.

2.3 Flameless combustion furnace at DUT

A furnace equipped with three pairs of regenerative flanset@snbustion burners has
been designed, built and commissioned at Delft Universityezhnology. The burner
pairs have a thermal power of 100 \éach, thus 300 k¥ in total. The furnace has
inner dimensions of 1500 x 1500 x 1850 mm (length x width x h8igThe insulation
consists of three layers of ceramic fire bricks, togetherr@@®thick. In total 18 flanges
for the burners are divided over two opposite sides of thegce (nine each). In this way,
it is possible to investigate different burner configurasian the furnace. In Figure 2.1 a
sketch of the furnace is presented. Additionally, in Figu2e2(a) to (c) drawings of the
furnace front, back and side(s) are presented, respectivel

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

nozzles and the fuel separately through the fuel nozzleinDureating up of the furnace
the burners fire in flame mode. Once the furnace temperataeedg 850°C (this tem-
perature is above the auto-ignition temperature of théduehixture) the burners switch
to flameless firing mode automatically. See also Figure 2.4hie differences between
flame and flameless mode. Dutch natural gas is used as thédiui composition see
Appendix A.

The burners have ceramic honeycomb heat exchangers imatedo Eighty percent
of the flue gas is sucked by a fan via the air nozzles over th@seytcombs of the regener-
ating burners (thus heating them) for regeneration of tlag, néhile the remaining twenty
percent is leaving the furnace via the central stack at tbé rdhree burners are firing
simultaneously, while the other three burners are regéngraAfter a preset time inter-
val of 10 to 30 seconds they switch and the firing burners stgginerating, et vice versa.
During the firing period, the combustion air is led over theh@ated ceramic honeycomb,
thus achieving very high preheat temperatures of the ae.clicle time is defined as the
total time of a complete firing and regenerating period thgebf one burner.

In order to simulate a thermal load, the furnace is equippéudaheat sink consisting
of eight single ended cooling tubes; four placed above tiiedya and four beneath. These
cooling tubes consist of two concentric annular tubes ehehinner tube with a diameter
of 100 mm and the outer with a diameter of 150 mm. The stairdess tubes have a
thickness of 5 mm. The outer tube penetrates 1400 mm in timadet while the inner
tube penetrates 1282 mm into the outer tube. Air is used asabkng medium. The
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Figure 2.2: (a) Furnace front; the large circles represehetburner flanges, the small circles d
tubes. (b) Furnace back; the large circles represent thenbuiflanges. (c) Furnace side(s); th
inserts where windows can be installed. The numbers represger dimensions in mm.
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Figure 2.3: Scale drawings of the REGEMAT CD 200 type flarsedembustion burner.

Left-hand side represents a front view of the burner, digipigthe four air/flue gas nozzles
and central fuel nozzle. Right-hand side represents a @eston 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 ghrthe annulus between
the inner and outer tube. This setup was chosen to minimgeetmperature gradients
along the length of the outer tube, thus, creating an as umiés possible heat extraction
distribution.

As a part of the design efforts of the furnace, a separatey dtad been performed
on the maximum thermal cooling capacity of the cooling tuimethe furnace, in order
to estimate the required number of cooling tubes. The thlecoaing capacity of one
cooling tube has been calculated using a customized engigemodel and using an
CFD simulation [64]. From the calculations a maximum thdrowoling capacity for
one cooling tube was estimated to be around 25.kWhich in practice turned out to be
slightly too optimistic.

During the experiments the temperature at the inside ofuheate walls was mea-
sured at various locations with slightly protruding TMG im@couples type S. These
thermocouples have a ceramic shield to reduce errors dwiation losses and to pro-
tect the equipment. One of these temperature measureraeioisble-fitted thermocouple
in the side wall, was determined to characterize the furterogerature. The pressure in
the furnace was measured with a Kalinsky pressure traremygie DS2.

The temperature of the cold combustion and cooling air issueal directly after the
main air fan. The air is then split threefold; one line goesh® burners (combustion
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Figure 2.4: Schematic cross-sectional view of burner ifedéint operational modes. Top
level (a) represents flame mode; fuel and and air are mixediatnoduced both through

the air nozzles. The bottom level (b) is flameless mode; itkha are introduced sepa-

rately through the fuel and air nozzles, respectively. Liylay arrows represent the fuel
flow, black arrows the combustion air flow.

air) and the two other lines go towards the cooling tubesliicgair). For every four
cooling tubes there is thus one cooling air line. In theselimas the air flow is measured
using Hontzsch thermal flow sensors TA10. For the simutalioundary conditions it
was assumed that the cooling air was divided equally ovefoilnecooling tubes. At the
outlet of every cooling tube the temperature of the coolingvas measured.

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

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

As stated earlier, eighty percent of the flue gas is sucked fayr aver the honey-
comb heat exchangers of the regenerating burners. Thisdlsi#igv is measured using
a Kobold vortex flow meter model PWL positioned after the fl@s §an. To convert
this measurement to normal volumetric flow, also the locakpure and temperature are
measured.

There are two flue gas sampling positions in the furnace. ®reesampling tube,
crossing the diameter of the central stack, with six smaih@ang holes, in order to
achieve an uniform sampling over the stack width, boxed remibin Figure 2.1. The
second is after the vortex flow meter, thus, in the flue gashhatbeen regenerated,
boxed number 2 in Figure 2.1. The flue gas is sampled by a KNEN211E heated
diaphragm gas sampling pump. After the sampled flue gas hes dréed, by cooling
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it down to approximately 2°C in a MAK 10-2 gas conditionerjdtanalyzed using a
Sick Maihak S710 gas analyzer. The NO and CO concentratimnsnaasured using
a MULTOR module based on the NDIR measuring principle. Thec@ncentration is
determined paramagnetically with an OXOR-P module. The €@hcentration in the
flue gas was monitored, but was not stored by the data adquisitstem due to hardware
limitations.

All the signals of the above-mentioned diagnostic equipraes recorded every sec-
ond by a data acquisition system designed in Labview. Sulesely, the written raw data
was analyzed by a Matlab routine, of which a summary is ptesein 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 mogsibility of inves-
tigating many different burner configurations in combioatwith different firing modes.

In this context, durner configurations defined as the position of the burners, i.e., which
flange they occupy. Thiring modeis referred to as which burners form a burner pair. For
more details and results, see Chapter 5. Furthermore,dkeeeative or cyclic behaviour
of the burners can be investigated, since the recordingainttee diagnostic equipments
is much smaller than the typical cycle times, one seconduge28 to 60 seconds.

Finally, the furnace has been equipped with high tempezatesistant quartz win-
dows, allowing advanced in-furnace laser-based measutsrirethe 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 ¢ggehover conventional and
over other emission curbing combustion technologies. énrdtent years many experi-
mental studies have been performed on flameless combustonyery small scales for
fundamental studies to actual industrial applicationdgs Thapter presented an overview
of research efforts on similar (semi-)industrial scalenges equipped with (multiple)
regenerative flameless combustion burners. The furnace&/@tdPomises to supply valu-
able information concerning the influence of the burner gumétion and firing mode
in furnaces with multiple flameless combustion burners.alynin the near future, as
high fuel flexibility is becoming more important for combigst techniques, flameless
combustion will keep on being an interesting alternativectmnventional combustion.



TR
L

XX

V-26
L12
L3

T
A
Ly
7
i
iy

SRS

>,
P,
3B

)
8 8 A A i

™\
L8 T
T
.
1 &
TR |
(K]
|
o L[]
=2 vl
L = v |
= g 1]
[E Sl L
kil
J-16, 1-117, Ia.
8
"
b,

S

-33,

TR

i)

Figure 2.5: Process flow diagram of the furnace at DUT.

natural gas

o
&



ional) characteristics and mexperimental results of studies on similar (semi-)indasscale flame-
Abbreviations: n.a. = not a\ddal PG = Liquefied Petroleum Gas, NG = Natural Gas, DNG = Dutc
ed Natural Gas, LCF = Low Calorific luVariables: R, = thermal powerde = energy density,cie

' ratio, Ty = furnace temperature, pleneat= coOmbustion air preheat temperature and= thermal
e DUT furnace.

Fuel Pih O teycle | A Ttumn | Tpreheat NOx CO n
(ppmy, dry | (ppmy, dry
(kW) | (KWw/m®) | (s) | () | (°C) | (°C) | @3%0Oz) | @3%0z) | ()
\T CD200| DNG 300 72 20 | 1.15| 1050| 950 16 4 0.50
5-DF NG 200 27 60 1.1 | 1100| n.a. 39 2 0.46
5-DF LPG 210 28 60 | 1.15| 1100| 1040 55 n.a. 0.65
LPG 210 28 20 | 1.15| 1100| 940 52 n.a. 0.56
>-DL4 NG 910 46 60 | 1.27| 1303| 1270 94 ~30 0.09
NG 190 63 20 | 1.15| 1090| 900 4 n.a. n.a.
LCF 2919 30 60 | 1.15| n.a. 1133 n.a. n.a. n.a.
LCF | 3280 34 60 | 1.27| n.a. | 1306 94 n.a. 0.73
LCF | 4640 10 60 | 1.05| n.a. | 1300 n.a. n.a. 0.66
NG 200 n.a. na.| 1.1 | 1200| 1000 85 n.a. n.a.
[ NG 3200 n.a. na. | 1.1 | 1220 n.a. 163 n.a. 0.21
NG 300 55 n.a. | 1.05| 1200 | 1030 90 n.a. n.a.
NG n.a. n.a. n.a. | 1.05| 1200| 920 79 n.a. n.a.
LNG | 1200 97 40 1.2 | na. 900 10 n.a. n.a.
NG 192 n.a. 20 | 1.05| n.a. 895 12 n.a. 0.33
NG 21 n.a. 60 1.2 | 870 537 3 15 0.70
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 methodifie discretized simulation of con-
tinuous fluid flow with the possibility of including chemicaactions. This chapter starts with a
discussion of fundamental CFD simulations of flameless astitm. In the middle part, a focus is
on reported CFD simulation results of multi-burner (regeateve) flameless combustion furnaces.
Then, the simulation approach for the numerical effortsspreed in this thesis is discussed. This
approach comprises the realizableekurbulence model coupled by the Eddy Dissipation Concept
model to a skeletal chemistry mechanism for the combusfitireduel. Radiation is incorporated
using the Discrete Ordinates method. Finally, at the enchisf thapter, an overview of the mod-
els used in the CFD simulations of the furnaces equipped {mithitiple) flameless combustion
burner(s), is given.

19
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3.1 Introduction

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

In the first part of this chapter, fundamental simulatiooef on flameless combustion
are discussed, with a focus on simulations of semi-indalstdale furnaces in the second
section. In the final part of this chapter, the choice of medskd 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 millam, the first detailed
publications appeared on fundamental CFD simulation &fi@garding flameless com-
bustion. Tabacco et al. [70] were such pioneers, simulaisiggle flameless combustion
burner. In their simulations they used the Eddy Dissipatnmael [71] and a Probability
Density Function (PDF) method assuming chemical equiliori Both models overpre-
dicted the peak temperature, since they assume very fastistng compared to turbu-
lence, whereas in flameless combustion the chemical andlé&mttime scales are sim-
ilar, D ~ 1, with D; the Damkohler number. Additionally, the N@ontributors were
assessed in the simulations. From the investigated catdr (thermal, prompt, nitrous
oxide), it was concluded that nitrous oxide was the largestrdutor. Additionally, some
NOx was formed via the thermal pathway, but none via the promphar@sm.

In 2001 Coelho and Peters [72] presented the results of atrook of a flameless
combustion burner. In their simulations they used the stéladhelet combustion model
with presumed PDF for the mixture fraction. For the postepss calculation of the NO
they used an Eulerian Particle Flamelet Model (EPFM). Thaerical results have been
validated with measured velocity fields and NEncentrations. The numerical results
were in the same order of magnitude for both the velocity &edNQ, concentrations,
however, the results can still be improved.

Murer et al. [73] investigated a single flame 30 {gWlameless combustion furnace
for several settings of the excess air ratio and furnace ¢eatypre (controlled by the heat
extraction rate). The simulations incorporate a set ofdyalsysical models. Combustion
is modeled by a combination of the Eddy Dissipation model Rimite Rate chemistry
(the ED/FR approach) with a two-step chemistry mechanisime tEmperatures at the
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furnace walls, which serve as the main validation methodeweerpredicted, especially
in the first half of the flame. The authors observed that theti@azone is moving away
from the burner outlet with decreasing furnace temperature

Galletti et al. [74, 75] have simulated a recuperative 13;kifdmeless combustion
burner. A comparison between an 2D and 3D grid for the sinaradf the burner was
performed. The authors found that the 2D (axisymmetricusaion overpredicted the
recirculation in the burner. Furthermore, a comparativelstvas performed on turbu-
lence and radiation models. The const@pt of the standardk-¢ turbulence model was
increased from its standard value of 1.44 to 1.6. In Equdiarthe transport equation of
the rate of dissipation of turbulent kinetic energy &s solved in Fluent is presented [76],

2
2 (P)+ 2 (peu) = 0% Ku + ?) g—xj +Car(G)-Ce" p+S (B
wherep is the densityu the velocity,u the viscosityog is the turbulent Prandtl number
for €, k the turbulent kinetic energyGk represents the generation of turbulent kinetic
energy due to the mean velocity gradier@g; andC.» are modeling constants argd

is a (user-defined) source term. Thus, by increasing the@ot®;:; the dissipation rate
generation term incorporating the generation of turbukemetic energy due to the mean
velocity gradients is increased. The authors confirmed tthiatadjustment increased
the recirculation in the burner, compared to the otherwisgetpredicted recirculation
when using the standard value ©f;. Similar effects were observed in the simulation
of a prototype flameless combustion gas turbine combusterChapter 7. Finally, the
authors note some differences between the models for ima&d spectral properties of
the gases, e.g., the gray gas assumption overpredictsipetatures.

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

Additionally, many studies have been performed specificati comparing different
combustion and/or chemistry mechanisms for the simulatfdlameless combustion. In
2008 Kim et al. [78] compared the results for different glloti@emistry mechanisms in
combination with the EDC model for turbulence chemistrgrattion. Their conclusion
was that the four-step global mechanism of Jones and Lidtdt8] was able to predict
the temperature profile correctly, but overpredicted thermediate CO and fHconcen-
trations. The authors also concluded that the EDC model wigaxde for the calculation
of flameless combustion processes.

Panne et al. [80] compared several combustion models (Edgsdydation (ED) model,
combined ED/FR approach, Burning Velocity model) for thediation of a flameless
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combustion gas turbine combustor. These models were cechbifth two chemistry
mechanisms, an one-step and two-step mechanism. Whileuthera refrained from
drawing hard conclusions, the ED/FR approach combined tv@rlwo-step mechanism
seemed to perform better. Finally, the Burning Velocity mlogtas regarded as not suit-
able for the simulation of flameless combustion.

Finally, De et al. performed a detailed study on the capahili the set of models,
as used in this thesis and described below, of simulatingexperimental results of a
jet-in-hot-coflow setup, which emulates flameless combug81]. It was shown that the
realizablek-& performed better than other two-equation turbulence nsoddto, simula-
tions using (the below-mentioned) constant values for teeosity and the species mass
diffusivities showed no significant differences with simtibns with a temperature depen-
dent viscosity or using multi-component diffusion. Thegkest difference, compared to
the experiments, was that the ignition was predicted to ommearly. Finally, a limita-
tion of the use of the EDC model with a skeletal chemistry naectm was demonstrated
for flows with low turbulence Reynolds numbers. Overall, s& of models was well
capable of predicting flameless combustion.

3.3 Simulation of flameless combustion furnaces

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

The semi-industrial furnace at the Kungliga Tekniska Hidgsn (KTH) has been sim-
ulated extensively with the STAR-CD CFD package [82, 83]siBes the standarkie
turbulence model, several combustion models have beenstigagd, of which the com-
bined ED/FR approach turned out to give better results. Astep chemical mechanism
for the combustion of the fuel (LPG, i.e., propane), with Gaa intermediate, was used.
Thermal radiation is calculated with the Discrete Ordisateethod. The temperature in
the cooling tubes was estimated using empirical equatiassedon measured tempera-
tures. For the prediction of the formation of NOnly the thermal and prompt pathways
were incorporated. Most of the presented numerical reanétdor the autoregenerative
burner setup [84, 85]. But also the results of CFD simulaiohthe experiments with
the two regenerative burner pairs have been presentedq86ihe validation of the sim-
ulations measured heat fluxes, wall temperatures and iafer species concentrations
were used. The validation results were reasonable, howleseén-furnace temperatures,
which these models are known to overpredict, were not coatparhe different firing
modes with the two burner pairs were investigated numdyieald the main differences
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observed in the experiments were reproduced in the simaktHowever, the analysis of
these results was mostly focused on the fundamental prep@eftflameless combustion,
and less on the observed and reproduced differences. yima008, Rudnicki et al.
made an effort on doing transient simulations of the thréferéint firing modes. Prelim-
inary results have been presented [87], but since no vaidagainst experimental data
was provided, the quality of the simulations is hard to werif

In 2004 Hekkens et al. simulated the experiments performédtive IFRF furnace
using the Fluent CFD package [88, 89, 90]. Again, the stahklarturbulence model was
applied. However, three different combustion models wegiaed; two PDF methods,
assuming chemical equilibrium and laminar flamelets, ardBHdy Break-Up (EBU)
model. In this last model a two-step chemistry for the cortibnof methane was used.
Radiation was incorporated using the Discrete Ordinateboade After detailed compari-
son of the numerical and experimental results, it turnedr@aittthe EBU model performed
best regarding the species concentration predictiondertbie furnace. The PDF meth-
ods were unable to correctly predict the temperatures entsid furnace, which can be
explained by the fact that they assume (too) fast chemidtswever, also the EBU model
overpredicted the peak temperatures inside the furnatmualh two model constants in
this model had been tuned for flameless combustion purpaseg previous IFRF mea-
surements.

The flameless combustion furnace at the Faculté Polytquende Mons has been
simulated by Lupant et al. using the Fluent CFD package [819%]. The standark-¢
turbulence model is applied. The value of the constaatwas decreased from its stan-
dard value of 1.92 to 1.8, in order to improve the spreading o the round jets. See
also Equation 3.1 for the transport equatioreahcorporating this model constant. The
modification of the model consta@t, in the turbulence model improved the prediction
of the delay in the reaction. Combustion modeling is donegibioth the PDF method
assuming chemical equilibrium and the combination of Eddssipation model and Fi-
nite Rate chemistry. Again, as in the simulations for theRF&nace by Hekkens et al.,
two model constants in the ED/FR approach were manipulatedder to improve the
results. An one-step chemistry mechanism has been usdtefopmbustion of methane.
Radiative heat transfer is modeled with the Discrete Otdmapproach. NOmodel-
ing is performed incorporating the thermal and prompt pagsiwonly. Validation of the
simulations is performed by comparison of the measuredthmadfer, temperatures and
species concentrations inside the furnace and thg Is2ls in the flue gas. Reasonable
agreement is achieved for the heat fluxes, however, all sithonls overpredicted the tem-
perature inside the furnace. This difference was decremst#te ED/FR model when
the model constants were adjusted. In a subsequent stemléhéemperature of the
combustion air was lowered, which improved the results. &l@w, it remains unclear
how the exact combustion air temperature is calculated faihisiadjustment was phys-
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ically justified. The disagreement in the temperaturesimsie furnace also makes the
NOy predictions unreliable. Although the maximum concentragiof & were predicted
rather well, the concentration was dropping too fast aftex tnaximum. This indicates
that the combustion reactions are too fast, which also exgplée too high predicted
temperatures.

Finally, the regenerative reheating furnace at NKK was $atewl by Ishii et al. using
the Fluent CFD package [53, 54, 55, 69, 92]. Again, the stahkiz model for turbu-
lence is used. For the modeling of the combustion the PDF adetlssuming chemical
equilibrium is applied. Radiation is incorporated using Bt1 model. Besides these stan-
dard set of models, a wide variety of models was comparedZh [rstly, the standard
and Renormalization Group (RN&)e models and the Reynolds Stress Model (RSM)
were compared, concluding that the differences in the teslidl not justify the usage
of computationally more expensive models than the stankl&rd This result is in ac-
cordance with the results observed in the combustor simukgtsee Chapter 7 of this
thesis. Also, no significant changes in the results was gbddor the variation between
standard or non-equilibrium wall functions afid or -shaped PDF’s. It was concluded
that the characteristic length of the cells is preferredvalibe mean beam length for
the path length used in the model for the absorption coefii@éthe gas mixture. The
NO predictions are based on the thermal, prompt and rebmmaodels. In [54] the sim-
ulations are validated against in-furnace temperaturesarements. The agreement is
reasonable outside the combustion zone. Inside the combusine the temperatures are
fairly overpredicted, as was observed also in the otherlsitins using an PDF method.
After the validation of the simulation, several numericalastigations were performed.
Besides a numerical investigation for design purposes jBgb3] results are presented
on the influence of variation of the air and fuel injectiono@ties on the NO emissions.
The authors conclude that this velocity ratio has a strofigence on the NO produc-
tion rate in the furnace. Finally, the importance of the ¢hievestigated NO pathways
were investigated [69]. It was concluded that the reburmiraglel did not contribute to
the total NO emissions, since the fuel has low contents oharet. Furthermore, the
authors stress the importance for accurate NO calculatibtie PDF form used to incor-
porate the turbulence-chemistry interactions and the odettfi determining the O radical
concentrations.

Mancini et al. have performed many simulations focusingr@aformation of NQ of
experiments performed at the IFRF with a single flamelesshostion burner. Mancini
identified (as Hekkens did [90]) the prediction of the emtnagént of the jets as the main
problem in CFD simulations of flameless combustion [93]. itdev to get around this
problem, a simulation consisting of a network of perfectliyred reactors (PSR) has
been set up, incorporating detailed chemistry. The relaticun (or entrainment) was
imposed based on experimental results [94, 95]. Compano$dimeir model with CFD
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simulations [96] were performed, with a focus on the formatf NO,. The prediction
of prompt NO formation is significant in the PSR simulatiomeseas little importance of
this pathway is predicted by the CFD simulations. Furtheemblancini states that CFD
simulations are not able to predict the strong reburninggsses in flameless combustion,
however, this will be contradicted in the next chapter. Taeddit of this PSR simulation
is the possibility of applying detailed chemistry, whichgroves the results significantly.
However, the PSR simulation is highly empirical, i.e., mpayameters should be known
on beforehand, such as the entrainment values inside thadey for good simulation
results.

Generally, it can be concluded that combustion models asgufast chemistry are
not applicable for the simulation of flameless combustiorisoAthe importance of a
careful choice of chemical mechanism can be concluded. Bais¢he above discussed
simulation results and their validation, various comhmad of physical models for the
simulation of flameless combustion have been investigated,also Chapter 7. This
investigation resulted in a preferred (default) set of medehich have been used in the
different simulation efforts in this thesis, see also Cheptl, 6 and 7. In the next section
the choice of this set of models is further explained.
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Figure 3.1: Furnace sketch, representing burner configioraC5 firing in parallel mode.
The boxed numbers 1 and 2 indicate the two sample positiorisddlue gas. The ver-
tical symmetry plane is indicated by the filled (green) plaA# dimensions are in mm.
The two inserts show enlarged frontviews of the mesh aroubdriaer (lefthand side)
and a cooling tube (righthand side). The total mesh contapoximately 1.5 million
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3.4 Flameless combustion simulation setup

In this section the choice of physical models as used in th2 §ifulations presented in
this thesis is discussed.

Mesh

Three-dimensional meshes were generated, containingxppately 500.000 to 1.5 mil-
lion hexahedral cells, depending on the physical domaimplding (axi)symmetry of
the domains, to reduce the computational time, only parte@physical domains were
meshed. In Figure 3.1 a sketch is presented of the furnactat With the shaded plane
the vertical symmetry plane and in the two enlargements #&hraround the burners and
the cooling tubes.

Solver

The CFD simulations were performed with the commercial deldent (versions 6.3.26
[76]). The implicit pressure based steady solver was us#d @ieen-Gauss node based
interpolation for all simulations.

Turbulence

All the above-mentioned studies use the stan#tagdurbulence model. However, it was
decided to use the realizalkes model for the turbulence closure in these simulations.
On the one hand, this model has been shown to give improvettsesompared to the
standarck-¢ model, for the prediction of (round) jets [97], as is the casthese burn-
ers. On the other hand, in comparative preliminary simoitetithe realizabl&-¢ model
performed better than the standard or the RN&models. In Equation 3.2 the transport
equation fore as solved in Fluent for the realizalkee model is presented,

’, ’, 0 u\ de g2
5t(PE)+ % - (peuj) = o Ku+as)aj+pcl PC2k+\/—+Ss (3.2)

whereC; is an additional model constant a@g andS are calculated from the values of
k ande. Apart from some other improvements compared to the stdridarmodel, it
is noted that in the realizablee model the generation ternpC;Se] does not depend
on the generation df. Therefore, better predictions of velocity profiles in tle¢ have
been achieved [97] and improved predictions of the rectouh caused by the jets can
be expected.

In the simulations of the combustor in Chapter 7 the Reyn8hisss Model (RSM)
was also investigated. The RSM solves six transport equafar the Reynolds stresses
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and one transport equation for the dissipation ea{Equation 3.1), thus increasing the
computational effort by the addition of five transport equas compared to the (real-
izable)k-¢ models. The RSM model produced comparable results as theatde k-
model. Also, it turned out that the RSM underpredicted tloércalation rate of the jets.
Therefore, the model consta@f; was increased from its standard value of 1.44 to 1.6.
This constant is scaling the dissipation rate generation tecorporating the generation
of turbulent kinetic energyk) due to the mean velocity gradients, see also Equation 3.1.
The adjustment of the constant proved that the actual sesiilthe experiments could
be reproduced by tuning this constant. Since the extra ctatipoal effort of the RSM
became significant in the larger furnace computations, & etesen to use the realizable
k-¢ model in these simulations.

Chemistry

For the combustion of the fuel the mechanism of Smooke etalthie combustion of
methane was applied, see [98]. This so-called skeletal amsm consists of 16 species
(resulting in 16 transport equations to be solved) and pm@tes 46 reactions. The Ar-
rhenius kinetic parameters are presented in Appendix G nivied here that a mechanism
for the combustion of methane only is used. Actually, thé ifluéhe furnaces (Chapters 4
to 6) was natural gas, which also contains small amountsgbignihydrocarbons (mostly
ethane to hexane). Thus, the natural gas in the furnace aiionsg is replaced by a sim-
ulation fuel, containing only methane as the fuel compaonalso replacing the higher
hydrocarbons present in natural gas, in such way that therélease per unit mass stays
equal. For more details on the derivation of the simulatigeld, see Appendix A. Fur-
thermore, the water content in the combustion air was alkoleged, see Appendix D.

Turbulence-chemistry interaction

The turbulence-chemistry interaction is taken into actyrusing the Eddy Dissipation
Concept (EDC) model [99]. The EDC model has been succegsipplied for various
turbulent and flameless combustion applications [100, .10Pgrente et al. compared
results for flameless combustion with different turbulenbemistry interaction models
and chemistry mechanisms [102]. They concluded that the EdGel combined with a
skeletal or full chemistry mechanism performed best. Adddlly, Stefanidis et al. [103]
also compared the EDC model with the Eddy Break-Up (EBU) rhodlkey stress the
main disadvantage of the EBU model, i.e., too fast reactbesrfor the oxidization of
the fuel. This disadvantage is especially undesired fordlass combustion applications,
since in flameless combustion the reaction rates are rebatiow. Finally, in another
study [78] on the use of different chemistry mechanismsHterdimulation of flameless
combustion, the EDC model was used in all the test caseg gin@s considered by the
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authors as a very suitable model for the simulation of flasset®mbustion.

Radiation

Radiative heat transfer is accounted for using the DisdDetlinates method and the
Weighted Sum of Gray Gases Model (WSGGM) for the absorptamificient of the gas
mixture. For the used path length in the WSGGM both the meambength and the cell
size has been investigated. Both characteristic lengtes px@ponents and opponents in
the literature. In a brief comparison between two simutatiof the KTH furnace using
these two characteristic lengths, no large differencegweserved in the final results.
The choice of path length was therefore made depending aspt#wfic goals of the sim-
ulations. For example, in the simulations of the KTH furnéClapter 4) a focus is on
the radiative properties of the gas mixture, thus the cedl & chosen as the characteristic
length. The emissivity of steel was set to 0.8 and that of tiedffick insulation to 0.68.

Material properties

The density of the mixture is calculated by the multicompuriecompressible ideal gas
law. The molecular viscosity and thermal conductivity cé as mixture are taken con-
stant at 1.72x10° kg/ms and 0.0241 W/mK, respectively. The mass diffusivitgalcu-
lated by Fick’s law with a constant and identical mass dififncoefficient of 2.88x10°
m?/s for all species. Finally, the heat capacities are detezthper species with a temper-
ature dependent piece-wise polynomial provided by Flusamd, for the mixture with the
mixing law.

NOy chemistry

The formation of NO has been studied in post-processing modgmst-processing mode
none of the transport equations are calculated (thus theesalf all the physical quanti-
ties remain equal), except for the transport equation(sh@frocess of interest, in this
case the formation of NO. The main advantage of this methtiteignormous reduction
of computational times. Calculations have been perfornogld §imultaneously and sepa-
rately for different NO pathways; the thermal NO, prompt M@;ous oxide (NO) inter-
mediate and NO reburning mechanisms. By additionally periiog simulations with the
mechanisms separately it was verified that all mechaniseidad realistic rates and the
relative contributions of the different mechanisms cowdrvestigated. Thermal NO is
calculated using the extended Zel'dovich mechanism [6hWitand OH radical concen-
trations taken from the computed species concentratioment NO is incorporated by
using the modified De Soete model [104, 105]. Th&®Nntermediate mechanism [106]
is calculated including a separate transport equationrh®M™N>O concentration. For the
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prediction of the reburning of NO, the work of Bowman is feled [107]. Here, the CH
radical concentration is computed based on the CH radigabpaquilibrium. Finally,
the fluctuations in the mean temperature ancc@ncentration have been included in the
mean reaction rate of NO by a two-variable PDF which is assutmde a two-moment
beta function. However, the influence of these fluctuationthe total NO formation rate
have been investigated and turned out to be small.

3.5 Conclusions

Flameless combustion in setups on many different scalebd&s extensively simulated
using CFD software over the last decades. In general it caomeauded that many of the
more simple combustion models result in too high predictibthe combustion reaction
rates for flameless combustion. Thus, combustion modelsidimg a more sophisticated
description of the turbulence-chemistry interactions,required. Moreover, it was found
from the literature study that more elaborated chemistrghraeisms significantly im-

proved the quality of the predictions for flameless comlmnstBased on these findings,
combined with the results of the numerical study in Chapter Garefully selected set of
physical models was determined and shown to be adequateefeimulation of flameless
combustion (in large furnace environments).



bustion furnace CFD simulatiorss teir incorporated physical models. Abbreviations: nzanot
lization Group, RSM = ReynoldssStModel, ED = Eddy Dissipation, FR = Finite Rate, EDC = Eddy
= Probability Density FunctionQD= Discrete Ordinates, DTRM = Discrete Transfer Method, B-1
onics expansion, t = thermal NO, prempt NO, r = reburning NO, n = nitrous oxide intermediate.

1ace.

CFD Turbulence Chemistry Turbulence-Chemistry Interaction Radiation | NO
Package

Fluent realizablek-¢ 16 species EDC DO -
Fluent realizablek-& 16 species EDC DO t,p,r,N
STAR-CD | k-¢ 2-step ED/FR DTRM t,p
STAR-CD | k-¢ 2-step ED/FR DTRM t,p
Fluent RSM n.a. EDC DO -
Fluent k-£ 2-step B-PDF-equilibrium, -flamelets, ED/FR DO -
Fluent k- 1-step, 2-step B-PDF-equilibrium, ED/FR DO t,p
Fluent k- 15 species B-PDF-equilibrium P-1 t,p.r
Fluent k-, RNGk-¢, RSM | 15 species B-PDF-,d-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 burnis paith a thermal power of 100
kW, each, has been investigated experimentally and compot&dljo The objective of this study
is (1) to observe differences in the performance of the ftenaperating in two different firing
modes, parallel and staggered, and (2) to explain theserdifces using detailed CFD simula-
tions. Besides the permanent measurements of temperfitwveand pressure, in-furnace probe
measurements of temperature, oxygen and emissions (NO@nhtave been performed. Exper-
imental results show that the efficiency of the furnace wghkériin parallel mode compared to
staggered mode, 48% and 41% respectively. The values of Gi@a&nvere equal for both firing
modes. However, in parallel mode the N@oduction was 39 ppp@3%Q, whereas in staggered
mode 53 ppr@3%Q NOy, was produced. Considering both efficiency and emissiorrsllpha
firing mode performs better than staggered mode.

Next, CFD simulations of the furnace were performed in otdexxplain the observed differences.
The simulations were validated with the in-furnace measems. It was confirmed that the fur-
nace firing in parallel mode achieved a higher efficiency. fdwative heat transfer was higher
due to formation of a larger zone with gases with improvedatak properties. In addition,
higher velocities along the cooling tubes, due to lower muoma destruction, led to higher con-
vective heat transfer. Also, the lower production of N®parallel mode was reproduced by the
simulations. This is due to the fact that in parallel modefiled jets are merging slower with the
combustion air jet, leading to less intense combustion zombus, lower peak temperatures and
radical concentrations are achieved, and the NfPoduction via the thermal andJ® pathways
was lower.

The contents of this chapter have been publishe@ambustion Science and Technolpgynission
and efficiency comparison of different firing modes in a fumavith four HITAC burners, B. Danon, A.
Swiderski, W. de Jong, W. Yang and D.J.E.M. Roekaerts, ZR3(7):686-703.
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4.1 Introduction

Flameless combustion, also known as High Temperature Amlitstion (HITAC [5]),
flameless oxidation [8] or MILD combustion [21], potentiadiffers enormous advantages
compared to conventional combustion methods becauseaiblestes a more uniform
temperature distribution with lower emissions and higheciencies. For that reason it
may become the preferred mode of combustion in industrrabites.

Many publications on experimental work regarding singlenBasemi-industrial fur-
naces are available [46, 50, 58]. Also experimental workidess reported on three flame
[108] and four flame [54] furnaces, the latter with a fixed firiconfiguration. In the
present work a semi-industrial 200 k\\furnace equipped with two pairs of flameless
combustion burners has been studied. The focus of this $sualy the observation and
explanation of differences in the efficiency and emissitNd and CO) of the furnace fir-
ing either in parallel or staggered mode. Previously, thiadce has been experimentally
investigated firing Liquefied Petroleum Gas [2, 41, 42]. la resent experiments the
furnace was fired with natural gas instead.

For the explanation of the observed differences in the éxyaits, Computational
Fluid Dynamics (CFD) simulations have been performed. Inyrm@evious CFD simula-
tions of furnaces, combustion has been modeled using the B@dk Up (EBU) model in
combination with simple reaction kinetics [83, 86, 89] orfagt chemistry/assumed PDF
calculations [53, 55, 90]. Since the Eddy Dissipation Cph¢EDC) model seems to be
a promising model for the simulation of flameless combudgtl®d], in the present simu-
lations the EDC model combined with a skeletal chemistrylmasm has been applied.
Using these detailed CFD simulations, it was possible tdeéxphe observed differences
in performance between the two different firing modes.

4.2 Experimental setup

Experiments have been performed on a flameless semi-irlusst facility at Kungliga
Tekniska Hogskolan (KTH) in Stockholm, Sweden. The indaimensions of the fur-
nace are 1600 x 1600 x 2900 mm, for width, height and lengfipaetively. The firebrick
insulation is 300 mm thick. In the furnace side walls two paifregenerative NFK-HRS-
DF burners (manufactured by Nippon Furnace Koygo Kaishayatalled. These burners
have two fuel nozzles, separated 0.185 m from each othdr,axgentral rectangular air
nozzle in the middle, see also Figure 4.1(a). Each burneraai a thermal capacity of
100 kW,. The furnace is cooled with air flowing through four horizalintooling tubes,
made of a special temperature resistant kanthal alloy,|sed-gure 4.1(c).

The burners have ceramic honeycomb heat exchangers imatedo The flue gas is
sucked by a fan via the air nozzles over these honeycombs Ifgmting them) for regen-
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eration of the heat. Two burners are firing simultaneoushjlemhe other two burners
are regenerating. After a time interval of 30 seconds thaychvand the firing burners
start regenerating, et vice versa. Different firing modes, selection of burners firing
simultaneously, can be chosen.

The fuel consists of 90%-vol methane, 9%-vol higher hydrocas up to hexane
and 1%-vol inerts (C@and Nb) and has an LHV of 39.5 MJ/fn The wall temperature
measured in the middle of the roof of the furnace was definedeairnace temperature
(Tsurn). This temperature was kept constant at a preset value lyyngathe amount of
cooling air flowing through the cooling tubes.

4.3 Diagnostic equipment

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

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

The suction pyrometer probe has a ceramic tip, with a lenfgti8® mm and a hole on
the side (diameter 10 mm) to suck the gases in. In the cergmactype S thermocouple
is mounted. This device has an error of about1I® K at these temperatures.

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

Table 4.1: Species analysis techniques.

Species Analyzer Technique Ranget+  Unit

) M&C PMA 25 Paramagnetic 0-30 0.4 %-vol
CO Maihak Multor 610 NDIR 0-30 0.6 %vol
CcO 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 traversingnsygYith this system the
position could be controlled remotely and very accuratelyl(mm). During the experi-
ments, on various positions inside the furnace the probesanements were performed.
In Figure 4.1 the topview (b) and sideview (c) of the furnaoe @epicted. The encir-
cled numbers in Figure 4.1(b) represent the holes wherertitgep were inserted in the
furnace. The different heights at which measurements wer®imned are presented in
Figure 4.1(c).

1 L 750 1400
- |20 00 o0
4.5 4 ¥
EE - O—1wO—0
1 ‘ 92.5 5@0%‘ ®950 ® 1450
(€)
(a) (b)

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

All signals, both permanent and in-furnace, were logged tmmaputer every two
seconds with a Keithley 2701 Ethernet Multimeter systeme &kperimental results are
obtained by first averaging the measurements at discretediaps in the cycle for ten
entire cycles. Subsequently, the last eight seconds (tkedstate had been reached) of
a half cycle, i.e. a firing or regenerating period, have beenaged.

4.4 Experimental campaign

In this work a comparison is made between two different finmgdes, parallel and stag-
gered, see also Figure 4.2. Other operational parameteeskept constant; the excess
air ratio A) was 1.1+ 0.05, the thermal power input was 2807 kWy, and the furnace
temperature 1106 5 °C. The cooling air is controlled such that the furnace terafure

is constant.
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Figure 4.2: Sketch of upper half of the furnace, showing thegimodes. The dark gray
plane in the bottom represents the symmetrical midplanbefurnace. (a) Parallel: A
and B firing, while C and D regenerating, et vice versa. (b)g§&ed: A and D firing,
while B and C regenerating, et vice versa. The cooling tulbesiambered 1 and 2. The
arrows indicate the flow direction of the comburants and tbeling air.

4.5 Numerical setup

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

Steady simulations were performed with Fluent 6.3. The ioitppressure based
steady solver was used with Green-Gauss node based iratopol

For turbulence closure the realizale model was used. This model is shown to give
improved results, compared to the standagdmodel, for the prediction of jets [97], as is
the case in these burners. For the combustion of the natasal gkeletal mechanism (16
species, 46 reactions) for the combustion of methane wdgeddp8]. The natural gas
is simulated with a simulation fuel, containing only metbaalso replacing the higher
hydrocarbons present in natural gas, in such way that therélease per unit mass stays
equal, see also Appendix A. The chemistry-turbulence actésn is taken into account
by using the Eddy Dissipation Concept model [99]. Radiatigat transfer is accounted
for using the Discrete Ordinates method and the cell-basadMéd Sum of Gray Gases
model for the absorption coefficient of the gas mixture. Timessivity 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 multicompurnideal gas law. The
molecular viscosity and thermal conductivity are takenstant. The mass diffusivity
is calculated with the constant dilute approximation. Hynahe heat capacities are de-
termined per species with a temperature dependent piesealynomial, and for the
mixture with the mixing law.

The heat losses through the walls were incorporated by ledilieg the convective
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and radiative heat flux to the environment. For a realistioev®af the effective thermal
conductivity of the walls, the predicted furnace tempeamtagreed with the measured
furnace temperature. Enhanced wall functions are combanida two-layer model for
the near-wall modeling.

The NO formation has been studied in post-processing maaleufations have been
performed both simultaneously and separately for thern@| prompt NO, NO inter-
mediate and NO reburning mechanisms. Thermal NO is catullasing the extended
Zel'dovich mechanism with O and OH radical concentratiailenh from the computed
species concentrations. Prompt NO is incorporated by ueamodified De Soete model
[104, 105]. The MO intermediate mechanism [106] is calculated including zasste
transport equation for thed® concentration. For the prediction of the reburning of NO,
the work of Bowman is followed [107]. Here, the CH radical centration is computed
based on the CH radical partial equilibrium. The fluctuationthe mean temperature and
O, concentration have been included in the mean reaction fat®©dy a two-variable
PDF which is assumed to be a two-moment beta function. Theeinfle of the fluctua-
tions on the total NO formation rate have been investigateldtarned out to be small.

4.6 Results and Discussion

4.6.1 Experimental results

The obtained results for the furnace operating in parahel staggered mode are pre-
sented in Table 4.2. In the last column the variare® ©f the variables is presented, a
value not available for the cooling air flow rat@.{o)), since this was not kept constant. It
is observed that in parallel mode, at the same furnace textyser more heat is extracted
by the cooling tubes, compared to staggered mode.

Table 4.2: Main results for parallel and staggered firing nesd

Variable Parallel Staggeredo?
Tturn (°C) 1101 1099 1
@Guel (MIN)  17.0 17.0 0.2

@air (M) 192.4 193.7 1.5
(ool (M3/h)  628.6 501.8 n.a.

Teoolin (°C) 31 31 0.1
Tcoo|0ut (OC) 390 407 1

In Figure 4.3 pie charts of the calculated heat balanceshiotwo firing modes are
presented. The ’Efficiency’ is defined as the cooling tubd kgtraction and the 'Flue
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gas losses’ are the sensible heat of the flue gas after reg@mer The 'Other losses’
consist mainly of wall losses, but also losses to the (coldpes, losses through cracks,
etc. All the heat flows were divided by the total heat inpusdzhon the LHV of the fuel.
The efficiency of the furnace in parallel mode is 48%, wheieastaggered mode the
efficiency is 41%.

Parallel Staggered

Efficiency 48% Other losses 37% Efficiency 41% Other losses 44%

Flue gas losses 15% Flue gas losses 15%

Figure 4.3: Heat balances for the furnace in both firing mades

In Table 4.3 the composition of the flue gas during the twodinmodes is presented.
It is noted that for similar operation conditions (i.e. camstion air and fuel flow rates,
T:um) the NG, emissions differ substantially between the two firing modesparallel
mode 39 ppm@3%OG of NOy is produced, versus 53 pp@3%QG in staggered mode.
Comparable values and trends has been observed previousiis ifurnace firing LPG
[41, 86], however, further investigation on the sourcesebe differences in NO concen-
tration is required. No significant differences could beeavlsed in the CO emissions.

Table 4.3: Species concentrations in the flue gas (on dryshasi

Variable Parallel Staggered
02 (%-vol) 1.9 2.1

CO (ppm@3%Q) 2 2

NOx (Ppm@3%Q) 39 53

Concluding, parallel firing mode shows lower N®missions combined with higher
efficiency, and is therefore preferred over staggered finmogle. The same trends have
also been observed in this furnace with LPG [86] and with rayas 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 apdddcentration inside the furnace
are compared with the measured values. The hole number adeban thex-axis, with
four points per hole, representing the four different hesglirom low to high, where
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measurements were performed, see also Figure 4.1(b) antN¢cineasurements were
performed in hole 1.
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Figure 4.4: Comparison between the steady state experahand simulated results for
parallel and staggered mode. Squares represent the expetansolid lines the CFD
simulations. Oxygen concentrations (%-vol dry) are in gaag temperatures (°C) are in
black.

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

For the staggered case, the@ncentrations agree well with the measurements. How-
ever, in parallel mode, the predicted ©@oncentrations are consistently lower than the
measured values. This is due to air leakage. During the Bwmpets in parallel mode, the
furnace pressure dropped significantly below zero for tvamsds every cycle. Since it is
known that there are openings and cracks in the furnacejglthrese periods of negative
pressure, ambient air leaks into the furnace. This air igakeas proven by simple cal-
culations to be large enough to explain the observed diffarg, see also Appendix E. In
staggered firing mode the negative pressure peaks wergibgli

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

It was concluded that the CFD simulations are validatedasefftly for the purpose of
investigating the observed differences in efficiency andsions for the different firing
modes.
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Table 4.4: Heat balance comparison between experimentsiamaations.

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 1935

4.6.3 Efficiency comparison

From analysis of the CFD simulations, the increased effagiémparallel mode turned out
to be mainly due to increased radiative heat transfer, aadstoaller extent to increased
convective heat transfer.

Table 4.5: Cooling tube comparison between parallel andgéaed 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) 16.3 15.0

In order to evaluate the convective heat transfer to theimgaubes, the important
parameters regarding convective heat transfer are pess#ortthe cooling tubes in Table
4.5. The mean tube wall temperatures of the cooling tubestimfiring modes are almost
equal. Thus, the convective heat extraction in parallelensdhigher due to the increased
velocity along the tubes, resulting in a higher heat transtefficient. The differences
in velocity can be related to the rate of momentum destradghidhe furnace. In Figure
4.5, where the momentum along the centre line of the burnies gapresented, it can
be observed that in staggered mode more momentum is dedtogyte opposing jets,
leading to lower velocities in the furnace.

For comparison of the radiative heat transfer, the meaatiadiheat extraction (RHE)
by cooling tube 1 and 2 (see Figure 4.2), plotted along theduls presented in Figure
4.6. Note here that an increased RHE means a lower or moréveegalue. Additionally,
the normalized emissive source term, defined in Equationvad considered [111],

4
Re = % (%) (4.1)

wherea is the absorption coefficient (M), T the temperature (K) and the subscript r
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Figure 4.5: Momentum per unit volume (kgm#3mon the centre lines of burner pairs A-C
and B-D for both firing modes.

denotes reference valuas € 1m 1, T, = 298K). In Figure 4.7 contours of higher values
of the normalized emissive source term (R750) in the furnace midplane for both firing
modes are presented. These zones indicate where mosivediatrgy is emitted by the
hot gases. The centre line of cooling tube 1 is the lower greyih Figure 4.7 and cooling
tube 2 the upper gray line. Theedistance increases from left to right in Figure 4.7.

x 10° Cooling tube 1 x 10° Cooling tube 2
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Figure 4.6: Mean radiative heat extraction (Wfyralong the cooling tubes.

In Figure 4.6 itis observed that cooling tube 1 has companaaliative heat extraction
(RHE) for both firing modes. It is noted that an increase in RHE is observed in
staggered mode arourzedistance 1.5 m, which is due to the location of highiRthis
location, see Figure 4.7. Note that the central air nozzZtdsumers B and D are &
distance 1.45 m, see also Figure 4.1(b).

For cooling tube 2 the RHE is higher for parallel mode alorgehtire length of the
tube. This is confirmed in Figure 4.7 by the location of thehleigvalues of Rin parallel
mode underneath this cooling tube. Additionally, theredslistinct increase visible in the
RHE atz-distance 0.5 m (centre line of burners A and C) for staggerede in cooling
tube 2. This is due to flow direction of the cooling air. Beaatlse cooling air is entering
at zdistance 2.9 m and then travels towards O m, the RHE decedtie decreasing-
distance due to the increasing temperature of the coolingTaie expected increase in



Chapter 4. Firing modes in furnace with four burners 41

Normalized

Parallel Staggered s

1056403

21 ) T | Moo

9.808+02

9300402
9008402
8700002

* 8.400402

8100402

7.800402

7.500402

Figure 4.7: Higher values of the normalized emissive soueren (-) on the furnace
midplane. The horizontal gray lines denote the centre lofedbe cooling tubes, cooling
tube 1 is the lower and cooling tube 2 is the upper line.

RHE of cooling tube 2 in staggered modezatistance 0.5 m cancels with the decrease
due to this phenomenon.

Overall, it is observed in Figure 4.6 that in parallel moderen@adiative heat is ex-
tracted by the cooling tubes. This is confirmed in Figure 4.@foverall larger zone with
high values of the emissive source terrgiR parallel mode. In staggered mode higher
maxima in the R are observed in the centre of the furnace, however, thesemaate
located further from the cooling tubes.

Finally, the normalized absorptive source term [111], d&édd in Equation 4.2, was

considered, .
a [ (G/ao)Y4
Ry=— | ——f{— 4.2
a m( = (42)

whereG is the incident radiation (W/R) ando the Stefan-Boltzman constant (WJKT).
The contours of the absorptive source term are presenteidjime=4.8. The zones with
highest absorptive source term are the fuel jets. This iaumEthese jets are relatively
cold and have high methane contents. In the rest of the fartheze are no other distinct
zones with high absorptive source term.

Concluding, the efficiency is higher in parallel mode, duari@verall larger zone with
high emissive source term close to the cooling tubes andiessentum destruction.

4.6.4 Emission comparison

In Table 4.6 the measured and simulated values for the ctnatiem of NQ, in the flue
gas are compared.

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

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

Unit Parallel Staggered
Experiment  ppm@3%G dry 39 53
Simulation  ppm@3%G dry 48 86

produces less Nthan staggered. The production of N@a the thermal, prompt, O
intermediate and reburning pathways were investigated eparately and simultane-
ously.

About half of the NQ was formed via the thermal pathway, whereas the other half
was produced via the 4D intermediate pathway. No NQwas formed via the prompt
pathway, however the reburning pathway did result in a redoof the emissions.

This is noteworthy, since both the prompt NO and NO reburmigghanisms occur
in fuel-rich zones, where GHtadicals react with Bland NO, respectively. Since the fuel
and air are introduced separately, a fuel-rich zone is ptasdront of the fuel nozzles.
The reason that in these zones no NO is formed via the promphanéesm but NO is
reburning, is the temperature dependence of the chemiaatioes. In Figure 4.9 the
reaction rates for prompt NO and NO reburning are plottedugthe local temperature.
Indeed, it is noted that at lower temperatures the NO rehgrmechanism shows higher
reaction rates than the prompt NO mechanism.

Mancini et al. investigated quite extensively the NO fonm@tin a single-burner
flameless combustion furnace [96, 95]. In different CFD datians they find either
mainly thermal NO or mainly prompt NO. Based on a Reactor Netviviodel (RNM),
tuned with experimental recirculation data, they find the féBGurning mechanism to be
important for flameless combustion conditions, as has beendfin this chapter. How-
ever, Mancini observed in the RNM large quantities of NO fedwia the prompt mecha-
nism. This observation disagrees with the present resattsauld be due to overpredic-
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Figure 4.9: Rate of formation of prompt NO and rate of dedtiarcfor NO reburning
(mol/n?s) versus the local temperature (K). Data are values of ad gells of the furnace
midplane.

tion of the local temperatures in the RNM model, see alsoreigud. Moreover, Mancini
did not observe any NO formation via the® intermediate pathway, which disagrees
with both the present results and previously reported te§ld 2].

In Figure 4.10 the NQformation is presented on lines @ = 12, wherex is the
distance from the burner nozzles and d is the hydraulic dianoé the air nozzle (0.035
m). It was found that at this distance from the burner noztieproduction of N was
at its maximum. The central air nozzles of burners A and C aredéstance 0.5 m, and
at 1.45 m for burners B and D, see also Figure 4.1(b). It is mesethat the total NQ
production is higher in staggered firing mode.
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Figure 4.10: Total rate of formation of NO (kmof?s) on lines at x/d = 12.

For further investigation, the temperature and the OH &diwle fraction are pre-
sented in Figure 4.11 over the same lineg/dt= 12. The vertical lines denote the centre
lines of the nozzles; the middle line for air and the outer liwes for the fuel nozzles.

As expected, higher peaks in both the temperature and OH fina@liion are present
in staggered mode. Additionally, it is observed that thesakp in staggered mode are
closer to each other. This indicates that the combustioe mamaller and more intense
in this mode.
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Figure 4.11: Temperature (°C) and OH radical mole fractiohdn lines at x/d = 12.

In order to explain these more intense combustion zoneagysted mode, the veloc-
ity magnitude vectors are plotted on the furnace midplartgégare 4.12. In these vector
plots it is observed that the fuel jets in staggered mode argimg faster with the central
air jet. The merging of the comburants jets plays an importale in the establishment
of flameless combustion behaviour.
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Figure 4.12: Velocity magnitude (m/s) in vector view on tmaéce midplane. Burners A
and C are the lower burners, B and D the upper.

The interaction of multiple parallel jets with different Relds numbers, the strong-
jet/weak-jet problem, can be divided into three zones [113]. The first zone is called
the 'converging zone’, where recirculation in between #ts pccurs. This zone extends
downstream until all velocities in between the jets are negative. The second zone,
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the 'merging zone’, continues until the velocity peak of jaewith the lower Reynolds
number disappears, i.e., the point of confluengg. (Further downstream, the 'mixing
zone’, is where the multiple jets have merged and behavelhikget.

No clear differences were observed in the size of the comvgmpnes for the different
firing modes. In Figure 4.16, the velocity in tkalirection (i.e. the direction of injection)
is plotted at several distances from the nozzles of burner érder to identify the point
of confluence. It is noted that the point of confluence of thed finzzle on the right side
is different for the two firing modes. In staggered mode, thi@{of confluence is around
x/d = 9 for this fuel jet, whereas in parallel mode it is arow/al= 12.

Grandmaison et al. [115] derived a mathematical model ferstinong-jet/weak-jet
interaction. Using this model, the point of confluence ofragk fuel jet and the cen-
tral air jet has been calculated to be aroundd/t¥} for both parallel and staggered mode.
This value agrees in order of magnitude with the experimiesataes, however, the dif-
ference between the two firing modes was not reproduced., theshown here that the
interaction of the burners influenced the actual positiothefpoint of confluence.

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

Summarizing, in this particular case, the observed shalittance to the point of
confluence (due to burner interactions) of the fuel jet iggéed mode results in less
entrainment, which leads to higher NO formation rates. Alsmpare Figure 4.10 and
Figure 4.16 ak/d=12 and betweemr-distance 0.5 and 0.55 m. For the other burner pair
comparable differences were observed.
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Figure 4.13: Distance of the point of confluencg/@ versus the momentum flux ratio (-)
and the jet entrainment (kg/s). Values are for the theoa¢tiase of one fuel jet computed
with the strong-jet/weak-jet model of Grandmaison [115].
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In order to illustrate the correlation between the jet maggbehaviour and the NO
production, the maximum reaction rate of NOx&d = 12 is plotted versus the location
of the point of confluencex{) divided by the air nozzle diameter (d) for all fuel nozzles
in Figure 4.14. 1t is observed that the slower the fuel jetgasrwith the air jet (higher
values ofx;), the less NO is formed. The correlation seems to be lind#&gugh more
data would be required to verify this.

|
ol

mfm\ 8 x 10
£
©
g 6 o o
i)
g 4 ® 9
e °
€ ol
2 2 o Parallel
'g ® Staggered
=0 : ‘ ‘ ‘
8 9 10 11 12 13
x /d (=)

Figure 4.14: Maximum reaction rate of NO at x/d = 12 versuslteation of the point of
confluence ¥d (-) for all fuel jets.

Additionally, the recirculation ratios [8], i.e. the masewi of the sum of the inlet
and recirculated gases over the mass flow of the inlet gaseshd air nozzles of the
burners for both firing modes are presented in Figure 4.1%xfyected, the recirculation
ratio in staggered mode is lower than in parallel mode, corfig that less flue gases are
internally recirculated.
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25

Kv (=)

1 — Parallel 1 — Parallel NS
- - - Staggered - - - Staggered
0.5 0.5
0 0.4 0.8 1.2 1.6 0 0.4 0.8 1.2 1.6
x—distance (m) x—distance (m)

Figure 4.15: Recirculation ratios (-) for air nozzles for thxfiring modes.

Concluding, the slower merging of the comburant jets in jigranode allows higher
recirculation ratio and leads to a less intense combustae 2with lower peak tempera-
tures and oxygen availability, and thus lower productioiGk;.
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4.7 Conclusions

A furnace with two flameless burner pairs was investigategrang in two different
firing modes, parallel and staggered. The focus of this stuayon the (1) observation
and (2) explanation of the differences in efficiency and smisproduction between the
different firing modes in the furnace. No significant diffieces were observed for CO
emissions. In the experiments it was shown that parallelgimode led to higher heat
transfer to the cooling tubes (i.e. efficiency) and lower,Nissions.

Detailed CFD simulations were performed in order to exptam observed differ-
ences. It was concluded that a larger zone with a high eneisgiurce term in parallel
mode improved the radiative heat transfer to the coolingsulCombined with a lower
rate of destruction of momentum, leading to an increasenective heat transfer to the
cooling tubes, the total efficiency was higher in paralledeoAdditionally, in staggered
mode, due to the interaction between the burners, the distanthe point of confluence
was shorter, resulting in less entrainment to the jets. Tihigher peak temperatures and
radical concentrations were present in the combustion,zané higher production of
NOy via the thermal and pD intermediate pathways in staggered mode were observed.



Chapter 5

Parametric study on multi-burner
furnace

A parametric study on a 300 khVfurnace equipped with three pairs of regenerative flameless
combustion burners has been performed. Each burner paiahlvated thermal power of 100 k4
firing Dutch natural gas. The objective of the study was ténoige the furnace performance, i.e.,
to maximize the cooling tube efficiency and minimize the GDND emissions. In the study the
following parameters were varied: the positions of the tausnin the furnace (burner configura-
tion), the firing mode (parallel and staggered), the excessadio (A) and the cycle time fcie).
Also, the influence on the furnace performance of the jet maumeof the combustion air and the
temperature uniformity in the furnace were studied.

It was concluded that staggered firing mode is disadvantagjesince it results in significantly
higher NO emissions than parallel firing mode. Also, out effikie investigated burner configu-
rations one has been exempted, since its cooling tube afficiwas significantly lower compared
to the other configurations. Furthermore, a horizontal getid the firing burners improved the
cooling tube efficiency at a fixed temperature uniformitygoAfor the burner configurations with
the firing burners positioned closer to the regeneratingriaus and further from the stack, the
temperatures in the regenerators were higher, leading tinéi combustion air preheat temper-
atures. The temperature in the regenerators was also inflegiy the cycle time; higher cycle
times leading to higher (peak) temperatures in the regeiesa Finally, this temperature in the
regenerators was shown to be more decisive for the final abafO emitted than the excess air
ratio or the jet momentum. In all experiments, due to difiees in path length of the mean flow,
higher CO emissions were measured in the flue gas from thaeegi®rs compared to in the flue
gas from the stack. These two trends in the CO emissions weobserved for the NO emissions.

The contents of this chapter have been publishedpplied Thermal EngineeringParametric op-
timization study of a multi-burner flameless combustioméage, 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 issulesgil fuel utilization. Con-
trol of nitrogen oxides (N¢) has been a major issue in designing combustion systems,
since NQ plays a key role in acid rain formation and the generation ledtpchemi-
cal smog. Flameless combustion, also known as Flamelesiatba (FLOX) [8], High
Temperature Air Combustion (HITAC) [5] or Moderate or insenlow-oxygen dilution
(Mild) combustion [21], is a promising combustion techrgplacapable of accomplishing
the combination of high efficiency and low emissions. It isdzhon delayed mixing of
fuel and oxidizer and high flue gas recirculation. High motaoeninjection of the sep-
arated fuel and air flows entrain the flue gas through interew@ftculation, thus diluting
the oxygen concentration in the combustion zone. This léadsmore distributed heat
release rate of the chemical energy, avoiding high peak ¢estyres and reducing the
thermal formation of NO [16].

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

At the fall of the second millennium, a 200 k\WHIiTAC furnace has been commis-
sioned at the Kungliga Tekniska Hogskolan, Stockholm,&mg39]. In the furnace two
pairs of NFK-HRS-DF regenerative burners firing natural gad LPG were installed
[42]. The two pairs of regenerative burners could be opdnatéhree different firing con-
figurations and the performance of the furnace has been cechgatensively for these
firing configurations [41, 67, 86].

In 2002 an extensive research program was performed at Rfe i€search station in
[Jmuiden, the Netherlands [49]. The heating source in theafte was one pair of NFK-
HRS-DL4 regenerative burners, with a maximal thermal inpu1000 kW,. Several
types of fuel were investigated (natural gas, coke oven, gdsje the objectives of the
experiments were to generate extensive experimentaletatés the development and
validation of CFD simulations.

A third large research project on regenerative flamelessostion was performed
on a 200 kW, furnace at the Faculté Polytechnique de Mons, Belgium.[%2he au-
toregenerative REGEMAT burner firing natural gas was usetth@$eating source. A
comparison of the experimental data with CFD simulations e main objective. In
particular the heat transfer, temperatures ang Bd@hcentrations were compared.
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Furthermore, at the NKK steel corporation in Japan, a slabatng furnace with four
pairs of regenerative burners was successfully fired wighoyrproduct gas of the steel
making factory [54, 55]. The total thermal power input wagd 28&W;;, and the heat sink
was a moving slab in the bottom of the furnace. Also here, biained results served as
validation data for CFD simulations of the furnace.

As can be concluded, although the above mentioned expeiaingtudies are per-
formed on furnaces equipped with either a single autoregéme burner or multiple
regenerative burner pairs, none of them investigated tiigeimce of the positions of the
burners. The positioning of the burners can have a largecindle on the furnace perfor-
mance, especially in a regenerative (transient) enviratimeherefore, investigation of
the influence of burner positioning, such as burner—burnbumer—stack interactions, is
required.

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

5.2 Experimental setup

A furnace equipped with three pairs of regenerative flansetesnbustion burners has
been designed, built and commissioned at Delft Univerdifyeahnology. In Figure 5.1 a
sketch of the furnace is presented. Each pair of regeneriddimeless combustion burners
has a rated thermal power of 100 Mhus 300 kW, in total. The fuel fired is Dutch
natural gas, which has a net (lower) calorific value of 31 /@88m° and consists of around
81%-vol CH,, 3%-vol GHg, 1%-vol other higher hydrocarbons, 14%-val &hd 1%-vol
other inert gases [116]. The burners were manufactured byWWi8neprozesstechnik
GmbH and are of the REGEMAT CD 200 B type. Each burner has fouarbuistion
air/flue gas nozzles (d=20 mm) around a central fuel nozzaéZanm).

The burners can operate in two different modes, i.e., flangdeflameless mode. In
flame mode the air and fuel are mixed in the burner before tigje@nd the mixture is
injected through the air nozzles only. An electric sparktgms used in flame mode for
ignition. In flameless mode the combustion air is injecteduigh the air nozzles and the
fuel is injected separately through the fuel nozzle. In thisde no igniter is necessary
because the temperature in the furnace is above the séibigtemperature of the fuel/air
mixture. During the heating up of the furnace the burnersifirfame mode. Once the
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temperature in the furnace exceeds 850 °C (which is aboveelfiggnition temperature
of the fuel/air mixture) the burners switch to flameless §irmode automatically. In this
chapter only results from the burners firing in flameless nmavdgresented.

Figure 5.1: Furnace sketch. The boxed numbers 1 and 2 inglitb&ttwo sample positions
for the flue gas. Sampling point 2 is after the regeneratolisdifiensions are in mm. The
sketch represents burner configuration C5 firing in paratielde (see also Table 5.1).

The furnace has inner dimensions of 1500 x 1500 x 1850 mm tfiexgvidth x
height). The insulation consists of three layers of cerdmicks, together 300 mm thick.
During the experiments the wall temperature of the furnaae nveasured at various loca-
tions with slightly protruding thermocouples type S. Adulially, the temperature of the
regenerated flue gases and the cooling air was measurecheithdcouples type K. The
measurement error of these thermocouples is around 2-5 &oQthese measurements,
a double-fitted thermocouple in the side wall close to thetrea zones, was determined
to characterize the temperature in the furnace. Also, ti@eéeature of the preheated air
was measured in two burners (one burner pair). The fuel antbastion air flow rates
are measured by custom-made orifice plate differentialspresmeters. The combustion
air flow rate is controlled by manual valves, allowing theiadon of the excess air ratio.

Heat recirculation of the hot flue gases is achieved by regéina. Eighty percent
of the flue gases is sucked by a fan via the air nozzles of trenergting burners over a
ceramic honeycomb, while the remaining twenty percentdsdlie furnace directly via
the central stack at the roof. During regeneration the siifike gas traverses the ceramic
honeycomb heat exchangers situated inside the burnersnlBh&mperature is between
800 and 900 °C and the outlet temperature is between 110 &htiCl4inder steady state
conditions. The volume flow of all the regenerated flue gaseasured using a vortex
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flow meter.

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

Additionally, a Sick Maihak S710 gas analyzer monitors thie fjas composition in
two positions, i.e., in the stack and after the regenerasersalso Figure 5.1. Using NDIR
the concentrations of the pollutants (CO and NO) are detexdhi The average error in
these emission measurementsig ppm. In the same positions the @oncentration is
determined paramagnetically for normalization purpogath an accuracy of aroungt
0.4 %-vol. All the data are stored by a data acquisition systeery second.

In total eighteen flanges for the burners are divided over apposite sides of the
furnace (nine each). Inthis way, it is possible to invesaghfferent burner configurations
in the furnace.

5.3 Experimental campaign

Many different parameters were varied. In Table 5.1 alledéht parameters and their
variation are summarized. The ’burner configuration’ isrtedi as the physical position
of the burners. The ‘firing mode’ is defined as which burnermfa firing-regenerating
pair. In parallel mode three burners fire at the same siddewimistaggered mode two
burners fire at one side and one burner at the opposing sel@ls® Table 5.1. Finally,
the 'cycle time’ (tycie) is defined as the total time of a complete firing and regemgyat
period of one burner.

The thermal performance of the furnace is characterizechbycboling tube effi-
ciency, which is calculated by the difference in the sewmsh@at of the incoming and
outflowing cooling air, which is subsequently divided by tb&l power input based on
the net (lower) calorific value of the fuel.

The reported values df are a representation of the measured:@ncentration in the
flue gas from the stack. Thex@oncentration has been convertedtwith the following

equation,
209

~ 209- [0y

where[O,] is the molar oxygen percentage on dry basis.

A (5.1)
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Table 5.1: Overview of the experiments. The burner configura are depicted by the
two sidewalls of the furnace with burner flanges (large @g3| with numbers 1 to 6 the
positions of the burners and the small circles denoting th&tmns of the cooling tubes.
In parallel firing mode burners 1-2-3 fire simultaneously kwh-5-6 regenerate, et vice
versa. In staggered firing mode burners 1-3-5 are firing wié-6 regenerate, et vice
versa.

Burner Firing mode Cycletime  Excess air ratio
configuration (sec) ()
OO ||®0O®
Cl |[00o|looo parallel 20, 40, 60 1.05-1.35
206!l0e0 staggered
O O OO0
OO ||®0®
c2 |looal|loeo parallel 20, 40, 60 1.05-1.35
000|000 staggered
O O OO0
O O OO0
O00||®6G e
c3 |0ool|looo parallel 20, 40, 60 1.05-1.35
@@®||000 staggered
O O OO0
O O OO0
OO0 ||OO0O0O
C4 |000||l@oe parallel 20, 40, 60 1.05-1.35
@@0@||000 staggered
O O OO0
O O OO0
OO0 ||OO0O0O
C5 |0e0|l®@0® parallel 20, 40, 60 1.05-1.35
@0®||0®0 staggered
O O OO0

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

Tu=1- %i(”‘;ﬂ)z (5.2)

whereN is the total number of temperature measurement positipmsthe temperature

in theith position andT is the mean of all the temperature measurements. The value of
theT, is between 0 and 1, where the value 1 indicates a perfectfgramifurnace. In the
furnace the wall temperatures were measured with type &teuples in 18 different
positions. Of these thermocouples, 12 are positioned intlkiged burner flanges (see the
empty circles in Table 5.1), while the remaining six are éyelivided over the other two
side walls of the furnace.
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The presented data are averages of a five to ten minutes péstahdy state operation
and a round number of cycles.

5.4 Results and Discussion

In this section the experimental results are discussedicig@ted by the variation in
the following parameters; the firing mode, the burner comégan, the excess air ratio
(A), the combustion air momentum, the cycle timgd{¢) and the spatial temperature
uniformity (Ty). For every parameter the influence on the cooling tube effay and the
emissions are assessed.

Before proceeding to the parametric results, a remark isensadhe emission mea-
surements. In Figure 5.2 the measured concentrations ftuthgas in the stack and from
the regenerators are presented. The presented data isdrdiguration C3, but similar
results were found for the other configurations. For theseflwe gas sampling locations,
see the boxed numbers in Figure 5.1.

The values of NO in both flue gas streams are comparable tootlaehand to values
measured in other flameless combustion furnaces [28, 41, H8jvever, for the CO
concentrations large differences are observed betweetwthflue gas streams. In the
stack flue gas, no significant amounts of CO are detected eabén the regenerator flue
gas small amounts of CO are detected. This is explained bgittfeeence in pathlength
of the mean flow; the pathlength of the mean flow of the gases fxdiring burner is
shorter to a regenerating burner compared to its pathlg¢odtie stack. Due to the longer
pathlength to the stack, more CO is allowed to be convert&diQg before leaving the
furnace. It is concluded from these observations that tbdce between the firing and
regenerating burners in the present furnace is too shottéosize of the burners.

60
o CO
o NO

40

20

@ @ o0 O
o

Regenerators (ppmv@B%OZ, dry)

0 20 40 60
Stack (ppmv@S%Oz, dry)

Figure 5.2: Emission measurements (g@8%Q, dry) in the flue gas from the stack
and from the regenerators for burner configuration C3 firingoiarallel mode.
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In the parametric results below, the presented CO condemtsaare the measured
concentrations in the regenerator flue gas. The presentecbNEentrations 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., paradled 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 thegerature uniformity
are presented, respectively. Firstly, it is observed iufad.3(b) that in staggered firing
mode the temperature in the furnace is less uniform comparbe cases firing in parallel
mode. However, considering Figure 5.3(a), these lower &zatpre uniformities do not
result in lower cooling tube efficiencies. Actually, there ao 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) temperatuniformity (-) for the dif-
ferent firing modes for all burner configurations, value\adnd cycle times.

It is noted here that the values of the cooling tube efficieay lower than those
of other furnaces, e.g., cooling tube efficiencies in KTHhage are between 0.41 and
0.48 [67]. This is due to the fact that the burners in the KTkh&ce use all the flue
gases for regeneration, whereas the present burners us8@twt of the flue gases
for regeneration. The remaining 20%-wt of the flue gasesagiig the furnace at high
temperature via the central stack.

In Figure 5.4(a) and (b) the CO and NO emissions are compegggectively. For the
CO emissions, there are no significant differences betweetvio firing modes. How-
ever, it can be observed in Figure 5.4(b), that the NO emmssiio staggered mode are
systematically higher than in parallel mode, for all the@xments. This difference in
NO emissions for different firing modes has also been redgteviously [41, 86] and
has been discussed in the previous chapter. The increas® iiofihation in staggered



Chapter 5. Parametric study on multi-burner furnace 57

mode is caused by a shorter distance between the comburazies@nd the point of
confluence of the comburants. This shorter distance allessflue gas to be entrained
before the fuel and oxidizer mix [67].
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Figure 5.4: (a) CO and (b) NO emissions (pa@3%Q, dry) for the different firing
modes for all burner configurations, valuesofind cycle times.

Itis concluded that in staggered firing mode, comparablérmgtube efficiencies are
achieved as in parallel firing mode. However, regarding thessions, staggered mode
produces more NO at comparable thermal performance. Tdrereftaggered firing mode
is regarded as disadvantageous and is excluded from tlogvfolf discussions.

5.4.2 Burner configuration

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

In Figure 5.6(a) and (b) the preheat temperature of the cetidvuair and the exit
temperature of the regenerated flue gas are presented.efetliffe in these temperatures
is observed for burner configurations C1 and C3 on the one, flmantticonfigurations C4
and C5 on the other hand. The temperatures are consistentyfor C1 and C3, over the
whole range ofA compared to C4 and C5. There are two explanations for thencdxse
lower preheat and exit temperatures in configurations C1GHd In the first place, a
shorter distance between the upper level burners and ttleistthe roof in configurations
C1 and C3, causes relatively more flue gas to flow towards #uok sThis difference was
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Figure 5.5: Cooling tube heat extraction (kW) versus allieeirconfigurations for paral-
lel firing mode A = 1.1 and tyce = 20 sec.

confirmed by the measured values of the flue gas flow from thenexgtors. Due to this
burner—stack interaction, less flue gas is available foemegation. Secondly, in these
cases, the flue gases from a firing burner on the lower lewlelling to a regenerating
burner on the higher level, have a longer pathlength, ansldhonger residence time in
the furnace. This burner—burner interaction results inenh@at exchange with the cooling
tubes and furnace walls.

Finally, the differences in cooling tube efficiencies and&@ NO emissions between
the remaining four burner configurations were too small carag to the influence of
parameters that could not be controlled, such as the antkmpierature or the preheating
time of the furnace, to draw solid conclusions.
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Figure 5.6: (a) Combustion air preheat temperatures andr@generated flue gas exit
temperature (°C) for parallel firing mode and all valuesofind tyce

5.4.3 Excess air ratio

In Figure 5.7 the cooling tube efficiency is shown versus tkeegs air ratiod for all
burner configurations and cycle times. It is observed thatdioling tube efficiency



Chapter 5. Parametric study on multi-burner furnace 59

©
~

O clpar @ c3par ¢ cdpar VvV cbpar
0.38r 1

0.361
0.34r "

0.32r 88 so
E ;V é’ g ¢

Cooling tube efficiency (=)

o
w
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shows a decreasing trend with increasingrhis is explained by the fact that the increase
in A is achieved by increasing the combustion air mass flow, atteohfuel flow. Thus,
more inert gases from the air (mainly,Nare introduced in the furnace, resulting in a
lower energy content per unit mass flue gas and thus loweiegities.

The increase in the combustion air flow also influences thenegtive preheating of
the combustion air. In Figure 5.6(a) in the previous seciitoran be observed that for an
increasing value of th&, the preheat temperature of the combustion air is decrg.a&m
a result, also the exit temperature of the regenerated fleiesdgawer, as shown in Figure
5.6(b).
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Figure 5.8: (a) CO and (b) NO emissions (pa@3%Q, dry) versus the cycle time for
C3 configuration in parallel firing mode, for all values f

In Figure 5.8(a) and (b) the CO and NO concentrations areepted for the C3 par-
allel experiment, respectively. The presented data is fronfiguration C3, but similar
results were found for the other configurations. It is obsdrmn (a) that higher values
of A causes slightly higher CO emissions. However, these diffes are smaller than
the effect of the cycle time, see for a discussion regardmnegci/cle time below. This
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unexpected trend of increasing CO emissions at increasif@ghigherA implies higher
concentrations of @and thus less CO) is explained by the temperatures of theustioh
air and flue gas. As shown in Figure 5.6(a) and (b), the airgaetemperature and regen-
erated flue gas exit temperature decrease with increasitigs noted here that due to the
increased combustion air mass flow at higher values afso the residence time will be
shortened, however, these differences will be relativelgls Thus, two opposing effects
are influencing the conversion of CO to g@ncreased @concentration is enhancing the
reactions, whereas lower temperatures are slowing dowretions. In these experi-
ments the temperature has a stronger effect on the reaotbieh is in accordance with
what has been reported in the literature [117]. Finallyardmg Figure 5.8(b), the NO
emissions are not correlated to the valud pat least not within the investigated range.
In conclusion, considering both the cooling tube efficieaog the CO emissions, a
value ofA closest to unity is optimal. It is noted here that the obsgiéferences in the
CO emissions are strongly related to the regenerative gtieigeof the combustion air.

5.4.4 Combustion air momentum

In the literature it is mentioned that flameless combust®adhieved by high internal
flue gas recirculation, which in turn is realized by discrieigh momentum injection of
the comburants [5, 8]. The momentum of the combustion ais jedlculated by Equation

5.3,

- R-E)rehea(cbmjgi]lre ? (5.3)

N poMairAn .
whereG stands for jet momentum (NR is the universal gas constant (J/molRseneatS
the temperature of the preheated combustion airq}ﬁjg?frthe mass flow of combustion
air (kg/s), p° the pressure in the furnace, which is atmospheric, (Pg),the molecular
weight of air (kg/mol) andh, the area of the air nozzles @n Note that since the mass
flow and temperature of the fuel jet are equal for all expenta¢he fuel jet momentum
is also equal for all cases and the trends in the air jet mameate equal to the trends in
the momentum ratio. In these burners the average inletwglofthe combustion air and
fuel jets is around 100 and 30 ms respectively.

Firstly, the parameters influencing the jet momentum areudised. In Figure 5.9(a)
and (b) the combustion air jet momentum is presented as aidonaf the air mass flow
and the air preheat temperature. As expected from the equdkie jet momentum is
increasing for increasing air mass flow. Contrarily, thenpgimentum is decreasing with
increasing air preheat temperature, i.e., decreasingasstow orA. Thus, the air mass
flow has a stronger influence on the jet momentum, which is et in the equation,
where the air mass flow is squared.

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

gated. In Figure 5.10 the cooling tube efficiency is presentrsus the combustion air
jet momentum. It is noted that the efficiency is decreasimgfoincrease in the jet mo-
mentum. This is in accordance with the trend observed forctwing tube efficiency
as a function of the, see also Figure 5.7. Actually, in this case the trend is evere
pronounced, since the jet momentum incorporates both feetefof the air mass flow,
I.e., theA, and the preheat temperature.
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Figure 5.10: Cooling tube efficiency (-) versus air jet motaem(N) for all configurations
firing parallel mode and all values a@f and cycle time.

In Figure 5.11(a) and (b) the emissions of CO and NO as a fumcti the jet momen-
tum are presented, respectively. The CO emissions areasiagewith an increasing jet
momentum. Although an increasing jet momentum indicateseased oxygen concen-
tration and increased internal flue gas recirculation (tffeces enhancing the CO to GO
conversion), still the decrease in the air preheat temperditas the largest influence on
this conversion. It is concluded that in this furnace thépet temperature of the air is an
important parameter for the emission of CO.

The NO emissions show no significant correlation with respethe jet momentum.

61
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Figure 5.11: (a) CO and (b) NO emissions (p@3%Q, dry) versus combustion air jet
momentum (N) for all configurations firing parallel mode aribvalues ofA and cycle

time.

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

5.4.5 Cycletime

In Figure 5.8(a) and (b) the CO and NO emissions were prederge function of the
cycle time for burner configuration C3, respectively. The Bi@issions are not signif-
icantly affected by the change in cycle time. However, the €&xidssions show a clear
dependency with the cycle time; lower CO emissions are nmedst longer cycle times.

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

In Figure 5.12(a) and (b) the temperature at the cold anditietcf the regenerators
of one burner are presented for a period of three entire syoleall values of dce. The
presented data is from configuration C3, but similar resuéige found for the other con-
figurations. It is noted here that the presented temperaiueee measured in a burner
that regenerates the first half of the cycle, and fires thergkbalf. It is observed that in
case of longer cycle times, the maximum temperature of tleegfis entering the regener-
ators, i.e., the first half of the cycles in (b), is higher analtthis maximum temperature
is reached relatively faster. Also, the exit temperaturthefflue gas is higher for longer
cycle times, as can be seen in the first half of the cycles inThys, in the cases with
longer cycle time, the flue gases cross the regeneratorglaiemperatures and, rela-
tively to the entire cycle time, for a longer time at thesehhigmperatures. This explains
the lower measured CO levels for longer cycle times.
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As a next step, the relative emissions of CO and NO, at a coin&idue for the and
teycle, are calculated with Equation 5.4,

(5.4)

Relative emissioa:( X )
Xi,max/ |

wherex; is the mole fraction (-) of specieqeither CO or NO) and represents either at
constan® or tycle. Every case is part of a series obtained by variatioh ¢dnd thus at
constantdycie), and part of a series obtained by variation of the cycle t{emal thus at
constanil). The relative emission is calculated twice for each case,as part of one of
these two series. For all cases the two relative emissi@nplatted versus each other in
Figure 5.13.

Itis observed that the relative NO emissions are randonditeieed around the 'parity
line’, which indicates that none of the two effects 6r tcycie) has a significant larger
influence than the other. Also, the values are close to unitycating that the differences
in the NO emissions between the cases are small.

However, most of the CO relative emissions are below thatiphne’. This clearly
indicates that a change in thgalong the x-axis) has a smaller effect on the CO emissions
than a change in the cycle time (along the y-axis). In othedaowhile the cycle time
has no effect on the NO emissions, it does affect the CO eomsssee also Figure 5.8.
Moreover, the effect of the cycle time on the CO emissionangdr than the effect of the
A.

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

5.4.6 Temperature uniformity

In many publications it is reported that flameless combusioachieving a more uni-
form temperature distribution compared to conventionahloastion and that this higher
temperature uniformity results in higher efficiencies [B80].
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Figure 5.14: Cooling tube efficiency (-) versus temperaturgormity (-) for all burner
configurations in parallel firing mode and all values fdrand cycle time.

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

Considering the burner configurations separately, themgalbe efficiency shows a
decrease with increasing temperature uniformity. Thidreaficts the general validity of
the above mentioned hypothesis.

Furthermore, it is observed that burner configurations GiL@h together tend to a
linear correlation with the temperature uniformity, as fogurations C3 and C4 do. In
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this view, a horizontal setup of the firing burners (C3 and =haves differently from a
triangular setup of the firing burners (C1 and C5, see Taldlg Rdditionally, the hor-
izontal firing setup achieves higher cooling tube efficiescicompared to the triangular
firing setup, for the same values of the temperature unifgrnithe same observation
can be made in Figure 5.10. Therefore, the observed trerdgime 5.14 are related to
burner—burner interactions.
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Figure 5.15: (a) CO and (b) NO emissions (pg@3%G, dry) versus the temperature
uniformity (-) for all burner configurations in parallel fing mode and all values of the
cycle time and\.

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

5.5 Conclusions

A parametric study has been performed on a multi-burner fiessecombustion furnace
with the objective of optimizing the furnace performance,,imaximizing the cooling
tube efficiency and minimizing the emissions (CO and NO).nf@ first observation,
regarding the difference in CO emissions in the flue gas ftoarégenerators and in the
central stack, the present furnace is too small for the digeedburners.

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

Furthermore, it was observed that for burner configurati©&hand C5, with the burn-
ers positioned in the middle and lower levels in the furnalse,combustion air preheat
and flue gas exit temperatures are higher than for burnergroations C1 and C3. How-
ever, this trend was not reflected in the CO emissions. Thanfigurations C3 and C4,
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with a horizontal setup of the firing burners, showed betteliog tube efficiencies than
configurations C1 and C5, at comparable values of the teryenaniformity. It was also
shown that with an increase in tie the cooling tube efficiency decreased. However, al-
though both the oxygen availability and the internal flue gasrculation are increased
with an increasing, also the CO emissions increased. This was due to decreanpdit
atures in the regenerators. Finally, it was observed thatifterent cases under flameless
combustion conditions, the cooling tube efficiency showetkereasing trend with in-
creasing temperature uniformities.

Although no distinct optimal case could be identified, somaditions could be
exempted. Moreover, it was shown that the positioning of hbeners, and thus the
burner—burner and burner—stack interactions, influentegérformance of the furnace.

These experimental results will serve as validation dateafeet of Computational
Fluid Dynamics simulations of the furnace. The results esthsimulations 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 studfop@ed for four different burner con-
figurations in a furnace equipped with three pairs of flam&lesmbustion burners firing Dutch
natural gas. The simulations have been validated agairese#perimental data presented in the
previous chapter. The commercial Computational Fluid Dyies (CFD) code Fluent 6.3 was
used for the calculations. Using the Eddy Dissipation Cpbhd&DC) model for turbulence-
chemistry interaction in combination with the realizablke knodel for turbulence and a skeletal
chemistry mechanism, the main furnace performance wasstendy reproduced for all the in-
vestigated burner configurations. Moreover, it was fourdat fredictions of the heat extraction
rates of the cooling tubes were improved by treating the fiothé cooling tubes as laminar. Fur-
thermore, the applied error tolerance of the ISAT proceduas insufficient for accurate species
concentration predictions, however, based on analysihi®fhain species concentrations in the
flue gas, this inaccuracy did not influence the overall pragiis.

The most important experimental results have been inaetigusing the CFD simulations.
Firstly, a longer path length from the firing burners to thadt, compared to the path length to
the regenerating burners, explained the lower CO emissiotise flue gas in the stack. Secondly,
a recirculation zone between the upper firing burners andstiaek in configurations C4 and C5
resulted in a smaller fraction of the flue gases leaving thiedce via the stack. Thus, a larger
fraction left the furnace via the regenerating burners ahid resulted in higher preheat tempera-
tures of the combustion air. Furthermore, more pronounasgrculation zones in configurations
C3 and C4 led to higher temperature uniformities in the fumakFinally, it was confirmed that
the jets of the burners in configurations C1 and C3 showedaimmierging behaviour, leading to
similar NO emissions, as observed in the experiments.

The contents of this chapter have been publishespiplied Thermal EngineerindNumerical investi-
gation of burner positioning effects in a multi-burner fldess combustion furnace, B. Danon, E.-S. Cho,
W. de Jong and D.J.E.M. Roekaerts, 2011;31(17-18):388%-38
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6.1 Introduction

The industrial wish for higher energy efficiency of largedecfurnaces, and its associated
fuel savings, has demanded for new combustion technologpesbining heat recircula-
tion from the flue gas with low pollutant emissions. Flamglesmbustion (also known
as flameless oxidation (FLOX) [8], HITAC [5] or MILD combust [21]) is such a novel
combustion technique. In this technique the combustioceaibe highly preheated, with-
out increasing the pollutant emissions, in particular,yNOhe air and fuel are injected at
high velocity and spatially separated. Due to this high-rapntam injection, large quanti-
ties of hot flue gases are entrained into the jets before theyith each other, lowering
the oxygen availability in the reaction zone, thus, alsodong the local reaction rates
and the peak temperatures. These low peak temperaturezerdduthermal NO emis-
sions [16].

Since the introduction of flameless combustion in the earlgties of the last century,
many universities and research departments of industry iveade efforts in experimen-
tally investigating this new technology. These studiesehbgen performed on many
different scales, from single open flames in jet-in-hot-@oefsetups [15, 25] to (semi-)
industrial scale test furnaces equipped with multiple butsj41, 45, 52, 54]. A focus is
here on furnaces equipped with multiple flameless comhustioners.

Many of these experimental studies have been complementadGemputational
Fluid Dynamics (CFD) simulations. In the following the giplof these simulations of
furnaces with multiple flameless combustion burners andtiwéce of physical models
in these simulations are discussed.

The 200 kW, semi-industrial furnace at the Kungliga Tekniska HogakdKTH) has
been simulated extensively using the STAR-CD CFD packagf @esides the standard
k-& turbulence model, several combustion models have beestigagd, of which the
combination of the Eddy Dissipation model and Finite Ratencistry (ED/FR) turned
out to give better results. A two-step chemical mechanisnthie combustion of the fuel
(LPG, i.e., propane), with CO as an intermediate, was uskerrial radiation was calcu-
lated with the Discrete Transfer method and the absorpuefficient of the gases using
the Weighted Sum of Gray Gases (WSGG) model. The coolingstulgge not incorpo-
rated in the simulation, but a temperature, based on mehsemgperatures, was set as
a boundary condition. For the validation of the simulatiomsasured heat fluxes, wall
temperatures and in-furnace species concentrations wetg86]. The validation results
were reasonable, however, the in-furnace temperatureshwtis set of models is known
to overpredict, were not compared. The three experimgntatestigated firing modes,
i.e., which combination of burners form a burner pair, wdse svestigated numerically.
The main differences observed in the experiments were deget by the simulations.
Initially, the analysis of the results was focused on thedmental properties of flame-
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less combustion. In a later study (firing natural gas) alsodbserved and reproduced
differences between the firing modes were investigated naally in more detail, see
Chapter 4.

In 2004 Hekkens et al. simulated the experiments performiga thve 1000 kW,
IFRF furnace firing natural gas using the Fluent CFD pack&§e90]. Again, the stan-
dardk-¢ turbulence model was used. Three different combustion ladere applied;
two Probability Density Function (PDF) methods, assumihgmngical equilibrium and
laminar flamelets, and the ED/FR model. In this last model@dtep chemistry for the
combustion of methane was used. Radiation was incorpotetied the Discrete Ordi-
nates method and the absorption coefficient was calculatedive domain based WSGG
model. After detailed comparison of the numerical and expental results, it turned out
that the ED/FR model performed best regarding the specreseadration predictions in-
side the furnace. The PDF methods were unable to correatljigirthe temperatures
inside the furnace, which can be explained by the fact theyt #ssume (too) fast chem-
istry. However, also the ED/FR model overpredicted the peakperatures inside the
furnace, even though two model constants have been adjisstédmeless combustion
purposes using previous IFRF measurements.

The 200 kW, natural gas fired flameless combustion furnace at the Fa8udty-
technique de Mons has been simulated by Lupant et al. usen§ltitent CFD package
[51, 52, 91]. The standarkl¢ turbulence model is applied, with a model constant ad-
justed for improved prediction of the spreading rate of #ts.j Combustion modeling
is done using both the PDF method assuming chemical equitiband the combinated
ED/FR model. Again, as in the simulations for the IFRF fueaevo model constants
in the ED/FR model were changed in order to improve the result one-step chem-
istry mechanism has been used for the combustion of metHaadiative heat transfer
is modeled using the Discrete Ordinates method and the WSGd&Inwas used for the
calculation of the absorption coefficient. Validation oétlimulation is performed by
comparison of the numerical results with in-furnace radeaheat flux, temperature and
species measurements. Reasonable agreement was acbietedfeat fluxes, however,
all simulations overpredicted the temperature inside thradce. This difference was
smaller in the simulation where the model constants in thFRDnodel were adjusted.
Although the maximum concentrations op @ere predicted rather well, the concentra-
tion dropped too fast after its maximum. This indicates thatcombustion reactions are
too fast, which also explains the prediction of the tempeest being too high. Finally, it
is noted that the modification of the model constant in thieulence model improved the
prediction of the delay in the reaction.

Several regenerative reheating furnaces at the NKK stemlpaay firing Low

Calorific Value gases were simulated by Ishii et al. using fheent CFD package
[53, 54, 55]. Again, the standatde model for turbulence is used. For the modeling
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of the combustion the PDF method assuming chemical equifbis applied. Radiation
is incorporated using the P-1 model and again the WSGG modglused for the ab-
sorption coefficient. Besides this standard set of modelgide variety of models for
turbulence, wall functions and PDF shapes were comparddT82 simulations are val-
idated against in-furnace temperature measurements J8¥.agreement is reasonable
outside the combustion zone. Inside the combustion zortethgeratures are fairly over-
predicted, as was observed also in the other simulatiomg)@asPDF method. After the
validation of the simulation, several numerical invediigias were performed [53, 55].

Generally, it can be concluded that combustion models asgufast chemistry (e.g.
PDF methods assuming chemical equilibrium) are not appkc#or the simulation of
flameless combustion. Also, a careful choice of the chenm@adhanism is important.

At Delft University of Technology (DUT) a 300 kyy furnace equipped with three
pairs of flameless combustion burners, with the unique pdggito vary the positions
of the burners in the furnace, has been investigated expatatly [65]. In this chapter
the results of detailed CFD simulations of this furnace aes@nted. The objective of the
simulations was to investigate and explain the observedisren the furnace performance
for the different burner configurations in the furnace.

6.2 Experimental setup

The furnace is equipped with three pairs of regenerativedlass burners. The burner
pairs have a thermal power of 100 \éach, thus 300 k¥ in total. The furnace has
inner dimensions of 1500 x 1500 x 1850 mm (length x width x h8igThe insulation
consists of three layers of ceramic fire bricks, togetherr@@®thick. In total 18 flanges
for the burners are divided over two opposite sides of thegce (nine each). In this way,
it is possible to investigate different burner configuratian the furnace. The heat sink is
made of eight single ended cooling tubes, four placed aliw/burners and four beneath,
see also Figure 6.1 and Section 6.3.2.

The burners were manufactured by WarmeprozesstechnikHsama are of the
REGEMAT CD 200 type. Each burner has four combustion airjlag nozzles around a
central fuel nozzle, with diameters of 20 mm and 12 mm, retspeyg. The burners have
ceramic honeycomb heat exchangers (regenerators) inedegdo Eighty percent on mass
basis of the flue gas is sucked by a fan via the air nozzles besethoneycombs (thus
heating them) for regeneration of the heat, while the reingitwenty percent is leaving
the furnace via the central stack at the roof. Three burrerBrang simultaneously, while
the other three burners are regenerating. After a presetititerval of 10 to 30 s they
switch and the firing burners start regenerating, et vicsaieiThe cycle time {cie) is
defined as one periodic cycle, i.e., the sum of the firing agdnmerating period for one
burner. The experimental data with the highest cycle tiBesj@vere taken for the present
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Figure 6.1: Furnace sketch, representing burner configoraC>s firing in parallel mode.
The boxed numbers 1 and 2 indicate the two sample positiotlsddlue gas. Sampling
point 2 is after the regenerators. The vertical symmetrypla indicated by the (green)
shaded plane. All dimensions are in mm. The two inserts shtawged frontviews of the
mesh around a burner (lefthand side) and a cooling tube {highd side). The total mesh
contains approximately 1.5 million hexahedral cells.

steady RANS simulations, since these experiments aredemesi to be closest to steady
state operation. The data with an excess air ratjoof 1.25 were used for the simula-
tions. Dutch natural gas (DNG) was used as the fuel, whichahaet (lower) calorific
value of 31.669 MJ/rh The furnace operates at atmospheric pressure. Using aR NDI
gas analyzer, the NO and CO concentrations in the flue gastfrerstack and from the
regenerators (boxed numbers 1 and 2 in Figure 6.1, respBgtivere measured on-line.
In the same positions the;@oncentration was determined on-line paramagneticatly fo
normalization purposes. More details on the experimesetaisand results can be found
in the previous chapter.

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

6.3 Numerical setup

A three-dimensional mesh of the furnace was generated @Gamgpit 2.4, see also Fig-
ure 6.1. The mesh contains approximately 1.5 million hededdecells. Exploiting the



72 Furnaces with multiple flameless combustion burners

o O

O
O

c@®@OO o

O
O

c@®@OO o

o O

0@O
C O
OX N©)

O
o
O

00 @
C O
OC e
00 @
GO
OC e
0O
O@O
OX JO©)

[ O O
O O O
O [ ] [ ]

c®@OO o

c@OO0Oo
c@O0Oo
c@OO0Oo
c@®@OO o
c@OO0Oo

o O o O [o)e)

C1 C3 C4 C5

o O

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

symmetry of the furnace with respect to its vertical midelaio reduce the computational
time, only half of the furnace is meshed. The cooling tubeseatirely incorporated in
the simulations.

The simulations were performed with the commercial code6.3.26 [76]. The
second order implicit steady solver was used with Greens&aall based interpolation.
A SIMPLE algorithm is used for pressure-velocity coupling.

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

6.3.1 Furnace

For turbulence closure the realizallde model was used. This model is shown to give
improved results, compared to the standa® 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 etaalthie combustion
of methane was applied [98]. This so-called skeletal meshagonsists of 16 species
(resulting in 16 transport equations to be solved) and pm@tes 46 reactions. Itis noted
here that a mechanism for the reaction of methane only is. u$ad implies that the
Dutch natural gas (DNG) is replaced by a simulation fuel.simulation fuel contains,
as a fuel component, only methane, also replacing the higy@rocarbons present in
DNG, in such a way that the heat release per unit mass stays. equTable 6.1 the
composition of the actual DNG and its simulation fuel is préed, see also Appendix A.

The turbulence-chemistry interaction is taken into actbyrusing the Eddy Dissipa-
tion Concept (EDC) model [99]. The EDC model has been sutidgsapplied for vari-
ous turbulent and flameless combustion applications [100]. Parente et al. compared
results for flameless combustion with different turbulenhemistry interaction models
and chemistry mechanisms [102]. They concluded that the Ed@el combined with a
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Table 6.1: Composition of actual and simulation fuel for Elubatural gas [116].

DNG

Actual Simulation
Component %-mass %-mass
CHy 69.97 75.98
CoHg 4.63 -
C3Hg 0.90 -
C4H10 0.47 -
CsHi12 0.16 -
CeH14 0.23 -
(o)) 0.02 0.02
N> 21.52 21.87
CO, 2.10 2.13

skeletal or full chemistry mechanism performed best. Adddilly, Stefanidis et al. also
compared the EDC model with the combined ED/FR approach][108ey report that
the main disadvantage of the ED/FR model is too fast reactites for the oxidization
of the fuel. This disadvantage is especially undesired tonélless combustion applica-
tions, since in flameless combustion the reaction ratesetagvely low. Finally, Kim et
al. performed a study on the use of different chemistry meisinas for the simulation of
flameless combustion. The EDC model was used in all the testgaince it was consid-
ered by the authors as a very suitable model for the simulatidlameless combustion
[78].

The in situ adaptive tabulation (ISAT) procedure, for thiecefnt computation of ho-
mogeneous reactions in chemically reacting flows, has bpphed [118]. The error
tolerance of this procedure was stepwise decreased uralua wf 104, For one case,
reported below, the error tolerance was decreased fudtevalue of 10°.

Radiative heat transfer is accounted for using the Discdetinates method and the
domain-based Weighted Sum of Gray Gases Model (WSGGM) absorption coef-
ficient of the gas mixture. The mean beam length was basedeoditiensions of the
furnace since the flue gas composition inside the furnacsasonably uniform and with
this approach improved predictions of the radiation fluxesveen the walls and cool-
ing tubes are expected. The emissivity of steel was set t@i@d8that of the firebrick
insulation to 0.68.

The density of the mixture is calculated by the multicompunideal gas law us-
ing the low Mach number approximation p wf The molecular viscosity and thermal
conductivity of the gas mixture are taken constant at 1.02%kg/ms and 0.0241 W/mK,
respectively. The mass diffusivity is calculated by Fidki& with a constant and identical
mass diffusion coefficient of 2.88x10 m?/s for all species. Finally, the heat capacities
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are determined per species with a temperature dependeptyise polynomial provided
by Fluent, and for the mixture with the mixing law.

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

In previous studies this set of models proved to be suitalslhe simulation of flame-
less combustion in furnace environments [67, 119]. Addadity, De et al. performed a
detailed comparison study of these and comparable modeéxf@rimental results of a
jet-in-hot-coflow setup, which emulates flameless combuagi81]. Overall, the set of
models was well capable of predicting flameless combustMareover, it was shown
that the realizabl&-¢ performed better than other two-equation turbulence nsoddso,
the use of the above-mentioned constant values for the sitgcand the species mass
diffusivities showed no significant differences with simtibns with a temperature de-
pendent viscosity or using multi-component diffusion. Témgest difference, compared
to the experiments, was that the ignition was predicted ¢tooioo early. Finally, a limita-
tion of the use of the EDC model with a skeletal chemistry naetdm was demonstrated
for flows with low turbulence Reynolds numbers. In the prédeamace the Reynolds
numbers were verified to be higher than the Reynolds numblkeesesthese limitations
become apparent.

6.3.2 Cooling tubes

In preliminary simulations of the furnace the heat ext@ttiate of the cooling tubes
was fairly overpredicted. In order to investigate thiselifnce a separate simulation was
performed on a single cooling tube. The mesh of this singtdilcg tube is kept exactly
the same as the mesh of a cooling tube in the mesh of the furAa@boundary condition
the furnace temperature was set on the outer tube in thissgegamulation.

Each cooling tube consists of two concentric annular tuBesvas used as the cool-
ing medium and enters the inner tube, turns at the end and lflagksthrough the annulus
between the inner and outer tubes. This setup was chosemimize the temperature
gradients along the length of the outer tube, thus, creatings uniform as possible heat
extraction distribution. The inner tube has an internahditer of 100 mm and penetrates
1282 mm into the outer tube, which in turn penetrates 1450 miathe furnace and has
a inner diameter of 150 mm. In Figure 6.3 a schematic reptasen of a single cooling
tube is presented.

In order to characterize the flow regime inside the coolirgetthe Reynolds number



Chapter 6. Numerical study on burner positioning in muitrrer furnace 75

COOLING > 3 > t,
AR << ) g

Figure 6.3: Schematic representation of a single coolirtgetvAll dimensions are in mm.
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was calculated. The Reynolds number (Re) is defined in Equétil,

_ pud,

Re (6.1)

wherep is the mean density (kg/f u the mean velocity magnitude (m/s}, the hy-
draulic diameter (m) ang the molecular viscosity (kg/ms). The hydraulic diametgr
is 0.1 m and 0.05 m for the inner tube and the annulus, respéctiThe Reynolds num-
ber of the flow in the inner tube and annulus are around 20,868@.&,000, respectively.
These values indicate that the flow in the inner tube is tertuhowever, in the annulus
itis in the range of Reynolds numbers that indicate the tti@nsegime between laminar
and turbulent flow.
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Figure 6.4: Predicted velocity magnitude profiles (m/s)he tooling tube at three axial
distances z (m) versus the radial distance x with x = 0 at the.afa) Realizable k&
turbulence model and (b) laminar zone.

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

In a subsequent simulation the entire cooling tube has breatet as a laminar zone.
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In Table 6.2 the numerical results for the single coolinget@ith boundary condition
values taken from the C1 configuration experiment), tregdii@ flow in the cooling tube
either as turbulent or as laminar, are compared with thererpatal values. Itis observed
that the predictions for both the total heat extraction (&g,e) and for the temperature
of the cooling air at the outlet ¢Foiou) Were closer to the experimental values when the
cooling tubes were treated as laminar. This can be expldgdte flow in the annulus
to rather resemble laminar flow behavior and thus creatingriac$ thermal resistance,
limiting the total heat extraction rate of the cooling tulda.Figure 6.4(b) the velocity
profiles using the laminar model are presented. It is obskhat the velocity profiles in
the annulus are more pronounced parabolic.

Table 6.2: Heat extraction rate (¢ and temperature of the cooling air at the outlet
(Teooloup) Of @ cooling tube from configuration C1.

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

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

6.3.3 Data comparison

For comparison of the transient experimental data (duedswitching of the burners)
and the steady state numerical results, averaging is emfjuin Figure 6.5 the furnace
temperature, characterized by a thermocouple in the fersate wall, and the preheat
temperature of the combustion air in one burner are predenter a period of 5 entire
cycles. These data are from the C3 burner configuration erpat.

It is noted that the transient behavior is well representeithé preheat temperature,
while the furnace temperature is not showing any corratatidh the cycle time. Actu-
ally, all the measurements used as boundary conditions gahalation of the simulations
(wall temperatures, heat extraction rates of the coolibg$ucomposition of the flue gas)
show similar steady signals.

The preheat temperature of the combustion air is also uset@sndary condition for
the simulations, since the regenerators are not incomgratthe simulations. Therefore,
the data of the preheat temperature of an entire firing pesi@yeraged and set as the
boundary condition.

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

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

6.4 Results and Discussion

6.4.1 Validation

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

Table 6.3: Comparison of main variables between experis;m@aXP) and simulations
(CFD) for the four different burner configurations (C1, C3} @nd C5).

C1 C3 C4 C5
Variable EXP CFD EXP CFD EXP CFD  EXP CFD
Trurn (°C) 1036 1121 1051 1113 1074 1142 1052 1128
Qcool (KW) 99 104 97 101 98 102 90 99
Qioss (KW) 145 110 122 108 141 110 150 110
Tetack(°C) - 1182 - 1192 - 1216 - 1195
Qo (kW) 137 - 112 - 134 - 144 -

0, (%-vol) dry 3.48 3.22 3.95 4.76 3.22 3.47 3.79 3.43
o (%-volydry ~ 3.66 3.64 5.58 5.56 4.16 4.14 4.03 4.01

The furnace temperature is overpredicted in the simulatwaith around 70 °C, how-
ever, these differences are considered to be acceptable.
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The heat extraction by the cooling tubes.{§) is predicted reasonably accurately.
The predicted values are slightly higher for all configuras, but the values are close.
The other heat losses (&), mainly through the walls, are underpredicted in the sim-
ulations. This is partly due to the calculation method o§ thalue in the experiments.
In the analysis of the experimental results, the heat fluautih the stack is calculated
assuming that the flue gas leaving the furnace via the stamkagemperature equal to
the furnace temperature. However, comparing the furnawpdeature (f,n) and the flue
gas temperature in the stacks(zky in the simulations, the latter is consistently higher.
This indicates that by taking the furnace temperature astédek flue gas temperature,
the experimental heat flux through the stack is underestitnathe values for the experi-
mental heat losses calculated with the predicted temperafuhe gas in the stack {Q)
show that this error explains only part of the difference.

Finally, the oxygen concentration §Din the flue gas is considered. In Table 6.3 the
measured and predicted values of thed@ncentration in the flue gas from the stack are
presented. Additionally, the theoretical valuézf()o:alculated from the measured flows
of comburants for complete combustion, both using the adted (DNG) and using
the simulation fuel (only containing CHas a hydrocarbon, see above), are reported.
In the first place, the measured values are compared witth#wdtical values for the
experiments. All the measured,@alues are lower than the theoretical values. These
differences are, besides the error in the measurement aixgrgen concentration itself,
due to errors in the measurement of the comburant mass floeson8ly, comparing
the theoretical values for the actual fuel (DNG) and the &tion fuel, it is noted that
they are very similar. Finally, comparing the predicteduesl in the simulations with
the theoretical values for the simulation fuel, it is notédttthe predicted values are
systematically lower. This is due to the integration of themistry in the simulations. As
stated before, the ISAT procedure was used for shorter ctatipoal times. Gordon et al.
investigated the maximal value for the ISAT error toleraiEd’) for several mechanisms
[120], concluding a maximal value of 16 for the Smooke mechanism is required. Due
to too long computational times, this value was not supjtetéor the current mesh in
combination with the current cluster.

To verify the impact of the error due to this deficiency, onsec@onfiguration C5 with
the black burners firing, see Figure 6.2) was run with IET10n Figure 6.6 the main
results, as presented in Table 6.3, are plotted for the simouak with the different values
of the IET. It is noted that a large difference in the main hssis observed between
the simulations with IET 10° and 104, In case of IET 10° the results do improve,
however, relatively marginally. It is concluded here, ttegise simulations would improve
by additional calculation with IET 1, however, considering the time investment versus
the expected improvement, this was not performed.

Additionally, in Figure 6.6, the results of the simulatiorithwIET 10~4 with both
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Figure 6.6: Main predicted results for configuration C5 pHehversus ISAT error tol-
erance (IET) and discretization scheme; ip4 = IET of 40ip5 = IET of 107>, 1st =
first order discretization and 2nd = second order discretiiza. (a) Furnace temperature
(Trurn, °C) and flue gas temperature in the stacki{d, °C). (b) Heat extraction rate of
the cooling tubes (&q1, KW) and other heat losses (& kW). (c) Oxygen concentration
in the flue gas from the stack (%-vol, dry).
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first order and second order discretization schemes are ar@ap It is noted that the
differences in main results between these two simulationsmarginal.

Finally, in Figure 6.7 the mass fractions of the main spetiethe flue gas in the
stack are compared for the simulations of configuration Q& VET 10* and 10°°. It
is noted that in the simulation with IET 18 lower O, concentrations and higher GO
and HO concentrations are predicted. In the case of IET°1le O, content is slightly
higher and the C®and HO contents are lower. Thus, by decreasing the IET the oxygen
concentration is tending towards the experimental andrétieal values. For both cases,
the concentrations of CO and Glre very low; they are in the order of 10 and~f0
ppm, respectively. It can be concluded that in the simutetigth the higher value of
IET (10~%) the combustion is complete, i.e., there is hardly any CO@Hg left in the
flue gas. Therefore, no large errors in the total heat digioh in the furnace due to
integration errors are to be expected.

0,11% 0,12%

CO<1% CO<1%

H,0 46% H,0 45%

CO, 43% CO, 42%

CH4<1% CH4<1%
(@) IET=10"% (b) IET=107°

Figure 6.7: Main species mass fractions (-) in the flue gah@agtack with burner con-
figuration C5 for (a) IET = 104 and (b) IET = 10°°.

Although no in-furnace measurements were performed fortaildd validation, the
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consistency of the predictions for all the four investigitenfigurations confirmed the
suitability of the set of physical models for a numericalastigation of this furnace.

6.4.2 Carbon monoxide emissions

In Figure 6.8 the concentrations of CO in the flue gas from theksand from the re-
generators are presented for the experiments and the siomslaFor 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 comeion (0.1 x
ppm@3%Q, dry, EXP) and predicted values from the simulations (0.pfm,@3%G,
dry, CFD) in the flue gas from the stack and from the regenesdto all four burner con-
figurations firing in parallel mode.

All the predicted values of the CO concentration are muchémnghan the measured
values. This is a deficiency of the used chemistry mechanshhas also been mentioned
as such by the developers of the mechanism [98]. Additignialthe simulations the CO
concentrations in the flue gas from the regenerators are tadd®re the regenerators (at
the hot side), whereas in the experiments this CO concerireg measured after the
regenerators (at the cold side). Thus, part of the excessli3@reed in the numerical
results would have been converted to d®the regenerators if simulated.

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

The difference in the CO concentrations in the two exits ligteel to the path length
of the mean flow to these exits. In Figure 6.9(a) the pathlalesg the streamlines of
the mean velocity (taken from the CFD simulations) of theegdkowing from the middle
firing burner in configuration C5, to the opposing regenagaburners and to the stack
are presented. The burners and the stack are indicated layrthves. It is observed that
the pathlines to the stack are longer than those to the regfergeburner. Also, itis noted
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that part of the gases not immediately leaves the furnades becirculated to the root of
the comburants jet.
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Figure 6.9: (a) Sideview of the furnace showing the patlgiftem the nozzles of a firing
burner in configuration C5. Pathlines are coloured by theoedly magnitude (m/s). (b)
CO concentration (ppp@3%Q, dry) versus distance along the paths from the firing
burner to the opposing regenerating burner (solid line) aodhe stack (dashed line).
Results from CFD simulations.

Based on the observed pathlines from CFD, the approxim#étdgragths of the mean
flow were calculated exploiting only straight lines and tigimgles. The recirculating
gases were not included in this calculation since they joejét again at its root. Fur-
thermore, it can be assumed that the gases that immediasely the furnace, either via
a regenerating burner or via the stack, account for the sangart of the observed CO
concentrations.

The path lengths between all firing burners and all regeimgréurners were calcu-
lated and subsequently averaged. The same was done fortthéepgths between the
firing burners and the stack. The averaged path lengths fnerfiring burners to the re-
generating burners and to the stack are approximately 2,03 #® m, respectively. For
the firing burner in Figure 6.9(a) these path lengths wereead to residence times by
division with the local velocity. The residence time of thesgs from this burner to the
regenerating burner was 0.2 s. From the firing burner to tiekghe residence time was
0.5 s. Again, these values include the direct paths onlyudkrg recirculation.

In Figure 6.9(b) the CO concentration along the considertigofrom the firing
burner to the opposing regenerating burner and to the stagirasented from the simu-
lations. The initial 1.5 mis identical for both paths, simeéoth cases the gases cross the
furnace width first. The peak in CO concentration, which carrdgarded as the center
of the combustion zone, is at approximately 1.2 m from thenbunozzles. After this
point, the CO concentration decreases steadily. It is obdahat the CO in the gases to
the regenerating burner is not fully converted before remrthe exit point. On the other
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hand, in the gases traveling towards the stack, the CO ctatien further decreases (see
insert with enlargement in Figure 6.9(b)) .

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

6.4.3 Combustion air preheat temperature

In the experiments a difference in the preheat temperafutreecombustion air was ob-
served for the different burner configurations. In Figurt06a) the experimental values
of the preheat temperature of the combustion air are predefitwas observed that the
preheat temperatures for the C4 and C5 configurations anehigan those for configu-
rations C1 and C3.
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Figure 6.10: (a) Experimental values of the combustion aghgat temperatures (°C) for
all configurations, parallel firing mode, all values #fand cycle time [65]. (b) Position
of thermocouple in regenerators.

In Figure 6.11 the maximum value of the normalized tempeeafr) at the hot side
of the regenerator in the experiments is compared with tedipied flue gas temperature
entering the regenerating burners. The normalized teriyperais defined in Equation

6.2,
1

Tref
whereT is the temperature (K) anfies the reference temperature (273.15 K).
The numerical values are higher than the experimental saldJéiis is due to two
reasons. In the first place, the thermocouples inserteceinetpenerators only penetrate
until the end of the regenerators, while in the simulatitvesflue gas temperature is taken
at the nozzle, see also Figure 6.10(b). In the second plaeeneasured temperatures

T (6.2)
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Figure 6.11: Comparison of the maximum value @) at the hot side of the regenerators
in the experiments and the predicte) of the flue gas entering the regenerating burners.

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

Cl C3 C4 Cb
Mass percentage stack (%-mass) 27.3 31.2 221 22.1

will be slightly lower than the actual gas temperatures duadiative heat losses of the
thermocouples. The reported experimental measuremenmes vag corrected for these
radiative losses.

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

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

In Figure 6.12 pathlines along the streamlines of the mekotitg are presented from
all grid cells of the firing burner inlets of all the configumats, colored by the local tem-
perature. It is observed that in configuration C4 and C5, pe@xrd, less of these path-
lines leave the furnace via the stack in the roof. This is duentadditional recirculation
zone above the firing burners compared to configuration CXCand

It is concluded that in configurations C1 and C3, due to thedikurners positioned
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closer to the stack and the absence of a recirculation zomeebe these firing burners
and the stack, significantly more flue gas leaves the furnecehe stack and relatively

less hot flue gas is available for regeneration, leadingvieitgreheat temperatures of the
combustion air.

6.4.4 Cooling tube heat extraction

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

The cooling tube heat extraction is directly related to thtaltmass flow of cooling
air to the cooling tubes. In the total mass flow of cooling bhé& same trend is observed
as in Figure 6.13. Since the measured total cooling air maes fhre set as boundary
conditions in the simulations, the trends in the total augplube heat extraction rates are
also reproduced in the simulations.

[EEY
N
o

—e—EXP —&—CFD

100} D\"—a\ﬂ

80

Cooling tube heat extraction (kW)

C1 C3 Cc4 C5

Figure 6.13: Cooling tube heat extraction rates (kW) conmgam for the experiments
(EXP) and simulations (CFD).

6.4.5 Temperature uniformity

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

veng () 02
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whereN is the total number of temperature measurement positipmsthe temperature
in theith position andr is the mean of all the temperature measurements. The value of
theT, is between 0 and 1, where the value 1 indicates a perfectfgramifurnace.

The trend in the temperature uniformities agrees well betwibe experiments and
simulations. Especially, the observation that configoretiC3 and C4 achieve higher
temperature uniformities, compared to configurations G1 @8, is reproduced. How-

ever, there is an opposing trend in the temperature unifasof C3 versus C4 and C1
versus C5.
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o
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©
N

T T T T
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Temperature uniformity (=)
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C1 C3 C4 C5
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Figure 6.14: Temperature uniformity (-) comparison for esments (EXP) and simula-
tions (CFD).

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

It can be observed, comparing the thermocouples in the sigeeel (numbers 1, 3
and 5) with those in the middle or lower level (numbers 2, 4 @pdhat the difference
in the temperature is larger for configuration C5, which ltesuin a lower temperature
uniformity. Actually, in configuration C4, thermocouples3land 5 have relatively higher
values. This is due to the fact that a stronger recirculatione in this configuration
results in higher temperatures in the upper zone of the dernsee also Figure 6.12.
This also explains the lower temperature uniformity in cgmfation C1, where the least
pronounced recirculation zones can be identified. For theegaf the thermocouples in
the opposite wall (numbers 10 to 15) the same behavior cabsereed.
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Figure 6.15: Predicted temperatures (K) for all thermoctagpin burner configurations
C4 and C5. The four large rectangles represent the four sialéswf the furnace with the
numbers indicating the positions of the thermocouples.

6.4.6 Temperature uniformity versus cooling tube heat extaction

In the experimental results, a linear correlation was oleskbetween the cooling tube
heat extraction and temperature uniformity [65]. In Figaré6 these values are plotted
for both the experiments and the simulations. It is obsetliatithe decreasing trend in
the cooling tube heat extraction rate with increasing valuge temperature uniformity
is not reproduced. Due to the choice of experiments that bae@ simulated it is not
possible to either confirm or contradict the observationthefexperimental results. In
order to be able to do this, additional simulations of casgdog&ing more variation in
the values of the cooling tube heat extraction and the teatyer uniformity are required.
Due to time limitations, these additional simulations argently not performed.
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Figure 6.16: Cooling tube heat extraction rate (kW) versasperature uniformity (-)
for all burner configurations in parallel firing mode. Blacimbols 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 poinbofluence of the comburant
jets was indicated as an important factor for the NO fornmatién this study the NO
emissions were similar for all configurations and operatingditions [65]. To verify
whether the jets show similar merging behavior in this feméhe firing burners in the
lowest level of configurations C1 and C3 are compared.

In Figure 6.17 the velocity in the (axiat)direction, the temperature and the mixture
fraction are plotted on lines at three distances from thezleszof these burners. The
distance from the burner nozzleds normalized by the diameter of the air nozztes
(0.02 m). The fuel nozzles are positionekat 0.295 m and 0.75 m and are surrounded
by four high momentum air nozzles, two of which are capturgthle lines. The mixture
fraction was calculated by applying Bilger’s formula [121]

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

For the burner ax = 0.295 m no clear differences can be observed between config-
uration C3 and C1, both seem to have a point of conflueneg&lat 6. The burner ax
= 0.75 m has a point of confluencezd = 8 in both configurations (only configuration
C3 is shown in Figure 6.17, but the burner of configuration Bdwsed the same value).
Concluding, it is confirmed that the jets of the burners infigurations C1 and C3 show
similar merging behavior, which is in agreement with thegaged explanation for the
similar NO concentrations in their flue gases. Also, no ddtdifferences in the max-
imum temperatures could be identified between the two cordiguns. Finally, it can
be expected that the middle burner Xat 0.75 m) produces less NO than the two outer
burners.
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6.5 Conclusions

A numerical study has been performed for four different learconfigurations in a fur-
nace equipped with three pairs of flameless combustion irAecarefully selected set
of physical models proved to be adequate to reproduce the resillts observed in the
furnace experiments. The simulations have been validajaithst the main results of the
furnace experiments and by consistently capturing theds-@mthese results for the dif-
ferent burner configurations. Moreover, it was found that tturelatively low Reynolds
numbers in the cooling air flow in the annulus of the coolinggets, predictions of the heat
extraction rates of these cooling tubes were improved atitrg the flow in the cooling
tubes as laminar. Furthermore, the applied error tolerafdbe ISAT procedure was
shown to be insufficient for accurate species concentratredictions, however, based
on analysis of the main species concentrations in the flugthesinaccuracy did not
influence the overall predictions.

The most important experimental results have been inastigusing the simulations.
In the first place, a longer path length from the firing burrterthe stack, compared to
the path length to the regenerating burners, explainedtherlCO emissions in the flue
gas in the stack. Secondly, it was found that a recirculatare between the upper firing
burners and the stack in configurations C4 and C5 resultecsmadler fraction of the
flue gases leaving the furnace via the stack compared to fiee ocbnfigurations. Thus,
a larger fraction left the furnace via the regenerating brgrand this resulted in higher
preheat temperatures of the combustion air. Furthermioeetotal cooling tube heat ex-
traction was directly related to the total amount of coolang In the fourth place, more
pronounced recirculation zones in configurations C3 anded4td higher temperature
uniformities in the furnace. Finally, it was confirmed tha jets of the burners in config-
urations C1 and C3 showed similar merging behavior, leatbrggmilar NO emissions,
as have indeed been observed in the experiments.

It can be concluded that by the numerical study more insigldttained regarding
the effects of burner positioning in a multi-burner flameslesmbustion furnace. In the
future, the simulations can be improved by further decrep#iie error tolerance of the
ISAT procedure. Also, in order to verify the observation e texperiments of a de-
creasing cooling tube heat extraction with increasing &nmaore uniformity, additional
simulations are required.



Chapter 7

Gas turbine combustor firing LCV
gases

A prototype flameless combustion gas turbine combustorders investigated experimentally and
numerically. The combustor was operated with various Lovoffac Value (LCV) gases. At the
outlet main component and emission measurements (CO antidN®)een performed. The influ-
ence of several parameters (i.e. fuel composition, owtlmiperature and nozzle diameter) on the
emissions have been investigated. Ultra-low emissionglésidigit) have been achieved. More-
over, axial temperature profiles in the combustion chamltarehbeen measured with a suction
pyrometer.

The combustor has been simulated with a commercial CFD delderft 6.3) to gain insight in
the combustion characteristics. Using the Eddy Dissipa@oncept (EDC) model for turbulence-
chemistry interaction in combination with the Reynolde&trmodel for turbulence and two dif-
ferent chemistry mechanisms, the measured temperatuitepribave been reasonably well repro-
duced. In post-processing mode different NO formationgphtive been studied.

The contents of this chapter have been publish&bmbustion Science and Technolpgyperimental
and numerical investigation of a flox combustor firing lowarélc 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: #aaah for a substitute for
fossil fuels and curbing emissions from combustion apfibbcs. Biomass has been iden-
tified as such a substitute. To be able to use this solid phesgeresource in existing
(combustion) applications, gasification is an obvious choBiomass gasification using
air produces Low Calorific Value (LCV) product gases, camtaj large amounts of #
and CO. Simultaneously, novel combustion techniques haee beveloped to curb the
emissions of CO, C®and NO. Flameless combustion, also mentioned in the litszat
as flameless oxidation (FLOX, [8]), MILD combustion [21] ofTTAC [5], is such a low
emission combustion technique.

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

In this chapter the results are reported of a research progeubining the devel-
opments of using LCV gas and flameless combustion. A progofigmeless gas tur-
bine combustor was fired with LCV gases (representing tydamass gasification
gases) under ultra-low emission combustion. In the conobusie fuel and air are
introduced (partially) premixed, a design that is curngntidely applied in industry.
This [123] and similar [124] combustors have also been teatehigh pressures, how-
ever this study is at atmospheric pressure only. The resflthe experiments and
the CFD simulations will be compared with similar researeparted in the literature
[123, 124, 125, 126, 127, 128, 129]. The effect of the conthuztitlet temperature, the
fuel gas composition and the inlet velocity on the CO and N@ssions have been an-
alyzed experimentally. As a second step, measured axigdeature profiles have been
used for the validation of the CFD simulations. The validagenulations gave detailed
insight (e.g. flame shape and recirculation zones) in thesiphlyand physicochemical
phenomena of flameless combustion applied to such low @aledlue gases and can
lead to improved design of combustors for different appiores.

7.2 Experimental setup

In Figure 7.1 schematic representations of (a) the expetimhsetup and (b) the combus-
tion chamber are presented.
For the experiments a catalytic Auto Thermal Reforming (ATRit was used for the
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Figure 7.1: Schematic representation of (a) experimengélis (b) combustion chamber
(dimensions are in mm).

Water

production of the LCV gases. In this unit, desulphurizeddbutatural gas (containing
about 14 %-vol nitrogen) is reformed (with steam and air) teigture of CH;, CO, CQ,
N2 and H via catalytic partial oxidation and the watergas shift teac The gas is dried
by cooling it down to 25 °C. The composition of the LCV gas isi®d by adjusting the
initial ratios of natural gas, steam and air. Different miratios led to differences in the
heat of combustion of the LCV gases.

In Table 7.1 the dry gas composition of some of the producel$ fis presented. The
fuel with a lower heat of combustion value of 6.5 MJ/wias used as the standard fuel.

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

Hcomb CHy CO CQ Ho N2

MJ/mg  %-voldry %-voldry %-voldry %-voldry %-vol dry
59 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 flameésstigbine combustor
manufactured by WS Warmeprozesstechnik, see also [13%4. cbmbustor consists of
12 fuel nozzles that inject the fuel in 12 mixing ducts, as lbarseen 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 thxing ducts. Finally,
the mixed fuel and air flow through the main inlet nozzles ithi® combustion chamber.
Two different sizes of main inlet nozzles were used durirgyegRperiments in order to
vary the inlet velocity \in); the inner diameter ¢J 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 mixingtda sector of 30 degrees
containing one nozzle is depicted. (b) Surface mesh of #meplwith symmetry boundary
conditions in the region close to the nozzles.

The combustion chamber is cylindrical, with an inner diaenetff 156 mm. On two
sides of the combustion chamber there is a flat window forcapticcess. The casing is
double, allowing cooling air to flow through the annulus. @uarfpositions (between 75
and 400 mm from the main nozzle tip) the temperature of therinasing was measured.
These measured temperatures were used as boundary cesditibe CFD simulations.

The combustor is operated at atmospheric pressure. Thadhpower input (B) was
chosen to be either 67 kWor 100 kW},. For the 67 kW, cases the outlet temperature
(Tout) Was varied in a few steps between 950 °C and 1050 °C and ceutsbiitrolled
by changing the amount of cooling air in the combustion chemdasing. When not
mentioned otherwise, the standard LCV gas is used in theriexpets, which is the gas
with heat of combustion (kmp of 6.5 MJ/r’rﬁ. Furthermore, for the 67 k\{ cases,
different LCV gases with different values ok, were tested. In Table 7.2 an overview
is presented with the different cases.

Table 7.2: Investigated cases.
Case B (KWin)  dn (MM)  Heomp (MI/IM3)  Tou (°C)

67n1l 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 ratioA() was kept constant at approximately 1.5 for all experiments
(corresponding to an equivalence ragi= 0.67), with only a minor deviation of at most
10%. Furthermore, the combustion airy(Was preheated to 300 °C, representing the
air temperature after the compressor in a gas turbine. Dueration the pilot burner,



Chapter 7. Gas turbine combustor firing LCV gases 95

located on the central axis (see Figure 7.1(b) and 7.2(ajp switched off, though a small
ambient air flow (about 2 #h) is maintained on the pilot burner to protect the equipmen
The diameter of the pilot nozzle is 25 mm, leading to an ingectelocity of 1.2 m/s.

Various on-line measurements were performed during therexents. The NO, CO
and CQ concentrations were measured using an NDIR analyzer, whielexygen con-
centration was determined paramagnetically. Axial prefdéthe gas temperature were
measured by the downstream insertion of a suction pyrorpedde. In this device a type
S thermocouple was mounted. The pyrometer was traversedtmeentral axis of the
combustion chamber. Note that the axis is not in the main c@tidn reaction zone, since
the nozzles are positioned on a circle around the central axi

For four different cases the axial temperature profiles weeasured and the associ-
ated simulations were performed. These are with thermakpawput R, of 67 and 100
kWi, and main inlet nozzle diameter of 11 and 6.75 mm. In all theses the outlet
temperature was 1050 °C.

It is known that the insertion of a suction pyrometer influesithe flow field and thus
alters the combustor behaviour. To verify that this inflleerscacceptable, an additional
simulation, with the cold suction pyrometer fully inserteghs performed. In Figure 7.3
the axial temperature profile of this additional simulai®nompared with the simulation
without the suction pyrometer for the 100n11 case. It waslkmied that the disturbance
due to the insertion of the suction pyrometer is acceptable.

1450

O exp
with pyrometer
= = = without pyrometer

1400 -

-

sasol F—”—g%'%’—% ! ;

1
Lo

1300 '

I

I

1

Temperature (°C)

1250
-50 0 50 100 150 200 250 300

Distance (mm)

Figure 7.3: Axial temperature profiles of the simulationfhwand without the insertion of
the suction pyrometer for the 100n11 case.

Also, gas temperatures measured with a suction pyrometekraown to be lower
than the actual gas temperatures due to radiation losske pftometer. To estimate this
difference, the efficiency of the suction pyrometer has lwk#armined with the dynamic
response method [131]. The efficiency was calculated to 8 for the current setup
and the temperatures were corrected with 10-15 K. The emr®rbdicate the error of the
mounted type S thermocouple.



96 Furnaces with multiple flameless combustion burners

7.3 Numerical setup

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

The simulations were performed with Fluent 6.3.26. The iaiippressure based
steady solver was used with Green-Gauss node based iratopol For turbulence clo-
sure the Reynolds Stress model (RSM) and the realizalglenlodel (RKE) were used.
The realizable ke model is shown to give improved results, compared to thedstah
k-& model, for the prediction of round jets, as is the case in ¢bimbustor geometry
[97]. For the combustion of the LCV gas two different kinetiechanisms were applied
and compared; a combination of the standard Fluent kinegchanisms for methane and
hydrogen (SFM, 7 species, 4 reactions) and a detailed mesrthd8MO, 16 species, 46
reactions, [98]). The SFM mechanism is the combination efrtethane-air-two-step
[132] and hydrogen-air-one-step [133] mechanisms. Thenadtey-turbulence interac-
tion is taken into account by using the Eddy Dissipation @mienodel [99]. The EDC
model was found earlier to give good predictions for flameEsmbustion [102]. Radia-
tive heat transfer is accounted for using the Discrete @tdsmmodel and the cell-based
Weighted Sum of Gray Gases model for the absorption coefticéthe gas mixture
[134]. The emissivity of the steel casing was set to 0.8.

The density of the mixture is calculated by the multicompundeal gas law. The
molecular viscosity and thermal conductivity are takenstant, after a check that calcu-
lating their values with kinetic theory showed no significahange in the results. The
mass diffusivity is calculated with the constant dilute egmation. Finally, the heat ca-
pacities are determined per species with a temperaturexdepepiece-wise polynomial,
and for the mixture with the mixing law.

As mentioned before, the measured wall temperatures ohtrex icasing were used
as boundary conditions for the CFD simulations. These teatpess were introduced in
the simulations as a second order polynomial fit of the ax&hkdce. In Figure 7.4 the
measured temperatures and the polynomials are presemntagtidases. It is noted that in
the 100 kW, cases lower temperatures are observed further along theTdxs is due to
the increased amount of cooling air.

The NO formation is studied in post-processing mode. Catmns have been made
for thermal (including NO 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 polynomfatsdboundary conditions.

7.4 Results and Discussion

7.4.1 Experiments

In Figure 7.5 the flame shapes are presented for the combfirstgrat 67 kW, and
the outlet temperature kept at 1050 °C for the two differakgtivelocities. Both pictures
were taken with the same camera adjustments. The white sadenote the flow direction
from the main inlet nozzles. The flame was stable and chaizeteby low noise levels
(also reported for similar fuels [135]). A clear differerniodlame colour can be observed
between the two pictures. In the case of higher inlet vakxifb) the flame becomes
less bluish and more transparent. This is a trend that isctgen the line of flameless
combustion [8]. However, the flame is not fully invisibleughthe term flameless would
be inappropriate here; the flame is tending towards the flesaekgime.

(b)

Figure 7.5: Flame shapes at different inlet velocity; (g) ¥ 51 m/s and (b) y = 135
m/s. White arrows indicate the flow direction,=B00°C, A=1.5, p=1atm, R,=67kWj,
Tout=1050°C, Hom=6.5MJ/nt.
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In Figure 7.6 the measured NO and CO concentrations areeglatirsus the outlet
temperature. Unfortunately, due to a measurement err¢veioiv velocity case, Figure
7.6(a), CO measurements at the two highest outlet tempesattere unreliable. At these
temperatures only the NO measurements are included in gwed=i The current single-
digit emission results are compared with results from simiesearch reported in the
literature and were found to be comparable [123, 125, 128, d2even lower [124, 128,
129]. Thus, itis plausible to characterize this system aglbw emission combustion.

The NO and CO concentrations show opposite trends. The N©Oeotration in-
creases with higher outlet temperatures. This is due teasgd NO formation via the
thermal (or Zel'dovich) mechanism. In contrast, higheleitemperatures lead to faster
CO to CQ reactions, causing the CO concentration to drop.

In the case of higher inlet velocities, Figure 7.6(b), theaslred increase of NO with
increasing outlet temperature is enormously decreasets. rétluction of a characteris-
tic of thermal NO formation is attributed to the flame tendmgre towards flameless
combustion, i.e. broadening of the reaction zone and logest the peak temperatures,
causing reduction of the thermal NO formation. This trens b@en reported in the liter-
ature before [124].

12
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Figure 7.6: Emissions versus outlet temperature; ()51 m/s and (b) % = 135 m/s.
Ta=300°C,A=1.5, p=1atm, Ry=67kW, Heomi=6.5MJ/ng.
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Next, the effect of changing the composition of the fuel (&ngs its heat of combus-
tion) on the CO and NO emissions was investigated. In Tallléhe. composition of some
different fuels are overviewed (characterized by theirdotveat of combustion, dgmp)-

In Figure 7.7 the results for the emission measurements rasepted. It is gen-
erally noted that the production of both CO and NO increasé wicreasing lomp
The increase of CO is explained by the higher concentrafi@ @ontaining comburants
(methane and CO) in the fuels (see Table 7.1, from approeimna0%-vol to 20%-vol).

The increase of NO is mainly due to thermal NO formation, sino prompt NO is
expected under these fuel lean conditions. Two importdiugncing parameters con-
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Figure 7.7: Emissions versus fuel composition; (a) lowgr and (b) higher .
Ta=300°C,A=1.5, p=1atm, Rn\=67kW, To,t=1050°C.

cerning thermal NO formation are the oxygen availability @ine adiabatic equilibrium
temperature, see e.g. Landman et al. [136]. In Figure 7.&h@padiabatic flame tem-
perature (Tgian for the used fuel-air mixtures are presented (calculagedguChemkin
4.1.1 using the GRIMECH 3.0 mechanism). In Figure 7.8 (b)dkeggen fractions in
these mixtures are presented. Both thgisF; and oxygen fraction show an increase for
the fuels with increasing kmp values. However, the fuels with a heat of combustion
value, above 8 MJ/f show an opposite trend; the,fap is decreasing while the oxy-
gen fraction is comparatively strongly increasing. Thisli® to the higher fraction of
C-containing species in these fuels, which also resultsghdr specific heat of the flue
gas. These trends also have an opposite effect on the theinfdrmation. Referring to
Figure 7.7, it is observed that these opposite effects omhigrenal NO formation result
in a continuation of the increasing trend in the emissionsipction.

Comparing the lower and higher inlet velocities, both the &@ NO emissions de-
crease with higher inlet velocities, regardless of the béabmbustion. This is attributed
to the flames tending more towards the flameless regime. FotiiéQower peak temper-
atures curb the thermal NO formation. In the case of CO, issuimed that the improved
mixing of the flameless regime enhances the CO reacting ts/26.

7.4.2 CFD simulations

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

For turbulence the realizabkee (RKE) and Reynolds Stress (RSM) models were in-
vestigated. Both models were combined with the Smooke nmesfmaand the turbulence
chemistry interaction was incorporated using the Eddyipasn Concept model. These
first simulations were performed using the 100n11 case, aele 7.2.
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Figure 7.8: Adiabatic equilibrium temperatures (a) and g&p fractions (b) in the fuel-
air mixtures.

Flow and temperature fields

In Figure 7.9 the @mole fraction is displayed for the incoming fuel and air flowsthis
Figure the extent of mixing can be seen. It is observed thedrds the end of the mixing
duct a non-uniform @ concentration profile is present. Thus, the fuel and air nnéxt
enters the combustion chamber partially mixed.

Mixing duct

0, mole fraction 0.02 0.04 0.06 008 0.1 012 014 016 0.18 0.2 0.22

Figure 7.9: @ mole fraction (-) in the mixing duct and main inlet nozzlestfie 100n11
case.

In Figure 7.10 the experimental and computational resoltshfe axial profile of the
mean temperature are presented. The measurement poirastheecentral axis of the
combustor, not in the main combustion zone, with zero cpoeding to the height of the
tip of the inlet nozzle, see also Figure 7.2(b). The erroslzansist of the measurement
error of the thermocouple. All measured temperatures wamected for the error due to
radiation and conduction losses of the suction pyrome&t][1IThe pilot nozzle injecting
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ambient air is located at axial distance -50 mm, explainimglower temperature at low
axial distance.

1450

1400 -

1350
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1250
0

50 100 150 200 250 300
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Figure 7.10: Axial temperature profiles. Experiments versimulations with Smooke
chemistry mechanism selecting different turbulence nso{®EM = Reynolds Stress
model, RKE = realizable le-model).

On the basis of the results shown in Figure 7.10 it is not jbesgd conclude that either
RSM or RKE performs better. Both calculations seem to missesessential features of
the experimental profile. Because of the known capabilitthefRSM to describe flows
with recirculation zones well [137] and since the compotaai time of the simulation
was not increased significantly by the change from realezkts to Reynolds Stress it
was decided to use the latter model.

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

Some essential trends seen in the measurements are regidajuthe calculations.
Comparing the upper two figures with the lower two it can bengbat higher thermal
input causes higher temperatures. Contrarily, compahadigures on the left hand side
with those at the right hand side, it can be seen that highet welocities reduce the
temperatures. In the case of lower inlet velocity the shdgheosimulated temperature
profiles is somewhat better captured than in the case of higle¢ velocity.

The SFM simulations tend to be closer to the measurememisciedly between x =
50 mm and x = 150 mm. This is related to higher internal flue gasilation, see Figure
7.12, in which the axial z-velocity is plotted on the axis.elihore negative this velocity
is, the stronger the recirculation zone is. This highermroedation is due to much higher
inlet velocities of the comburants, as can be seen in TaBlevhere the experimental and
simulated inlet velocities of the fuel-air mixtures areg@eted. The experimental values
are calculated from the measured flows and temperatureglcdrid air.
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Figure 7.11: Axial temperature profiles using Reynolds sitmmodel selecting different

chemistry mechanisms (SMO = Smooke mechanism, SFM = Sthitleent Mecha-

nisms).

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

However, the inlet velocities in the SFM simulations are mbayher than the ex-
perimental values. In the following analysis an explamaticas found for these high
velocities.

In Figure 7.13 the temperature contours are presented é0t@n11 case for both
mechanisms. In the SMO simulation (on the righthand sidis) abserved that a broad
flame front is present in the combustion chamber, as coul&pected looking at Figure
7.5. On the other hand, the SFM simulations, with their tenajpee profiles closer to
the measurements, predict reactions to take place witlkimmitting duct of the nozzles
(flashback). However, flashback in these experiments iswdrlgely, since the turbulent
flame speed of the mixtures is much smaller than the inletciteds calculated from the
experiments. For this reason the SFM simulations must bsidered inaccurate.

However, it was observed that due to the flashback the intBusagas recirculation
increased and thus the shape of the axial temperature groiee improved. This raised
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Figure 7.12: Axial z-velocity profiles using Reynolds Stresodel selecting different
chemistry mechanisms (SMO = Smooke mechanism, SFM = Sthitleent Mecha-
nisms).

the question whether there are model changes that couldvahe prediction of the
recirculation. It is known that the predicted entrainmewntjéts and consequently the
strengths of recirculation zones in the neighborhood «f getpends on the values of
some of the model constants. In this respect, it is knownatwdtange in the value of the
model constant & can improve the prediction of the spreading rate of rours [&5].
Therefore, additional simulations were performed with @e of the Reynolds Stress
model increased from its standard value of 1.44 to 1.6, amewended value found in
[138].

In Figure 7.14 results are presented for the SMO mechanigheiiO0n11 case for
Ce1 = 1.44 and for G, = 1.6. The experimental values of the temperature are betwee
the the predicted temperature profiles of the simulatiorik @mnd without the adjusted
value of G;. Thez-velocity profiles show, as expected, that an increase;incauses
the internal recirculation to increase. It is concluded tha discrepancies between the
measured and simulated temperatures are within the rangecafrtainty in what are
optimal values of model constants in the turbulence modgle Euning the turbulence
model was out of the scope of this research, and the stand&ivtviRas retained.

Next, the shape and position of the recirculation areasarctimbustion chamber are
presented in Figure 7.15 for the SMO simulations. The stli@asshow that two recircu-
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Table 7.3: Experimental and simulated values of mixturetinkelocities y (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

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

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

lation areas are present; the main zone under the nozzleg(imiddle of the combustion
chamber) and a second (minor) area between the wall and #meso This has been
observed before in a similar flameless burner [124]. In tleesavith lower inlet veloc-
ity the minor recirculation area is not present. Howevethm 100n675 case this minor
recirculation zone is similar to such zones observed initamture.

In order to get a good insight in the predicted recirculatbdifferent axial positions,
radial profiles of the-velocity are plotted in Figure 7.16. In this figure, as inutig 7.15,
for the 100n11 case no recirculation zone is observed betteenozzle and the wall,
where in the 100n675 case this zone can be observed. In Figayen [129] there is
also a small recirculation zone observed between the nanzlevall. This was found by
Duwig et al. using LES simulations and here with RANS. Theitaltal recirculation
zone explains the observed lower emissions in these cases tBe total recirculation
is increased, more inert flue gases are mixed into the flame, tlous lowering the peak
temperatures and the thermal NO production there. A seadvahsage of the additional
recirculation zone is the improved mixing in the combusttbamber, thus increasing the
CO to CQ conversion. In Figure 7.16 it is observed that the minorroedation zone
pushes the jet from the wall. In both cases the main intem@raulation zone looks
similar.
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In Table 7.4 the predicted values of the main componentsarfltte gas are compared
with the experimental values after data reconciliation.

Table 7.4: Outlet species concentrations for experimeatabd) and simulations.

67n11 67n675 100n11 100n675

O, calculated %-vol (dry) 6.9 7.5 6.6 7.1
0, SMO %-vol (dry) 7.1 7.6 6.9 7.6
CO, calculated  %-vol (dry) 7.9 7.4 8.0 7.7
CO, SMO %-vol (dry) 7.7 7.3 7.8 7.3
CO measured ppm@15%0 1 1 4 2
CO SMO ppMmM@15%9e 25 35 78 95
NO measured ppm@15%0 5 none 5 none
NO SMO ppMm@15%Q@ 5 5 8 7

The oxygen and carbon dioxide predictions in the flue gaseag@sonably well with
the simulations. For CO there are large discrepancies,ith@laed CO concentrations
are much higher than the measured. It remains to be invéestigghether these dis-
crepancies are due to the chemical mechanism used or due todtel used for the
turbulence chemistry interaction (EDC). Results from th@ pbst-processing calcula-
tions agree well with measured values, all values are sidigie. In post-processing
mode thermal, prompt andJ® pathways were calculated separately and simultaneously.
The simulated NO production was mainly via theQNpathway; around 90% of the re-
ported values are formed via the® pathway (for all cases). Formation of NO via this
pathway is plausible under the current operational comiti16] and similar observa-
tions for flameless combustion have been reported in thaditee [70]. No prompt NO
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Figure 7.15: Contours of the z-velocity (m/s) with streamaé for 100n11 (top) and
100n675 (bottom) cases using the Smooke mechanism.

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

7.5 Conclusions

A prototype flameless combustion gas turbine combustor wesessfully fired with dif-
ferent LCV gases. Ultra-low emission combustion was addeviwo visually different
combustion regimes have been observed for two differept wélocities. Clear trends
have been observed for the effect of the outlet temperatuet,composition and inlet
velocity on the emissions of CO and NO. Most trends in the simmsproduction could
be explained based on the concept of flameless combustion.

The combustor has successfully been simulated with a steseda of CFD models.
The simulations have been validated with measured axiahregaperature profiles.

Different turbulence models and chemistry mechanisms baga compared to get the
best results. The simulations using standard Fluent mexinarshowed better axial mean
temperature profiles than in the case using the more det@iteabke mechanism. This
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Figure 7.16: /vy (-) at different distances from the burner. D is the comlmrsthamber
diameter (156 mm), the nozzle is positioned at 0.4 x/D.

improvement turned out to be caused by flashback in the mehnozzle, which was
not considered realistic. However, the analysis of the equnences of flashback stressed
the importance of internal recirculation of flue gas. By ajiag the model constantg

in the turbulence model the recirculation predictions ddag significantly influenced. It
was concluded that the discrepancies between the measuitesinaulated temperatures
are within the range of uncertainty in what are optimal valokthe model constants. The
predicted species concentrations in the flue gas agreenaagavell with the experimen-
tal values.

Some restrictions of using standard CFD models have beewupstered, e.g., CO con-
centration predictions and proper estimation of the irdkfloe gas recirculation. How-
ever, the simulations offered the opportunity to get a mataited insight into the com-
bustion regimes. Two different recirculation zones weenidied, as has been reported
earlier in the literature. From NO calculations, ultra-lemission combustion was con-
firmed in the simulations. It turned out that 90% of the NO wagrfed via the NO
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 enigtey mechanism for
the combustion of methane is used. Since in the actual (Putatural gas used in the
experiments also higher hydrocarbons are present, a ‘atronlfuel’, only containing

methane as a hydrocarbon, has been calculated and usedsimtiiations.

For the calculation of the composition of these simulatiogi$ first the total heating
value AH [MJkg—1]) of all the hydrocarbons of one kilogram of fuel is calceldtwith

Equation A.1,
N

AH = AHpy, (A1)

whereN is the total number of hydrocarbong,is the mass fraction of hydrocarbom
the actual fuel [-] and\H; is the lower heating value of pure hydrocaridmJkg—2]. It
was decided to average based on the mass fractions herdtenoass flow of fuel is set
as a boundary condition of the simulations. For the usedegadfiAH; see Table A.1.

In the next step, the CHnass fraction in one kilogram of simulation fuel is calcatht

Table A.1:AH; [MJkg~1] of hydrocarbons present in the natural gases [116].

AH;
Component (MJ/kg)
CHy -50.016
CoHg -47.489
CzHg -46.357
C4H10 -45.742
CsH1o -45.351
CsH14 -45.105

109
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such that this fuel has the same total heating vAldeas the actual fuel,

AH
AHch,

YcH, = (A.2)
whereYch, is the CHy mass fraction in the simulation fuel [-].

Finally, the remaining mass content of the simulation fisetlivided over the inert
species (N, CO, and ), weighted to their ratios as calculated from their masstioas
in the actual fuel,

Y= (1-Y, Y] ] A3
J ( CH4> [zn\ﬂ i ( )
whereY; is the mass fraction of inert specigsn the simulation fuel [-]y; is the mass
fraction of inert specieg in the actual fuel [-] andM is the total number of inert species.

In Table A.2 the composition of the actual fuels and their patad simulation fuels
are presented. The simulation fuel of Dutch natural gas (PiN@sed in Chapter 6 and
that of natural gas (NG) in Chapter 4.

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

DNG NG

Actual Simulation Actual Simulation
Component %-mass %-mass %-mass %-mass
CHy 69.97 75.98 78.76 96.64
CoHg 4.63 - 9.61 -
C3Hg 0.90 - 5.55 -
CsH1o 0.47 - 2.89 -
CsH12 0.16 - 0.79 -
CsH14 0.23 - 0.28 -
(o)) 0.02 0.02 - -
N> 21.52 21.87 0.43 0.68
CO, 2.10 2.13 1.69 2.68

Finally, it is noted here that the measured mass flows of fnél@mbustion air are
maintained in the simulations. Therefore, the compositibtihe flue gases of the actual
and its accompanying simulation fuel are not equal; sméfiémdinces in CQ and Q
contents are expected (around 0.2%-mass). However, @isumacy in the simulations
is regarded acceptable, since the alternative would begwsinextremely more exten-
sive chemistry mechanism, which would increase the contipata times far too much
compared to its added accuracy.
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Data analysis routine

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

As a general first step, the beginning of a cycle was identifiéen, the data of each
experiment was truncated so as to encompass a round numdairefcycles.

Mass Balance
Fuel flow

The volume flow of fuel to the burners is characterized byedéhtial pressure measure-
ments Ap [Pa]) over an orifice plate at every burner. TAp is converted to a volume
flow (@ 1,e [M®s~1]) at normal conditionsT° is [273.15 K] andp® is [101325 Pa]) by
the following equation,

Py fuel = Cj VAP (B.1)

whereC; is the calibrated conversion constantsﬁmlPa*%] for orifice platej. The molar
mass of the fuelNls el [kg/mol]) is calculated by the weighted sum of all the comgats
in Dutch natural gas (DNG, [116]),

Mruel = D Mi X (B.2)

whereN is the number of components in the fubl, is the molar mass of componeint
[kg/mol] andx; is the molar fraction of componentn DNG [-]. Then, the densitydg
[kgm~23]) at normal conditions is calculated with the ideal gas law,

pO Mfuel

—— (B.3)

(o]
Pruel =

111
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whereR is the universal gas constant (8.314472 [JMKI1]), T° is the reference tem-
perature [273.15 K] ang® is the reference pressure [101325 Pa], which is equal here to
the furnace pressure. Finally, the normal volume flow is edt@d to a mass flowt, fue
[kgs~1]) using the normal density,

P uel = Py fuel Pruel (B.4)

Combustion air flow

The volume flow of combustion air is also characterized bfed#ntial pressure measure-
ments over orifice plates. However, since no reliable cawarconstants were available,
first the actual volume flowd, [m3s~1)) is calculated with the following equation
[140],

(2 Ap Pair)
Pair
whereK is a dimensionless constant (0.68); is the area of the orifice hole Fhand pair
is the density of air at actual conditions [kgA). The dimensionless variab¥eis defined

as, ,
1-r d
Y=1—- (T) 0.41+0.35 (5) ] (B.6)

wherer is the ratio of the upstream and downstream pressure of theegplate [-],k is
the ratio ofC,,/C, for air (1.4 [-]), d the diameter of the orifice hole [m] aftithe diameter
of the tube [m]. Subsequently, the actual flow was conveetbtmal conditions using

the ideal gas law,
Dy ai :q)vair @ L (B-7)
var ’ p° Tair

where pyjr IS the pressure of the air at the orifice plate [Pa] dgdthe temperature of
the air measured directly after the air fan [K]. In these glttons the combustion air is
assumed to be dry. Finally, the normal volume flow of air wasveated to a mass flow
(P air [kgs~1]) in the same way as has been elaborated for the fuel flow,smeaFor
the molar mass of air a value of 0.0288 [kg/mol] is used basedsodry composition
[141].

cDv,air =Y K Ay (B-5)

Flue gas flow

The actual volume flow of the flue gas leaving the furnace \eéarégenerators was mea-
sured. In the same location the local pressure and temperaére measured, with which
the actual flow was converted to normal conditions, as in Egad.7. Next, the normal
volume flow of the flue gas is converted using the density, &quation B.3, which in
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turn was calculated using the ideal gas law, see Equation B2this, the molar mass
of the flue gasNlx,e) had to be calculated, and thus the composition of the fluasyas
required. The composition was calculated assuming comptenbustion of one mole of
fuel (nser [Mol]) with such an amount of aimg;, [mol]) that the same excess air ratio as
in the experiment was achieved. The amounts of mole of the sg@cies in the flue gas
are defined in the following equations,

N
Nco, = Nuel Z Xi fuel €j,c + Nair XCOy,air (B.8)
J
1 N
MH,0 = Muel 5 > % fuet &j H (B.9)
J
No, = Nfuel XO,.fuel + (A =1) y el X0y, air (B.10)
NN, = Nfuel XN, fuel 1 Nair XNy, air (B.11)

wheren; is the amount of speciesn the flue gas [mol]N is the total number of species

j in the fuel and airé; c andéj i are the number of carbon or hydrogen atoms in species
], X0, fuel aNdXo, air the oxygen fractions in pure fuel and air [-], respectivély, ruel and
Xn,.air the nitrogen fractions in pure fuel and air [-], respectyyahdy is the stoichiomet-

ric required amount of air [8.528 mol/mol] [116]. The excessratio (A [-]) has been
calculated from the measured oxygen concentration in teegths [O,] [%-vol]) with the

following equation,
A — X0, air

B X0, air — (O3]
where[O;] is the molar oxygen concentration on dry basis in the flue §as.amounts
of moles are then converted to mole fractions,

(B.12)

s

Then, using the weighted molar mass of the flue gas, the gemag calculated, allowing
the conversion of the normal volume flow to a mass flow of fluelgaging the furnace
via the regeneratorsp{ 3" [kgs™1]).

JSflue

X; (B.13)

Finally, the flue gas flow through the sta@kﬁ(ac" [kgs~1]) was calculated by closing

Sflue
the total mass balance, as presented in the following expyati

0
—m =0= cl)m,fuel + cl)m7air - ¢regen - cDStaCk (B-14)

ot m,flue m.flue
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Heat Balance

All the heat flows are calculated relative to normal condi$ia.e., alf © = 273.15 [K] and
p° = 101325 [Pa].

Fuel heat flow

The heat flow of the fuel@s,e [W]) consists of two components, the sensible heat and
the chemical energy of the fuel, represented by the two teritie square brackets in the
following equation, respectively,

Qfuel = P fuel [(Cp,fuel Tuel — C;7fue| TO) +AHfueI] (B.15)

whereAHg,q is the lower heating value of Dutch natural gas (38,018,08@[]) from
[116], cpfuel the specific heat capacity of the fuel at actual conditiordscgrfhe, the spe-
cific heat capacity of the fuel at normal conditions [Jki§—1]. For the calculation of
the specific heat capacities of the fuel at a certain temperdl [K]), first, the specific
heat capacity of all the components separately [Pkg 1K ~1]) at this temperatur@ is
calculated, using the following equation,

c3 2 o5 2
I T T
Cpj =Cl+c2 <sinh(%3)> +04<7cosr(%5)> (B.16)

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

N
Cp,fuel = Z Cp,i Xi (B.17)
|

Combustion air heat flow

The heat flow of the combustion air is calculated with EquaBadl8,

Qair = Pm,air (Cp,air Tair— Cg,air To) (B.18)

The temperature-dependent specific heat capacity of aaeslated using the following
equation,
Coair= (A+BT+DT?)E (B.19)

where the constani B, D andE were taken from [142] andl is either the temperature
of the air or the reference temperature. It is noted heretligategenerators are within in
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the calculation domain of the mass and heat balance, andhéysold) air temperature
before the regenerators is used.

Flue gas heat flow

The heat flow of the flue gas flows exiting via the regeneratQf&X [W]) and stack
(Qstak[W]) are calculated with Equation B.20,

ue

Qf*lue = q)*m,flue (C;;,flue Tfikue - CB,flue TO) (B-ZO)

where the asterisk represents either via the regeneratoma the stackCpfie is the
specific heat capacity of the flue gas [Jki ~1] and Ty, is the temperature of the flue gas
[K]. For the temperature of the flue gas from the regenerab@isnocouple measurements
directly after the regenerators are used, while the gehemadce temperaturdy, [K])
was used as an approximate of the temperature of flue gandethe furnace via the
stack. The specific heat capacities of the flue gas are ctddula the same way as for
the fuel, using Equations B.16 and B.17. For the composiiaihe flue gas, again, the
theoretical composition after complete combustion is uasdhas been elaborated for the
mass flow calculations.

Cooling tubes heat flow

The heat flow extracted by the cooling tubes is calculatechbydifference in heat flow
of the cooling air at the inlets and outlets of the coolingesib

Qéool = qD*m,cool (CE,cool Tc%ol — Cpair Tair) (B.21)

where the asterisk represents either upper or lower cotlivgs, T, the temperature of
the cooling air at the exit of the cooling tubes [K] aggtoo the specific heat capacity of
the cooling air at the exit of the cooling tubes [JR& ~]. The total cooling air flows to
the four upper and four lower cooling tube f2° and %", [kgs~1]) are measured
separately using two thermal mass flow meters. For the teaahperof the cooling air at
the inlets the same temperature as for the combustion aseid i [K]). At the outlets
of all the individual cooling tubes the temperature is meaduand these temperatures
are averaged for the upper and lower tubes. The specific Bpatities of the cooling
air at the inlet €, air [Jkg™*K~]) and outlets €, cool [Jkg~*K1]) are calculated in the
same way as for the combustion air, using Equation B.19. dta¢ heat extraction of the
cooling tubes is calculated by summing the heat extracatesrfor the upper and lower

tubes,
Qcool = Qgggfr‘f‘ Ql(%,:l)?r (B-ZZ)
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Heat losses

Finally, the unknown, or at least unquantified, heat los@g{[W]) are calculated by
closing the overall heat balance,

(9C| _Nn— . regen stack
E =0= quel + Qalr - Qﬂue - Qﬂue - Qcool - Qloss (B-ZB)
This general heat loss ter@oss includes heat losses to the environment, conduction
losses, losses of hot flue gases through cracks, heat stofeglgeramic walls, to name a
few.

Miscellaneous
Air momentum

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

b
_ R-lbrehea(q)mlfgi]re 2 (B.24)
P°MairAn
where Tyreneatrepresents the measured temperature of the preheated stoonkair [K],
dJEn“g?frthe mass flow of air through one burner [kgbandA, the total area of the burner’s
four air nozzles [rM]. Again, for the molar mass of air a value of 0.0288 [kg/meljised.

Cooling tube efficiency

For the investigation of the furnace performance the cgdiibe efficiency ficool [-]) IS
considered. This efficiency is defined as in Equation B.25,

Qcool
cool= 7T~~~ B.25
Mleool (quel+Qair) ( )

Emissions

The emissions of CO and NO are measured in both flue gas strddmasneasurement
IS in ppm, on dry basis. With the following equation these values ammatized to a
theoretical content of 3%-vol of oxygen in the flue gas,

X0y, air
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wherey; is the normalized mole fraction of specigppm,@3%Q, dry] andx™ the mole
fraction of speciesin the flue gas as measured [pprdry].
Temperature uniformity

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

~ 1N (T-T)\°
Tu=1- N.;( T ) (B.27)

whereN is the total number of temperature measurements positiotieifurnacef; is

the temperature in tH& position andT is the mean of all the temperature measurements.
The value ofT, is between 0 and 1, where the value 1 indicates a perfectlipnami
furnace. In the furnace the temperature was measured wathSythermocouples 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 cotnu®f methane devel-
oped by Smooke et al. is used [98]. This mechanism consigi§ different species and
46 reactions. In the table below the rate coefficients ofdleactions are presented. The
coefficients are in the form of an Arrhenius equation,

k:ATBexp(s—jT_) (C.1)

where k is the rate constant [kmoldm=3], A is the pre-exponential factor
[kmols Im—3K—F], T is the temperature [K]B is the power factor of the temperature
[-], Eais the activation energy [Jkmol] andR is the universal gas constant (8314.472
[Jkmol~1K—1)).

aThird body efficiencies: O =21, H =3.3, b =0, =0.
bThird body efficiencies: O =6, H=2, i 3.
®Third body efficiency: HO = 20.

119



120 Furnaces with multiple flameless combustion burners

REACTION A B Ea
(1) CHy+M=CHz+H+M 1.00e14 0.000 3.5982e08
(2) CH;+ Oy = CHz+HO, 7.90e10 0.000 2.3430e08
8) CHy+H=CHz+H; 2.20e01 3.000 3.6610e07
4 CHy;+O=CHz+OH 1.60e03 2.360 3.0962e07
(5) CH;+ OH= CHz+ H,0 1.60e03 2.100 1.0293e07
(6) CHO+OH= HCO + H,0 7.53e09 0.000 6.9873e05
(7) CH,O+H=HCO+H, 3.31lel11 0.000 4.3932e07
8 CHO+M=HCO+H+M 3.31e13 0.000 3.3890e08
(99 CH,O+0O=HCO+OH 1.81e10 0.000 1.2895e07
(10) HCO + OH= CO + H,0O 5.00e09 0.000 0
(11) HCO+M=H+CO+M 1.60e11 0.000 6.1505e07
(12) HCO+H=CO+H, 4.00e10 0.000 0
(13) HCO+ 0= OH+CO 1.00e10 0.000 0
(14) HCO+Q =HO,+CO 3.00e09 0.000 0
(15) CO+0+M=CO+M 3.20el10 0.000 -1.7573e07
(16) CO+OH=CO;+H 1.51e04 1.300 -3.1715e06
(177 CO+Q=CO,+0 1.60e10 0.000 1.7154e08
(18) CH3+ 0O, =CH3O+0O 7.00e09 0.000 1.0733e08
(19) CHO+M=CH,O+H+M 2.40e10 0.000 1.2055e08
(20) CHO+H= CH,O +H, 2.00e10 0.000 0
(21) CHO + OH= CH,0 + H,O 1.00e10 0.000 0
(22) CHO+ 0= CH,O+OH 1.00e10 0.000 0
(23) CHO+ O, = CH,0 + HO, 6.30e07 0.000 1.0878e07
(24) CH;+ O, = CH,O + OH 5.20e10 0.000 1.4466e08
(25) CHs+0O=CH,O+H 6.80e10 0.000 0
(26) CH;+ OH= CH,O + H, 7.50e09 0.000 0
(27) HO, + CO= CO, + OH 5.80e10 0.000 9.5956e07
(28) H,+ 0O, = 20H 1.70e10 0.000 1.9991e08
(29) OH+H =HO+H 1.17e06 1.300 1.5171e07
(30) H+OQ,=OH+O0 2.20el1 0.000 7.0291e07
(31) O+H=O0OH+H 1.80e07 1.000 3.6928e07
(32) H+O,+M = HO, + M2 2.10e15 -1.000 0
(833) H+O,+ 0, =HO; + O, 6.70e16 -1.420 0
(34) H+ O +Ny=HO;+ Ny 6.70e16 -1.420 0
(35) OH+HQ =H0+ O, 5.00e10 0.000 4.1840e06
(36) H+HO,=2OH 2.50el1 0.000 7.9496e06
37) O+HQ= 0, +OH 4.80e10 0.000 4.1840e06
(38) 20H= O +H,0 6.00e05 1.300 0
(39) Ho+M=H+H+MP 2.23e09 0.500 3.8744e08
40) O+M=0+0+M 1.85e08 0.500 3.9982e08
(41) H+OH+ M= H;0 +M°® 7.50e20 -2.600 0
(42) H+HG=H;+0, 2.50e10 0.000 2.9288e06
(43) HO + HOp = Hy,O0 + O 2.00e09 0.000 0
44) HO0,+M=O0OH+OH+M 1.30e14 0.000 1.9037e08
(45) HOp +H = HO, +H, 1.60e09 0.000 1.5899e07

(46) HOp + OH = H,0 + HO, 1.00e10 0.000 7.5312e06



Appendix D

Combustion air water content

The water content of the combustion air was estimated, simoght have an influence
on the radiative properties at high preheat temperaturée average of the measured
temperature of the cold combustion air of all the experimene., 34 °C, was used in
these calculations.

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

(D.1)

17.67 T,
Psat= 6112 exp< ar )

Tair + 2435

whereTy; is the temperature of the combustion air [°C].
Next, using the ideal gas law, the molar fraction of waterotaps defined as in
Equation D.2,

Psat
Xy = D.2
" P — Psat (b-2)

wherex,, is the molar fraction of water vapour [-] arlis the total pressure [Pa]. The
total pressurg is 101325 Pa (atmospheric) in this case.

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

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

Component Vi (%-mass)

N> 74.03
CO, 0.04
Oz 22.43
H,O 3.49
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Appendix E

Air leakage

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

In Figure E.1 the furnace pressure is plotted for both firinggdes for a period of 200
s. In both firing modes the pressure dip is directly after thigching of the burners, but
in the Figure they are phased for better visibility. It is eh®d that in parallel mode these
negative pressure peaks are significantly larger than ggstad mode.

60 : : :
—— Parallel - - - Staggered
40 | i
!

a ;

20

-

\ 1
kY ~l

Y [
] i

Furnace pressure (Pa)
o

0 50 100 150 200
Time (s)

Figure E.1: Furnace (gauge) pressure (Pa) for a period of 206r parallel and staggered
firing mode.

It is verified whether these peaks can explain the differémtiee oxygen percentage
between the experiments and the CFD simulations. SinceRBes@nulations are steady
state, these peaks (and thus the leakage) are not incagofabm mass balance calcu-
lations it is known that an amount of around 1.8hm’ of air would compensate for the
difference in the @ concentrations.
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The expected amount of air leakage due to the pressuredlitferover a crack is
calculated using Bernoulli’'s law,

%pv2 + phg+ p = constant (E.1)

wherep is the density (kgm?3), v the velocity (m/s)h the height (m)g the gravitational

acceleration (ms?) andp the pressure (Pa). This equation is set up for two positians,

outside the furnace wall (position a) and inside the furn@osition b). Since the total
energy should be conserved the two equations should balance

1 1
épavg+ Pa = 5pr%+ Pb (E.2)

assuming no differences in the height. It is assumed thasuh®unding air is quies-
cent (/5 = 0) and that the density remains constant. After rearraegemquation E.2 is
rewritten as follows,
Vp = @ (E.3)
P

whereAp is pa — pp. The density of the ambient surrounding air is 1.293 Kgémnd the
Apis estimated from Figure E.1 to be 40 Pa. This leads to a wglagdf around 7.9 m/s.

Subsequently, the volume flog@" (m3h~1) can be calculated with the following
equation,

" = Av (E.4)
whereA s the area (). If the area of all the cracks and openings in the furnacettogy
measure 0.001 fn(e.g. an area of 4 cm by 2.5 cm), the total amount of air leakatge
the furnace is 1.89 An—1. This includes the fact that the negative pressure onlyshioid
a period of 2 seconds per cycle of 30 seconds.

Therefore, it can be concluded that the leakage of surrowgrair explains the differ-
ence between the measuregd €dncentration and the concentration merely based on
the comburant flows.
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