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Abstract

Low NQ burner designs for gas turbines, process heaters and domestic fires have
been numerically and experimentally investigated. All ttexhnologiesvere

suitable foroperation on hydrogenand this was a particular theme of the work

on domestic fires. All the desigmgere studiedfor diffusion flames (non-

premixed). Hydrogen premixed flames will always flash baafkd a solution to

this problemmust be found if hydrogn isthe zeracarbon fuel of the future. This
work shows viable solutions to the problem for all thevestigatedapplications.
Hydrogen diffusion flame designs for domestic firesrera rather difficult design
problem, as all current fires operate partlly premixed.

Equilibria software was used for the investigation bfdrogenoperation at the
same flame temperature conditions as for propane and natural gasgas

turbines and domestic fired'his showed that hydrogen has to burn leaner.
Equilibrium modelling was also used for predicting the operating conditions with
fuel switching for glass melting furnaces that use large diffusion flames injected
into high velocity very high air temperaturegts. The aim here was to predict
changes irthe composition of the gases above the glass melt for hydrogen
compared with natural gas and other renewable fuels.

Gas turbine dw NQ grid plate flame stabilisers withfour axial air jets were
investigatedusing CFD. Tiefuel injection location relative to the air injection was
studied forits influence on fu# air mixing, flame developmengnd NQ emissions
for rapid fuel and air mixing downstream of the flame stabilis@the geometries
aerodynamics, mixingcombustionand NQ were studiedwith RANS model|s
which were compared against the mean exit plaaed with axial profiles
previously obtained experimerlly onpropane fuel in a desigoalledGrid Mix.
The CFDwork was carried outat modern high firing temperature low NOx gas
turbine flow conditions,with 100% of the combustion air passing through the
flame stabiliser at a combustor reference Mach numlzér0.047 for a heat release
of 28BMW/meébar. Reasonable agreement was shobgtween experimental data
and simulationfor this very high flame stretch combustion conditiofhis is the
first time CFD has been applied to these GT combustion condit@ns.othe GM
designs was investigated for hydrogen combustiand its application on a
commercial burner showing goodgreement.

Domestic fires for dual fueleanlow NG combustion operation on natural gas
and hydrogen were investigated in new diffusion flame designs for three different
natural draught fires. Fuel and air mixing was enhanced using impingement of
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fuel jets on ceramic surfaces. Rich/lean combustion, intdrgas recirculation
and fuel staging were all shown to be effective in producing lowkE@issions.
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Chapter 1. INTRODUCTION

1.1 The Role of Hydrogen in achieving Net Zero Greenhouse Gas
Emissions

The KyotoProtocol was an international treatythat extended the 1997 Unitel
Nations Framework Convention on Climate Changé wasadopted in 1997 to
reduce emissions of gases thatause of global warmingmostly CQ[1], and
human energy consumption is responsible for most of the increase in €0
emissions. The Paris Protocol in 2015 established that an increasemore than
2°C would bring catastrophic damage. A lonterm temperature goal is to keep
the rise in temperature below that number but prefer to limit that rise to 1.5°C.
This agreement also stated that emissions should be reduced as soon as
possible, tageting a 50% C®@reduction by 2030 and reaching netzero values
by 2050[2]. According to the Glasgow COPZ28], 55 Billion metric tons of CQ
are being released into the atmosphere every year. The agreement aims to
reduce more than 7% of the greenhouse gases every year for the next decade.

Figure 1-1 shows the UK's reduction irenergy use and hence C@missions
since 1990 The total final energy consumption came down 13% in 2020
compared to 2019 due to the impact of the Covid9 pandemic. The transport
sector was affected 29% and the industry sector 6.2%. The overall final energy
consumption adjusted to temperature was 1% was lower than the year before
in 2020 [4] . Electricity generation went downin 2019 similar to the financial
crisis in 2010. At approximately 6300 TWh gas turbines generated 24% of the
total global power by 2020[5] 43% in the UK (Chek DUKES 2021 numbergs
Figure 1-1 also illustrates the significant contribution of domestic and

industrial energy use, which are addressed in this research. Green electricity
through hydrogen-fuelled CCGT (Chapters 5 and 6), decarbonisation of industry
heat through process burners operatd on hydrogen (Chapters 5 and 6), with
fuel switching to hydrogen and biofuels in the Glass Futures project in Chapter
4. Decarbonisation of domestic heat using hydrogen gas fires is the theme of
Chapter 7.

Figure 1-2 shows the source of fuels for electadity production, where in the UK,
natural gas (NG) is the only significant fossil fuel used today in the combined
cycle gas turbines (CCGTIf. hydrogen s to be producedby electrolysis from
renewables such as nuclear, wind or solar plantsyél switching to hydrogen for
CCGTs enables net zero to be achieved in electricity supply. The increasing
proportion of renewable energy requires an energy source counterbalancing
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the intermittent nature of solar and wind energies. Currently, this is NG for
CCGT, aslustrated in Figure 1-2. Natural gas in CCGT must continue being
used for the grid to operate with a large proportion of intermittent wind and
solar, as illustrated inFigure 1-3. Currently, no replacement technologies are
being developed to balance the grid demand. Thus tlife electricity supply is to
be zero greenhouse gas (GHG) emissions, a solution is needed to tackle this
problem, and fuelswitching to hydrogen in CCGTs is the solution.
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Figure 1-1. Final energy consumption from 19902020 [4]
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Figure 1-2. Electricity energy source variaton from 1998 to 2021 [6]
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Hydrogen also offers the possibility of energy storage by electrolysis which can
absorb surplus renewable energy by using it to generate hydrogen for energy
storage.
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Figure 1-3. Intermittent operation of NG CCGT to balance the Grd]

One of the main routes to zews GHG emissions is the fuel switching to green
hydrogen, which is part of the UK Government's strated]. This fuel
switching to hydrogen can be achieved using nuclear renewable electricity to
generate hydrogen by electrolysis. Howeveno gas turbines, process burners,
or domestic fires operate with hydrogencurrently other than experimentally.
The UK government is closing this gap by providing funds for demonstian
projects, and this research is part of four BEIS funded fuedwitching
programmes, as detailed in the acknowledgnents.

1.2 Considerations for hydrogen combustion.

The Wobbe Index (WI) is a parameterecently used to compare
interchangeability of two different fuel blends defined as the ratio of the ground
calorific value to the square of the specific gravity of the gas mixturtn the
1920s the concept of heating value over square root of density was used for
fuel interchangeability, where the Wobbe index predecessqror the Gindex

was established9]. The WI is expressed in the same units as the gross
calorific value (MJ/m3). In the UKthe WI for natural gas is kept in the rangefo
47.2-51 MJ/m3[10].

If two fuels have identical Wobbe Indites, forthe same pressureand valve
setupthe thermal energy input will be also the same-However, thepressure

and WI are not the only parameters needed to achieve a successful combustion.
Burning velocities and flame temperatures are also important[11], [12].
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Figure 1-4 shows the heating value and Wobbe Index variain for different
concentrations of hydrogen in a NG blend. As observed the heating value
follows a linear trend whereas the WI has an inflection point at 80%Also it is
possible to observe that the WI will be identical for a 100% #Hcompared to a
35% H2/6 5% NG blend.
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Figure 1-4. Wobbe Index and heating value variation for NG/kblends

A dual fuel burner using hydrogen and natural gas is possible since the Wobbe
Index for hydrogen is 48.5 MJ/n# [13]. Same burner holes for both fuels allow
the passing of approximately the same ammt of energy[14]. More detail can
be found in Appendix H.

A0 OOOAET AO AT A POT AAOGO EAAOAOO AAI
premixed flame since there is a risk of flame flashback given theduced
guench distance of hydrogen of 0.6mmompared to methane of 2.2mnjl15],
[16]. The flammability limit of hydrogen is 475%, wider to other gases such as
methane (515%) [17]. Diffusion systems are usually employed for safety
purposes given their reduced propagation speed.he burning velocity of
hydrogen is 2.65 m/s compared to 0.4 m/s ofnethane for stationary gases. But
at turbulent conditions faster velocities are achieved. And this increases the
pressure[15]. However, hydrogen combustion is dependant on the
concentration of hydrogen in the fuel, the burning velocities are slow for
example if the concentrationare below 8%. For a concentration above 20%
intense combustion is achieved18].

O 1/

Qu

The phenomena of acoustic pressure oscillations has been a plem in the
development of ultra low NQ gas turbine combustors. This problem is common
in premixed systems and arises by having all the combustion air passing
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through the stabiliser at an intense heat release above 190(JK9], where the
frequency of the vortex shedding triggers tke resonance, making in some cases
the flame stabiliser essentially unstable. Operating too rich in the primary zone
is another factor that generates resonancf0], and this is why premised
systems usually present this problem. The solution to resonance is the
adequate design of the flame stabiliser in order to alter the turbulence
production, or operating at lover pressure drop, and running at lower
equivalence ratios . However, the present work for Gi§ for a low NQ non-
premixed combustor at a Exit=1800K for both hydrogen and propanewhich is
just under acoustic resonance.

For the three applications: gas ttbines, process burnersand domestic gas
fires, increased NQemissions are expected with hydrogen due to the higher
peak flame temperature than NG (as shown in Chapter 4). A major topic of this
research is the development of hydrogen flame stabilisers i low NOx
emissions. Increasing the N@emissions standards to facilitate the use of
hydrogen for green heat and green electricity will not be permitted. Tis
research's experimental and CFD partsoncentrate on developing burners with
low NOcemissions,as hydrogen is not a viable green fuel unless low N@an be
achieved.

This project predicted NQ emissions for hydrogen combustion for grid plate
type flame stabilisers that had previously been shown to have ultrlow NOx for
gas turbine applicationusing propane fuel These were referred to as Grid Mix
(GM)[21] z[25] and were similar to the hydrogen designs used by York et.al
[26], [27], which were well predicted in this work. The development of three
types of domestic fires for low N@hydrogen combustion is also presented,
which use several lowNOx design techniques reviewed in Chapter 2.

In the Glass Futures fuel switching BIS project, the safe operation of a furnace
at glass melting conditions was demonstrated on hydrogerHowever, it
showeda large increase in N©emissions compared with NG, as the burner
design used the same location of the fuel lances and only changed itijection
hole diameter to achieve the same flame leng{28] . This has also been
observed by Dreizler, et a[29]. They used external EGR to reduce the NO
levels in their combustor.In the present work, we demonstrate burner designs
for achieving low NQ with hydrogen that do not require the use of external
EGR. This thesis shows that burners can be designed to have low NI©®
hydrogen for gas turbines, process burners and gas firddowever, smply
operating the existing NG burner on hydrogen may result in significant
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increase in NQ, which the above examples indicate could ken increase ina
factor of 2z 10, which will never be permitted.

Process burners operate closer tgtoichiometric to achieve the best thermal
efficiency, which makes reducing NQdifficult due to the high mean
temperature near stoichiometric combustion. The classic method of reducing
NCOk in these circumstances is to stage the air injection to achievech/lean
combustion (as reviewed in Chapter 2). This has modest N&@duction,and a
better method to achieve low NQis to use axial staged fuel injection, with the
first stage operating very lean, as for low NfOndustrial gas turbine, and thus
the low-NOk design techniques for lean combustion can be applied. The second
stage fuel injection occurs aftecompleting the first stage combustion with
axially staged fuel injection. This second stage fuel burns in the combustion
products of the upstream lean combstion, which is effectively a method of
achieving very high internal gas recirculationin future work (Chapter 8), this
design will be developed as a low Nhydrogen burner for the zero-carbon
operation of Whisky distilleries. Currently, there are no canmercial
applications of axially stage fuel combustion in the open literature, apart from
that used in some gas turbine designs for lean overall combusti@xplained in
2.2.3.

Modern power generating gas turbines operate at the highest possible exit
temperature to work at the highest possible thermal efficiency and lowest GO
State of the art is the current operation at 1800KL900K in the J class CCGT
plants first developed by MHI in Japai30]. These high firing temperature
plants can only achieve Ultrdow NOx if all the combustion air passes through
the flame stabiliser. However, in the MHI workthey could not deliver low NQ
on natural gas at these high firing temeratures and used 35% externaéxhaust
gas recirculation EGR into the air compressor inlet to achieve the legislated
required NO« [30]. This illustrates the difficulty of a lean burning flame
stabiliser design solution to low NQ emissions for high turbine entry
temperatures. Chapters 5 and 6how that low NO« can be achievedit these
high temperature operating conditions with the Grid Mix flame stabikers using
aninternal grid plate fuelling each air hole.

It is common to developlow NGOk gas turbine combustors at atmospheric
pressure. There is no thermal N@generation for combustor exit temperatures
up to 1800-1900K, resulting in no pressure influene (as reviewed in Chapter
2). However, only successful low N{&ombustors are tesed at high pressure
due to the elevated cost. Process burners for heat applications obviously
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operate at atmospheric pressure ® the present experimental and CFD work is
equally relevant to low NQ process burners ad gas turbines.

1.3 Equilibrium predi ctions

CFD predictions of combustion should, if the combustor is long enough
(residence time high enough)reach equilibrium. The gas composition should
be the adiabatic equilibrium if the combustion is complete prior to any heat
removal, as in gasurbines and the proposed process burnersThus, knowing
the adiabatic equilibrium flame temperature and gas compositiohelps
validate CFDpredictions. Also, to demonstrate thathe distance to reach
equilibrium is the flame development length, whichshould be shorterthan the
combustor length.

Severalpiecesof equilibrium software have been developed in the past, where
the most common areGasecand CEAThey have been widely used for
combustion purposes, including gas turbinegi81]z[33]. However, they have not
been usedto study domestic fires or the glass melting sector. The equilibrium
software can predict he adiabatic flame temperature and product composition,
including equilibrium NO emissions.

Equilibrium programmes also predict the equilibrium NQ, which is the NQfor
infinite residence time. Usually, combustors are not long enough to reach NO
equilibrium, but in glass mdting float glass furnacesthe gas temperatures are
so hot that equilibrium is achieved in a relatively short distance. Thys
equilibrium codes can predict trends in equilibrium NQ, such as the influence
of inlet air temperature, equivalence ratio, water addition, etc. iAthese trends
were explored in Chapter 4.

In addition, equilibrium software can take an adiabatic composition in the near
stoichiometric high-temperature region and predict the change in gas
composition as the mixture is cooled. This feature of equilibrium codes is rarely
investigated but was used in this work as cooling is a feature of all combustion
systems.Additionally, operation at low excess oxygen is requim for process
heating burnersfor the highest thermal efficiency In this application, cooling in
boilers or water heaters reduce the CO due to reassociation chemical
reactions. This feature is shown in Chapter 4 to be critical in predicting the gas
composition above the glass melt in glass melting float glass furnaces. This was
used to predict the change irthe product composition using hydrogen. A

matter of concern was the water content of the product gases, particularly
hydrogen, wherean increase coull influence the glass quality. The predictions
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in Chapter 4 were shown to effectively predict the gas composition above the
glass melt for natural gas and hydrogen.

Gas turbine combustors operate at elevated air temperatureand chemical
equilibria are required for different air temperatures up to 800K in gas
turbines. In addition, some process heat applicatioause thermal heat
exchange between the exhaust gases and the inlet targenerate very high air
temperatures. Thisis the glass melting industry situationwhere regenerative
heat exchange between the outgoing burnt gases and incoming air is used to
create air temperatures up to 1600K.The equilibrium composition for air
temperatures from 300 to 1600K in intervals of DOK was part of this work.

This thesis is concerned with fuel switching from NG to hydrogerstill,the BEIS
fuel-switching programme includes switching to biofuelsand so in this work
the adiabatic flame temperature and gas composition have been predsct for
several fuels.Fuel switching ains to operate a burner or system such as glass
melting furnaces (Glass Futures project) using an alternative fuel at the
equivalent flame temperature amatural gas.Higher excess oxygeis required
for hydrogen and lessfor biomass fuels as shown inChapter4.

Biofuel diesel (biodiesel) offess an expensive but effective solution to reducing
fossil fuelsand decarbonisation. A generic blend of biodiesel was studied with
the equilibria software. The Glass Futures fuedwitching programme has
successfully operated a glass furnace on biodiesel.

Glycerol is the cheapest biofuel available which offers a viable solution for
decarbonizing heat. Roughly 11% of the vegetable oil used to produce biodiesel
is rejected as crudeglycerol [34]. This fuel is often overlooked and disposedf

as a waste product. This was why it was investigated for the glass melting
industry and is currently being investigated for applicationsin the distillery
industry. As an additional contribution, this fuel was investigated for a mixture
of water/glycerol for water removal in the Whisky distillation process. Water

is sometimes used for N@reduction in combustion systemsas explained in

2.2.6. Still,contaminated water is a big waste product in distilleriesso
destruction in the burners is a costeffective waste disposal method.

Ethanolis an alternative to achievingzero carbon It is available with
immediate effect as it § obtained directly from biofuels for adding to gasoline
Currently, 10% ethanol in gasoline igequested[35]. Pure ethanol and
ethanol/gasoline burn cleanly and make a good Sl engine fuyéb]. Ethanol was
a possible fuel switching for the glass melting industry and is a green fuel for
use in the distillery heating process
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Methane and natural gas were studied as methane is not a practical fuel and
natural gas is a complex mixture of methaneith higher hydrocarbons and
inerts. A natural gas composition provided from records at the Guardian Glass
plant at Goole was used fothe average of a montts supply. In this thesisonly
natural gas results are presented. The methane equilibrium calculations were
undertaken and the results obtained were very similar to those for natural gas.

The pipeline hydrogen composition was assuneto be obtained from the

steam methane reformer for natural gas. Whereas pure hydrogen is obtained
from electrolysis. So pure hydrogen and pipeline hydrogen (from Hy4Heat WP2
Z BEIS) were predicted.

Finally, the CFD simulations in Chapter 6 using proparveere validated with
the equilibria software. This activity was undertakenbecause the experimental
work with internal gas composition traverses was undertaken with propane.

1.4 Grid plate flame stabilisers for gas turbines

Perforated plates, also known a grid plates, are flame stabilisers used in some
low NGk gas turbine combustors Thes technologiescreate interacting shear
layers that are used to rapidly mix fuel and air, with the fuel injected into each
air hole in the grid plate, achieing low NOx emissions. Grid plate flame
stabilisers were the first premixed system to achieve low NCemissiong22],
[36]. Andrews et al[21]z[25] have demonstrated the principle ofdirect fuel
injection in grid plates by fuelling the air jets passing through the stabiliser
holes.Also, £veral companies haveshown the use of grid plates in their
combustion systems, and there has been a renewed interest in using these grid
plate techrologies for hydrogen combustors. The FLOX burner, originally a
process burner, includes a grid plate with central axial fuel injection in each
grid plate air hole[37]. The Hitachi Multicluster burner features an array of
various grid plate airholes with a central fuel injection[38]. Some studies have
also shown grid plates in hydogen combustion[26], [39], [40]. Lastly, some
process burner designs have demonstrated the use of grid plate burneMore
detail about these technologies is provided in Chapter 2.

The Grid Mix flame stabilisers were fuelled with two methods ahjecting the
fuel into the air: radially inward using eight fuel jets per air hole (GM1) and as
an annulus around each hole (GM2). This was achieved using hollow grid
plates, which acted as a fuel plenum to feed fuel into each air hole. All the air
neededfor combustion passed through the Grid Mix flame stabiliseilhe
combustion processmust be carried out as lean as possibletachieve low NQ.
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Also, agood lean flame stabilitymargin is required to achieve bw leanNCGx.
This was shown experimentally in previous work by Andrews an@ co-worker
[21]z[25] to have good flame stability so that operation in the lean low NO
region could be achieved. The GM2 design had better flame stabilityaththe
GM1 design but higher N@ This was the databasehere the CFD prediction
procedures were validated inChapters 5 and 6.

A combustor with all the airflow through the stabiliser operates at a reference
Mach number, M, of typically 0.05 based on the combustor flow area at the air
inlet temperature. In Andrews's work, M was 0.047and the heat release was
28 MW/m2bar. Modern low NQ combustors designed for high firing
temperatures should have a heat release of arouncb2MW/m 2bar. Still, most
low NO combustor work has operated at conditions around 15 MW/rbar or
lower in many cases15 MW/m2bar represents 60% of the combustor airflow
passing through the flame stabiliser. In the present worjall the combustion air
has to pass through the flame stabiliser and operation at 28 MW/#bar is
necessaryfor 1800-1900k flame temperature operation at low NQ. This is a
new application for CFD as no previous application of CFD has been applied to
such highintensity combustion for gas turbine applications.

Axial central fuel injection on each stabiliser airhole has been experimentally
and numerically investigated for FLOX burner§37], [41], [42]. A large central
burnt gas recirculation zone between a annular ring of air holeshas been
demonstratedto createhigh IEGR. This alternative method of fuelling each air
hole in a grid plate has been modelled using CFD in this wodalled GM3, as it
uses the same grid geometry as for GM1 and 2.

York et al.[43], [44] showed the use of a grid plate flame abiliser, similar to
GM1 but with elongated mixing tubesachieved ultra-low NGk levels for
hydrogen combustion. These results were modelled in the present work using
GM1 with the hole length extended in proportion to the geometry of York et al.

Pressurelossis an important aspect of low NO« gas turbine combustionthat
caninfluence low NGO« gas turbine combustorfuel and air mixing as it controls
the turbulent energy generated by the flow, which also controls the turbulent
burning velocity. The burner blockage or porosity which directly affects the
contraction coefficient of theflow through the flame stabiliser holes, it is the
flow expansion from the vena contracta that controls the pressure loss

~ s s N -

The experimentsand predictionsx AOA AAOOEAA 1T 0606 , A0 A
which are the typical range used in gas turbines. Any higher pressure loss

yor
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deteriorates the cycle thermal efficiency and lower pressure loss lead to poor
flame stability and poor combustion efficiercy.

Gas turbines combustors operate at high pressure, but for lean well mixed
combustors with primary zone temperatures below about 1900K, pressure has
little effect on NOx which is why the present experimental work was carried

out at atmospheric pressureThis is for several reasons: for lean mixtures
pressure has no effect on flame temperature below about 1900K as dissociation
is insignificant and this leads to very low levels of atomic oxygen, which is a key
part of the thermal NOx formation. Pressure des have an influence on thermal
NOXx for richer mixtures with higher flame temperatures and experimental
studies show that this is a square root dependence. Also, pressure reduces
dissociation so the availability of atomic oxygen in the thermal NOx generan

is reduced for flames with temperatures above 1900K. Pressure will increase
NOXx if the mixing of fuel and air is poor so that even though lean mixtures with
<1900K is used, the unmixedness creates local hot zones that give rise to a
pressure dependene of NOx. This is why in the present work CFD predictions
of isothermal fuel and air mixing were made, as operating a primary zone lean
for low NOx is not sufficient, as it must also be well mixed. Hence, the work on
isothermal mixing predictions for different methods of fuel injection into the
same grid plate aerodynamics was undertaken. The worst fuel and air mixing
fuelling positions were shown, by CFD and experimental measurements, to
have the highest N@

This thesis shows the use of validated CFD parametrically investigate and
improve existing gas turbine and process heaters designs and apply it to low
carbon combustion such as hydrogen. The work is directed at the latest gas
turbine's highest firing temperature conditions, which require all the ar to pass
through the grid plate. This leads to very demanding high turbulence and high
velocity jet flames, as reviewed in Chapter Experimentally , for GM1 and GM2
no resonance was encounteredo this was not modelled with CFDThe richest
equivalenceratio investigated by Andrews and Al Dabbagh was just at the

onset of resonance, but these parameters are not part of the scope of this thesis.

1.5 Computational fluid dynamics for low NOx combustion

In recent years computational fluid dynamics (CFD) haseen widely used by
academia and industry to improve combustion systems and understand the
flame structure in low NG flame stabilisers. For example, CFD has been able to
predict temperatures and NQ formation. Additionally, it has allowed the
prediction of fuel and air mixing, which is very useful given that the flame
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unmixedness is usually the problem of high N(emission. So once correct
prediction of the mixing, it is possible to predict the flame temperature and NO
emissions.

Using different combuston models, various researchers have successfully
investigated turbulent combustion for premixed [3%36] and non-premixed
combustion [37z39]. NO« modelling is strongly dependent on temperature
prediction and mixing quality. Phil King studied combustion andNOx prediction
for non-premixed combustion radial swirlers with radial vane passage fuel
injection [45]z[47] at a Mach number 0.03, 40% less than the conditions
studied in this thesis.Figure 1-5 compares the CFD prediction for flame
temperature with experimental measurements from gas composition
measurements using radial gas sample traverses at different axial distances.
The bottom of each diagram is the combustor centrne and the top the
combustor wall.
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Figure 1-5. CFD output for temperature prediction (a) compared with
measurements (b) from King et al[46]

One of the main contributions of this thesis is the achievement of predicting

combustion at high combustion intensities of 28 MW/mbar for low lean NOx at

high turbine entry temperatures, which has not been done previously.

1.6 Innovative domestic fires for dual fuel applications

Domestic fires are the lowest cost domestic heating appliance with a capital
cost of around £300 and simple user hdaontrols. Because of their low price
they are used bythe poorest in society Unless these can be developed to work
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on hydrogen, low-cost decarbonised heat will be unavailable, increasing fuel
poverty and deaths due to hpothermia.

By 2022 the estimatedUK domestic space heating marketas worth £338

million, with gas space heating having a 33% share, supported by an ever
increasing number of UK homes on the gas gr[d8]. In terms of Units for Fuel
Effect fires this means some 230,000 per yedgd9], but with the diversity in
product specifications and prices, this needs treating with caution, though the
overall position is one of consistent growth. The market size for domestic space
heating has been growing at a stely 3% per annumwhich is expected to
continue [50] . Fuel Effect Fires account for around 44%f the space heating
market, supported by product innovation and higher value aspirational designs
[51].

The BEIS Hy4Heat project was developed by a group of companies led by Arup

LTD commissioned by the Department for Business, Energy and Industrial

Strategy (BEIS) to demonstrate the safe use of hydrogen for heating in UK

households. The main goal wastestablish whether it was possible to replace

the natural gas supplywith hydrogen forhomesand gas appliancedNine work

packages were developed to do satarting from the technical management to

the demonstration of the technologies. Ontunded areax A O @ AEAERIA,08 A£E O/
with a contract for three fires awarded to a consortim led by Clean

Combustion System (CBS) Ltd with the University of Leeds leadjon the

technology. Chapter 7 of this thesis is the results of this research.

Three types of "coal effect” gas fires were investigated in this work: open fires,
glassfronted fires and flame effect innovative fires.

1.6.1 Open fires.

Open fires are the heapest domestic heating and are designed to look like coal
fires with ceramic 'coals' heated by premixed gas/air flamegyiving glowing
ceramics and some post ceramic gas flames. The ceramics do not get consumed
by the fire. The air supply to the premixedlame is controlled by an orifice in

the base of the fire. Open fires have the front of the fire open to external air
from the room and entrain large amounts of air above the fire zone so that the
oxygen level in the flue is at 120%. These fires are rib lean in their operation
with axially stage air with rich premixed combustion below the fire and lean air
admission above the fire. These fires can leak CO into the room, which would
not happen with a hydrogen flame as CO cannot be produced. This is a
significant advantage of hydrogen fires, as many more people die of CO
poisoning from gas heating than gas explosior{52].
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The industrial link for this fire was with Focal Point using their appliance as the
fire to be demonstrated on hydrogen. The model used was the Focalpoint
Blenheim Slimline fire with a heat output of 3.2kW and 1.8kW on low heat. This
is one of the UK's topselling open gas fires (70,000 units sold since 201[H3].
The NQ emissions are 128 mg/kWh at high heat, whicls below the EU
Ecodesign requirement for these fires of 130 mg/kWHh54].

1.6.2 Glass fronted coal effect fires.

Glassfronted coal-effect fires have the air supply to the fire controlled by the
size of an air inlet below the fire, and the front of théire is sealed with a glass
door so that there is no entrainment of air above the firebase. These operate at
flue gas oxygen levels in the-80% region. The use of ceramic coals is similar to
the glassfronted fire but manufactured of different shapes.

The Legendfires Evora balanced flue fire was the reference appliance, one of
the UK's topselling glassfronted gas fires, currently selling 1000 units per year
[55].

This appliance is available with Class 1 brick built chimneys, Class 2 twin wall
systems and concentric balanced flue. The fire fits in a standard 16"x22"
opening. The fire heat output is 3.8kWand the heat input is 4.5kW gross and
4.1 KW net. This gives thermal efficiencies of 84% gross and 93% net, one of the
best efficiencies for this type of fire. This appliance has been designed, tested
and manufactured to BS EN613:2001 +A1l: +C1:2008 relatj to balanced flue
appliances. Ignition iscarried out by a piezo spark Legend has currently sold
7500 units in the UK alone, making this awaravinning fire one of the UK's
best-selling glass fronted fire§55]. This reference firewas suitable for
developing a dual fuel hydrogen/NG appliance with a standard burner and fuel
system, where hydrogen burned over abroader range of equivalence ratios ()
than NG Hencepower turndown was not a problem for hydrogen.

1.6.3 Flame effect or Innovative Fire

The BEIS funding awarded for this work was for a hydrogen fireith

innovative features and the CBS constia funding was for a fire that did not

use ceramic coal effects. However, ceramics could be used for heating without
having a coallike effect.A class of NG fires usessible diffusion flames that
flicker in a relatively large volume. The present wik presentsthis appliance

for a diffusion flame against a neawertical ceramic wall to generatean

attractive flame. At the time, BEIS advicfb6] was that this would be impossible
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as hydrogen flames had poor visibility. Hydrogen diffusion flames are nen
luminous, given the lack of soot radiation but not invisible. Omof the oldest
references on hydrogen diffusion flame$57] reported the visible flame length,
confirmed in more recent work[58]. The casultants who advised BEIS were
clearly unaware of this[56] . They advocated that BEIS should fund a
programme on making hydrogen flames visible and stated that the lack of flame
visibility could make hydrogen use impossible for domestic applications,
including cookers and fires.

The innovative aspect of the work inChapter 7 was that the fire compartment
was made so the air supply was as far as possible from the fuel injection holes
to give the best rich/lean combustion for low NQand with internal reverse

flow so that the diffusion flames burnt in a reduced oxygen atmosphere which
reduced the NQ emissions further giving enhanced colour to the flame. NO
reduction for hydrogen flames was at the heart of the burner design process.

1.7 Combustion pollution and its effects

NCOx emissions are the critical factor in hydrogen burnes, given thesevere
health and environmental effectdNCx emissions causeNQ impairs lung
function, forms ozone withvolatile organic compounds(VOC)emissions,
sunlight [59] [60] and heatcreating acid rain [61] , which deteriorates plant
and tree growth.

After diffusion to the stratosphere, it also causes ozone depletiomcreasing
skin cancer from increaseds 6 OAAAEET ¢ OEA AAOOEGSO
hydrogen will not be allowed to be operated unless the burners meet current
and future NQ standards. Itwas shown in s.1.2 thagtll current hydrogen
burners increaseNCx relative to the equivalent NG burneby a factor of 3 or
more. Asignificant achievement of this research is to design hydrogefuelled

fires that are well inside the current standard for ga fires of 130 mg/mg.

The ozone formationfrom NGOk emissions has two impacts: ozone is a pent
greenhouse gas, two thousand times more active than €for the same ppmv
[62]. Alsq ozone reduces lung function and irritates the eyes.

Carbon monoxide indirectly affects the climate forcing since it elevates
concentrations of direct greenhouse gases such as methane ¢Ckind
tropospheric ozone[63]. In addition, CH combined with CO depletes the
hydroxyl radical (OH), minimising its functionin removing Oz [64].

Table 1-1 shows the effects of the 1@rimary air pollutants. First, the local
impact covers the emissions that harm directly human's health, followeldy
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regional consequences like acid rain and ozone. Lastly, the global effects like
the ones produced by @

Some of the discussed pollutants can directly affect human health, such as
carbon monoxide (CO), reducing blood capacity to transport oxygd66]. Or
the ozone that can cause asthma, bronchitis, and other cardiopulmonary
problems[66], [67].

Table 1-1. Local, Regional and Global Effects of 10 main pollutari&5]

Impact PM Llead | S@ | NOk | VOC| CO | CH: | CO | NoO | # &#
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15
>
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>
>

greenhouse
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-Direct
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effect

-Stratospheric O 3

[}
>
5

depletion

Interim effects of exposure to N© are susceptibility to respiratory infections
and inflammation of respiratory airways. But it can also worsen symptoms of
those suffering from heart or lung diseas¢68]. Additionally, nitric acid vapour
droplets can penetrate lung tissue and cause emphysema, bronchitis, or even
cardiac infarction [69].

NGO« emissions have dropped 76% since 1970 to 702,000 tonnes in 2020. This
reduction has been caused dut® progressive removal of fossil fuels for energy
generation and improvements in the automotive industry{68], [70]
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In Europe, the most important sources of N&emissions by 2019were road
transport, with 39%, energy production and distribution, with 16%, and the
commercial, institutional and households sectors with 14%71] . Figure 1-6
shows the total NQ production by different sectors. The composition of the
exhaust gases generated by the combustion processes depends onftles type
and the conditionsunder which the combustion is carried outSince ®me of
the gascomponents are air pollutants therefore, should be eliminated before
releasing the gas into the atmosphereecial extremely slow and expensive
cleaning procedures are required, such as the Selective Catalytic Reduction
(SCR) process and special measurements related to combustiokelithe
provision of air by stages, are used to reduce nitric oxides in the combustion
stage[72].

The NQ production in the UK has also been reduced for the most critical
sectors. The implementation of SCR and more stringent regulations have
dropped the NQ levels to less than a quarter of the produced in 1990, as shown
in Figure 1-7. However, 42% of the emissions ifrigure 1-7 are from the areas
addressed in this reseath, electricity generation (NG CCGT), industrial heat
and domestic heat. This is why the use of hydrogen in these sectors will not be
allowed to compromise the reductions achieved in NGemissions over many
years, as summarised ifrigure 1-7 [65].

Agriculture
8 % Energy
_ production and
Industrial distribution
processes and 16 %
product use
3%

Non-road / Energy use
transport _ inindustry
99 12%

Commercial,
institutional
and
/ households
Road transport 14 %

39 %
Figure 1-6. European mass distribution of N@in ambient air [71].

Emissions from energy plants and industrial process burners have dropped
considerably, given the constant development of new renewable energies and
the reduction of carbonbased energy sourcef68] . Asan additional fact,
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heating production accounts for almost half of the totaénergy consumed in the
UK[73].

Approximately 760TWh are produced in the UK to provide heat, and roughly
60% of this hea is used for domestic heating purposeg73]. With over 280
thousand km of gas pipe around the country, the UK gas grid feeds around 24M
customers[74]. Fuel swiching the gas grid to hydrogen is the most cost
effective way of decarbonising heat and electricity and is crucial to the
achievement of netzero.
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Figure 1-7. Estimated annual emissions of N&n the UK n kt 1990-2019[71]

1.8 Legal framework and requirements for process burners

In most areas of the world, boilers are requid to achieve what's known as
ultra-low NGOk levels.For example, the EU Ecodesign regulatiofS4] for small
residential gas boilers demanded no more than 56 mgxkWh levels from

2018. For gas fires, 130 mgo/kWh is allowed [75]. For natural gas (NG) with a
calorific value of 50MJ/kg the requirement is 13.9 guo¥GJ for an emission
index of 0.78 gioXkg fuel, which gives 27ppm at 0% @ The demand for
California USA is 5ppm at 0% £]76].

The European Industrial Emissions Directive sets the regulations for industrial
burners, which the UK still complies with.They establishedin 2016 a limit of 50
mg/m3or 25 ppm NG at 15% oxygen in mass concentratiofior combustion
plants of thermal input above 50MW Forplants with thermal input below
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1MW, the equivalent limit was 200mg/n® at 3% Q [77]. There is currently no
regulation for thermal heating plants or power generation plants between the
eco standard regulations (at 0% oxygen) and 1 MW. However, Europe is
working on the development of regulations for this setor.

NGOk regulations for electric power generation gas turbineshave been less than
25 ppm at 15% Q for decades. Nevertheless, current requirements are less
than 10ppm in many world areas78]. And in some places like CalifornidJSA,
the demand is less than 2.5 ppf9], given the smog problem that arose in the
70's [80] . All regulations for NQ emissions for industrial gas turbines are
referenced to 15% of oxygen level.

The use of reference oxygen corrections for Nn electricity generation CCGT
plants and process and domestic heat (15%, 3% and Q%&spectively) is not
sensible as the oxygen reference level was set1970s technology and there is
no reward for gains in thermal efficiency. This isnainly a problem for domestic
fires that operate at much higher oxygen levels than 0% oxygen, resultimng a
significant correction. It would be preferable to legislate in mass emissions per
unit of work, power or heat produced as is done in road transport and aircraft
emissions. Aereengineemissions regulations are igNQJ/KGfuel, and road
transport emissions are in units of g/km for passenger vehicles or g/kWh for
truck engines. There is no corretion to a reference oxygen level. If the thermal
efficiency is improved, less fuel is usedesulting in lower mass emissions.
Hence, g/kWh units are preferable ® g/km. Unfortunately, massbased units
are not used in Europe for electricity production and heat production,and only
Canada has sensible units ofg/MWh electric.

1.9 Research gaps

1. Fuel switching to hydrogen in CCGT offers a viable solution for electricity
supply if the aim is to be zero greenhouse gas (GHG) emissions, which is part of
the UK Government's strategy8]. Currently,no gas turbines areoperating on
hydrogen for zero-carbon electricity, and part of the reason is concern over
increased NQemissions. So there is a research gap on hydrogen combustors
with low NOx for CCGTsThis is a larger research gap the higher the firing
temperature of the gas turbines, with the J class 63% thermal eflency CCGTs
the most difficult due to the combustor outlet temperature being 1900K or
higher.

2. For modern gas turbines with a high firing temperature of 1900K or higher
there is a research gap as dry low NOx designs are very difficult to achieve low
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NOx with NG, as the mixing of fuel and air has to be near perfect. In the first J
Class 2000K gas turbine it was assumed that this could not be achievEdr the
MHI J class 2000K35% external EGRwvas usedvia awater cooler into the
compressor inlet tooxygen concentration, which reduced the flame
temperature and the NQ. However, the use of EGR in the compressor
deteriorates the cycle thermal efficiencyas the compressor is not designed for
air plus 35% EGR

3.No dry low NG« combustor is availablewith all the combustion air pasing
through the flame stabiliser with a very high heat release of 28 M 2bar.

This is a requirement for achieving low NOx in high temperature gas turbines
as the only way for a 1900K gas turbine tbave low NOXx is for the primary zone
to be at 1900K with no dilution or wall cooling air, which requires all the
compressor air flow to pass through the flame stabiliser, which is the condition
used in the present work experimentally and using CFD.

4. The 28 MW/m2bar condition of future high-efficiency CCGTs also has had no
previous CFD studieswhich is another research gapThe work on the Grid Mix
design is a solution to this gapYork et al [26], [44] have shown for a grid mix
type of design that ultralow NO« emissions could be achieved on hydrogeand
theseresults were well predicted by the CFD procedures shown to be effective
for the high combustion intensity of 28 MW/n?bar.

5. All current publications for hydrogen process burners for heat have
substantially higher NG emissions with hydrogen caonpared to NGand the
increase reviewed earlier is in the rangef 3 7 10. Process and domestic heater
burners work near stoichiometric at 1% excess @ This is a major research gap
as these will not be allowed for use in industrial process heat. This wohas
shown that perforated grid plates with each air hole directly fuelled can achieve
ultra-low NCOx levels without external EGR21] z[25]. Various manufacturers

and academics have investigated the principle used by these technologjie
[13,18,25,29,30], which have also improved their systems usinQFD[43], [81] .

6. Asignificant process heat application is in glass meltingvhere very high air
temperatures up to 1600K are used, due to regenerative heat recovery from the
high temperature furnace exit gases. The consequences of fuel switching from
NG to hydrogen on glass quality and NOx emissions is a research gap.
Equilibrium predictions were used to predict the cooled gas composition at
1850K glass melting furnace conditions. This eabled the increase in water
vapour when firing with hydrogen at 1850K to be predictedand these had

good agreement with flue gas measurements on NG for CO.
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7. Domestic heat using fuel switching to hydrogen is a research gap as no work
has been published a this application. However, open fires and glass fronted
fires are a significant part of domestic heat usedy the poorest families, so a
solution must be found for domestic heat's hydrogen decarbonisatiorChapter

7 shows that this research gap has bediiled in this work, where certified fires
on hydrogen have been developed.

1.10 Aims and objectives

The key aim of the research was to contribute to hydrogen combustion
technology to enable the decarbonisation of domestic and industrial heat and of
eledricity generated by NG CCGTs. The increase in;Ngissions with

hydrogen combustion is the main problem area that has to be solved for all
hydrogen applicationsfor decarbonisation. Therefore, a significant research

aim was CFD techniques to assist the decarbonisation design process

This research investigates the latest gas turbine's highest firing temperature
conditions, which requires all the air to pass through the grid plate for a heat
release 0f28 MW/m 2bar and M=0.04.

The objectives of the esearch are:

1. Investigation of fuel switching for decarbonisation of the glass melting
industry that can replace NG and operatat the same flame
temperature. Theobjective was D predict the gas composition above the
glass melt using equilibrium modelling. Hydrogen and biofuels were
investigated.

2. Usng CFD prediction flame stabiliser aerodynamics for the pressure loss
using adequate RANS parameters.

3. Prediction of combustion and NQresults for two ultra-low NOx grid
plate flame stabilises using RANS CFD.

4. Comparison offuel injection methods featured by GM1, GM2 and GM3.

5. The study of GM2 for its use on hydrogen for high combustion intensity
using RANS CFD and comparison with experimentaesults.

6. The experimental development of hydrogen domestic gas fires with low
NGO« emissions that meet the regulations for NG. This objective is for
three types of domestic fires:
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6.1 Experimental analysis of a low cost open fronted fire showing dual
fuel capabilities for NG and ki

6.2 Experimental study of a glas$ronted fire appliance for duatfuel
applications.

6.3  Numerical and experimental study of an innovative fire for its use on
hydrogen.

1.11. Thesis plan
Chapter 1

This chapter provides an introduction and general information regarding
process heaters and gas turbines. Aims and objectives for the project also
presented

Chapter 2

A literature review of the relevant areas for the project is provided, focusing on
NOx production, mainly for gas turbines and process heaters$n addition, a
detailed section for Computational Fluid Dynamics (CFD) is provided.

Chapter 3

A detailed description is givenof the methods and procedures followed for
equilibrium calculations, CFD simulations and experimental work.

Chapter 4

The obtained results forcalculating the adiabatic flame temperature and
product composition for various fuel blends used in domestic fires and glass
melting sectorsusing existing equilibria software are presented. The cooling of
adiabatic equilibrium composition to predict the composition after heat
transfer has been developed for agplication to glass furnaces and process
heaters.

Chapter 5

The aerodynamics results obtained for different Grid Mix geometries of flame
stabilisers for low NQ gas turbine combustion are presented. Th&uel injection
location internally in the Grid Mix design was a key variable investigated. The
study was carried out using RANS simulation with no combustion.

Chapter 6

Mixing, combustion and NOXx results for existing technologies of Grid Mix flame
stabilisers are investigated using RANS CFD. Variations bétgeometries are
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also presented evaluating and comparing different methods of fuel injection
and the different applications of GM (GridMix) in hydrogen combustion.

Chapter 7

The experimental results obtained for three different models of domestic fire
are presented.In addition, the simulation results obtained for one of the fires
are also presentedwhere different fuel hole shapes are evaluated and
compared for temperature distribution and NQ.

Chapter 8

General conclusions and future work are presented.
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Chapter 2. LITERATURE REVIEW

2.1 Nitrogen oxides (NOx) emission types
Nitrogen oxides or NQ (NO + NQ) are a group of gases formed mainly from
fossil fuel combustion. The nitrogen in the fuel reacts with oxygen tmrm
nitrogen oxide (NO) in the first instance, which is later converted to nitrogen
dioxide (NC2) when it meets the air in the atmosphere. Both oxides are toxic;
NC: is a dangerous respiratory poison and, when reacting wittOCby using
daylight [59], contributes to photodiemical smog formation, a secondary
greenhouse gas that is the main compound of ozoned)J60] . Murray et al [82]
was a pioneer in measuring NQin the stratosphere aided with infrared
spectroscopy.ln 1970 it was discovered thatOs was destroyed in the
stratosphere bynitrogen oxides[83]. NO is the main gas emitted from gas
turbines, although there are roues in the flame to convert NO to N£) which
involves the HQ radical, in the main NO2 in the atmosphere is formed by
reaction of NO with ozond84]. This leads to depletion of @in the lower
atmosphere. In atmospheric air quality monitoring this can be seen through
low O3 in the morning as traffc emits NO which consumes O3 as it is converted
to NO2. Later in the day the NO2 reacts with VOCs in the presence of sunlight to
reform ozone.

0600 0 900 O
60 0900 O @D
Resultingind 0 © ¢U [83], [85]

N is the sum of NO and NO2 as potentially all the NO will end up a®X
However, it is only NO2 that is a health hazard. In NOx measurement the
chemiluminescence analyser has a catalyst that converts NO2 to NO so that the
total NOx can be measured, as well as the NO separately, by bypassing the
catalytic converter.

Whenany NO«compounds react with ammonia and are mixed with water, they
create nitric acid (HNQ) [61], which forms the phenomenon known as acid
rain. The other component of aid rain isulphuric acid from sulphur dioxide
(SQ) emissions which are negligible in NG fired CCGTs as there is no sulphur
in the fuel. Acid rainacidifies bodies of water, deteriorates ecosystems, and
results in economic losses due to infrastructural damagg86] .

There are three types of nitrogen oxide emissions: Thermal NQprompt NG,
and fuelNO« [87].
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In most gaseous and liquid fuelsttermal NG is the primary source of N@since
it is created in hightemperature regions above 1800K. It Is created by the
reaction of nitrogen and oxygerby Equations 68 [87]. To minimize the
thermal NO« formation, it is usual to reduce theflame temperature, butreduced
Oz using EGRs also helpful [88] .

Fenimore first discovered Prompt NQin 1970 when studying laminar
premixed ethylene-air flames[89]. The source othis NO« remains after

thermal and fuel bound nitrogenare eliminated in the combustion. For lean
well-mixed combustion it is usually less than 5 ppm[90]. Fenimore recognized
this NO«was dueto the atmospheric nitrogen reaction wth combustion
hydrocarbonsradicals arising in the initial stages of combustion following the
next mechanism[91]:

60 0 90060 60 OO0 OO0 @
O)™060 U 00 60 Ce

This mechanism does not depend on temperature and it becomes significant

when thermal and fuel NQ have been removed. Which makes th kind of NG

rather important since it is the cause to avoid reaching zero N@alues.

Fuel bound nitrogen (FBN) or Fuel N©needs the fuel to contain organic
nitrogen compounds like pyridine or NPAH. Almost 100% effiency is reached
when converting fuel bound nitrogen to NO for lean mixtures and this can be
avoided using rich/lean combustion as in rich zones the FBN is converted te N
[87].

There are some similarities and differences between these three types of NO
sources described by Toff in 1986 and whose model can predict the different
NGO« emissions from combustion turbines[92] . The present work did not use
any fuels with FBN and so FBN N@as ignored.

Nitrogen oxides emissiors are given in mg/Nms. However, legislators first
require NO« to be converted into a reference & which removes part of the
actual emissions massasshown in Equation(3). Therefore, these new
corrected NQ levels are not the wholemasspassingthough the flue.

8 b
8 p b (3)

Gas turbines work at & Oz reference level of 15%, whilst furnaces operate at-3
6% using oil, coal, or natural gas.

00 00 ARG

Some burners and domestic boilers work at zero oxygen levels.
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2.1.1 Thermal NOy kinetics.

The main objective of ultralow NOx gas turbine combustor designs is to
eliminate thermal NG, which is achieved by burning lean with welmixed fuel
and air. Themal NCxis determined by the Zeldovich mechanisn©3]. Where
Equation (4) is the dominant reaction andequation (6) corresponds solely to
rich mixtures, so it can be avoided in low lean N94]. More detail on this
mechanism can be found in the works of Lefelog and Siege[95], [96] .

/ . (4)
T  pRupn AGDo Y oK¥t
/ VA (5)
0  pRupn YA@Dr ¢ gK
I ( A (6)

Q  x®papn A @DtT vy

The thermal NQx creation rate goes upexponentially as temperature increases
Some oxygen is requiredo generate NQand this results in NQ formation
peaking at an equivalence ratio of about 0.[92] . Combustion is always leann
gas turbines and NQshould not be created at firing temperatures less than
1800K [62]. It can be seen ifrigure 2-1 that thermal NOk is less than 10ppm at
2000K and less than 1ppm at 1800Kconsidering atypical 5ms of residence
time [94].
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Figure 2-1. Thermal NG as a function of the flame temperature for residence
times 5, 10 and 20ms. Nppm corrected to 15% oxygen. Calculations at 623K
air temperature at 12.3 bar, typical industrial gas turbine conditionf97].
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It is possible to achieve this single digiNCx for burner temperatures up to
2000K, which is the operational temperature ofJ clasgas turbines for which a
lean low NOx combustor design should be possible but is not offered by the
manufacturers MHL Thick, turbulent flames are characteristic of lean low NO
combustion, and the heat release usually occurs over about one third or a half
of the burner length.

Residence time for thermal NQ@is the time after combustion finishes, after heat
releaseis complete Low NQ lean combustion zones have a long flame
development with a thick flame which for a fixed length combustor leaves
small residence time inthe burnt gasesfor thermal NOx to be generatedOn the
other hand, this is a drawback for prompt N@formation becauseprompt NOx
occurs in the flame development region93] .

2.2 Low-NOx technologies
2.2.1 Principles for low NO x

Someimportant principles for obtaining the lowest NQ will be summarised in
the following lines[93] :

1 In gas turbine combustors all the combustion air must pas through the
£l AT A OOAAEI EOAO8 4EEO 1 AAT O OEAO
just a little amount of air has to be used to cool blades. Moreover, the
primary zone must be stable at the overall equivalence ratio.

This will allow the flame stabiliser flow area to be larger than designs thalo
not meet this requirement, considering the same presserloss.

There must be continuouscooling regeneration in the combustor, with a low
pressure loss, by firstcooling the outer wall with the combustor air.

1 Future high compression rate engines must be used considering outlet
temperatures at 750-1000k.

1 Pressure does not influence N©@emissions for lean wellmixed mixtures,
and then it is possible to work with atmospheric pressure.

1 There will be flashback and auteignition problems and low calorific
value compatibility designs for future liquid fuel These isues can be
solved if no conventional premix passage is employed. This
characteristic also avoids any acoustic matter. Finalljyow NGO« through
direct fuel injection into the shear layerscan obtain a good mixing98] .

1 The flame stabilizer should reach a weak extinction similar to or better
than the fundamental flammability limit. In other words, the stabilizer
has to operate at a temperature not less than 1500Kinfortunately, it is

OE £
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not common to achieve this requirement, angust a few systemsando
it [99].

1 A fuel pilot cannot be used if the requirement is ultrdow NCx levels.
However, this can be useflifor lower powers.

1 Itis compulsory to achieve better than 10% of unmixedness for a fuel
air mixture, where the main heat release occurs in the flame instead of
the outlet of the mixing duct.It is possible to employ the shear layer
turbulence to mix thefuel and air.

Over the last 40 yearsthe combined cyclegas turbine (CCGT) power
generators have reduced their C&levels and improved their thermal efficiency
by increasing the turbine entry temperature (TET)as shown inTable 2-1 [30],
[100]z[102]. This tableillustrates the development of the primary zone for low
NO« combustion fora TET of 1800K, at which all the combustion air should
enter the primary zonewith no film cooling or dilution zone [87]. For higher
entry temperatures, two techniques have been developed for N@ontrol: The
use of axial staged fuel injection described in 2.3 and firstly studied by Willis
et al.[103], Okuto et al. [104] and applied in the GE DLN 2.@.05]; and the use
of external EGRas explained in 2.24. However, an increasing turbine inlet
temperature has been needed for the reduction of C@evels and to improve
thermal efficiency, which makes achieving ultralow NO«! levelsevenharder.

Table 2-1. CCGT combustor conditions for different turbine classes for a
primary zone at 1800K.[30], [100] z[102]

First CCGT| Primary Primary Primary
Class ~TET airflow
Year s b Mref o | MW/m 2bar
0
D 1965 | ~1300K 48 0.025 50 7.5
E 1972 | ~1500K 52 0.03 60 12
F 1986 | ~1600K 56 0.04 80 18
G 1998 | ~1700K 58 0.045 90 22
H 2004 | ~1800K 62 0.05 100 28
J 2010 | ~1900K 64 0.05 100 30

1 Ultra low NOx levels are less than 10ppm at a corrected 10% oxygen level.
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2.2.2 Rich-lean combustion

The difference between gs turbine burners and procesg domestic heaters is
the operating equivalence ratio and theotal excess oxygen leveit which they
run [106]. The turbine components affect the gas turbine's high temperatures,
which must be considered in the designA gas turbineburner operateswell
under stoichiometric conditions, and weltmixed lean combustion requiredow
NGO Well-mixed lean combustion will result in high NQlevelsunder process
conditions. Processburners A A Th&oferated under lean conditionssince the
overall thermal efficiency gets compromisedIin contrast, running a gas turbine
combustor at stoichiometricor richer conditions would give better thermal

efficiency than lean operation, but this could also result in very high
temperatures, leadingto blade meltup.

For thesereasors,advances in gas turbines ardighly related to the firing
temperature. Figure 2-2 shows theequilibrium NOx and adiabatic flame
temperature for a methane mixure as a function of the equivalence ratio for
gas turbines operating atdifferent inlet air temperatures. The ppak NOk is
reached at@d=0.85-0.9. As previously stated the highestNCx levels are achieved
near stoichiometric levels, and ultra-low NCx levels can beobtained running at
very lean or very rich conditions as shown inFigure 2-2. However,given that
the peak adiabatic flame temperature is achieveflist abovestoichiometric, a
rich operation would produce very high temperatures This imagealso shows

that peak NQ is not at peak temperature since oxygen iseeded to achieve the
peak NQ.
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Figure 2-2. Equilibrium NOx and adiabatic flame temperature vs equivalence
ratio for different air temperatures (edited [107])
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In terms of burning design, an increase in the excess air in a flawixed burner
or premixed burnerswill increasethe NG levels. The peak would be located at
the well-mixed region for this case scenaridn aprocess a burner near
stoichiometric levels is needed to not compromise the thermal efficiency, which
changes the burner desigr108].

Burning the fuel in a rich zone so the organic nitrogen compounds can be
reducedto Ne and thenadding air producing a welkmixed zone is called rich/
lean or stagedcombustion and can help solve problems such as FBN
formation.[87]

Domestic fires share the sane natureasprocess burners and they can be
treated as suchHowever, these devices operate at very lean conditions in
terms of the flue gasesand they usually burn at ambient temperature unless a
heat recovery system is adaptedh contrast to gas turbines which can run at
variable inlet temperatures thanks to the compressorThis concept is applied
to a domestic fire appliance in Chapter 7.

2.2.3. Two Staged Combustion (Lean/lean)

Thermal and prompt NG dominate the aeroengine fuel§93]. Lean combustion
in the primary zone and temperatures below 1900Kcan aid destroy hermal
NOx. However, this temperature is too high for most civil engine at idle, so
ultra-low NCx levels are only possible for avell-mixed lean primary zone A
lean well-mixed primary zone canhelp reduce prompt NO« and eliminate
carbon emissions[108]. To achievethis at high turbine entry temperatures,
most of the air is needed in the dilution zongbut additional air supply in the
primary zone.

A common problem in singlestage well mixed primary zonesis that to achieve
low NGk at high power conditions, the stabilitygets compromised and low
power turn down is usually encountered108].

The technique of axial stagetean/lean combustion has been useby various
authors. One of the primary examples ishe FLOX combustor presented by
Zenger etal.[109] (Figure 2-3), which will be described in2.2.7. The radial
swirler with vane passage fuel injection by Andrewst al.[108] is showvn in
Figure 2-4a). Several of the ultralow NOx process burners of Hamworthyand
John Zink feature axial staged lean/lean combustigmhere the fuel is injected
in high-velocity air jets penetratinginto the flame downstream of the central
fuel [110]. Commercial combstors brands such as GE05] shown in 2.2.6,
KHI, Siemend111] and RR have also used this concegfigure 2-4b) shows the
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Siemens fire where the central bafflés, in reality, a cone for the H class gas
turbine. This bafflekeepsthe premixed pilot away from the other swirl flow at
low powers, allowing a richer and hotter zone than the maircombustion zone.

FUEL ———

Fuel Nozzle

Air Nozzle °
Main Stage

Main Stage

Ignitor Plug

Fuel Injector
Pilot Stage

Air Swirler
Pilot Stage

S Air Mass Flow
Main Stage
Pilot Section

a)

Figure 2-4. Lean/lean two-stage combustors: a) Zenger et §109].b) Siemens
[57] .

This technology is not only beneficial for the aer@ngine sector, but its
applications in the heating sector like domestic fires or biomass gasification are
currently being studied in the UK. This concept has also been applied in

domestic fires in Chapter 7.
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Figure 2-5. Designs of low N@combustors from the NASA programmi12]z
[115].

The aeroengine Clean Combustor Programme was created by NASA in the
1970s in which low NQ gas turbine combustor design technology was shown.
Most of the designs irFigure 2-5 feature axial swirlers featuring lean/lean
combustion. Image (a)n that same picture illustrates the high airflow large
axial swirler can achieve lean combustion by allowing much air supply to the
primary zone. This design has been applied in some industrial low NO
combustion turbines[116]z[118].

Figure 2-6 illustrates the lowest NG emissions published in the literature for a
gas turbine. These correspond to Leonard and Stegier [119], whose work
presents the development of a new aerderivative premixed combustion
system which reduces NOc emissions by 90%from the original aircraft engine
system, less than 25ppm each of NOCO and UH@ their work , recirculation
increases the concentration of CQin the escape gases from-3% to 7-8%,
making the absorption processmore efficient andreduces the carbon capture
plant size required. Howeverone big issue is the requirement to cool the
recirculated burnt gases to environment temperature. This process enhances
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the secondary losses of th cycle. In some instancethis process is avoided
[120].
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Figure 2-6. NOx emissions vs flame temperaturg119].
2.2.4 Internal exhaust gas recirculation (IEGR)

The introduction to Exhaust Gas Recirculation (EGR) has been requirted
achieve good levels of Ngor the development of gas turbines that worlat
1700°C[101]. An example of thisconceptcan be seen irFigure 2-7. Internal
EGR(IEGR)inside the combustor reduces Nformation. However, this process
AT AOT 60 AEAT CAhemiGsivds. ALOX (Aad€eSs ottidation)
technology features highEGR.

However, lean burning low NQgasturbine combustion is already flameless
because the temperature of the flames is low and the colour light blue due to
lean burning.

The process of flameless oxidation burning was developed for near
stoichiometric process combustors, for which the presnce of high local
temperatures near stoichiometric allows a very effective reduction of NO
emissions by the internal burnt gas recirculatiofl21], [122].

The heat capacity of internal gases in EGR peitsithe decline of the flame
temperature. Besides, there is associateair dilution that allows the @ to be
reduced. This can be seen iRigure 2-8, where roughly 20% results in very
small thermal NQ.



-34 -

steam generator

Heat recovery

ER cooler

EGR blower

Figure 2-7.1700° Gclass Gas Turbine Combined Cycle (GTCC) plant with
exhaust gas recirculation101].

Flue gasrecirculation (EGR or FGRin gas turbines allowsair displacement
while the average operatingtemperature remains constant for the same power.
EGR affects flame stability and the increase in equilibriutmecause both are
controlled by the equivalence ratio and tle mean temperature. The reduction of
NCxin gas turbines due to external EGR will occur if thens any thermal NQ
generation throughlocal unmixedness and local near stoichiometric high
temperature zones. The EGR puts the peak temperature downthose zones
thus, the NG is reduced.EGRposses®s the best N@reduction for both
premixed andwell-mixed gas flames near stoichiometric. Moreoveit has the
most negligible NO« reduction for rich/lean flames near stoichiometric[62].

MHI suppressedNCx emissions in their low NQ combustor using IEGRL23] by
recirculating low-pressure exhaust gases from an engine turbocharger outlet to
a turbocharger inlet after being treatal by a scribber. Figure 2-9 shows a
diagram of the hydrogen combustor developed by MHI.

Huber et al [29] showed in their NG 44MW Marathon series burners 85 mg/fm
NOx for 100% fuel. The same burner was used for hydrogen featuring a central
baffle with eight fuel injection nozzles in the periphery of the baffle. They
OAOI AA OEEO DPOET AEPI A OEIITIT1T x A AT A
achieved 230 mg/m® at 3% oxygen for full hydrogen.
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Figure 2-8. Adiabatic flame temperatures with various levels of intake oxygen
at different fuel-air equivalence ratios[124]
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Figure 2-9. Diagram of low pressurelEGR low N@combustor [123] .

The ARZ hydrogen burner also presented by Huber et §29] aimed for 173 kW
achieved NQIlevels of 240 mg/Nn® at 3% Q. This burner featured IEGR at
13% to reduce the NQ@Ievels to the ones obtained for NG of 70 mg/N#n

2.2.5 NOQ reduction by impingement

Another method that studies temperature reduction to achieve loweNCxis
impingement cooling against a flat wall. This technique cools the flamwhich
allows dropping the NG levels. The drylow NG« venturi combustor invented
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by Walso et al[125] featured an aircooled annular shield to allow air/fuel
mixing.

The use of impingement has atsbeen applied for domestic firesshowing that
impingement against the radiating ceramics aids in the &k reduction, which
will be observed in Chapter 7.

2.2.6 NOx reduction by water injection

Water or steam injedion was the firstmethod to control NG in the combustion
zoneby removing heat from the flame Injecting water directly into the flame
creates a heat sik that lowers the flame temperature, reducingthermal NO«
formation.
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Figure 2-10 Effect of water/steam injection over NQ emissions[126]

Water by fuel ratios (WFR) defines the injection rates. This method adds the
benefit of increasing gas turbine output since the gas mass flow increases. WFR
of 1-2 can considerably reduce the N&emissions, as shown ifrigure 2-10.
However, this process requires large amounts of clean water to avoid corrosion
in the turbine blades[127]. This method has been used in various works for
diesel engineq128], [129]

However, this technobgy can bring problems such as the increase fafel NG.
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2.2.7 Premixed low -NOx combustion.

Premixed combustion occurs when the air and fuel arentirely mixed before
combustion starts. On the other hand, diffusion combustion is when fuel is
injected into the air and mix together after combustion[95] . Figure 2-11.
illustrates the main differences betweerdiffusion and premixed burners More
information can be found in the work of Becker and Berenbrink130].
Premixed combustion systems in gas turbines can produce very good
combustion efficiencyand a low amount of pollutants.In addition, these
systemscanimprove the combustor exittemperature, which is very useful to
next-generation hightemperature turbines [21].

Diffusion burner Premix burner
|

Fuel oil
w
Fuel gasﬂ}z
1 I
f/;% N

'l Fuel/air

il mixture

2 ’

\ Pilot burner
\ {starting with
I fuel oil)

' A

Regions with different air/fuel ratio

A<0.8

Flame tube

Atot. =18 }‘tot. =18

Figure 2-11. Comparison ofdiffusion and premixed burners considering an
equivalence ratio of 0.55130].

Asshownin Anderson's work, the mentioned systems allow optimal
combustion efficiency and ery low NO« emissions[131], [132]. Many authors
explain the advantages of premixed systems and howig possible to control
pollutants' production by using thecombustion of lean mixtures of fuel and air
in the primary zone.To maintain the emissionsdown the operating conditions,
it is recommended to use premixed prevaporized combustion byusing fuel
staged systems or variable geometryThiscontrols the reaction zone
temperature, and primary zone air/fuel ratios can be maintained rich enough
to prevent flame blowout[133]z[135]. Larry Thomas et al. in 2011 discussed
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in their work that the Dry Low NO« (DLN) technology has helped to achieve
one-digit NOx emissions in Eclass industrial gas turbineq136]. InFigure 2-12
the DLN1"s previous and ongoing progression to better NOx levels can be
appreciated.
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Figure 2-12. NOx progressionwith premixed systems[136].

2.2.8 Non-premixed low -NOy combustion.

Non-premixed or diffusion flames produce very low N®levels for near
stoichiometric mixtures [105]. In contrast to wellmixed (premixed)

combustion systems which have shown to achievéigher levels[62] . Also,
speeds. Hence, nopremixed ignition is used for safety purpose$137].
However, the nature of these systems is to operate near the adiabatic flame
temperature, which can result in high N@Ilevels unless a diluent is added to the
flame.[105]

Various gas turbine technologies featuring diffusion combustion haveeen
shown to achieve ultralow NGOk levels, and they have been widely used by some
important firms. The FLOX concephentioned in 2.2.4 [37], [41], [42] (Figure
2-13) applied to combustion systems consistsf a large central burrt gas
recirculation zone between an array of air holes placed on a perforated plate.
The fuel is injectedinto the central recirculation zoneg as shown inFigure 2-14.
The heat release used in the FLOX burner work was 10 MWHar [101]
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Figure 2-13. FLOX burner with 12 single nozzleq437] Edited.
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Figure 2-14. CH: contours obtained with CFD for FLOX burner showing
recirculating flow [81]

This technigue was developed for process burners that work at near
stoichiometric regimes where high temperatures are achievednd low NG
levels are produced due tdEGR For natural gas NOx levels of 10ppm are
obtained for mixtures of @=0.61 for an adiabatic flame temperature of 1996K
as observed inFigure 2-15.

One of the main characterigcs of FLOX designss that they have widely
equispaced air jets generating éarge recirculation zone in the centre of the
combustor, allowing the air jets to entrain the most of the recirculation gases
Theseair jets are locatedclose to thecombustor wall, so they only entrain air
below them, which reducesthe recirculation mass rate

This technology has been studied with Computational Fluid Dynamids
improve the combustion characteristic$81]. The FLOX concept is studied in
Chapter 6for its application to the technology Grid Mix.
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>

Another example of diffusion flame is the Hitachi cluster nozzle burnef138] It
consistsof a series of air holes installed over a thick plate featuring a small fuel
nozzle in the cetre of each air holefuelling coaxially to the air jet. Improved
mixing enhancesthe interface distance between the fuel and awith no
flashback risk due to the nozzles' reduced siz& his principle is shown in Figure
2-16 A). Figure 2-16 B) indicates the NQ ppm for different fuel concentrations,
the stoichiometric F/A for AHAT systems is 0.017.
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Figure 2-16. (A) Fuel staged cluster nozzle burner of HITACHI in a 3BMW Gas
Turbine. (B) NG levels at different values of A/H138].

The Micromix burner[139]z[142] features alow-NCx diffusion flame
implemented for H. combustion for a heat release o5 MW/m2bar.
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large recirculation zones, as shown iifrigure 2-17, to enhance the mixing and
reduce the NQ.

Figure 2-18. shows the NQ emissions for differentcombustion intensities in
non-premixed systems The NQemissions are presented for a 15% £n the
flue.
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Figure 2-18. NO« emissions vsdfor different combustors configurations.
[139]

The hydrogen multi-tube mixer combustordeveloped byYork et al [43]
resembles the Micromix since it alsduels radially but at theinlet of an array of
air tubes placed on a thick plateas shown inFigure 2-19.

ET EAAC
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Figure 2-19. Development and testing of a low NCHydrogen Combustion
System for HDGT43].

This technology benefits from the7D stabiliser thickness to complete mixing
and achieve ultralow NCx levels, showing that a good mixing length before
combustion aids in NQproduction.

This technology, similarlyto the Micromix described previously, features the
phenomena known as jet in a crossflow which has been widely investigated and
constitutes animportant area in CFD aerodynamics

All the previously mentioned diffusionlow NO technologies featureperforated
or grid platesto achieve good mixing, hencgood NQ levels. Thistechnology
will be described below

2.2.9 Hydrogen combustion

Fuel switching from conventional fossil fuels to green hydrogen has shown to
be a solution for achieving netzero GHG emissions, and it can be produced by
electrolysis of water from existing renewable power plants. Various studies
have shown the advantagef producing hydrogen from electrolysis using wind
energy[143]z[146],

For hydrogen energy storageelectrical power is converted into hydrogenby
electrolysis. Then the hydrogen energy can be released in a cbuastor by using
the hydrogen as fue[147, p. 12]

However, current hydrogen combustion has some drawbacks such as the
increased NQ production due to the higher peak flame temperature of

hydrogen combustion on air. The industrial burner manufacturer Walter

Dreizler GmbH[29] have shown in their Marathon series burners (up to 44MW

in size) a NQincrease from 85 mg/m? for 100% NG to 230 mg/n? at 3%

oxygen for 100% hydrogen, a factor of 2.7 increase in hydrogen. This used what
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they called hollow flame technology, which was a central baffle with eight fuel
injection nozzles equispaced around the bafflperiphery. They also gave
results for another of their burners, ARZ, for lower powers which for 173 kW
gave a NQ@increase from 70 mg/Nn? on NG to 240 mg/Nn§ at 3% oxygen on
hydrogen, which was a factor of 3.4 increase in NOThey used external EGR at
13% with the hydrogen burner to bring the hydrogen N@down to the same
level as NG.

Cellek and Pinarbasi[148] investigated, using CFD, a lowwirl burner and
predicted an increase in the mean burner outlet NCdrom 50ppm for methane
to 470 ppm for hydrogen.

These results show that solving the N&problem with hydrogen combustion is
a critical problem area in using green hydrogen for decarbonisation.

The previously mentioned hydrogenfuelled Micromix lean burning dry low
emission (DLB, or dry low NOx (DLN) was the first diffusion combustor using
only hydrogen fuel[149]. The combustor achieves less than 2 ppm NO
corrected to a 15% Q exceeding the 99% combustion efficiency for gas turbine
part, full and overload conditions[150]. This value has been compared with
CFD simulation using the realizable kepsilon and eddy breakup turbulent and

combustion models, respectiely, showing close agreemen{151].
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Figure 2-20. NOx comparison for experimental and simulation values for
Micromix hydrogen combustor[151]

The hydrogen burner developed by York et a[43] achieves 2 ppm N®@level at
15% O level, as shown inFigure 2-21.
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Figure 2-21. Flame temperature vs N®Ilevels for MT mixer[43]

2.2.10 Grid plate flame stabilisers

One of themost straightforward designs of low NQflame stabilizersis a flat
grid plate with an array of air holes, in which every independent hole has a
separate fuel supply. These technologies, also known as perforated plates
generate a shear layer that allows fast fuel and air mixing.

Andersonwas the pioneer in usinggrid-plate flame stabilisers for premixed
flames[132]. This author demonsrated for the first time that ultra -low NOx
emissions can be obtained by lean wethixed combustion. He showed 6 ppm of
NCOx at 1800K in the combustor exit temperature using a 61 grid plate wise
pressure was 5.5 bar using 590 and 800 K air temperature and a reference
velocity of 25 m/s. Supposel gas turbine combustionwas working with well
fuel-and-air mixing and a lean primay zone under the maximum thermal N©
formation temperature.

Andrews etal. have studied these stabilisers for many yearR1]z[25], [87],
[106], [152], and they have named them Grid Mix, GM, flame stabilisg¢22]. Al-
Dabbagh and Andrewshowed that for radial fuel injection into each air hole
(GM1),the NG« emissions were as low as any in the literatur§22][87] for the
same flame temperature in the range 140Q 1800K. Modern direct injection in
rapid fuel and air mixing flame stabilizers showed to produceltra-low NO«
emissionseven lowerthan for premixed combustion, given their capbility to
burn leaner than stable flames. The flame stabilizer geometajlso considerably
affectsNOx production, generally due to the prompt NQcreated by slow flame
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development[62]. The turbulence generation by grid platesand its effects on
NGO« was investigated by Phylaktou and Andrew§153].

In GM,the fuel is injected directlyinto the air jet shear layer. The fukinjection
method for the grid plate air holes studied for Grid Mix 1 and 2 (GM1 and GM2)
has been experimentally demonstrated for zeraarbon electricity to influence
flame stability and NQ emissions. The radial inward fuel injection featured in
GM1showed lower NOx levels than GM2 but lower flame stabilityf152], [154]
and one of the lowest N@in the literature. This fuel injection method has been
successfully demonstrated for low N@burners operated by hydrogen26],
[139], [140], [155]. Current hightemperature gas turbines operate at a
compressor outlet temperature of about 1800K at an overall @ of 0.58s
shown by Ai et al[30] by rapidly mixing fuel and air to achieve low NG
However, this restriction challenged the workers, pushing them to use CCGT
plant using external EGR to help reduce the N@ithout passing the inlet
combustor air through the stabiliser holes. The techologies investigated by
Andrews et al [25] do not need the external EGR, arate operated withinlet

air at 600-400K, demonstrating 3.5 ppm of NQat 15% O for a set of adiabatic
mean temperatures of 9001900K. The internal traverses were taken at 1800K.

GM1 and GM2 operated for a Mach number of 0.04a which all the combustor
air passed through the stabiliser air holes withoutir cooling. This results in a
very high combustion heat release at 28 MW/#bar. Only a few CFD studies
have been carried out fo this combustion intensities, but none at that specific
heat release which this thesisinvestigates.

The weak extinction @ was 0.42 for GM1 and 0.20 for GMRirectly fueling the
shear layersimproved flame stability, and both technologies could burn below
the premixed flammability limit. The weak extinction forgrid plates used with
premixed combustion atan inlet temperature 0of400K was at 1400K and@
=0.45 for propane/air. The four holes grid platestabilisers usedfor premixed
combustion displayed high-velocity flows and high turbulence in the shear
layer. Thismade them impassible to burn lower than the flammability limit of
@ 0.45. The flame achieved with GM2 was more stable thanglone obtained
with GM1 sincethe mixing wasbetter and the higher NQ levels.

The GML1 technology has been applied by other combustor manufacturers like
the combustor developed by the University of Aachen and Siemens in 2011
[139]. Similarly, the combustor developed by York ¢43], shown in Figure
2-19, shares this principle.
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Figure 2-22. Comparison of N@corrected to 15% oxygen as a function d@ at
400K [21]z[23]

GM2 is a practical design for duct combustors like the Oxyel burner
employed by the Lanemark company156].

The NQ emissions for these types of fuel injections can be viewed Kigure
2-22, which compares premixed systems and other nepremixed technologies
explainedbefore.

Despite the experimental studies available for the different fuel injection
methods, no study has been developed comparing them, and GM has never
been studied for hydrogen combustion.

Figure 2-23 shows some grid plate designs that havachievedlower NOx levels
and better flame stability than premixed combustionshowing only round hole
configurations. [93].
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Figure 2-23. Plate stabilizer geometries[157]
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Figure 2-24. Emission measurements for differengrid plates[158].

Figure 2-24 shows NQ, CO and HC emissions as a function oét@ for propane
and some flame stabilizer geometries, from the work of Roffe and
Venkataramani[158] considering the following conditions: a pressure of 10
bar and 800K, areference Mach number of 0.044, reference velocity of 26 m/s,
and a combustor length of 300 mm. The upper set of images of this figure
shows 80% blockage, translated int@ high-pressure loss of the stabilizer.
Meanwhile, the lower set illustrates lowpressure loss due to 70% blockage.

A set of experiments was made by Ababbagh and Andrews in 198425] to
achieve ultralow NCx levels by comparing different combustor stabilizethole-
shapes with circular holes at 740 and 600K. This showed thalot-shaped holes
can produce lower NQemissions than circular holes due to the higher
turbulence. Figure 2-25 illustrates the compared designs.
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Some techniques featured in low Ngas turbine primary zones with good

flame stability were developed by Andrews et al. in 1992. These techniques use
fuel injection into the base of the shear lagr, demonstrating that low NQ
emissions can be achieved for neswirling jet shear layer systems for gas and
liquid fuels [159].
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Figure 2-25. Four hole Grid Mix air jetconfiguration and jet shear layer hole
shapes

Similarly, low NQ« emissions have been proved for swirl stabilised systems, as
mentioned in Alkabie and Andrews's work, where no influence of the swirler
expansion ratio D/d was encountered for the weak extinctiorj160]. In

contrast, fluid dynamics of noncircular jets, with and without combustion,

were investigated by Schadow and Gutmarld61], showing improvements in
jet mixing relative to round jets, given the additional small scale turbulence at
the edges of the jets.

2.2.10.1 Pressure loss in grid plate flame stabilisers

Two main factorsinfluence the pressure loss along a combust@ccording on

Walsh and Fletche162]8 4EA EEOOO EO OEA OAT1T A DPOA
AOOT A OB8 O mdaburedds A efcentage of the inlet pssure YOXOb ).

The second factor is due téhe heat release in the combustion zone€ommonly

knownAO OET O POAOOOOA AOI P68 50Gokadoldlh CAO
pressure drop of 4 to 6% of the initial pressurg157], although some other
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combustorswork at higher pressure losses. Although the pressure loss can be
seen as a disadvantage for the combustor, since it gives a high fuel consumption
due to the reduction in the cycle network, it is als@essentialin the performance

of the combustion of the fuelair mixture. This is achieved by adding enough
turbulence to the air/fuel mixture to achieve highintensity combustion. An
increasein pressure loss along the air holes or a smaller number of holes allows
agood mixture of the combustion productswith air in the dilution zone [157].

Some factorsaffecting the pressure loss for grid plate stabiliserg163] (orifice
and perforated plates)are listed below:

T

The Reynolds number affects the separation of the fluid in the upstream

face of the orifice creating a small jetL64]. When the velocity increases

the jet contracts to a limiedcrossOAAOET 1T A1 AOAA ET 1T x1 A
co OOAAOAoh AT A EOO OABoawnathe OEA AOAA
contraction coefficient Cc. This flow expansion due to the vena contracta

is the mainpressure loss factor The orifice length affects the

reattachment of the fluid to the orifice wall when expanding from the

vena contracta[157].

0T OT OEOU TO0 A1 1Tx OAOOOEAOEIT 8 4 EEC
open area to theduct area. It mainly influences the discharge

characteristic by highly affecting the contraction coefficient € This has

been proven theoretically for a sharpededge orifice plate[165] and

experimentally [166], [167].

Orifice thickness/Diameter ratio (t/D): The fluid featuresrely on

whether the free shear layer created in the orifice inlet keeps away from
the orifice wall or if it reattaches to it. Both cases are the limit flow
conditions of thin orifices.

Compressible flow. When the maximunpressure ratio value along an

orifice is achieved, the pressure reductions at the opposite side of the

pressure donot increase the flow discharge. This is not the case for

orifice plates since the mass flow at the idle keeps increasing even

though the backpressure decreases and the size of the ne contracta

ET AOAAOAO O1 OEl EOO AOAA EO OEA OAI A
Discharge coefficientCo: In a constriction such as a nozzle the discharge
coefficient (&) is the ratio of the actual discharge to the theoretical

discharge for a fluid flow Studieshave shown how the discharge

coefficient is affected by noruniform approach velocity profiles[168] .
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All the flame stabiliser geometriespreviously mentioned exhibit an airflow in a
pipe of area A, a total open area in the grid plate Aand a downstream
combustor aea A8 AEA DOAOOO @Bulated b B throsgBtlied Ph EC
orifice plate flow,AT A xEAT AAOEOET ¢ AQi69], it'cddd I Ol | E
expressed as in Equatior7)
Q4 , . W
e °° ST

7EAOA m EO OEA ObieQrio Aldtd, expréssed iAIIMOE OU T A&

8 (7)

The aerodynamics downstream of the combustais crucial for predicting the
discharge coefficient G8 Y £ MW7) EBTreplacdi @tk Easlavil70],
MEOT24h AT A OEA OAI T AEOU EO OAPHUNAAA AU
(rRT)0-5[171], then the pressure loss can be expssed as in Equatior(8)

@7—0 T F_ 0 O— T F_ 0 (8)

v 0 (0] 0
Where M is the reference Mach number for the combustor areaifand Me
corresponds to the Mach number of the mean flow in the grid plate air holes. It
can be deduced from Equatioii8) that the pressure loss isafunction of the
reference Mach number, N discharge coefficient in the grid plate, €&and the
ratio of the combustor pipe area Awith the open area of the grid plate A The
stabiliser blockage can be expressed aszlA2/A 1. Hence, the Mach number
must be held corstant to predict pressure lossand the inlet temperature can be
ignored.

In some works experimental data of pressure loss has been expressed in terms
of the K factor, as shown in Equation(9):, such as the work of WareSmith for
orifice pressure loss of various geometrie§l64].
w0
™" Y ()

When using Equation(7)AT A AZDPOAOOET ¢ OE ftheAD® /El T x
Ki factor is directly related to Go, as inEquation (10).

p 0

0 — -
o ©O

(10)
Similarly, if the pressure loss factor is expressed in terms of the mean velocity
in the grid plate holes, U, then:

p

5 (11)
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The area ratio in Equation(10) can be replaced with the flame stabiliser
Al T A E AsGiowrrin Equation(12)
5

I p 5 (12)
As previously mentioned, the pressure loss in grid plate flow iscontrolled at the
sharp-edged inlet of the orifice by flow separation. The separated flow creates a
vena contracta with a smaller flow area than the holewhere the ratio of this
vena jet diameter to the hole diameter ighe contraction coefficient, €. The

flow expansion from the vena contracta to the downstream combustor
diameter creates pressure loss.

If A1is higher than A, a deduction can be made from thieleal flow theory that
Cc=0.61. If Ais smaller than A, then G =G [172].

If Equation(11) is applied to this, then K can be related to €as in Equation
(13).

. p 0
0 3 5 (13)

Ccand G can be related by Equatior{14).

P P 0
& 5 5 (14)

If the area downstreamof the combustor wasmore significantthan the
upstream, then Auin the above equations would be replaced bysAwhich is the
most usual configuration in furnace burners.

Asignificant influence exists between the upstream pipe areafAand the orifice
area A, given that A/A 1 corresponds to €. This has been shown bideal fluid
flow theory for the given values inTable 2-2. The most quoted value irmost
dynamic textbooks for an orifice with a differential area in alarge downstream
pipe is &= 0.611. This value was first computed by KirchhoffL73]. The rest of
the calculations were extended by Von Misesonsidering the upstream pipe
sizeand the dependence of €on A/A 1. For burners with a pressure loss of 2
4% and a Mach number M= 0.047, the range of AA1is from about 0.26 to
0.18. Table 2-2 shows a Gof about0.65 with a @ from Equation (14) for A2/A1
of 0.26 of 0.782.

A2lA 1 Ol 0.04| 009 0.16| 0.25| 0.36| 0.49| 0.64
Cc 0.611| 0.616 | 0.622 | 0.631 | 0.644 | 0.662 | 0.687 | 0.722

Table 2-2. Influence of A/A 1 on the contraction coefficient €[173] for a
sharp-edged orifice.
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Most data on orifice plate pressure loss is available for a very thin plate with a
sharp-edged. Hence there is an important impact of the hole thickness to hole
diameter ratio on Co. Ward-Smith [164] has correlated in Equation(15) data in
the literature for orifice plate pressure loss factor K as a function of t/d.

0 - o (15)
TYp T p o H T8

Ccis also a function of t/d. As mertioned before, Phylaktou and Andrews[153]
showedthat an energy balance between the pressure loss and thebulent
kinetic energy for sharp-edged grid plates and experimental data for turbulent
kinetic energy in the literature allowed to obtain Equation(16) for the

OOOAOI AT O 1T AAT &1 OAOOAOGET ¢ OAIT T AEOUR O6dc
60 W [ YTY®
— T[%C -— 00— (16)
Y 0 o] )]

Equation (16) illustrates the effect of the discharge coefficient and the
upstream K factor in the produced turbulence downstreanof the grid plate.

The reference Mach number, M is related to the heat elease (MW) per cross
sectional area, A, per bar by [87]:

0w z . . . 8 0w
o — U 0 W—; s
VO 3 Y'Y w W (17)

where S corresponds to the stoichiometric A/F by mass
CV represents the calorific value of the fuel, MJ/kg
Showing that the heat release is directly proportional to vl

10 MW/(m 2bar) corresponds to M=0.025 if CV=50 MJ/kg and the flame
temperature is 1800K (2=0.5 if T=700K).

All these equations are also valid focalculating fuel injections for burner
design.

2.2.11 Pressure dependence of NOy

There are some main independent characteristics for any combustion chamber
designto consider. Someare residence time in the combustion chambe mean
air velocity and pressure lossThe residence time, as explained, is a direct
function of the total length of the combustor and the reference velocitythe
pressure loss is a function of the reference velocity and the inlet temperature.
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Gas turbine combustors operate at high pressure sually at 20 bar in power
generation industrial gas turbines and approximately 60 bar in aero gas
turbines [174]. Moreover, spark ignition and diesel engines operate up to 100
bar in the combustion zone. Pressure influences thermal N©reation close to
the stoichiometric region, and experiments[174] show that its kinetics have a
square root P-5dependence on pressure at the same peak flame temperature.
This is because of the £©5term in thermal NOx overall rate of formation as
shown in Equation (18) :

0 0 00 Owed o 8 (18)
The peak temperature is enhanced with pressure becaugeoducts tend to
dissociate at high pressureTherefore, o eliminate thermal NQ, the pressure
dependence of N@must be eliminated. This is done bynixing air and fuel wel
and a primary zone temperaure less or equal to 1950K. Generally, the reason
to work low NOx burners at high pressure is because MO« dependenceon
pressure. Nevertheless, this is very expensiyand there are some doubts
regarding the impact high pressure has upon lower N@missions. The
approach that many industrialturbines manufacturers use is that if at 1 bar of
pressure A £l AT A OOAAEI EUAO AAE (is wilknbtAial 6 O C|
them at higher pressures. Hence, the combustor work can be done at
atmospheric pressure However,combustion efficiency may be poor in low NO
combustion tests carried out at atmospheric pressuremainly using liquid fuels
[62].

2.2.12 Ultra -low NOx levels by working at the lean flammability limit

One of the main considerations for achieving low NQevels in gas turbine
combustion is to operate at lean levels, preferably at equivalence ratios below
0.6[95].

The zonewhere the flow velocity is higher than the turbulent burning velocity
is where the weak extinction occurs Knowing this is useful for measuring the
mean turbulent burning velocity and comparingit with experimental results. It
is uncommonfor low NO« combustion systens manufacturers to publish weak
extinction data. However,the flame chemistrycreating the weak extinction is
responsiblefor achievinglow NOx levels without creating acoustic problems
which is a big problem in almost all well mixed low N©gas turbine
combustors. These problems can often occur at an equivalence ratio of 0.65
approximately. Therefore, the laminar flame lean flammability limit has to
edablish the ultimate condition for weak extinction in premixed flames. Itis
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called the critical flame temperature to temperature ofan adiabatic flame of the
lean flammability limit. In the work of Andrews[99] the Gasecdflame equilibria
codewas considered at an initial temperature of 293K and 1 bar of pressure.
Table 2-3 illustrates some calculated lean flammability limits considering
methane and propane at different temperatures.

Table 2-3. Influence of inlet temperature on lean flammability for various
critical flame temperatures for methane and propang99]

Inle t temp 1400K 1450K 1500K 1550K 1600K
(K)

Methane

300 0.48 0.5 0.52 0.55 0.58
400 0.43 0.45 0.48 0.5 0.53
500 0.39 0.41 0.43 0.45 0.48
600 0.35 0.37 0.39 0.41 0.44
700 0.32 0.34 0.36 0.38 04
800 0.27 0.3 0.32 0.33 0.35
900 0.21 0.23 0.26 0.29 0.32
1000 0.17 0.19 0.21 0.24 0.28
Propane

300 0.44 0.46 0.49 0.51 0.54
400 0.4 0.42 0.45 0.48 0.51
500 0.36 0.38 0.41 0.44 0.47
600 0.32 0.34 0.37 0.39 0.42
700 0.28 0.3 0.33 0.35 0.38
800 0.24 0.26 0.29 0.31 0.34
900 0.2 0.22 0.24 0.26 0.29
1000 0.17 0.19 0.21 0.23 0.25

Figure 2-26 shows the design of a multtube premixed pilot and how the
diffusion pilot can be replaced, allowing thigo reduce the relationship between
NOc and lean stability.
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Diffusion Pilot Tip Multi-Tube Premixed Pilot Tip
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Figure 2-26. Photographs of a diffusion pilot tip and the multitube [27]

2.3 Computational Fluid Dynamics for turbulent combustion

The main intention of CFD is to understand the physical behaviour of fluids
interacting with different objects. This behaviour is created through the effect
of some phenomena such as turbulence, slip surfaces, dissipation, diffusion,
convection, boundarylayers and shock waves. NavieBtokes equations govern
these phenomena in the fields of aerodynamicslowever, ©me of the
fundamental characteristics of these relations are nonlinear, so there is usually
no analytic solution for them[175].

Numerical methods have been used for more than 40 years to solveariety of
different problems in some disciplines ofengineering using computational
techniques to solve technical and scientific issueklowever, p to date no
universal turbulence modelclearly explains the concept of the turbulence flame
available online and in the literature.

The finite volume method is a numerical method to discretize partial
differential equations for mass, momentum (movement) and heat transfer
(called transfer phenomena)equations by considering the conservation laws of
energy, mass and momentum. This the foundation of most commercial
software to solve differential conservation equations In the scientific
community, it has been called Computational Fluid Dynamics to solve
numerically the equations that describe the movement of fluid bysing
computers[176].
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2.3.1 Turbulence modelling for 3D incompressible steady flows

The concept of turbulence is not fully understood and is considered the least
resolved problem in physicg[177]. Turbulence models have been created to
help solve this problem However, these models have advantages and
disadvantages, so theiser has to choose the one that better adapts their
problem and discretisesbetween computational time andaccuacy level. As
mentioned before, hese models have been developduhsed onthe Navier-
Stokes equationgo an extent. Howeverthey also introduce hypothetical
arguments that require empirical input[177]

2.3.1.1 Reynolds Number

Turbulence can be determined by the Reynolds number, which is the relation of
inertia forces that influence a fluid element against viscous forces and can
predict whether the fluid is laminar or turbulent by Equation 19

.. YO” YO

YQ — - (19)

Where, U is the flow velocity, D is the section diameter or the characteristic

I1ATCOE ,h m EO OEA AAT AE Gdte kisem&i® OEA AUI
viscosity. For practical pipe flow purposes, the flovs laminar if Re is less than

2000, and if Re isnore than 4000, the flow will be turbulent. For those cases

where Reis between 2000 and 4000it is impossible to determine the fluid, so

this zone is calledthe critical region[178]. Figure 2-27 showsthe transition

from laminar to turbulent flow and the formation of eddies[179].

Figure 2-27. Free shear flow showing laminar, transition and turbulent phases
[179].
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2.3.2 Transport phenomena.

Three main topics are included in transport phenomena: fluid dynamics, heat
transfer, and mass transfer. The first one deals with the transport of
momentum. Heat transfer involvesenergy transport, and mass transfer is
focused on chemical specied80]. The fluid is considered as continuumand
for the analysis of fuid flows at macroscopic length scalesusually larger than 1
pum) the molecular structure of the matterand molecular changes in space can
be disregarded[181].

2.3.2.1 Mass conservation

The equations o mass conservation (continuity equation) and momentum
conservation describe the problems of relevance to the viscous flow ah
isothermal flow. These equations are commonly called equations of change
since they describe the change of tempature, velocity or concentration with
respect to time and position within the region W.

In the Eulerian frame, the mass conservation theory must beadefor a general
region that is steady in space by considering the mass fluctuations in this region
and the mass exchange between inside and outside of it. The conservation of
mass demands that for any region W, which is fixed and within the material
movement region, there must be a balance between the mass exchange rate
contained in this region and the masgxchange rate through the boundary of
itself [180] .

Mass exchage rate contained in Mass exchange rate between the
the W region _ inside and outsideW

Then, in the Eulerian framefor any Newtonian and nonNewtonian fluids,
steady or nonsteady, compressible and incompressible, and one and three
dimensional flows the equation of continuity on vector notation is[180]:

LN
o ) (20)

The physical interpretation for both terms involving Equation(20) states that

OEA EEOOO A1 AT AT O j APmTHhOQ OADPOAOAT OO OE!
ET OT A OAOU OI AT 1T O1T106IA AT AT AT O EEQGAA 1
the second term n O” w is the net rate of mass effluxor divergence), by time

and volume units.The continuity equation states simply that the rate of
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increase of density within a differentialvolume element fixed in space is equal
to the net rate of mass influx to the elment divided by its volume.

For an incompressible flow(steady or unsteady the density is not function of
space or time , so it can be disregarded as follows

T
T_(‘) (21)
nO® T (22)

However,the assumption of in@mpressibility does notimpact the time
dependence of the velocity

2.3.2.2 Momentum conservation.

. AxOT 160 3AATTA 1 Ax 1T &£ i1 O0EIT OOAOAO
of particles which establishes that the time rate of change of the total

momentum of a given set of particles is equal to the vector sum of all the

external forces that are actingon each particle of thegroup [182]. The law of
conservation of morrentum is written below.

Rate of Rate of Rate of Sum of Forces

Momentum = Momentum - Momentum + Acting

Accumulation In Out on the Control
Volume

The general for of the momentum equation is given by:

oY L O MR (23)
Where the first term is the mass per unit volume times the acceleration. The
second term are pressure forces on element per unit volume. The thirdrim
are the viscous forces on element per unit volume. The forterm are the
gravitational forces on element pemnit volume. Equation (23) is valid for any
continuous medium, compressible or incompressible, steady or time

dependant, Newtonian or nonNewtonian.
Expressed in this form the equation of motion states thad differential element
in movement with the fluid is accelerateddue to the forces acted upon itOr
. AxO1T 160 Offnktion. A 1 Ax

Qe T O@IOTBOODQA QI OO QE &
The momentum equation in three componentsncluding the Reynolds stresses
are given in Appendix A.1
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For incompressible flow the general vector form for three component is
Ob
0o

0 ® nNe (24)
Which is theNavier Stokes equatiorfirst developed in France in1822 and
applies to Newtonian andnon-Newtonian fluids, with constant density and

viscosity.

2.3.2.3 Conservation of Energy.

It is usual that during combustion problems such as furnaces, p@w plants etc.,
fluid flows involve heat transfer, so to study themit is necessary to obtain
information about velocity and temperature distribution. The law of
conservation of energy is derived from the first law of thermodynamics applied
to a control wlume. This can be seen as:

Rate of = Total rate of heat added + Total rate of work made
increase of to fluid particles on fluid particles
energy of fluid

particle

Sometimes it is common to describe the energy of a fluid as the sum of internal,
or thermal, energyi , kineticenergy- 6 0 0 and gravitational

potential energy. The energy conservation of the fluid particle is described by
equating the rate of change of energy of the fluid particle to the sum of the net
rate of work done on the fluid particle, the net rate of heat added to thituid

and the rate of increase of energy due to sources.

So that the energy equation can be expressed [d83]:

TT—O” Y nO®Y nd) 10 1Oty (25)

Where U isis the interal energy per unit mass of the fluid. The first term in
Equation (25) is the rate of gain of energy. The second term is the rate of
energy gain by convection by unit volume. The third term is the rate of energy
gain byconduction by unit volume. The fourth term is the rate of work done on
fluid by pressure forces by unit volume The fifth term is the rate of work done
on the fluid by viscous forces by unit volume.

For incompressible flow wherei=cT,where c represents the specific heat and O
v =6, the energy equation can be expressed in temperature terms:as
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Where Sis the internal energyexpressed as S= Sz u. Su. More detail can be
found in Versteeg and Malalasekerfl81].

2.3.2.4 Chemical Species Conservation equation.

Mass transport consists of moving a chemical species from a place where
concentration is very high to another where the amount is low. This occurs in a
lot of chemical reactors such asombustion, distillation, gasificationetc. And

this can occurs intwo ways.

1 Molecular diffusion. A random movement of single molecules in a fluid

from a high concentration region to another. A molecule A follows a path

to get to molecule B by diffusing through other molecules. This is

i TAATTAA AU OEAIOREAESO 1 Ax | £ AEAEEOD
Qw
To
Where() is the molar rate of diffusion of constituent A per unit areago is the
molar concentration of constituent A, andO is the binary diffusivity or
diffusion coefficient.

o (27)

On a mass basis, Equati¢@7) becomes[180]
0

T

(28)
Where 0 is the mass rate of diffusion of constituenA per unit area, and” is

the mass concentration of constituent A.

1 Convective transport. As well as molecular diffusion transportation,
mass is transported by thefluid's bulk motion. The rate at which the
mass of species A is swept across a perpendiar plane of dA is

"0QO0
Wherev is the total mass velocity of the entire fluid.

The equation of transport of chemical species can be derived using the law of
mass conservation applied to a control volume which is fixed in space

Rate of
Rate of Mass = Rate of Mass A - Rate of Mass <+ roduction of
Accumulation In A Out Mass A by
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Homogeneous
Reaction
4EA OPAAEAO AT 1 OAOOAOETIT ANOAOEIAbis £ O Al
T UT" UT" UT" o T ‘|
To 'To ' 'To "Ta o To Ta (29)

Where rais the rate of reaction expressed in (kg A /s A) and D represents
the components of the mass fluxdET  OAOI O T £ OEA &EAEBJO 1.

2.3.3 Turbulence Models

Different methods have been developed to predict turbulence. Sonaé them
achieve perfect accuraes like Large Eddy Simulation LES or Direct

Numerical Simulation (DNS) but require lots of computational time or the use
of High-Performance Computers (HPC)'hese methods are usually
recommended for transientstate casesor when the solution is time-dependent.
Reynolds Averaged Navier Stokes (RANS) gilation has been used for decades
for both steady-state and transient stategyiving very good accuracy without
compromising the computational time.However, special attention is needed
when selecting thecomputational models to get the best accuracy.

2.3.3.1 Reynolds Average Navier Stokes (RANS)for incompressible flow

The RANSmethod focuseson the mean flowand turbulence effects over the

/I 1 prapedties. Before applying anumerical method, the Navier Stokes
equations have to bdime-averagedfor a steadystate. In Reynolds averaged
equations, it is possible to see other terms involved with interactions with some
turbulent fluctuations. These terms can be modelled with some common
turbulence models such as thekzr | T[#88] ldescribed in the following lines.

This method presented by Reynolds in 1895s basedon the breakdown of the
flow variables 2into the mean and fluctuating components, therthe complete
equation gets time-averaged[184] . There are two averagingnethods: Reynolds
averaging and the massveighted averaging proposed by Favre in 1965. When
there are noflow density fluctuations, the two methods are the sam¢185].

2 The tensor of the viscous stresses is extended by the Reynclstsess tensor,
and the diffusive heat flux R T in the energy equation gets upgraded by the
turbulent heat flux vector as explainedby Blazek[184, p. 3]
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The Navier Stokes equations have been already presentehd the scalar
transport equation is shown in Appendix A.1

A turbulent model hasto be chosen to calculate turbulent flows using the RANS
equations. The most widely known RANS turbulence models are classified
according to the number of equations they need to be solvgii83].

Two-equation models.

There are many turbulence models with two equationsHowever, all of them

solve a transport equation for a turbulent velocity scale and a turbulent length

scale or for the propertiesof these variables.

Mixing length modelsOOAE AO OEA at@erpt tddescobd®dthd T AAT h
turbulence or Reynoldsstresses using algebraic formulation foturbulent

viscosity { t in terms of the location is spaceSince turbulence depends of the

flow, if the turbulence gets altered it is needed to account for this within the

mixing length model by modifying the lengthscaleThekr T 1 OEA T OEAO
TAAAOG O1T O1T1 O6A Oxi 03$%08 4EA (idisotopit, DOET 1
which means that the ratio between the Reynolds stresses and the mean rate of
deformation is identical in all directions.This hypothesis ca be wrong for

complex flows where the simulation can be inaccurate , so it is needed to solve
additional PDEs for the actual Reynolds stressg1].

Thekzr 1 1T AAI

Thekzr 11T AAT E O aAvo-eduatidn tbduldncel mé@d. It works
with one transport equation that controls turbulence velocity scaleK), and
another conservation equation is related that involve a quantity which can be

A o~ N A AN

OA1 AOAA O1 A OOOA1G6,AB7AA 1 AT COE OAAIT A j rC
The conservation equation of this model is expressed as follows.

T, T L A S AR N ¢ SRS B o N
ToB o8V BY By e Te T Ta e - (30)
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Rate of Transportofkl O R Transport ofkor Source term
change  convection R AU AEAZAE
ofkl O

Where the Eddy viscosity is



0 is the dimensionless constantwhich is generally used in this model. It is
called the PrandttKolmogorov relationship.

I EkT O R
"Y = source term of generation or elimination fok| O R

This turbulence model has been the most used and validated turbulence model
for more than 30 years. There have been plenty of applications in numerous
fields. Some examples of these applications are: jets in stagnant surroundings
and moving streams, wall jets, free and confined jets with swirl, jets in a
crossflow shown in Figure 2-28, flow over surfacemounted obstacles and
around obijects, flows in straight pipes and ducts, and flows in sudden
expansion and contraction geometries.

-0.1697 03133 07962 1.279
Cp | .

Recirculation zones

0.000 2237 4475 6712 8950

- _
Figure 2-28.k-r | T AAT 1T ET C A0 ET A AOT OOA& T x
In addition to isothermal flows, it has beerwidely used to compute flows

involving chemical reactions and combustion and flows that experience heat
transfer.

Realisable kzgr 1 T AAI

Some drawbacks have been encountered withé kzr | T, dudhlasstiffness
on the numerical problem whenpredicting flow behaviour near the walls or
working at high Reynolds numbersTo solve this problemwithout moving out
OEA Rr A folddrénlizhbilit)) constraints can be imposedn the model
[189].
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Therealisablekzr | T AAT EAO AAAthe lasE28 yearsived @A A

improved performance over the standarckzr % E A T cting fwsfrizolving
boundary layers,flow separation and recirculation zonesat high
velocities[190]. This modelhas also been reported to improve the predictiorof
spreading rates of round jet§[191]. This is atwo-equations highReynolds
number model which differs from the standardkzrin two features.First, the
dissipation rate transport equation formulation is obtained from the mean
square vorticity fluctuations. And theuse ofthe realisability constraint for the
Reynolds stresses fothe formulation of the eddy-viscosity [192] . In practice it
means that the viscosity coefficient is a function of local flow parameters,

rather than a constant.

The model is defined by the following equation§192] .

T . . 0O U
— "7 Q "ONMOE nOm nE m 0 R
T (0} » h
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The model coefficients forG, ,and G are computed from the equations shown
in Appendix A2. The empirical constants are defined hy

AE p 8 avh.2, A=4.04, G=1.9.

The SSTkzd 1 1 AAI

The simplekzd OO OA O1 f1b3Dis dnlemipiidal model whoseobjective is
to model continuity (transport) equations for turbulent kinetic energy k and

(31)

(32)

(33)

(34)
(35)

(36)
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OEA OPAAEAEA WEODEDADET OAODAOAOTH®EA OAOEI

model has been modifiecbver time, and some terms have been added to both
equations,which has improved themodel's accuracyin predicting free shear
flows [194]. The most important characteristic of this modeis that it can be
applied to the boundary layer without modifyingthe equationg183].
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Once described the advantages and applications of this turbulent mod#ie
transport equation for the turbulent kinetic energy k and the specific
dissipation rate 9 can be expessed as follows.

O U ST
6B o B9 g i

o 0 Y (37)
Where 5 represents whetherk asy . "O is the generation oft3 due to mean
velocity gradients.3 is the effective diffusivity of 5 and® represents the

dissipation of 5 due to turbulence.”Y represents the source terms fok or 5 8

The ShearStress Transport (SSTkzd turbulence model [195] is one of the
various models available forkz) .

SSTmoves tokzrbehaviour in free-stream, avoiding the problem ofkz > | &
being too sensitive to inlet freestream turbulence Additionally , it works for the
continuity of the turbulence shear stress in turbulent viscosity. The mentioned
features make this model more reliable when predicting adverse pressure
gradient flows, behaviour in airfoils, and transonic shock waves than the other
kzd ddels[196].SST has also been proved to model floseparation better
than any other RANS turbulence moddlL97], [198]. This turbulence model has
been usedto study perforated plates in the work of Guo et al[197], as shown
in Figure 2-29.

The equations fortheSSTkY | T AAT O AOA
For the turbulence kinetic energy
rea.roe. .1 . 170
o Yo Y I Q o . o (38)
For the specificdissipation rate
T T . I , , T
e a— Y_‘ | Y T-| . ” .
0 Tw Tw T (39)
. pT @1
¢p O, ———

The blending Functiors F1 F2 , the kinetic eddy viscosityand other can be
obtained as shown in Appendix A3.
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Recirculation zone

Potential core

Figure 2-29. Gas flow streamlinesn a grid plate usingkzd SST[197].

The main drawback of this model is the missprediction of the conservation of
the turbulent shear stress, and because of it there is an over prediction of the
eddy-viscosity. Then, in order to obtain an accurate $ation the equation of the
eddy-viscosity is[199]

2.3.4 Mesh generation.

In order to solve any CFD codé¢he domain isfirst divided into small control
volumes, called cellor elements It is usual toestablish cells close to the edge
of the domain so that the physical boundaries are theame that the control
volume boundaries.

Meshes can betructured or unstructured like the ones observed irFigure
2-30A and B The first CFD codes solved the governing equatioasing
structured meshes commonly used forgeometries with regular domains
Structured body-fitted meshes needa blocking designthat allows the

structured hexahedral elements to fit inside the domairiollowing the grid lines.
However, blocking complicated irregular shapesan be very time consuming as
the user needs topay special attentionto the mesh quality as well This is why
structured meshesare not suitable forirregular geometries. Urstructured
meshesare commonly used for complex geometries featuring irregular shapes.
4EA 1 AET EAAOOOA 1 £ OEAOAnimpAchsErdctire 85O OE A (
the grid lines (or blocking). The control cells can have any shape to fit the
domain. When choosing the number of cells used for the simulation, special
attention is required to approach the cells to the desireaell geometrical shape
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This means that a coarse mesh featuredementswith irregular shapes, whilea
fine mesh with a large number of cells showkess skewedelements

Structured meshes are made diexahedronswhere the elongation of the
elementrepresents theskewnessas shown inFigure 2-30A and C, while
unstructured meshes can featureells with different polyhedric shapes as show
in Figure 2-30BandD.

Figure 2-30. Different mesh types useda) Structuredwith Ogrid. b)
Unstructured. c)Hexahedral. d) Polyhedral

2.3.5 Discretisation.

The next step is the integration of the governing equations in the control
volume so that every equation is discretised on every nodeell . CFD code show
different discretization options.

The Semilmplicit Method for Pressure Linked Equatims (SIMPLB scheme
developed by Patankar and Spaldinf200] calculates the pressurebasicallyin a
guessand-correct method [183]. If the problem is deady state and its being
solved iteratively, the pressurevelocity coupling do not have to be solvedlhis
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method solves the momentum equation$o approximate the velocity field. The
pressure gradient term is calculatedusing the pressure distribution from
previous iteration by an initial approximation[181]. Then, the pressure
equation is created and solved to obtain a new pressure distribution. Finally the
velocity is corrected and a new flux set is calculatef@01].

Momentum and corrected pressure equations argolved implicitly, while the
velocity correction is solved explicitly. Hence, the name Serimplicit Method.

The pressure-basedcoupled algorithm solves the momentum and pressure
based equationgogether, while the segregated algorithm solvethem
separately.As a result, acoupled calculationallows a faster convergere than a
segregated one. Howevethe solver ismore unstable.

2.3.6 Solution of equations.

The discretised equations have to be established for evenpde of the grid to
solve the problem In the particular case of the control volumes that are close to
the domain boundaries, the general discretised equation is set up to include
boundary conditions. It is then obtained a solution for the algebraic system of
equations to obtain the desired poperty 5 for every node. The solution of
equations by using matrices is reviewed in the work of Versteeg, and
Malalasekera[183].

2.3.7 Turbulent combustion

Even though canbustion can be found in a laminar flowfield, for most

industrial and technicalprocessesit typically occursin a turbulent flow field.
This is because turbulence aids in the mixing process and consequently
increases combustion. On the other hand, combustion also generates heat
release, which creates gas expansion and buoyancy, bringing flow instability,
allowing the transition to turbulence [177]. Combustionneedsboth oxidiser
and fuel to be mixed at a molecular level and this depends on the turbulent
mixing process Once a set of eddies of different size has developed strain and
shearbetween them increases the mixing.

The interaction of turbulence and combustion refutes classical scaling laws
known from non reacting turbulent flows like the Reynolds number
independence for free shear flows happening at the large Reynolds number
limit [177]. Aso, combustion involves various elementary chemical reactions
occurring at diverse time scales.
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Some concepts that need to be addressed related turbulent combustions are
now shown.

Burning velocity

Burning velocity is the speed at which a flame front propgated relative to
unburnt gases. The laminar burning velocity (§ corresponds to the velocity at
which a laminar combustion wavepropagates inrelation to the unburnt gas in
front of it. The turbulent burning velocity (S) on the other handsurpass the
laminar burning velocity to a degree depending on the scalé)(@and the
turbulence intensity of the unburnt gas[202]

Flame speed

The flame speeds is theneasured rate of expansion of the flame front in a
combustion reaction, or thespeed at which a flame propagates relative to an
observer [203].

Some important features must be known tacorrectly choosethe techniques
used for CFD combustionThese include the thermodynamics of combustion,
the kinetics, the internal energy of formation, chemical transprt processes,
equilibrium in gases and adiabatic flames temperaturessSomeof these subjects
are too extensive to cover in this thesiddowever detailed information on these
processes can be found in the work of Versteeg and MalalaseKa@&8] .

There are some requirements for turbulent burning velocity[62] :

9 In order to work with ultra -low NOx, the flame has to burn down to the
lean flammaubility limit.

1 The reference velocity in the burner after theexpansion from the flame
stabilizer is usually 25m/s, considering the high turbine entry
temperature for low NOx gas turbines.

1 Itis required that Ur/ UL (the turbulent burning velocity and the
laminar burning velocity) equal to 250. However, it is betteto consider
the current turbulent burning velocity, where less than 25 m/s is
required for a stable flame.

1 Near the flammability limit where UL is very low, Ur should be
approximately 2 u” (velocity of the kinetic energy ofurbulent)

1 Itis possible to reach these conditions for flow blockages of at least 70%
and a pressure drop of 2% because of the standard gas turbine burner
operation.
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The equations for thedifferent premixed turbulence combustion regimes are
given in Appendix A.4

2.3.7.1 Non premixed turbulent combustion

A crucial parameter in the description ofnon-premixed combustion isthe

mixture fraction Z which determined the flame surface. The definition of Z is as
the homogenous system in the absence of diffusion. Then by writing the
complete stoichiometric equation for hydrocarbons combustion GHn [177]

V0 O Uz 0 O Do U ULxae 00 (40)
The stoichiometric coefficients beeand bae = (m + n/4) Lee, respectively.

In a two-feed system where subscript 1 is théuel stream and subscript 2 is the
comburent, it is possible to relate the mass fractions of fuel and oxygen to the
mixture fraction as [177].

LW W W

ECE (41)
The stoichiometric mixture fraction is expressed as
. 0 Gy
Y (42)
Then the equivalence ratio can be obtained 4204].
Yo 43
o (43)

Where Y —“

h
Yr,11s the fuel mass fraction, ¥, ois the oxidizer mass fraction
s is the mass of oxygen required to burn a unit mass of fuel. For hydrogen s=8

[204]

and for GnHn alkanes,i

The equations for the different non pemixed turbulence combustion regimes
are given in Appendix A5

2.3.7.2  Governing equations for non-premixed combustion.

In non-premixed combustion processes like furnaces, jets of fuel and air are
mixed by turbulence of the fluid so that the temperature of combusn and the
concentration and distribution of species are almost completely controlled by
the flow of fluid. For premixed combustion processes like spark ignition in
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internal combustion engines the turbulence, flow of fluid and turbulence are
set by compession and induction processes before ignitioyand they are very
important in the combustion process. The governing equations for combustion
can be considered aollows [181].

For continuity

ror L,

rofe ° (44)

Where density inthe combustion of flows depends on temperature, transport
of species and pressure

For momentum

[ T rnt .

o o °° 1o Te ° (49
Where"Oare the forces acting on the bog, and the viscous stress tensof is
16 16 g 16
Tw Tw o Tw

T

For transport of species equation

T_n(:) T_”éd) T_u'OT_d) —| 46
7o T o CTo (46)
It can be expressedike follows
Rate of Total rate of Total rate of Total rate of
change of _ decreaseof  _ incrementof _ increment of mass of
mass of mass of mass of species kdue to
species k species k by species k by sources
convection diffusion
The energy equation is

g | ovgg L2100 0 10 10,

T_c‘)Q o 0"Q o T % QT(b Tc‘)Y (47)
Rate of Total rate Total rate of Total rate of Total rate of
change of + of decrease _ increment + increment + increment of
mass of internal internal energy internal internal
internal energy by by diffusion energy by energy by
energy convection through pressure radiation

gradients of
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concentration of
species

Where"Yb is the species Schmidt number
"o k ‘7O
And the Prandtl number,, is

o &

This expresses the rate of conservation of momentum by the rate of
conservation of energy

Only turbulent regimesis considered in this thesis, so laminaflows studied
withCFDx 1 1 6 0 AA AAOAOEAAAS

2.3.7.3 Combustion turbulent models for non -premixed combustion

Some combustion models have been developed due to the complexity of finding
a solutionfor averaged species mass fractioand enthalpyequations, density

and temperature changes for realistic chemical cases, which involve many
reactions and species

Simple chemical reacting system model (SCRS)

This model refersto the global nature of the canbustion process by considering
only the final concentration of species. This process negledts kinetics and
considers combustiona onestep process with no intermediate4186]. A rapid
chemical reaction of oxidants reacting stoichiometric is assumet create
products. This chemical reaction is irreversiblefor the Simple Chemical
reacting system For this model exists a linear relationships between species
mass fractions and mixture fraction. This fact is the same for the relationship
between temperature and enthalpy relationship. To calculate mean values Ji
AT A ( xA TAAA O EiTiTx OEA OOAOEOOEAO
[183].

Probability Density Function Approach (PDF)

This method involves two and thiree-dimensional time-dependent turbulent
flows. It gives an alternative to model turbulence combustion that does not

require as many assumptions as other more complex models (like the flamelet
model, which will be described later), and it can be more accate. The joint pdf

| A
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of either the scalar variables of compositiorthat define the systeng
thermochemical stateor the scalar compositions plus the threevelocity
components are solved by this combustion method. Moreover, strongly
nonlinear chemical reactio rates, pressure gradient, body forces and
transport-convective problems are solved205].

For a given variablex, the probability function & 3(¢) is defined as[183].
Ow 01 £% y (48)

Whered i ¢%» w is the probability that %.s smaller than the value fony, and the
probability density function is the derivation of the distribution function [183].
. AO
v W ay

(49)

Eddy break up, and Eddy dissipation models

The Eddy break up model invented by Spalding (197906] sets thefuel
consumption rate asafunction of the properties of the local fluid. The
Ai1TO00TT1TAA T E@ET ¢ OAOA T £ OAAAOCEIT EO
model can also adapt to reaction terms that are cordlled by kinetic energy.
Although the Eddy break up model achieves good predictions in CFD, the
guality of the predictionsrelies on how well the turbulence model works
because of the dependence of the fuel dissipation rate on the turbulence time
scale ofE 7. it the turbulence model does not achieve good flow predictions, the
combustion quality will also fai. The eddy dissipation mode(EDM)was
developed by Ertesvag and Magnussen in 20Q207]. It is a modified version of
the eddy break up mode[183]. This model is very useflin turbulent flows

when the chemical reaction rate is faster than the conservation processes of the
fluid flow.

In EDM the reaction rate of fuel is defined g208]

5 T 1 ERRR
1 0 T2 [B) i ﬁ (50)
Then the oxidiser and product reaction rates are calculated as:

1 i1 h 7 i Pl (51)

However, sncethei T A Ar¢adtién process is not kinetically controlled
ignition and other processesnvolving a limit reaction by chemical kinetics can
be inaccurately predicted[209] . Misprediction in combustion [210] and mixing

Ac
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results [211] have beenshown by various authors when studying non
premixed steady state combustion.

Laminar flamelet model

Laminar flamelet models are conglered for turbulent combustion with fast
chemistry occurring in thin layers known as flamelets, incrusted in the
turbulent flow [212].

This combustion model treats the turbulent flame like a crowd of stretched
laminar flamelets. The turbulent flames are commonly referredo as laminar
reaction sheets in movementThis model considers ayreat heat release in
narrow zones of the surroundirgs of stoichiometric surface§183]. Some
assumptions are made when studying a flamelet model. Firstfwo-mixture
fraction flamelet model is not allowed, only one. Secondly, scalar dissipation
changes and the mixture fractionEl 1 1 T x EfunCtiorCPBR argnot
considered. Lastly, empirical streams cannot be usdé13]. This model has
some advantages on the one hand, like the good caution between chemical
reactions and molecular transport and the suitability to predict chemical non
equilibrium because of the flame aerodynamics by turbulence.

The flame structure is obtained by solving boundary layer equations developed
along the stagmtion streamline [214].

For non-premixed combustion themflame stretch increases the scalar
dissipation rate in a turbulent flow field. If this exceed the value ofq the
flamelet will get consequently extinguished

Returning to the two-feed non premixed system discussed in 2.3.8,4a formal
asymptotic description of the flamelet structure for one-step reaction was
developed retaining the time derivative term, and as a one dimensional time
dependent temperature equation[215], more detail of the model can be found
in the work of Peters [216}

TY LY I
T o ¢lo |

Qa (52)

€

This model, o the other hand,hassome drawbacksFor example, fow

chemistry predictions such as NQor soot are limitations for the Steady
Flamelet[217]. Another disadvantage is the change of the scalar dissipation
experience when transient effects occur in the turbulent flow because the flame
geometry needs time to stabiliz§218].
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Flamelet Generated Manifold

To reduce chemical calculationsthe Intrinsic Low Dimensional Manifold
(ILDM) developed by Mass and Pope considers tleatensive range of chemical
time scales[219], [220] from the elemental composition up to equilibrium.
Then, reaction rates and species mass fractions are calculatedagsinction of a
reduced set of variables, which measurese evolution of the reaction through
a progress variable and the description of the mixture by using a mixture
fraction [221]

This method is accurate when predicting high temperatures neagquilibrium
but struggles to predict low-temperature zones.To solve this issuethe
Flamelet Generated Manifold (FGM) was developgd22] .

This concept consistf the generation of lookup tables simulating one
dimensional laminar premixed flames considering complex chemistry.
Variations such as species mass fractions and reaction rates are obtained as
functions of a simple set of coordinates as progress varialkder mixture
fractions[221].

Considering the governing transport equations of species mass transport and
temperature of [223]

HT(I) pn T W o~
o ¢ o 7 (53)
And
LY, LTY b 1h ey
To <16 & To T 6 (54)

The scalar dissipation..is then modelled across the flamelet using equatiof223]

5 P
Qo ———=AOBDOYD & (55)

—

- P

The flamelets are calculated by enhancing the scalar dissipation until it gets
extinguished. Then the FGM is generated by mapping the scalar dissipation field to a
progress variable. It maps thepre-tabulated chemistry to the mean mixture fraction,
the mean reaction progress variable and respective variances, and the transport
equation for mean enthalpy[223]

FGM has been widely used in CFD for modelling premixed combustion and
partially premixed combustion [224]z[228] and in recent years for diffuson
combustion, including NOk prediction [220], [229], [230].
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2.3.8 Reaction rate s and mechanisms

In combusting flow simulation, the reactant consumption and product
formation rate need to be resolved. These rates are the source terms in the
transport equations for every individual species As shownbefore, various
equations are needed for solving combusting flows , and every spesiinvolved
has a number of different reactions.

If considering aforward scheme of reactions with the stoichiometricEquation
(56) [181]

e 0 O eead EI'D plt8 (56)

Where Uz are the stoichiometric coefficients of the reactant specie$ in the
reaction j. baeaare the stoichiometric coefficients in the product species in the

reaction j. N is the number okpecies andm the number of reactions involved.
The reaction rate for Equation(56) is expressed a$231]
22 AS Q 0
BT © (57)
ki is the Arrhenius law given by

. 5 VA O

Where A is the pre-exponential constant,a is the temperature exponent andE the
activation energy.
The general form of the reaction progress rate for a speci&sn given reactionj is

A5 : : . 3 . .
oY 0 v 00Q o] Q o] (59)

Where "Q is the forward reaction rate and "Q the backward reaction rate

Various pieces of software such as CHEMKIR32] specialise in the development of
reaction rate expressions and kinetic data.

Detailed mechanisms have been developed for a number of authors for the oxidation of
various fuels and reaction rates.

The computer time for the evaluation of chemickinetics and the equations for species
transport is rather important, and it increases when the mechanisms become more
complex. Hence efforts have been made to develop practical reaction schemes with



-77 -

fewer reactions to represent the basis of the combusin. These are the reduced
mechanisms.

2.3.9 NO«modelling using CFD

Combustion systems usually produce low & concentrations, whichhave little
effecton the flow behaviour, temperature andequilibrium products [233].
However,its accurateprediction is essentialin the development of lowrNOx
systens.

An accurateNOx prediction is strongly related to themixing and combustion
simulation results. An inadequateair/fuel mixing prediction canconsiderably
affect the NQ levels. Similarly, inaccuratetemperature simulation can in some
cases, double the NQ levels[233]. Hence critical care is needed whersetting
the boundary canditions, thermodynamic dataand picking thesuitable
turbulence, combustion, and other submodels

However, currentgas turbinelegislation demands for N@have pushed the
industry and academia to develop more sophisticatedomputational methods
which allow successfu NOxk prediction.

Some knetic mechanismsusedfor PDF tablecreation neededby some
combustion modelsoften include NO and NQ@formation. So N@can be
modelled in some case®s a preprocessing operation. However, thisan result
in longer computational times and not often the expected accuracy is obtained
[46].

A post-processing calculationis usually undertaken for NQ prediction, which
needs a converged combustion solution.

The software ANSYS FLUENihcludesa NQ prediction model, which allows
the modelling of prompt, thermal and fue NO« formation. De Soete and
Pourkashnian et al. developed thehemicalrate models[234], [235] neededfor
the NQ model. This model also offers the capability of BbD prediction ands
selective noncatalyic reduction (SNCR).

King etal. [45], [46] have used the modefor NOx prediction in radial swirlers
with vane passage fuel injectiorior gas turbines. In his work, the NO
predictions with FLUENT are compared with the results obtaied using a
mechanism including NQ as shown inFigure 2-31.
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.
r :

Figure 2-31. NO prediction comparis;m A) kinetic mechanism with NO,
B)ANSYS FLUENT modgi6] .

King obtained underpredicted NO« values comparedwith experimental data
obtained for aMach number of 0.05or natural gasfor a 140mm combustor
[47]. He used thaliscretization scheme QUICK and a PDF approach.

2.4 Equilibrium software

Equilibria software allowsthe prediction of thermodynamical propertiessuch
as aiabatic flame temperature and equilibrium product compositionfor
different fuel mixtures to improve and investigatecombustion systems

Equilibrium predictions of flame composition include NQ calculaed for an
infinite residence time inside the flame. In highintensity gas turbine
combustors, the residence time is approximately five rliseconds, where N®@

is not close to equilibrium[87], [236]. However, it is possible to calculate the
rate of NQ formation by obtaining the time the temperature takes to reach
equilibrium. Thermal NO can be obtained for a combustion flame by estimating
the adiabatic flame temperaturethe approximate reaction time of the adiabatic
flame gas mixture, and the equilibrium levels of NO and2@onsidering the

initial A/F, pressure and temperature[237]. Thermal efficiency can also be
calculated with the obtention of the equilibrium fire exhaust dry oxygen for
different A/F mixtures.

Different equilibria software has beendeveloped However, CEA[238] and
Gase(239] have been widely used for combustiompurposes[31] z[33]

The format for thermodynamic input and temperatures dependent equatios
used in CEA is not the same as the one used®XSEQFor every temperature
interval, CEA uses a total of nine coefficients: Seven coefficients for the specific
heat Cp (ata7), one constant for the enthalpy H (coefficient b1), and one more
coefficient for the entropy S (coefficient b2) as shown in equationg60)- (62).
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Heat 6 o v ey e " v
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Enthalpy —— &Y QY 1y d d- o0— &d—
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Generally, for gas species, twaemperature intervals are used (minus 1000 and
plus 1000), giving a total of 18 coefficients per polynomial set.

In contrast, Gaseqconsiders five coefficients for Cp temperature polynomial
and two more constantsfor H and S.[240], as shown in Equationg63)-(65)

Heat 0 " v o v v v

_ — W 0Y 0Y 0Y oY (63)
Capacity Y
Enthalpy — & ®- &— O— O— — (64)
Entropy - OITIY &Y O— d— d— & (65)

The equilibrium codesGasegand CEA are based on the minimisation of the
Gibbs energy. The method used by this software will not be discussed in this
thesis, but a detailed explanation is provided online biylorley [239].
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Chapter 3. METHODOLOGY

The studiedtechnologies are listed as follow, and their corresponding
numerical and experimentalmethods will be exdainedin the following lines:

1 The equilibrium calculations shown in Chapter 4 were performedfor
domestic fires in the Hy4Heat project andh glass melting factoryfor the
project Glass Futuresn 2020. The calculations were carried out for the
following fuels:

I.  Natural gas average composition from Goole glass melting plant
[I.  Pure Hydrogen (100%)
lll.  The proposedcomposition of hydrogen(PAS 4444)
IV. A blend of biodiesel
V. Crude dycerol
VI. A blendof 50% glycerol and 50% water
VII. UK Dieselcomposition
VIIl.  Pure @hanol

1 CFD simulations performed for the flame stabilisershown in Chapters 5
and 6were carried out using ANSYS CFX and FLUENT 19.2 for RANS
modelling.

Grid plate flame stabilisers (Aerodynamics)

GM (hole diameter 19.62mm)
GM (hole dameter 22.44mm)
GML1 (hole diameter 19.62mm)

Grid plate flame stabilizer Mixing and Combustion)

. GM1

. GM2
.  GM3
V. GMIH2
V. GMI7D

1 The experiments presented in Chapter 7 for domestic fires were carried
out as part of the academic team of theniversity of Leeds in
conjunction with industrial partners for the Hy4Heat project released by
BEIS in 2019.The numerical analysis for the Innovative fire was
undertaken by the author of this thesis

Domestic fires

I.  Openfronted fire
Il. Glassfronted fire
. Innovative fire
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3.1 Computational setup for thermodynamic equilibrium

analysis
Chapter 4 presents the prediction of adiabatic flame temperature and product
composition for various fuels usedor domestic fires and in theglass melting
industry. The computations were carried out for different fuel blendsusing the
software Gase(f239]. Some fuels were also analysed using CE238].

Initially, the predictions were carried out for the product composition and
adiabatic flame temperature in domestic fires for dual fuel applications for
natural gas and hydrogenlinlet temperatures up to 600Kwere considered for
this activity, achieved from heat recoverywaste gases for the glasfronted and
innovative appliancesin Chapter 7. In addition, this activity was carried out to
study the effect of the mixture strength at different inlet temperatures over
oxygen and hydrogen levelsNatural gas and hydrogen weralso investigated
for a cooled flamefrom the NG equilibrium temperatureat 300K inlet air to a
cooled flame of 1850Kwith 1.0% excess oxygen in thexhaust Thisis a
condition desired in domestic fires

The equilibrium software was later usedto predict product composition and
adiabatic flame temperature for different green heat fuel blends used in the
glass melting industry for a glass composition where heat recovery is used to
preheat the combustion air up to 10001300K. For this activity, temperatures
from 300-1600K were investigated for all the fuels at a span of equivalence
ratios.

Equilibrium calculations were carried out for natural gas at 1500K inlet
temperature for the combustion flame to be cooled down from its equilibria
flame temperature to 1850K, considering a dry oxygen level of 1.0%,
resembling existing float glass furnaces characteristics All the other activities
involving a flame cooled down considered the equivalence ratio for an adiabatic
flame temperature close to 2718Kobtained with natural gas.The reason for

this study of cooled products issince when cooling the flame, the reduced O and
OH stops thermal N@formation.. The same procedure applied for natural gas
was followed for all the investigated fuelsFor this acivity , the exhaustoxygen
levels were converted to wet and dry based using the predicted water content
from the equilibria values for the different equivalence ratios. This enabled the
prediction of the dry gas oxygen that the glass melting furnace should operate

3 Data from existing float dass furnaces show that the optimum flue gas oxygen
is from 0.5-1.5%.
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on to acheve the same thermal conditions as for natural gas. The cooling
process changes the oxygen levels near stoichiometric, so a range of
equivalence ratios was computed to obtain the desired 1.0% dry-@t 2718K.

The software CEA was used at the beginning dfi$ work to study a mixture of
pure hydrogen/air and natural gas/air for the glass melting industry. This
software allows the obtention ofa single set othermodynamic data for a
specificmixture at given reactantsdmolar concentrations and inlet
temperatures. Since most of the activities required large ranges of equivalence
ratios and temperatures to be calculatedCEAwas shown to be inadequate On
the other hand,Gasedalso allowsthe creation of mixtures using different
species inanumber of moles or mole fractions. One of the advantages of this
software is the ability to calculate a range of equivalence ratios given
temperatures in secondsHowever, Gaseq only allowsetting amixture
temperature, in contrast to CEA, which allows assigningspecific temperature
to eachmixture species.

The adiabatic flame temperature and product composition computations were
carried out at constant ambient pressureln most simulations, a mixture of
ambient air containing 78% N, 20.95% Q and 0.96% Ar was considered the
oxidiser.

To effectuate the calculations both pieces of software require a thermodynamic
file. The thermodynamic data developed by Burcd241], containing 3746
species in their polynomial form was used for theGaseqcalculations. All the
ionelementsi £ OEA " OOA A O daa1] odeekdmiovied) which | E A
caused trouble in undertaking the simulations. Unfortunately, this file is too
extensiveto be included in this thesis.

Two kinetic mechanisms were used for the CEA calculations. The kireti
mechanisms proposed by De Vries et f242] for the natural gadair andthe
one proposed bySkottene et al[243] for hydrogen/air .

The mentioned modified Burcat thermodynamic file was usetb study
hydrogen, natural gas, dtanol, glycerol and dieseWith Gaseq In addition, a
separate file was used for biodiesel as the surrogate used to replicate this fuel
contained some species unavailable in the Burcat data.

Both pieces of software were compared before switching from CEA Gaseq to
evaluate the error between their thermodynamics.To obtain a set of
combustion products that satisfy the equilibria for thegiven fuel, only species
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concentrations higher than 0.1 ppm were chosen. For hydrogethe species H,
HNO, HQ, H, O, ROz, NH;, NO, N@ N, NO, O, OH andQvere considered
for the calculations. For methane, the predicted products were CO, £8, HQ,
Hz, O, NO, N& N\, NO, O, OH, £and NHs.

The polynomialsof the enthalpy of formation of equilibrium productsfor Hz of
OEA " OOAAOBO AT A # vareil@tafedih TaBleBi1lAMh EAO
insignificant difference was encounteredfor all the product speciesbetween

both codes

Table 3-1 Comparison of Burcat/CEAhermodynamic polynomials considering

enthalpy of formation for Hz equilibrium products at 298K

Species Enthalpy of formation (H) Enthalpy of formation (H)
product Burcat CEA

H 8.7982080537E+01 8.7982241644E+01
HNO 4.3118975045E+01 4.1177969699E+01
HNG; -3.1765825423E+01 -3.1665702024E+01
HO. 4.9605066163E+00 4.8491140720E+00
H> -1.7683819351E03 -1.7457053457E03
H.O -9.7602089269E+01 -9.7602089821E+01
H20. -5.4843220232E+01 -5.4843218541E+01
N 1.9077059732E+02 1.9077059664E+02
NHs -1.8392762785E+01 -1.8543366662E+01
NO 3.6834058756E+01 3.6834946657E+01
NG, 1.3797984712E+01 1.3797922241E+01
N> -1.7631669025E03 -1.7631671159E03
N.O 3.2931112072E+01 3.2931112184E+01
@] 1.0056478365E+02 1.0056475936E+02
OH 1.5052398012E+01 1.5043533217E+01
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O -1.7785181490E03 -1.7785317370E03

An adiabatic flame temperaturecalculation of a mixture of H and air for both
software pieces was undertakerio corroborate their error while predicting
combustion. As aresult, aneglectable difference was observed between them
as shown inFigure 3-1. This allowedswitching to Gaseq and undertaiag the
activities quicker.

2500
2300 A 8

@

Adiabatic flame Temp (K}
w ]
38
S

700 | &

500
0.000 0.500 1.000 1.500 2.000 2,500 3.000 3.500 4.000 4.500 5.000

Equivalence Ratio

Figure 3-1: Adiabatic flame temperature for hydrogen flame comparison
between CEA andzaseq

The obtained results were processedand graphs were produced using Office
Excel.All runs were undertaken in a computer with the following

specifications: Windows PCan Intel® Core i7 processor, a GPU GTX 1080,
32GB 2666MHz DDR4 Ne&CC RAM, 1TB SSD, Integrated Intel HD Graphics.

3.1.1. Equilibri um calculations for natural gas

The activities for natural gas were undertaken considering a provided mixture
of natural gasblended with air.

Natural gas is variable in its composition, and blends vary depending on the
field where they are extracted. The UK imports natural gas from different
countries, butits primary source is the North Sea with 48%4244]. Mike et al
show an averaged natural gas composition obtained ové&wvo days,shown in
Table 3-2.
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Table 3-2: National Grid plc averaged natural gas composition over a two day

period.
@
E
2 ° 2 2 o @
@ c o ™ c ® = c c
5 1 @ £ £ s c ‘E = 2 g @ 2 m o
c 5 2 g 2 c g o
S B B A N O O O O O O O O O
= z I o a a @ & 2 z E T (=] z a S a
% Yo % Yo % Y % %o % % mgkg mg/kg mgkg mgkg mgkg mglkg mglkg
Mean 9242 367 302 078 059 009 014 004 0.04 000 40928 54097 18484 1437 0.02 1.14 0.44
Median 9214 378 301 086 059 009 014 004 004 000 40564 53090 17799 1278 0.00 0.00 0.00
Minimum 90.84 244 293 032 053 008 011 003 003 000 35587 49251 150.39 7.77 0.00 0.00 0.00
Maximum 9442 484 314 135 067 012 016 005 005 001 48436 68753 301.71 4672 1.84 8957 1534
No. of 119 119 119 119 119 119 119 119 119 119 119 119 119 119 119 119 119

The natural gas mixture for this study was given by the glass plant of Guardian
Glass in Goole, and agrees with the composition given Bgble 32. The values

provided in volume basis are as follows:

CHs 91.14%
CGHe 4.74%
CsHs 1.21%

CsHio (iso + n) 0.42%
N2 1.18%
CQo 1.11%

3.1.1.1 Equilibrium calculations for natural gas in domestic fires

For domestic fire applications, the Goole NG composition was studied for an
inlet air temperature of 300K-600K.

The mixture was thenanalysed for a cooled flame down to 80K and an excess
air of 1% for aroom inlet temperature of 300K (26°C), which are common

conditions for domestic fires.

3.1.1.2 Equilibrium calculations for natural gas in  the glass melting
industry

The activity consisted ofcalculating adiabatic flame temperature and product

composition for inlet temperatures going up from 300K to 1600K for a
equivalence ratio of@=0.2-5.0. The plots for the adiabatic flame temperature

and the exhausigases are shown in ppendix B.

The Goole naturagas composition was cooled down fronthe adiabatic flame
temperature of various values of @or 1500K inlet temperature to the furnace

temperature of 1850K.
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3.1.2 Equilibrium calculations for hydrogen
3.1.2.1 Equilibrium calculations for hydrogen in ~ domestic fire

These activities were carried out for inlet temperatures of 300K up to 600K for
equivalence ratios going from @= 0.2 to 6.0.

Previous calculations carried oufat the University of Leedg245] were
undertaken to obtain the thermal NO levels and thermal efficiency based on
exhaust equilibrium values of the corrected oxygen level on a dry basis to
determine the fire A/F assuming comgete combustion. The software CEA was
usedto calculatean inlet temperature of 295K and 1 ATMThe stoichiometric
mixture of Hz/ air for complete combustionusedthe following reactant
volumes: Hz input volume (in %)= 29.58; Q input volume (in %)= 14.79; \b
input volume (in %)= 55.63.

Therefore, the studied mixture started with an initial stoichiometric B volume
of 29.6 vol %.

The obtained results showeda peak temperature of 2378.5K at stoichimetric
conditions. The peak NO was reached @t=0.793 for a 25% H volume and a
temperature of 2155.5K as shown inFigure 3-2.

2400 4800 2200 7000
2200 4400 2000
N 6000
2000 i 4000 1800
X
o 1800 i 3600 % 1600 5000
3
2 1600 e 3200 P
g lea Adiabatic Flame — 351400 =
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= o £ i =
S z § 1000 Harich =
2 1000 A 2000 7 = =y 8000
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2
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©
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Figure 3-2: CEA results for a H2 composition at 295K and 1 ATM. A) Adiabatic
temperature in K vs initial H in vol % in air and equilibrium NO in ppm;
b) Adiabatic temperature in °C v&dand equilibrium NO in mg/kWh.

Thermal NO was calculated for a reaction timeof 0.1 s from the equilibrium
temperature, NO and @using Equation (66) [246].

00 P Qwn (66)
0 0 P Qwn

With | -0
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The results inFigure 3-3 show the thermal NO concentration levels near the
Ecodesign limitof 130 mg/kWh [247] for 20-23 H2 vol %.

8000 2200
=@=thermal NO S
2000 @

7000 for 100 ms D

= 6000 Equil NO ; 1800 2

E 11, region to 1600 5

2 5000 —— gme p| avoid, NOx 1400 £

S (€) exceedsl30 1200 12
4000

> mg/kWh 1000 &

Tés 3000 and H conv 800 =

= iciency Q

0 600 =

£ 2000 drdps below 400 %

0 . —

1000 99 200 2

0 = — 0

0O 5 10 15 20 25 30 35 40 45 50 55 60
H, initial vol % (in air, 1 atm, 2&)

Figure 3-3: Thermal NO and adiabatic temperature vs Hvol% for 100 ms.

Asexplained before, equilitium NO concentrations are not usually achieved in
the combustion process. A long time is needed for equilitum to occur, and

real flame conditions limit the reaction time for N and @ to dissociate
recombine into NO.

This past dudy concluded that it is recommended to operate Hin equivalence
ratios from 0.59-0.71 in air to maintain thermal NQ below 40mg/kWh, which
is the limit of sustainable homes N©@emissions. This willretain the
temperature flame below 1750°C for0.03-0.1 sec reaction times

For the present work, mixtures of hydrogen/ air for temperatures from 298-
600K were investigated usingGaseq where adiabatic flame temperatures, b
Oz and NO levels were obtained for equivalence ratios from 0-2.0.

A cooled flame wa calculated for the H/air mixture considering an inlet
temperature of 300K and the adiabatic flame temperature obtained for the
natural gas/air mixture studied for domestic fires cooling the fire temperature
to 1850K below the recommended for sustainabléomes.

3.1.2.2 Equilibria for the glass melting industry

The hydrogen mixture available in the PAS 4444247] was calculated and
compared toa composition of 100% H. For this study, the mixtures were
simulated at 300K at atmospheric pressure calculating the adiabatflame
temperature for equivalence ratios from 0.55.0.
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Figure 3-4: Comparison of adiabatic flame temperature v&for pure and real

H2 compositions
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Figure 3-5: a) Comparison of adiabatic flame temperature v&for pure and
real H2 mixtures showing the error between them; b) Calculated error
between both mixtures.

The obtained plots are shown irFigure 3-4, where no significant differences
are observed. The error between both mixtures was calculated and shown in
Figure 3-5, where the highest temperature difference was obtained a@=5. At
this level, the error was 0.45%. Other inlet temperatures were also tested
showing similar results between both mixturesHence, i was concluded that
the adiabatic flame temperature and equilibrium composition calculationgor
the PAS 4444 hydrogemixture were not required, given the neglectable
difference against the pure H composition.

A hydrogen composition containing 100% Hwas first studied, considering air
temperatures going up to 1600K for a range d@dfrom 0.2-6.0. The adiabatic
flame temperatures and exhaust levels are shown in Appendix C.
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The hydrogenair mixture was studied for a cooled flame bringing down the
adiabatic temperature reached at 1% ©in the flue to the furnace temperature
achieved with NG.

3.1.3 Equilibrium calculations con biodiesel blend for glass melting
industry

A soybean FAMEbased biodiesel composition obtained by Postioti et gl249]
was investigated for this study. Théblend featured a carbon, hydrogen and
oxygen content of 76.7%, 12.0% and 11.3%espectively, for a composition of
CHu.87600.011.

Since the equilibria software did not allow the inclusion of speciesn a H/C
basis, replicating the needed composition was needed using existing species in
thermodynamic tables. A common way of doing this is develapy surrogates

that imitate the fuel composition,asshown in many works [250]z[253]. Cui et

al. [253] developed a table forsix different biodiesel fuel blends (BDSpbtained
from the mixture of various FAMEs compounds, as shown Fable 3-3. The
values for the obtention of soybean oil wer@approached to theblend needed

for this work.

Table 3-3: Components of biodiesel fueld253]

Fatty acid methyl ester %
. Caprylic
Material | 50y Methyl | Methyl | Methyl | Methyl | Methyl | Methyl | Methyl | Methyl |
methyl | decanoate laurate myristate | palmitate | stearate oleate linoleate | Linolenate )
ester
CoH 30> | CH»0; | Cj3Ha605 | CisH3gOs | C17H3405 | CigH3s0s | CioHis05 | CigH3405 | CioH300, C>21
Soybean 11 5 23 52 7
Rapeseed 4 2 62 20 8 1
Palm 1 45 6 38 9
Jatropha 15 12 71 2
Coconut 8 8 45 18 10 2 8 2
Cooking oil 10 3 42 35 5

4 Fatty acid methyl ester (FAME) are a type of fatty acid ester derived by
transesterification of fats with methanol, They are often used to produce
detergents and biodiesel[248]
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The original soybeanmethyl ester compounds weredecomposed into their
elementalvalues for C, H and ©n a massbasis. Thenthese wereconverted
into a mole basis using Excebbtaining a H/C of 1.84and an O/C of 0.106, as
shownin Table 34. Thesevalues were approached to the requested mixture
using the Excel Solver, and the new composition is shown Trable 3-5.

Table 3-4. Original C/H and O/Ccomposition for FAME blend for soybean oil

CALCULATION SOY BEAN BIODIESEL (SAE 2013-01-2689)
Element W
© 12.017
H 1.0079
[e] 15.999
% © H o) total mass |%mass |%mass C |%mass H |%mass O|%mole C |%mole H%mole Q
11% 17| 34 2| 270.4536 29.7499 22.46057 3.76954 3.51978 1.87| 3.74 0.22
5% 19 38| 2| 298.5072 14.92534 11.41045 1.91501 1.5999 0.95 1.9 0.1
25% 19 36| 2] 296.4914 74.12284 57.05225 9.07173 7.9995 4.75 9 0.5
52% 19| 34 2| 294.4756 153.1273 118.66868 17.819672 16.63896 9.88 17.68 1.04
7% 19 32 2| 292.4598 20.47219 15.9746 2.25769 2.23986 1.33 2.24 0.14
TOTALS 1009 1452.3876¢ 292.397 225.56658 34.833024 31.99§ 18.78 34.56 2|
HIC o/C Proposed fuel
1.840256 0.106496C H1.88 00.1

Table 3-5. Approximation of the desired CHO composition for FAME blend for
soybean oil

CALCULATION SOY BEAN (SAE 2013-01-2689)
Element w

(o] 12.011

H 1.0079

(o] 15.999
% C H o total mass |%mass |%mass C |%mass H |%mass O|%mole C |%mole H%mole Qtotal %mole
32% 17| 34 2| 270.4536 87.02095 65.69905667 11.026239 10.295653 5.46990731 10.93981 0.643519 17.0532404!
20% 19 38 2 298.5072 59.70144 45.6414 7.66004 6.3994 3.8 7.6 0.4 11.8
13% 19 36| 2| 296.4914 39.53219 30.4278667 4.83797 4.2664 2.53333334 4.8 0.266667 7.60000002{
7% 19 34| 2 294.4756 19.6317]1 15.21393304 2.284573 2.1337 1.26666664 2.2666671 0.133333 3.66666659]
28% 19 32 2 292.4598 81.37423 63.4970439] 8.9740433 8.9031476 5.2865743 8.903704 0.556482% 14.7467598¢
TOTALS 1009 1452.3876¢ 287.260% 220.4797004 34.78281 31.999 18.3564816 34.51019 2| 54.8666669¢
H/IC o/C Proposed fue
1.88 0.108953C H1.88 00.1

The calculations were carried out using an air composition considering Ar. The
adiabatic flame temperature and product composition were calculated fa@=
0.025 to 3.Q Unfortunately, higher equivalence ratios could not be studied as
divergence wasencountered with the softwareabove@=3 The plots for
adiabatic flame temperature and flue composition are shown iAppendix D.

The biodiesel mixture was studied for a coed temperature for various
equivalence ratios going from the adiabatic temperaturéo the furnace
operating temperature of 1850Kobtained with NG

3.1.4 Equilibrium calculations for glycerol for  the glass melting
industry

Glycerol was studied as a crudmixture of CsHsOz/air .

The first activity was undertaken for inlet temperatures fran 300K up to
1600K for @=0.1-5.0. The adiabatic flame temperature plots and emissions are
shown in Appendix E
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A cooling flame temperature was also calculated for the glycerol/air mixture
for a span ofequivalence ratios The predicted adiabatic temperatureat an
excess @=0.01 volwas taken down in decrements of 50Ko the furnace
operating temperature in NGof 1850K.

Glycerol wasalsostudied as a mixture of 50% HO and 50% crude glycerofor a
cooled mixture of 1850K and 1% excessXO

3.1.5 Equilibrium ca Iculations for European diesel blend for glass
melting industry

The activity was carried out for a European diesel compositiof254] given as
CH.s7with an NCV of 43.0 M3Xg. This mixture had a carbon content of 86.28%
and 13.46%H, both on amass basis, with a density of 834 kg/rh

Akin to the activities carried out for the biodiesel composition, an
approximation of a diesel surrogatecomposition to the neededC/H was
undertaken.

Bai et al | [252] developed a skeletal mechanism for a ttomponent diesel
surrogate fuel using Nhexadecane, iseoctane and tmethylnaphthalene. The
used composition is showm in Table 3-6.

Table 3-6. Composition of diesel surrogatg252] .

Properties N-hexadecane Iso-cetane 1-Methylnaphthalene
Abbr. HXN HMN AMN

Mole fraction 41.3% 36.8% 21.9%

CN 100 15 0

Molar Weight 226.45 114.23 142.20

MP® (°C) 17.9 - —29.2

BP® (°C) 286 246.4 244.8

Density (Kg/m®) 756 768 986

C/H ratio by weight 2.13 2.13 0.91

Lower heating value (MJ/ 43.952 43.4 39.259

kg)

The H/C composition was worked out using Excealn a volume basisobtaining
1.93. The calculation is shown iTable 3-7.

The mole fractions were approached to the desired value of @kt using the
Excel Solver, as shown in Table-8. Then, the new mole fractions were used to
create the blend in Gaseq, and the activitiagere developed. A mixture of air
containing Ar was used for this activity.
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Table 3-7. H/C calculation for diesel surrogate

CALCULATION DIESEL WITH SURROGATE Development of a skeletal mechanism for tri-component diesel surrogate fuel: N-hexadecane/iso-t
methylnaphthalene

ElemeW
nt
(] 12
H 1.03
Mole H  Iname total molar |molar weight |molar weight [molar weight [Moles of C|Moles of H H/IC LHV
fraction% weight of sample  |of C in samplgof H on samplejin sample [in Sample WEIGHT(MJ/kg)
41% 16/ 34/ HXN 226.444 93.521619 79.368688 14.152931 6.608 14.044 2.125 43.952
37% 16/ 34| HMN 226.4441 83.331612 70.72076 12.610844 5.888 12.519 2.125§ 43.4
22% 11] 10, AMN 142.2 31.1414 28.93449 2.207301 2.409 2.19 0.90909 39.259
TOTAL$ 1009 595.0892 207.995032¢  179.02395 28.971077 14.904 28.744
H/IC Proposec
MOLE |fuel
1.92848C H1.87

Table 3-8. European diesel H/Capproach using Excel Solver

CALCULATION DIESEL WITH SURROGATE Development of a skeletal mechanism for tri-component diesel surrogate fuel: N-hexadecane/iso-cetane/1-methylnaphthaler
Element W
C 12.011
H 1.0079
total molar |molar weight of molar weight of C ifmolar Moles of C in [Moles of H H/IC LHV
Mole fraction% C H name  |weight sample sample weight of H [sample in Sample WEIGHT|(MJ/kg)
66% 16| 34 HXN 226.4441 150.001627 127.301392] 22.7002356 10.59873384k 22.522309 2125 43.952
6% 16| 34 HMN 226.4441 13.3784866 11.3538766$2.024610031  0.94528987P 2.00874097F 2.12§ 43.4
28% 11| 100 AMN 142.2 39.60248929 36.795502722.80698656% 3.0634837 2.784985182 0.90909 39.259
TOTALS 1009 595.0892 202.9826037 175.450771527.53183224  14.6075074] 27.3160355
H/C Proposed
MOLE [fuel
1.87C H1.87

The adiabatic flame temperature and product composition were obtained for
the blends with diesel. @0.125 to 6 were calculated for temperatures from

100K up to 1600K. The adiabatic flame temperatures and product compositions
for the different conditions are shown inAppendix F.

The European diesel blend was studietbr a cooled temperature of 1850Kand
1% excess @for various equivalence ratics.

3.1.6 Equilibrium calculations for ethanol for  the glass melting
industry

A mixture of pure GHsOH and air was studied for the obtention of adiabatic
flame temperature and product composition for inlet temperatures going from
300K to 1600K, ford=0.02-5.0. The obtained results are shown idppendix G.

The ethanol/air mixture studied for a cooled tenperature was approached to
the glass furnace conditions achieved with NG of 1850K and 1% i@ the flue.
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3.2 Computational se tup for gas turbine combustor flame
stabilisers for high co mbustion intensity

The flamestabiliser geometriesnumerically investigated in Chapter 5and

Chapter 6were designedand experimentally testedby Gordon E. Andrews and

Naman AlDabbagh[157], considering acombustor can of 76mm diameter,

which was usedfor the simulations.

Combustion nternal traverseswere obtained experimentally for GM2
compared with the obtained simulation results. No internal traverses were
taken for GM1 However, simulation results are compared with mean exhaust
values

The software SOLIDWORKR55] was usedto createthe models for the
different geometries.

Structured hexahedraland unstructured tetrahedral mesheswere designed
using ANSYS ICE56]. However, the complexity of developing the correct
blocking and creating decent quality structuredmeshes lead to the use of
unstructured polyhedric meshes forsomecombustion simulations. This also
helped model the fuel injectionsquickly and vary the nozzle sizes without
designinga new blockingfor every new configuration. Coarser meshesvere
used fa combustion simulations than for the study of aerodynamics to help
reduce the computational time.

Polyhedric unstructured meshes were carried out with the meshing software of
ANSYS FLUEN[R56].

All the simulations were carried outfor a steady state ANSYS CFXas usedto
predict pressure loss in Chapter 5. The simulations involving combustion were
initially carried out using ANSYS CFX; however, issues were encountexeith
opening or importing libraries for propane/air for non -premixed combustion,
so it was then decided to moved ANSYS FLUENT.

All the computational runs were carried out considering a thousand iterations
to allow convergenceThe residuals were set to 1@ in all cases

The leastsquares celtbasedmethod was used for thespatial discretization
gradient for the dmulations carried with FLUENT.

The simulations were carried out following the procedure for FVM mentioned
in Chapter 2.

NGO« modelling was carried out as a posprocessing operation using the NO
model included in ANSYS FLUENT. Prompt and thermal NO wsiaulated. As
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NO values.
All runs were undertaken in a computer with the following specifications:

Windows PC, Inte® Corei7 processor, a GPU GTX 1080, 32GB 2666MHz
DDR4 NorECC RAM, 1TB SSD, Integrated Intel HD Graphics.

3.2.1. Grid Mix flame stabilisers

A 76mm cylindrical model with a combustion zone ofroughly 4D or 330mm

and an upstream length of 2dr 150mm was modelled, replicating the
combustor dimensions used in the experimentsAtmospheric pressure was
considered for the development of the experiments. A thermal input of 131kW

and the heat release of 28 MW/rAwere assumed, as mentioned in Chapter 2.
-~ w \

Figure 3-6. Experimental rig used for grid mix flame stabiliserd157] .
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The work was carried out at a reference Mach number of M=0.047 as in the
experiments. These conditions consider all the combustion air passing through
the stabiliser. The airflow was considered 0.0784 kg/. For the experimental
tests, the inlet air was supplied from an air blower at 0.1 bar, and the airflow
was measured using a BS1042 ventufiowmeter with a diameter of 152mm.
Then, the metered air was preheated using a 9kW electrical heater for an inlet
temperature of 400K.

The thermal input was 131 kW and the heat release 28 MW/m2. Industrial
propane (LPG) at 288 K supplied from six cyliners of 50kg was used for the
experiments. The fuel flow rate was measured using a variable area flowmeter.
The rig used for the experiments can be observed Figure 3-6.

The experiments which this work is based on were carried out at a pressure
loss of 2.4 and 4%or perforated platesof four holes, which gave a #A 1 of
0.266and a t/d of 73.4% Considering the inletair temperature of 400K used
for the experiments, the velocitybefore the flame stabiliser was 18.84 m/s and
the velocity at the venacontractain the stabiliser holes was 70.8 m/s , with M
=0.177. In order to stabilise a flamen aflow velocity of 19 m/s for lean low
NGO« mixtures for alaminar burning velocity of 0.15 m/s, the requiredturbulent
to laminar burning velocity had to beabove 100.

No film cooling air was used in the experiments as thiscrease the NQlevels
[257]. However revers air flow was used for wall cooling asisually seen in
industrial gas turbines. The combustor was tested in the opeso the wall
radiated to the environment, sothe conditions were not adiabatic However, no
wall temperature profiles were measured for the conditions investigated on
this thesis so no wall heat transfer was considered.

A mean gas sample probe was attached to the outlet of tagperimental
combustor allowing to obtain mean values ér the combustion products and
calculate the temperature and other combustion parameters by carbon balance.
This probe was not modelled in the simulationsThe combustor opening

allowed to entrain cooling airinto the combustor, and then the gases passed
through a cone into a watefcooled exhaust.

The mean gas samples wereriginally obtained with a water-cooled stainless
steel X probesimilar to the one used byD. H Lister[258], featuring twenty gas
holes of 1Imm eacHocated on centres of equal area alongith the probe. The
sample flow rate was 30 Ipmwith a sample inlet hole velociy of 32m/s , higher
than the mean velocity in the combustoy but needed to minimise heat transfer
time. Only 5 Ipm were needed for the gas analysis system, the rest wiasnped
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before gas analysis. Gas samples wdnest heated at 180°C througha heated
sample line andfilter ,and then pumped to eheatedgas analysis system to
measure NQ chemiluminescenceusing an analyser with a minimum scale of-O
4ppm and a resolution of 0.1ppm Thetotal hydrocarbons (THQ samples were
then measured using dlame ionization detector (FID)with a resolution of
0.1ppm, oxygen levels were measurethrough paramagnetic andysis,and CO
and CQ were obtained using a nondisperser infrared sensor (NDISusing
paramagnetic analysisWater vapour was removed bycooling the sampleprior
CQCQ and @, while NG and THC were measured wetFinally, NG« was
converted to dry in apost processing operation by removing the water from the
equilibrium composition. NO« was obtained using a N@analyser set for 37°C
and a resolution of 0.1ppm, and a carbon molybdenum converter was used to
convert NG into NO.

The authors of the experimatal work compared the obtained species product
values with the calculated equilibrium composition as shown iTable 3-9 by
using carbon balance and achieving sensible agreement.

Table 3-9 Gas analysis mean exhaust concentration % compared with that for
the metered meandfrom equilibrium calculations for a metered@=0.69

Equilibrium Error
Species Gas Analysis

Metered & (%)
H20 12.4 11.7 5.5
CcQ 8.6 8.1 5.9
CO 0.16E+00 0.16E+00 0

The increment in gas adiabatic temperature was calculated from the
equivalence ratio and corrected for the combustion efficiencgbtained from

the CO and THC measurements. This allowed the mean outlet temperature and
the axial variation of adiabatic temperature to be obtained, for both sample
probes.

Another way of obtaining the adiabatic flame temperature was using mineral
insulated type R thermocouple with grounded junction and platinum outer
sheath.

The authors of the experimentsalculated he increaseof the adiabatic gas
temperature from the equivalence ratio Theythen corrected thethermal
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combustion efficiency calculatedfrom the CO and TH@vels.Differences were
obtained between the thermocouple measurements and thenes obtained with
gas analysis, where the main ones were encountered at the stabiliser
downstream face. Thee differences weremainly due tothe probe location for
the different tests and the challenge of placing thm in the exact wanted
position without any precision device.

Both measurementswere compared with the obtained simulation results in
Chapter 6

The 15mm water-cooled gas sample probesed forobtaining the gas
composition traversesfor the experimental testsis shown in Figure 3-7. It
featured a 1mm tip in the headallowing the obtention of the sample gasThis
sample probeprovided a 3.9% blockage of theotal combustor flow areafor a
76mm diameter. However,thermodynamic interference produced by the
devicecould have affected the obtainedyas compositionresults. Thus,no exact
agreement is expectedvith the simulation results presented in Chapter 6

- =5

¢OUT
IN
WATER

Figure 3-7.Internal traverse water-cooled gas sample probe 15mm OD with
1mm gas sample hole inlet

Both gasanalysis probeand thermocouple were mounedin a supportwith
35.6mm between the two probe centrelinesBoth measuring devicesere
traversed simultaneously. Whenthe gas analysigprobe wastouching the
combustor wall, and the tipwasin the position 7.5mm from thewall, the
thermocouple was 5.1mm offset from the combustor centreline Onceboth
measurements were takenn this position, the test rig wasturned off, and the
probes relocated. Both devices were positioned in a second arrangement, so the
analysis sample probecentreline was colinear to thecentre of the airhole Thus,
the thermocouple centrelinewas 35.6mm away fromthe probeinside the
stabiliser holes. Therefore, whenthe obtained temperature was compared for
both devices,they were not in the same radial flow position The described
locations were simulated and compared with the CFD results in Chapter 6.
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Figure 3-8 shows the simulation arrangement for both the gas analysis probe
(GA) and thermocouple (TC).

Various flame stabiliser geometries were investigated with CFD. The studied
models are listed inTable 3-10 and were mentioned in 29. These geometries
featured four air holes and a PCD of 43.2 mm, and the centre of the holes was
16.5mm from the combustor wall.
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e
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35.600
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7.500
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7€

Figure 3-8. Traverse locations of GA and TC for 2 different positions

Table 3-10: Sudied flame stabiliser geometries usingCFD for a 76mm

combustor

Name No. Airhole | Plate | Pressure | Simulation Fuel | Injection
air size thick | loss
holes (%)

Premixed | 4 22.44 3.2 4 Aerod - -

Premixed | 4 19.27 3.2 2 Aerod - -

GM2 4 19.62 9.53 2 Aerod/ GsHs | Axial

combustion
GM1 4 19.62/ |9.53/ |2/ Combustion | GHs | Radial
22.11 5.3 4
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GM3 4 19.62 9.53 2 Combustion | GHs | Axial
GMIH2, |4 19.62 9.53 2 Combustion | H2 Radial
GM17D |4 19.62 7D 2 Combustion | H2 Radial

Two four air-hole geometries originally used for premixed combustion were
firstly investigated for pressure loss prediction The first one featuring a hole
diameter of 2244mm was designed for t/dof 0.14andan A2/A10f 0.347. The
other stabilizer investigated featured an air hole diameter of 19.27mrrand it
was designed fora t/d = 0.17 and an A2/A 1 of 0.256, as shown inTable 2-2.

A thicker four-hole flame stabilizer was also investigated, originally termed
Grid Mix 2 (GM2) and experimentally showed ultrdow NOx capabilities. This
stabiliser featured an internal hollow fuel delivery plenum which made the
stabiliser thicker.

These geometries were studied with no combustion, and experimental results
for pressure loss are compared with simulation in Chapter 5.

The flame stabiliser GMZeatured a t/d of 0.49, giving & A2/A 1 of 0.265, as

shown in Table 2-2. This geometry injected the fuel through a 0.3mm annular

CAD AO OEA Al x1 OOOAAI /£AA Bovd the aithBldas OOA AE |
shown in Figure 3-9 b). This distance corresponded to a metal ring that

separated the fuel from the airas observed inFigure 3-10.

GML1 featured eight nozzles with a 1.2mm diameter equally spaced in the inner
circumferential wall of each air hole as shown inFigure 3-11, injecting fuel
radially to the air jet as shown inFigure 3-9 a).

& ] L]
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——— h’
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+ L)
FUEL FUEL
(a) GMI1 (b) GM2

Figure 3-9: Fuel injection methods for a) GM1; and b) GM2
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The GML1 grid plate also investigated had a hole size of 22.1mm. However, this
geometry was compared to GM2 and a new addition to GM technology named
GMa3 to study their mixing cgabilities. Hence, it was also modelled for a hole
diameter of 19.62mm. Both plates, GM2 and GM1, were equally fed through
four connecting pipes at the edge of the stabiliser, as shown kigure 3-11.
However, this feature was not modelled with simulation.

Annular gaps

Figure 3-10. Flame stabiliser GMZeaturing an annular injection

Fuel injection

Figure 3-11.Flame stabiliser GM1 featuring eight radial inward fuel nozzles
per air hole

GM2 and GM1 show a welded ring near the stabiliser hole, which was how the
orifice tube representing the air hole was weldedo the fuel plenum. This
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feature was modelled to study its effect on the aerodynamics of the flame
stabiliser used for GM2.

GM3 was a new method of fuel injection imitating the concept of FLOX burners
as explained in 2.2.8, applied to GM. This concept fs@t the centreline of the
stabiliser airholes directly into the shear layer, as shown ifrigure 3-12 a). This
method is compared in Chapter 6 with GM1 and GM2 to obtain the best fuelling
method. GM3 was investigated for the same injection area used for GM2 and
GM1.

GM1, GM2 and GM3 were studied farnonreacting and reacting propane/air
mixture at an injection temperature of 288K.

GM1 was also investigated for dual fuel capabilities featuring hydrogen
combustion. An air hole of 19.62mm was used for the simulationsThe fuel
nozzles were modelled as eight 1.8mm injections sineelocities above 300m/s
were calculated for a hydrogen flame considering the original nozzle siz&he
equivalence ratio of 0.55 was used for the hydrogen simulatiomhich is the
condition needed to achieve the adiabatic flame temperature of 1800K
achieved at the equivalence rationvestigated with propane. This temperature
was also corroborated using the softwaré&sasegand CEA by comparing the
adiabatic flame temperature of propane/air and calculating the needed
equivalence ratio for the obtained temperature.

AIR D 77 7]
77/ —
- FT ]-I]:T AIR
——— //,f); ‘.‘J / — —
(/] -
SHEAR
LAYER
T
- F U L%T'_,,,?f‘ AIR
— :‘L’T j’ —
AIR I:l T
4
FUEL
(a) GM3 (b) GM1-7D

Figure 3-12. Fuel injection methods for a) GM3b) GM1-GE

GM1 was lastly studied for a stabiliser thickness of 7D, similar to the work of
York et al.[26] for hydrogen /air combustion mentioned in 2.2.8. as shown in
Figure 3-12 b). In Yorks work, the combustion occurs after the stabilisation
position with only partial flashback.
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The experimental data showed that the combustor wall was only cooled by the
external radiation, so adiabatic walls norslip were considered in the
simulations.

3.2.1.1 CFD study of aerodynamics for Grid Mix stabilisers

TheD OAOOOOA | ds éxplainedink.Q.9.piicontrolled by thearea
coming through the air holes othe stabiliser.

Equation (12) wasused to predict @ from the measured Gfor the three
stabilisers mentioned inTable 3-10. The obtained valuedraversed at the
combustor wall were compared with the pressure losSCFD predictions

The pressure lossexperimental traverseswere given inmm of water. These
were converted topressure coeffigent K using Equation (9)

Where P is expressed in Pa, rho is the density of the @nd v is the velocity of
the fluid.

The & for all the simulations was calculatedasthe inverse of the square root
of the sum of the highest value of the coefficient K recorded upstreaotf the
combustor plus the lowest value jusbefore thecombustor outlet. Likewise, the
Ccwas calculatedasthe inverse of the square root othe subtraction of the
highest value of the coefficient K recorded upstrearaf the combustor minus
the lowest valueafter the flame stabiliser.

The results obtained for the thicker plate featuring an ahole of 19.62mm
were compared with Equation(15)h  x E A €afculgted ffo® Equation (12)
Air flow

e

Stabiliser
position

Figure 3-13. Computational model used for singléhole simulations
(aerodynamics)
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The stabilisers used for premixed combustion mentioned ifTable 3-10 were
firstly modelled as a single air hole of the stabiliser by simulating an octant of
the air hole of the stabiliser for half of the combustor diameter (38mm), as
shown in Figure 3-13 to reduce the computational time. Therefore, symmetric
aerodynamic behaviour inside the combustor was assumed.

Hexahedral structured meshes were created witANSYS ICEM, considering up
to 6 million elements to verify the mesh independence.

The geometries were later evaluated for a fouhole combustor, as shown in
Figure 3-14. Each model was simulated as a 90° sector of the combustor, and
symmetries were used to model the fowhole mirroring the obtained

simulation results. The intention of this study was to evaluate the
aerodynamics effect @ the combustor fa a higher number of holes.

The aerodynamicsof the GM2flame stabiliserwere also investigated forfour
mesh sizes going from 300K to 6M elementa which only air was modelled,
passing through the domain under the same conditions as the other two
geometries.

The discharge and contraction coeffients were obtained with simulation and
compared with the available experimental data.

Inflation layers down to 0.005 mm elementsvere usedat the wallsfor all cases
to enhance the accuracy of the simulation and accurately predict flow
separation in the region near the stabiliser. The turbulence models R, and the
k-3 Shear Stress Transport (SST) wereompared since theyhave proven
suitable for predicting recirculation zones and sudden contractionsas
explained in 2.3.4 A pressure outletwas simulatedconsidering 122.58 Pa for
the geometries with air hole diameters of 19.27 and 182. The geometry
featuring a 2244 mm airhole was studied for an outlet pressure 0f61.29 Pa
Both valueswere experimentally obtained. The discharge coefficient and
contraction coeffiaent were calculated with the obtained traverses for the
pressure loss coefficient K and compared with the experimental dat&calable
wall functions were used for the simulation as Y+ valuesround 30 were
obtained for all the studied geometries Figure 3-15 shows the obtained
Y+obtained for the flame stabiliser featuringan airhole of 19.27mmand similar
values were obtained for all the studied geometries

Table 3-11 shows the boundary conditions used foaerodynamics simulatiors
for all the studied geometries.
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Air flow

150mm

330mm

Stabiliser
position

Figure 3-14. Computationalmodel used forfour-hole simulations

Table 3-11. Boundary conditions for CFDsimulations ofaerodynamics

Parameter Value
Mach number 0.047
Air inlet temperature 400°K
Air inlet mass flow rate 0.0786 kg/s
Air inlet velocity 18.84 m/s
Reference Pressure 1 ATM
Outlet pressure (19.27 & 19.62mm 122.58 Pa
geometries)
Outlet pressure (22.44mm geometry) 61.29 Pa

As previously mentioned, the flame stabiliser experimentally used for GM1
featured a welding cord at the upstream face of the stabiliser, as shown in
Figure 3-16. The air holes in this grid plate were constructed using machined
cylinders, which were internally welded to the discharge face of the stabiliser
but externally to the upstream face.
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Figure 3-15.Y plus values for fourl9.27mm hole flame stabiliser.
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Figure 3-16: GM2 showing 13° weld at the stabiliser upstream air inlet

This feature wasinvestigated to study the effect on aerodynamics. The weld
was modelled as a 45° and 13° slopas shown inFigure 3-16. A similar feature
can befound at the tube entry in shell and tube heat exchangers, where the
pipe inlet is welded to the rest of the deviceror this study, unstructured
tetrahedral meshes were created in ICEMince problems were found to
simulate the slope with the blocking needd for the hexahedral mesh.
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Three mesh sizes up to 2.9M elements were investigated for both angles.

The 13° welding slope at the inlet of the air holes wasompared againsta flat
plate geometry to study the welding inle effect by including the fuel ifection
in the geometry design. Unstructured tetrahedral meshes were used
considering roughly 2M elements for both cases:or this study, GM2 was
modelled featuring its fuel injection.The mesh statistics are shown ifrigure
3-17, where an overall positive quality was achieved with both meshes. The
turbulence model Realisablé&k-rwas used to model the turbulence interaction.

Flat plate Plate welded inlet
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Figure 3-17.Mesh statistics for GM2 tetrahedral unstructured mesh: LHS) Flat
plate; RHS) Welded inlet plate. A) Quality, B) Determinant, C) Aspect ratio
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3.2.1.2 CFDstudy of non-reacting fuelling methods for Grid Mix flame
stabiliser

Adequate and effective modelling of combustion and N@equires correct
fuel/air mixing prediction [45]. However,sudden expansions and flow
separation due to highvelocity flows canchallengethe effective mixing
simulation[259], as explained in 23.7

Three fuel injection methods were evaluated and compared using the flame
stabiliser featuring four 19.62mm airholes and a stabiliser thickness of
9.53mm. Thestudied fuelling methods were the one featured by GM1, the
annular feed of GM2 and the new addition to the GM technology GM3.

The domainfor the three casesvas simulated as a single hole 90° sector of the
combustor using the samalimensions shown inFigure 3-14.

The computational meshes were created using ICEM ANS¥@&sidering a 3D
domain and a structured hexahedral scheme. The geometries were initially
studied using unstructured tetrahedral meshesbut issues were encounteredn
modelling the discrete fuel injections featured by GN2.



-107 -

This study was carried outusing a single mestof around 1M elementswhich
was shown toobtain accurate results for theaerodynamics predictions Hence,
no mesh independence stugwas undertaken.

The study was carried out for a propane/air mixture using the boundary
conditions shown in Table 3-12. A fuel mass flow of 6298e kg/s was used for
an equivalence ratio of 0.5This is a usual conditionfor low NOx combustors
[93].

All the simulations were undertakenusing ANSYS CF&onsidering the
turbulence modelk-r. Steadystate adiabatic conditions at atmospheric
pressure were assumed

Table 3-12. Boundary conditions for CFD simulations of air/fuel mixing

Parameter Value

Mach number 0.047

Air inlet temperature 400°K

Air inlet mass flow rate 0.0786 kg/s
Air inlet velocity 18.84 m/s
Fuel Inlet temperature 288K

Fuel inlet mass flow rate 6.298e4 kg/s
Equivalence ratio () 0.5
Reference Pressure 1 ATM

The runs were carried out for a firstorder discretization scheme, and after
convergency was achieved, they were upgraded to second order.

ANSYS CFX 19.1 dibt include a straightforward way of pldting the
equivalence ratio. This was calculatetbr an isothermal mixture using Equation
(67), where the propane stoichiometric air/fuel ratio was used as 6.42The
actual A/F was calculatedusing Equation68), wherew is the mass fraction.

| 870
870 (67)

6 | A® 0 ORQ Gréup
e} [ A® 6 Omst p (68)

Radial Injection (GM1)
This fuelling method GM1was previouslyillustrated in Figure 3-11 A).

A meshwas created considering 1.5M elements usingoundary layers of
0.01mmto successfully simulate the mixture behaviour near the walls and the
fuel injection. Originally, injection points at 0.8mm cellswere used to simulate
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the eight fuel nozzlesfor a total injection area of 4mnz, considering cellsof
0.64mm2. However, the mesh statistics showed a low determinant and a high
aspect ratio toachieve the desired cell sizeas shown inFigure 3-18. An
improved mesh including a fine inflation layer for each nozzle was later
developedto simulate combustionsincethe one used for this study was
unreliable. In addition, given the geometrycomplexity, scalable wall functions
were considered due to Y+ being less than 10 at the combustor walsnally,
the nozzleinjection velocity was calculatedand set as85 m/s.

A)

Determinant 3x3x3

Figure 3-18. Mesh statistics forradial injection GM1 for 19.62mmbhole
stabiliser. A) determinant, B) aspect ratio

Annular Feed (GM2)

This fuel injection method isshown in Figure 3-11 B). The size of the annular
gapwasset to 0.3mm giving an injection area of 21.7mrA. Asmaller 0.08mm
gap was initially investigated However, this distance was too smalland
divergencewas encountered with the simulation.The injection velocity was
calculated to be 5m/s for 0.3mm.

A hexahedral1lM element mesh was created for this studgonsideringa
boundary layer with a minimum element size of 0.05mm near the fuel
injection and 0.01 atthe wallsto successfully predict fuel separationThe
stabiliser hole welded inlet featured by the original design was not modelle@s
the intention was to model the fluid behaviour as a flat plate

Preliminary steady-state computations using showed divergence, soteansient
simulation was carried outconsidering 100 timesteps forl.0 seconds. The
high-resolution advection schemeand secondorder backward Euler
discretization scheme wereselected The residualtarget for the convergence
criteria was set for 1e6.
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Scahbble wall functions were used for this geometry as the Y+ levels were under
30.5.

The mesh statistics are shown ifrigure 3-19, wherethe determinant was
higher than 0.6 and quality of 0.28 was obtained. This mesh was later
improved for the combustion runs.
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Figure 3-19. Mesh statistics forradial injection GM2 for 19.62mmhole
stabiliser. A) determinant, B) quality, C) aspect ratio

Centreline injection (GM3)

GMa3injects the fuel at the centreline of each air holas explained previously
The fuel was meant to be injected through a pipe coming from the upstream
length of the combustor. Howeverthis tube was not modelled for thisnon-
reacting study. Instead, the fuel injection was placednidway through the
stabiliser hole thicknessas a simgle injection point, as shown inFigure 3-12 A).
The sum of the eightuel nozzle areas used in GMlageatotal of 4.02e® m2.
which was considered for the fuel inletin GM3 giving an injection velocity of
84.7 m/s.

A hexahedral meshcomposed of 1.5M elemergwas used for this caseGiven
that the fuel injection needed a cell with a specific size in the centre of the air
hole, the mesh quéity was compromised, as shown inFigure 3-20. However,
this issue did not affect the results. This mesh was later improved for the
combustion study.
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Figure 3-20. Mesh statistics for radal injection GM3 for 19.62mmhole
stabiliser. A) determinant, B) quality, C) aspect ratio

3.2.1.3 CFDstudy of combustion for Grid Mix

As explainedin the introduction of this Chapter, he software CFX was not used
for the combustion simulations asthe propane/air libraries needed for non
premixed combustion were not availablen the software. Addingexternal files
such asmechanismsor RIF libraries was not possibleHence, RAN$urbulence
and combustion modelsavailable in ANSY$&LUBNT were studied for
experimental combustionresults obtained for the technologies GM1 and GM2
considering the original flame stabilisersand the combustor dimensions shown
in Figure 3-14. Akin to the aerodynamics and isothermal mixing studiesn
Chapters 5 and 6 the combustion simulations were undertaken considering3D
domains.

ANSYS FLUENT does not hatree equivalence ratio as a set parameter.
However, this can be obtained using the mixture fractiorfound in FLUENT
using Equation (43)

As previously explainedtheinternal traverses for the experimental results
were gatheredfor an equivalence ratio ofd=0.624.

Thermal efficiency was calculated usinghe oxygen levels ashown in Equation
(69), where 100% combustion efficiency is when the measured oxygen iseth
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one predicted from equilibrium. The fraction of this oxygen depletion is the
combustion efficiency.
0O P 00 p
- 706 P 0 b (69)

3.2.1.3.1 Validation of turbulence and combustion models for combustion for
GM2 using a propane/air mixture

The original 19.62mmgrid plate flame stabiliserfeaturing GM2 was
investigated with numerical simulation. The flame stabiliser was studied using
hexahedral and tetrahedral meshesThe annular gap wadirstly simulated as
0.3mmas in theaerodynamics study. Howeverthis gave an incorrect mixing
and temperature distribution when using a hexahedral structured meshso the
gap wasstudied as1.0mm, showingmore sensibleresults. Finally, the gap of
0.3mm wasconsidered againfor an unstructured hexahedralmeshused for the
simulation with flamelet generated manifold

Countlesscomputational runs were required to find the correct parameters for
this specific geometry, comparing different turbulence, combustion models,
discretization schemes and solution methods. However, only the setups for the
most relevant runs are described below.

The turbulence modelsk-rand RNG«-rRwere used for the combustion
simulations. However, it was later recommended to move tdRealisablek-r,
giventhe combustion intensity and high flows experimentally show by GM2.

Combustion was investigated using the Eddy Dissipatiododel (EDM),

Chemical Equilibrium, the Steady Diffusion Flamel¢SDF)for non-premixed
combustion and the Flamelet Generated Manifold for partially premixed
combustion applied to diffusion combustion. Even though the Eddy Dissipation
model is not recommended for diffusion flame$209], this was used as a first
approach and then compared with the other models.

Adiabatic non-slip walls were used inall the simulations, given that no wall
temperature profiles were taken experimentally for GM2 at the studied
conditions. However, the radiation model discrete ordinates DO was used for
the simulation using theEDM, Chemical equilibriumand SDF since theuns
agreedbetter with the experiments when using radiation models.
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Combustion simulations with EDM and Chemical equilibrium for non -
premixed combustion

The geometry used for these simulations included the 13° welding slope
investigated in Chapter 5.
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Figure 3-21. Statistics for unstructured tetrahedral mesh used for preliminary
combustion simulations for GM2

An unstructured tetrahedral mesh of 1.7M elements was first created using
ICEM for the preliminary combustion simulations for GM2 using the eddy
dissipation model and chemical equilibrium for nonpremixed combustion.
Figure 3-21 shows the mesh statistics where quality and determinant of 0.2
were achieved. The max aspect ratio for this geometry was 52.

The turbulence modelk-rwas used for the EDM comisstion model simulation.
In addition, the turbulence model of RN&-rwith enhanced wall treatment was
used for the simulations using chemical equilibriumlt was then discovered
that RNGK-r[260] was suitable for rotatory flows like swirlers but not plate
stabilisers.

A SIMPLEscheme of the pressure velocity coupling was used for the EDM
simulation, considering a firstorder upwind discretization, and then the
simulations were upgraded to second order. Divergence was encountered for a
Coupled scheme. This was not the case for EDM simulation, which was carried
out with the Coupledmethod and spatial discretisation of seconebrder. Table
3-13 shows the under relaxation factors used for the simulations of both
combustion models.
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Table 3-13. Under-relaxation factors for combustion simulation for GM2 using
EDM and Chemical equilibrium

Combustion model EDM Chem eq
Solution control Value | Value
Pressure 0.3 05
Density 0.25 0.2
Body Forces 0.8 0.8
Momentum 0.7 0.5
Turbulence KineticEnergy 0.8 0.75
Turbulent Dissipation rate 0.8 075
Turbulent Viscosity 1 1
Energy 1 0.75
Temperature 0.9 0.75
Mean Mixture fraction 0.75 0.75
Mean fraction Variance 0.75 075
Discrete ordinates 1 1

Combustion simulation with SDF for non -premixed combustion

The lack of agreement obtained with EDM and chemical equilibrium led to the
development of a hexahedral structured mesh considering the whole fotirole
combustor since it was thought that the combstion was not symmetric, which
probably affected the combustion results. The geometry was modelled as a flat
plate.

A structured mesh was createdor a whole four-hole domainusing 2.8M
hexahedral elemens,as shown inFigure 3-22, since it wasthought that the
temperature distribution was not going to be uniform inside the combustorA
fine inflation layer was included near thefuel injection to allow a smooth
interaction with the rest of the domain, as shown inFigure 3-23. The fuel
injection was modelled using elemats length up to 0.005mm:The mesh
statistics are shown inFigure 3-24, wherea minimum determinant of 0.62was
achieved as illustrated in Figure 3-24A). A high aspect ratiowith a maximum of
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1500 was obtained(Figure 3-24B), given the nature of the geometry, which
required discrete elements near the fuel injection

i -] | 8mm Pl

=" —150mm | 330mm : |

Figure 3-22. Hexahedral structured meshusedin combustion simulation for
GM2

Figure 3-23. Inflation layer at fuel injection for hexahedral mesh usedh
combustion simulation with SDFfor GM2

Figure 3-24. Statistics for structured hexahedral mesh usedn combustion
simulation for GM2 A) Determinant, B) Aspect ratio































































































































































































































































































































































































































































































































































































































































































































































