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Abstract

Low NOx burner designs for gas turbines, process heaters and domestic fires have
been numerically and experimentally investigated. All the technologies were
suitable for operation on hydrogen, and this was a particular theme of the work
on domestic fires. All the designs were studied for diffusion flames (non-
premixed). Hydrogen premixed flames will always flash back, and a solution to
this problem must be found if hydrogen is the zero-carbon fuel of the future. This
work shows viable solutions to the problem for all the investigated applications.
Hydrogen diffusion flame designs for domestic fires were a rather difficult design

problem, as all current fires operate partially premixed.

Equilibria software was used for the investigation of hydrogen operation at the
same flame temperature conditions as for propane and natural gas for gas
turbines and domestic fires. This 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 temperature jets. The aim here was to predict
changes in the composition of the gases above the glass melt for hydrogen

compared with natural gas and other renewable fuels.

Gas turbine low NOx grid plate flame stabilisers with four axial air jets were
investigated using CFD. The fuel injection location relative to the air injection was
studied for its influence on fuel/air mixing, flame development, and NOx emissions
for rapid fuel and air mixing downstream of the flame stabiliser. The geometries
aerodynamics, mixing, combustion and NOx were studied with RANS models,
which were compared against the mean exit plane and with axial profiles
previously obtained experimentally on propane fuel in a design called Grid Mix.
The CFD work was carried out at 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 number of 0.047 for a heat release
of 28MW/m?bar. Reasonable agreement was shown between experimental data
and simulation for this very high flame stretch combustion condition. This is the
first time CFD has been applied to these GT combustion conditions. One of the GM
designs was investigated for hydrogen combustion, and its application on a

commercial burner showing good agreement.

Domestic fires for dual fuel-lean low NOx 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, internal gas recirculation

and fuel staging were all shown to be effective in producing low NOx emissions.
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Acronyms and abbreviations

Abbreviation Definition

CCGT Combined Cycle Gas Turbines

BEIS Department for Business Energy and Industrial Strategy
TET Turbine Entry Temperature

NOx Nitrogen oxides

GM1 Grid Mix one (radial injection)

GM?2 Grid Mix two (annular feed)

GM3 Grid Mix three (central injection)
GM1-7D Grid Mix one with a thicker stabiliser
IEGR Internal exhaust gas recirculation
CFD Computational fluid dynamics

RANS Reynolds Averaged Navier Stokes
TKE Turbulence kinetic energy

PDF Probability density function

EDM Eddy dissipation model

SDF Steady diffusion model

FGM Flamelet generated manifold

DO Discrete ordinates
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Nomenclature
Symbol Definition SI Unit
m’ Mass fraction kg/s
Cp Discharge coefficient -
Cc Contraction coefficient -
Re Reynolds number -
AP Pressure loss -
P Pressure N/m?
p Density kg/m3
1 Dynamic viscosity Ns/m?
L/D Length to diameter ratio -
Du Hydraulic Diameter m
] Equivalence ratio -
Tadiab Adiabatic temperature K
2

B Porosity = nfj -
d Diameter of orifice m
K Pressure loss coefficient -
A Cross-sectional area of the combustor m?
N Number of orifices -
u Velocity m/s
M Mach number -

Turbulence kinetic energy m2/s?



Chapter 1. INTRoDUCTION

1.1 The Role of Hydrogen in achieving Net Zero Greenhouse Gas
Emissions
The Kyoto Protocol was an international treaty that extended the 1997 United
Nations Framework Convention on Climate Change, it was adopted in 1997 to
reduce emissions of gases that cause of global warming, mostly CO2 [1], and
human energy consumption is responsible for most of the increase in CO2
emissions. The Paris Protocol in 2015 established that an increase of more than
2°C would bring catastrophic damage. A long-term 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, targeting a 50% CO2 reduction by 2030 and reaching net-zero values
by 2050 [2]. According to the Glasgow COP26 [3], 55 Billion metric tons of CO2
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 in energy use and hence CO2 emissions
since 1990. The total final energy consumption came down 13% in 2020
compared to 2019 due to the impact of the Covid-19 pandemic. The transport
sector was affected 29% and the industry sector 6.2%. The overall final energy
consumption adjusted to temperature was 11% was lower than the year before
in 2020 [4]. Electricity generation went down in 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 (Check DUKES 2021 numbers).
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 operated 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 electricity production, where in the UK,
natural gas (NG) is the only significant fossil fuel used today in the combined
cycle gas turbines (CCGT). If hydrogen is to be produced by electrolysis from
renewables such as nuclear, wind or solar plants, fuel 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, as illustrated 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 in Figure 1-3. Currently, no replacement technologies are
being developed to balance the grid demand. Thus, if the electricity supply is to
be zero greenhouse gas (GHG) emissions, a solution is needed to tackle this
problem, and fuel switching to hydrogen in CCGTs is the solution.
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Figure 1-1. Final energy consumption from 1990-2020 [4]
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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 Grid [7]

One of the main routes to zero GHG emissions is the fuel switching to green
hydrogen, which is part of the UK Government's strategy [8]. This fuel
switching to hydrogen can be achieved using nuclear or renewable electricity to
generate hydrogen by electrolysis. However, no gas turbines, process burners,
or domestic fires operate with hydrogen currently other than experimentally.
The UK government is closing this gap by providing funds for demonstration
projects, and this research is part of four BEIS funded fuel-switching
programmes, as detailed in the acknowledgements.

1.2 Considerations for hydrogen combustion.

The Wobbe Index (WI) is a parameter recently 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 mixture. In the
1920s the concept of heating value over square root of density was used for
fuel interchangeability, where the Wobbe index predecessor, or the C-index
was established [9]. The Wl is expressed in the same units as the gross
calorific value (M]J/m3). In the UK the WI for natural gas is kept in the range of
47.2-51 MJ/m3 [10].

If two fuels have identical Wobbe Indices, for the same pressure and valve
setup the thermal energy input will be also the same. However, the pressure
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 variation 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% H2 compared to a
35% H2/65% NG blend.
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Figure 1-4. Wobbe Index and heating value variation for NG/H2 blends

A dual fuel burner using hydrogen and natural gas is possible since the Wobbe
Index for hydrogen is 48.5 MJ/m3 [13]. Same burner holes for both fuels allow
the passing of approximately the same amount of energy [14]. More detail can
be found in Appendix H.

Gas turbines and process heaters can’t be operated with hydrogen for a
premixed flame since there is a risk of flame flashback given the reduced
quench distance of hydrogen of 0.6mm compared to methane of 2.2mm [15],
[16]. The flammability limit of hydrogen is 4-75%, wider to other gases such as
methane (5-15%) [17]. Diffusion systems are usually employed for safety
purposes given their reduced propagation speed. The burning velocity of
hydrogen is 2.65 m/s compared to 0.4 m/s of methane 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 concentration are below 8%. For a concentration above 20%

intense combustion is achieved [18].

The phenomena of acoustic pressure oscillations has been a problem in the
development of ultra low NOx 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 1900K [19], where the
frequency of the vortex shedding triggers the resonance, making in some cases
the flame stabiliser essentially unstable. Operating too rich in the primary zone
is another factor that generates resonance [20], 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 lower pressure drop, and running at lower
equivalence ratios . However, the present work for GT is for a low NOx non-
premixed combustor at a Texit=1800K for both hydrogen and propane which is

just under acoustic resonance.

For the three applications: gas turbines, process burners, and domestic gas
fires, increased NOx emissions 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 with low NOx
emissions. Increasing the NOx emissions standards to facilitate the use of
hydrogen for green heat and green electricity will not be permitted. This
research's experimental and CFD parts concentrate on developing burners with
low NOx emissions, as hydrogen is not a viable green fuel unless low NOx can be
achieved.

This project predicted NOx emissions for hydrogen combustion for grid plate
type flame stabilisers that had previously been shown to have ultra-low NOx for
gas turbine application using propane fuel. These were referred to as Grid Mix
(GM) [21]-[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 NOx hydrogen combustion is also presented,
which use several low-NOx design techniques reviewed in Chapter 2.

In the Glass Futures fuel switching BEIS project, the safe operation of a furnace
at glass melting conditions was demonstrated on hydrogen. However, it
showed a large increase in NOx emissions compared with NG, as the burner
design used the same location of the fuel lances and only changed the injection
hole diameter to achieve the same flame length [28]. This has also been
observed by Dreizler, et al[29]. They used external EGR to reduce the NOx
levels in their combustor. In the present work, we demonstrate burner designs
for achieving low NOx with hydrogen that do not require the use of external
EGR. This thesis shows that burners can be designed to have low NOx on
hydrogen for gas turbines, process burners and gas fires. However, simply

operating the existing NG burner on hydrogen may result in a significant
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increase in NOx, which the above examples indicate could be an increase in a
factor of 2 - 10, which will never be permitted.

Process burners operate closer to stoichiometric to achieve the best thermal
efficiency, which makes reducing NOx difficult due to the high mean
temperature near stoichiometric combustion. The classic method of reducing
NOx in these circumstances is to stage the air injection to achieve rich/lean
combustion (as reviewed in Chapter 2). This has modest NOx reduction, and a
better method to achieve low NOx is to use axial staged fuel injection, with the
first stage operating very lean, as for low NOx industrial gas turbine, and thus
the low-NOx design techniques for lean combustion can be applied. The second
stage fuel injection occurs after completing the first stage combustion with
axially staged fuel injection. This second stage fuel burns in the combustion
products of the upstream lean combustion, which is effectively a method of
achieving very high internal gas recirculation. In future work (Chapter 8), this
design will be developed as a low NOx hydrogen burner for the zero-carbon
operation of Whisky distilleries. Currently, there are no commercial
applications of axially stage fuel combustion in the open literature, apart from
that used in some gas turbine designs for lean overall combustion explained 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 CO2.
State of the art is the current operation at 1800K-1900K in the ] class CCGT
plants first developed by MHI in Japan[30]. These high firing temperature
plants can only achieve Ultra-low NOx if all the combustion air passes through
the flame stabiliser. However, in the MHI work, they could not deliver low NOx
on natural gas at these high firing temperatures and used 35% external exhaust
gas recirculation (EGR) into the air compressor inlet to achieve the legislated
required NOx [30]. This illustrates the difficulty of a lean burning flame
stabiliser design solution to low NOx emissions for high turbine entry
temperatures. Chapters 5 and 6 show that low NOx can be achieved at these
high temperature operating conditions with the Grid Mix flame stabilisers using

an internal grid plate fuelling each air hole.

It is common to develop low NOx gas turbine combustors at atmospheric
pressure. There is no thermal NOx generation for combustor exit temperatures
up to 1800-1900K, resulting in no pressure influence (as reviewed in Chapter
2). However, only successful low NOx combustors are tested at high pressure

due to the elevated cost. Process burners for heat applications obviously
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operate at atmospheric pressure. So the present experimental and CFD work is
equally relevant to low NOx process burners and gas turbines.

1.3 Equilibrium predictions

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 gas turbines and the proposed process burners. Thus, knowing
the adiabatic equilibrium flame temperature and gas composition helps
validate CFD predictions. Also, to demonstrate that the distance to reach
equilibrium is the flame development length, which should be shorter than the

combustor length.

Several pieces of equilibrium software have been developed in the past, where
the most common are Gaseq and CEA. They have been widely used for
combustion purposes, including gas turbines[31]-[33]. However, they have not
been used to study domestic fires or the glass melting sector. The equilibrium
software can predict the adiabatic flame temperature and product composition,

including equilibrium NO emissions.

Equilibrium programmes also predict the equilibrium NOx, which is the NOx for
infinite residence time. Usually, combustors are not long enough to reach NOx
equilibrium, but in glass melting float glass furnaces, the gas temperatures are
so hot that equilibrium is achieved in a relatively short distance. Thus,
equilibrium codes can predict trends in equilibrium NOx, such as the influence
of inlet air temperature, equivalence ratio, water addition, etc. All these 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 required for process
heating burners for the highest thermal efficiency. In this application, cooling in
boilers or water heaters reduces the CO due to re-association 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 in the product composition using hydrogen. A
matter of concern was the water content of the product gases, particularly

hydrogen, where an increase could 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 temperatures, and chemical
equilibria are required for different air temperatures up to 800K in gas
turbines. In addition, some process heat applications use thermal heat
exchange between the exhaust gases and the inlet air to generate very high air
temperatures. This is the glass melting industry situation where 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 100K was part of this work.

This thesis is concerned with fuel switching from NG to hydrogen. Still, the BEIS
fuel-switching programme includes switching to biofuels, and so in this work,
the adiabatic flame temperature and gas composition have been predicted for
several fuels. Fuel switching aims to operate a burner or system such as glass
melting furnaces (Glass Futures project) using an alternative fuel at the
equivalent flame temperature as natural gas. Higher excess oxygen is required
for hydrogen and less for biomass fuels, as shown in Chapter 4.

Biofuel diesel (biodiesel) offers an expensive but effective solution to reducing
fossil fuels and decarbonisation. A generic blend of biodiesel was studied with
the equilibria software. The Glass Futures fuel-switching 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 crude glycerol [34]. This fuel is often overlooked and disposed of
as a waste product. This was why it was investigated for the glass melting
industry and is currently being investigated for applications in 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 NOx reduction in combustion systems, as explained in
2.2.6. Still, contaminated water is a big waste product in distilleries, so

destruction in the burners is a cost-effective waste disposal method.

Ethanol is an alternative to achieving zero carbon. It is available with
immediate effect as it is obtained directly from biofuels for adding to gasoline.
Currently, 10% ethanol in gasoline is requested [35]. Pure ethanol and
ethanol/gasoline burn cleanly and make a good SI engine fuel [35]. 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 methane with higher hydrocarbons and
inerts. A natural gas composition provided from records at the Guardian Glass
plant at Goole was used for the average of a month's supply. In this thesis, only
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 assumed to 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
- BEIS) were predicted.

Finally, the CFD simulations in Chapter 6 using propane were validated with
the equilibria software. This activity was undertaken because 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 as grid plates, are flame stabilisers used in some
low NOx gas turbine combustors. These technologies create interacting shear
layers that are used to rapidly mix fuel and air, with the fuel injected into each
air hole in the grid plate, achieving low NOx emissions. Grid plate flame
stabilisers were the first premixed system to achieve low NOx emissions[22],
[36]. Andrews et al. [21]-[25] have demonstrated the principle of direct fuel
injection in grid plates by fuelling the air jets passing through the stabiliser
holes. Also, several companies have shown the use of grid plates in their
combustion systems, and there has been a renewed interest in using these grid
plate technologies 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 hydrogen combustion [26], [39], [40]. Lastly, some
process burner designs have demonstrated the use of grid plate burners. More

detail about these technologies is provided in Chapter 2.

The Grid Mix flame stabilisers were fuelled with two methods of injecting 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
needed for combustion passed through the Grid Mix flame stabiliser. The

combustion process must be carried out as lean as possible to achieve low NOx.



-10 -

Also, a good lean flame stability margin is required to achieve low lean NOx.
This was shown experimentally in previous work by Andrews and a co-worker
[21]-[25] to have good flame stability so that operation in the lean low NOx
region could be achieved. The GM2 design had better flame stability than the
GM1 design but higher NOx. This was the database where the CFD prediction
procedures were validated in Chapters 5 and 6.

A combustor with all the airflow through the stabiliser operates at a reference
Mach number, M3, of typically 0.05 based on the combustor flow area at the air
inlet temperature. In Andrews's work, M was 0.047, and the heat release was
28 MW /m?2bar. Modern low NOx combustors designed for high firing
temperatures should have a heat release of around 25 MW /m?2bar. Still, most
low NOx combustor work has operated at conditions around 15 MW /m?2bar or
lower in many cases. 15 MW/m?2bar represents 60% of the combustor airflow
passing through the flame stabiliser. In the present work, all the combustion air
has to pass through the flame stabiliser and operation at 28 MW /m?2bar is
necessary for 1800-1900k flame temperature operation at low NOx. This is a
new application for CFD as no previous application of CFD has been applied to
such high-intensity combustion for gas turbine applications.

Axial central fuel injection on each stabiliser airhole has been experimentally
and numerically investigated for FLOX burners [37], [41], [42]. A large central
burnt gas recirculation zone between an annular ring of air holes has been
demonstrated to create high IEGR. This alternative method of fuelling each air
hole in a grid plate has been modelled using CFD in this work, called 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 stabiliser, similar to
GM1 but with elongated mixing tubes, achieved ultra-low NOx 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.

Pressure loss is an important aspect of low NOx gas turbine combustion that
can influence low NOx gas turbine combustor fuel 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 the flow through the flame stabiliser holes, it is the

flow expansion from the vena contracta that controls the pressure loss.

The experiments and predictions were carried out at a AP/P of 2 and 4%,

which are the typical range used in gas turbines. Any higher pressure loss
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deteriorates the cycle thermal efficiency and lower pressure loss lead to poor
flame stability and poor combustion efficiency.

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 pressure. This 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 does have an influence on thermal
NOx 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 generation
is reduced for flames with temperatures above 1900K. Pressure will increase
NOx 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 dependence 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 NOx.

This thesis shows the use of validated CFD to 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 air to pass
through the grid plate. This leads to very demanding high turbulence and high-
velocity jet flames, as reviewed in Chapter 2. Experimentally, for GM1 and GM2
no resonance was encountered, so this was not modelled with CFD. The richest
equivalence ratio 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) has been widely used by
academia and industry to improve combustion systems and understand the
flame structure in low NOx flame stabilisers. For example, CFD has been able to
predict temperatures and NOx 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 NOx emission. So once correct
prediction of the mixing, it is possible to predict the flame temperature and NOx

emissions.

Using different combustion models, various researchers have successfully
investigated turbulent combustion for premixed [32-36] and non-premixed
combustion [37-39]. NOx modelling is strongly dependent on temperature
prediction and mixing quality. Phil King studied combustion and NOx prediction
for non-premixed combustion radial swirlers with radial vane passage fuel
injection [45]-[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 centre-line 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 /mZbar 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 heat controls. Because of their low price,
they are used by the 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 hypothermia.

By 2022 the estimated UK domestic space heating market was worth £338
million, with gas space heating having a 33% share, supported by an ever-
increasing number of UK homes on the gas grid [48]. In terms of Units for Fuel
Effect fires, this means some 230,000 per year [49], 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 steady 3% per annum which is expected to
continue [50]. Fuel Effect Fires account for around 44% of 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 was to establish whether it was possible to replace
the natural gas supply with hydrogen for homes and gas appliances. Nine work
packages were developed to do so, starting from the technical management to
the demonstration of the technologies. One funded area was ‘coal-effect’ fires,
with a contract for three fires awarded to a consortium led by Clean
Combustion System (CBS) Ltd with the University of Leeds leading on 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,
glass-fronted fires and flame effect innovative fires.

1.6.1 Open fires.

Open fires are the cheapest domestic heating and are designed to look like coal
fires with ceramic 'coals' heated by premixed gas/air flames, giving glowing
ceramics and some post ceramic gas flames. The ceramics do not get consumed
by the fire. The air supply to the premixed flame 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 19-20%. These fires are rich 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 explosions [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 top-selling open gas fires (70,000 units sold since 2011)[53].
The NOx emissions are 128 mg/kWh at high heat, which is below the EU
Ecodesign requirement for these fires of 130 mg/kWh [54].

1.6.2 Glass fronted coal effect fires.

Glass-fronted 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 the fire 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 8-10% region. The use of ceramic coals is similar to

the glass-fronted fire but manufactured of different shapes.

The Legend fires Evora balanced flue fire was the reference appliance, one of
the UK's top-selling glass-fronted 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 3.8kW, and 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 +A1: +C1:2008 relating to balanced flue
appliances. Ignition is carried out by a piezo spark. Legend has currently sold
7500 units in the UK alone, making this award-winning fire one of the UK's
best-selling glass fronted fires[55]. This reference fire was suitable for
developing a dual fuel hydrogen/NG appliance with a standard burner and fuel
system, where hydrogen burned over a broader range of equivalence ratios (@)

than NG. Hence, power 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 fire with
innovative features, and the CBS consortia funding was for a fire that did not
use ceramic coal effects. However, ceramics could be used for heating without
having a coal-like effect. A class of NG fires uses visible diffusion flames that
flicker in a relatively large volume. The present work presents this appliance
for a diffusion flame against a near-vertical ceramic wall to generate an

attractive flame. At the time, BEIS advice [56] was that this would be impossible
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as hydrogen flames had poor visibility. Hydrogen diffusion flames are non-
luminous, given the lack of soot radiation but not invisible. One of the oldest
references on hydrogen diffusion flames [57] reported the visible flame length,
confirmed in more recent work [58]. The consultants 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 in Chapter 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 NOx and with internal reverse
flow so that the diffusion flames burnt in a reduced oxygen atmosphere which
reduced the NOx emissions further giving enhanced colour to the flame. NOx
reduction for hydrogen flames was at the heart of the burner design process.

1.7 Combustion pollution and its effects

NOx emissions are the critical factor in hydrogen burners, given the severe
health and environmental effects NOx emissions cause. NO2 impairs lung
function, forms ozone with volatile organic compounds (VOC) emissions,
sunlight [59] [60] and heat creating acid rain [61], which deteriorates plant

and tree growth.

After diffusion to the stratosphere, it also causes ozone depletion, increasing
skin cancer from increased UV reaching the earth’s surface. This is why
hydrogen will not be allowed to be operated unless the burners meet current
and future NOx standards. It was shown in s.1.2 that all current hydrogen
burners increase NOx relative to the equivalent NG burner by a factor of 3 or
more. A significant achievement of this research is to design hydrogen-fuelled

fires that are well inside the current standard for gas fires of 130 mg/m?3.

The ozone formation from NOx emissions has two impacts: ozone is a potent
greenhouse gas, two thousand times more active than CO2 for the same ppmv

[62]. Also, 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 (CH4) and
tropospheric ozone [63]. In addition, CH4 combined with CO depletes the

hydroxyl radical (OH), minimising its function in removing O3 [64].

Table 1-1 shows the effects of the 10 primary air pollutants. First, the local

impact covers the emissions that harm directly human's health, followed by
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regional consequences like acid rain and ozone. Lastly, the global effects like
the ones produced by Os.

Some of the discussed pollutants can directly affect human health, such as
carbon monoxide (CO), reducing blood capacity to transport oxygen [66]. 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 pollutants [65]

Impact PM Lead | SOz | NOx | VOC | CO | CHs | COz | N20 | CFC's

Local
(Health and v v v v v v

welfare)

Regional

-Acidification

-Photochemical

oxidants

Global
-Indirect
greenhouse

effect

-Direct
greenhouse v v v v

effect

-Stratospheric O3

depletion

Interim effects of exposure to NO2 are susceptibility to respiratory infections
and inflammation of respiratory airways. But it can also worsen symptoms of
those suffering from heart or lung disease [68]. Additionally, nitric acid vapour
droplets can penetrate lung tissue and cause emphysema, bronchitis, or even

cardiac infarction [69].

NOx emissions have dropped 76% since 1970 to 702,000 tonnes in 2020. This
reduction has been caused due to 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 NOx emissions by 2019 were 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 NOx production by different sectors. The composition of the
exhaust gases generated by the combustion processes depends on the fuel type
and the conditions under which the combustion is carried out. Since some of
the gas components are air pollutants, therefore, should be eliminated before
releasing the gas into the atmosphere. Special extremely slow and expensive
cleaning procedures are required, such as the Selective Catalytic Reduction
(SCR) process and special measurements related to combustion, like the
provision of air by stages, are used to reduce nitric oxides in the combustion
stage [72].

The NOx production in the UK has also been reduced for the most critical
sectors. The implementation of SCR and more stringent regulations have
dropped the NOx levels to less than a quarter of the produced in 1990, as shown
in Figure 1-7. However, 42% of the emissions in Figure 1-7 are from the areas
addressed in this research, 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 NOx emissions over many

years, as summarised in Figure 1-7 [65].

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

Non-road / Energy use
transport _ inindustry
9% 12%

Commercial,
institutional
and
/ households
Road transport 14 %
39 %

Figure 1-6. European mass distribution of NOx 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 carbon-based energy sources [68]. As an additional fact,
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heating production accounts for almost half of the total energy consumed in the
UK [73].

Approximately 760TWh are produced in the UK to provide heat, and roughly
60% of this heat is used for domestic heating purposes [73]. With over 280
thousand km of gas pipe around the country, the UK gas grid feeds around 24M
customers [74]. Fuel switching the gas grid to hydrogen is the most cost-
effective way of decarbonising heat and electricity and is crucial to the
achievement of net-zero.
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Figure 1-7. Estimated annual emissions of NOx in the UK in kt 1990-2019[71]

1.8 Legal framework and requirements for process burners

In most areas of the world, boilers are required to achieve what's known as
ultra-low NOx levels. For example, the EU Ecodesign regulations [54] for small
residential gas boilers demanded no more than 56 mgnox/kWh levels from
2018. For gas fires, 130 mgnox/kWh is allowed [75]. For natural gas (NG) with a
calorific value of 50M]/kg, the requirement is 13.9 gnox/G]J for an emission
index of 0.78 gnox/kgfuel, which gives 27ppm at 0% O2. The demand for
California USA is 5ppm at 0% 02 [76].

The European Industrial Emissions Directive sets the regulations for industrial
burners, which the UK still complies with. They established in 2016 a limit of 50
mg/m3 or 25 ppm NOx at 15% oxygen in mass concentration for combustion
plants of thermal input above 50MW. For plants with thermal input below
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1MW, the equivalent limit was 200mg/m3 at 3% 02 [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 sector.

NOx regulations for electric power generation gas turbines have been less than
25 ppm at 15% Oz for decades. Nevertheless, current requirements are less
than 10ppm in many world areas [78]. And in some places like California, USA,
the demand is less than 2.5 ppm[79], given the smog problem that arose in the
70's [80]. All regulations for NOx emissions for industrial gas turbines are
referenced to 15% of oxygen level.

The use of reference oxygen corrections for NOx in electricity generation CCGT
plants and process and domestic heat (15%, 3% and 0%, respectively) is not
sensible as the oxygen reference level was set in 1970s technology, and there is
no reward for gains in thermal efficiency. This is mainly a problem for domestic
fires that operate at much higher oxygen levels than 0% oxygen, resulting in 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. Aero-engine emissions regulations are in gNOx/KGfuel, and road
transport emissions are in units of g/km for passenger vehicles or g/kWh for
truck engines. There is no correction to a reference oxygen level. If the thermal
efficiency is improved, less fuel is used, resulting in lower mass emissions.
Hence, g/kWh units are preferable to g/km. Unfortunately, mass-based units
are not used in Europe for electricity production and heat production, and only
Canada has sensible units of gnox/MWhelectric.

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 strategy [8]. Currently, no gas turbines are operating on
hydrogen for zero-carbon electricity, and part of the reason is concern over
increased NOx emissions. So there is a research gap on hydrogen combustors
with low NOx for CCGTs. This is a larger research gap the higher the firing
temperature of the gas turbines, with the ] class 63% thermal efficiency 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]
Class 2000K gas turbine it was assumed that this could not be achieved. For the
MHI J class 2000K 35% external EGR was used via a water cooler into the
compressor inlet to oxygen concentration, which reduced the flame
temperature and the NOx. However, the use of EGR in the compressor
deteriorates the cycle thermal efficiency, as the compressor is not designed for
air plus 35% EGR.

3. No dry low NOx combustor is available with all the combustion air passing
through the flame stabiliser with a very high heat release of 28 MW /m?Zbar.
This is a requirement for achieving low NOx in high temperature gas turbines
as the only way for a 1900K gas turbine to have low NOx 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 studies, which is another research gap. The work on the Grid Mix
design is a solution to this gap. York et al. [26], [44] have shown for a grid mix
type of design that ultra-low NOx emissions could be achieved on hydrogen, and
these results were well predicted by the CFD procedures shown to be effective
for the high combustion intensity of 28 MW /m2bar.

5. All current publications for hydrogen process burners for heat have
substantially higher NOx emissions with hydrogen compared to NG, and the
increase reviewed earlier is in the range of 3 - 10. Process and domestic heater
burners work near stoichiometric at 1% excess Oz. This is a major research gap
as these will not be allowed for use in industrial process heat. This work has
shown that perforated grid plates with each air hole directly fuelled can achieve
ultra-low NOx levels without external EGR [21]-[25]. Various manufacturers
and academics have investigated the principle used by these technologies
[13,18,25,29,30], which have also improved their systems using CFD [43], [81].

6. A significant process heat application is in glass melting, where 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 enabled the increase in water
vapour when firing with hydrogen at 1850K to be predicted, and 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 on this application. However, open fires and glass fronted
fires are a significant part of domestic heat used by the poorest families, so a
solution must be found for domestic heat's hydrogen decarbonisation. Chapter
7 shows that this research gap has been filled 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
electricity generated by NG CCGTs. The increase in NOx emissions with
hydrogen combustion is the main problem area that has to be solved for all
hydrogen applications for decarbonisation. Therefore, a significant research

aim was CFD techniques to assist in 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 of 28 MW /m2bar and M=0.047.

The objectives of the research are:

1. Investigation of fuel switching for decarbonisation of the glass melting
industry that can replace NG and operate at the same flame
temperature. The objective was to predict the gas composition above the
glass melt using equilibrium modelling. Hydrogen and biofuels were

investigated.

2. Using CFD prediction flame stabiliser aerodynamics for the pressure loss

using adequate RANS parameters.

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

4. Comparison of fuel 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 experimental results.

6. The experimental development of hydrogen domestic gas fires with low
NOx 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 Ho.

6.2 Experimental study of a glass-fronted fire appliance for dual-fuel
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 are 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. In addition, a
detailed section for Computational Fluid Dynamics (CFD) is provided.

Chapter 3

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

Chapter 4

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

heaters.
Chapter 5

The aerodynamics results obtained for different Grid Mix geometries of flame
stabilisers for low NOx gas turbine combustion are presented. The fuel 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 NOx results for existing technologies of Grid Mix flame

stabilisers are investigated using RANS CFD. Variations of the geometries are
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also presented, evaluating and comparing different methods of fuel injection
and the different applications of GM (Grid Mix) in hydrogen combustion.

Chapter 7

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

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 NOx (NO + NO2) are a group of gases formed mainly from
fossil fuel combustion. The nitrogen in the fuel reacts with oxygen to form
nitrogen oxide (NO) in the first instance, which is later converted to nitrogen
dioxide (NO2) when it meets the air in the atmosphere. Both oxides are toxic;
NOz2 is a dangerous respiratory poison and, when reacting with VOC by using
daylight [59], contributes to photochemical smog formation, a secondary
greenhouse gas that is the main compound of ozone (03) [60]. Murray et al [82]
was a pioneer in measuring NOx in the stratosphere aided with infrared
spectroscopy. In 1970 it was discovered that O3 was destroyed in the
stratosphere by nitrogen oxides [83]. NO is the main gas emitted from gas
turbines, although there are routes in the flame to convert NO to NO2z, which
involves the HO2 radical, in the main NOZ2 in the atmosphere is formed by
reaction of NO with ozone [84]. This leads to depletion of O3 in the lower
atmosphere. In atmospheric air quality monitoring this can be seen through
low 03 in the morning as traffic emits NO which consumes 03 as it is converted
to NOZ2. Later in the day the NO2 reacts with VOCs in the presence of sunlight to

reform ozone.

NO + 05 > NO, + 0,

(1)
NO,+0 > NO + 0,

Resulting in 03 + 0 — 20, [83], [85]

NOx is the sum of NO and NOZ2 as potentially all the NO will end up as NOZ2.
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.

When any NOx compounds react with ammonia and are mixed with water, they
create nitric acid (HNOs) [61], which forms the phenomenon known as acid
rain. The other component of aid rain is sulphuric acid from sulphur dioxide
(SO2) emissions, which are negligible in NG fired CCGTs as there is no sulphur
in the fuel. Acid rain acidifies bodies of water, deteriorates ecosystems, and

results in economic losses due to infrastructural damage [86] .

There are three types of nitrogen oxide emissions: Thermal NOx, prompt NOx,
and fuel NOx [87].
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In most gaseous and liquid fuels thermal NOx is the primary source of NOx since
it is created in high-temperature regions above 1800K. It Is created by the
reaction of nitrogen and oxygen by Equations 6-8 [87]. To minimize the
thermal NOx formation, it is usual to reduce the flame temperature, but reduced
02 using EGR is also helpful [88].

Fenimore first discovered Prompt NOx in 1970 when studying laminar
premixed ethylene-air flames [89]. The source of this NOx remains after
thermal and fuel bound nitrogen are eliminated in the combustion. For lean
well-mixed combustion, it is usually less than 5 ppm [90]. Fenimore recognized
this NOx was due to the atmospheric nitrogen reaction with combustion
hydrocarbons radicals arising in the initial stages of combustion following the
next mechanism [91]:

CH' + N, » HCN + N'N' + OH - NO + H'N' + 0,

2
> 0'HCN + 0, > NO + CO + H' (2)

This mechanism does not depend on temperature and it becomes significant
when thermal and fuel NOx have been removed. Which makes this kind of NOx
rather important since it is the cause to avoid reaching zero NOx values.

Fuel bound nitrogen (FBN) or Fuel NOx needs the fuel to contain organic
nitrogen compounds like pyridine or NPAH. Almost 100% efficiency 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 to N2
[87].

There are some similarities and differences between these three types of NOx
sources described by Toff in 1986 and whose model can predict the different
NOx emissions from combustion turbines [92]. The present work did not use

any fuels with FBN and so FBN NOx was ignored.

Nitrogen oxides emissions are given in mg/Nm3. However, legislators first
require NOx to be converted into a reference Oz, which removes part of the
actual emissions mass, as shown in Equation (3). Therefore, these new

corrected NOx levels are not the whole mass passing though the flue.

20.9%—0, Ref
20.9%— 0,% Actual (3)

NO,. = NO, ppm[

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

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

The main objective of ultra-low NOx gas turbine combustor designs is to
eliminate thermal NOx, which is achieved by burning lean with well-mixed fuel
and air. Thermal NOx is determined by the Zeldovich mechanism [93]. Where
Equation (4) is the dominant reaction and Equation (6) corresponds solely to
rich mixtures, so it can be avoided in low lean NOx [94]. More detail on this

mechanism can be found in the works of Lefebvre and Siegel [95], [96].
N, + 0O <—>NO + N (4)
kpy = 1.8x10'* exp [-38370/T]
N+0, <->NO0+0 (5
kr, = 1.8x10'° T exp[—4680/T]
N + OH <—-> NO + H (6)
kp3 = 7.1x10"3 exp [—450/T]
The thermal NOx creation rate goes up exponentially as temperature increases.
Some oxygen is required to generate NOx and this results in NOx formation
peaking at an equivalence ratio of about 0.9 [92]. Combustion is always lean in
gas turbines, and NOx should not be created at firing temperatures less than
1800K [62]. It can be seen in Figure 2-1 that thermal NOx is less than 10ppm at

2000K and less than 1ppm at 1800K, considering a typical 5ms of residence
time [94].
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Figure 2-1. Thermal NOx as a function of the flame temperature for residence
times 5, 10 and 20ms. NOx ppm corrected to 15% oxygen. Calculations at 623K
air temperature at 12.3 bar, typical industrial gas turbine conditions[97].
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It is possible to achieve this single digit NOx for burner temperatures up to

2000K, which is the operational temperature of ] class gas turbines, for which a

lean low NOx combustor design should be possible but is not offered by the

manufacturers MHI. Thick, turbulent flames are characteristic of lean low NOx

combustion, and the heat release usually occurs over about one third or a half

of the burner length.

Residence time for thermal NOx is the time after combustion finishes, after heat

release is complete. Low NOx lean combustion zones have a long flame

development with a thick flame which for a fixed length combustor leaves a

small residence time in the burnt gases for thermal NOx to be generated. On the

other hand, this is a drawback for prompt NOx formation because prompt NOx

occurs in the flame development region [93].

2.2 Low-NOx technologies

2.2.1 Principles for low NOx

Some important principles for obtaining the lowest NOx will be summarised in

the following lines[93]:

In gas turbine combustors, all the combustion air must pass through the
flame stabiliser. This means that there isn’t dilution or cooling air, and
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 that do

not meet this requirement, considering the same pressure loss.

There must be continuous cooling regeneration in the combustor, with a low-

pressure loss, by first cooling the outer wall with the combustor air.

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

Pressure does not influence NOx emissions for lean well-mixed mixtures,

and then it is possible to work with atmospheric pressure.

There will be flashback and auto-ignition problems and low calorific
value compatibility designs for future liquid fuel. These issues can be
solved if no conventional premix passage is employed. This
characteristic also avoids any acoustic matter. Finally, low NOx through

direct fuel injection into the shear layers can obtain a good mixing [98].

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 1500K. Unfortunately, it is
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not common to achieve this requirement, and just a few systems can do
it [99].

e A fuel pilot cannot be used if the requirement is ultra-low NOx levels.

However, this can be useful for lower powers.

e 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 the fuel and air.

Over the last 40 years, the combined cycle gas turbine (CCGT) power
generators have reduced their CO2 levels and improved their thermal efficiency
by increasing the turbine entry temperature (TET), as shown in Table 2-1 [30],
[100]-[102]. This table illustrates the development of the primary zone for low
NOx combustion for a TET of 1800K, at which all the combustion air should
enter the primary zone with no film cooling or dilution zone [87]. For higher
entry temperatures, two techniques have been developed for NOx control: The
use of axial staged fuel injection described in 2.2.3 and firstly studied by Willis
et al. [103], Okuto et al. [104] and applied in the GE DLN 2.6 [105]; and the use
of external EGR as explained in 2.2.4. However, an increasing turbine inlet
temperature has been needed for the reduction of CO2 levels and to improve
thermal efficiency, which makes achieving ultra-low NOx! levels even harder.

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

. Primary .
First CCGT | Primary Primary
Class ~TET airflow

Year n% Mref o, | MW/m?zbar
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 Ultralow 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 gas turbine burners and process / domestic heaters is
the operating equivalence ratio and the total excess oxygen level at which they
run [106]. The turbine components affect the gas turbine's high temperatures,
which must be considered in the design. A gas turbine burner operates well
under stoichiometric conditions, and well-mixed lean combustion requires low
NOx. Well-mixed lean combustion will result in high NOx levels under process
conditions. Process burners can’t be operated under lean conditions since the
overall thermal efficiency gets compromised. In contrast, running a gas turbine
combustor at stoichiometric or richer conditions would give better thermal

efficiency than lean operation, but this could also result in very high
temperatures, leading to blade melt-up.

For these reasons, advances in gas turbines are highly related to the firing
temperature. Figure 2-2 shows the equilibrium NOx and adiabatic flame
temperature for a methane mixture as a function of the equivalence ratio for
gas turbines operating at different inlet air temperatures. The peak NOx is
reached at #=0.85-0.9. As previously stated, the highest NOx levels are achieved
near stoichiometric levels, and ultra-low NOx levels can be obtained running at
very lean or very rich conditions, as shown in Figure 2-2. However, given that

the peak adiabatic flame temperature is achieved just above stoichiometric, a
rich operation would produce very high temperatures. This image also shows

that peak NOx is not at peak temperature since oxygen is needed to achieve the
peak NOx.
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ratio for different air temperatures (edited [107])
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In terms of burning design, an increase in the excess air in a flow-mixed burner
or premixed burners will increase the NOx levels. The peak would be located at
the well-mixed region for this case scenario. In a process, a burner near
stoichiometric levels is needed to not compromise the thermal efficiency, which
changes the burner design [108].

Burning the fuel in a rich zone so the organic nitrogen compounds can be
reduced to Nz and then adding air producing a well-mixed zone is called rich/
lean or staged combustion and can help solve problems such as FBN
formation.[87]

Domestic fires share the same nature as process burners, and they can be
treated as such. However, these devices operate at very lean conditions in
terms of the flue gases, and they usually burn at ambient temperature unless a
heat recovery system is adapted in contrast to gas turbines which can run at
variable inlet temperatures thanks to the compressor. This concept is applied
to a domestic fire appliance in Chapter 7.

2.2.3. Two Staged Combustion (Lean/lean)

Thermal and prompt NOx dominate the aero-engine fuels[93]. Lean combustion
in the primary zone and temperatures below 1900K can aid destroy thermal
NOx. However, this temperature is too high for most civil engines at idle, so
ultra-low NOx levels are only possible for a well-mixed lean primary zone. A
lean well-mixed primary zone can help reduce prompt NOx and eliminate
carbon emissions [108]. To achieve this at high turbine entry temperatures,
most of the air is needed in the dilution zone, but additional air supply in the

primary zone.

A common problem in single-stage well mixed primary zones is that to achieve
low NOx at high power conditions, the stability gets compromised, and low

power turn down is usually encountered [108].

The technique of axial staged lean/lean combustion has been used by various
authors. One of the primary examples is the FLOX combustor presented by
Zenger et al. [109] (Figure 2-3), which will be described in 2.2.7. The radial
swirler with vane passage fuel injection by Andrews et al. [108] is shown in
Figure 2-4a). Several of the ultra-low NOx process burners of Hamworthy and
John Zink feature axial staged lean/lean combustion, where the fuel is injected
in high-velocity air jets penetrating into the flame downstream of the central
fuel [110]. Commercial combustors brands such as GE [105] shown in 2.2.6.,
KHI, Siemens [111] and RR have also used this concept. Figure 2-4b) shows the
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Siemens fire where the central baffle is, in reality, a cone for the H class gas
turbine. This baffle keeps the premixed pilot away from the other swirl flow at
low powers, allowing a richer and hotter zone than the main combustion zone.

FUEL————p
AR i i e ——
FUEL ——M» )
AR ———————p e
FUEL —— g ———

Fuel Nozzle

Air Nozzle X
Main Stage

Main Stage

Ignitor Plug

Fuel Injector
Pilot Stage

Air Swirler
Pilot Stage

Air Mass Flow
Main Stage

Pilot Section
a)

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

This technology is not only beneficial for the aero-engine 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 NOx combustors from the NASA programme[112]-
[115].

The aero-engine Clean Combustor Programme was created by NASA in the
1970s in which low NOx gas turbine combustor design technology was shown.
Most of the designs in Figure 2-5 feature axial swirlers featuring lean/lean
combustion. Image (a) in 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 NOx
combustion turbines [116]-[118].

Figure 2-6 illustrates the lowest NOx emissions published in the literature for a
gas turbine. These correspond to Leonard and Stegmaier [119], whose work
presents the development of a new aero-derivative premixed combustion
system which reduces NOx emissions by 90% from the original aircraft engine
system, less than 25ppm each of NOx, CO and UHC. In their work, recirculation
increases the concentration of CO2 in the escape gases from 3-4% to 7-8%,
making the absorption process more efficient and reduces the carbon capture
plant size required. However, one 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 the cycle. In some instances, this process is avoided
[120].
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Figure 2-6. NOx emissions vs flame temperature [119].

2.2.4 Internal exhaust gas recirculation (IEGR)

The introduction to Exhaust Gas Recirculation (EGR) has been required to
achieve good levels of NOx for the development of gas turbines that work at
1700°C [101]. An example of this concept can be seen in Figure 2-7. Internal
EGR (IEGR) inside the combustor reduces NOx formation. However, this process
doesn’t change the exhaust CO2 emissions. FLOX (flameless oxidation)

technology features high IEGR.

However, lean burning low NOx gas-turbine 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 presence of high local
temperatures near stoichiometric allows a very effective reduction of NOx
emissions by the internal burnt gas recirculation[121], [122].

The heat capacity of internal gases in EGR permits the decline of the flame
temperature. Besides, there is associated air dilution that allows the O2 to be
reduced. This can be seen in Figure 2-8, where roughly 20% results in very
small thermal NOx.
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Figure 2-7. 1700° C-class Gas Turbine Combined Cycle (GTCC) plant with
exhaust gas recirculation [101].

Flue gas recirculation (EGR or FGR) in gas turbines allows air displacement
while the average operating temperature remains constant for the same power.
EGR affects flame stability and the increase in equilibrium because both are
controlled by the equivalence ratio and the mean temperature. The reduction of
NOx in gas turbines due to external EGR will occur if there is any thermal NOx
generation through local unmixedness and local near stoichiometric high-
temperature zones. The EGR puts the peak temperature down in those zones;
thus, the NOx is reduced. EGR possesses the best NOx reduction for both
premixed and well-mixed gas flames near stoichiometric. Moreover, it has the
most negligible NOx reduction for rich/lean flames near stoichiometric [62].

MHI suppressed NOx emissions in their low NOx combustor using IEGR[123] by
recirculating low-pressure exhaust gases from an engine turbocharger outlet to
a turbocharger inlet after being treated by a scrubber. 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/m3
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
termed this principle “hollow flame technology”. This hydrogen burner
achieved 230 mg/m3 at 3% oxygen for full hydrogen.
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Figure 2-9. Diagram of low pressure IEGR low NOx combustor [123].

The ARZ hydrogen burner also presented by Huber et al. [29] aimed for 173 kW
achieved NOx levels of 240 mg/Nm?3 at 3% O2. This burner featured IEGR at
13% to reduce the NOx levels to the ones obtained for NG of 70 mg/Nm3.

2.2.5 NOx reduction by impingement

Another method that studies temperature reduction to achieve lower NOx is
impingement cooling against a flat wall. This technique cools the flame, which

allows dropping the NOx levels. The dry-low NOx venturi combustor invented
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by Walso et al. [125] featured an air-cooled annular shield to allow air/fuel
mixing.

The use of impingement has also been applied for domestic fires, showing that
impingement against the radiating ceramics aids in the NOx reduction, which
will be observed in Chapter 7.

2.2.6 NOx reduction by water injection

Water or steam injection was the first method to control NOx in the combustion
zone by removing heat from the flame. Injecting water directly into the flame
creates a heat sink that lowers the flame temperature, reducing thermal NOx

formation.
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Figure 2-10 Effect of water/steam injection over NOx 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 NOx emissions, as shown in Figure 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 engines [128], [129]

However, this technology can bring problems such as the increase of fuel NOx.
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2.2.7 Premixed low-NOx combustion.

Premixed combustion occurs when the air and fuel are entirely 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 between diffusion and premixed burners. More
information can be found in the work of Becker and Berenbrink [130].
Premixed combustion systems in gas turbines can produce very good
combustion efficiency and a low amount of pollutants. In addition, these
systems can improve the combustor exit temperature, which is very useful to

next-generation high-temperature turbines [21].
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Figure 2-11. Comparison of diffusion and premixed burners considering an
equivalence ratio of 0.55 [130].

As shown in Anderson's work, the mentioned systems allow optimal
combustion efficiency and very low NOx emissions [131], [132]. Many authors
explain the advantages of premixed systems and how it is possible to control
pollutants' production by using the combustion of lean mixtures of fuel and air
in the primary zone. To maintain the emissions down the operating conditions,
it is recommended to use premixed pre-vaporized combustion by using fuel
staged systems or variable geometry. This controls the reaction zone
temperature, and primary zone air/fuel ratios can be maintained rich enough
to prevent flame blowout [133]-[135]. Larry Thomas et al. in 2011 discussed
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in their work that the Dry Low NOx (DLN) technology has helped to achieve
one-digit NOx emissions in E-class industrial gas turbines [136]. In Figure 2-12
the DLN1’s previous and ongoing progression to better NOx levels can be
appreciated.
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Figure 2-12. NOx progression with premixed systems [136].

2.2.8 Non-premixed low-NOx combustion.

Non-premixed or diffusion flames produce very low NOx levels for near
stoichiometric mixtures [105]. In contrast to well-mixed (premixed)
combustion systems, which have shown to achieve higher levels [62]. Also,
diffusion flames don’t feature flashback given their lack of inherent propagation
speeds. Hence, non-premixed ignition is used for safety purposes [137].
However, the nature of these systems is to operate near the adiabatic flame
temperature, which can result in high NOx levels unless a diluent is added to the
flame. [105]

Various gas turbine technologies featuring diffusion combustion have been
shown to achieve ultra-low NOx levels, and they have been widely used by some
important firms. The FLOX concept mentioned in 2.2.4 [37], [41], [42] (Figure
2-13) applied to combustion systems consists of a large central burnt gas
recirculation zone between an array of air holes placed on a perforated plate.
The fuel is injected into the central recirculation zone, as shown in Figure 2-14.
The heat release used in the FLOX burner work was 10 MW /m2bar [101]



-39 -

position of ignition burner

FLOX® nozzles Air injection

Fuel injection

2 windows with JL measuring
cooling air inside detection plane

Figure 2-13. FLOX burner with 12 single nozzles. [37] Edited.
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Figure 2-14. CH4 contours obtained with CFD for FLOX burner showing

recirculating flow [81]

This technique was developed for process burners that work at near
stoichiometric regimes where high temperatures are achieved, and low NOx
levels are produced due to IEGR. For natural gas, NOx levels of 10ppm are
obtained for mixtures of @#=0.61 for an adiabatic flame temperature of 1996K,

as observed in Figure 2-15.

One of the main characteristics of FLOX designs is that they have widely
equispaced air jets generating a large recirculation zone in the centre of the
combustor, allowing the air jets to entrain the most of the recirculation gases.
These air jets are located close to the combustor wall, so they only entrain air

below them, which reduces the recirculation mass rate.

This technology has been studied with Computational Fluid Dynamics to
improve the combustion characteristics[81]. The FLOX concept is studied in

Chapter 6 for its application to the technology Grid Mix.
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Figure 2-15. NOx and CO emissions for FLOX technology for two fuels [41]

Another example of diffusion flame is the Hitachi cluster nozzle burner. [138] It
consists of a series of air holes installed over a thick plate featuring a small fuel
nozzle in the centre of each air hole, fuelling coaxially to the air jet. Improved
mixing enhances the interface distance between the fuel and air with no
flashback risk due to the nozzles' reduced size. This principle is shown in Figure
2-16 A). Figure 2-16 B) indicates the NOx 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 3MW Gas
Turbine. (B) NOx levels at different values of A/F [138].

The Micromix burner [139]-[142] features a low-NOx diffusion flame
implemented for H2 combustion for a heat release of 15 MW /m?Zbar.
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Figure 2-17. Micromix principle showing the recirculation areas inside the
combustor using CFD (Edited [139], [140])

This technology’s principle is to inject fuel radially into the air jets and create
large recirculation zones, as shown in Figure 2-17, to enhance the mixing and
reduce the NOx.

Figure 2-18. shows the NOx emissions for different combustion intensities in
non-premixed systems. The NOx emissions are presented for a 15% Oz in the

flue.
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Figure 2-18. NOx emissions vs @ for different combustors configurations.
[139]

The hydrogen multi-tube mixer combustor developed by York et al. [43]
resembles the Micromix since it also fuels radially but at the inlet of an array of

air tubes placed on a thick plate, as shown in Figure 2-19.
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Figure 2-19. Development and testing of a low NOx Hydrogen Combustion
System for HDGT [43].

This technology benefits from the 7D stabiliser thickness to complete mixing
and achieve ultra-low NOx levels, showing that a good mixing length before
combustion aids in NOx production.

This technology, similarly to the Micromix described previously, features the
phenomena known as jet in a crossflow which has been widely investigated and

constitutes an important area in CFD aerodynamics.

All the previously mentioned diffusion low NOx technologies feature perforated
or grid plates to achieve good mixing, hence good NOx levels. This technology
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 net-zero GHG emissions, and it can be produced by
electrolysis of water from existing renewable power plants. Various studies
have shown the advantage of producing hydrogen from electrolysis using wind
energy [143]-[146],

For hydrogen energy storage, electrical power is converted into hydrogen by
electrolysis. Then the hydrogen energy can be released in a combustor by using
the hydrogen as fuel [147, p. 12].

However, current hydrogen combustion has some drawbacks such as the
increased NOx 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 NOx increase from 85 mg/m3 for 100% NG to 230 mg/m3 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 baffle periphery. They also gave
results for another of their burners, ARZ, for lower powers which for 173 kW
gave a NOx increase from 70 mg/Nm3 on NG to 240 mg/Nm3 at 3% oxygen on
hydrogen, which was a factor of 3.4 increase in NOx. They used external EGR at
13% with the hydrogen burner to bring the hydrogen NOx down to the same
level as NG.

Cellek and Pinarbasi [148] investigated, using CFD, a low-swirl burner and
predicted an increase in the mean burner outlet NOx from 50ppm for methane
to 470 ppm for hydrogen.

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

The previously mentioned hydrogen-fuelled Micromix lean burning dry low
emission (DLE), or dry low NOx (DLN) was the first diffusion combustor using
only hydrogen fuel [149]. The combustor achieves less than 2 ppm NOx
corrected to a 15% Oz 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 k- epsilon and eddy break-up turbulent and

combustion models, respectively, showing close agreement [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 al. [43] achieves 2 ppm NOx level at
15% 02 level, as shown in Figure 2-21.
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Figure 2-21. Flame temperature vs NOx levels for MT mixer [43]

2.2.10 Grid plate flame stabilisers

One of the most straightforward designs of low NOx flame stabilizers is 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.

Anderson was the pioneer in using grid-plate flame stabilisers for premixed
flames [132]. This author demonstrated for the first time that ultra-low NOx
emissions can be obtained by lean well-mixed combustion. He showed 6 ppm of
NOx at 1800K in the combustor exit temperature using a 61 grid plate whose
pressure was 5.5 bar using 590 and 800 K air temperature and a reference
velocity of 25 m/s. Supposed gas turbine combustion was working with well
fuel-and-air mixing and a lean primary zone under the maximum thermal NOx

formation temperature.

Andrews et al. have studied these stabilisers for many years [21]-[25], [87],
[106], [152], and they have named them Grid Mix, GM, flame stabilisers [22]. Al-
Dabbagh and Andrews showed that for radial fuel injection into each air hole
(GM1), the NOx emissions were as low as any in the literature [22][87] for the
same flame temperature in the range 1400 - 1800K. Modern direct injection in
rapid fuel and air mixing flame stabilizers showed to produce ultra-low NOx
emissions even lower than for premixed combustion, given their capability to
burn leaner than stable flames. The flame stabilizer geometry also considerably

affects NOx production, generally due to the prompt NOx created by slow flame
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development [62]. The turbulence generation by grid plates and its effects on
NOx was investigated by Phylaktou and Andrews [153].

In GM, the fuel is injected directly into the air jet shear layer. The fuel injection
method for the grid plate air holes studied for Grid Mix 1 and 2 (GM1 and GM2)
has been experimentally demonstrated for zero-carbon electricity to influence
flame stability and NOx emissions. The radial inward fuel injection featured in
GM1 showed lower NOx levels than GM2 but lower flame stability [152], [154]
and one of the lowest NOx in the literature. This fuel injection method has been
successfully demonstrated for low NOx burners operated by hydrogen [26],
[139], [140], [155]. Current high-temperature gas turbines operate at a
compressor outlet temperature of about 1800K at an overall @ of 0.58, as
shown by Ai et al. [30] by rapidly mixing fuel and air to achieve low NOx.
However, this restriction challenged the workers, pushing them to use CCGT
plant using external EGR to help reduce the NOx without passing the inlet
combustor air through the stabiliser holes. The technologies investigated by
Andrews et al. [25] do not need the external EGR, and are operated with inlet
air at 600-400K, demonstrating 3.5 ppm of NOx at 15% O: for a set of adiabatic
mean temperatures of 900-1900K. The internal traverses were taken at 1800K.

GM1 and GM2 operated for a Mach number of 0.047, at which all the combustor
air passed through the stabiliser air holes without air cooling. This results in a
very high combustion heat release at 28 MW /mZ2bar. Only a few CFD studies
have been carried out for this combustion intensities, but none at that specific
heat release, which this thesis investigates.

The weak extinction @ was 0.42 for GM1 and 0.20 for GM2. Directly fueling the
shear layers improved flame stability, and both technologies could burn below
the premixed flammability limit. The weak extinction for grid plates used with
premixed combustion at an inlet temperature of 400K was at 1400K and @
=0.45 for propane/air. The four holes grid plate stabilisers used for premixed
combustion displayed high-velocity flows and high turbulence in the shear
layer. This made them impossible to burn lower than the flammability limit of
@ =0.45. The flame achieved with GM2 was more stable than the one obtained
with GM1 since the mixing was better and the higher NOx levels.

The GM1 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 et [43], shown in Figure
2-19, shares this principle.
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Figure 2-22. Comparison of NOx corrected to 15% oxygen as a function of @ at
400K [21]-[23]

GM2 is a practical design for duct combustors like the Oxy-fuel burner

employed by the Lanemark company [156].

The NOx emissions for these types of fuel injections can be viewed in Figure
2-22, which compares premixed systems and other non-premixed technologies

explained before.

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 have achieved lower NOx levels
and better flame stability than premixed combustion showing 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 different grid plates [158].

Figure 2-24 shows NOx, CO and HC emissions as a function of the @ 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, a reference 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 into a high-pressure loss of the stabilizer.

Meanwhile, the lower set illustrates low-pressure loss due to 70% blockage.

A set of experiments was made by Al-Dabbagh and Andrews in 1984 [25] to
achieve ultra-low NOx levels by comparing different combustor stabilizer hole-
shapes with circular holes at 740 and 600K. This showed that slot-shaped holes
can produce lower NOx emissions than circular holes due to the higher

turbulence. Figure 2-25 illustrates the compared designs.
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Some techniques featured in low NOx gas 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 layer, demonstrating that low NOx
emissions can be achieved for non-swirling jet shear layer systems for gas and
liquid fuels [159].

AN 0
<] |> o O
\V, 0

Triangular air jets Cross bar air jets Slot air jets

Star air jets Round air jets

Figure 2-25. Four hole Grid Mix air jet configuration and jet shear layer hole
shapes

Similarly, low NOx 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 extinction [160]. In
contrast, fluid dynamics of non-circular jets, with and without combustion,
were investigated by Schadow and Gutmark [161], 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 factors influence the pressure loss along a combustor according on
Walsh and Fletcher [162]. The first is the “cold pressure drop” due to the
burner’s blockage, measured as a percentage of the inlet pressure (AP /P% ).
The second factor is due to the heat release in the combustion zone, commonly
known as “hot pressure drop”. Usually, gas turbine combustors work for a cold

pressure drop of 4 to 6% of the initial pressure [157], although some other
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combustors work 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 also essential in the performance
of the combustion of the fuel-air mixture. This is achieved by adding enough
turbulence to the air/fuel mixture to achieve high-intensity combustion. An
increase in pressure loss along the air holes or a smaller number of holes allows
a good mixture of the combustion products with air in the dilution zone [157].

Some factors affecting the pressure loss for grid plate stabilisers [163] (orifice
and perforated plates) are listed below:

e The Reynolds number affects the separation of the fluid in the upstream
face of the orifice creating a small jet [164]. When the velocity increases,
the jet contracts to a limited cross-sectional area known as “vena
contracta”, and its ratio to the area of the orifice is known as the
contraction coefficient Cc. This flow expansion due to the vena contracta
is the main pressure loss factor. The orifice length affects the
reattachment of the fluid to the orifice wall when expanding from the
vena contracta [157].

e Porosity or flow restriction 3. This factor is expressed as the ratio of the
open area to the duct area. It mainly influences the discharge
characteristic by highly affecting the contraction coefficient Cc. This has
been proven theoretically for a sharped-edge orifice plate [165] and
experimentally [166], [167].

e Orifice thickness/Diameter ratio (t/D): The fluid features rely 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.

e Compressible flow. When the maximum pressure ratio value along an
orifice is achieved, the pressure reductions at the opposite side of the
pressure do not increase the flow discharge. This is not the case for
orifice plates since the mass flow at the idle keeps increasing even
though the back-pressure decreases and the size of the vena contracta

increases until its area is the same as the orifice’s area.

e Discharge coefficient Cp: In a constriction such as a nozzle the discharge
coefficient (Cp) is the ratio of the actual discharge to the theoretical
discharge for a fluid flow Studies have shown how the discharge

coefficient is affected by non-uniform approach velocity profiles [168].
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All the flame stabiliser geometries previously mentioned exhibit an airflow in a
pipe of area Aj, a total open area in the grid plate A2 and a downstream
combustor area Ai. The pressure loss, AP/P %, is regulated by Az through the
orifice plate flow, and when deriving from Bernoulli’s equation [169], it can be
expressed as in Equation (7)

dm AP 05
a= oot (2050 (7)

Where p is the upstream air density of the grid plate, expressed in kg/m3.

The aerodynamics downstream of the combustor is crucial for predicting the

discharge coefficient Cp. If p in Equation (7) is replaced by the gas law [170],
p=P/RT, and the velocity is replaced by the reference Mach number, M1 =U1 /
(YRT) 95 [171], then the pressure loss can be expressed as in Equation (8)

2
(A?P> = 0.5 <%> M,? (ﬁ—l) = 0.5 (#) M,? (8)
Where M1 is the reference Mach number for the combustor area A1, and M2
corresponds to the Mach number of the mean flow in the grid plate air holes. It
can be deduced from Equation (8) that the pressure loss is a function of the
reference Mach number, M1, discharge coefficient in the grid plate, Cp and the
ratio of the combustor pipe area A1 with the open area of the grid plate Az. The
stabiliser blockage can be expressed as 1 - A2/A1. Hence, the Mach number

must be held constant to predict pressure loss, and 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 Ward-Smith for
orifice pressure loss of various geometries [164].

AP
= 0.500,2 (©)

1

When using Equation (7) and expressing the mass flow rate as pU1A1 then, the

K1 factor is directly related to Cp, as in Equation (10).

%=an(i)

Similarly, if the pressure loss factor is expressed in terms of the mean velocity
in the grid plate holes, Uz, then:

K, = .7 (11)
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The area ratio in Equation (10) can be replaced with the flame stabiliser
blockage 3, as shown in Equation (12)

B=1- (fl—l) (12)

As previously mentioned, the pressure loss in grid plate flow is controlled 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 hole, where the ratio of this
vena jet diameter to the hole diameter is the contraction coefficient, Cc. The
flow expansion from the vena contracta to the downstream combustor

diameter creates pressure loss.

If A1 is higher than Az, a deduction can be made from the ideal flow theory that
Cc=0.61. If A2 is smaller than A1, then Cp =Cc [172].

If Equation (11) is applied to this, then K2 can be related to Cc as in Equation
(13).

1 [A,\°
k= (7) (13)

Cc and Cp can be related by Equation (14).

1 1 (AZ)

¢y, Co \4 (14)
[f the area downstream of the combustor was more significant than the

upstream, then A1 in the above equations would be replaced by As, which is the

most usual configuration in furnace burners.

A significant influence exists between the upstream pipe area A1 and the orifice
area Az, given that Az/A1 corresponds to Cc. This has been shown by ideal fluid
flow theory for the given values in Table 2-2. The most quoted value in most
dynamic textbooks for an orifice with a differential area in a large downstream
pipe is Cc = 0.611. This value was first computed by Kirchhoff [173]. The rest of
the calculations were extended by Von Mises, considering the upstream pipe
size and the dependence of Cc on Az/A1. For burners with a pressure loss of 2-
4% and a Mach number M1 = 0.047, the range of A2/A1 is from about 0.26 to
0.18. Table 2-2 shows a Cc of about 0.65 with a Cp from Equation (14) for A2/A1
of 0.26 of 0.782.

Az /A1 0| 0.04| 0.09| 016| 0.25| 036 | 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 A2/A1 on the contraction coefficient Cc [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 Cp. 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.
2

1
K = -1 (15)

0_608ﬁ(1 — ﬁz.e) (1 + (%)35> N I836

Ccis also a function of t/d. As mentioned before, Phylaktou and Andrews [153]
showed that an energy balance between the pressure loss and the turbulent
kinetic energy for sharp-edged grid plates and experimental data for turbulent
kinetic energy in the literature allowed to obtain Equation (16) for the
turbulent mean fluctuating velocity, u’:

u 0.225 /A, ,(y RT)%5

U, G (A_1> BT

(16)

Equation (16) illustrates the effect of the discharge coefficient and the

upstream K factor in the produced turbulence downstream of the grid plate.

The reference Mach number, My, is related to the heat release (MW) per cross-

sectional area, A1, per bar by [87]:

mMw (/0 M. CV Y\%5\ MW
= \(5)"M GF) ) parm (17)

where S corresponds to the stoichiometric A/F by mass

CV represents the calorific value of the fuel, M] /kgfuel
Showing that the heat release is directly proportional to M1.

10 MW/(m2bar) corresponds to M1=0.025 if CV=50 M]/kg and the flame
temperature is 1800K (@=0.5 if T=700K).

All these equations are also valid for calculating fuel injections for burner

design.

2.2.11 Pressure dependence of NOy

There are some main independent characteristics for any combustion chamber
design to consider. Some are residence time in the combustion chamber, mean
air velocity and pressure loss. The residence time, as explained, is a direct
function of the total length of the combustor and the reference velocity. The

pressure loss is a function of the reference velocity and the inlet temperature.



-B53 -

Gas turbine combustors operate at high pressure, usually 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 NOx creation close to
the stoichiometric region, and experiments [174] show that its kinetics have a
square root P95 dependence on pressure at the same peak flame temperature.
This is because of the 0295 term in thermal NOx overall rate of formation as
shown in Equation (18):

N, + 0 > NO + Nand 0 > [ 0,]°S (18)

The peak temperature is enhanced with pressure because products tend to
dissociate at high pressure. Therefore, to eliminate thermal NOy, the pressure
dependence of NOx must be eliminated. This is done by mixing air and fuel well
and a primary zone temperature less or equal to 1950K. Generally, the reason
to work low NOx burners at high pressure is because of NOx dependence on
pressure. Nevertheless, this is very expensive, and there are some doubts
regarding the impact high pressure has upon lower NOx emissions. The
approach that many industrial turbines manufacturers use is that if at 1 bar of
pressure, a flame stabilizer design doesn’t give low NOx values, this will not give
them at higher pressures. Hence, the combustor work can be done at
atmospheric pressure. However, combustion efficiency may be poor in low NOx
combustion tests carried out at atmospheric pressure, mainly 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 NOx levels in gas turbine
combustion is to operate at lean levels, preferably at equivalence ratios below
0.6 [95].

The zone where 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 comparing it with experimental results. It
is uncommon for low NOx combustion systems manufacturers to publish weak
extinction data. However, the flame chemistry creating the weak extinction is
responsible for achieving low NOx levels without creating acoustic problems,
which is a big problem in almost all well mixed low NOx 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

establish the ultimate condition for weak extinction in premixed flames. Itis
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called the critical flame temperature to temperature of an adiabatic flame of the
lean flammability limit. In the work of Andrews [99] the Gaseq flame equilibria
code was 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 propane [99]

Inlet temp 1400K 1450K 1500K 1550K 1600K
(X)

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 0.4
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 multi-tube premixed pilot and how the
diffusion pilot can be replaced, allowing this to reduce the relationship between
NOx and lean stability.
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Figure 2-26. Photographs of a diffusion pilot tip and the multi-tube [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, boundary layers and shock waves. Navier-Stokes equations govern
these phenomena in the fields of aerodynamics. However, some 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 solve a variety of
different problems in some disciplines of engineering using computational
techniques to solve technical and scientific issues. However, up to date, no
universal turbulence model clearly 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 is 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 by using
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 physics [177]. Turbulence models have been created to
help solve this problem. However, these models have advantages and
disadvantages, so the user has to choose the one that better adapts their
problem and discretises between computational time and accuracy level. As
mentioned before, these models have been developed based on the Navier-
Stokes equations to an extent. However, they 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:

UDp UD
= T =—

Re (19)

Where, U is the flow velocity, D is the section diameter or the characteristic
length L, p is the density, ) is the dynamic viscosity, and v is the kinematic
viscosity. For practical pipe flow purposes, the flow is laminar if Re is less than
2000, and if Re is more than 4000, the flow will be turbulent. For those cases
where Re is between 2000 and 4000, it is impossible to determine the fluid, so

this zone is called the critical region[178]. Figure 2-27 shows the 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 involves energy transport, and mass transfer is
focused on chemical species [180]. The fluid is considered as continuum, and
for the analysis of fluid flows at macroscopic length scales (usually larger than 1
pum) the molecular structure of the matter and 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 of an
isothermal flow. These equations are commonly called equations of change
since they describe the change of temperature, velocity or concentration with
respect to time and position within the region W.

In the Eulerian frame, the mass conservation theory must be made for 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 mass exchange rate through the boundary of
itself [180].

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

Then, in the Eulerian frame for any Newtonian and non-Newtonian fluids,
steady or non-steady, compressible and incompressible, and one and three

dimensional flows the equation of continuity on vector notation is [180]:

o0 _ o s
Frinil (p?) (20)

The physical interpretation for both terms involving Equation (20) states that
the first element (dp/0t) represents the rate of change of the contained mass
into a very small volume element fixed dV, per volume unit. On the other hand,
the second term —V - (p?) is the net rate of mass efflux (or divergence), by time

and volume units. The continuity equation states simply that the rate of
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increase of density within a differential volume element fixed in space is equal
to the net rate of mass influx to the element 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
dp
P
V-v=0 (22)

0 (21)

However, the assumption of incompressibility does not impact the time
dependence of the velocity.

2.3.2.2 Momentum conservation.

Newton’s Second law of motion states the momentum principle for a collection
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 acting on each particle of the group [182]. The law of

conservation of momentum 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:
D‘l—} - =
Plpr)= ~VP—IV 1+ pg (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 third term
are the viscous forces on element per unit volume. The forth term are the
gravitational forces on element per unit volume. Equation (23) is valid for any
continuous medium, compressible or incompressible, steady or time-

dependant, Newtonian or non-Newtonian.

Expressed in this form the equation of motion states that a differential element
in movement with the fluid is accelerated due to the forces acted upon it. Or

Newton'’s second law of motion.

Z forces = mass x acceleration

The momentum equation in three components including the Reynolds stresses

are given in Appendix A.1
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For incompressible flow the general vector form for three component is
Dl_; 2.2 -
plpg) = ~VP +uvovl+ pg (24)

Which is the Navier Stokes equation first developed in France in 1822 and
applies to Newtonian and non-Newtonian fluids, with constant density and
viscosity.

2.3.2.3 Conservation of Energy.

It is usual that during combustion problems such as furnaces, power plants etc.,
fluid flows involve heat transfer, so to study them, it 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 volume. This can be seen as:

Rate of = Total rate of heatadded + 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, energy i, Kinetic energy %(u2 + v% + w?) 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 the fluid

and the rate of increase of energy due to sources.

So that the energy equation can be expressed as [183]:
a - - -
E(pU)=—[V-va]—V-q—[V-vP]—[V'(T'v)] (25)

Where U is is 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 by conduction 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 where i=cT, where c represents the specific heat and V-

v "=0, the energy equation can be expressed in temperature terms as:
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+ szg-l' szai' Tyz@-l' Tzzg-f‘ Si
Where Si is the internal energy expressed as Si = Se - u. Sm. More detail can be

found in Versteeg and Malalasekera [181].

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 as combustion, distillation, gasification etc. And

this can occurs in two ways.

e 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
modelled by the Fick’s law of diffusion

dcy
Npy = —Dyp H (27)
Where N, is the molar rate of diffusion of constituent A per unit area, c, is the
molar concentration of constituent A, and D, is the binary diffusivity or
diffusion coefficient.

On a mass basis, Equation(27) becomes [180]

dpas
dx

Jax = —Dap (28)

Where J,, is the mass rate of diffusion of constituent A per unit area, and p, is
the mass concentration of constituent A.

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

PV dA
Where v, 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
Production of
Mass A by

Rate of Mass = RateofMassA - Rate of Mass +

Accumulation In A Out
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Homogeneous

Reaction

The species conservation equation for constant density p and diffusivity Das is

0pa 0pa 0pa apA) _ 0%py  0%py  0%py
(at+”"ax+”yay+”2 9z) =P8 |Gxz Tz Tz | T (29)
Where ra is the rate of reaction expressed in (kg A /s m3 ) and Dab represents
the components of the mass flux Jax in terms of the Fick’s law.

2.3.3 Turbulence Models

Different methods have been developed to predict turbulence. Some of them
achieve perfect accuracies like Large Eddy Simulation (LES) or Direct
Numerical Simulation (DNS) but require lots of computational time or the use
of High-Performance Computers (HPC). These methods are usually
recommended for transient-state cases or when the solution is time-dependent.
Reynolds Averaged Navier Stokes (RANS) simulation has been used for decades
for both steady-state and transient states giving very good accuracy without
compromising the computational time. However, special attention is needed

when selecting the computational models to get the best accuracy.

2.3.3.1 Reynolds Average Navier Stokes (RANS) for incompressible flow

The RANS method focuses on the mean flow and turbulence effects over the
flow’s properties. Before applying a numerical method, the Navier Stokes
equations have to be time-averaged for a steady-state. 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 the k-¢ model [183] described in the following lines.

This method presented by Reynolds in 1895 is based on the breakdown of the
flow variables 2into the mean and fluctuating components, then, the complete
equation gets time-averaged [184]. There are two averaging methods: Reynolds
averaging and the mass-weighted averaging proposed by Favre in 1965. When

there are no flow density fluctuations, the two methods are the same [185].

2 The tensor of the viscous stresses is extended by the Reynolds-stress tensor,
and the diffusive heat flux kVT in the energy equation gets upgraded by the
turbulent heat flux vector as explained by Blazek [184, p. 3]
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The Navier Stokes equations have been already presented. And the scalar
transport equation is shown in Appendix A.1

A turbulent model has to 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 solved [183].

Two-equation models.

There are many turbulence models with two equations. However, all of them
solve a transport equation for a turbulent velocity scale and a turbulent length
scale or for the properties of these variables.

Mixing length models such as the Prandtl’s model, attempt to describe the
turbulence or Reynolds stresses using algebraic formulation for turbulent
viscosity pt in terms of the location is space. Since 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 length scale. The k- € on the other hand
needs to solve two PDEs. The assumption for both models is that p: is isotropic,
which means that the ratio between the Reynolds stresses and the mean rate of
deformation is identical in all directions. This hypothesis can be wrong for
complex flows where the simulation can be inaccurate, so it is needed to solve
additional PDEs for the actual Reynolds stresses[181].

The k-g£ model

The k-€ model is an example of a two-equation turbulence model. It works
with one transport equation that controls turbulence velocity scale (k), and
another conservation equation is related that involves a quantity which can be
related to a turbulence length scale (€)[186], [187].

The conservation equation of this model is expressed as follows.

) o 8. __ a8 __ 0/ O\ 9 s dD\ @ [, 0D
GRS <& (p®7y) +E(P®Vy) + &(Pq’vz)> =[5 (——) + @(g@) (gg)] + S (30)

op 0x 0z

Rate of Transportof kor e by  Transportof kor Source term
change convection € by diffusion

of kore

Where the Eddy viscosity is
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kZ
=pC, —
He = pLy c
Cyis the dimensionless constant, which is generally used in this model. It is

called the Prandtl-Kolmogorov relationship.
d=kore
Se = source term of generation or elimination for k or €

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 surface-mounted obstacles and
around objects, flows in straight pipes and ducts, and flows in sudden

expansion and contraction geometries.
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Figure 2-28. k-€ modelling a Jet in a crossflow [188].

In addition to isothermal flows, it has been widely used to compute flows
involving chemical reactions and combustion and flows that experience heat

transfer.

Realisable k-£ model

Some drawbacks have been encountered with the k-¢ model, such as stiffness
on the numerical problem when predicting flow behaviour near the walls or
working at high Reynolds numbers. To solve this problem without moving out
the € equations, some realizability constraints can be imposed on the model
[189].
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The realisable k-& model has been widely used over the last 20 years, given its
improved performance over the standard k-¢ when predicting flows involving
boundary layers, flow separation and recirculation zones at high
velocities[190]. This model has also been reported to improve the prediction of
spreading rates of round jets [191]. This is a two-equations high Reynolds
number model which differs from the standard k-¢ in two features. First, the
dissipation rate transport equation formulation is obtained from the mean-
square vorticity fluctuations. And the use of the realisability constraint for the
Reynolds stresses for the formulation of the eddy-viscosity [192]. In practice it
means that the viscosity coefficient C,, is a function of local flow parameters,

rather than a constant.

The model is defined by the following equations [192].

d v+ v,
—(pk) +V-(puk) =V-|p Vk|+p (P, —¢)
at o—t,k
0 v, +v C;.Se — C, &>
—(ps)+V-(pus)=V-<p{ l t}Vs>+p<u)
at Ote {k + \/v,e}
C, k?
vt = Hg
P = vtSZ
5y =05 (24 2

The model coefficients for Cic and Cpare computed from the equations shown

in Appendix A-2. The empirical constants are defined by:

otxk=1.0, ore=1.2, Ao=4.04, C2.=1.9.

The SST k-w model

The simple k-w turbulent model [193] is an empirical model whose objective is
to model continuity (transport) equations for turbulent kinetic energy k and
the specific dissipation rate w, which is the same as the ratio of € to k. This
model has been modified over time, and some terms have been added to both
equations, which has improved the model's accuracy in predicting free shear
flows [194]. The most important characteristic of this model is that it can be

applied to the boundary layer without modifying the equations[183].

(31)

(32)

(33)

(34)
(35)

(36)
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Once described the advantages and applications of this turbulent model, the
transport equation for the turbulent kinetic energy k and the specific
dissipation rate w can be expressed as follows.

9] 0P

d d
a(ﬁq’) + o (pdw;) = a—xj<rcp 6_xj> +Go — Yo + So (37)

Where ® represents whether k as w. G¢ is the generation of @ due to mean
velocity gradients. I'pis the effective diffusivity of ® and Y4 represents the
dissipation of ® due to turbulence. S4, represents the source terms for k or w.

The Shear-Stress Transport (SST) k-w turbulence model [195] is one of the

various models available for k-w.

SST moves to k-¢ behaviour in free-stream, avoiding the problem of k- w of
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
k-w models [196]. SST has also been proved to model flow separation better
than any other RANS turbulence model [197], [198]. This turbulence model has
been used to study perforated plates in the work of Guo etal. [197], as shown
in Figure 2-29.

The equations for the SST k-w models are

For the turbulence kinetic energy.

L SOl RN
ot T Uigy = P~ Fho g |V avn) oo (38)

For the specific dissipation rate

dw Jw 5 5 d dw
E-'_Uj(')_)cj: aS* — fw +6_xj l(v+ava)a—le
1 9k dw (39)

+ 2(1 - F1)0w2 Za—xla—%

The blending Functions F1 F2 , the kinetic eddy viscosity and other can be
obtained as shown in Appendix A-3.
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Recirculation zone

Potential core

Figure 2-29. Gas flow streamlines in a grid plate using k-w 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 solution the equation of the

eddy-viscosity is [199]

2.3.4 Mesh generation.

In order to solve any CFD code, the domain is first divided into small control
volumes, called cells or elements. It is usual to establish cells close to the edge
of the domain so that the physical boundaries are the same that the control

volume boundaries.

Meshes can be structured or unstructured like the ones observed in Figure
2-30A and B. The first CFD codes solved the governing equations using
structured meshes, commonly used for geometries with regular domains.
Structured body-fitted meshes need a blocking design that allows the
structured hexahedral elements to fit inside the domain following the grid lines.
However, blocking complicated irregular shapes can be very time consuming as
the user needs to pay special attention to the mesh quality as well. This is why
structured meshes are not suitable for irregular geometries. Unstructured
meshes are commonly used for complex geometries featuring irregular shapes.
The main feature of these meshes is that they don’t need an implicit structure of
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 desired cell geometrical shape.
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This means that a coarse mesh features elements with irregular shapes, while a
fine mesh with a large number of cells shows less skewed elements.

Structured meshes are made of hexahedrons where the elongation of the
element represents the skewness as shown in Figure 2-30A and C, while
unstructured meshes can feature cells with different polyhedric shapes as show
in Figure 2-30Band D .

Figure 2-30. Different mesh types used. a) Structured with 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 node/cell. CFD code show
different discretization options.

The Semi Implicit Method for Pressure Linked Equations (SIMPLE) scheme
developed by Patankar and Spalding [200] calculates the pressure basically in a
guess-and-correct method [183]. If the problem is steady state and its being
solved iteratively, the pressure-velocity coupling do not have to be solved. This
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method solves the momentum equations to approximate the velocity field. The
pressure gradient term is calculated using 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 calculated [201].

Momentum and corrected pressure equations are solved implicitly, while the
velocity correction is solved explicitly. Hence, the name Semi-Implicit Method.

The pressure-based coupled algorithm solves the momentum and pressure-
based equations together, while the segregated algorithm solves them
separately. As a result, a coupled calculation allows a faster convergence than a
segregated one. However, the solver is more unstable.

2.3.6 Solution of equations.

The discretised equations have to be established for every node 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 property ® 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 combustion can be found in a laminar flow field, for most
industrial and technical processes it typically occurs in 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]. Combustion needs both 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

shear between 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]. Also, 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 propagated relative to
unburnt gases. The laminar burning velocity (S.) corresponds to the velocity at
which a laminar combustion wave propagates in relation to the unburnt gas in
front of it. The turbulent burning velocity (St) on the other hand surpass the
laminar burning velocity to a degree depending on the scale (1) and the
turbulence intensity of the unburnt gas [202]

Flame speed

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

Some important features must be known to correctly choose the techniques
used for CFD combustion. These include the thermodynamics of combustion,
the kinetics, the internal energy of formation, chemical transport processes,
equilibrium in gases and adiabatic flames temperatures. Some of these subjects
are too extensive to cover in this thesis. However detailed information on these

processes can be found in the work of Versteeg and Malalasekera[183].
There are some requirements for turbulent burning velocity [62]:

e In order to work with ultra-low NOx, the flame has to burn down to the

lean flammability limit.

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

e Itisrequired that Ur / UL (the turbulent burning velocity and the
laminar burning velocity) equal to 250. However, it is better to consider
the current turbulent burning velocity, where less than 25 m/s is

required for a stable flame.

¢ Near the flammability limit where UL is very low, Ut should be

approximately 2 u” (velocity of the kinetic energy of turbulent)

e 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 the different premixed turbulence combustion regimes are
given in Appendix A.4

2.3.7.1 Non premixed turbulent combustion

A crucial parameter in the description of non-premixed combustion is the
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 CmHn [177]
Vg CpHy 4+ V92 05 = V002 CO + V' yy0 H,0 (40)

The stoichiometric coefficients v’z and v', = (m + n/4 ) v'g, respectively.

In a two-feed system where subscript 1 is the fuel 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].

vYp — Yoo + Y022

Z= 41
VY1 + Y022 (41)

The stoichiometric mixture fraction is expressed as

v,
Zge = l1 + “l (42)
YOZ,Z
Then the equivalence ratio can be obtained as [204].
. SZ
1-Z (43)

sY
Where S = YF £

0,0

Yr, 1 is the fuel mass fraction, Yoz, o is the oxidizer mass fraction

s is the mass of oxygen required to burn a unit mass of fuel. For hydrogen s=8

32(m+2)
and for CmHn alkanes, s = ———=2 [204]

12Zm+n

The equations for the different non premixed turbulence combustion regimes

are given in Appendix A.5

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 combustion and the
concentration and distribution of species are almost completely controlled by

the flow of fluid. For premixed combustion processes like spark ignition in



-71-

internal combustion engines, the turbulence, flow of fluid and turbulence are
set by compression and induction processes before ignition, and they are very
important in the combustion process. The governing equations for combustion
can be considered as follows [181].

For continuity
% T ax (pui) =0 (44)
0x;

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

For momentum

d d dp OTU
3¢ (Pu) +a_xi(puiuj) " ox T ox,

+F (45)
Where F; are the forces acting on the body, and the viscous stress tensor 7;; is
aul au] 2 auk

= MGy T o 3% o,

For transport of species equation

0 d aYy .
(p V) +— ox, -(puiti) = o— (pDk I ) + wy (46)
[t can be expressed like follows
Rate of Total rate of Total rate of Total rate of
changeof |  decrease of _ incrementof _  increment of mass of
mass of mass of mass of species k due to
species k species k by species k by sources

convection diffusion

The energy equation is

9 [ on 1 1\ av.] ap
—(Ph)‘l‘ (Pu h) = % a_ha_xf (S_Ck_ﬂ_n)kz:hka_xi t o7 1 Sraa (47)
Rate of Total rate Total rate of Total rate of Total rate of
change of N 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




-72-

concentration of

species

Where Scy, is the species Schmidt number

Scy = u/pDy
And the Prandtl number oy, is
Cplt
-2

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

conservation of energy

Only turbulent regimes is considered in this thesis, so laminar flows studied
with CFD won'’t be described.

2.3.7.3 Combustion turbulent models for non-premixed combustion

Some combustion models have been developed due to the complexity of finding
a solution for averaged species mass fraction and enthalpy equations, density
and temperature changes, for realistic chemical cases, which involve many

reactions and species .
Simple chemical reacting system model (SCRS)

This model refers to the global nature of the combustion process by considering
only the final concentration of species. This process neglects its kinetics and
considers combustion a one-step process with no intermediates [186]. A rapid
chemical reaction of oxidants reacting stoichiometric is assumed to create
products. This chemical reaction is irreversible for 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 of Ji
and H we need to know the statistics of the variables (T, Yi, p) as a function of €.
[183].

Probability Density Function Approach (PDF)

This method involves two and three-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 accurate. The joint pdf
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of either the scalar variables of composition that define the system’s
thermochemical state or the scalar compositions plus the three-velocity
components are solved by this combustion method. Moreover, strongly
nonlinear chemical reaction rates, pressure gradient, body forces and
transport-convective problems are solved [205].

For a given variable ¢, the probability function Feg (1) is defined as [183].
Fy(¥) = Prob{¢ < ¥} (48)

Where Prob{¢ < ¥} is the probability that ¢ is smaller than the value for ¥, and the
probability density function is the derivation of the distribution function [183].

dF 4 (®)
dv

Py (¥) = (49)

Eddy break up, and Eddy dissipation models
The Eddy break up model invented by Spalding (1971)[206] sets the fuel

consumption rate as a function of the properties of the local fluid. The
controlled mixing rate of reaction is expressed in the k/¢ scale terms. This
model can also adapt to reaction terms that are controlled by kinetic energy.
Although the Eddy break up model achieves good predictions in CFD, the
quality of the predictions relies on how well the turbulence model works
because of the dependence of the fuel dissipation rate on the turbulence time
scale of k/e. If the turbulence model does not achieve good flow predictions, the
combustion quality will also fail. The eddy dissipation model (EDM) was
developed by Ertesvag and Magnussen in 2000 [207]. It is a modified version of
the eddy break up model [183]. This model is very useful in 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 as [208]

| N S
Wp = —ApgmPB * w min YF,?,Bedm s+l (50)

Then the oxidiser and product reaction rates are calculated as:

Wy = Swp, wp = (s + Doy (51)

However, since the model’s reaction process is not kinetically controlled,
ignition and other processes involving a limit reaction by chemical kinetics can

be inaccurately predicted [209]. Misprediction in combustion [210] and mixing
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results [211] have been shown by various authors when studying non-
premixed steady state combustion.

Laminar flamelet model

Laminar flamelet models are considered 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 referred to as laminar
reaction sheets in movement. This model considers a great heat release in
narrow zones of the surroundings of stoichiometric surfaces [183]. Some
assumptions are made when studying a flamelet model. First, a two-mixture
fraction flamelet model is not allowed, only one. Secondly, scalar dissipation
changes and the mixture fraction following the 3-function PDF are not
considered. Lastly, empirical streams cannot be used [213]. This model has
some advantages on the one hand, like the good connection 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 stagnation streamline [214].

For non-premixed combustion them flame stretch increases the scalar
dissipation rate in a turbulent flow field. If this exceed the value of x4 the
flamelet will get consequently extinguished.

Returning to the two-feed non premixed system discussed in 2.3.8.1, a 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]:

T x0T 1 "h
P P52~ —EZ im; (52)
i=1

This model, on the other hand, has some drawbacks. For example, slow
chemistry predictions such as NOx or 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 stabilize [218].
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Flamelet Generated Manifold

To reduce chemical calculations, the Intrinsic Low Dimensional Manifold
(ILDM) developed by Mass and Pope considers the extensive range of chemical
time scales [219], [220] from the elemental composition up to equilibrium.
Then, reaction rates and species mass fractions are calculated as a function of a
reduced set of variables, which measures the 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 near-equilibrium
but struggles to predict low-temperature zones. To solve this issue, the
Flamelet Generated Manifold (FGM) was developed [222].

This concept consists of the generation of look-up 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 variables or mixture
fractions [221].

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

ay, 1 %,
Por =5PX5z TS (53)
And
o _ x0T 1 [fﬁ+ ., drar
Pot =P 2 azz " 2¢,P oz " L aF | ae (54)

The scalar dissipation y is then modelled across the flamelet using equation [223]

o (511

x(f) = = ————exp(-2[ERZc™'(22)]?) (55)
AT ([P
(\/7 +1)

The flamelets are calculated by enhancing the scalar dissipation until it gets

2

extinguished. Then the FGM is generated by mapping the scalar dissipation field to a
progress variable. It maps the pre-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]-[228] and in recent years for diffusion
combustion, including NOx prediction [220], [229], [230].
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2.3.8 Reaction rates 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 shown before, various
equations are needed for solving combusting flows , and every species involved

has a number of different reactions.

If considering a forward scheme of reactions with the stoichiometric Equation
(56) [181]

N

N
Z v’kj Mk e Z U”kj Mk forj = 1;2 e, m (56)

k=1 k=1
Where v'y; are the stoichiometric coefficients of the reactant species My, in the
reaction j. v'’y; are the stoichiometric coefficients in the product species in the

reaction j. N is the number of species and m the number of reactions involved.

The reaction rate for Equation (56) is expressed as [231]
d(C
rr = o) _ ]_[<CM I (57)

ks is the Arrhenius law given by

k; = AT%exp (— = aT) (58)
u

Where A is the pre-exponential constant, a is the temperature exponent and E the

activation energy.

The general form of the reaction progress rate for a species k in given reaction j is

dc o
qrkf = Mk ="k vy [kf H(ka — kp H(CM" ] (59)
Jj

Where kf is the forward reaction rate and kj, the backward reaction rate

Various pieces of software such as CHEMKIN [232] 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 chemical kinetics 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
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fewer reactions to represent the basis of the combustion. These are the reduced

mechanisms.

2.3.9 NOxmodelling using CFD

Combustion systems usually produce low NOx concentrations, which have little
effect on the flow behaviour, temperature and equilibrium products [233].
However, its accurate prediction is essential in the development of low-NOx

systems.

An accurate NOx prediction is strongly related to the mixing and combustion
simulation results. An inadequate air/fuel mixing prediction can considerably
affect the NOx levels. Similarly, inaccurate temperature simulation can, in some
cases, double the NOx levels [233]. Hence, critical care is needed when setting
the boundary conditions, thermodynamic data and picking the suitable

turbulence, combustion, and other submodels

However, current gas turbine legislation demands for NOx have pushed the
industry and academia to develop more sophisticated computational methods

which allow successful NOx prediction.

Some kinetic mechanisms used for PDF table creation needed by some
combustion models often include NO and NO2 formation. So NOx can be
modelled in some cases as a preprocessing operation. However, this can result
in longer computational times and not often the expected accuracy is obtained
[46].

A post-processing calculation is usually undertaken for NOx prediction, which

needs a converged combustion solution.

The software ANSYS FLUENT includes a NOx prediction model, which allows
the modelling of prompt, thermal and flue NOx formation. De Soete and
Pourkashnian et al. developed the chemical rate models [234], [235] needed for
the NOx model. This model also offers the capability of N20 prediction and s

selective noncatalytic reduction (SNCR).

King et al. [45], [46] have used the model for NOx prediction in radial swirlers
with vane passage fuel injection for gas turbines. In his work, the NO
predictions with FLUENT are compared with the results obtained using a

mechanism including NOx, as shown in Figure 2-31.
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Figure 2-31. NO prediction comparison A) kinetic mechanism with NO,
B)ANSYS FLUENT model [46].

King obtained underpredicted NOx values compared with experimental data
obtained for a Mach number of 0.05 for natural gas for a 140mm combustor
[47]. He used the discretization scheme QUICK and a PDF approach.

2.4 Equilibrium software
Equilibria software allows the prediction of thermodynamical properties such
as adiabatic flame temperature and equilibrium product composition for

different fuel mixtures to improve and investigate combustion systems

Equilibrium predictions of flame composition include NOx calculated for an
infinite residence time inside the flame. In high-intensity gas turbine
combustors, the residence time is approximately five milliseconds, where NOx
is not close to equilibrium [87], [236]. HowevVer, it is possible to calculate the
rate of NOx 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 temperature, the approximate reaction time of the adiabatic
flame gas mixture, and the equilibrium levels of NO and Oz considering 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 been developed. However, CEA [238] and
Gaseq[239] have been widely used for combustion purposes [31]-[33]

The format for thermodynamic input and temperatures dependent equations
used in CEA is not the same as the one used by GASEQ. For every temperature
interval, CEA uses a total of nine coefficients: Seven coefficients for the specific
heat Cp (al-a7), one constant for the enthalpy H (coefficient b1), and one more
coefficient for the entropy S (coefficient b2), as shown in equations (60)- (62).
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Heat C% _ 1 5 5 .
= a T+ a,T " +az+a,T +asT*“+agT” + a,;T (60)
Capacity
Enthalpy HR(TT) —a, T2 +a;T~'InT +az + a,; U a5 - g T— +
T* b (61)
Y5t
SO _ T3
Entropy = —a;T %2+ a, T ' +az;InT + a,T + a5 + ag—S +
B (62)
a; 7 + b2

Generally, for gas species, two temperature intervals are used (minus 1000 and

plus 1000), giving a total of 18 coefficients per polynomial set.

In contrast, Gaseq considers five coefficients for Cp temperature polynomial

and two more constants for H and S. [240], as shown in Equations (63)-(65)

Heat C
L= a,+a, T+ a3T? +a,T? 4 asT* (63)
Capacity R
4
Enthalpy Ri =a; + az + a3 i a4 4 as T? + % (64)
Entropy -=a lnT+a2T+a3 +a4T3 +a5T4 + a, (65)

The equilibrium codes Gaseq and 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 by Morley [239].
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Chapter 3. METHODOLOGY

The studied technologies are listed as follows, and their corresponding
numerical and experimental methods will be explained in the following lines:

e The equilibrium calculations shown in Chapter 4 were performed for
domestic fires in the Hy4Heat project and a glass melting factory for the
project Glass Futures in 2020. The calculations were carried out for the
following fuels:

[.  Natural gas average composition from Goole glass melting plant
II.  Pure Hydrogen (100%)
[II.  The proposed composition of hydrogen (PAS 4444)
IV.  Ablend of biodiesel
V.  Crude glycerol
VL.  Ablend of 50% glycerol and 50% water
VII. UK Diesel composition
VIII.  Pure ethanol

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

Grid plate flame stabilisers (Aerodynamics)

GM (hole diameter 19.62mm)
GM (hole diameter 22.44mm)
GM1 (hole diameter 19.62mm)

Grid plate flame stabilizer (Mixing and Combustion)

. GM1
II. GM2
[. GM3
IV.  GM1-H2
V. GM1-7D

e The experiments presented in Chapter 7 for domestic fires were carried
out as part of the academic team of the University 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.  Open-fronted fire
[I. Glass-fronted fire
III. 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 used for domestic fires and in the glass melting

industry. The computations were carried out for different fuel blends using the

software Gaseq [239]. Some fuels were also analysed using CEA [238].

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 hydrogen. Inlet temperatures up to 600K were considered for
this activity, achieved from heat recovery waste gases for the glass-fronted and
innovative appliances in 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 levels. Natural gas and hydrogen were also investigated
for a cooled flame from the NG equilibrium temperature at 300K inlet air to a
cooled flame of 1850K with 1.0% excess oxygen in the exhaust. This is a

condition desired in domestic fires

The equilibrium software was later used to 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 1000-1300K. 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 2718K obtained with natural gas. The reason for
this study of cooled products is since when cooling the flame, the reduced O and
OH stops thermal NOx formation.. The same procedure applied for natural gas
was followed for all the investigated fuels. For this activity, the exhaust oxygen
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 glass furnaces show that the optimum flue gas oxygen
is from 0.5-1.5%.
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on to achieve 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 02 at 2718K.

The software CEA was used at the beginning of this work to study a mixture of
pure hydrogen/air and natural gas/air for the glass melting industry. This
software allows the obtention of a single set of thermodynamic data for a
specific mixture at given reactants’ molar concentrations and inlet
temperatures. Since most of the activities required large ranges of equivalence
ratios and temperatures to be calculated, CEA was shown to be inadequate. On
the other hand, Gaseq also allows the creation of mixtures using different
species in a number of moles or mole fractions. One of the advantages of this
software is the ability to calculate a range of equivalence ratios or given
temperatures in seconds. However, Gaseq only allows setting a mixture
temperature, in contrast to CEA, which allows assigning a specific temperature
to each mixture species.

The adiabatic flame temperature and product composition computations were
carried out at constant ambient pressure. In most simulations, a mixture of
ambient air containing 78% N2z, 20.95% 02 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 Burcat [241], containing 3746
species in their polynomial form, was used for the Gaseq calculations. All the
ion elements of the Burcat’s thermodynamic [241] were removed, which
caused trouble in undertaking the simulations. Unfortunately, this file is too
extensive to be included in this thesis.

Two kinetic mechanisms were used for the CEA calculations. The kinetic
mechanisms proposed by De Vries et al.[242] for the natural gas/air and the

one proposed by Skottene et al. [243] for hydrogen/air.

The mentioned modified Burcat thermodynamic file was used to study
hydrogen, natural gas, ethanol, glycerol and diesel with 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 to Gaseq to
evaluate the error between their thermodynamics. To obtain a set of

combustion products that satisfy the equilibria for the given fuel, only species
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concentrations higher than 0.1 ppm were chosen. For hydrogen, the species H,
HNO, HO2, Hz, H20, H202, NH3, NO, NO2, N2, N20, O, OH and Oz were considered

for the calculations. For methane, the predicted products were CO, CO2, H, HO2,
Hz2, H20, NO, NOz2, N2, N20, O, OH, Oz and NHs.

The polynomials of the enthalpy of formation of equilibrium products for Hz of
the Burcat’s and CEA thermodynamics files are illustrated in Table 3-1. An
insignificant difference was encountered for all the product species between
both codes.

Table 3-1 Comparison of Burcat/CEA thermodynamic 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
HNO: -3.1765825423E+01 -3.1665702024E+01
HO: 4.9605066163E+00 4.8491140720E+00
H; -1.7683819351E-03 -1.7457053457E-03
H.0 -9.7602089269E+01 -9.7602089821E+01
H20. -5.4843220232E+01 -5.4843218541E+01
N 1.9077059732E+02 1.9077059664E+02
NH; -1.8392762785E+01 -1.8543366662E+01
NO 3.6834058756E+01 3.6834946657E+01
NO; 1.3797984712E+01 1.3797922241E+01
N2 -1.7631669025E-03 -1.7631671159E-03
N:0 3.2931112072E+01 3.2931112184E+01
o 1.0056478365E+02 1.0056475936E+02
OH 1.5052398012E+01 1.5043533217E+01
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0: -1.7785181490E-03 -1.7785317370E-03

An adiabatic flame temperature calculation of a mixture of Hz and air for both
software pieces was undertaken to corroborate their error while predicting
combustion. As a result, a neglectable difference was observed between them,
as shown in Figure 3-1. This allowed switching to Gaseq and undertaking the
activities quicker.

—e—CEA
2500 GasEQ
2300 & B
a5 '\ll"-_.
2100 Y-
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Equivalence Ratio

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

The obtained results were processed, and graphs were produced using Office
Excel. All runs were undertaken in a computer with the following
specifications: Windows PC, an Intel® Core i7 processor, a GPU GTX 1080,
32GB 2666MHz DDR4 Non-ECC RAM, 1TB SSD, Integrated Intel HD Graphics.

3.1.1. Equilibrium calculations for natural gas

The activities for natural gas were undertaken considering a provided mixture
of natural gas blended 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, but its primary source is the North Sea with 48% [244]. Mike et al.
show an averaged natural gas composition obtained over two days, shown in
Table 3-2.
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Table 3-2: National Grid plc averaged natural gas composition over a two days

period.
@
3
2 ° 2 2 o @
@ c o ™ c ® = c c
5 H @ e e 8 2 2 c 2 -] @ 2 ] H
c 5 2 g 2 c g o
: £ § 32 8 5 ¢ § 5§ §F § £z : § £ ;3
= z w o a =2 @ & 2 z = x o z a = a
% Yo % Yo % Y % %o % % mgkg mg/kg mgkg mgkg mgkg mglkg mglkg
Mean 9242 3867 302 078 059 009 014 004 004 000 40928 54097 18484 1437 0.02 1.14 0.44
Median 9214 378 301 086 059 009 014 004 004 000 40584 53090 177.99 1278 000 000 000
Minimum 90.84 244 203 032 053 008 011 003 003 000 35587 49251 150.39 777 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 by Table 3-2. The values

provided in volume basis are as follows:

CHa 91.14%
C2Hs 4.74%
C3Hs 1.21%

C4H1o (iso + n) 0.42%
N2 1.18%
CO2 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 then analysed for a cooled flame down to 1850K and an excess

air of 1% for a room 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 of calculating adiabatic flame temperature and product

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

and the exhaust gases are shown in Appendix B.

The Goole natural gas composition was cooled down from the adiabatic flame
temperature of various values of @ for 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 out at the University of Leeds [245] 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 complete combustion. The software CEA was
used to calculate an inlet temperature of 295K and 1 ATM. The stoichiometric
mixture of Hz/air for complete combustion used the following reactant
volumes: Hz input volume (in %)= 29.58; Oz input volume (in %)= 14.79; N2
input volume (in %)= 55.63..

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

The obtained results showed a peak temperature of 2378.5K at stoichiometric
conditions. The peak NO was reached at @= 0.793 for a 25% Hz volume and a
temperature of 2155.5K, as shown in Figure 3-2.
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Figure 3-2: CEA results for an Hz composition at 295K and 1 ATM. A) Adiabatic
temperature in K vs initial Hz in vol % in air and equilibrium NO in ppm;
b) Adiabatic temperature in °C vs @ and equilibrium NO in mg/kWh.

Thermal NO was calculated for a reaction time ¢t of 0.1 s from the equilibrium

temperature, NO and Oz using Equation (66) [246].

[NO] 1—exp™®

= (66)
[NO]g 1+ exp*t

2[NO]g

With a = oaes = Kb
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The results in Figure 3-3 show the thermal NO concentration levels near the

Ecodesign limit of 130 mg/kWh [247] for 20-23 H2 vol %.
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Figure 3-3: Thermal NO and adiabatic temperature vs Hz vol% for 100 ms.

As explained before, equilibrium NO concentrations are not usually achieved in
the combustion process. A long time is needed for equilibrium to occur, and
real flame conditions limit the reaction time for N2 and Oz to dissociate
recombine into NO.

This past study concluded that it is recommended to operate Hz in equivalence
ratios from 0.59-0.71 in air to maintain thermal NOx below 40mg/kWh, which
is the limit of sustainable homes NOx emissions. This will retain the
temperature flame below 1750°C for 0.03-0.1 sec reaction times.

For the present work, mixtures of hydrogen/ air for temperatures from 298-
600K were investigated using Gaseq, where adiabatic flame temperatures, Hz,

02 and NO levels were obtained for equivalence ratios from 0.2-5.0.

A cooled flame was calculated for the Hz/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 sustainable homes.

3.1.2.2 Equilibria for the glass melting industry

The hydrogen mixture available in the PAS 4444 [247] was calculated and
compared to a composition of 100% Hz. For this study, the mixtures were
simulated at 300K at atmospheric pressure calculating the adiabatic flame

temperature for equivalence ratios from 0.5-5.0.
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Figure 3-4: Comparison of adiabatic flame temperature vs @ for pure and real
H2 compositions
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Figure 3-5: a) Comparison of adiabatic flame temperature vs @ for pure and
real H2 mixtures showing the error between them; b) Calculated error
between both mixtures.

The obtained plots are shown in Figure 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 at @ =5. At
this level, the error was 0.45%. Other inlet temperatures were also tested,
showing similar results between both mixtures. Hence, it was concluded that
the adiabatic flame temperature and equilibrium composition calculations for
the PAS 4444 hydrogen mixture were not required, given the neglectable

difference against the pure Hz composition.

A hydrogen composition containing 100% H2 was first studied, considering air
temperatures going up to 1600K for a range of @ from 0.2-6.0. The adiabatic

flame temperatures and exhaust levels are shown in Appendix C.
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The hydrogen/air mixture was studied for a cooled flame bringing down the
adiabatic temperature reached at 1% Oz in the flue to the furnace temperature
achieved with NG.

3.1.3 Equilibrium calculations con biodiesel blend for glass melting
industry

A soybean FAME#* based biodiesel composition obtained by Postioti et al. [249]
was investigated for this study. The blend featured a carbon, hydrogen and
oxygen content of 76.7%, 12.0% and 11.3%, respectively, for a composition of
CH1.87600.011.

Since the equilibria software did not allow the inclusion of species on a H/C
basis, replicating the needed composition was needed using existing species in
thermodynamic tables. A common way of doing this is developing surrogates
that imitate the fuel composition, as shown in many works [250]-[253]. Cui et
al. [253] developed a table for six different biodiesel fuel blends (BDS) obtained
from the mixture of various FAMEs compounds, as shown in Table 3-3. The
values for the obtention of soybean oil were approached to the blend needed
for this work.

Table 3-3: Components of biodiesel fuels [253]

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 soybean methyl ester compounds were decomposed into their
elemental values for C, H and O on a mass basis. Then, these were converted
into a mole basis using Excel, obtaininga H/C of 1.84 and an O/C of 0.106, as
shown in Table 3-4. These values were approached to the requested mixture
using the Excel Solver, and the new composition is shown in Table 3-5.

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

CALCULATION SOY BEAN BIODIESEL (SAE 2013-01-2689)

Element W
C 12.011
H 1.0079
o) 15.999
% [9 H o total mass  |%mass |%mass C %mass H |%mass O |%moleC  |%mole H |%mole O
11% 17 34 2 270.4536| 29.7499 22.46057| 3.769546 3.51978 1.87 3.74 0.22
5%) 19 38 2 298.5072| 14.92536 11.41045 1.91501 1.5999 0.95 1.9 0.1
25%) 19 36 2 296.4914| 74.12285 57.05225 9.0711 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 15.97463| 2.257696 2.23986 133 2.24 0.14
TOTALS 100% 1452.3876| 292.3976 225.56658| 34.833024 31.998 18.78 34.56 2
H/C 0/C Proposed fuel
1.840256| 0.106496|C H1.88 00.11

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

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

C 12.011

H 1.0079

[0} 15.999
% [9 H o total mass  |%mass _|%mass C %mass H |%mass O |%mole C_ |%mole H |%mole O |total %mole
32% 17 34 2 270.4536| 87.02095| 65.69905667| 11.026239| 10.295653| 5.46990731| 10.93981| 0.643519| 17.05324043
20% 19 38 2 298.5072| 59.70144 45.6418 7.66004 6.3996 3.8 7.6 0.4 11.8
13% 19 36 2 296.4914| 39.53219| 30.42786676 4.83792 4.2664| 2.53333334 4.8| 0.266667| 7.600000023
7% 19 34 2 294.4756| 19.63171| 15.21393304| 2.2845733 2.1332| 1.26666664| 2.266667| 0.133333| 3.666666597
28% 19 32 2 292.4598| 81.37423| 63.49704391| 8.9740433| 8.9031476| 5.2865743| 8.903704| 0.556482| 14.74675989

TOTALS 100% 1452.3876| 287.2605| 220.4797004| 34.782816 31.998| 18.3564816| 34.51019 2| 54,

H/C o/C Proposed fuel
1.88| 0.108953|C H1.88 00.11

The calculations were carried out using an air composition considering Ar. The
adiabatic flame temperature and product composition were calculated for @=
0.025 to 3.0. Unfortunately, higher equivalence ratios could not be studied as
divergence was encountered with the software above @#=3. The plots for

adiabatic flame temperature and flue composition are shown in Appendix D.

The biodiesel mixture was studied for a cooled temperature for various
equivalence ratios going from the adiabatic temperature to the furnace

operating temperature of 1850K obtained with NG.

3.1.4 Equilibrium calculations for glycerol for the glass melting
industry

Glycerol was studied as a crude mixture of C3HgO3/air.

The first activity was undertaken for inlet temperatures from 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 of equivalence ratios. The predicted adiabatic temperature at an
excess 02=0.01 vol was taken down in decrements of 50K to the furnace
operating temperature in NG of 1850K.

Glycerol was also studied as a mixture of 50% H20 and 50% crude glycerol for a
cooled mixture of 1850K and 1% excess O2.

3.1.5 Equilibrium calculations for European diesel blend for glass
melting industry

The activity was carried out for a European diesel composition [254] given as
CH1.87 with an NCV of 43.0 M]/kg. This mixture had a carbon content of 86.28%
and 13.46% H, both on a mass basis, with a density of 834 kg/m3.

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

Bai et al. 1 [252] developed a skeletal mechanism for a tri-component diesel
surrogate fuel using N-hexadecane, iso-octane and 1-methylnaphthalene. The
used composition is shown in Table 3-6.

Table 3-6. Composition of diesel surrogate [252].

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 Excel on a volume basis, obtaining
1.93. The calculation is shown in Table 3-7.

The mole fractions were approached to the desired value of CH1.87 using the
Excel Solver, as shown in Table 3-8. Then, the new mole fractions were used to
create the blend in Gaseq, and the activities were 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-cetane/1-
methylnaphthalene
Eleme
nt W
C 12
H 1.01
Mole total molar |molar weight [molar weight [molar weight |Moles of C [Moles of H H/C LHV
fraction% H name weight of pl of Cin ple |of Hon ple |in ple |in Sample WEIGHT |(MJ/kg)
41% 16| 34| HXN 226.4446 93.5216198 79.368688 14.1529318 6.608 14.042 2.125| 43.952
37% 16| 34| HMN 226.4446 83.3316128 70.720768 12.6108448 5.888 12.512 2.125 43.4
22% 11 10 AMN 142.2 31.1418 28.934499 2.207301 2.409 2.19 0.90909| 39.259
TOTALS 100% 595.0892| 207.9950326 179.023955 28.9710776 14.905 28.744
H/C Proposed
MOLE _ |fuel
1.92848|C H1.87

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

CALCULATION DIESEL WITH SURROGATE Development of a skeletal mechanism for tri-component diesel surrogate fuel: N-hexadecane/iso-cetane/1-methylnaphthalene
Element |W
C 12.011
H 1.0079
total molar [molar weight of molar weight of Ciin[molar Moles of Cin  [Moles of H H/C LHV
Mole fraction% < H name weight sample sample weight of H [sample in Sample \WEIGHT |(MJ/kg)
66% 16 34| HXN 226.4446 150.0016278 127.3013921] 22.70023565 10.59873384| 22.5223094 2.125 43.952
6% 16 34 HMN 226.4446 13.37848668 11.35387665| 2.024610031 0.945289872| 2.008740977 2.125 434
28% 11 10| AMN 142.2 39.60248929 36.79550272| 2.806986565 3.0634837| 2.784985182 0.909091 39.259
TOTALS 100% 595.0892 202.9826037 175.4507715| 27.53183224 14.60750741| 27.31603556
H/C Proposed
MOLE fuel
1.87|CH1.87

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 in Appendix F.

The European diesel blend was studied for a cooled temperature of 1850K and

1% excess Oz for various equivalence ratios.

3.1.6 Equilibrium calculations for ethanol for the glass melting
industry

A mixture of pure C2HsOH and air was studied for the obtention of adiabatic
flame temperature and product composition for inlet temperatures going from
300K to 1600K, for @= 0.02-5.0. The obtained results are shown in Appendix G.

The ethanol/air mixture studied for a cooled temperature was approached to
the glass furnace conditions achieved with NG of 1850K and 1% O2 in the flue.
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3.2 Computational setup for gas turbine combustor flame
stabilisers for high combustion intensity

The flame stabiliser geometries numerically investigated in Chapter 5 and
Chapter 6 were designed and experimentally tested by Gordon E. Andrews and
Naman Al-Dabbagh [157], considering a combustor can of 76mm diameter,

which was used for the simulations.

Combustion internal traverses were 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 SOLIDWORKS [255] was used to create the models for the
different geometries.

Structured hexahedral and unstructured tetrahedral meshes were designed
using ANSYS ICEM [256]. However, the complexity of developing the correct
blocking and creating decent quality structured meshes lead to the use of
unstructured polyhedric meshes for some combustion simulations. This also
helped model the fuel injections quickly and vary the nozzle sizes without
designing a new blocking for every new configuration. Coarser meshes were
used for 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 FLUENT [256].

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

All the computational runs were carried out considering a thousand iterations

to allow convergence. The residuals were set to 10-¢ in all cases

The least-squares cell-based method was used for the spatial discretization

gradient for the simulations carried with FLUENT.

The simulations were carried out following the procedure for FVM mentioned

in Chapter 2.

NOx modelling was carried out as a post-processing operation using the NOx
model included in ANSYS FLUENT. Prompt and thermal NO were simulated. As



-94 -

explained in Chapter 2 prompt is crucial as it’s the facto to avoid reaching zero
NO values.

All runs were undertaken in a computer with the following specifications:
Windows PC, Intel® Core i7 processor, a GPU GTX 1080, 32GB 2666MHz
DDR4 Non-ECC RAM, 1TB SSD, Integrated Intel HD Graphics.

3.2.1. Grid Mix flame stabilisers

A 76mm cylindrical model with a combustion zone of roughly 4D or 330mm
and an upstream length of 2D or 150mm was modelled, replicating the
combustor dimensions used in the experiments. Atmospheric pressure was
considered for the development of the experiments. A thermal input of 131kW

and the heat release of 28 MW /m?2 were assumed, as mentioned in Chapter 2.

Figure 3-6. Experimental rig used for grid mix flame stabilisers [157].
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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 venturi flowmeter 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 cylinders 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 in Figure 3-6.

The experiments which this work is based on were carried out at a pressure
loss of 2.4 and 4% for perforated plates of four holes, which gave a A2/A1 of
0.266 and a t/d of 73.4%. Considering the inlet air temperature of 400K used
for the experiments, the velocity before the flame stabiliser was 18.84 m/s and
the velocity at the vena contracta in the stabiliser holes was 70.8 m/s , with M2
= 0.177. In order to stabilise a flame in a flow velocity of 19 m/s for lean low
NOx mixtures for a laminar burning velocity of 0.15 m/s, the required turbulent
to laminar burning velocity had to be above 100.

No film cooling air was used in the experiments as this increase the NOx levels
[257]. However reverse air flow was used for wall cooling as usually seen in
industrial gas turbines. The combustor was tested in the open so the wall
radiated to the environment, so the 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 the experimental
combustor allowing to obtain mean values for the combustion products and
calculate the temperature and other combustion parameters by carbon balance.
This probe was not modelled in the simulations. The combustor opening
allowed to entrain cooling air into the combustor, and then the gases passed

through a cone into a water-cooled exhaust.

The mean gas samples were originally obtained with a water-cooled stainless
steel X probe similar to the one used by D. H Lister [258], featuring twenty gas
holes of 1mm each located on centres of equal area along with the probe. The
sample flow rate was 30 lpm with a sample inlet hole velocity of 32m/s, higher
than the mean velocity in the combustor, but needed to minimise heat transfer

time. Only 5 Ipm were needed for the gas analysis system, the rest was dumped
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before gas analysis. Gas samples were first heated at 180°C through a heated
sample line and filter, and then pumped to a heated gas analysis system to
measure NOx chemiluminescence using an analyser with a minimum scale of 0-
4ppm and a resolution of 0.1ppm. The total hydrocarbons (THC) samples were
then measured using a flame ionization detector (FID) with a resolution of
0.1ppm, oxygen levels were measured through paramagnetic analysis, and CO
and CO2 were obtained using a non-disperser infrared sensor (NDIS) using
paramagnetic analysis. Water vapour was removed by cooling the sample prior
CO, CO2 and Oz, while NOx and THC were measured wet. Finally, NOx was
converted to dry in a post processing operation by removing the water from the
equilibrium composition. NOx was obtained using a NOx analyser set for 37°C
and a resolution of 0.1ppm, and a carbon molybdenum converter was used to
convert NOz into NO.

The authors of the experimental work compared the obtained species product
values with the calculated equilibrium composition as shown in Table 3-9 by

using carbon balance and achieving sensible agreement.

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

Equilibrium Error
Species Gas Analysis

Metered @ (%)
H20 12.4 11.7 5.5
CO2 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 efficiency obtained 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 a mineral
insulated type R thermocouple with grounded junction and platinum outer
sheath.

The authors of the experiments calculated the increase of the adiabatic gas

temperature from the equivalence ratio. They then corrected the thermal
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combustion efficiency calculated from the CO and THC levels. Differences were
obtained between the thermocouple measurements and the ones obtained with
gas analysis, where the main ones were encountered at the stabiliser
downstream face. These differences were mainly due to the probe location for
the different tests and the challenge of placing them in the exact wanted

position without any precision device.

Both measurements were compared with the obtained simulation results in
Chapter 6.

The 15mm water-cooled gas sample probe used for obtaining the gas
composition traverses for the experimental tests is shown in Figure 3-7. It
featured a 1mm tip in the head, allowing the obtention of the sample gas. This
sample probe provided a 3.9% blockage of the total combustor flow area for a
76mm diameter. However, thermodynamic interference produced by the
device could have affected the obtained gas composition results. Thus, no exact
agreement is expected with the simulation results presented in Chapter 6.

¢OUT
IN
WATER

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

Both gas analysis probe and thermocouple were mounted in a support with
35.6mm between the two probe centrelines. Both measuring devices were
traversed simultaneously. When the gas analysis probe was touching the
combustor wall, and the tip was in the position 7.5mm from the wall, the
thermocouple was 5.1mm offset from the combustor centreline. Once both
measurements were taken in this position, the test rig was turned off, and the
probes relocated. Both devices were positioned in a second arrangement, so the
analysis sample probe centreline was colinear to the centre of the airhole. Thus,
the thermocouple centreline was 35.6mm away from the probe inside the
stabiliser holes. Therefore, when the 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 in Table 3-10 and were mentioned in 2.9. 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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Figure 3-8. Traverse locations of GA and TC for 2 different positions

Table 3-10: Studied flame stabiliser geometries using CFD 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/ CsHs | Axial

combustion
GM1 4 19.62/ |9.53/ |2/ Combustion | C3Hs | Radial
22.11 5.3 4
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GM3 4 19.62 9.53 2 Combustion | C3Hs | Axial
GM1-H2 4 19.62 9.53 2 Combustion | Hz Radial
GM1-7D | 4 19.62 7D 2 Combustion | Hz 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 22.44mm was designed for t/d of 0.14 and an A2/A1 of 0.347. The
other stabilizer investigated featured an air hole diameter of 19.27mm, and it
was designed for at/d = 0.17 and an A2/A1 of 0.256, as shown in Table 2-2.

A thicker four-hole flame stabilizer was also investigated, originally termed

Grid Mix 2 (GM2) and experimentally showed ultra-low 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 GM2 featured a t/d of 0.49, giving an A2/A1 of 0.265, as

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

gap at the downstream face of the stabiliser placed 1/16" above the air hole, as

shown in Figure 3-9 b). This distance corresponded to a metal ring that

separated the fuel from the air, as observed in Figure 3-10.

GM1 featured eight nozzles with a 1.2mm diameter equally spaced in the inner

circumferential wall of each air hole, as shown in Figure 3-11, injecting fuel

radially to the air jet as shown in Figure 3-9 a).
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Figure 3-9: Fuel injection methods for a) GM1; and b) GM2
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The GM1 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
GM3 to study their mixing capabilities. 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 in Figure 3-11.
However, this feature was not modelled with simulation.

Annular gaps

Figure 3-10. Flame stabiliser GM2 featuring 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 welded to 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 fuels at the centreline of the
stabiliser airholes directly into the shear layer, as shown in Figure 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 for a non-reacting 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 simulations. The fuel
nozzles were modelled as eight 1.8mm injections since velocities above 300m/s
were calculated for a hydrogen flame considering the original nozzle size. The
equivalence ratio of 0.55 was used for the hydrogen simulation, which is the
condition needed to achieve the adiabatic flame temperature of 1800K
achieved at the equivalence ratio investigated with propane. This temperature
was also corroborated using the software Gaseq and CEA by comparing the
adiabatic flame temperature of propane/air and calculating the needed
equivalence ratio for the obtained temperature.

AIR D 77/ 7]
— <L J — —
o AIR
——— —— -’—
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—FUEL > AIR
—r :‘L) —r —
AIR I:l T
4
FUEL
(a) GM3 (b) GM1-7D

Figure 3-12. Fuel injection methods for a) GM3; b) 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 non-slip were considered in the

simulations.

3.2.1.1 CFD study of aerodynamics for Grid Mix stabilisers

The pressure loss AP/P %, as explained in 2.2.9.1, is controlled by the area
coming through the air holes of the stabiliser.

Equation (12) was used to predict Cp from the measured Cc for the three
stabilisers mentioned in Table 3-10. The obtained values traversed at the
combustor wall were compared with the pressure loss CFD predictions.

The pressure loss experimental traverses were given in mm of water. These

were converted to pressure coefficient K using Equation (9)

Where P is expressed in Pa, rho is the density of the air, and v is the velocity of
the fluid.

The Cp for all the simulations was calculated as the inverse of the square root
of the sum of the highest value of the coefficient K recorded upstream of the
combustor plus the lowest value just before the combustor outlet. Likewise, the
Cc was calculated as the inverse of the square root of the subtraction of the
highest value of the coefficient K recorded upstream of the combustor minus
the lowest value after the flame stabiliser.

The results obtained for the thicker plate featuring an airhole of 19.62mm
were compared with Equation (15), where 3 is calculated from Equation (12)

Air flow

e

Stabiliser
position

Figure 3-13. Computational model used for single-hole simulations

(aerodynamics)
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The stabilisers used for premixed combustion mentioned in Table 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 with ANSYS ICEM, considering up
to 6 million elements to verify the mesh independence.

The geometries were later evaluated for a four-hole 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 four-hole mirroring the obtained
simulation results. The intention of this study was to evaluate the
aerodynamics effect on the combustor for a higher number of holes.

The aerodynamics of the GM2 flame stabiliser were also investigated for four
mesh sizes going from 300K to 6M elements in which only air was modelled,
passing through the domain under the same conditions as the other two

geometries.

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

Inflation layers down to 0.005 mm elements were used at the walls for all cases
to enhance the accuracy of the simulation and accurately predict flow
separation in the region near the stabiliser. The turbulence models k- ¢, and the
k-w Shear Stress Transport (SST) were compared since they have proven
suitable for predicting recirculation zones and sudden contractions, as
explained in 2.3.4. A pressure outlet was simulated considering 122.58 Pa for
the geometries with air hole diameters of 19.27 and 19.62. The geometry
featuring a 22.44 mm airhole was studied for an outlet pressure of 61.29 Pa.
Both values were experimentally obtained. The discharge coefficient and
contraction coefficient were calculated with the obtained traverses for the
pressure loss coefficient K and compared with the experimental data. Scalable
wall functions were used for the simulation as Y+ values around 30 were
obtained for all the studied geometries. Figure 3-15 shows the obtained
Y+obtained for the flame stabiliser featuring an airhole of 19.27mm, and similar

values were obtained for all the studied geometries.

Table 3-11 shows the boundary conditions used for aerodynamics simulations

for all the studied geometries.
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Air flow

150mm

330mm
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position

Figure 3-14. Computational model used for four-hole simulations

Table 3-11. Boundary conditions for CFD simulations of aerodynamics.

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 1ATM
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.



- 105 -

0 002 0.04 (m)
[ EEaaaa—— ES——
001 0.03

Figure 3-15.Y plus values for four 19.27mm hole flame stabiliser.
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Figure 3-16: GM2 showing 13° weld at the stabiliser upstream air inlet

This feature was investigated to study the effect on aerodynamics. The weld
was modelled as a 45° and 13° slope, as shown in Figure 3-16. A similar feature
can be found at the tube entry in shell and tube heat exchangers, where the
pipe inlet is welded to the rest of the device. For this study, unstructured
tetrahedral meshes were created in [CEM since problems were found to

simulate the slope with the blocking needed for the hexahedral mesh.



- 106 -

Three mesh sizes up to 2.9M elements were investigated for both angles.

The 13° welding slope at the inlet of the air holes was compared against a flat
plate geometry to study the welding inlet’s effect by including the fuel injection
in the geometry design. Unstructured tetrahedral meshes were used,
considering roughly 2M elements for both cases. For this study, GM2 was
modelled featuring its fuel injection. The mesh statistics are shown in Figure
3-17, where an overall positive quality was achieved with both meshes. The
turbulence model Realisable k- was 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 CFD study of non-reacting fuelling methods for Grid Mix flame
stabiliser

Adequate and effective modelling of combustion and NOx requires correct
fuel/air mixing prediction [45]. However, sudden expansions and flow
separation due to high-velocity flows can challenge the effective mixing

simulation[259], as explained in 2.3.7

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

The domain for the three cases was simulated as a single hole 90° sector of the

combustor using the same dimensions shown in Figure 3-14.

The computational meshes were created using ICEM ANSYS, considering a 3D
domain and a structured hexahedral scheme. The geometries were initially
studied using unstructured tetrahedral meshes, but issues were encountered in

modelling the discrete fuel injections featured by GM2.
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This study was carried out using a single mesh of around 1M elements, which
was shown to obtain accurate results for the aerodynamics predictions. Hence,
no mesh independence study was 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 6.298e* kg/s was used for
an equivalence ratio of 0.5. This is a usual condition for low NOx combustors
[93].

All the simulations were undertaken using ANSYS CFX considering the
turbulence model k-¢. Steady-state 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 6.298e* kg/s
Equivalence ratio (@) 0.5
Reference Pressure 1 ATM

The runs were carried out for a first-order discretization scheme, and after

convergency was achieved, they were upgraded to second order.

ANSYS CFX 19.1 did not include a straightforward way of plotting the
equivalence ratio. This was calculated for an isothermal mixture using Equation
(67), where the propane stoichiometric air/fuel ratio was used as 6.42. The
actual A/F was calculated using Equation(68), where w is the mass fraction.

Q) — A/F.S‘toich (67)
A/FActual
A max(w Air ideal, 0.01)
= (68)

FActual B maX(W C3H8' 0-01)

Radial Injection (GM1)
This fuelling method GM1 was previously illustrated in Figure 3-11 A).

A mesh was created considering 1.5M elements using boundary layers of
0.01mm to successfully simulate the mixture behaviour near the walls and the

fuel injection. Originally, injection points at 0.8mm cells were used to simulate
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the eight fuel nozzles for a total injection area of 4mm?, considering cells of
0.64mm?2. However, the mesh statistics showed a low determinant and a high
aspect ratio to achieve the desired cell size, as shown in Figure 3-18. An
improved mesh including a fine inflation layer for each nozzle was later
developed to simulate combustion since the one used for this study was
unreliable. In addition, given the geometry complexity, scalable wall functions
were considered due to Y+ being less than 10 at the combustor walls. Finally,
the nozzle injection velocity was calculated and set as 85 m/s.

Determinant 3x3x3

Aspectatio

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

Annular Feed (GM2)

This fuel injection method is shown in Figure 3-11 B). The size of the annular
gap was set to 0.3mm, giving an injection area of 21.7mm?. A smaller 0.08mm
gap was initially investigated. However, this distance was too small, and
divergence was encountered with the simulation. The injection velocity was

calculated to be 5 m/s for 0.3mm.

A hexahedral 1M element mesh was created for this study considering a
boundary layer with a minimum element size of 0.005mm near the fuel
injection and 0.01 at the walls to successfully predict fuel separation. The
stabiliser hole welded inlet featured by the original design was not modelled, as

the intention was to model the fluid behaviour as a flat plate.

Preliminary steady-state computations using showed divergence, so a transient
simulation was carried out considering 100 timesteps for 1.0 seconds. The
high-resolution advection scheme and second-order backward Euler
discretization scheme were selected. The residual target for the convergence

criteria was set for le-6.
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Scalable wall functions were used for this geometry as the Y+ levels were under
30.5.

The mesh statistics are shown in Figure 3-19, where the 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 for radial injection GM2 for 19.62mmbhole
stabiliser. A) determinant, B) quality, C) aspect ratio

Centreline injection (GM3)

GM3 injects the fuel at the centreline of each air hole, as explained previously.
The fuel was meant to be injected through a pipe coming from the upstream
length of the combustor. However, this tube was not modelled for this non-
reacting study. Instead, the fuel injection was placed midway through the
stabiliser hole thickness as a single injection point, as shown in Figure 3-12 A).
The sum of the eight fuel nozzle areas used in GM1 gave a total of 4.02e-¢ m?2
which was considered for the fuel inlet in GM3, giving an injection velocity of
84.7 m/s.

A hexahedral mesh composed of 1.5M elements was used for this case. Given
that the fuel injection needed a cell with a specific size in the centre of the air
hole, the mesh quality was compromised, as shown in Figure 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 radial injection GM3 for 19.62mmhole
stabiliser. A) determinant, B) quality, C) aspect ratio

3.2.1.3 CFD study of combustion for Grid Mix

As explained in the introduction of this Chapter, the software CFX was not used
for the combustion simulations as the propane/air libraries needed for non-
premixed combustion were not available in the software. Adding external files
such as mechanisms or RIF libraries was not possible. Hence, RANS turbulence
and combustion models available in ANSYS FLUENT were studied for
experimental combustion results obtained for the technologies GM1 and GM2,
considering the original flame stabilisers and the combustor dimensions shown
in Figure 3-14. Akin to the aerodynamics and isothermal mixing studies in
Chapters 5 and 6, the combustion simulations were undertaken considering 3D

domains.

ANSYS FLUENT does not have the equivalence ratio as a set parameter.
However, this can be obtained using the mixture fraction found in FLUENT

using Equation (43)

As previously explained, the internal traverses for the experimental results

were gathered for an equivalence ratio of @= 0.624.

Thermal efficiency was calculated using the oxygen levels as shown in Equation
(69), where 100% combustion efficiency is when the measured oxygen is the
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one predicted from equilibrium. The fraction of this oxygen depletion is the
combustion efficiency.
— 02air% - WOZactual%
02air% - OZeq% (69)

3.2.1.3.1 Validation of turbulence and combustion models for combustion for

GM2 using a propane/air mixture

The original 19.62mm grid plate flame stabiliser featuring GM2 was
investigated with numerical simulation. The flame stabiliser was studied using
hexahedral and tetrahedral meshes. The annular gap was firstly simulated as
0.3mm as in the aerodynamics study. However, this gave an incorrect mixing
and temperature distribution when using a hexahedral structured mesh, so the
gap was studied as 1.0mm, showing more sensible results. Finally, the gap of
0.3mm was considered again for an unstructured hexahedral mesh used for the

simulation with flamelet generated manifold.

Countless computational 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 models k- and RNG k-£ were used for the combustion
simulations. However, it was later recommended to move to Realisable k-¢,

given the combustion intensity and high flows experimentally shown by GM2.

Combustion was investigated using the Eddy Dissipation Model (EDM),
Chemical Equilibrium, the Steady Diffusion Flamelet (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 flames [209], this was used as a first

approach and then compared with the other models.

Adiabatic non-slip walls were used in all 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 the EDM, Chemical equilibrium and SDF since the runs

agreed better 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 non-premixed 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 model k-¢ was used for the EDM combustion model simulation.
In addition, the turbulence model of RNG k-£ with enhanced wall treatment was
used for the simulations using chemical equilibrium. It was then discovered
that RNG k-¢ [260] was suitable for rotatory flows like swirlers but not plate

stabilisers.

A SIMPLE scheme of the pressure velocity coupling was used for the EDM
simulation, considering a first-order 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 Coupled method and spatial discretisation of second-order. 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 0.5
Density 0.25 0.2
Body Forces 0.8 0.8
Momentum 0.7 0.5
Turbulence Kinetic Energy 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 four-hole
combustor since it was thought that the combustion was not symmetric, which
probably affected the combustion results. The geometry was modelled as a flat
plate.

A structured mesh was created for a whole four-hole domain using 2.8M
hexahedral elements, as shown in Figure 3-22, since it was thought that the
temperature distribution was not going to be uniform inside the combustor. A
fine inflation layer was included near the fuel injection to allow a smooth
interaction with the rest of the domain, as shown in Figure 3-23. The fuel
injection was modelled using elements length up to 0.005mm. The mesh
statistics are shown in Figure 3-24, where a minimum determinant of 0.62 was

achieved, as illustrated in Figure 3-24A). A high aspect ratio with 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.
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Figure 3-22. Hexahedral structured mesh used in combustion simulation for

GM2
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Figure 3-23. Inflation layer at fuel injection for hexahedral mesh used in
combustion simulation with SDF for GM2
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Figure 3-24. Statistics for structured hexahedral mesh used in combustion
simulation for GM2. A) Determinant, B) Aspect ratio



-115-

The turbulence model realisable k-¢ was also investigated to help obtain a

better turbulence interaction.

Two different kinetic mechanisms were compared for the steady diffusion
flamelet (SDF) model to study the effect of chemistry on the simulation: A
detailed mechanism for air/propane combustion developed by Peters [261].
composed of 107 species and 31 reactions available on the website of CERFACS.
The mechanism is attached in Appendix ]. And the mechanism for propane
combustion available in ANSYS FLUENT, which contains 37 species [262]. Both

mechanisms showed very similar results and no alterations in the temperature.

A PDF table composed of 20 species was considered for a non-adiabatic
mixture, assuming a standard Schmidt number of 0.85. The radiation model
Discrete ordinates DO was selected.

The SDF simulations were carried out using the SIMPLE scheme. An exhaustive
search was conducted to find the best discretization scheme and solution
methods. The runs were undertaken first using a first-order upwind spatial
discretization, and once the solution reached convergence, the simulation was
upgraded to the second order. The boundary conditions for the SDF simulations
are summarised in Table 3-14.

Table 3-14. Boundary conditions used for combustion simulations for GM2

using SDF
Parameter Value
Air inlet mass flow 0.0784 kg/s
Air inlet temperature 400 K
Air inlet turbulence intensity 6%
Air inlet hydraulic diameter 76mm
Fuel inlet mass flow 0.00312
Fuel inlet temperature 288
Fuel inlet turbulence intensity 10%
Fuel inlet hydraulic diameter 2mm
Walls heat flux 0 watts/m?2
Pressure outlet gauge pressure 0 Pa
Pressure outlet backflow temperature | 1300K
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Under-relaxation values were applied to the simulations to obtain a better
convergence. The values for the SDF simulations are shown in Table 3-15. In
addition, the residuals monitors were set to 1e-12 for the combustion
simulations using SDF.

Table 3-15. Under-relaxation factors for combustion simulation for GM2 using

SDF
Solution control Value
Pressure 0.2
Density 0.25
Body Forces 0.8
Momentum 0.5
Turbulence Kinetic Energy 0.8
Turbulent Dissipation rate 0.8
Turbulent Viscosity 1
Energy 1
Temperature 1
Discrete ordinates 1
Mean Mixture fraction 1
Mean fraction Variance 0.9

This simulation was also compared with the adiabatic flame temperature
calculated using Gaseq for a propane/air mixture for an inlet temperature of
400K and an equivalence ratio of 3#=0.624.

NOx was calculated for SDF as a post-processing operation once the simulation
converged. The options for prompt and thermal NO were selected. Considering
one source of fuel injection, a carbon balance of 3 for a mixture of propane and
air and an equivalence ratio of 0.624 for the prompt option. To calculate the
thermal NO, a partial equilibrium for O was used. No calculation of the radical
OH was carried out given its low effect in the NOx calculation. Finally, 50 PDF

points were modelled considering the global maximum temperature.
Combustion simulation with FGM for non-premixed combustion

An unstructured hexahedral mesh of 1M elements and 2.6M nodes was

developed for the combustion simulations using the meshing software in
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FLUENT 19.2. The mesh was designed considering the element sizes shown in
Table 3-16, considering a growth rate of 1.2. Five layers were used near the
walls to predict fluid behaviour successfully. A 90° sector of the combustor,
considering a single stabiliser hole, was used for this mesh to reduce
computational time. The injection area was 73.9mm? for a propane injection of
22.1m/s.

Early results showed a miss prediction when using the quarter of the
combustor. However, when moving to an unstructured polyhedral mesh, the
results showed a slight difference between the full combustor and the quarter,
so it was decided to model a single hole 90° sector of the combustor. This mesh
was used for the simulations using the Flamelet Generated Manifold model
explained in the following lines

Table 3-16. Element sizes used for structured hexahedral mesh used in
combustion simulation with FGM for GM2

Boundary Cell size
Wall (upstream and Imm
downstream)

Contraction wall 0.7mm
Fuel injection 0.03mm
Domain 1.5mm

Only the kinetic mechanism proposed by Peters [261] was used for the
simulations using the Flamelet Generated Manifold (FGM) combustion model

since it was more updated than the available in FLUENT.

The FGM simulations were undertaken using the Coupled scheme considering
only first-order upwind for the spatial discretization. Upgrading the

simulations to second order increased the computational time considerably and
showed less agreement with the experimental data. The pseudo transient
under-relaxation was used to allow convergence and for stabilisation purposes.

The boundary conditions used for the simulation are shown in Table 3-17.

The values for the under-relaxation factors used in the FGM simulations are
shown in Table 3-18. The residual monitors for the convergence were set to le-
06.
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Table 3-17. Boundary conditions used for combustion simulations for GM2

using FGM
Parameter Value
Air inlet mass flow 0.0196 kg/s
Air inlet temperature 400K
Air/fuel inlet turbulence intensity 5%

Air/fuel inlet turbulent viscosity ratio | 10

Fuel inlet mass flow 0.00078 kg/s
Fuel inlet temperature 288

Walls heat flux 0 watts/m2
Pressure outlet gauge pressure 0 Pa
Pressure outlet backflow 300K
temperature

NOx was modelled by selecting the routes of Thermal and Prompt NO. NOx
reduction was not studied.

Various configurations were studied for the thermal NOx formation. The
desired equivalence ratio of 0.624 and a fuel carbon number of 3 were chosen
for the Prompt formation parameters. The turbulence interaction was also

studied considering the mixture fraction.

Table 3-18. Under-relaxation factors for combustion simulation for GM2 using

FGM

Solution control Value
Pressure 0.75
Density 0.25
Body Forces 1
Momentum 0.25
Turbulence Kinetic Energy 0.75
Turbulent Dissipation rate 0.75
Turbulent Viscosity 1
Temperature 0.75
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3.2.1.3.2 Validation of turbulence and combustion models for combustion for

GM1 using a propane/air mixture

The original GM1 22.11mm hole flame stabiliser featuring a plate thickness of
5.3mm was studied with RANS CFD. Since symmetric behaviour was
encountered between the air holes for simulations of GM2, the GM1 domain

was modelled as a 90° sector of the combustor.

The radial fuel injections were modelled as 1.2mm diameter, placed equispaced

in the periphery of the airholes midway of the stabiliser plate as for the original

geometry.

Figure 3-25. Hexahedral unstructured mesh used for the simulation of GM1

A hexahedral unstructured mesh was developed utilising the meshing software
of ANSYS FLUENT, considering 400K elements. The mesh was modelled as
shown in Figure 3-25. The mesh statistics are shown in Table 3-19, showing
the cell sizes for the different boundaries. An aspect ratio of 24 and an

orthogonal quality of 0.42 was achieved.

Table 3-19. Element sizes used for structured hexahedral mesh used in
combustion simulation for GM1

Boundary Cell size
Wall (upstream and 1.2mm
downstream)

Contraction wall 1mm
Fuel injection 0.03mm
Domain 1.5mm
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The simulation boundary conditions are shown in Table 3-20. The fuel
injections were modelled as eight separate mass flow inlets to deliver the
amount mass fraction needed for an equivalence ratio of @= 0.6.

Table 3-20. Boundary conditions used for the combustion simulation of GM1

Parameter Value

Air inlet mass flow 0.0196 kg/s
Air inlet temperature 400 K
Air/fuel inlet turbulence intensity 5%

Air/fuel inlet turbulent viscosity ratio | 10

Equivalence ratio 0.6

Single nozzle mass flow 9.6e-5 kg/s
Fuel inlet temperature 288

Walls heat flux 0 watts/m2
Pressure outlet gauge pressure 0 Pa
Pressure outlet backflow 300K
temperature

The turbulence model realizable k- was used considering enhanced wall
treatment.

The simulation was carried out with the combustion model FGM. Akin to the
other GM technology, a PDF table composed of 20 species was developed. An
updated mechanism for propane/air combustion generated by Depcik was used
[263]. This detailed kinetic mechanism has 107 reactions aimed at jet
propulsion applications. Radiation was not studied for this geometry.

The simulation was carried out using the Coupled pseudo transient solver.
Spatial discretization of the first order was considered. Table 3-21 shows the

under-relaxation factors used for the simulation to aid convergence.

NOx was calculated as a post-processing operation for a converged solution.
Prompt and thermal NO were selected. To calculate thermal NO, instantaneous
O was considered. The turbulence interaction was considered for the mixture

fraction.
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Table 3-21. Under-relaxation factors for combustion simulation for GM1

Solution control Value
Pressure 0.75
Density 0.25
Body Forces 1
Momentum 0.25
Turbulence Kinetic Energy 0.75
Turbulent Dissipation rate 0.75
Turbulent Viscosity 1
Temperature 0.75

3.2.1.4 CFD study of reacting fueling methods for Grid Mix flame
stabilisers

GM1, GM2 and GM3 technologies were studied for a reacting mixture and
compared to find the best fuelling method considering temperature
distribution and NOx.

GM1 and GM2 were compared using hexahedral unstructured meshes using the
combustion model FGM. GM3 is compared to the other two technologies using a
hexahedral mesh and the combustion model SDF since attempts to use a similar

mesh and the combustion model FGM for this model were unsuccessful.

The equivalence ratio used for the experiments @= 0.624 was considered for

the simulations using the boundary conditions in Table 3-17.

The GM2 technology was studied using the results obtained for the simulation
with the FGM model.

GM1 for combustion (19.62mm stabiliser)

GM1 was evaluated for the same stabiliser air hole considered for GM2 of
19.62mm and a plate thickness of 5.3mm. Eight fuel nozzles of 1.9mm diameter
were modelled to get a similar injection area used for the GM2 simulation of
21.8mm?. A hexahedral unstructured mesh made of 1M elements was created
with the meshing software of FLUENT, considering cells of 0.03mm in the fuel
injections to successfully model the fuel interaction. An orthogonal quality of

0.5 and a maximum aspect ratio of 18 were obtained for this mesh.
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The turbulence model realisable k-¢ was used for this simulation, considering
enhanced wall functions since the minimum Y+ obtained was 50 near the

stabiliser.

Combustion was modelled using FGM for diffusion combustion using a PDF
table of 20 species. No radiation was modelled.

The simulation was carried out using the coupled solver for first-order upwind,
a pseudo-transient scheme and the under-relaxation factors shown in Table
3-22 to aid convergence. Convergence residuals were set to 1.0e-¢

Table 3-22. Under-relaxation factors for combustion simulation for GM1 using

FGM

Solution control Value
Pressure 0.75
Density 0.25
Body Forces 1
Momentum 0.25
Turbulence Kinetic Energy 0.75
Turbulent Dissipation rate 0.75
Turbulent Viscosity 1
Temperature 0.75

GM3 for combustion (19.62mm stabiliser)

A structured hexahedral mesh was developed for GM3 using ICEM considering
1.5M elements. The maximum orthogonal quality was 0.15, and the maximum
aspect ratio was 856 obtained near the fuel injections. The fuel injections were
modelled as 3.5mm diameter nozzles at the end of four long pipes coming from
the inlet of the 152mm upstream length of the combustor, injecting the fuel in

the centre of each stabiliser hole in the middle of the thickness of the plate.

The turbulence model realisable k- and enhanced wall functions were also
considered for this simulation. The Max Y+ was 18 near the stabiliser and at the

inlet of the injection pipes.

Combustion was modelled using the model SDF for non-premixed combustion.

A PDF of 20 species was developed. No radiation models were considered.



- 123 -

The SIMPLE pressure-velocity coupling was selected for a first-order upwind
scheme. The simulation was upgraded to second-order once convergence was
achieved. The under relaxation factors shown in Table 3-23 were used to help

achieve convergence. Convergence residuals were set to 1.0e®.

Table 3-23. Under-relaxation factors for combustion simulation for GM3 using

SDF

Solution control Value
Pressure 0.2
Density 0.7
Body Forces 0.9
Momentum 0.6
Turbulence Kinetic Energy 0.7
Turbulent Dissipation rate 0.7
Turbulent Viscosity 0.9
Temperature 1

3.2.1.4.1 Numerical combustion analysis for GM1 using a hydrogen/air mixture

The GM1 concept was used in the flame stabiliser featuring a hole size of
19.62mm and a plate thickness of 9.53mm for a 76mm combustor used for
GM2. This time evaluating its use in a hydrogen/air mixture for the same
combustion intensity used for the experimental results of 28MW /m?bar,
considering the same outlet temperature of 1800K achieved with propane. The
software Gaseq was used to find the equivalence ratio needed to achieve the
requested temperature. A pure Hz and air mixture composed of 21% Oz and
79% N2 was set for a product temperature of 1809K reached with the propane
simulation. An equivalence ratio of 0.55 was obtained for the new mixture,
which was used to compute the fuel mass fraction for the simulation boundary

conditions.

The same geometry and mesh used to compare the three fuel injection methods
for combustion were used for this study. The original GM1 stabiliser featured
1.2mm nozzles, too small for hydrogen combustion, giving sonic velocities for
the needed equivalence ratio (360m/s). The fuel velocity for 1.8mm nozzles

was 182 m/s which was still high, but it allowed more sensible results.
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Table 3-24 shows the boundary conditions used for this simulation. The fuel
nozzles were modelled independently, considering a hydrogen mass flow of
3.941e> kg/s for a total of 3.153e-* kg/s.

Table 3-24. Boundary conditions used for combustion simulations for GM1 for
a hydrogen/air flame

Parameter Value

Air inlet mass flow 0.0196 kg/s
Air inlet temperature 400K
Air/fuel inlet turbulence intensity 5%

Air/fuel inlet turbulent viscosity ratio | 10
Equivalence ratio 0.548

Fuel mass flow

Single nozzle mass flow

3.153e-4 kg/s
3.941e-5 kg/s

Fuel inlet temperature 288

Walls heat flux 0 watts/m2
Pressure outlet gauge pressure 0 Pa
Pressure outlet backflow 300K

temperature

The turbulence model of realisable k-¢ and scalable wall functions were used

for the viscous model.

No radiation models were considered for the simulation since the walls were

considered adiabatic.

The combustion model FGM for partially premixed combustion was utilised for
a diffusion flame. The kinetic mechanism used for the development of the PDF
table was developed by Konnov [264], which contains specific updates to
transport data, helping improve flame calculations. A mixture of pure hydrogen
and air composed of 21% Oz and 79% N2 was considered. Like the propane
simulations, the air was modelled at 400K and fuel at 288K. Twenty species

were modelled for the PDF table. This mechanism is included in Appendix I.

First-order spatial discretization for a Coupled pseudo transient pressure-

velocity coupling was selected. The under-relaxation factors shown in Table
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3-25 were used to help achieve convergence. Convergence residuals were set to
1.0e-12.

Table 3-25. Under-relaxation factors for combustion simulation for GM1 for a

hydrogen/air flame

Solution control Value
Pressure 0.75
Density 0.25
Body Forces 1
Momentum 0.25
Turbulence Kinetic Energy 0.75
Turbulent Dissipation rate 0.75
Turbulent Viscosity 1
Temperature 0.75

NOx was modelled using the FLUENT model considering Fenimore and thermal
NOx. A single fuel stream of Hz2 was selected. Thermal NOx was calculated using
Instantaneous O and partial equilibrium OH. Prompt NOx was obtained for an
equivalence ratio of 0.548. Lastly, the turbulence interaction was calculated
with the mixture fraction of the PDF.

3.2.1.4.2 Influence of a thicker stabiliser plate in NOx emissions for GM1
using a hydrogen/air mixture

Given the high levels of NOx observed in the GM1 study for a hydrogen flame,
this technology was lastly investigated for a thicker flame stabiliser. As
mentioned in Chapter 2, York et al. [43], [44] developed a hydrogen combustor
with a stabiliser thickness of approximately seven times the hole size diameter,
which achieved ultra-low NOx. This concept was applied to GM to solve the
issue of high NOx featured with a hydrogen flame, but also to test this concept at
a high combustion intensity of 2BMW /m?2bar and a M=0.047.

The geometry was modelled for the studied 76mm combustor using the same
dimensions considered for the hydrogen study of GM1, changing only the
stabiliser thickness. The plate width was modelled 7D for a 19.62mm stabiliser
hole diameter, so the stabiliser thickness was considered 137mm.
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The injection was modelled as eight 1.8mm radial nozzles placed in the
periphery of each hole 4.8mm from the stabiliser inlet face, as shown in Figure
3-12 B).

An unstructured mesh of 500K hexahedral elements was constructed using the
exact element sizes for GM1 shown in Table 3-19.

The boundary conditions and simulation parameters used for the hydrogen
study for GM1 were used in this one.

3.3 Experimental setup for domestic fires
The experimental tests were carried out in laboratory G.03f of the Energy

building at the University of Leeds for three different domestic fire appliances.

The laboratory was arranged before the tests to comply with the University’s
requirements for health and safety. Relevant reports and risk assessments were

carried out.

All fires were investigated for dual fuel applications for natural gas and

hydrogen.
The hydrogen was provided with a purity of 99.9% in 20L cylinders from

external suppliers.

The University of Leeds supplied the natural gas.

3.3.1 Rig concept
The lab G.03f was conditioned accordingly before the experiments.

Hydrogen and natural gas pipes were installed in the lab following the
diagrams shown in Figure 3-26. Improvements were made to the previously
installed line allowing for testing of fires at plenum pressures up to 20 mbar.
The removal of previously installed bayonet fittings for both H2 and NG lines
was required, and these were replaced by rigid piping. The bayonet fittings
were easy to install, but a pressure loss was observed between the fuel
manifold and the fire setup. The new piping setup was controlled by a series of

valves brand Swagelok, allowing fuel gases and compressed air control.

The emissions produced for the three different fires were recorded and
analysed using a HORIBA PG-350E portable gas analyser, recording every 10
sec (0.1 Hz). The device allowed the study of NOx ppm, SO2 ppm, CO ppm, CO2

(vol%) and 02 (vol%). Then the obtained values were processed using a
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Keysight Technologies U2355A data logging system, featuring 64 channels at a
sampling rate of 25 kS/s.

Temperatures were measured using exposed junction 3mm type K
thermocouples, and the measurements were sent to a thermocouple receiver

connected to the data logger.

Then the data was sent to a computer with Intel Core-i5-8400 Procesor, 8GB
2666 MHz DDR4 non-ECC RAM and processed using LabVIEW.

The NOx emissions were requested to be obtained in mg/kWh units. To convert
the NOx ppm to mg/kWh at a reference oxygen level of 0%, Equation (70) was

used

20.9%

70
20.9% — 0, % actual] (70)

NO, 0% 0,(ppm) = NO, measured (ppm) X [

The thermal efficiency was obtained following the next procedure:
First, the wet oxygen was converted into dry oxygen levels using Equation (71)

Ozary = Oz wee/(1 = H,0%)/100 71)
Then the air to fuel ratio A/Fmass) was obtained using Equation (72).
y = 0.0213 x* — 0.7505 x3 + 9.3515 x? — 43.88 x + 105.77 (72)
Where
y = A/F(mass).
X=024dry
This formula was obtained from empirical data where R2=0.9951> 0.95.

Then the thermal efficiency can be calculated:

=1, ) ) 7

Where

Cp is the specific heat capacity of flue gases, 2.08 kg/°C

Tqir5 wass the temperature difference between ambient and ambient

temperature expressed in °C.

Hs is the gross calorific value, 141.8 M]/kg [265]
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Figure 3-26. Schematics for: A) Hydrogen line; B)Natural gas line installed in
G.03. H=hydrogen; NG=natural gas; [V=isolation valve; PR=pressure
regulator; FV=flow valve; FM=flow meter

The tests were carried out by two users following the next procedure:
Hydrogen tests

The initial setup considered all valves and hydrogen circuits closed. Next, the
isolation valve H-IV1 was opened. Then, one user gradually opened the

pressure regulator H-PR1 until a pressure of 2 bar was shown.

The other user then used a propane torch to ignite the fuel ports in the desired
fire while the first user opened the valve H-FV2. The torch operator counted 3
seconds and confirmed ignition. The test was abandoned if the ignition was not
approved, the lines were purged, the issue was investigated, and the test
restarted.

If the ignition was successful, a pressure of 20 mbar should be displayed in H-

P12. Then the flow meter was adjusted to the required mass flow. The flame
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was left to stabilise for approximately 20 minutes. After this, measurements
were recorded, and photographs were taken. To finish the test, the valves were
closed in reverse order

Natural gas tests

Akin to the hydrogen tests, the initial configuration was considering all the
valves closed. Next, the main switch for the natural gas supply was activated.
Then the isolation valve NG-IV1 was opened in the line. A user then ignited the
torch and directed the flame to the fuel ports. Next, the other user opened the
valve NG-FV4 and waited for the torch operator to confirm ignition. If the
ignition was not confirmed, the valves were immediately closed, the lines
purged, and the test restarted. The rest of the procedure was the same as with
Ho.

The lab had a ventilation opening used for a cone calorimeter, and exhaust
pipes were installed in the fires to direct the exhaust gases. The lab set-up can
be seen in Figure 3-27, where the three fires are shown.

Open Glass

fronted fronted
fire fire

NGline  H2 line }}m"vaﬁve Exhaust

lines
N

T e —fye

Reference fire

Figure 3-27. Rig set up in lab G.03f Energy building used in Hy4Heat project.

An additional reference open-fronted fire is shown in the picture to working

only with natural gas.

The pressure in the fires was measured using a differential manometer Kane

3200 by connecting a hose to the fuel plenum in the fire burner.

The flue gas flow rate for hydrogen and natural gas was measured using a
Bronkhorst mass flow meter. It was established as 0.5L/min. However, it was

modified according to the requirements of the test.
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Safety tests were carried out for the three fires as part of the initial procedure
and according to BEIS guidelines for milestone 3 of the Hy4Heat project WP4.
These tests were undertaken for leak testing, pilot ignition time, pilot
thermocouple cut-off and temperature measurement on user-touchable

surfaces.

3.3.1.1. Leak testing

One of the requirements for milestone 3 of the project was for all the gas
carrying components to demonstrate a pressure tightness (leak testing) of 50
mbar of Hz or 150 mbar compressed air minimum. British standards BS-7977
[266] state that every fire’s volumetric leak rate must be under 100 cm?3 /hr to

comply with the regulations. Compressed air was used for the tests.

The fuel nozzles in the burner of the fires and the pilot fuel port were covered
using a mixture of adhesive foil tape and ceramic paste to test the line
thoroughly. Compressed air was supplied to the fire line using the hydrogen for
which the fuel was disconnected and the line completely drained. The fuel
supply was isolated using a butterfly valve which allowed only the necessary
amount of compressed to enter the system. Then, after leaving the pressure to
settle for a minute, the test took place for 2 continuous minutes, so the
volumetric leak rate could be calculated for a known volume, as shown in
Equation (74). Pressure readings were taken using a KANE 3200 differential
manometer connected to a pressure nipple in the fuel supply line.

Q, =V ap (74)
Pyimdt

Where Qv is the volumetric leak rate, Vis the tested volume within the line, dP
is the change in pressure over a 2 minutes test period, Patm is the atmospheric
pressure, and dt is the change in time considered as 120 seconds. The total
measured volume was considered from outside the closed valve to the fuel

plenum, where all the intermediate components were tested.

3.3.1.2. Pilot ignition test

The requirement for passing milestone 3 according to the British standards BS-

7977 was to demonstrate an interrupted flame for at least 20 seconds after half
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opening the control valve® and keeping it open for half the time. If the test was
successful, the valve would open fully and effectuate a “cross light” by sending
the flame to the main burner.

The pilot for the open-fronted fire tests was modified to include a 3mm mineral
insulated thermocouple next to the fuel port protruding approximately 45mm
from the burner base, as shown in Figure 3-28. The 90° bend spark rode was
moved to create an electric arc with the outside circumference of the fuel
injector to achieve an effective flame. The thermocouple tip was bent several
times toward the flame to obtain a successful, lasting flame. To carry out the
tests, a fire was first achieved, and the control knob was left pushed open until
the thermocouple tip had become hot enough to keep the magnetic valve in the

pilot system open.

Figure 3-28. Prototype pilot used for the fires in the Hy4Heat project

A 0.05 Q resistor was installed in series downstream of the thermocouple to aid
the thermocouple cut-off safety requirement for the glass-fronted fire.
However, this reduced the thermocouple’s warm-up response, meaning that
the valve had to be left open for longer before the pilot flame stayed on.

The innovative fire features two separate pilot systems for the two burners
needed (this will be discussed further). This fire igniter featured the same
configuration used for the glass-fronted fire, and for the tests, only one pilot

was tested in two locations.

5 The pilot knob ignited the pilot after turning it and hearing a first “click”
(halfway), and another one ignited the burner (fully open)
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3.3.1.3. Thermocouple Cut-off test

If there was an accidental flame extinction, the gas supply had to be cut off
within 60 seconds after the flame blew off. For this to happen, the pilot system
magnetic valve was activated by a voltage from the thermocouple when no
flame was detected or when the rod was cold enough to trigger the valve. To
undertake this test, the fires were operated at full pressure (20 mbar), so the
temperature of the thermocouples increased to a value that allowed regular

operation.

Hydrogen was used for this test. The fuel supply was instantaneously cut-off by
closing the valve in the supply line, and the time from this point until the
magnetic valve in the pilot was closed was taken. The moment the magnetic
valve was closed was characterised by a distinctive click from the valve that

could be sensed and heard.

3.3.1.4. User-touchable surfaces temperature tests

The last test measured the temperature for all the user-touchable surfaces in
the three fires as requested in the BS-7977. The readings were obtained using a
Digitron 2000T digital thermometer. The device was then held on the different
surfaces to produce a temperature profile for each fire.

Table 3-26. Safety temperature requirements for operating surfaces for
relevant materials

Material Temperature

Metals Tambient + 35°C
Porcelain Tambient + 45°C
Plastics Tambient + 60°C

Table 3-27. Safety temperature requirements for surfaces likely to be touched
for relevant materials

Material Temperature
Bare Metals Tambient + 80°C
Enamelled Steel Tambient + 95°C

Rubber, Plastics, Wood Tambient + 100°C
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The required temperatures for control surfaces and surfaces likely to be
touched by an operator are shown in Tables 3-26 and 3-27, respectively.

3.3.2 Open fronted fire

The reference open fronted fire was the FOCALPOINT Blenheim Slimline fire
Class F. The specifications for the reference open fire are listed below, and this

can be seen in Figure 3-29 A):

Rated heat output of 3.2 kW and 1.8kW on low heat
Heat input of 6.25 kW on a GCV basis.

NOx emissions 128 mg/kWh at high heat

NOx emissions 108 mg/kWh at low heat

Ner thermal efficiency: 63%

Gross thermal efficiency: 51%

YVVVVYVYYVYYVY

The tests aimed to produce lower NOx levels using hydrogen than those
obtained with the reference fire operating solely with natural gas and achieving
similar thermal efficiency. Therefore, the reference open fronted fire premixed
burner was replaced with a purely diffusion type hydrogen burner featuring 4
diffusion nozzles, with no flashback risk. However, dual-fuel capabilities were

demonstrated.

Different configurations were studied, considering coals and no coals. The
burner was modified several times to obtain the best NOx and CO emissions by
investigating single and two-staged fuel injection configurations. Different
round and slot-hole sizes for the fuel nozzles in the burner were designed. The
calculations for the slot and hole sizes used for the tests are shown in Appendix
[. Various modifications were effectuated to the original igniter to produce a

continuous and visual flame using hydrogen.

The burner for the open-fronted fire was stainless steel made, and Clean Burner
Systems manufactured it. A technical drawing can be seen in Figure 3-29 B)

illustrating a fuel injection configuration using slot-shaped holes.

The fire featured a 206 X 25 X 30.2mm fuel plenum where fuel was injected and

distributed to the fuel nozzles located in the burner plate.

A set of fifteen ceramic bricks on top of the burner was used for the open-
fronted fire. This was a series of two layers of ceramic ‘coals’ with the bottom
layer being one casting with four large holes with the NG premixed flames
emerging through these holes. The second ceramic layer was placed by hand on
top of the bottom support of cubic-shaped ceramics. Minimal changes were
made to the ceramics as the objective of the work was to develop a fire for

hydrogen that looked similar to that on NG. The changes to the burner below



-134 -

the ceramics would not be visible to the customer. Modifications were made to
the bottom ceramics to adapt to the new burner design. Side, top and rear walls
were also made of ceramics.

Instead of the rear ceramic wall, a black reflective glass wall was installed for
two-stage combustion to produce a better-looking fire.

Single-stage combustion was first investigated to inject the fuel through the fuel
nozzles in the burner plates (Figure 3-29 B).

Once the final design for single stage combustion was obtained, the fire was
then investigated for double stage combustion. For this study, a primary front
row of 36mm tubes was installed where the burner plate fuel nozzles; this first-
stage injection provided 40% of the total fuel flow and impinged with the
ceramic bricks. A secondary row of four 90mm tubes was then included at the
back of the first stage injection; this second row of ceramic injected the
remaining 60% of the fuel between the third row of ceramic coals, as shown in
Figure 3-30. This configuration was studied to achieve a better-looking flame
than the one obtained for single stage combustion. The original igniter was also
configured to allow a continuous flame. The original design shown in Figure
3-28 had a deflector inside the copper pipe, allowing the fuel to stabilise. This
deflector was twisted several times to keep a continuous flame that allowed a
successful cross light. The fuel plenum was also modified for the second stage
injection. The two-stage burner calculations and technical drawings are shown
in Appendix .2.

B)

Figure 3-29. A) Reference open fronted fire. B) Slot-shape fuel holes burner
configuration for open-fronted fire single-staged
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Figure 3-30: Burner design for open-fronted fire two-stage injection

3.3.3 Glass fronted fire (LEGEND)
The reference appliance was the Legend EVORA balanced flue.

The specifications for the glass-fronted reference fire were

Fits in a standard 16x22” opening
3.8kW of fire heat output

4.5kW gross and 4.1kW net heat input
Thermal efficiency 84% gross
Thermal efficiency net 93%

YV VYVYY

The original partially premixed burner operated with natural gas was replaced
with a diffusion burner featuring dual-fuel hydrogen and natural gas
capabilities, given the similar Wobbe index for both fuels. Airflow was similar
for hydrogen and NG to deliver the same energy. Thus, this allowed the system
to be used with NG. This burner showed an array of diffusion nozzles
generating visible orange flames impinging on the configuration of the ceramic
installed on top. In the experiments with NG (natural gas), the impingement
process caused air/fuel mixing, minimising soot formation. The flue was
directly discharged, and water condensation did not occur at the flue for any of
the fuels. The hydrogen fire operated at the same energy input as the NG one.

This featured a lean blue flame that allowed to minimise the NOx levels.

The fire burner featured a 240x37x37mm fuel plenum injecting the fuel

through a burner plate featuring different hole shapes.

The burner fuel plate was studied to inject all the fuel through a set of holes
located 50mm from the airholes, as shown in Figure 3-31. Eighteen different

configurations of round holes and slot-like nozzles were designed, but only
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some of them were investigated. It is not the intention to present all the studied
configurations but only the most relevant designs producing a more attractive
flame and the lowest NOx. The calculations for the fuel nozzles for the glass-
fronted fire are shown in Appendix ]. The work in Chapter 7 concerns the
redesign of the Burner Tray Assembly and burner injector sump assembly
(removed) for operation on hydrogen.

Akin to the open-fronted fire, a set of coals were placed inside the firebox to
produce heat and the coal-like glowing effect. The arrangement consisted of
two brick-like ceramic walls, one on each side of the burner, a rear wall, a
bottom shape containing five air holes shown in Figure 3-31, and a top set of
coals containing holes to allow the fuel to come through.

In the reference fire, the bottom ceramic was in two halves with a front and
rear section with a gap at their junction through which the premixed NG flames
emerged. The top ceramic layer was two castings that looked like ‘coals’ with a
junction in the middle of the fire with a half left and right hand. During the
project prototype, single top layer ceramics casting was used. As for the open
fire, the burner changes were at the base of the fire, and there was no visible
indication that the fire had a different burner, and the same ceramics were used

in terms of their external visibility.
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Figure 3-31. Location of single-stage fuel injection in the glass-fronted fire.
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The fire structure is shown in Figure 3-32.

Explosion Relief Panel

Fire Box Outer Top Panel Delayed Ignition Plate
Delayed Ignition Gasket
Fire Top Grill Inner Flue Attachment

Fire Box Baffle Fender Outer Flue attachment

Top Glass Retaining Bracket Outer Flue Gasket

Window Channel Blanking —Fire Box Baffle

L—
/Liner Support Brackets

Fire Box Assembly

Pilot Shield —— l Burner Tray Assembly

—

Fire Glass——__

———Pilot assembly

Bottom Glass Retaining Bracket

Bumer Injector Sump Assembly

Figure 3-32. Construction of the Legend Glass Fronted Fire

Note the explosion protection at the top through a vent with an explosion vent
cover. A weaker vent burst pressure will be fitted for hydrogen and a higher lift

area.

The fire featured a double air/flue pipe on its back, as shown in Figure 3-33,
where the inner pipe transported the flue gases and the exterior pipe entrained
all the required air for the combustion. This figure shows the position where

the thermocouple was inserted to obtain the flue temperature.

Figure 3-33: External flue/air pipe for the glass-fronted fire

The manual control featured two factory settings, 4.5kw high -1.5kw low or a
3:1 thermal power turndown. The remote version is also factory set (via a



- 138 -

modem) on the valve software, and the gas rate can be adjusted anywhere
between Okw-9kw NG.

As explained in 3.3.1, the pressure was measured using a Kane manometer
connected directly to the fire fuel plenum, shown in Figure 3-34. This
arrangement with a plastic hose and copper pipes was later changed to a 316L

stainless steel pipe using Swagelok® fittings.

Figure 3-34: Manometer for plenum pressure in the glass-fronted fire.

3.3.4 Innovative fire

No reference fire was considered for the innovative fire design. However, this
fire was designed and manufactured for a thermal input of 7kW. The prototype
was created by the University of Leeds, in conjunction with Legend burners,
while Clean Burner systems and Birmingham burners manufactured the
burners. The appliance featured a landscape orientation. The preliminary idea
was to include a fan in the domestic fire, which would supply the air required
for the combustion to occur, allowing the aerodynamics to be controlled by the
air holes and fuel nozzles. The first design had a fan pressure of 5 kW, similar to
the pressure used for central heating boilers. Another key feature of the
innovative fire was internal gas recirculation (IEGR), as mentioned in 2.2.4, to
recover heat and reduce emissions, as shown in Figure 3-35. This feature
provides a significant factor in improving the fire thermal efficiency relative to
the market. The intention was not to manufacture a fire to compete with the

low-cost fire market dominated by "coal” or “log” like effect fires but to create a
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premium appliance to provide a visually pleasing experience considering the
latest regulations for NOx and CO emission levels.

\ Reverse Flow Exhaust taken out here and fed
round sides and back and out through top outet

Figure 3-35: Innovative fire gas recirculation concept.

The original fire design was developed by the University of Leeds as a metal
box that could fit in a wall, as shown in Figure 3-36. This fire featured a fuel
plenum surrounded by a triple 10mm jacket for cooling purposes and IEGR.

This idea was for the fire to be enclosed in a wall with all the needed air
injected through two fans, as shown in Figure 3-36. The design included an air
plenum surrounder by a triple 10 mm gap jacket working as a heat exchanger,
where all the incoming air was meant to be heated with the exhaust gases
coming out through the other passage. The fuel was supposed to be injected
through a series of nozzles in the burner plate. The outlets were slot-shaped,
allowing the exhaust gases to come into one of the jackets in the box.
Unfortunately, this design could not be manufactured since the industrial
partners chose a less sophisticated option.

Other designs following the original one featured two of the Legend burners
used for the glass-fronted fire, with two igniters to allow the crosslight of the
flame. These configurations were tested with only the rear ceramics in various
positions inside the box. The final design for the Innovative fire shown in Figure
3-37 was developed by Legend Fires.
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Figure 3-36: Preliminary prototype for Innovative fire

This prototype featured a single jacket to allow the exhaust gases to recirculate
from two square outlets at the front sides of the reverse flow box. This principle
is illustrated in Figure 3-35 . The design showed a double concentric pipe like
the one used for the glass-fronted fire, in which the inner tube transported the
exhaust gases, and the exterior pipe would bring air into the fire rear ceramic
wall at different inclinations to allow flame impingement. This design had a

single burner with various nozzle configurations.

ITEM NO.|QTY.|DRG NO. REV. |DESCRIPTION
1 1]2013458 D Quter Assembly
2 1/2013476 A \Welded Inner
3| 14LGoss M5 Locking Flange Nut
4| 12|LG08S Steel Pop Rivet4.1x 8
5 1]103012 A Gasket Flue Outer
6 1/2013487 A Outer Flue AN
7] 4 [M8x10 Pan Head Screw 17)
8| 2|2013460 A |Base Support
9 1 Inner Flue Gasket
10| 1]103027 A |Inner Flue Attachment 9
1" 4 M5x8 Pan Head Screw
12| /2013526 B |Top A plate bracket (5)
13] 1/2013049 A Deor assembly
14/ 12013954 B Reverse Flow Box Assembly
15| 1|Temp2 A Side Liner
16| 1|Temp1 A Fide liners
17] 1|Temp3 |A  Top Adjustable Plate
18| 1/2013958 |A  |Bumer assembly @
19 1]2013956 |A  [Rear Ceramic Block

REMOVE  ALL DIMENSIONS ARE MM
ALL BURRS & g
AR 60GES

2012 '€ A3

Figure 3-37: An approved design for Innovative fire tests
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Some controversy arose in whether the flame produced for the innovative fire
with LB4 and LB5 was attractive enough for the general public. This matter was
discussed with members of the academic team and the industry partners,
which led to the development of more tests to produce a more attractive flame.

A narrower 150mm ‘letterbox’ fire was used for these tests. The burner design
was also modified, featuring a single plenum injecting the fuel through different
size slots.

The plenum drawings and the slot sizes for the different configurations are
shown in Appendix K, offering four different slot configurations. However, only
the 0.1mm designs 2 and 3 were tested, and the burner designs were termed
B1 and B2, respectively. The ceramic back wall of the fire was also redesigned,
and the next configurations were tested:

e featuring a series of holes at the top or bottom of the block,

e The block being straight or having an inclination (C1 for 55° and C2 for

65°)
e Positioning the ceramics at different distances from the fuel injector.

3.4 Computational setup for domestic fires

A numerical study was undertaken for the innovative glass-fronted original
prototype before the experiments to investigate the effect of the fuel hole shape
on aerodynamics and emissions inside the firebox. A round hole and a slot-
shaped hole were simulated and compared with an injection area of 9.6mm?.
This study allowed preliminary prediction of temperatures and emission levels
before the tests were undertaken. The simulations were carried out for a

natural gas and air mixture.

The firebox was modelled as a rectangular domain using SOLIDWORKS with
dimensions 600x240x260mm. These dimensions belonged to the first
prototype of the innovative fire, later modified as the design changed. Figure
3-38 shows the CAD model of the firebox, where the four 25mm round holes in
the corner illustrate the flue outlets. The air was considered to be supplied at
the centre bottom of the box surrounding the fuel injection, presenting a classic
example of non-premixed combustion. The original idea of this appliance was
to fit in a standard domestic wall thickness, so the height of the appliance was
approximately three bricks or 250mm. Later designs later changed this height
to 300mm and 150mm.

ANSYS ICEM was used to create the numerical meshes for both geometries
where detailed structured blockings were designed, and then the hexahedral

mesh was developed.
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PN

Figure 3-38: Innovative fire model used for the numerical analysis featuring a
slot-shaped hole

— —
0.050 0.150

ANSYS CFX was used to undertake the simulation considering the turbulence
model k-epsilon and the combustion model Eddy dissipation model (EDM). The
combustion model was created using a two-step PDF table for pure CH4/ O2
combustion with NO formation available in the software library. Scalable wall
functions and thermal energy heat transfer were used. Adiabatic walls were
used for this study. Thus, no radiation models were investigated. A default inlet
turbulent intensity of 5% was used for both cases.

Table 3-28 illustrates the boundary conditions used for the simulation. Only an
equivalence ratio of 0.624 was studied.

Table 3-28: Boundary conditions for numerical study for Innovative fire.

Fuel Air Fuel Thermal | Inlet Equivalence
massflow | massflow | Input temperature | ratio
(kg/s) (kg/s) (kW) (X) (9)

Natural 0.003696 | 0.00014 7.0 288.15 0.624

gas

3.4.1 Slot-shape hole geometry

A structured hexahedral mesh was created considering 640K elements, as
shown in Figure 3-39. An inflation layer of 0.05mm elements was used near the

fuel injection to predict fuel separation precisely.
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The slot was studied for a thickness of 0.3x32mm, and the air was injected

through a 5x35mm annulus surrounding the fuel injection.

The overall quality of the mesh shown in Figure 3-40 was above 0.5, and the

determinant above 0.68

Figure 3-39: Mesh used for numerical analysis of Innovative fire (slot-shaped
hole).

Quality
MR 54
Max 1

Determinant 3x3x3

B)

Figure 3-40: Mesh statistics for slot-shape fuel injection geometry of
Innovative fire: a) quality; B) determinant

3.4.2 Round hole geometry

A rectangular firebox configuration was also investigated for the round hole
study. The air supply was modelled as a 14.64mm diameter annulus

surrounding the 3.5mm diameter fuel injection.

A hexahedral mesh of 400K elements was used for this study. Figure 3-41
shows the mesh statistics for this mesh where quality and determinant of 0.56
were achieved.
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B)

Figure 3-41: Mesh statistics for round fuel hole fuel injection geometry of
Innovative fire: a) quality; B) determinant
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Chapter 4. EQUILIBRIA AND ADIABATIC
TEMPERATURE CALCULATIONS FOR VARIOUS FUELS FOR
PROCESS HEATERS

4.1 Introduction

The calculation of adiabatic flame temperatures and product composition for
different fuel blends used in domestic fires and glass melting float furnaces is
now presented. Additionally, the equilibrium results for a cooled flame are
given for the same fuels, considering the conditions achieved with NG, which
are presented.

4.2 Equilibrium study for natural gas flame

4.2.1 Equilibrium study for natural gas for domestic fires

The adiabatic flame temperature (Tadiab) and product composition for the
natural gas Goole mixture/air at 300K are shown in Table 4-1. The desired
~1% was achieved for an @ of 0.95 and an adiabatic flame temperature of
2194.5K. The water vapour shows a concentration of 17.21% with a 4790 CO
ppm, and 2658 NO ppm.

Table 4-1. Tadiab for NG mixture at an inlet temperature of 300K

0 Flame 02 0: H20 NO co CO2
Temp wet % dry% wet% | ppm wet wet
K wet % *
0.8 2003.9 3.69 4.34 1495 | 3103 0.06 7.95
0.825 2040.6 3.21 3.79 15.35 | 3187 0.08 8.15
0.85 2075.8 2.74 3.25 15.75 | 3219 0.12 8.33
0.875 2109.2 2.28 2.72 16.13 3191 0.18 8.50
0.9 2140.5 1.84 2.2 16.51 3092 0.25 8.65
0.925 2169.2 1.43 1.72 16.87 | 2916 0.36 8.76
0.95 2194.5 1.06 1.28 17.21 | 2658 0.5 8.84
0.975 2215.4 0.74 0.9 17.53 | 2319 0.69 8.85
1 2230.5 0.47 0.57 17.81 | 1916 0.95 8.80
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4.2.2 Equilibirum study for a coled natural gas flame for domestic

Table 4-2 shows that the desired 1% O: for a cooled flame at an inlet

fires

temperature of 300K was nearly achieved at an @ of 0.954, indicating an Tadiab

of 2198K. This condition was used as a reference condition for domestic fires

operated with natural gas. The Hz flue levels showed 150ppm at this condition,
while the NOx was 930ppm. The CO levels showed 348ppm.

Table 4-2. Equilibrium products for natural gas GOOLE mixture at 1.2% excess
Oz at 300K inlet temperature

Cooled Adiab AT Adiab | Adiab 0: 0: H,0 Hs CO: co NO
(4} Temp TK X NO co wet | dry % m % ppm | ppm
K ppm ppm % % ° PP wet wet wet
0.997 1850 2229 379 1966 9128 0.11 0.54 18.36 230 9.69 1015 | 329
0.974 | 1850 2215 365 2334 6805 0.48 | 0.89 | 18.00 180 9.54 | 469 703
0.954 1850 2198 348 2609 5240 0.84 1.19 17.67 163 9.37 348 930
0.92 1850 2164 314 2958 3321 1.47 1.81 17.09 120 9.08 255 1232
0.89 1850 2128 278 3141 2189 2.03 2.43 16.58 98 8.81 210 1452

4.2.3 Equilibrium study for natural gas for the glass melting
industry

The Tadiab and product composition for the natural gas mixture at 1500K inlet

temperature are shown in Table 4-3.

Table 4-3: Tadiab for NG mixture at an inlet temperature of 1500K

0 Flame 02 (07 Hz0 NO CO wet | COz wet
Temperature K wet % dry% wet% ppm
wet
0.9 2702 2.84 3.29 13.70 10,940 | 3.19% | 5.42%
0.95 | 2719 2.36 2.75 14.12 10,166 | 3.70% | 5.31%
1.0 2732 1.93 2.26 14.50 9,342 4.22% |517%
1.05 | 2743 1.56 1.83 14.84 8,486 | 4.76% | 5.00%
11 2750 1.24 1.46 15.13 7,619 531% | 4.82%
1.15 | 2755 0.97 1.15 15.37 6,757 5.86% | 4.62%
1.2 | 2756 0.75 0.89 15.57 5919 | 6.41% | 4.41%
1.25 | 2755 0.57 0.68 15.71 5119 | 6.96% | 4.19%
1.3 | 2751 0.42 0.50 15.80 4371 | 751% | 3.97%
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The desired approximate 1.0% excess Oz was achieved for a Tadiab of 2755K for
a@of1.15.

4.2.4 Equilibrium study for a cooled natural gas flame for the glass
melting industry

Table 4-4 shows that the desired oxygen levels were achieved at @ =0.946 for
the Tadiab of 2718K. AT1 is the adiabatic flame temperature difference at the
specified equivalence ratio and the furnace temperature (1850K). The
equivalence ratio marked with red shows a 1.0% excess Oz in the flue gases or
similar. This was the condition at which the rest of the fuels were studied for a
cooled flame.

Table 4-4. Equilibrium products for natural gas GOOLE mixture at 1.0% excess
Oz at 1500K inlet temperature

Cooled Adiab AT Adiab Adiab 02 02 H20 H2 co2 co NO

Temp TK K NO co wet dry % ppm | % ppm | ppm

K ppm ppm % % wet wet wet
0.976 1850 2726 876 9743 39679 0.44 0.54 18.03 229 9.55 488 676
0.96 1850 2722 872 10005 | 38007 | 0.73 | 0.89 | 17.77 176 9.42 | 376 868
0.946 1850 2718 868 10231 36559 0.99 1.19 17.53 149 9.30 319 1009
0.918 1850 2709 859 10669 | 33704 | 1.50 | 1.81 | 17.06 118 9.06 | 251 1248
0.89 1850 2698 848 11088 | 30915 | 2.03 | 2.43 | 16.58 98 8.81 | 210 1452
0.863 1850 2688 838 11469 | 28294 | 2.54 | 3.03 | 16.12 86 8.57 | 183 1626
0.836 1850 2676 826 11824 | 25748 | 3.06 | 3.63 | 15.65 76 832 | 162 1786

The predicted NO values showed considerable sensitivity to the oxygen levels.
NO at 0.5% oxygen compared to 1% is roughly 30% lower with a Tadiab
difference of only 8K. Personal communication from Guardian Glass agreed that
the amounts of CO measured were reasonable. Water content at this condition
is 17.53%, and the difference between the Tadiab and the furnace temperature
for an NG flame was 868K

4.3 Equilibrium study for hydrogen flame

4.3.1. Equilibrium study for hydrogen for domestic fires

The results of equilibrium calculations for a mixture considering pure hydrogen

and air are now presented.
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The Tadiab for mixtures at inlet temperatures going from 298 up to 600K is
shown in Figure 4-1. The dry hydrogen flue levels for the different
temperatures are shown in Figure 4-2 a), where the values changed just slightly
for the different inlet temperatures. Figure 4-2 b) illustrates the NO ppm for the
different inlet temperatures where the same values obtained with CEA are
shown for 298K. An increase in the inlet temperature considerably affected NO
production.

—=— 298K 400K
500K 600K

3000.0

2500.0

2000.0

1500.0

1000.0

Adiabatic Temp(K)

500.0

0.0
0 1 2 3 4 5 6
Equivalence Ratio (D)

Figure 4-1: Adiabatic flame temperatures for H2 mixture (temps 298-600K)
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Figure 4-2: a) Exhaust dry Hz vol % vs @ for H2 mixture (temps (298-600K); b)
NO ppm vs @ for Hz mixture at inlet temps 298-600K

4.3.2. Equilibrium study for a cooled hydrogen flame for domestic
fires

Table 4-5 shows the results for a mixture of pure hydrogen/air-cooled to
1850K. The mixture reached 1.11% excess Oz for an #=0.955 and a Tadiab of
2349K, which is 151K higher than NG. However, lower NOx levels were
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obtained for the H2 flame at 300K inlet temperature. If the same flame
temperature of NG was needed, #=0.822 at a flame temperature of
Tadiab=2197K would have been required. However, the Oz in the flue would be
4.36%.

Table 4-5. Equilibrium products for pure hydrogen mixture at 1.0% excess 02
at 300K inlet temperature

0 Cooled | Adiab ATK | Adiab | O: Ozdry | H20 | H: NO
TK NO wet | % %
Temp K ppm | ppm
ppm %
wet

0.995 1850 2376 526 2563 | 0.10 0.16 3443 | 905 313

0.967 1850 2358 508 3038 | 0.54 0.81 33.67 | 388 717

0.955 1850 2349 499 3229 | 0.74 1.11 33.32 | 328 840

0.944 1850 2339 489 3394 | 0.93 1.38 33.00 | 290 941

0.907 1850 2302 452 3855 | 1.56 2.30 3192 | 216 | 1227

0.868 1850 2257 407 4164 | 2.25 3.25 30.75 | 173 | 1477

0.822 1850 2197 347 4297 | 3.08 4.36 29.36 | 142 | 1734

4.3.3. Equilibrium study for glass melting industry (hydrogen)

The Tadiab are shown in Table 4-6 for a mixture of pure hydrogen at an inlet air
temperature of 1500K, where AT is the difference between the Tadiab and the
furnace temperature (1850K).

Table 4-6: Tadiab for H2 mixture at 1500K inlet temp

o Adiabatic | H20 AT1 NO 02 02
Temp (K) wet% (K) ppm wet% | dry%

0.95 | 2831 24.5 981 10000 1.8 2.39
0.875 | 2807.4 23.9 957.4 11281.2 2.4 3.16
0.85 | 2797.6 23.6 947.6 11700.6 2.64 2.46
0.825 | 2786.8 23.3 936.8 12110.0 2.9 3.78
0.8 2774.9 23.0 924.9 12505.4 3.17 4.12
0.775 | 2762 22.7 912.0 12882.2 3.47 4.49
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0.75 | 2747.9 22.3 897.9 13235.5 3.79 4.88
0.725 | 2732.6 22.0 882.6 13560.5 4.13 5.29
0.7 2716 21.6 866.0 13851.7 4.50 5.73

The optimum condition for the hydrogen mixture is for a AT= 866, the same as
NG, for @ of 0.70. If there was less heat transfer than NG, the flame might have
to be operated leaner for the same furnace temperature.

4.3.4 Equilibrium study for glass melting industry for a cooled flame
(hydrogen)

The following study calculated equilibrium composition while cooling down the

combustion products at an initial product composition of 1.0% excess O2. This

study was undertaken for a span of #=0.954 to 0.647 at constant pressure at an

inlet reactant temperature of 1500K. Product composition for an inlet

temperature of 1500K is shown in Table 4-7

Table 4-7: Equilibrium products for a mixture of pure hydrogen and air at
1.0% excess Oz at 1500K inlet temperature

Adiab | O2 02
g Cooled Adiab ATK | NO wet dry H,0 % H: NO
Temp K TK pPpm | ppm
ppm % %
0.954 | 1850 2833 983 9931 | 0.76 1.13 33.29 324 | 850
0.938 | 1850 2828 978 10205 | 1.03 1.53 32.83 274 | 992
0.908 | 1850 2819 969 10719 | 1.55 2.27 31.95 217 | 1220
0.879 | 1850 2809 959 11213 | 2.06 2.98 31.08 183 | 1410
0.85 1850 2798 948 11701 | 2.57 3.69 30.21 159 | 1581
0.822 | 1850 2785 935 12158 | 3.08 4.36 29.36 142 | 1734
0.797 | 1850 2773 923 12552 | 3.53 4.95 28.59 129 | 1862
0.772 | 1850 2760 910 12926 | 3.99 5.53 27.82 118 | 1984
0.747 | 1850 2746 896 13276 | 4.46 6.11 27.04 108 | 2101
0.722 | 1850 2731 881 13597 | 4.93 6.68 26.25 100 | 2214
0.697 | 1850 2714 864 13884 | 5.40 7.25 25.46 93 2324
0.672 | 1850 2696 846 14131 | 5.88 7.81 24.66 86 2430
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0.647 | 1850 2677 827 14333 | 6.37 8.36 23.85 80 2534

The H2 predictions showed that to achieve the same thermal conditions as for
NG, a hydrogen furnace would need to operate at 7.25% dry oxygen compared
to the 1.2% of NG. The prediction showed that hydrogen will not be a problem
in the flue, which is lower than for natural gas

The NO levels are a problem for both fuels going above 1009 ppm for NG and
2324 ppm for Hz2. The water levels for a hydrogen flame are 25.5%, higher than
the 17.5% obtained for NG.

If operation at 1% Oz was needed, the flame would need to be 2833K, bringing
the NOx lower.

4.4 Equilibrium study for biodiesel composition flame
Natural gas at 1500K inlet temperature operated at 1.15% excess Oz showed a
Tadiab of 2719K for @ of 0.946. The biodiesel mixture was studied for the same
inlet flame temperature of 1500K. The equivalence ratio and emissions are
shown in Table 4-8, where @ of 0.85 is needed to achieve the Tadiab of 2710K at

an oxygen flue level of 4.2%.

Table 4-8: Tadiab for biodiesel mixture at 1500K inlet

o Flame | Oz 02 H20 NO co CO2
Temp wet% | dry% |wet% |ppm wet% wet%
K wet
0.75 |2660.1 | 5.0% 5.5% 8.2% 13954 2.7% 7.5%
0.8 2687 4.4% 4.8% 8.5% 13524 3.3% 7.5%
0.85 |2710.3 | 3.8% 4.2% 8.9% 12985 3.9% 7.5%
0.9 2730.3 | 3.3% 3.6% 9.2% 12358 4.6% 7.4%
095 |2747.4 | 2.8% 3.1% 9.5% 11663 5.3% 7.3%
1 2761.7 | 2.4% 2.6% 9.7% 10916 5.9% 7.1%
1.1 27829 | 1.7% 1.8% 10.2% | 9323 7.4% 6.7%

4.4.1 Equilibrium study for biodiesel composition for a cooled flame

The obtained values for a cooled flame are shown in Table 4-9. An @ of 0.95 was

needed to achieve 1.0% excess Oz for the biodiesel mixture. However, a leaner
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condition of 0.85 would require a Tadiab of 2710K with an excess 02 of 3.2%.
Water vapour showed levels of 11% and NOx 1742ppm higher than NG.
However, CO showed to be acceptable under 300 ppm.

Table 4-9: Equilibrium products for a cooled mixture of biodiesel from Tadiab at
1.0% excess 02 at 1500K inlet temperature

7] Cooled | Adiab | AT | O: 02 H20 H: CO: (M0) NO
Temp TK K wet dry % ppm wet ppm ppm
K % % %

wet% wet

1.22 | 1850 2796 946 | 0.00 | 0.00 | 12.87 | 19962 | 9.75 60827 |5

1.125 | 1850 2786 937 | 0.00 |0.00 |13.00 | 10463 | 11.30 | 36585 | 11

1.04 | 1850 2771 921 | 0.00 | 0.00 | 12.96 | 3096 12.89 | 12391 36

0.984 | 1850 2757 907 | 0.32 | 037 | 12.67 | 189 13.44 | 808 581
0.95 | 1850 2747 897 | 0.93 1.07 | 12.26 | 107 13.05 | 458 996
0.929 | 1850 2740 891 | 1.34 | 1.52 | 12.01 | 88 12.78 | 377 1188
0.85 | 1850 2710 860 | 2.86 | 3.21 | 11.05 | 55 11.78 | 237 1742

4.5 Equilibrium study for glycerol flame

Table 4-10 shows that crude glycerol/air operation at richer levels would be
needed to work at the same temperature of NG for an inlet temperature of
1500K. The oxygen levels were considerably lower than those obtained for

biodiesel and closer to those obtained with natural gas with 2% at the flue.

Table 4-10: Tadiab for crude glycerol mixture at 1500K inlet

0 Flame | O: 02 H20 NO co CO2
Temp wet dry% | wet% ppm wet% | wet%
K % wet

09 |26719 |3.19 3.75 15.07 10590 4.26 8.81

0.95 | 2684.6 |2.76 3.26 15.55 9978 4.84 8.78

1 26949 | 2.37 2.82 16.01 9341 5.43 8.72

1.05 | 27029 | 2.03 2.43 16.44 8691 6.02 8.63

1.1 | 2709 1.73 2.08 16.85 8037 6.63 8.52

1.15 | 2713.1 | 1.46 1.76 17.22 7388 7.23 8.40
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1.2 | 27154 | 1.23 1.49 17.57 6750 7.84 8.25

1.25 | 2716 1.02 1.25 17.88 6130 8.44 8.10

4.5.1 Equilibrium study for glycerol flame for a cooled flame

The calculated crude glycerol mixture for a cooled flame from the Tadiab for
some equivalence ratios to the furnace temperature of 1850 is shown in Table
4-11. An @ of 1.43 was needed for a temperature of ~2700K. However, the O2
levels under these conditions were too low to be recorded. A 1.6% excess
oxygen was achieved for @ of 0.92 for a Tadiab of 2685K. The CO was shown to
be higher than for NG, and so did the NOx. The water content was 18.4%, also
slightly higher than the 17.5% for NG.

Table 4-11: Equilibrium products for a cooled mixture of crude glycerol from
the adiabatic flame temperature at 1.0% excess 02 at 1500K inlet

temperature
0 Cooled | Adiab | AT | O: 0: H20 H: co: | Co NO
Temp TK K wet dry |, % ppm wet ppm ppm
K K % % wet | wet

1.43 | 1850 2705 | 855 0.00 0.00 | 20.26 | 43724 |9.89 | 85884 | 4

1.26 | 1850 2716 | 866 | 0.00 0.00 | 20.34 | 24804 | 11.48 | 56352 | 6

1 1850 2695 | 845 0.09 0.11 | 19.70 | 561 14.66 | 1680 288

0.92 | 1850 2678 | 828 | 1.34 1.64 | 18.43 | 135 13.82 | 407 1127

0.87 | 1850 2662 | 812 | 2.30 2.79 | 17.49 | 98 13.13 | 295 1485

4.5.2 Equilibrium study for glycerol/water composition flame

The activity considering a mixture of 50% C3HsO3 and 50% air at 1500K inlet
temperature showed the highest flame temperature of 2669.7 at an @ of 1.2 for

an oxygen level of 1.1%, as shown in Table 4-12.

The cooled mixture shown in Table 4-13 illustrates that to achieve the required
1% excess 0z, an P=0.95 and a Tadiab of 2646K would be needed. This
temperature was 72K lower than for NG. CO showed higher levels than the
mixture with no water and NG. However, the NOx showed lower levels than the
pure C3Hs03 mixture and lower than NG. This proves that water injection
brings the NOx down.
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(4] Flame | O: 02 Hz0 NO co CO2
Temp wet dry% | wet% ppm wet% | wet%
K % wet
09 |26351 |3.0% |3.67% | 18.5% 9490 3.7% 8.8%
0.95 | 2646.4 | 2.6% |3.17% |19.1% 8887 4.2% 8.8%
1 26553 | 2.2% | 2.73% | 19.7% 8266 4.7% 8.8%
1.05| 26619 | 19% |2.33% |20.2% 7637 5.3% 8.7%
1.1 | 26665 |1.6% |1.97% | 20.7% 7009 5.8% 8.6%
1.15 | 2669 1.3% | 1.66% |21.1% 6391 6.4% 8.5%
1.2 |2669.7 |1.1% |1.39% |21.5% 5789 6.9% 8.4%
1.25 | 2668.7 | 09% |1.15% |21.9% 5210 7.4% 8.3%
1.3 | 26659 [0.7% | 0.94% |22.3% 4659 8.0% 8.1%
1.35 | 2661.6 | 0.6% | 0.77% | 22.6% 4139 8.5% 8.0%

Table 4-13. Equilibrium products for a cooled mixture of 50% glycerol/50%
water from the Tadiab at 1.0% excess 02 at 1500K inlet temperature

0 Cooled | Adiab ATK | Oz 0: H20 | H: co: | Co NO

Temp TK wet | dry % ppm wet ppm ppm
K % % % wet% wet

1.35 1850 2662 812 0.00 | 0.00 | 24.36 | 37501 | 10.42 | 64528 5

1.2 1850 2670 820 0.00 | 0.00 | 24.22 | 20822 | 11.73 | 40569 9
1.02 1850 2658 808 0.01 | 0.01 | 23.64 | 2068 | 13.83 | 4868 91
0.98 1850 2652 802 0.35 | 0.45 | 23.13 333 13.83 801 556
0.975 | 1850 2651 801 0.42 | 0.55 | 23.03 301 13.78 724 614
0.96 1850 2648 798 0.65 | 0.84 | 22.76 239 13.63 575 765
0.95 1850 2646 796 0.81 | 1.04 | 22.57 212 13.52 512 854
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4.6 Equilibrium study for European diesel composition flame

Product composition and Tadiab are shown in Table 4-14 for an inlet

temperature of 1500K. A temperature of 2713 was achieved at @ of 0.85 for an

oxygen level of 4.13%.
Table 4-14: Tadiab for European diesel mixture at 1500K inlet temp

(4] Flame | O: 02 H20 NO co CO2
Temp | wet dry% | wet% ppm wet% | wet%
K % wet

0.8 | 2690 437 | 4.76 8.23 14165 3.26 7.26

0.85|2713.9 |3.78 |4.13 8.55 13594 3.88 7.21

09 |2734.5 |3.24 |3.56 8.85 12928 4.53 7.12

0.95| 27521 |2.76 |3.04 9.12 12187 5.20 6.99

1 27669 | 2.33 | 2.57 9.38 11390 5.90 6.83

1.05 | 2779.2 | 195 |2.16 9.61 10552 6.61 6.64

1.1 | 27889 |1.61 1.79 9.81 9687 7.33 6.42

4.6.1 Equilibrium study for European diesel composition for a
cooled flame

Table 4-15 shows the obtained values for the cooled diesel mixture down to the

furnace temperature of 1850K.

Table 4-15: Equilibrium products for a cooled mixture of European diesel from

Tadiab at ~1.0% excess 02 at 1500K inlet temp

a Cooled | O: 0: H20 | H2 COo2 | CO NO Adiab | AT
Temp wet | dry % ppm | wet | ppm ppm | TK K
K % % % wet wet
1.21 1850 0.0 |00 124 | 19260 | 9.5 58959 | 6 2802 | 952
1.12 1850 0.0 |00 12.6 | 9668 | 11.1 | 34212 | 12 2791 | 941
1.04 1850 0.0 |0.0 12.6 | 3124 | 125 | 12522 | 37 2777 | 927
0.94 1850 1.1 1.3 11.8 94 12.6 | 402 1169 | 2749 | 899
0.92 1850 1.4 |16 11.6 | 82 12.4 | 352 1317 | 2743 | 893
0.88 1850 24 | 2.7 11.0 | 60 11.8 | 259 1699 | 2725 | 875
0.83 1850 3.3 3.6 104 | 49 11.2 | 211 1991 | 2705 | 855
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The calculations showed that an @ of 0.94 was needed to achieve an oxygen
level near 1%, where the Tadiab was 2749K. However, the oxygen levels at the
Tadiab of 2705K showed 3.6% for an @ of 0.83.

4.7 Equilibrium study for ethanol flame

Table 4-16 shows the Tadiab and product composition for near stoichiometric
values where the highest flame temperature, 2749.5K, was obtained for @ = 1.2
with an excess 02 of 1.0%. The achieved Tadiab for the natural gas conditions
was 2712.7K for a @ = 0.95, where the exhaust Oz levels were 2.6%

Table 4-16: Tadiab for crude ethanol mixture at 1500K inlet temp

[0} Flame | 02 0: H20 NO co CO:
Temp wet% | dry% | wet% | ppm wet% | wet%
K
wet

0.85 2679.6 | 3.60 4.1 13.20 11792.3 | 3.30 7

0.9 2697.7 | 3.10 3.6 13.70 11150.9 | 3.80 6.90

0.95 2712.7 | 2.60 3.0 14.10 10454.5 | 4.40 6.80

1 2725 2.20 2.6 14.50 9719.77 | 5 6.70
1.1 2742 1.50 1.8 15.20 8193.49 | 6.20 6.40
1.2 27495 |1 1.2 15.80 6675.3 | 7.40 6

1.3 2748.3 | 0.60 0.7 16.20 5251.04 | 8.60 5.60

4.7.1 Equilibrium study for ethanol/air for a cooled flame

The study for a cooled flame of an ethanol/air mixture is shown in Table 4-17.
The excess flue oxygen of 1.1% was achieved at @ of 0.95 for a Tadiab of 2752K.
However, the closest temperature to the one achieved with NG was for @ =0.83
with excess oxygen of 3.6%. This fuel mixture showed higher NOx and CO levels
at the exhaust than NG.
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Table 4-17: Equilibrium products for a cooled mixture of ethanol/air from
Tadiab at 1% excess 02 at 1500K inlet temperature

7] Cooled | Adiab | AT 02 02 Hz20 | Hz COoz | CO NO
Temp | TK K wet | dry % ppm wet | ppm ppm

K % % % wet wet

1.35 1850 2803 | 953 | 0.0 0.0 119 | 35611 | 7.5 90403 | 3

1.2 1850 2801 | 951 | 0.0 0.0 12.4 | 18187 | 9.6 56492 | 6

1.04 1850 2777 927 | 0.0 0.0 12.6 | 3286 12.5 | 13124 | 35

0.95 1850 2752 902 | 09 1.1 119 | 104 12.5 | 445 1067

0.92 1850 2743 | 893 | 1.4 1.6 11.6 | 82 12.4 | 352 1317
0.88 1850 2725 | 875 | 2.4 2.7 11.0 | 60 11.8 | 260 1699
0.83 1850 2705 | 855 | 3.3 3.6 10.4 | 49 11.2 | 211 1991

4.8 Conclusions

The natural gas/air blend calculated for domestic fires to a cooled flame of
1850K showed an adiabatic temperature Tadiab=2198K at an equivalence ratio
#=0.954 and an excess air of 1.2%. The same exhaust conditions were achieved
for a hydrogen flame at 2349K and @#=0.955. If the same flame temperature was
needed, an excess 0z of 4% would be needed. The NOx for Hz was 840 vs 930
for NG, 90ppm lower

The adiabatic temperature (Tadiab) of a natural gas /air blend was 2718K for a
cooled flame temperature at 1500K inlet temperature and @ =0.946, achieving
excess oxygen of 1% in the flue. These are the operating conditions of the glass
melting furnace.

A blend of pure hydrogen with air was compared with another one specified in
the PAS4444 showing no differences in adiabatic flame temperature and
product composition. The blend of pure hydrogen was studied for the furnace
conditions achieved with a cooled flame for NG. The adiabatic flame
temperature of Tadiab =2716K at #=0.697 achieved 7.23% Oz in a dry condition.
In order to achieve a 1% O3, the furnace would have to burn above @ =0.95, and

the flame temperature would be 2831K.

The soybean biodiesel composition achieved the requested conditions at
#=0.85 for Tadiab =2710K and 3.21% Oz in the flue. The flame temperature for a
1% excess 02 was 2740 for #=0.95.
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The crude glycerol blend for a cooled flame achieved the furnace conditions for
natural gas at #=0.92 and Tadiab=2678, which is around 40K lower than the NG
flame. In order to obtain the same flame temperature this flame would have to
be at #=1.26 but showing no excess Oz in the flue.

The 50% C3Hs03/ 50% H20 blend showed much lower temperatures than the

furnace conditions.

The European diesel composition reached the 1.0% excess 02 at #=0.94
showing a Tadiab =2749K, which is 31K higher than the obtained with NG. A

similar adiabatic temperature Tadiab =2705 would bring the Oz levels to 3%.

Finally, the mixture of ethanol/air for a cooled flame achieved 1.1% excess flue
02 at Tadiab = 2752K and @= 0.95. This flame would be 36K higher than NG. The
same temperature conditions would be achieved at Tadiab = 2705K and @= 0.83,
but for an excess 02=3.3%. A comparison of all the studied fuels is shown in
Table 4-18. The highest adiabatic temperature achieved for the requested
conditions was for ethanol at @= 0.95 and Tadiab = 2752K . On the other hand,
the lowest flame was achieved for glycerol at @= 0.92 and Tadiab = 2678K.

Table 4-18. Comparison of studied fuels for glass melting furnaces (Reference
NG=0.946 Tin=1500K)

Fuel o Cooled | Adiab | AT | 02 0: Hz0 H2 CO2 co NO
Temp TK K wet dry % ppm wet ppm ppm
K % % % wet% | wet%
NG 0.946 | 1850 2718 | 868 | 0.985 | 1.19 17.53 | 150 9.30 320 1010
H: 0.697 | 1850 2716 866 | 5.39 7.23 25.40 | 93 - - 2310
B100 0.85 1850 2710 860 | 2.86 3.21 11.05 | 55 11.78 | 237 1742

C3Hg03 | 0.92 1850 2678 | 828 | 1.34 1.64 18.43 | 135 13.82 | 407 1127

Diesel 0.94 1850 2749 ]899 | 11 1.3 11.8 94 12.6 402 1169

C2HsOH | 0.95 1850 2752 | 902 | 09 1.1 11.9 104 12.5 445 1067
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Chapter 5. cFD sSTUDY FOR AERODYNAMICS FOR
GAS TURBINE GRID PLATE FLAME STABILISERS

5.1 Introduction

The obtained simulation results for pressure loss at the combustor wall
compared to the obtained experiments expressed in terms of the Cp and Cc for
grid plate flame stabilisers are now presented. In grid plates, pressure loss is
created from converting flow pressure energy into turbulence kinetic energy
(TKE). Hence, a successful TKE prediction was needed to accurately predict the
pressure loss across the combustor.

5.2 Modelling of pressure loss for single hole flame stabiliser
The stabilisers study for a single hole 45° sector of the combustor is now
presented for the grid plates featuring 22.44mm and 19.27mm air hole

diameters.

5.2.1 Single air hole 22.44mm flame stabilizer

Figure 5-1 shows a mesh independence study for the mesh sizes reported in
Table 5-1 for the flame stabiliser considering a single hole with 22.44mm
diameter using the turbulence model k-e. Figure 5-2 illustrates the mesh
qualities studied using k-w SST. The graphs show the predicted pressure loss
for the various mesh sizes in terms of the coefficient K vs the axial distance of

the stabiliser.

The Cpand Cc results calculated from Figure 5-1 and Figure 5-2 were compared
with the experimental results. Additionally, the percentual error was calculated
for both values in Table 5-1. Four mesh sizes were studied using the k-€ and
SST turbulence models. The mesh with roughly 6 million elements showed
almost perfect agreement with the experimental results for Cp and Cc, with a
difference of less than 1% for both cases. The higher error was 5% for the Cp
and 6% for the Cc using k-epsilon. Divergence was encountered for the coarse

mesh using SST, so no results were obtained for this quality.

A perfect agreement was achieved with the experimental results using k-¢, as
observed in Figure 5-1 and Table 5-1. Computational times were also
considered, and it was discovered that simulations with SST took considerably
longer than those using k-e. This was initially expected since k-w has more
equations to solve than k-€, which is why this last one is usually preferred when

aiming for accurate and prompt results.
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The turbulence model SST k-w has shown to miss predict pressure gradients in

sudden expansions and fuel separation [267], [268], and this was shown on this
work.

2 00FE+01 —— 254,000 one hole —— 835,000 one hole
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Figure 5-1. Mesh qualities for wall pressure loss for one hole flame stabiliser
22.44mm diameter considering k-e compared with the experimental
results [157]
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Figure 5-2 Mesh qualities for wall pressure loss for one hole flame stabiliser
22.44mm diameter considering SST compared with the obtained
experimental results [157]
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Table 5-1. Cp and Cc for single 22.44mm air hole flame stabilizer for the
investigated mesh sizes

Modelling Experiment | Error %

Turb. | Mesh Element
Model | Quality | No

Co Cc Co Cc Co Cc

Finer 5,974,098 | 0.815 | 0.656 | 0.818 | 0.65 | 0.37 | 0.92

k-£ Fine 2,189,768 | 0.846 | 0.679 | 0.818 | 0.65 | 3.42 | 4.46

Medium | 834,828 0.861 | 0.688 | 0.818 | 0.65 | 5.26 | 5.85

Coarse | 254,410 0.861 | 0.691 | 0.818 | 0.65 | 5.26 | 6.31

SST Finer 5,974,098 | 0.818 | 0.656 | 0.818 | 0.65 | 0.00 | 0.92

Fine 2,189,768 | 0.835 | 0.668 | 0.818 | 0.65 | 2.08 | 2.77

Medium | 834,828 0.849 | 0.679 | 0.818 | 0.65 | 3.79 | 4.46

5.2.2 Single 19.27mm air hole flame stabiliser

Figure 5-3 shows the obtained pressure loss plots as the coefficient K along the
combustor for the different mesh sizes studied using the turbulence model k-€.
This mesh independence study showed no difference in the coarse and medium
qualities. The 6M element mesh showed the most significant difference from
the other plots. However, the calculated values for Cp and Cc for this mesh size

were the closest to the experimental results shown in Table 5-2.

Figure 5-4 shows the same mesh independence study for the one hole stabiliser
geometry using SST. Again, the obtained values differed from the experimental
results for pressure loss. However, a slightly better agreement was achieved
with this model while calculating Cp and Cc 2M elements mesh size with a
calculated percentual error of 0.13% for the Cp and 0.96% for the Cc.
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Figure 5-3. Mesh qualities for wall pressure loss for one hole flame stabiliser
19.27mm diameter considering k-e compared with the obtained
experimental results [157]
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Figure 5-4. Mesh qualities for wall pressure loss for one hole flame stabiliser
19.27mm diameter considering SST compared with the obtained
experimental results [157]
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Table 5-2. Cp and Cc for single 19.27mm air hole flame stabilizer for the
investigated mesh sizes

Modelling Experiment | Error %

Turb. | Mesh Element

. Co Cc Co Cc Co Cc
Model | Quality | No

Finer 5,881,732 | 0.741 | 0.632 | 0.747 | 0.628 | 0.80 | 0.64

k-g Fine 2,189,768 | 0.768 | 0.653 | 0.747 | 0.628 | 2.81 | 3.98

Medium | 834,828 0.78 0.663 | 0.747 | 0.628 | 4.42 | 5.57

Coarse 254,410 0.78 0.665 | 0.747 | 0.628 | 4.42 | 5.89

Finer 5,881,732 | 0.731 | 0.621 | 0.747 | 0.628 | 2.14 | 1.11

55T Fine 2,189,768 | 0.748 | 0.634 | 0.747 | 0.628 | 0.13 | 0.96

Medium | 834,828 0.765 | 0.65 | 0.747 | 0.628 | 2.41 | 3.50

Coarse 254,410 0.761 | 0.646 | 0.747 | 0.628 | 1.87 | 2.87

Even though the turbulence model k-w SST better matched the experiment in
calculating the discharge and contraction coefficients, the pressure loss
coefficient traverses perfectly agreed with the experimental data using k-e.
Also, the simulations carried out with the k-w model took longer to converge.
Given these reasons, the SST model was not considered for any other

simulation.

5.3 Modelling of pressure loss for four holes flame stabilisers
The previously studied stabiliser geometries were then simulated considering a
whole 76mm combustor and the actual four-hole flame stabiliser domains, and
the results are now presented. All the simulations were carried out with the
turbulence model k-e. The aim was to compare the aerodynamic results
obtained considering a single hole stabiliser with those obtained for four-hole
models. Only two mesh sizes were studied for this activity since divergence
and unnecessary simulation times were encountered with meshes with more

than 4 million elements.
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5.3.1 Four 22.44mm air hole stabiliser

Figure 5-5 compares the mesh sizes studied for the four-hole flame stabiliser
with an air hole diameter of 22.44mm. Table 5-3 shows the calculated values
for the Cp and Cc obtained from Figure 5-5 . A perfect agreement was achieved
with the experimental data for the 2.7M element mesh showing a percentual
error of 0.13% for the Cp and 0.73% for the Cc. These values were smaller than
the 3% obtained for the single hole geometry considering a similar mesh size.
Thus, better agreement with the experimental data was achieved when
simulating a 90° sector of the four-hole geometry than an octant of a single hole
of the same stabiliser. This was due to the effect of recirculation zones and
turbulence inside the combustor, which were assumed to have a uniform

behaviour for a single hole, as shown in the following lines.
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Figure 5-5. Mesh qualities for wall pressure loss for four hole flame stabiliser
22.44mm diameter considering k-e compared with the obtained
experimental results [157].

Table 5-3. Cp and Cc for a four 22.44mm air hole flame stabilizer for the
investigated mesh sizes

Modelling Experiment | Error %

Turb. | Mesh Element

. Co Cc Co Cc Cb | Cc
Model | Quality | No

Kk-g Medium | 2,694,912 | 0.824 | 0.649 | 0.818 | 0.65 | 0.73 | 0.15

Coarse | 1,300,000 | 0.827 | 0.655 | 0.818 | 0.65 | 1.10 | 0.77
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Equations (14) and (15) were used to calculate the Cp, where a Cp of 0.764 was
obtained for this model. Unfortunately, this value was much lower than those
obtained experimentally.

Figure 5-6 compares the obtained velocity contours for a single hole flame
stabiliser with the 6M element mesh four-hole stabiliser. The air jet velocity of
84 m/s was achieved for the single hole geometry compared to 87m/s obtained
with the four-hole. However, the geometry featuring a single hole showed a
high-velocity shear region around the circumference of the air jet, as shown in
Figure 5-6 a). In contrast, a faster shear region in between the air jets is
observed for the four-hole geometry. This shear region generated a large
central recirculation zone with less impact near the walls than the single hole
geometry, as shown in Figure 5-6 b).

Figure 5-7 shows the turbulence kinetic energy (TKE) for the four-hole
geometry compared to the single hole. Figure 5-7 a) shows a high turbulence
zone of 380 m?2/s2 50mm downstream of the stabiliser, just below the vena
contracta. This region corresponds to the inner recirculation side of the shear
layer shown in Figure 5-6 a). In contrast, Figure 5-7 b) shows a uniform
distribution of the kinetic energy with the peak of 338 m2/s? at the same
distance relative to the stabiliser. A high turbulence zone was encountered near
the wall for the single hole geometry. This high turbulence zone was not
observed for the four-hole geometry, given the shape of the geometry.
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Figure 5-6. Velocity contours for flame stabiliser 22.44mm diameter A) four
holes 2.7M elements, B) one hole 6M elements
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Figure 5-8 shows transversal planes with the flame stabiliser’s highest
predicted TKE at 55mm. Figure 5-8 a) shows three high turbulence zones
surrounding each air hole of the stabiliser, whereas for the single hole
geometry in Figure 5-8 b) the TKE was predicted to be totally uniform around
the air jet also illustrated in Figure 5-7 b).

Turbulence Kinetic Energy [m"2 s7-2]
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Figure 5-7. TKE contours for hole stabiliser 22.44mm diameter A) four holes,
B) one hole.
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Figure 5-8. TKE contours 55 mm downstream the stabiliser for flame stabiliser
22.44 mm diameter. A) one hole combustor. B) 4 holes combustor.
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5.3.2 Four 19.27mm air hole stabiliser

Akin to the previously presented geometry, only two mesh sizes were studied
for the four-hole flame stabiliser with a 19.27mm air hole diameter. Figure 5-9
shows the mesh independence study of the four holes geometry compared to
the most refined mesh obtained for a single hole and the experimental data for
the 19.27mm air hole stabiliser. Both meshes obtained for four holes showed a
higher pressure loss in the upstream length of the combustor and lower
pressure loss after the stabiliser compared to the traverses obtained for a
single hole. Similar to the other geometries the Cp and Cc were calculated from
the obtained pressure loss coefficient K traverses and compared to the
experimental values, where the same porosity of 3=0.256 used for the single
hole geometry was considered for an experimental Cp =0.738. The contraction
coefficient was calculated from this value to be Cc=0.62. Both results were
compared with the simulations in Table 5-4, showing the best agreement with
the 2.7M element mesh. The slight disagreement for the finer mesh could be
related to the high aspect ratio and the inflation layer up to 0.001mm used for
the mesh of this geometry.

€ FExperimental results — 2,200,000 single hole KE
3.00E+01 _ 1,300,000 4 holes KE = 2,700,000 4 holes KE

——
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Figure 5-9. Mesh qualities for wall pressure loss for four hole flame stabiliser
19.27mm diameter considering k-e compared with the obtained
experimental results [157].

The axial velocity contours obtained for this second four-hole geometry are
compared to those obtained for the single hole in Figure 5-10. A similar velocity
distribution to the one achieved for a hole diameter of 22.44mm is observed.
The highest velocity of 122 m/s was obtained at the sudden contraction for the
four-hole geometry, compared to the 114 m/s of the single hole stabiliser. The
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main recirculation zones were located at the walls for the single geometry,
where the backflow velocity was 29 m/s. Similar to the 22.44mm hole
geometry, a central recirculation zone was obtained for the four-hole stabiliser
under the vena contracta, where the highest backflow of 39 m/s was obtained.

Table 5-4 . Cp and Cc for a four 19.27mm air hole flame stabilizer for the
investigated mesh sizes

Modelling Experiment | Error %

Turb. | Mesh Element

. Co Cc Cp Cc Co Cc
Model | Quality | No

Kk-g Medium | 2,694,912 | 0.735 | 0.616 | 0.747 | 0.628 | 1.63 | 1.95

Coarse | 1,300,000 | 0.748 | 0.629 | 0.747 | 0.628 | 0.13 | 0.16

Velocity w [m s*-1]
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Figure 5-10. Axial velocity contours for flame stabiliser 19.27mm diameter. A)
one hole combustor. B) 4 holes combustor

The turbulence kinetic energy contours for the four-hole geometry are
compared with the obtained for a single hole stabiliser in Figure 5-11. The
recirculating fluid in the central region of the combustor observed in Figure
5-10 A) produced kinetic energy peaks, in contrast to the single-hole geometry,
which illustrates a perfectly uniform TKE distribution in the shear layer of the
air jet. The highest turbulence peak was obtained at the stabiliser inlet at the
sharp entry of the air hole. However, the second most relevant peak was
obtained 60 mm downstream of the stabiliser for both cases, shown in Figure

5-12. This figure illustrates again three high turbulence zones surrounding the
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air holes for the four-hole geometry, compared to the uniform energy
distribution of the single hole.
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Figure 5-11. TKE contours for flame stabiliser 19.27mm diameter. A) one hole
combustor. B) 4 holes combustor
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Figure 5-12. TKE contours 60mm downstream the stabiliser for flame
stabiliser 19.27mm diameter. A) one hole combustor. B) 4 holes
combustor
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5.4 The influence of stabiliser thickness over fluid
aerodynamics.

The aerodynamics of the four-hole flame stabiliser featuring the fuel injection
GM2 with 19.62mm air holes and a plate thickness of 9.53mm were evaluated
with CFD and compared with pressure loss experimental data, similar to the
thin plates. This geometry is studied for its mixing and low NOx combustion
capabilities in Chapter 6.

Figure 5-13 shows a mesh independence study for three mesh sizes used for
this geometry to ensure that the results were invariant to the mesh. The
obtained traverses showed to be very similar for the different sizes. However,
the agreement with the experiment was not perfect as obtained with the other
geometries. Figure 5-13 also compares the stabiliser with a 19.27mm airhole
grid plate. Both geometries were designed for a pressure drop of 2%.

1,500,000 ELEMENTS 19.62 KE =~ =—3,000,000 ELEMENTS 19.62 KE
+ Experimental Results = 6,000,000 ELEMENTS 19.62 KE
19.27mm hole diameter
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Figure 5-13. Mesh qualities for wall pressure loss for four-hole flame stabiliser
19.62mm diameter compared with 19.27mm stabiliser hole and the
experimental results considering k- [157].

Table 5-5 compares the obtained Cp and Cc from the pressure drop coefficient K
measured in Figure 5-13 with the experimental data for a four-hole stabiliser
with a pressure drop of 2%. Even though the results were very similar between
the three different mesh sizes, a minimum error of 12.8% for the Cp was
obtained with the experimental results for the mesh with 6M elements. As

explained in Chapter 3 and shown in 5.5 this error was thought to be due to the
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manufacturing of the plate which showed a welding slope at the holes inlet.
However, it was later discovered that the issue was in the mesh itself. This is
discussed in 5.5.

Table 5-5. Cp and Cc for a four 19.62mm air hole flame stabilizer for the
investigated mesh sizes

Modelling Experiment | Error %

Turb. Mesh Element

. Cp Cc Cp Cc Cp Cc
Model Quality | No

K-E Fine 6,000,000 | 0.845 | 0.703 | 0.969 | 0.804 | 12.8 | 12.56

Medium | 2,700,000 | 0.839 | 0.699 | 0.969 | 0.804 | 13.42 | 13.06

Coarse 1,300,000 | 0.841 | 0.7 0.969 | 0.804 | 13.21 | 12.94

The results for the effect of the area ratio in Cc showed in 2.2.9.1 Table 2-2, and
the Cp values obtained using Equations (14), (15) and (9) were compared with
the experimental values and illustrated in Table 5-6. An agreement was
achieved for the Cc values of Table 2-2 and Equation (14) in comparison to the
experimental results obtained for the flame stabiliser with a hole diameter of
19.27mm, and sensible similitude was obtained using Equations (15) and (9).
On the other hand, both values for Ccand Cp disagreed with the measured
results for the thicker flame stabiliser featuring 19.62mm air holes (GM2).
Again, this disagreement was thought to be due to a construction feature at the
inlet face of the stabiliser, where the pipe used for the air hole was welded to
the stabiliser plate giving a welding slope at the air inlet instead of a sharp

entry affecting the aerodynamics.

Table 5-6. Cc and Cp values for grid plate geometries featuring thin and thick

blockages compared with the measured experimental values

Stabiliser | Az/A1 |t/d | Cc Co Co Meas. | Meas.
Diameter Table2 | Eq.12 Eq.13 & | Cc Co
(mm) 7

19.27 0.256 | 0.17 | 0.65 0.78 0.673 0.628 | 0.747
19.62 0.265 | 0.49 | 0.66 0.80 0.800 0.804 | 0.969
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Figure 5-14 illustrates the axial velocity contours alongside the combustor for
the thin grid plate featuring air holes of 19.27mm compared to the thicker GM2
grid plate with 19.62mm air holes. No considerable effects in the velocity were
observed for a thick plate apart from the lower velocity achieved at the vena
contracta, given the slightly larger air hole diameter. The total mass flow for the
GM2 stabiliser at 25mm downstream of the contraction was 0.026 kg/s, and the
recirculating mass at the same distance was 6.22e-3 kg/s, which corresponds to
24% of the total mass flow. This was the most significant recirculation zone in
the entire domain. A small recirculation zone is shown at the contraction zone
in Figure 5-14 B). For a better appreciation, Figure 5-15 shows a close up of the
stabiliser region to study the fluid behaviour while impinging on the flat edge of
the stabilizer. Flow separation can be observed, and the mentioned
recirculation zone in the area of the stabiliser thickness.
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Figure 5-14. Axial velocity contours for four-hole flame stabiliser. A) one hole
19.27mm diameter. B) 19.62mm diameter
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Velocity w [m s*-1]

Figure 5-15. Closeup for stabiliser region showing the flow separation and
recirculation zone.

Figure 5-16 illustrates the turbulence kinetic energy contours alongside the
combustor for both stabilisers, where a considerable effect is observed for the
9.53mm plate. The larger plate thickness worked as a diffuser of the TKE as
shown in Figure 5-16 B), where most of the produced energy is illustrated
inside the stabiliser air-holes, in contrast to the 3.2mm plate geometry in which
the peak of the TKE is 60mm downstream the stabiliser.
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Figure 5-16. TKE contours for four-hole flame stabiliser. A) one hole 19.27mm
diameter. B) 19.62mm diameter

5.5 The influence of welded inlet of grid plate flame stabiliser
over fluid aerodynamics

A hypothesis was raised, given the disagreement encountered for the 19.62mm
airhole grid plate flame stabiliser. The original physical plates were designed as
ideal flat plates. However, the manufacturing of the model ended up with a
welding slope at the stabiliser inlet. The study of the effect of the inlet weld on
pressure loss and downstream aerodynamics is now presented. The weld slope
was modelled at the stabiliser inlet face with a chamfer of 45 and 13 degrees to
the stabiliser face, as shown in Figure 5-17.

A) B)
Air flow Air flow

—>
—>
—=>
—=>

AR

.

Figure 5-17. Enclosure of 19.62mm airhole grid plate flame stabiliser: A) Flat
inlet face, B) inlet face with welding slope

The pressure coefficient K plots for both angles of the welded inlet were
compared with a flat plate entry. The experimental results for 2% pressure loss
in Figure 5-18, considering meshes of roughly 3M elements. The 13° slope
showed an upstream pressure loss coefficient of K= 19 and a minimum of K= -
8.3 just after the stabiliser. The 45° slope showed a maximum K=18 upstream
of the stabiliser and a minimum of K=-6.2 just after the contraction.
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Figure 5-18. Mesh qualities for wall pressure loss for four-hole flame stabiliser
19.62mm diameter considering k-e comparing various plate inlet weld
slopes and the experimental results [157].

The Cp and Cc were calculated from the obtained values of the pressure loss
coefficient and are shown in Table 5-7

Table 5-7. Cp and Cc for a four 19.62mm air hole flame stabilizer featuring
various plate inlet weld slopes

Modelling Experiment | Error %
Plate Mesh Element
weld ] Cp Cc Co Cc Cp Cc
Quality | No
slope
Fine 2,805,401 [ 0914 | 0.77 |0.969 |0.804 |5.68 |4.23
13°
d Medium | 2,309,679 | 0.922 | 0.766 | 0.969 | 0.804 | 4.85 | 4.73
we
Coarse 885,000 0.947 | 0.795 | 0.969 | 0.804 |2.27 |1.12
Finer 2,882,000 [ 0.893 | 0.726 | 0.969 | 0.804 | 7.84 |10.2
450 Fine 2,045,000 | 0.888 | 0.721 | 0.969 | 0.804 |8.36 |10.82
weld Medium | 1,020,000 | 0.924 | 0.778 | 0.969 | 0.804 | 4.64 | 3.73
Coarse 588,000 0.936 | 0.765 | 0.969 | 0.804 | 3.4 5.34
Flat Fine 6,000,000 | 0.845 | 0.703 | 0.969 | 0.804 | 12.79 | 12.56
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Medium

2,700,000

0.839

0.699

0.969

0.804

13.41

13.06

Coarse

1,300,000

0.841

0.7

0.969

0.804

13.21

12.9

. The mesh independence study showed a significant effect on the mesh sizes

over the results. This was expected because unstructured meshes tend to show

more sensitivity to the results than structured meshes with a defined blocking.

The stabiliser inlet with a slope of 45° showed a closer match with the

experimental data using a mesh of 1M elements. However, the excellent

agreement reached with the flat thin plates couldn’t be achieved.

A considerable effect was observed in the turbulence kinetic energy contours

for a welded stabiliser inlet compared to a flat plate. The slope worked as a

diffuser at the stabiliser inlet, generating a shorter air jet, as shown in Figure

5-19.
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Figure 5-19. Turbulence Kinetic energy comparison for 19.62mm four hole
flame stabiliser: A) Welded inlet. B) Flat inlet.
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Figure 5-20. Closeup for stabiliser region showing the TKE for 19.62mm
stabiliser hole geometry. A) Welded inlet, B) Flat inlet.

The turbulence after the air jet could allow better air/fuel mixing and benefit

the NOx levels, which will be demonstrated in Chapter 6.

Figure 5-20 shows a closeup of the stabiliser region showing the TKE contours
for both 13° entry slope and flat plates. A considerable amount of energy is
shown to be diffused at the stabiliser entry for the model with the welded entry
compared to the flat geometry.

Akin to the flat geometry, the most significant recirculation zone was located 60
mm downstream of the stabiliser. This was the zone with the highest TKE.

The welding slope at the inlet of the air holes was modelled and compared to a
flat plate geometry for this simulation using tetrahedral unstructured meshes
to study the effect of the welding inlet over the combustion. Most aerodynamics
and combustion contours showed a meaningless difference between both
geometries, as observed for the TKE contours in Figure 5-21. This concluded
that the differences encountered in the previous study were due to the
tetrahedral mesh used to model the welding at the inlet of the air hole, not the
welding itself.
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Figure 5-21. TKE contours for GM2 using the SDF. A)Flat plate, B)Plate with
the welded inlet.

However, the study is still valid as differences were encountered for different
slope inclinations, which could affect the combustion.

5.6 Mesh sensitivity for flame stabiliser aerodynamics

Various mesh sizes were studied for the different stabiliser geometries aiming
for mesh independence from the simulation results. The most expensive
evaluated meshes were composed from nearly six million elements, which for
the premixed geometries showed a very good agreement. Finer meshes were
not investigated since the computational time was being compromised and the

desired agreement of >1% was achieved.

5.6.1 Single hole geometries

The different evaluated mesh sizes for the stabiliser with a hole diameter of
22.44mm showed the best agreement with the experimental results for Cp and
Cc for a single hole considering 5.97M elements. For the geometry with
diameter of 19.27mm the best agreement was achieved with a mesh of 5.88M

elements.

The error variance between simulation and experiment from 2.2M to 6M

element meshes was 3% for the Cp and Cc considering the geometry with hole
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diameter of 22.44mm and 2.5% for the one featuring a 19.27mm hole diameter
for both Cp and Cc as shown in Figure 5-22.
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Figure 5-22. Simulation/experiment error variance between mesh qualities for
single hole geometries

5.6.2 Four hole geometries

For the four-hole premixed stabilisers only two mesh sizes were investigated.
As explained previously in this chapter, this was because divergence was
encountered above 3M elements and the desired 1% agreement was achieved
for the geometries with meshes of 2.7M elements. The simulation/experiment
error variance between both mesh qualities was 0.4% for the Cp and 0.6% for
the Cc for the geometry with 22.44mm hole diameter, this shows a very small
variance between both results.

A better agreement between experiment and simulation was achieved with the
mesh composed of 1.3M elements in comparison to the 2.7M element mesh for
the geometry with a hole diameter of 19.27mm. In contrast, the error variance
between simulation and experiment for the two studies meshes for the
geometry featuring holes of 19.27mm diameter was 1.5% for the Cp and 1.7%,

1% higher than the 22.44mm diameter geometry. This can be seen in Figure
5-23.

As observed, better mesh sensitivity was achieved with the four-hole

geometries compared to the single holes.
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Figure 5-23. Simulation/experiment error variance between mesh qualities for
four hole geometries

The grid mix stabiliser featuring air holes of 19.62mm could be modelled for a

6M element mesh. The simulation considering a flat inlet face of the stabiliser

gave bad agreement with experiments, however there was only a variation of

less of 1% between mesh sizes for both Cp and Cc.
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Figure 5-24. Simulation/experiment error variance between mesh qualities for
grid mix 19.62mm geometries®.

6 The number of elements varied for the flat geometry showing six million
elements for its fine quality. The other two geometries featured identical
mesh sizes as shown in Table 5-7.
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The geometry featuring a welded slope of 45° showed a simulation/experiment
error variation of 0.5% from the medium size mesh (2M elements) to the fine
quality (3M elements) for both Cp and Cc.

The flame stabiliser model featuring a slope of 13° showed an error variance of
1% for the Cp and 0.5 for the Cc from the medium size mesh (2M elements) to
the fine one (6M elements).

This concludes that mesh sensitivity was achieved with the simulations for the
flame stabiliser used for Grid Mix featuring four air holes of 19.62mm diameter
and a thicker stabiliser of 9.5mm.

5.7 Conclusions

The CFD predictions of premixed flame stabiliser featuring a thin grid plate of
3.2mm perfectly agreed with the experimental results for both stabiliser
geometries using the turbulence model k-¢ and hexahedral structured meshes
up to 6 million elements considering a single and four holes. Given the better
agreement between the experiments and the simulations for 19.27 and
22.44mm air hole stabilisers using the turbulence model k-¢, k-w SST was not

used for the 19.62mm air hole simulations.

The predicted Cp and Cc for the GM2 flame stabiliser featuring an air hole of
19.62mm and a stabiliser thickness of 9.53mm showed less agreement with the
experimental results than the other studied geometries. The disagreement was
thought to be due to the manufacturing of the grid plate, which featured a
welding cord around the inlet air holes. This feature resulted from the flame

stabiliser working as a hollow fuel plenum.

Mesh independence was achieved with the flame stabiliser used for Grid Mix
showing less than 1% error variation between mesh sizes. Similarly, the
thinner premixed grid plates geometries showed less than 1%
simulation/experiment error variance between mesh sizes. In contrast, the
geometries featuring a single stabiliser hole did not achieve mesh

independence even for a 6M element.

More work must be done to achieve perfect agreement with the experimental
results. The use of more sophisticated simulation methods such as LES or DNS

might approach the simulation results to better match the experimental data.
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Chapter 6. cFp STUDY FOR NON-PREMIXED
COMBUSTION GAS TURBINE GRID PLATE FLAME
STABILISERS

6.1 Introduction

The isothermal mixing and combustion simulation results, including NOx
prediction, are now presented for gas turbine low NOx grid plate flame
stabilisers using turbulence and combustion models available in ANSYS
FLUENT for RANS simulation.

6.2 Isothermal analysis of air/fuel mixing for grid plate flame
stabiliser

The isothermal air/fuel mixing results are presented for the 4 hole 19.62mm
diameter flame stabiliser featuring three injection methods. Figure 6-1
illustrates the C3Hs mass fraction contours at the stabiliser fuel inlet, showing
eight equally spaced nozzles for GM1, an annular injection for GM2, and a fuel
injection at the centre of the air hole for GM3.
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Figure 6-1. Simulation of fuel injection methods for A) GM1, B) GM2, and ()

GM3.

The equivalence ratio contours alongside the combustor are shown in Figure
6-2 for the three cases. The most important feature observed in the simulation
was that the fastest mixing was obtained with GM1, followed by GM2 and
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finally GM3. The radial nozzles inside the stabiliser allowed an earlier mixing
than the other two methods. Also, the jet in a crossflow generated a
recirculation zone inside the stabiliser holes, which provided an extra mixing
feature, as shown in Figure 6-2. GM3 showed a wider red region indicating a
fuel/rich area than the other two methods. The fuel dragged up by the air jet to
well after the shear layer region showed that this fuel injection method usually
used by FLOX combustors might not be reliable at the presented high Mach

number.
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Figure 6-2. Equivalence ratio contours for non-reacting simulation A) GM1, B)
GM2, 1GM3

A more substantial fuel penetration was expected for the radial nozzles of GM1.

However, the air jets velocity above 90m/s in the contraction region was higher

than the 40 m/s of the fuel nozzles shown in Figure 6-3.

Figure 6-4 illustrates the equivalence ratio contours in a transversal plane
100mm downstream of the stabiliser position, where the desired @= 0.5 was
nearly obtained by GM1, followed by GM2. Contrastly, GM3 showed a rich
central region surrounded by very lean regions, showing that the mixing did
not develop properly.
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Figure 6-3. Closeup of grid plate air hole for GM2 showing velocity vectors
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Figure 6-4. Equivalence ratio contours 100mm downstream of the stabiliser
for a non-reacting simulation. A) GM1, B) GM2, C) GM3

These three methods are investigated for a reacting mixture and NOx further in

this Chapter.
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6.3 Combustion analysis of grid plate flame stabiliser GM2
The results of GM2 evaluated with the various turbulence, and combustion
models available for RANS simulation are now presented. The original mixture
of propane/air was studied. Additionally, this technology was investigated for

its use in hydrogen using the investigated combustion intensity for propane.

6.3.1 GM2 studied with EDM and Chemical equilibrium combustion
models

The simulation results obtained as a preliminary study using the combustion
models EDM and Chemical equilibrium for non-premixed combustion were
compared with the experimental internal traverses for temperature. The
following results are only presented to illustrate the preliminary combustion
study for flame stabilisers. However, several assumptions were made at this
stage and incorrect parameters could have been selected. As explained in
Chapter 2 it has been sometimes shown that EDM might not be suitable for

steady state non-premixed simulations.

The results were obtained at two positions of the gas analysis probe: At the
combustor centreline and 2.6mm near the wall’. These positions were later
investigated in detail and changed as described in Chapter 3. Figure 6-5
compares the simulation results with the internal traverse for the temperature
at the combustor centreline. The EDM simulation reached a peak temperature
of 2480K, much higher than the experimental results. The traverse 35.6mm
away from the centreline is compared with simulation results in Figure 6-6,

showing an over-prediction for both models.

The temperature contours are shown in Figure 6-7 for both simulations. Both
simulations showed a very elongated air jet, splitting the flame into a wall
region and a central one. This was thought to be due to the turbulence models
used for the simulations, which might have not predicted the aerodynamics
successfully. A high overprediction of the peak temperature can also be
observed on the region near the wall, where temperatures higher than 2800K
were obtained, this overprediction alongside with the overall high
temperatures could be for the prediction of richer/than stoichiometric regions

which trigger the rise of temperature, as shown by [211].

7 These traverses are identified as centreline/zero mm and 35.6mm in the
figures.
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Figure 6-5. Comparison of temperature plot obtained with the gas analysis at
the combustor centreline between experimental results [157] and
simulation using EDM and chemical equilibrium
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Figure 6-6. Comparison of temperature plot obtained with gas analysis 2.6mm
from the combustor wall between experimental results [157] and
simulation using EDM and chemical equilibrium

A reader might observe some results showing sensible agreement with the
experimental results. However, as mentioned before, the positions of the gas
analysis probe were later discovered to be incorrect, and the results were not

valid. Also, the CFD contours showed a wrong temperature and mixing
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distribution inside the combustor showing that the combustion model
combustion models were not suitable. The turbulence model k-epsilon was
used for this simulation which have also shown to perform poorly for sudden
contractions and recirculation zones as explained in Chapter 2.

Static Temperature

—— — see—

2.88e+02 6.65e+02 1.04e+03 1.42e+03 1.80e+03 2.17e+03 2.56e+03  2.80e+03

A)

[k]

0 0.1 (m)

Figure 6-7. Temperature contours for combustion simulation for GM1. A)EMD,
B) Chemical equilibrium

6.3.2 GM2 studied with SDF combustion model

The CFD contours obtained for the Steady Difusion Flamelet model (SDF) are
shown for two orientations inside the combustor: A plane on the centreline
along the combustor cutting through the middle of the stabiliser air holes and
another one 45° in offset with the first orientation. Both locations are shown in
Figure 6-8. The theory behind these two planes is that there was no evidence

about the orientation in which the experimental data was collected.

The axial contours along the combustor of velocity, TKE, temperature, @, 0z and

CO for both orientations are shown in Figure 6-9-Figure 6-14.

A noticeable difference can be observed between the velocity contours for both
planes. A recirculating flow, represented with navy blue, was obtained just after
the stabiliser position, as shown in Figure 6-9. Also, a high-velocity region near
the walls, 75mm downstream of the stabiliser, is observed for the offset

orientation.
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Figure 6-10 shows a TKE peak at about 50-100mm from the stabiliser for both
orientations. This was where the four air jets merged. No peak TKE was
encountered downstream in the air shear layer formatted by the recirculating
eddies.

The temperature contours in Figure 6-11 illustrate a hot central zone just after
the stabiliser position due to the recirculating gases for both planes shown in
Figure 6-9. This zone was not obtained with the experimental results. The wall
region where the high-velocity flow was also predicted in Figure 6-9 showed a
high temperature for the plane in offset with the holes.

Figure 6-8. Internal combustor planes used for the obtention of combustion
contours using SDF for GM2 A) Inline with the holes, B) in offset with the
holes.
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[mis]
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Figure 6-9. Axial velocity contours for GM2 for SDF simulation. A) Inline with
the holes, B) In offset with the holes.
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Figure 6-10. Axial TKE contours for GM2 for SDF simulation. A) Inline with the
holes, B) In offset with the holes.
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Figure 6-11. Axial temperature contours for GM2 for SDF simulation. A) Inline
with the holes, B) In offset with the holes.
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In contrast to the earlier simulations using k-€ and RNG k-¢&, much shorter air
jets were predicted with realizable k-e. The flame struggled to develop in the
central high turbulence zone, and no flame was observed at the stabiliser
position. Modelling the combustor as a four-hole geometry resulted in some
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asymmetry at the combustor outlet. However, the rest of the combustion
showed very symmetrical features for each hole.

The equivalence ratio contours in Figure 6-12 A) show a fuel-rich zone in the
central recirculating region predicted in Figure 6-9 A). Figure 6-11 A)
illustrates that not all the fuel burnt in this region. So the rich contours were
assumed to be due to high CO and HC emissions that would need to burn
downstream. The obtained rich zones show an example of rich/lean
combustion, which is beneficial for NOx.

equivalence-ratio

0.00e+00 2.86e-01 5.71e-01 8.57e-01 1.14e+00 1.43e+00 1.71e+00 2.00e+0C
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Figure 6-12. Axial equivalence ratio contours for GM2 for SDF simulation. A)
Inline with the holes, B) In offset with the holes.

Mass fraction of 02

0.00e+00 3.50e-02 6.99e-02 1.05e-01 1.40e-01 1.75e-01 2.10e-01  2.33e-01

A)

i
2

1
-2

0 0.1 (m)
O

Figure 6-13. Axial oxygen mass fraction contours for GM2 for SDF simulation.
A) Inline with the holes, B) In offset with the holes.
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Figure 6-13 illustrates the oxygen mass concentration contours. The hot
recirculating zone near the stabiliser region in Figure 6-11 A) consumed all the
available oxygen, as shown in Figure 6-13 A), and the high temperature was

due to rich combustion.

Mass fraction of co
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Figure 6-14. Axial CO mass fraction contours for GM2 for SDF simulation. A)
Inline with the holes, B) In offset with the holes.

The past figures indicate that the slow velocity annular fuel injection around
the air hole was being entrained into the recirculation zone on the downstream
face of the stabiliser instead of being directed with the shear layer to the high
turbulence region. These fuel-rich areas gave GM2 good flame stability with a
much lower weak extinction than GM1 but higher NOx levels.

CFD predictions for transversal planes 0, 25, 50, 75, 100, 150 and 300mm

downstream of the flame stabilizer are shown in Figure 6-15-Figure 6-21.

Figure 6-15 and Figure 6-9 show that the recirculation zones between the air
jets are still present for the plane at 25mm downstream but not for 50mm.
These figures show that the recirculation zone near the stabiliser downstream
face was nearly half of the combustor diameter. Figure 6-16 indicates that the
TKE is concentrated mainly in the central region between the plane at 25mm
and 100mm downstream. No significant turbulence was observed near the

wall, despite the recirculation zones.



-192 -

Z Velocity

-2.78e+01 -4.63e-01 2.68e+01 5.41e+01 8.14e+01 1.08e+02 1.36e+02 1.54e+02

&

[mis]

\.§

-

Figure 6-15. Z velocity contours across combustor for axial distances 0, 25, 50,
75,100, 150 and 300mm from GM2 downstream face (SDF simulation)
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Figure 6-16. TKE contours across combustor for axial distances 0, 25, 50, 75,
100, 150 and 300mm from GM2 downstream face (SDF simulation)

Figure 6-17 shows an initial flame development 100mm downstream with a
final heat release at 300mm. Hot burnt gases were encountered in the wall
region with a hot zone between the air jets near the wall. This also agreed with
the experiments, which showed complete combustion by the lack of reaction
zone . Experimentally, this local reverse flow region allowed the rich mixture

on the stabiliser outlet face to ignite.
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Figure 6-17. Temperature contours across combustor for axial distances 0, 25,
50, 75,100, 150 and 300mm from GM2 downstream face (SDF simulation)

Figure 6-18 shows the equivalence ratio distribution. The plane at the stabiliser
downstream face demonstrates levels richer than stoichiometric. The mixing
was almost completed just after 50mm when the lean air jets started diffusing
with the burning mixture, and they stopped at 100mm. By 200mm, the desired

equivalence ratio was almost reached.

Figure 6-19 shows the oxygen predictions. The downstream face of the
stabiliser shows zero levels since this is a zone richer than stoichiometric.
Twenty-five mm downstream, the annular fuelling gap shows oxygen
concentrations of around 10%, corresponding to the annular feed radiation
zone in Figure 6-17. Some regions at the wall show zero oxygen levels due to
combustion, and the COz contours in Figure 6-20 corroborated that, showing
this region filled with burnt gases. Similarly, the recirculation region at the
stabiliser downstream face showed high CO2 concentrations. The recirculation
zone close to the flame stabilizer is also high in COz, illustrating the presence of
burnt hot gases. This zone allowed to stabilise the flame giving an #=0.2 weak
extinction. The CO predictions in Figure 6-21 show that the mentioned zone has
high concentrations of CO as expected from rich combustion. However, after
100mm downstream at the primary heat release, most of the CO has been
mixed with the leaner zone. These results concluded that the experimental
internal traverses were potentially taken with the configuration in line with the
hole(A-A) in Figure 6-8.
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Figure 6-18. Contours of @ across combustor for axial distances 0, 25, 50, 75,
100, 150 and 300mm from GM2 downstream face (SDF simulation)
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Figure 6-19. 02 contours across combustor for axial distances 0, 25, 50, 75,
100, 150 and 300mm from GM2 downstream face (SDF simulation)
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Figure 6-20. CO2 contours across combustor for axial distances 0, 25, 50, 75,
100, 150 and 300mm from GM2 downstream face (SDF simulation)
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Figure 6-21. CO contours across combustor for axial distances 0, 25, 50, 75,
100, 150 and 300mm from GM2 downstream face (SDF simulation)

The simulation plots were compared with the experimental results obtained
with gas analysis and thermocouple measurements for flame temperature in

Figure 6-22-Figure 6-25, as explained in Chapter 3.

Figure 6-22 compares the temperature traverse with the gas analysis probe
(GA) at the centreline of the air hole with the simulation plot obtained with
SDF. Good agreement was obtained, apart from the underprediction of 200K
just at the last 30mm of the downstream combustor length. However, the
simulation showed the same trend of the experiments taking 100mm to reach
the main heat release. The simulation was just 80K below the adiabatic flame

temperature Tadiab.

Figure 6-23 compares the second position of the GA 7.5mm away from the wall
and the SDF simulation plot, where the experimental results showed a higher
temperature from 0.1-0.25, with a difference of 300K. This difference was
mainly addressed to the adiabatic walls used in the simulation. The simulation
reached the main heat release 0.05m before the experiments for this position.
As an additional fact, the simulation was 40K below the Tadiab at the combustor

outlet.



- 196 -

—0—GA CENTRE HOLE
SDF

2500 —e— ADIABATIC_FLAME_TEMPERATURE

2000
S - M
v 1500 ol
3
& >
& 1000
£
@

500

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Distance from stabiliser (m)

Figure 6-22. Comparison of GA based temperature [157] with simulation using

SDF for GM2 for the gas analysis probe located at the combustor airhole
centreline
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Figure 6-23. Comparison of gas analysis based temperature [157] with

simulation using SDF for GM2 with the probe located 7.5mm away from
the combustor wall

The temperature measurements obtained with the thermocouple are compared
with the simulation results in Figure 6-24 and Figure 6-25. The plot at 5 mm
offset with the combustor centreline shown in Figure 6-24 featured perfect

agreement for the first 50mm, then the simulation results were underpredicted

by 400K. This difference was addressed to the exact position the thermocouple
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was allocated to measure this traverse. However, the simulation result was only
40K under the adiabatic flame temperature at the combustor outlet. Lastly,
Figure 6-25 compares the internal traverse obtained at the position 36.5mm
away from the GA probe in the air hole centreline with the simulation results.
An underprediction of 500K was received for the simulation just outside the
stabiliser. The simulation then showed an over prediction of 200K for the rest
of the downstream combustor length. However, a perfect agreement was
reached with the Tadiab at the combustor outlet. Again, the misprediction was
addressed to the TC position relative to the GA probe, which seemed to be in a
hot region away from the air hole.

Predicting the adiabatic flame temperature with Gaseq gave a temperature of
1819K. The mean outlet temperature achieved with the simulations was 1806K
showing almost perfect agreement with the equilibrium calculation. The CFD
results for temperature could have been affected by the adiabatic walls creating
a different temperature distribution inside the combustor. The experiments

were carried out with no film cooling, but the walls were not adiabatic.
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Figure 6-24. Comparison of thermocouple based temperature [157] with
simulation using SDF for GM2 with the probe located 5mm in offset from
the combustor centreline
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Figure 6-25. Comparison of thermocouple based temperature [157] with
simulation using SDF for GM2 with the probe located 29mm away from
the wall.

The combustion efficiency simulation results at the air hole centreline agreed
with the experimental results, as illustrated in Figure 6-26. However, an earlier
underprediction is observed for the simulation results. The simulation almost
reached the highest efficiency faster than the experiments. The internal
traverse at this position achieved 98% combustion efficiency at the outlet
compared with 93% achieved with simulation.
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Figure 6-26. Comparison of combustion efficiency profiles obtained
experimentally [157] and with simulation using SDF for GM2 with the gas
analysis probe located at the hole centreline
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Figure 6-27 shows perfect agreement between the simulation and the
experimental results for the traverse taken by the GA probe at the wall. Only a
slight underprediction was encountered near the stabilizer position and at the
combustor outlet, where the internal traverse for the experiment showed 98%
efficiency compared to 93% achieved with simulation.
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Figure 6-27. Comparison of combustion efficiency profiles obtained
experimentally [157] and with simulation using SDF for GM2 with the gas
analysis probe located 7.5mm away from the wall

The internal traverses of the equivalence ratio were obtained at the centreline
of the combustor and near the wall. The traverse measured for the centreline
showed to be richer than stoichiometric in the first 50mm downstream of the
combustor. This would not be possible if the traverse was taken at the hole
centreline since this is a lean region. The predicted and measured equivalence
ratios are compared for the two axial traverses in Figure 6-28 and Figure 6-29,
where Figure 6-28 shows a faster mixing for the CFD simulation than the
experimental results. The simulation predicted complete combustion 70mm
after the 199tabilizer compared to the 250mm obtained with the GA. The CFD
predicted thorough mixing in 80mm compared with 250mm in the
measurement. However, this central region in the combustor was not critical in
the simulation as the flame development occurs in the outer areas, which were
well predicted.

Figure 6-28 compares the equivalence ratio traverse taken 7.5mm from the
wall. The CFD simulation did not match the experiment at this location since
the experimental traverse clearly shows a rich region between the annular feed

and the combustor wall. In contrast, the simulation shows to be extremely lean.
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Again, the experimental traverse illustrates complete combustion at 250mm
compared to the 100 obtained with simulation. However, the misprediction did

not affect the temperature or combustion results which agreed with the
internal traverses.
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Figure 6-28. Comparison of @ profiles obtained experimentally [157] and with

simulation using SDF for GM2 for the gas analysis probe 5Smm offset from
the combustor centreline
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Figure 6-29. Comparison of @ profiles obtained experimentally [157] and with

simulation using SDF for GM2 for the gas analysis probe located 7.5mm
from the wall
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The simulation residuals are shown in Figure 6-30, where some divergence was
encountered for the first 500 iterations using first-order upwind. In contrast, a
very smooth simulation was achieved when swapping to second order. In
addition, no divergence was encountered in the reports of TKE, velocity and
temperature (Figure 6-31) at the combustor outlet. A converged solution was
achieved at roughly 400 iterations.
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Figure 6-30. Residuals for SDF simulation for GM2
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Figure 6-31. Temperature report definition for SDF simulation of GM2

A NOx calculation was carried out for the simulation with SDF, and the contours
are shown in Figure 6-32. The peak NOx of 0.64 occurred at the combustor
outlet. These levels were compared with the experimental results showing an
underprediction of a factor of 70 for the overall combustor downstream length.
The peak of NOx formation was also miss predicted as it started 250mm
downstream the stabiliser missing the high temperature zones. The thermal

NOx formation should have started just above 1800K and this was not the case
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in the simulation. However as explained in Chapter 2 NOx prediction is a
disadvantage of SDF, and this was proved in Figure 6-32.

It was concluded that SDF obtained an excellent agreement with the

experimental results for temperature and mixing, but it was not successful for

NOx prediction.
PoX-ppm
0.006+00 1.600-01 2.87e-01 4.47e-01 6.38e-01

0 0.1 (m) e

Figure 6-32. NOx contours for SDF simulation for GM2

6.3.3 GM2 studied with FGM combustion model

The aerodynamics using the FGM combustion model for an unstructured

hexahedral mesh for GM2 are shown in Figure 6-33.

The velocity contours in Figure 6-33 A) obtained a peak velocity of 98 m/s in
the vena contracta region downstream of the stabiliser position, higher than
the inlet velocity of 71 m/s in the upstream face of the stabiliser. The higher
velocity at the vena contracta was due to the sharp-edged stabiliser holes,
which increased the flow velocity at a ratio of 0.72, which was close to what is
expected for sharp edge short holes with a hole L/D = 0.485 [164]. The inlet
velocity for an M=0.047 was 18.87 m/s achieved by simulation, considering a
temperature rise means basis to 1800K. A mean hot gas velocity of 85 m/s was
achieved. The distance for completion of these combustion velocities was
between 60 and 120mm from the stabiliser position shown in Figure 6-33 A).
Which gave a central heat release length of 60mm, and near the wall, this
distance was 200mm, and the flame development length was around 150mm.
The Initial 60mm corresponded to the inlet air-jet spreading distance, an X/D of

3 where D is the air hole diameter, similar to central regions of free jets.

A radial distance of 23.4mm between the edge of the air holes controlled the
size of recirculating zones downstream of the stabiliser, which has a length of

40mm according to the zero velocity region illustrated in Figure 6-33 A). This
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central zone was crucial for developing peak turbulence (Figure 6-33 B). It was
one of the most critical differences between FGM simulation and SDF, which
showed much higher energy in Figure 6-10 than the achieved with FGM in
Figure 6-33 B). This zone was also predicted to be a high temperature and high
NOx region. A non-recirculating flow was encountered at the wall region.

The turbulence peaks were obtained at the recirculation zone at the hole inlet
of the stabiliser plate created by the flow separation. These high turbulence
regions anchored the flame and controlled the mixture quality.
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Figure 6-33. Simulation results for FGM and unstructured hexahedral mesh
for GM2 A) Velocity contours, B)TKE contours

Figure 6-34 compares equivalence ratio contours for the simulation using FGM
and the previous one undertaken with SDF. Both models showed the fuel being
pushed to the wall region and the central combustor zone, where the larger
recirculation zone was encountered. A slower mixing was obtained for FGM,
showing a wider richer-than-stoichiometric red area than SDF. However, both
simulations showed values richer than @#=1.5 in the first 25mm after the

stabiliser downstream face in the high turbulence region. On the other hand,
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the desired @#=0.624 was almost achieved for both simulations around 150mm
downstream.

The experimental internal traverses for the equivalence ratio were compared
with the plots obtained with simulation in Figure 6-35 and Figure 6-36. A
perfect agreement was achieved with FGM at the combustor centreline, as
shown in Figure 6-35. The complete mixing was obtained 200mm downstream
from the stabiliser. Again this figure indicates that a quicker mixing was
obtained with SDF.
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Figure 6-34. Comparison of equivalence ratio contours for GM2 A) FGM, B)
SDF
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Figure 6-35. Comparison of @ profiles obtained experimentally [157] and with
simulation using FGM and SDF for GM2 for the gas analysis probe located
5mm in offset with the combustor centreline
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Figure 6-36 compares the simulation results for FGM with SDF and the
experimental internal traverse at the position near the wall, where a better
agreement was achieved with the FGM simulation. However, underprediction
can still be seen from the simulation, especially in the first 50mm after the
stabiliser. Complete mixing was achieved at 80mm compared with the 120mm
for the experimental results.
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Figure 6-36. Comparison of @ profiles obtained experimentally [157] and with
simulation using FGM and SDF for the gas analysis probe located 7.5mm
from the combustor wall

Both codes successfully achieved the desired equivalence ratio, yet the

simulation with FGM reached the desired condition faster than SDF. However,

as shown for SDF, a faster overall mixing was achieved.

The comparison of the temperature contours obtained with FGM and SDF is
shown in Figure 6-37. The simulation with SDF predicted a slower heat release
and temperature rise at the air jet outlets compared to the FGM simulation. The
FGM model showed a central higher temperature zone than the SDF. This zone
started 30mm from the grid plate and reached its peak 150mm downstream,
which will show the highest NOx concentration. The later combustion stages
show a shorter combustion completion for SDF than FGM. A high-temperature
zone was observed near the walls 80mm downstream for FGM, which was not
predicted for SDF.

The obtained temperature plots are compared with the experimental internal
traverses in Figure 6-38-Figure 6-41.

The comparison for the position of the GA at the air hole centreline in Figure

6-38 shows an early underprediction for FGM. The flame seemed to have been
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pushed back due to the more extended air jets predicted for this simulation in
comparison to SDF. However, a better agreement was achieved 200mm
downstream. The traverse comparison for the GA probe at the wall position
showed a similar behaviour as the one obtained at the hole centreline, where
the flame is pushed to 150mm downstream, unlike the SDF simulation.
However, the maximum heat release was obtained at the same position as the

experiments, and after this point, a better similitude was observed.
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Figure 6-37. Comparison of temperature contours for GM2 A) FGM, B) SDF

—O—GA CENTRE HOLE
SDF
2500 ——FGM
—e— ADIABATIC_FLAME_TEMPERATURE

2000

1500

1000

Temperature (K)

500

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Distance from stabiliser (m)

Figure 6-38. Comparison of temperature profiles obtained experimentally
[157] and with simulation using FGM and SDF for gas analysis probe
located at the stabiliser hole centreline
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Figure 6-39. Comparison of temperature profiles obtained experimentally
[157] and with simulation using FGM and SDF for gas analysis probe
located 7.5mm away from the combustor wall

Figure 6-40 illustrates the comparison of the thermocouple position 5mm offset
the combustor centreline with the simulation results for the FGM and SDF. A
better match with the experiments was observed for this position. The FGM run
showed an early temperature overprediction. However, after 100mm
downstream, a better agreement was observed. FGM delivered more similitude
to the experiments than SDF for this position.

Figure 6-41 compares the internal traverse for the thermocouple 29mm away

from the combustor wall. Both simulations showed agreement with each other
but a misprediction with the experimental values. An underprediction of 500K
was encountered for the first 60mm and an overprediction of 200K for the rest

combustor length.

The four temperature plots obtained with FGM agreed better with the adiabatic
flame temperature of 1820 calculated with CEA than SDF.

The temperature contours shown in Figure 6-37 are shown in Figure 6-42 as a
mean cross-sectional area-averaged temperature as a function of distance from
the flame stabiliser. A flame development length of 150mm is observed, which
is shown in Figure 6-33 and Figure 6-34. This characteristic of thick flames and
long heat release zone are typical for a heat release of 28 MW/m2 in the
present work, thick flames with a long heat release zone. The total heat release

in this work is 1 kW per mm axial distance.



- 208 -

——TC5MM
SDF
——FGM
2500 —e—ADIABATIC_FLAME_TEMPERATURE

2000

1500

1000

Temperaature (K)

500

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Distance from stabiliser (m)

Figure 6-40. Comparison of temperature profiles obtained experimentally
[157] and with simulation using FGM and SDF for thermocouple located
5mm in offset from the combustor centreline
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Figure 6-41. Comparison of temperature profiles obtained experimentally
[157] and with simulation using FGM and SDF for thermocouple 29mm
away from the combustor wall

The main advantage of the simulation using FGM was that it made possible the
obtention of sensible NOx levels for GM2, which was not possible with any of

the other models previously studied. To do so, different thermal NOx formation
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mechanisms were investigated. However, the partial equilibrium for O
instantaneous OH models showed the best agreement with the results.
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Figure 6-42. Cross-sectional area-averaged mean flame temperature predicted
with FGM as a function of axial distance from the stabiliser position for
GM2.

The NOx contours are shown in Figure 6-43, where a central region can be
observed where the peak is at the main heat release shown in Figure 6-42,
indicating that NOx was controlled by the thermal mechanism. The hot central
region shown in Figure 6-37 showing temperatures above 2000K should be
where the peak NOx is formed and this was successfully predicted. Figure 6-44
compares the results obtained by simulation with the experimental results at
the centreline of the combustor since, again, it would be dubious about

traversing where the air hole was.
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Figure 6-43. NOx contours for FGM simulation for GM2

Underpredicted values were obtained with the simulation showing a peak of
30ppm while the experimental result showed 42ppm. Outlet values were also

underpredicted for the simulation obtaining 6ppm compared with 50 ppm for
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GM2 or 2ppm compared to 10.5ppm for a corrected 15% oxygen, as shown in
Table 6-1. The development of thermal NOx starts at a temperature of 1800K.
Figure 6-40 showed a temperature of 1800K at 50mm downstream of the
stabiliser, where the measured and predicted NOx commenced to increase in
Figure 6-43.
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Figure 6-44. Comparison of NOx profiles obtained experimentally [157] and
with simulation using FGM for the gas analysis probe located 5mm in
offset of the combustor centreline.

Table 6-1. Experimental NOx results compared with simulation for GM2

3=0.624
Experimental Simulation Experimental Simulation
(ppm) (ppm) 15% 0z (ppm) | 15% Oz (ppm)
50 6 10.5 1

One of the reasons for the NOx misprediction by the simulation was mainly the
underprediction of temperature. It has been demonstrated that NOx is very
dependent on the temperature results. However, the high combustion intensity
used for this problem could also show that the NOx model in FLUENT could be
unsuitable for such a Mach number. The residence time could be too short for
the NOx to form.

Figure 6-45 shows the CO contours obtained with FGM compared with the one
obtained with SDF for GM2. A high concentration was predicted at the central
recirculation zone for FGM. However, the CO was thoroughly consumed when

the mixing was completed, and no large concentrations were found after
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130mm from the stabiliser. The simulation with SDF predicted much lower CO

concentrations than FGM.

The CO2 contours with FGM are compared with those obtained with SDF in
Figure 6-46. Completeness of combustion for the simulation with FGM was
achieved at 200mm from the stabiliser as predicted in Figure 6-37. Lower CO2
levels were achieved with SDF.
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Figure 6-45. Comparison of CO contours for GM2 A) FGM, B) SDF
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Figure 6-46. Comparison of CO2 contours for GM2 A) FGM, B) SDF

Table 6-2 shows the obtained exit plane values with simulation for FGM
compared with the equilibrium results obtained with Gaseq and CEA. Both
codes predicted an adiabatic flame temperature similar to that obtained with

simulation. Good agreement was also obtained for the equilibrium products.
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These values show that combustion equilibrium was obtained in the 330mm
combustor length. Hence, GM2 could achieve combustion in a short combustor
length despite the high Mach number and high heat release.

Table 6-2. Comparison of the CFD predicted mean composition at 330mm
combustor length with two chemical equilibrium codes for GM2.

FGM GM2
Parameter Gaseq CEA . .
Simulation
Equivalence ratio 0.624 0.62 0.624

Adiabatic flame temperature 1812.59K 1820.6 1809.13K

Mean exit CO (mole fraction) 6.39e-5 6.98e-5 | 7.47e-5

Mean exit CH4 (mole fraction) | 1.41e-24 1.58e-24 | 2.62e-8

Mean exit Oz (mole fraction) 7.3e-2 7.4e-2 7.6e-2

Mean exit CO2 (mole fraction) | 7.45e-2 7.46e-2 | 7.42e-2

6.4 Combustion analysis for GM1 grid plate flame stabiliser
Figure 6-47-Figure 6-56show contours and plots obtained for the CFD

simulation undertaken for GM1 for a propane/air mixture.

Figure 6-47 shows the axial velocity contours for GM1, where a peak velocity of
98m/s was obtained at the vena contracta. A high combustion velocity can be
seen at 100mm downstream of the stabiliser. Two main recirculation zones can
be observed. The largest one was obtained at the centre of the combustor, and
smaller ones can be seen at the wall region just 10mm after the stabiliser outlet
face. Figure 6-48 shows a closeup of the stabiliser region showing the velocity
vectors. The injection velocity was 48 m/s. However, not much penetration was
obtained given the nozzle size and the high flow velocity in the vena contracta.

Discrete recirculation zones can be observed before and after the fuel injection.
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Figure 6-47. Axial velocity contours for FGM simulation for GM1
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Figure 6-48. Velocity vectors for GM1 simulation

The turbulence kinetic energy contours are shown in Figure 6-49 as a closeup
of the stabiliser region. The energy peaks were encountered at the fuel injection
jets while being impinged by the airflow. This figure and Figure 6-48 show an
interesting example of a jet in a crossflow, well predicted by Realizable k-¢,
which showed a significant improvement for predicting this phenomenon

compared to the previous results obtained with k-¢.
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Figure 6-49. TKE contours for GM1 simulation

Figure 6-50 illustrates the equivalence ratio contours for GM1 where the
desired condition was achieved quicker than the previously investigated GM2.
The radial injections pushed the fuel to the wall region and the central area just
after the stabiliser position. The region richer than stoichiometric was 50mm
long, and the lean air jets were way smaller than for GM2. Figure 6-51 shows

the plots of the equivalence ratio obtained at the combustor centreline and at
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the centreline of the airholes. The central region after the stabiliser showed just
(#=1.2. The plot at the centreline of the hole achieved most of the mixing 50mm
downstream from the stabiliser. As shown later in the text, this was the main
heat release zone.

er
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Figure 6-50. Equivalence ratio contours for GM1 simulation
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Figure 6-51. Equivalence ratio plots at the combustor centreline and at the
centreline of the airholes for GM1.

The temperature contours are shown in Figure 6-52, where a 2200K flame was
observed in the central rich region and at the walls just after the stabiliser
position, where the heat release started. A high-temperature profile can be
observed along the walls. Figure 6-53 shows the temperature plots for the
combustor centreline and the airholes centreline. The plot at the centre of the
combustor agreed with the equivalence ratio profiles in Figure 6-51, showing

the main heat release around 50mm downstream of the stabiliser.
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Figure 6-52. Temperature contours for GM1 simulation
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Figure 6-53. Temperature plots at the combustor centreline and at the
centreline of the airholes for GM1.

Figure 6-54 shows the CO2 contours for GM1, which shows the peak at the
highest temperature region and extending along the heat release region. The
CO contours show the highest peak of 0.12 at the wall region. Another high CO
region is observed in the central area just at the downstream wall of the
stabiliser ( Figure 6-55)

Figure 6-56 shows the NOx contours for GM1 where again a central high
concentration region is observed due to the temperatures above 2000K. The
peak NOx of 36ppm was obtained at 60mm downstream. Figure 6-57 shows the
NOx plot 5mm offset with the centreline, as obtained for GM2. The peak of 18
was achieved at 0.75mm from the stabiliser.

The simulation means averaged at the combustor outlet was 5ppm, resulting in

an underprediction compared to the experimental value of 25ppm for GM1. Or
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1.2ppm compared to 7ppm for corrected oxygen at 15%, as observed in Table
6-3.
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Figure 6-54. COz contours for GM1 simulation
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Figure 6-55. CO contours for GM1 simulation
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Figure 6-56. NOx contours for GM1 simulation
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Figure 6-57. NOx levels for GM1 at 5mm offset of combustor centreline.

Table 6-3. Experimental mean exit NOx levels compared with simulation for

GM1 at @#=0.6.
Experimental Simulation Experimental Simulation
(ppm) (ppm) 15% Oz (ppm) | 15% Oz (ppm)
25 5 7 2

Figure 6-59 shows a transversal plane 10mm downstream from the stabiliser

showing the rich spots of the eight radial injections per air hole compared to a

radial flame picture collected during the experiments for the studied

conditions. The bright spots in the photograph are fuel/rich zones showing lack

of reaction that resemble the eigth rich red radial injections obtained with

simulation.

Table 6-4 compares the simulation’s average values obtained at the combustor

outlet to the equilibrium values calculated with Gaseq and CEA. A perfect

agreement was obtained with Gaseq for all the parameters. CEA predicted a

slightly higher adiabatic flame temperature




-218 -

000e+00  150e01  300e01 45001 600001 750e:01 9.00e01 105e+00 120e400 135e+00 150e+00

0 50 (mm)

Figure 6-58 GM1 flame at 400K, M=0.047, @ = 0.6 compared with simulation

Table 6-4 Comparison of the CFD predicted mean composition at 330mm
combustor length with two chemical equilibrium codes for GM1.

GM1
Parameter Gaseq CEA . .
Simulation
Equivalence ratio 0.624 0.62 0.623

Adiabatic flame temperature 1812.59K 1820.6 1812.13K

Mean exit CO (mole fraction) 6.39e-5 6.98e-5 | 7.84e-5

Mean exit CH4 (mole fraction) | 1.41e-24 1.58e-24 | 6.0e-10

Mean exit Oz (mole fraction) 7.3e-2 7.4e-2 7.57e-2

Mean exit CO2 (mole fraction) | 7.45e-2 7.46e-2 | 7.42e-2

6.5 Combustion study for GM1, GM2 and GM3

Figure 6-59-Figure 6-63 show and compare the combustion contours obtained
with simulation for the technologies GM1, GM2 and GM3.

The axial velocity contours in Figure 6-59 show the highest velocity for GM3 at
the stabiliser contraction area, which was 120m/s. The propane injection was
48 m/s for this technology, the highest compared to 18 m/s for each nozzle of
GM1 and 19m/s for the GM2 annular feed. This high velocity was obtained due
to the fuel pipes restriction at the centre of the stabiliser holes. A clear
drawback of using this FLOX-like method for GM was the fuel injection getting
isolated from the main recirculation areas, which has been beneficial for
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mixing. Figure 6-59 C) shows more extended high-velocity jets than the other
two geometries and a central recirculation zone twice the size of GM2 and four
times bigger than GM1. The radial injection showed the smallest central
recirculation zone. The radial nozzles fuelled the air jet directly, showing jet in
a crossflow. However, no fuel penetration was observed since the fuel injection
velocity was similar to the air inlet velocity of 18.8 m/s. Small recirculation
zones near the wall were obtained for GM1, which could have influenced the

mixing process.

A closeup of the TKE contours for GM2 is shown in Figure 6-60, showing the
impingement of the air jet towards the fuel injection and producing a high
energy zone. The highest energy peak was just before the fuel injection due to
the sharp-edged plate. In addition, the recirculating flow in the downstream
face of the stabiliser created high turbulences at the wall and the corners of the
flat plate.
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Figure 6-59. Comparison of axial velocity contours for reacting mixture
A)GM1, B)GM2, C)GM3
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Figure 6-60. Closeup of TKE contours for reacting mixture for GM1 showing
no fuel penetration

Figure 6-61 shows the TKE energy contours for GM3, where peak energy zones

are observed in the shear layer region. However, given the high-velocity air jets,

the fuel did not reach the turbulence zones until 75mm downstream of the

stabiliser position.

The equivalence ratio contours in Figure 6-62 show a faster mixing for GM1
followed by GM2 and GM3. This was predicted for the isothermal mixing study
for the three geometries. The three geometries achieved the desired
equivalence ratio under the 330mm combustion zone length. However, as
explained before, the fuel jets of GM3 took the longest to commence the mixing
process, as shown in Figure 6-62C).
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Figure 6-61. TKE contours for reacting mixture GM3
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Figure 6-62. Comparison of equivalence ratio contours for reacting mixture
A)GM1, B)GM2, C)GM3
Figure 6-62 compares the temperature contours for the three geometries. The
predicted TKE at the combustor central region of GM1 anchored the flame to
the stabiliser downstream face, which was not observed for GM2. High-
temperature areas near the walls were obtained for GM1 due to the
recirculation zones predicted in Figure 6-59 B). The maximum heat release
region for GM1 was 30mm from the stabiliser compared to the 50mm of GM2.
Both GM1 and GM2 achieved the peak temperature of 2320K in the centreline
of the combustor.

Given the delay in mixing was predicted for GM3, the temperature development
was also delayed, and it missed the central recirculation zones, which are high
energy regions beneficial for flame development. Figure 6-63C) shows that the
flame started developing literally at the combustor outlet. A combustor with a
larger combustion zone would be needed to investigate flame development for
this technology for the studied conditions.
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Figure 6-63. Comparison of temperature contours for reacting mixture
A)GM1, B)GM2, C)GM3
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Figure 6-64. Comparison of NOx contours for reacting mixture A)GM1, B)GM2

The NOx contours for GM1 and GM2 are compared in Figure 6-64, where a
faster NOx formation is observed for GM1. This was expected since the peak
temperature was predicted to be closer to the stabiliser than GM2. Additionally,
higher NOx levels were also obtained for GM1. Experimentally this was not the

case where GM1 showed much lower levels than GM2. However, the stabiliser
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air hole used for this study was smaller than the one used experimentally.
Hence, the air hole influenced the pressure loss and aerodynamics, proven
experimentally, and the NOx could have been affected.

6.5.1 GM1 flame stabiliser for a hydrogen/air flame

The combustion aerodynamics for GM1 evaluated for a hydrogen/air flame are
shown in Figure 6-65, where the axial velocity contours in Figure 6-65 A) show
a high velocity for the fuel injection. The hydrogen jet velocity was 183 m/s
giving a fuel/air momentum ratio of 0.25, much lower than 0.66 for propane.
However, no fuel penetration was observed due to the broader air jet at the
vena contracta region impinging directly on the low-density hydrogen jets. As a
result, massive turbulence kinetic energy levels of 5K m2/s? were obtained at
the impingement region. However, only 500 m2/s? was set for this
impingement in Figure 6-66 B) to capture the energy distribution for the rest of
the combustor. This means that the fuel/air mixing was dominated by the
turbulence generated by the airflow rather than the fuel injection momentum.
A central high turbulence region is also observed for the hydrogen flame for
GM1 as for propane, where it seems the high-velocity hydrogen jets impinged
with the flat outlet of the stabiliser.
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Figure 6-65. Flame aerodynamics for GM1 evaluated for hydrogen/air flame.
A) Axial velocity, B) TKE
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The equivalence ratio contours for GM1 for a hydrogen flame are shown in
Figure 6-66. The central rich zone just downstream of the stabiliser position
matched the high turbulence predicted in Figure 6-65 B). A high turbulence
zone near the walls at the air hole exit was also indicated in Figure 6-65 B),
which dragged the fuel from the nozzles and created a rich zone, given the
90m/s velocity air-jets and the low momentum ratio as shown in Figure 6-66.
Given the low density of hydrogen, the desired equivalence ratio was achieved

slower than propane.

The rich high turbulence central and near the wall zones anchored the flame to
them, resulting in the peak temperatures for the wall region at the stabiliser
hole exit and at the centre of the stabiliser face, as shown in Figure 6-67. The
highest temperature obtained with simulation was 2434K in this region. The
heat release zone was longer than propane, resembling more of the one
obtained for GM2 in Figure 6-63.

equivalence-ratio

0.00e+00 1.50e-01 3.00e-01 4.50e-01 6.00e-01 7.50e-01 9.00e-01 1.05e+00 1.20e+00 1.35e+00 1.50e+00

0 0.1 (m) thycec

Figure 6-66. Equivalence ratio contours for GM1 evaluated for hydrogen/air
flame
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Figure 6-67. Temperature contours for GM1 evaluated for hydrogen/air flame



- 225 -

Figure 6-68 shows the oxygen levels for the simulation, which agrees with the
temperature prediction. The oxygen was slowly consumed in the air jet region,
and zero levels were observed for the central and wall high-temperature
regions

Mass fraction of 02

0.00e+00 2.33e-02 4.66e-02 6.99e-02 9.32e-02 1.17e-01 1.40e-01 1.63e-01 1.86e-01 2.10e-01 2.33e-01

.i
0)—7

0 0.1 (m)

Figure 6-68. Oxygen contours for GM1 evaluated for hydrogen/air flame

The mean outlet levels obtained with simulation were compared with the
equilibrium results obtained with Gaseq and CEA to verify the simulation
validity. This comparison can be seen in Table 6-5, where a slight
overprediction of the equivalence ratio was obtained with the simulation. The
simulation predicted the exit means flame temperature, differing just 4K from
the CEA results. The CEA calculation approached the actual studied conditions
better since it allows the temperature input for the different mixture species. In

contrast, Gaseq assumes a single inlet temperature for all the reactants.

Table 6-5. Comparison of the CFD predicted mean composition at 330mm
combustor length with two chemical equilibrium codes for GM1-H2.

GM1-H2
Parameter Gaseq CEA
Simulation
Equivalence ratio 0.548 0.548 0.554

Adiabatic flame temperature 1819.9K 1801.6K | 1805.8

Mean exit Oz (mole fraction) 8.33e-2 8.36e-2 | 8.49e-2

The NOx contours shown in Figure 6-69 are transversal planes for the studied
locations illustrated previously in Figure 6-8. Inline with the airholes and 45°
offset with the first plane.

Higher NOx levels than propane were obtained for the hydrogen/air mixture.
The peak was obtained 200mm from the stabiliser position in the wall region
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for the plane offset with the holes in Figure 6-69B). Figure 6-69A) shows the
peak of 80ppm in the central high-temperature area. The outlet means NOx was
16.2ppm, which corrected to 15% oxygen was 7.17ppm. This indicated that
using GM1 for a hydrogen/air flame obtained NOx than for propane. Figure 6-70
compares NOx levels at the combustor centreline for both fuels. A peak of
73ppm and an exit level of 34 was achieved with Hz.In contrast to 43 ppm and

21ppm obtained for propane

no-ppm

0.00e+00  2.28e+01 4.56e+01 6.84e+01 9.12e+01 1.14e+02  1.37e+02 1.60e+02 1.82e+02  2.05e+02  2.28e+02

A)

0 0.1 (m)

(8)=Z

Figure 6-69. NOx contours for GM1 for a hydrogen/air mixture A) Inline with
the air holes B) 45° offset with the airholes

o NOX_H2
80 NOX_C3H8

NOx (ppm)
8

0 0.05 0.1 0.15 0.2 0.25 03 0.35
Distance from stabiliser (m)

Figure 6-70. Comparison of NOx levels at the combustor centreline for GM1 for
a hydrogen a propane flame.
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6.5.2 Effect of a thicker stabiliser length on NOx emissions for a
hydrogen flame

Figure 6-71Figure 6-79 show the contours obtained for the technology GM1
evaluated for a stabiliser thickness of 7D for a hydrogen/air flame.

The velocity contours in Figure 6-71 show the same central recirculation zone
after the stabiliser downstream face obtained for the past geometries. However,
a more extensive area was predicted for this geometry than any of the other
studied cases. The elongated thickness worked as a suction for the incoming air,
which shows a higher velocity while getting closer to the stabiliser. The highest
velocity was not observed at the injection points but near the outlet of the plate.

The velocity vectors at the hole region are shown in Figure 6-72. Fuel
separation is observed at the sharp-edged hole inlet of the plate and then
reattached to the hole wall further downstream. The calculated velocity for the
injection nozzles was 182m/s. However, due to the low-density fuel, no flow

penetration was encountered.

The turbulence kinetic energy contours presented in Figure 6-73 show energy
peaks at the central recirculation zone featuring extremely high concentrations
up to 3000 m?2/s? at the lower shear layer region and just at the wall of the
outlet stabiliser face.

A close-up view near the region is shown in Figure 6-75, where another peak of
TKE can be seen in the high-velocity fuel jets impinged by the air jet. A high
energy zone can also be observed at the wall region just after the stabiliser
position, which was not due to recirculation but the upper shear layer of the air

jets coming out of the plate hole.
Z Velocity

-1.03e+02 -6.17e+01 -2.10e+01 1.98e+01 6.06e+01 1.01e+02 1.42e+02 1.83e+02 2.24e+02 2.64e+02 3.05e+0z

0 0.1 (m)
—

[mis]

(0)1=Z

Figure 6-71. Axial velocity contours for GM1 with 7D stabiliser thickness for
hydrogen/air flame
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Velocity Magnitude
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Figure 6-72. Velocity vectors at stabiliser region for GM1 with 7D stabiliser
thickness for hydrogen/air flame
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Figure 6-73. TKE contours for GM1 with 7D stabiliser thickness for
hydrogen/air flame
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Figure 6-74. TKE contours at stabiliser region for GM1 with 7D stabiliser
thickness for hydrogen/air flame
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Figure 6-75 illustrates the equivalence ratio contours for the thicker stabiliser
GM1, featuring excellent mixture qualities. Most of the fuel was mixed in the air
tubes, showing fuel/rich regions only 25mm from the plate hole inlet. This was
also due to the low density of hydrogen, which quickly mixed with the air jet.
The desired equivalence ratio was almost achieved at the stabiliser outlet.

The highest temperature zones of 2340K were predicted at the wall region near
the stabiliser exit, as shown in Figure 6-76. The flame started developing inside
the stabiliser, where the equivalence ratio reached under stoichiometric levels
25mm after the stabiliser hole inlet. This was an issue reported by York et al.
[27]. Most of the heat release took place inside the flame stabiliser, and it took
50mm to fully develop after the stabiliser position, where it achieved the
adiabatic flame temperature. Two high-temperature regions were obtained for
the high turbulence zones predicted in Figure 6-73. However, most predicted
energy was not used since the mixing and flame development was mainly

outside this region.

equivalence-ratio
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Figure 6-75. Equivalence ratio contours for GM1 with 7D stabiliser thickness
for hydrogen/air flame
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Figure 6-76. Temperature contours for GM1 with 7D stabiliser thickness for
hydrogen/air flame
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The oxygen contours are shown in Figure 6-77, where no depleted-oxygen
regions are observed apart from the wall region downstream of the stabiliser
thickness, where the highest temperatures were predicted.

The NOx contours are shown in Figure 6-78 and Figure 6-79, where the first one
shows the values at the plane in line with the holes showing the highest levels
at the combustor wall just after the stabiliser. Figure 6-79 shows the NOx
contours at the wall region, which showed the highest concentrations at the
exit of the stabiliser hole tube.

Mole fraction of 02
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Figure 6-77. Oxygen mole fraction contours for GM1 with 7D stabiliser
thickness for hydrogen/air flame

no-ppm

0.00e+00 1.26e+00 2.52e+00 3.79e+00 5.05e+00 6.31e+00 7.57e+00 8.83e+00 1.01e+01 1.14e+01 1.26e+01

0 0.1 (m) {

Figure 6-78. NOx ppm contours for GM1 with 7D stabiliser thickness for
hydrogen/air flame
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Figure 6-79. NOx ppm contours at wall region for GM1 with 7D stabiliser
thickness for hydrogen/air flame



-231 -

The highest NOx achieved for this geometry was 26.1ppm, and the mean
averaged was 2ppm converted to 15% corrected oxygen was 12.4 and
1.09ppm, respectively. Table 6-6 compares the mean exit values for GM1
featuring a stabiliser thickness of 7D (GM-7D)with the thin plate geometry
both operated with hydrogen. Lower levels were achieved by this geometry
compared to GM1 featuring a thin plate, showing that an elongated mixing
length is beneficial for NOx

A comparison between the mean exit values of GM1 with a thin plate, GM1-7D
for a hydrogen flame and the results of Gaseq and CEA is shown in Table 6-7.
Perfect agreement was achieved for the exit values for both geometries, which
also agree with the equilibrium software values. This demonstrated that
330mm was also enough length to achieve complete combustion for a hydrogen
flame with GM1

Table 6-6. Comparison of mean exit NOx levels between GM1-H2 and GM1-H2-

7D
GM1-H; GM1-H: GM1-Hz-7D GM1-Hz-7D
(ppm) 15% Oz (ppm) | (ppm) 15%02 (ppm)
16.2 7.17 2.21 1.09

Table 6-7. Comparison of the CFD predicted mean composition at 330mm

combustor length with two chemical equilibrium codes for GM1-H2 and

GM1-H2-7D

GM1-Hz | GM1-H2-7D

Parameter Gaseq CEA

Sim Sim
Equivalence 0.548 0.548 0.554 0.554
ratio
Adiabatic flame | 1819.9K | 1801.6K | 1805.8 1806.7
temperature
Mean exit 02 8.33e-2 | 8.36e-2 | 8.49e-2 | 8.49e-2
(mole fraction)

6.6 Conclusions

The isothermal comparison of the fueling methods GM1, GM2 and GM3 showed
that the technique featured by GM1 achieved the best mixing features, followed
by GM2 and GM3. This was corroborated in a later combustion study for the
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three geometries, where the same results were obtained. For a combustion
simulation, a lower NOx was foreseen for GM1 since a faster mixing can be
translated to lower NOx. This was experimentally studied and predicted [25].
However, this was not the case for the simulation.

The combustion study of GM2 showed that the steady diffusion flamelet model
(SDF) achieved the best agreement with the experimental results for
temperature. However, the mixing and combustion efficiency were better
predicted using the Flamelet Generated Manifold (FGM) model, which also
allowed the calculation of NOx for this geometry. Underpredicted values of
these pollutants were obtained compared to the experiments. Hence more
work needs to be done to get better accuracy for the studied conditions using
RANS modelling. The mean exit values were compared with equilibria code
showing that the adiabatic results obtained with simulation are valid.

The simulation for GM1 showed underpredicted NOx results compared to the
experimental data using realizable k-¢ and FGM for a propane/air flame.

Some factors are addressed that could be potential reasons for the
disagreement with the experimental results:

e Some experimental parameters were assumed, such as the adiabatic
walls, which could have potentially changed the temperature
distribution inside the combustor.

e The physical stabiliser used for GM2 showed to have some
manufacturing issues. So the fuel injection might not be uniform due to a

non-uniform area of the annulus.

e The exact position where the internal traverses were obtained is
dubious.

e The turbulence, combustion and NOx models could be struggling to
predict NOx given the fast flows and reduced residence times.

GM1, GM2 and GM3 investigated for a reacting mixture, and the same stabiliser
geometry featuring four airholes of 19.62mm showed that GM1 obtained better
mixing and NOx than GM2 and much better than GM3.

The geometry featuring GM1 for the 19.62mm airhole flame stabiliser showed
higher NOx levels for a hydrogen flame than propane using the FGM combustion
model. This has been a concern for years for burner manufacturers when
burning hydrogen. However, the geometry later investigated for an thicker
stabiliser of seven times the airhole diameter showed much less NOx. This

feature showed that an extended mixing length is beneficial for NOx, as
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reported by York et al [27]. A comparison of simulation mean exit NOx levels for
the two different studied fuels and geometries is shown in Table 6-8

Table 6-8. NOx level comparison for CsHs and Hz for GM1

GM1-C3HS8 GM1-H: GM1-Hz-7D
(ppm) (ppm) (ppm)
5 16.2 2.21

The mean exit values obtained for GM2 and GM1 for propane and hydrogen
flames were compared with Gaseq and CEA equilibria codes, showing almost
perfect agreement. This gave validation to the used simulation parameters and
boundary conditions.
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Chapter 7. EXPERIMENTAL AND CFD ANALYSIS OF
DOMESTIC HEATERS

7.1 Introduction
The experimental work undertaken for three low NOx domestic fires is now
presented to examine their dual fuel capabilities.

Several tests were undertaken for each fire to consistently show dual fuel
capabilities for natural gas/hydrogen fuels, considering the reference NOx
values of 130 mg/kWh set up by legislation. One of the main requirements of
the experiments was to achieve a constantly visible flame when using
hydrogen. Two of the studied fires are commercially available and are known
as best selling fires, with more than 5000 units sold. The third fire consisted of
a prototype glass fronted fire that showed an innovative flame, considering the
requirements for emissions. This fire was studied with numerical simulation,
comparing different injection shapes, and a whole set of experiments will be
presented.

The three fires were studied for different coals setups by adding or removing
the respective fire coals. However, the author mainly intends to show the
results of the arrangement with all the coals on. Some geometries like LB17
compare the results for no coals, back coals, and all coals to show the influence

of the coal arrangements over the emissions.

7.2 Open fronted fire
The experimental results for the tests carried out for the Focal Point Blenheim
Slimline open fronted fire for dual fuel applications for single and two-stage

injection are now presented.

7.2.1 Single-stage combustion

Two main concepts were designed for the open-fronted fire burner:

e Four fuel nozzles to be in line with the air holes of the bottom ceramic
coals. This concept allowed the fuel jets to thoroughly mix with the
incoming air before impinging on the top ceramic coals. This feature
permitted good post “coal” combustion.

¢ Five fuel nozzles offset to the air holes of the bottom ceramic coals. This
concept illustrated the fuel nozzles impinging on the bottom ceramic
structs
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The designs were tested for a fuel pressure loss of 20 mbar (Design 1) and two

mbar (Design 2), including a metering orifice.

The designed burners for the open-fronted fire are shown in Table 7-1, where

FPB stands for Focal Point burner. However, only the geometries with round

holes FPB2-FPB4 were studied since they showed very low NOx levels and a

fantastic flame. All the burner plates were made of stainless steel Grade 316L.

Table 7-1: Studied burner configurations for the open-fronted fire

. . Lo Fuel hole
Configuration Description .
type/orie.
FPB1 Baseline reference fire 4 X 0.83mm holes Round
2 X 2.0mm central holes, 2 X 1.47mm end holes. 57mm
FPB2 Round
equispaced
3 X 0.92mm central holes 57mm equispaced; 2 X
FPB3 Round
0.83mm end holes 92mm spaced from centre
3 X 1.63mm central holes 57mm equispaced; 2 X
FPB4 Round
1.47mm end holes 92mm equispaced from centre.
2 X (0.3 X 3.31mm) central slots 57mm equispaced; 2 X Slot-shape
FPB5 (0.3 X 1.79mm) end slots 85.5mm equispaced from
horizontal
centre
2 X (0.3 X10.46mm) central slots 57mm equispaced; 2 X Slot-shape
FPB6 (0.3 X 5.67mm) end slots 85.5mm equispaced from
horizontal
centre
2 X (3.31 X 0.3mm) central slots 57mm equispaced; 2 X Slot-shape
FPB7 (1.79 X 0.3mm) end slots 85.5mm equispaced from
vertical
centre
2 X (10.46 X 0.3mm) central slots 57mm equispaced; 2 X Slot-shape
FPB8 (5.67 X 0.3 mm) end slots 85.5mm equispaced from
vertical
centre
2 X (0.3 X 2.21mm) central slots 57mm equispaced; 2 X Slot-shape
FPB9
(0.3 X 1.79mm) end slots 92mm equispaced from centre | }orizontal

The designs with five nozzles assume that when impinging the fuel with the

ceramic struts, it distributes equally on either side of the strut. Unfortunately,

this hypothesis was incorrect as the ceramics were handmade, and some
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manufacturing inaccuracies were spotted, which created some misalignment

between the nozzles and the ceramic struts.
Configuration FPB1

The baseline reference open fronted fire was demonstrated for NG only. The

flame is shown in
Figure 7-1, where high yellow flames protrude from the ceramic coals.

The measured emissions for the reference fire were 128 mg/kWh, 60 ppm CO,
and 51% thermal efficiency.

One of the requirements for the open-fronted fire designs was to achieve better
light up and shut off times than the reference fire. The reference fire light up
time was measured at less than 20 seconds and a shut-off time of 60 seconds.

Figure 7-1: Open fronted reference fire NG

Configuration FPB2

The four-round hole configuration for the open-fronted fire FPB2 was tested for
natural gas and hydrogen. Preliminary tests with no coals on for hydrogen

showed very high levels of NOx, as shown in Table 7-2.
Table 7-2: Steady-state emissions for FPB2 no coals Hz

Pressure NOx (ppm) 02(%) NOx (mg/kWh)

13.6 27 19.3% 629
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7.5 21 19.6% 674

4.8 19 19.7% 582

These high levels will later be explained due to the lack of impingement that the

top coals provide to the fire and hence the flame heat removal.

Steady-state results for FPB2 for different fuel pressures and all coals are
shown in Table 7-3 for NG, and Table 7-4 shows the results for H2. A
considerable reduction in NOx levels is observed with the addition of the

fourteen coals for the test on H2. The lowest NOx levels were achieved for NG.

The CO and NOx levels were lower than the reference fire FPB1, showing this
configuration viable for dual fuel. Figure 7-2 illustrates a comparison of the NOx
levels for FPB2 obtained for Hz and NG

The flame for FPB2 is shown in Figure 7-3, where an intense bed burning can
be seen for natural gas in Figure 7-3A), and diffusion blue flames protrude from
the coals holes. It is essential to point out that flame stabilization was

impossible without these top coals.

The hydrogen fire in Figure 7-3B) shows a clear flame under the ceramic coals

and some small flames coming out of the ceramics.

Table 7-3: Steady state emissions for FPB2 all coals NG

Pressure CO (ppm) | NOx (ppm) 02(%) NOx
(mg/kWh)

10 70 2.8 18.85 50.2

5.7 90 2.0 19.29 45.7

4.3 136 1.3 19.42 32.3

0.9 53 2.2 20.25 124

Table 7-4: Steady-state emissions for FPB2 no coals H2

Pressure NOx (ppm) 02(%) NOx (mg/kWh)
13.6 2.7 19.35% 64.1

9.1 2.7 19.68% 81.4

0.64 8.7 20.25% 492
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Figure 7-2: FPB2 burner NOx levels for Hz and NG

Figure 7-3: Open fronted fire FPB2 10 mbar: a) NG; b) Hz

Configuration FPB3

The test results for the five-round hole FPB3 are now presented. This
configuration was tested with all the ceramic coals. The emissions for NG and
Hz are shown in Table 7-5, where the NOx for both fuels was lower than the
reference fire at high and low power. The Hz test at 10 mbar showed the
highest NOy, higher than FPB1. Flame photographs for NG and H2 at high
power are shown in Figure 7-4, where an intense glow is observed for NG in
Figure 7-4 a). An excellent looking flame was achieved with the best post-coal
burning during the Hz test, as shown in Figure 7-4 b). Since the emissions were
low enough, this configuration was considered the final design for the open-
fronted fire. The emissions for FBP3 are compared with FPB2 in Figure 7-5,
showing overall lower levels for FPB2. However, the flame looked better for
FPB3.
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Table 7-5: Steady-state emissions for FPB3 all coals NG and Hz

Fuel Pressure | NOx NOx 02 Cco CO2
(mbar) | (ppm) | (mg/kWh) | (%) | (ppm) | (%)

NG 15.6 3.7 94.9 19.46 | 252 0.65

NG 6.7 1.7 64.5 19.93 | 249 0.40

NG 0.4 1.2 78.8 20.34 | 66 0.19

H> 15 2.5 93.8 19.92 | - -

H2 10.7 3.8 151.9 19.96 | - -

H2 1.7 1.7 122.8 20.39 | - -

a)
Figure 7-4: Open fronted fire FPB3 13.6 mbar: a) NG; b) H2
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Figure 7-5: Steady-state emissions for FPB2 and FPB3 all coals NG and Hz
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7.2.2. Two-stage combustion

The two-stage combustor for the open-fronted fire featured the nozzle sizes for
FPB3 in the first stage injection. The secondary injection was offset with the
third row of top ceramic coals, meaning that the fuel was injected into the coals
space. The fire was tested for hydrogen and natural gas for dual fuel

applications.
Configuration FPB3 two-stage combustion Hz

The upgraded open-fronted fire for two-stage combustion was tested at various
possible power demands. The burner was designed to operate at 20 mbar at

full power.

Figure 7-6 shows the burner flame at full power (20 mbar). Bright post-coal
orange flames were visible. A clear reflection in the back glass wall can be seen,
adding an extra aesthetic element to the fire and creating the impression of
flames behind the back layer of top coals. Both angles in Figure 7-6 show the

flame biased towards the fire’s centre. At full power, the pilot lit successfully,

and the cross light was quiet and effective.

Figure 7-6: Open fronted fire FPB3 for dual fuel H2 20 mbar.

Sixty-minute tests at different powers were carried out from 10-22 mbar to
evaluate the NOx levels. Steady-state emissions and performance for the fire
are shown in Table 7-6. NOx emissions increased until they peaked at
130mg/kWh 23 minutes after ignition. After that, they started to go down until
they reached their steady state of 106 mg/kWh, as shown in Figure 7-7. These
levels were well within the NOx requirement and lower than the reference open
fronted fire FPB1. The oxygen levels at the exhaust were very high due to the
nature of the fire design, which created a high sensitivity of the corrected NOx
emissions. As a result, thermal efficiency was higher than the standard

requirement of 42% and the reference fire of 51%.
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Table 7-6: Steady-state emissions for FPB3 all coals two-stage combustion Hz

flame.
bressure | Rate | Flu02 | T | NO: Efficioncy
0,
(mbar) | (mgss) | (%) | (deg.C) | (mg/kwh) | o
22 31 20.01 114 116 54
20 28 20.04 109 106 57
15 25 20.15 96.2 103 61
12 20 20.21 87.6 94 64
10 18 20.27 81.8 84 67
2-Stage Burner, Offset, 20 mbar
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Figure 7-7: NOx emissions for FPB3 two-stage combustion 20 mbar, obtained
in a 60 minutes test, Hz flame.

Steady-state NOx results are compared with the single-stage combustion results

in Figure 7-8, where the two-stage configuration showed lower values than for

the single stage. However, problems were later encountered with the secondary

injection pipes, which started to fall apart after several continuous tests. This

was not a manufacturing issue but an actual steel composition limitation. The

alloy used for these pipes included nickel to economize the manufacturing

costs. Choosing an alloy without nickel would result in higher manufacturing

costs, making the two-stage burner unsuitable for production.
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Figure 7-8: Steady-state NOx emissions for different powers for FPB3 for
single-stage and two-stage combustion Hz flame.

Configuration FPB3 two-stage combustion NG

The two-stage open fronted fire was also studied for natural gas to test its dual-
fuel capabilities. Figure 7-9 shows the obtained flame at 20 mbar, where long

orange central flames are observed with small blue diffusion flames coming out

of the ceramics.

Figure 7-9: Open fronted fire FPB3 for dual fuel NG 20 mbar.

Emissions for this fire are shown in Figure 7-10, where steady-state values
were obtained after 35 minutes of continuous test. After the peak values, the
levels stabilised, reaching a mean NOx value of 68.05 mg/kWh. The CO levels
showed a peak of 47 ppm at 10 minutes post ignition and 44ppm at a steady
state. The measured oxygen was 19.2%, and the flame temperature was 158°C.
The thermal efficiency was then calculated to be 59.7%.
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Figure 7-10: CO and NOx values for FPB3 two-stage burner full loading NG

No other tests for lower powers were possible since the secondary injection
pipes started to fall apart after various continuous tests, as mentioned

previously and shown in Figure 7-11. Soot concentrations were also observed

in the fire coals.

Figure 7-11: Secondary injection showing cracks and notoriously worn.

7.3 Glass fronted fire

The reference LEGEND Evora balanced flue glass fronted fire was initially
designed to operate natural gas. Upgrading this appliance to exhibit dual fuel
capabilities required some essential modifications on the burner and pilot

designs of the fire.

The designed burner configurations are shown in Table 7-7, where LB stands

for Legend Burner. However, as mentioned in Chapter 3, only the experimental
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results for the most relevant designs will be presented in this chapter. All the
designs were made out of stainless steel Grade 316L.

Table 7-7: Studied burner configurations for the glass-fronted fire

Configuration Description Fuel hole type
LB1 Baseline reference fire Round
LB2 5 X 0.877mm holes 40mm equispaced Round
LB3 5 X 1.559mm holes 40mm equispaced Round

4X(0.3X2.01lmm); 2X (0.3 X 1mm)
LB4 Slot-shape
40mm equispaced

4X(0.3X6.36mm); 2X (0.3 X3.18mm)
LB5 Slot-shape
40mm equispaced

LB6* 5X(0.3X2.01mm) Slot-shape

LB7* 5X (0.3 X6.36mm) Slot-shape

4X (0.2 X3.02mm); 2 X (0.2 X 1.5mm)
LB11 Slot-shape
40mm equispaced

4X (0.2 X9.54mm); 2 X (0.2 X 4.75mm)
LB12 Slot-shape
40mm equispaced

4X (0.1 X6.02mm); 2 X (0.1 X 3.01mm)
LB13 Slot-shape
40mm equispaced

4X(0.1X11.08mm); 2 X (0.1 X 5.54mm)
LB14 Slot-shape
40mm equispaced

LB15* 5X(0.2X3.02mm) Slot-shape
LB16* 5X (0.1 X9.54mm) Slot-shape
LB17* 5X (0.1 X6.04mm) Slot-shape
LB18*8 5X (0.1 X19.07mm) Slot-shape

The designs LB2 and LB3 were tested at 20mbar AP at the fuel jet exit

The designs LB4 and LB5 had the fuel holes in a horizontal position and
midway between the back air holes in line with the ceramic ribs between the

8 * Gometries with asterisk had the fuel holes in offset with the top ceramic air
holes.
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air holes. These two designs were also reversed in the plenum chamber holder
to impinge on the bottom of the bottom rear ceramics. However, in this case,
the bottom rear ceramics needed a recess cut into the base to optimise an
impingement gap jet. This recess cut was 10mm and common to all these

impingement configurations.

Designs LB6 and LB7 featured their slots in a vertical position and located
underneath the rear bottom ceramics, with an impingement gap of 10mm and

in line with the centreline of the inlet air jets.

A fuel flow rate for natural gas was set to 0.139 g/s for a thermal fuel input of
6.52kW.

Configuration LB1

Tests started with the reference fire LB1 to observe the flame appearance and
measure the emissions. The flame appearance is shown in Figure 7-12, where a

visible yellow flame is observed protruding from the ceramic holes.

Figure 7-12: Glass fronted reference fire LB1 natural gas

CO varied from 300 to 450 ppm, with a lower CO trend as the fire warmed up.
COz levels varied from 7.0 to 7.5%. With the CO and COz levels obtained, the

calculation of Oz was possible, varying from 8.0-8.8%.

NOx levels rose from 21 ppm at idle to 38ppm as the fire warmed up. The
corrected NOx to zero per cent oxygen, considering 34ppm as the average NOx

and 8.4% oxygen was 57ppm.
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Thermal efficiency was calculated at 73%, and exhaust temperatures varied

from 420-550°C
Configuration LB2 NG and Hz

Circular hole configurations showed low NOx and CO with natural gas but very
high NOx when tested with hydrogen. However, circular holes had a larger

diameter than the quenching distance for hydrogen, and a popping sound was
heard at ignition. This issue was due to the fuel flashback in the plenum full of

air in idle conditions.

Flame visualization was effective for both fuels, as shown in Figure 7-13.
However, the flames looked more interesting for natural gas (Figure 7-13 A)),
where more post-coal bed combustion is observed. The hydrogen fire had

lower post-coal combustion than the one for NG (Figure 7-13 B). However, a

stronger glow was observed pre coal bed, looking similar to the reference fire

LB1 for NG.

Figure 7-13: LB2 15mbar . a) Natural gas; b) Hydrogen

Table 7-8: Steady-state results for LB2 with all coals tested for NG and Hz

Fuel Cco CO:2 02 NOx (ppm) | Converted NOx
(ppm) | (6) | (%) (mg/kWh)
NG 31 5.46 11.3 35.4 135.6

H2 n/a n/a 14.0 60 320
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The test results for LB2 are shown in Table 7-8: Steady-state results for LB2
with all coals tested for NG and HTable 7-8, where higher NOx values than the
reference fire were obtained for NG, and excessively high levels were obtained

for hydrogen.

Configuration LB5 NG

LB5 featuring 0.3mm slots was tested for natural gas, obtaining for 2Z0mbar a

blue flame impinging on the decorative coals as shown in Figure 7-14. The

measured temperature was 365°C for a thermal efficiency of 66%.

Figure 7-14: Glass fronted fire LB5 all coals NG 20mbar
Configuration LB5 H:

The hydrogen test was carried out at 3mbar since blow off was observed at
higher powers. The results showed a visible orange flame impinging and

coming out the ceramics as illustrated in Figure 7-15.
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Figure 7-15: Glass fronted fire LB5 all coals H2 3mbar

A temperature of 374°C and 31ppm of NOx were obtained at the steady state.
Configuration LB13 NG

Design LB13, featuring 0.1mm slots, was next tested for NG. Some preliminary
tests were undertaken using a layer of woven metal known as Fecralloy®. The
material was placed on the fuel injectors to study the flame visualization. A
visible turbulent flame was observed generated by the reduced momentum of
the fuel. However, high soot levels were produced for the tests, so the material
was not considered for other geometries.

The fire for natural gas at 20mbar is shown in Figure 7-16, featuring blue
flames on the decorative coals but a significantly dimmed orange flame.
Unfortunately, the emissions could not be recorded since they were off the
scale in the analyser.

When the fuel was turned down to 5mbar an intense flame was observed
impinging in the fire ceiling, as shown in Figure 7-17.
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Figure 7-16: Glass fronted fire LB13 natural gas 20mbar

> Ped
Figure 7-17: Glass fronted fire LB13 natural gas 5Smbar

The emissions at a steady state for this last condition were:
Flue gas temperature 385°C, 300ppm CO, 1% COz2, 1ppm NO, 19.2% 02
Configuration LB13 H:

A series of tests were carried out for LB13 using hydrogen. The most relevant
condition was at seven mbar, which showed a stable yellow flame after

impingement on decorative coals, as illustrated in Figure 7-18.



- 250 -

Figure 7-18: Glass fronted fire LB13 H2 6mbar

The measured flue temperature and NOx vs the test duration are shown in
Figure 7-19, where the peak temperature was 320°C four minutes after
ignition. The NOx did not reach its steady-state after 15 minutes of the

continuous test.
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Figure 7-19: Temperature and NOx vs test duration for LB13 with H2 7mbar

Tests at higher pressures (10 and 12 mbar) showed excessive post-coal
combustion and intense flames. In contrast, tests at lower pressures (5 mbar)
did not show flame at all. The last test was carried out at six mbar once the fire
was fully heated to obtain the steady-state values. A temperature of 482°C and

46ppm of NOx were recorded after roughly 20 minutes of constant operation.

A doubt arose while doing the experiments where one of the operators
observed that LB5 slots looked slightly thinner than the ones featured by LB13.
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This hypothesis led to a separate study to measure the slots for some
configurations.

The study was carried out using the Alicona infinite focus measuring device
from the Metrology lab at the University of Leeds to study the manufacturing
error for the slot-shaped fuel holes. Only LB6 and LB15 were measured. The
instrument measured the width and length of the plate slots, as shown in Figure
7-20, and the results were compared with the design dimensions, as shown in
Figure 7-21. This study was critical since it detected a critical manufacturing
inaccuracy for the experiments carried out. There was a considerable over
fuelling for the designs with 0.1 and 0.2 slot widths; the injection area was in
some cases double the size of the design. This problem with the slots is
explained in detail in Appendix H.1.1.

b

5 B & afz
ey Memremert
: asoan

Figure 7-20: Measurement of burner plate LB5 slot using Alicona infinite focus

Actual Planned ACTUAL Planned
SLOT# w AREA w AREA w AREA w AREA
(LHS) Lmm|mm |mm#*2 [Lmmimm |[mm*2]Lmmjmm jmm*2|L mm|mm |mm*2

1] 250] 027] 068] 2.30] 020] 048] 1.74] 027] 047 153] 030] 046
2| 2.62] 027] 069] 2.30] 0.20] 0.46] 1.90f 0.28] 053] 1.53] 0.30] 0.46
3] 250] 029 0.74] 230 0.20] 048] 1.77] 0.23] 0.50] 1.53] 0.30] 0.46
4] 260] 029] 0.76] 2.30] 020 048] 1.93] 0.29] 0.55] 153] 030] 046
5] 250] 031] 0.77] 2.30] 020] 046) 1.80) 0.28] 0.50] 1.53] 0.30] 0.46
Total  3.6435 2.3 2.559 2.295

58.4% BIGGER 11.5% BIGGER

Figure 7-21: Comparison of measured dimensions obtained with Alicona
infinite focus device vs the designed dimensions for LB15 and LB6.

Configuration LB17 NG

New burner plates were built by Clean Burner Systems (CBS) using a laser

cutter, allowing up to 0.1mm slots with higher accuracy than the other plates.



- 252 -

The geometry LB17 was studied for different coal configurations to investigate
the effect of these ceramics on the NOx and flame appearance. The tests with no
ceramics were called LB17-FRONT-NC. The test with the default bottom
ceramic was called LB17-FRONT-BC-D. The term “default” was used for the
bottom ceramic as some other configurations were previously studied for a
hole in the bottom face of the ceramics to study the influence on NOx and flame
visualization. It is not intended to show the results with the modified ceramics
in this thesis. In all the presented tests for LB17, the coals were placed in the
front position; this means the injection burner plate was in the front position,
as shown in Chapter 3 Figure 3-31. The tests featuring all the ceramics were
termed LB17-FRONT-ALLC-D.

LB17 produced long and attractive flames, slightly flickering with the draft or
air at full power. A flame at the right of the fire was tilting outwards, as shown
in Figure 7-22 b), perhaps due to bottom coal misalignment. However, the fire
still produced nice-looking flames with a well-developed post-coal burning at

half power.

Figure 7-22: LB17-FRONT-ALLC-D-NG; a) 10 mbar, b)20 mbar

The emissions for natural gas at full power were: NOx 48.5 mg/kWh, CO 188
ppm, 02 7.75%.

LB17 Hz

The cross-light ignition was considerably quieter for this fire than a traditional
gas fire ignition. The pilot light time was 15-17 seconds, close to the 20 seconds
time limit. This delay was due to the inclusion of a resistor in series to the
thermocouple used for the igniter setup, which reduced the thermocouple cut

off time for safety reasons.

Flames photographs for LB17 are shown in Figure 7-23, where Figure 7-23 b)

shows still a visible, attractive flame with the laboratory lights on.
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Figure 7-23: Glass fronted fire LB17 H2 full power (3.4kW): a) lights off, b)
lights on

Both images observe an intense glow below the top layer of coals. Figure 7-24
shows the flame appearance for 3.4kW where most of the burning occurs under
the coals

Figure 7-24: Glass fronted fire LB17 H2 half power (3.4kW)

Steady-state emissions for LB17 for Hz at full power (3.36kW) were: NOx 305
mg/kWh, 02 14.7%. The corrected NOx emissions were far beyond the 130
mg/kWh requirement.

Figure 7-25 compares the NOx emissions for LB17 for different coal
configurations. Where a considerable increase of NOx can be seen for LB17-
FRONT-NC. Figure 7-26 shows the NOx levels for LB17-FRONT-BC-D and LB17-
FRONT-ALLC-D for hydrogen compared to the same configurations for NG.
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Figure 7-25: LB17 burner performance on hydrogen for different coal config.
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Figure 7-26: LB17 burner performance NOx for H2 and NG

While the LB17 burner configuration, with all the default Evora ceramics,
showed the most nice-looking flames of all the investigated designs, the
emissions did not meet the required NOx levels below 130 mg/kWh. However,
the inclusion of coals considerably improved NOx production, helping with

flame stabilization.

The configuration with all coals present gave attractive post-coal flames for
both fires. Although, for hydrogen, the flame was comparable to the one
obtained with the reference fire. Natural gas flames appeared visible for all the
heat inputs. For the hydrogen test at low power, the flames developed below

the ceramic bed with only some flickering flamelets coming out of the ceramics.
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7.4 Innovative Fire

7.4.1 Numerical analysis for innovative fire

The numerical analysis results carried out for the innovative fire are now
presented. This study was undertaken to compare the combustion obtained for
a single round hole of the original prototype of the fire compared to a slot-
shape hole. No coals were modelled during this study as the aim was to also
compare the flame length and mixing characteristics for both injections.

Velocity vectors for the round hole and slot-shaped hole geometries are shown
in Figure 7-27. A maximum velocity of 20 m/s was achieved for both
geometries, and impingement can be observed at the top of the firebox ceiling.
However, the slot-shaped hole model showed a slower injection jet which
seemed to be affected by the recirculating flow inside the firebox. In contrast,
the round hole geometry showed a more intense impingement in the firebox
ceiling producing a higher turbulence kinetic energy at that zone, as shown in
Figure 7-28, where the energy produced by the slot has a larger high turbulence
zone near the firebox ceiling. The recirculation zones surrounding the hole and
slot allowed in the fuel/air mixing.

A considerable influence on the mixing quality was observed for the slot-
shaped hole, as shown in Figure 7-29. Where the desired equivalence ratio was
achieved first, in contrast to the high-velocity jet for the round hole. This was
because the 0.3mm fuel layer got entrained by the surrounding air faster than
the 3.5mm diameter hole.

Figure 7-30 shows the temperature distribution for both cases where both
achieved the adiabatic flame temperature of 1700K. However, the peak flame
temperature was achieved faster by the slot-shaped geometry. Showing that
faster mixing influences in faster heat release as shown by the simulations of
GM1 in Chapter 6.

A faster mixing and a prompt peak temperature, aided the NOx production
levels, where the slot-shaped hole obtained lower NOx than the round hole as

shown in Figure 7-31.
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Figure 7-27: Velocity contours for A) Round hole; B) Slot-shaped hole for
numerical analysis of Innovative fire prototype
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Figure 7-28: Turbulence kinetic energy contours for A) Round hole; B) Slot-
shaped hole for numerical analysis of Innovative fire prototype
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Figure 7-29: Equivalence ratio contours for A) Round hole; B) Slot-shaped hole
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Figure 7-30: Temperature contours for A) Round hole; B) Slot-shaped hole for
numerical analysis of Innovative fire prototype
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Figure 7-31: NOx contours for A) Round hole; B) Slot-shaped hole for
numerical analysis of Innovative fire prototype

This analysis showed that slot-shaped holes would produce better NOx levels
than round holes in a domestic fire. This hypothesis was validated with the
experiments undertaken for the three domestic fires.

The feather like flame shown in Figure 7-30 can be compared with the flame
shape obtained with no coals for LB5 for the open fire as shown in Figure 7-32,
which was later used for the dual burner in the innovative fire. All the flames
obtained for the different fires considering slots had the same shape as the one
obtained by simulation.

A) B)

Figure 7-32. Flame shape comparison for NG. A) Experiment; B) Simulation
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7.4.2 Experimental tests for innovative fire
Design 1 H: (firebox 300mm tall)

A design made of two burners in series, featuring the glass-fronted fire slot-
shaped holes burners LB4 and LB5 was first tested. The 2mbar six-slot burner
LB5 was positioned on the LHS of the box, while LB4 featuring six slots for an
operating pressure of 20 mbar, was located at the RHS. The slot dimensions are
mentioned in 6.3. As mentioned in Chapter 3, only the Legend back ceramic coal

was used in these tests. This design featured the 300mm tall box shown in 3.3.4

Given the combination of 20 and 2 mbar burners, a total hydrogen mass flow

rate of roughly 15 mbar was produced, giving the flame shown in Figure 7-33.

Figure 7-33: Flame for Innovative fire using LB4 (LHS) and LB5 (RH) 15 mbar,
Hz

This configuration produced aesthetically pleasing flames flickering thanks to

the turbulent environment inside the fire. Additionally, LB5 flames reached the

fire ceiling deflecting towards the sides creating exciting patterns. As an

additional fact, the heat input of this fire was intense to the point that it was

difficult to stay in front of the fire for extended periods. However, the user’s

touchable surface temperatures remained within the required limits.

Steady-state emissions for this configuration are shown in Table 7-9, where
lower NOx values than the requirement were obtained. These values were
lower than those obtained with the glass-fronted fire LB17 at 20 mbar.
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Table 7-9: Steady-state emissions for Innovative fire featuring LB4 and LB5
burners. 15.6 mbar Hz

Innovative (LB4 and LB5)

NOx (ppm) 18.4
NOx (mg/kWh) 119
02 (%) 15.2
Pressure (mbar) 15.6
Mass Flow Rate (g/s) 0.08
Net Heat input (kW) 9.6

7.4.2.1 M4 Design for a more attractive flame (fire box 150mm tall)

The innovative fire with burners LB4 and LB5 was studied for another fire
configuration to achieve a better-looking flame. However, the tests were only

carried out for hydrogen.

Table 7-10 shows the different tests undertaken for this study. This table will

now be explained fully.

B1 and B2 are designs 2 and 3 in Appendix ].1.2. C1 was a ceramic design with
an equal hole size of 150mm high ceramic with a face inclination angle of 55°
and featuring the air holes at the bottom. C2 was a ceramic design with an
equal hole size of 150mm ceramic with a face angle of 65° and air holes at the
bottom C3 was a ceramic design of 150mm ceramic with a 65° face angle in
which the air hole size was proportional to the fuel hole adding 25% area to
enhance [EGR and distance to the fuel hole varied. This configuration had a

smile-like shape to obtain the same flame shape

Some tests were undertaken considering no ceramics. The burner performance

was obtained by the ceramic impact over the flame appearance and emissions.

The ceramic air jet direction was arranged to flow downwards (down) or

upwards (up). The ceramic also featured the air jets near the fuel jets (low) or
at the ceiling level (high). The metering duct height of the burner air inlet was
also modified to 17, 8, 5, 3, 2 and 1.2mm and this distance was set using metal

shims in the gap. This is referred to as the air gap in Table 7-10.

The distance from the ceramics edge relative to the fuel holes centreline was
referred to as the fuel gap and was studied from 4 - 20mm, where the optimum

distance was found to be 9mm.
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An assessment of the flame picture was carried out based on the height of the
three flames at the centre of the fire. VS stands for “very short” where the flame
did not pass the low air injection holes, about 50mm flame height. S stands for
“short”, where the flame reached 50 - 100mm. M stands for “medium”, where
the flame height was about 100mm but could not reach the ceiling. Finally, L
stands for “long”, where the flame impinged the 150mm ceiling for the central
jets.

The colour of the three over-fuelled jets were also studied where: O stands for
Orange, R for red, Y for yellow, B for blue and N for none uniform, with some
fuel jets not visible.

A fundamental problem in the results was that the flame was not uniform in
colour or height across the 11 jets due to the intended variation of the fuel
quantity per jet.

The fire shutdown time at 20 mbar steady state was also studied for each test.

A red X means that the test failed because that parameter could not meet the
requirements. For example, the NOx requirement for acceptability was set at 90
mg/kWh, so there was a margin of safety in meeting the regulation, which
included any differences in gas sampling procedures and gas analysis
calibration.

The shutdown time requirement was set as 50 seconds. The tests marked in red
were candidate designs.

The flame with the best appearance was obtained in test 31, as shown in Figure
7-34, where high yellow symmetric flames can be observed. Also, this test
showed the best thermal efficiency in Table 7-10. There was no evidence of
thermal damage in the reverse flow flue outlets at the base of the fire or any

distortion of the heat exchanger wall where the incoming air was heated.

Table 7-10: Tests developed for the Innovative fire to improve the visual effect

Test Ceramic (‘? r P(‘;uel NOx Thermal

_ ap | Gap Shut
Burner Ceramic Air jet Alrh.o.l ; o, down Flame
No. direction Positio mm mm mg/kWh Eff. % time picture

n secs,

0% 02

1 B1 C1 Up Low Large 10 160 X ND 33 R, S X
2 B1 C1 Up Low Large 10 94 X ND 38 R, S X
3 B2 None NA NA 17 NA 109 X 61 34 O,NX
4 B2 None NA NA 7 NA 50 71 30 O,NX
5 B2 None NA NA 3 NA 12 80 20 O,NX
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6 B2 None NA NA 1.2 NA 25 81 ND N X
7 B2 None NA NA 2 NA 8 83 11 O,LN,X
8 B2 Cc1 Up Low 7 9 42 79 43 R;(l;/l'
9 B2 C1 Up Low 17 20 4ppm*X ND 50X R L
10 B2 C1 Up Low 17 1 0.8ppm* ND 55X R M, X
11 B2 C1 Up Low 3 9 0.5ppm* ND 57X oVs X
12 B2 C1 Up Low 8 9 0.2ppm* ND 43 O,N, X
13 B2 c2 Up Low 8 9 1.1 ppm ND 65X OSNX
14 B2 Cc2 Up Low 8 20 6 ppm X ND 122X oM
15 B2 Cc2 Up Low 5 9 15 mg ND 129X 0,S X
16 B2 C1-55¢° Down High 5 9 7 mg ND 75X LON
17 B2 C1 Vertical Down High 5 4 13.5 80 108 X LON
18 B2 C1 +55° Down High 5 9 30 82 57X YMN X
19 B2 Veftlical Down High 3 10 64 80 54 X RL
20 B2 C1 Vertical Down High 3 5 7 78 60X OLN
21 B2 C2 + 65° Up Low 3 20 11 ND 66 X OM NX
22 B2 C2 +65° Up Low 17 20 195X ND 58X 0OVSX
23 B2 C2 + 65° Up Low 8 20 98X ND 63 X 0VSX
24 B2 C2 +65° Up Low 3 9 39 ND 57X 0VSX
25 B2 C2 + 65° Up Low 5 9 43 ND 75X OVSNX
26 B2 C2 + 65° Up Low 5 7 20 84 105 X oM
27 B2 C1+65° Down High 5 9 60 78 50 oM
28 B2 C2 + 65° Up Low 5 9 111X 80 55X OVSNX
29 B2 C2 Vertical Up High 5 10 76 ND 19 OLNX
30 B2 C2Vertical Up High 5 7 41 ND 20 Y/RL
31 B2 C3Vertical Up High 5 7 66 93 17 Y/RL
33 B2 Cc3v Up High 5 65 85 27 Y/RL
34 B2 c3v Up High 5 7 75 22 oL
35 B2 Cc3v Up High 3 7 75 82 ND Y/RN
36 B2 Cc3v Up High 8 7 111 X 78 16 Y/0
ce(rjl:irz 2 2 Y/OL
37 B2 air holes Up High 5 7 91 X 74 ’ N X
blocked

The fire was investigated at various supply pressures going from 20 mbar to 50

mbar and closing the fuel valve down to 5mbar and a final test at 20mbar was

“undertaken. This, in order to study the NOx levels at the different powers.

Even though the domestic gas supply is 2Z0mbar the gas delivery in the

experimental facility allowed up to 50mbar pressure delivery

The NOx levels for the different tested pressures during the test are shown in
Figure 7-35, showing the peak at 30 mbar and very good levels were achieved
at 20 mbar. This study showed a NOx increase as the fire heated up. The trend

obtained at 20mbar at the beginning of the test was again obtained after an
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hour of continuous operation. The test at 50mbar pressure loss showed the
lowest NOx. However, this was an unrealistic condition for a domestic fire

showing very turbulent and loud flames.

Figure 7-36 shows the gross thermal efficiency obtained at the various
pressures. As observed on this graph the efficiency decreased as the supply
pressure got reduced. The higher efficiency was obtained for 30mbar, again the
domestic supply pressure for domestic appliances is 20mbar and this test was
undertaken to study the combustion behaviour at higher pressures. The first
test at 2Z0mbar showed an overall thermal efficiency of 97% compared to the
93% after an hour of operation, this change was related to the cold condition of
the fire at start-up. However, this is one of the best thermal efficiencies on the
market and would make this fire a technology leader.

Figure 7-34: Test 31 Innovative fire appearance study 20 mbar
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Figure 7-35: NOx emissions vs test duration for M6 Innovative fire test 31
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Figure 7-36: Thermal efficiency vs test duration for M6 Innovative fire test 31

By April 2022, the manufacturers released the innovative commercial design in
Figure 7-37, where a central high flame can be observed and symmetric flames
at the RHS and LHS. Unfortunately, this latest fire obtained higher NOx than the
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one presented in Figure 7-34, and it could not pass the regulation.

Figure 7-37. Final commercial design for the Innovative fire
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7.5 Conclusions

The lowest NOx values for the single-stage injection for the open-fronted fire
were obtained for FPB2 with 50.2 mg/kWh for a hydrogen flame. However, the
best-looking flame was achieved with FPB3 showing 93.8 mg/kWh NOx levels.

A two-stage injection was studied for the geometry FPB3, which showed lower
NOx levels than the reference fire, even at 22 mbar (116 mg/kWh for a
hydrogen flame). In addition, a more exciting fire was observed than the single-
stage injection. However, after several tests, the secondary injection pipes

showed deterioration, making the configuration unsafe for commercialization.

The glass-fronted fire showed the most attractive flame with LB17 for
hydrogen. However, the NOx was much higher than the reference fire (330
mg/kWh). In later tests developed in 2022, the NOx problem was solved,

allowing this fire to pass the milestones.

The initial design of the Innovative fire proposed by the author of this thesis
showed a triple jacket for IEGR and cooling purposes. However, the

manufacturers did not approve this design, and a later model was investigated.

The numerical study undertaken before the experiments for the innovative fire
to evaluate the combustion performance for a fuel injection featuring a round
hole or a slot-shaped hole showed that the slot-shaped hole achieved lower

NOx, and this was validated with the different experiments for the three fires

The burners used in the open-fronted fires LB4 and LB5 were tested for one of
the designs of the innovative fire featuring a letterbox showing mesmerizing
flames for hydrogen and lower NOx than the reference values (113 mg/kWh).

A final design using a single burner and a shorted firebox was investigated to
improve the flame appearance, which reduced the NOx levels to 66 mg/kWh

and the flame appearance satisfied the government requirements.

By 2022 this fire was developed in a design attractive to the public and passed

the pollutants milestones.

The slot width showed to have a strong influence on the visibility and colour of
the flame for the Innovative fire. The 0.1mm slots had poor flame visibility as
they mixed too fast. On the other hand, the 0.3mm slots showed attractive,

visible deep orange/yellow.
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Chapter 8. coNCLUSIONS AND FUTURE WORK

8.1 Equilibrium Flame Temperature and Composition

1. Equilibrium computations are helpful in computing burner operating
conditions to achieve a desired flue gas composition and flame temperature. In
fuel switching from NG to hydrogen or biofuels, the burner operating
conditions can be determined on alternative fuels to achieve the equivalent
performance on NG. For near stoichiometric combustion, the ability to fix the
adiabatic composition and then cool this to predict the change in the
composition of that mixture at a lower temperature is an essential capability of
equilibrium codes. This was applied in the present work to fuel switching from
NG to hydrogen for ambient temperature burners for fire and boiler
applications and to glass melting furnaces with very high air inlet
temperatures. The experimental condition on one fuel is set by the excess
oxygen on a dry basis, and this is typically about 1% dry for NG. The water
vapour prediction enables the wet to dry conversion for the derived operating
condition that gives close to 1% oxygen dry. This is shown in Table 8-1 for NG.

Table 8-1. Comparison of adiabatic and cooled flame compositions for
domestic heat applications for measured oxygen of about 1%

Fuel | Cond | @ Air Flame | O: 02 H:20 NO CO: | CO H:
inlet | Temp | wet | dry% | wet% | PPm | wet | wet | ppm
Temp | K % wet 1o | %
K

NG | Adiab | 0.95 300 | 2195K | 1.06 | 1.28 | 17.21 | 2658 | 8.84 | 0.50 | 1840

NG | Adiab | 0.975 | 300 | 2215K | 0.74 | 0.90 | 17.53 | 2319 | 885 | 0.69 | 2550

NG | Cool 0.954 | 300 | 1850K | 0.84 | 1.19 | 17.67 | 930 | 9.37 | 0.035 | 163

H> Adiab | 0.875 | 300 | 2266K | 1.99 | 2.86 | 30.18 | 4100 | O 0 3600

H> Adiab | 0.850 300 | 2234K | 2.41 | 3.42 | 29.58 | 4200 0 0 2700

H> Adiab | 0.825 | 300 2200 |2.85| 4.0 2895 | 4300 | O 0 2000

H> Cool | 0.955.| 300 | 1850K | 0.74 | 1.11 | 33.32 | 840 0 0 328

H> Cool 0.868 300 1850 | 2.25 | 3.25 | 30.76 | 1477 0 0 173

H> Cool 0.822 300 1850 | 3.08 | 4.36 | 29.36 | 1734 0 0 142

When cooling flames from adiabatic temperatures, the composition does not
change below 1850K, as there is no dissociation below this temperature, so the

composition does not change due to re-association. Thus this is the composition



- 267 -

at any flue gas temperature below this and above the water condensation flue
gas temperature. For glass melting furnaces, the radiation heat transfer to the
furnace walls reduces the gas temperature above the glass melt to 1850K. This
was also the temperature used for cooling in this application.

8.1.1 Ambient Temperature Burner Operation for Domestic Heat
Application

The equilibrium compositions near the optimum @ for the adiabatic
temperature and a cooled flame to 1850K are shown in Table 8-1 for NG and Hz
for 300K air inlet temperature. The water vapour is predicted and used to
convert the oxygen from a wet to a dry basis so that experimental dry oxygen
measurements can be used to find the operating conditions that gave the dry

oxygen measurement.
Several conclusions result from the equilibrium predictions in Table 8-1

1. For NG cooling, the cooled flame at 1850K reduces the CO and the NO, for
which the CO effect is well known, but the NO reduction on cooling has not been
widely recognised in the NOx literature, as it is usually stated that once formed
NO cannot be destroyed. The conclusion is that by cooling the flame zone, the
lower O and OH prevent thermal NOx from being created. It is well known that
heat extraction from a flame zone reduces NOx formation, and this was used in
domestic fires and boilers for many years with metal or ceramic inserts into the
flame zone that acted as heat sinks. In Chapter 7, the interaction between the
diffusion jet flames and the ceramics reduces the NOx through cooling, which
shows that these equilibrium predictions are supported by experimental
results. Table 8-1 also indicates that cooling increases the oxygen and
decreases the hydrogen significantly, which are both a result of re-association
reactions and decreased O and OH with cooling, which is why the NO is
reduced.

2. For hydrogen, the adiabatic temperature increases, and if a burner is
operated without heat loss, as in a gas turbine, the burner would have to work
leaner with hydrogen. However, for the cooled results to 1850K, the
equilibrium NO decreases significantly as the oxygen is reduced. Another effect
is the very low equilibrium hydrogen, which will be the hydrogen in the flue
gases (which PAS4444 requires to be below 1000ppm on hydrogen for safety
and thermal efficiency reasons). Table 8-1 shows that on NG, the cooled results

are similar to those for hydrogen, so if combustion is complete (has reached
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equilibrium), there should not be an equilibrium hydrogen problem in using
hydrogen as the fuel.

4. Table 8-1 shows that for cooling flames to 1850K or lower, hydrogen has a
similar equilibrium NO to NG for the same dry excess oxygen. This has not been
previously published in the hydrogen literature, where it has been assumed
that hydrogen would have to burn lean to achieve low NOx. This is exploited in
the ‘coal-effect’ open and glass-fronted fires in Chapter 7, as locally rich burning
diffusion flames, are cooled by impingement onto ceramics. Very low NOx has
been demonstrated on hydrogen, lower than on NG in some designs.

8.1.2 Glass Furnace Prediction of the Composition of the Hot Gases
above the Glass in the Float Glass Process for NG and hydrogen.

The air temperature in float glass manufacture is 1200K - 1500K using
regenerative burners, and results were presented for 1500K in Chapter 4. The
main impact of very high air temperatures is that the equivalence ratio range,
over which dissociation is important, is wider than at 300K. As the adiabatic
peak temperatures are much higher at 1500K than at 300K, the impact of
cooling to 1850K, which is the furnace temperature above the glass melt on NG,
is much more significant than at 300K. The NG and hydrogen results at 1500K

air temperature are summarised in Table 8-2

Table 8-2. NG and Hydrogen composition for adiabatic and cooled (1850K)
flames for NG and Hz at 1500K air inlet temperature.

Fuel | @ Condit. | Flame | O2 02 H20 | NO co CO2 H
Temp | wet dry % ppm | wet wet ppm
K % %
NG | 1.15 Adiab | 2755 | 097 | 1.15 | 15.37 | 6,757 | 5.9% 4.6%
NG | 0.95 Adiab | 2719 | 236 |2.75 | 1412 | 10,16 | 3.7% 5.3%
6

NG | 0946 | Cool 1850 | 0.985 | 1.19 | 17.53 | 1,010 | 320ppm | 9.3% 150

NG | 0.976 | Cool 1850 | 0.44 | 0.54 | 18.03 | 680 490ppm | 9.6% 230

H> 0.70 Adiab 2716 | 450 |5.73 | 2160|1385 |0 0
2
H> 0.95 Adiab 2831 | 1.80 | 2.39 | 24.50 | 10,00 |0 0
0
H> 0.697 | Cool 1850 | 539 |7.23 | 2546|2324 |0 0 93
H> 0.954 | Cool 1850 | 0.755 | 1.13 | 33.2 | 850 0 0 324

The measured dry oxygen for control of a glass furnace is in the range of 0.5 -
1.5%, and under adiabatic conditions, this would be achieved at @ = 1.15.
However, for cooled furnace gases by radiation heat loss to the glass melt and
the ceramic walls, at 1850K, the measured dry oxygen is 1.19% at @ = 0.946



- 269 -

and 0.54 at @ = 0.976. However, the CO at 1.19% oxygen is close to the one
measured on float glass furnaces under these operating conditions. So this
should be the reference condition to compare with hydrogen operation. At this
condition, the cooling drops the adiabatic temperature by 869K. For the same
cooling for hydrogen, the adiabatic temperature should be 2719K which is
achieved at @ = 0.70 and at this cooled condition, the excess oxygen would be
7.23% dry. However, if more heat transfer occurred, operation at @ = 0.95 could
be possible with 1.13% Oz dry, but this would require 981K cooling. As
hydrogen is likely to have less radiant heat transfer due to the absence of soot
radiation, the operating condition on hydrogen would likely be #=0.7 and
7.23% Oz dry.

Table 8-2 shows, as for the results at 300K in Table 8-1 that cooling the flame
drastically reduces the CO emissions on NG. Also, the NOx is drastically reduced
from the adiabatic conditions to 1000ppm or less, which is a factor of 10. For
Hz, the cooling also reduces the NO but is above that for NG. If the hydrogen
flame could be operated at @=0.95, substantially lower NO could be achieved.

The concern in glass melting is the influence of the increase in water vapour
when operating on hydrogen. Table 8-2 shows that this is quite small in the
cooled condition with 17.5% H20 on NG and 25.4 on Hz for the @ = 0.7
operating condition, which is a 7.9% increase in H20 (a 45% increase). Water
vapour can dissolve in molten glass to give imperfections, which is undesirable.
These calculations were close to the measured water vapour (using FTIR) in a
burner test rig that simulated these conditions (Glass Futures, fuel switching
BEIS programme, 2022).

Table 8.2 also shows that unburned hydrogen is <1000ppm in the cooled flame,
which satisfies the requirement in PAS444 for unburned hydrogen to be
<1000ppm.

These predictions conclude that hydrogen is a viable fuel for glass melting, and
recent experimental work by Glass Futures has shown this in high-temperature

testing.

8.1.3 Biofuels at glass melting conditions.

The blend for soybean/air achieved a very close temperature to that of NG at
1500K inlet air temperature with the same adiabatic flame temperature as for
NG with Tadiab =2710K at #=0.85, with an excess 02 of 3.2% compared with
2.75% on NG. This makes soybean biodiesel a potential replacement for NG in
glass melting furnaces.
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The adiabatic predictions for crude glycerol achieved the furnace conditions for
NG for an excess Oz at #=0.92 and Tadiab=2678. This temperature is only 40K
cooler than the furnace, so this fuel could be used as an alternative for the glass
melting furnaces. A blend of half glycerol/ half water was also investigated for
applications in future work using a distillery waste product with 90% water
content. Large amounts of water would lower flame temperatures and NOx
emission than the obtained with NG making this option unusable for glass
melting furnaces. The 2030 diesel ban could make diesel a viable replacement
for NG glass furnaces, as use for diesel production facilities would be required
in the long term. However, the presented diesel blend showed that the NG
conditions could be achieved at 1.0% excess Oz at #=0.94 for a flame
temperature of Tadiab =2749K, which is close to that of NG.

8.2. CFD Predictions of Grid Mix Flame Stabilisers

8.2.1 Prediction of Flame Stabiliser Pressure Loss and Cp

The CFD prediction of Cp and Cc for the four-hole premixed grid plated showed
perfect agreement using the k-¢ turbulence model with the experimental
results. The stabiliser used for GM2 showed the best agreement using a
structured tetrahedral mesh. This shows that k-¢ is valid for studying high
turbulence flows at the high M = 0.047 of this work.

8.2.2 CFD prediction of Propane Grid Mix combustion

The propane/air combustion results obtained with the turbulent model
realisable k-¢ and the combustion model steady diffusion flamelet (SDF)
achieved very good agreement with the experiments obtained for the flame
stabiliser featuring the injection method GM2. However, SDF could not predict
the NOx. In contrast, the combustion model Flamelet generated manifold (FGM)
for non-premixed combustion allowed the post-processing calculation of NOx
for the flame stabilisers featuring GM2 and GM1, with a reasonable agreement
with the measured values. FGM better predicted mixing and combustion
efficiency than the SDF model, and this helped in the NOx prediction. NOx was
also underpredicted for the stabiliser featuring the fuel injection GM1, showing
that this combustion model and the NOx model in FLUENT struggle to
accurately predict the high combustion intensities featured by the investigated
stabilisers of 400K and M=0.047 for a heat release of 28 kW /mZ2bar. This high

combustion intensity has never been modelled for gas turbines using CFD.
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8.2.3 Prediction of the importance of fuel injection location on fuel
and air mixing in Grid Mix burners

For the study of the three fuel injection methods, GM1, GM2 and GM3, for the
same flame stabiliser and same boundary conditions, GM1 showed better
mixing than GM2 and much better than GM3 replicating the FLOX concept for
GM. GM2 featured slightly lower NOx than GM1.

GM1 was investigated for its use on hydrogen using the optimised CFD model.

The NOx emissions were relatively high, and a method to reduce the NOy, first
used by York et al. [26], [27], was extending the length of the air tube in the grid
mix design. The extension of the air tube had a stabiliser thickness of 7D to
allow the whole fuel to thoroughly mix before coming out of the stabiliser plate.
This 7D stabiliser thickness was predicted to achieve 2 ppm NOx, lower than
the 6ppm numerically predicted for the thinner plate of 16.2 ppm and for the
5mm obtained with propane.

The potential factors of disagreement between simulation and experiments

were:

-The use of adiabatic walls when there was external flame tube radiation could
have reduced the temperature of the burnt gases inside the combustor and
could have influenced the NOx prediction.

-The large diameter gas sample probe could have disturbed the flow, which was
not modelled in the CFD.

-The stabiliser plates showed manufacturing issues, such as a welding slope at
the stabiliser inlet hole or a non-uniform annular gap for GM2, resulting in

asymmetric holes.

-The turbulence, combustion and NOx models used for the simulations could
have struggled with the high combustion intensity conditions and low

residence times that were investigated.

8.2.4 Predicted mean burner exit conditions.

The mean outlet values predicted for GM2, and GM1 for propane and hydrogen
combustion were compared with the equilibria codes Gaseq and CEA, showing
almost perfect agreement for the adiabatic flame temperature, equivalence
ratio and product composition. This shows that equilibria software can also be
a good tool to validate models and parameters used in CFD studies. The CFD

predicted distance to the equilibrium conditions was the flame length.
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8.3 Domestic Fires
The study was carried out for the Hy4Heat BEIS programme.

1. Hydrogen flames cannot be operated premixed, as for NG flames, as flashback
will occur due to the higher reactivity of hydrogen. Diffusion flames have to be
used, and NOx is controlled using the interaction of the diffusion flames with

ceramic ‘coals’ in the fires.

2. Hydrogen diffusion flames are visible, and no colourants are needed in

domestic fire applications.

3. It was demonstrated that a hydrogen flame should be operated at
equivalence ratios from 0.59- 0.71 for a flame temperature lower than 2000K.
This would generate thermal NOx levels for which the limit is at about
40mg/kWh, well inside the 130 mg/kWh Eco standard limit for coal effect fires.

These conditions would keep the flame temperature under 2000K.

4. For the open-fronted fire, the impingement of diffusion jets on the bottom
ceramic ribs gave good fuel and air mixing and generated four partially mixed
flames that impinged on the outer ceramic coals, which achieved lower NOx due
to improved mixing and further heat losses. The configuration, FPB2, achieved
NOx levels of 50 mg/kWh for a hydrogen flame. However, the most interesting
visual flame was obtained with FPB3, which showed a higher NOx of 93.8
mg/kWh.

5. The first designs for all the fires used round hole fuel injectors with
hydrogen. However, there was a ‘pop’ on startup, which was deemed
unacceptable by the fire regulations. This was due to the fuel plenum being full
of air when the fire was started so that when the fuel was introduced, there was
an initial period of a few seconds with a flammable mixture in the fuel injection
plenum. A flashback then occurred, making a popping noise. The avoid this
happening, the round holes were replaced by thin flow holes with a width
smaller than the quench distance of hydrogen (0.06mm). Fuel slot widths of 1, 2
and 3 um were used and manufactured using laser drilling. These had a further
advantage as the long thin holes gave a wide flame at the base, and these made
the flame more visible, especially for the Innovative fire. These thin slot holes

were used in all the fires.

6. A problem with the thin slots was found as the slot fuel Reynolds number
was a function of the hydraulic diameter, which is twice the slot width. For 1
um slots, this gave very low Re, which reduced the Cp for the holes, and this
reduced the fuel flow. This was not realised until the fire went for a legislated

test with a volumetric flow meter attached. The solution to this was to increase
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the slot area by using 2 or w um slot widths of the same length, which increased
the total flow area of the fuel slots. The CFD model of the slots also helped to
explain the reduced fuel flow and predicted the measured reduced Cp for thin
slot holes.

7. A two-stage injection burner was developed for the open fire, with half the
fuel impinging on the bottom layer of ceramics and half on the top layer. This
had excellent flame visibility and low NOx emissions. However, the second layer
fuel injectors glowed red hot and disintegrated and would have required high-
temperature high, cost fuel injectors, and this was discarded as a high-cost
solution that the low-cost fire market could not accommodate. The principle of
fuel staging was kept in the final design with two rows of fuel injectors in the
base of the fire so that one impinged on the lower ceramics and one row on the
top layer of ceramics. The NOx was higher but well below the standard. This fire
was approved for use by the public and confirmed as meeting all the GAR
regulations in Dec. 2021.

8. The glass-fronted fire featured the most attractive hydrogen flame for the
burner design LB17. Unfortunately, the NOx could not meet the legislation with
NOx at 330 mg/kWh. This fire would have been investigated with a two-stage
injection as for the open fire. However, the fuel tube durability concerns for the
open fire led to this design not being investigated for the glass-fronted fire. A
design similar to that for the open fire was used with two rows of slot holes in
the base of the fire, one impinging on the rear bottom ceramic with a 10mm
impingement gap in the rear bottom ceramic. This entrained air into the gap
and fed a flame out into the slot between the front and rear ceramics, at the
same location as for the LB17 design but with half the fuel flow. This enabled
the good flame visibility of LB17 to be retained, and with half the fuel used to
impinge on the bottom ceramic with high heat losses, this reduced the NOx. In
addition, the flame visibility was enhanced by changing from a slot to a +
shaped hole. This final design passed all the GAR tests and was approved for
sale as a hydrogen ready fire in April 2022.

3.9 The innovative fire design had two innovative features that helped the
flame visibility and reduced the NOx. Firstly, the use of rich/lean combustion by
placing the air jets at the top of the fire and the fuel jets at the bottom of the
fire. Secondly, the fire was made with internal gas recirculation (IGR) by having
the fire compartment outlet in the front of the side walls. This reverse flow
meant that the diffusion flame entrained burnt gases and this IGR reduced the
NOx as no combustion occurred at 21% oxygen. Two versions of this fire were

developed for the same burner: a letterbox fire with a low ceiling high and a
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more standard fire with a higher ceiling and a greater distance between the fuel
and air jets. The diffusion flames were placed along a nearly vertical ceramic
wall to enhance the flame radiation. By changing the length of the fuel slots, the
flame shape could be controlled, and an interesting curved flame was
developed. This fire is currently in final development and will be sent for
legislated tests in the summer of 2022.

9- The CFD study, undertaken for the innovative fire before the experiments
took place, showed that slot-shaped holes achieved lower NOx levels than
round holes. The successful numerical study was carried out using RANS
simulation at steady-state conditions, which was also used for the combustion
analysis of grid plate flame stabilisers in gas turbines. Good agreement with the

experimental results was demonstrated.
10. Investigation of the NOx reduction process.

For all three fires, the diffusion flames with no ceramics in place were tested,
and these always gave very high NOx. For the Innovative fire, the diffusion
flames were tested with the reverse flow enclosure in place, and this reduced
the NOx compared to that with free diffusion flames. The addition of the
ceramics for all fires caused heat losses from the diffusion flames, and this
reduced the NOx further. For the two coal effect fires, the lower and upper
‘coals’ were tested separately, and this showed that each layer contributed to
the NOx reduction through heat losses. This is why low NOx could be achieved
when high NOx was expected in hydrogen fires, which did occur with simple
diffusion flames.

11. All the fires were also shown to be dual-fuel fires and could operate on NG.
However, the full development of the fires on NG through to certification is for

future work.

8.4 Future work

8.4.1. Equilibrium study

Glycerol could be investigated at various concentrations of water going from
5%-49% in order to study the effect of different H20 concentrations on the
adiabatic flame temperature and product composition. This is relevant to future
work on Green Distilleries, where a waste stream with 90% water and 10%

flammable fluids will be used.
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8.4.2. Aerodynamics for grid plate flame stabilisers

The grid mix plate flame stabilisers need to be studied with ANSYS FLUENT to
compare the differences between FLUENT and CFX. Unstructured hexahedral
meshes could be compared to the structured ones already designed in order to
verify mesh sensitivity with the experimental results. More sophisticated
computational CDF methods such as DNS or LES could be investigated to
determine if a better agreement with the experimental results could be

achieved.

An improved design of the welding slope at the stabiliser air hole inlet of GM2
needs to be developed to potentially improve the agreement with the

experimental data.

The stabiliser plate used for GM1 needs to be studied with CFD in order to

predict the experimental results obtained for a pressure loss of 4%.

8.4.3 Combustion for grid plate flame stabilisers

More work needs to be carried out to improve the agreement with the
simulation and the experimental combustion results for GM2. Measured
temperature profiles need to be added to the walls, and radiation models need
to be revised in order to study their effect on the temperature and NOx results.
This will lead to conjugate heat transfer predictions of the combustor wall
temperature and the non-adiabatic features of the test facility.

More work has to be carried out for the technology GM3 in order to get a better
agreement with the FLOX results, using the combustion model Flamelet
Generated Manifold.

The geometry GM1 should be studied for a hydrogen flame using the original
stabiliser used in the experiments featuring hole diameters of 22.11mm and a
plate thickness of 5.3mm

Flame stabilisers with non-circular air holes should be investigated with CFD

and compared with available experimental data at Leeds University.

8.4.4 Combustion study for domestic fires on NG

The main future work is to operate the final hydrogen design on NG and to
solve any problems so that the fires can be certified for dual fuel operation. The
initial work in this thesis shows that operation on NG is possible. This future
work will have to determine the particulate emissions, as these are a problem

with NG diffusion flames.
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8.4.5 The development of hydrogen process burners

The new BEIS funding for the Green Distilleries project will involve the
development of hydrogen process burners using grid type flame stabilisers.
Also, we have enquires from other process industries for hydrogen burners of
30MW capacity, and the design principles in this thesis will be used.
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APPENDIX A.

A.1 Navier Stokes equations
The momentum equation in three components considering the normal and

shear stresses acting in a control volume is [183]:

X-component

Du . O(—p + Tyx) n aTyx " 0T,y

Poe ™~ ox dy 0z * Sux (75)
y-component
Dv 0ty OJ(—p+T7Ty) 01,
POt~ Tox T oy Vo Tomwy (76)
z-component
Dw Ot ot o(-p+r1
p— _ XZ yz + ( p ZZ) +SMZ (77)

Dt 0z dy 0z

The pressure is expressed in negative terms since this is a compressive force,
and due to the sign convention, compressive forces are expressed as negative,

and tensile forces are positive [183].

To obtain the Reynolds equations, some dependent variables have to be
decomposed into the mean conservation equations considering time, then to

fluctuating components, and lastly, the complete equation gets time-averaged.

The Navier Stokes equations have been presented in Chapter 2.3, and the
scalar transport equation is shown next

o(pwe’) a(ve’) o(pwe) (78)
T ox - dy B 0z 5o

9(p%)
Jat

+V-(p®U) = V- ([,VP) +

Where the overbar means a time-averaged variable and the tilde is a Favre-

averaged variable. Time average @ of flow property ¢ is defined as

t+At/2
O (t) =— tHadt'
O=x]_, 0

The normal Reynolds stresses are

— 2 = 12 = 12
Tyx = —pu’ Tyy = —pV Tzz = —PW

And the shear Reynolds stresses

— — .7 — — ! ! — — ! !
Tay = Tyx = —PUV Ty =Ty = —PUW Ty, =Ty = —pUW
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A.2 Realisable k € model coefficients

C; —max[043
+5
g k
= X —
1 £
C, =
[A0+A *k*—]

aui auj

0;; =05 - =

Y " (axj axi
A = V6 * cosQ

Q= cos‘l[ max(—l,min[ Ve W, 1])]

W = S * Sjx * Sii /S

¢
‘E.J)
~.
*
A%
—~

A.3 SST k- model coefficients

i e L VE 5000\ 4a,,kT)
1 = @an min |max ﬁa)y' yzw ,CDkwyZ

When F1 =1 then is inside the boundary layer. When it is 0 is in the free stream.

1 0, 0
CDy,, = max <2paw2 ke 10‘1°>
axl axl

The kinematic eddy viscosity is expressed as

B a k
VT = hax (a0, SF,)
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The second blending function F2 is

F, = tanh “max<zx/z 5oov>ﬂ

Bwy' y*w
And the production limitier Pk is obtained as

. aU;
P, = min| 1 a—,lO,Bkw
xj

A.4 Turbulence combustion regimes for premixed combustion
The different combustion regimes for turbulent combustion have been usually
expressed in diagrams in terms of the length scale and velocity ratios. [216],
[269]-[271]. A Schmidt unity number is shown in order to assume equal
diffusivities for all reactive scalars

v

=—=1 79
ScD (79)

The flame thickness and the residence flame time are given as
D D

lF=_'tF=_

(80)
Sy st

Then, by considering the turbulent intensity v equal to the turbulent length
scale D, and so the turbulent Reynolds number can be expressed as
!
Re =2t (81)
Silr
The derivation used to show the ratio of large-scale turbulence time to the

characteristic flame time known as the Damkoéhler number and expressed in
terms of v can be written as

pa = St (82)
Vg
Now in turbulence, the scale Kolmogorov is known as the smallest scale that
can exist without being destroyed by the viscosity and is expressed in length,

time and velocity terms as:
1

" <ﬁ)z‘ 0= (2)5 v = e >

€ €

Then with the Kolmogorov scale is possible to obtain two Karlovitz numbers

expressing the first one as:



tr _ Iz _vy (84)

And combining Equations 57, 58 and 60 it is possible to express the Reynolds
number as

Re = Da*Ka? (85)

The second Karlovitz number can be expressed in terms of the reaction zone
thickness &

2
Ka=n%=62Ka (86)
A.5 Turbulence combustion regimes for premixed combustion
In non premixed combustion there is no characteristic velocity scale or the
laminar burning velocity unlike in premixed combustion. Hence there is no
flame thickness describing a distinctive length scale. The strain rate a , which is
the inverse of a characteristic time is locally imposed by the flow field. This
parameters along with the stoichiometric Damkéhler number Dst can define the

diffusion thickness as:

1

_ (Dst)2
b= (%) (87
There is also the gradient of mixture fraction field |VZ|st, related to the
thickness Ip which is defined to a diffusion thickness (AZ)r using the following
equation

(AZ)p = |VZ]slp (88)

If the scalar dissipation rate xst the following equation is obtained:
1
Xst)f (89)

82 = (5=

The regime diagram for non premixed turbulent combustion illustrated in
shows a plot of the ratio Z'st/(AZ)r versus the time scale ratio y,/ ¥s;where

1

7', = (ZTZ) 2 (90)

st
Xq is the extinction (or quenching) scalar dissipation rate and fj; is the

conditional Favre mean scalar dissipation rate. More detail can be found at
Turbulent Combustion by Peters [177].
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Figure A-1. Regimes in non-premixed turbulent combustion [177].



- 299 -

APPENDIX B.
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Figure B-1. Adiabatic flame temperature for Goole NG/air mixture(inlet
temperatures 298-1600K)
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APPENDIX C.

Adiabatic Temp(K)

3500.0

3000.0

2500.0

2000.0

1500.0

1000.0

500.0

0.0

—— 298K —=— 400K < 500K —— 600K —— 700K —e— 300K —+— 900K
——1000K  ——1100K  —+—1200K —=—1300K ——1400K  —=—1500K 1600K
1 2 3 - 5 6

Equivalence Ratio (D)

Figure C-1. Adiabatic flame temperature for pure H2 mixture(inlet

temperatures 298-1600K)
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APPENDIX D.
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Figure D-1. Adiabatic flame temperature for biodiesel/air mixture(inlet
temperatures 300-1600K)
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Figure D-2. Exhaust CO molar fraction for biodiesel/air mixture (inlet
temperatures 300-1600K)
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APPENDIXF.
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Figure F-1. Adiabatic flame temperature for European diesel composition/air
mixture (inlet temperatures 300-1600K)
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Figure F-2. Exhaust CO molar fraction for European diesel composition/air
mixture (inlet temperatures 300-1600K)
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Figure F-3. Exhaust H2 molar fraction for European diesel composition/air
mixture (inlet temperatures 300-1600K)
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APPENDIX G.
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Figure G-1. Adiabatic flame temperature for pure ethanol/air mixture (inlet
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Figure G-3. Exhaust H2 molar fraction for pure ethanol/air mixture (inlet
temperatures 300-1600K)
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H20 molar fractions
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APPENDIX H.

H.1 Detailed Mechanism developed by Peters for propane/air

combustion
units(length="cm’, time='"s', quantity="mol’, act_energy=']/mol")

ideal_gas(name='gas’,

elements="0O HC N",

species="""C3H8 C3H3 O H OH
CO H2 02 H20 HO2
H202 CH CH2 CH3 CH4
C2H C2H2 C2H3 C2H4 C2H5
C2H6 C3H6 I*C3H7 N*C3H7 CO2
HCO CH20 C2HO C3H4 C3H5
N2,

reactions="all’,

transport="Mix’,

initial_state=state(temperature=300.0, pressure=OneAtm))

species(name="C3H8',
atoms='H:8 C:3',
thermo=(NASA([300.00, 1000.00],

[8.96920800E-01, 2.66898610E-02, 5.43142510E-06,
-2.12600070E-08, 9.24333010E-12, -1.39549180E+04,
1.93553310E+01]),

NASA([1000.00, 5000.00],

[ 7.52521710E+00, 1.88903400E-02, -6.28392440E-06,
9.17937280E-10, -4.81240990E-14, -1.64645470E+04,
-1.78439030E+01])),

transport=gas_transport(geom='nonlinear’,
diam=4.992,
well_depth=268.5,
rot_relax=1.0),

note='L4/80")

species(name="C3H3’,
atoms='H:3 C:3',
thermo=(NASA([300.00, 1000.00],
[ 3.09084080E+00, 1.35495820E-02, 2.72535330E-06,
-1.43631850E-08, 7.19814100E-12, 3.73565440E+04,
8.49168900E+00]),
NASA([1000.00, 5000.00],
[ 5.74697260E+00, 9.61553130E-03, -3.80514910E-06,
6.89939070E-10, -4.65615970E-14, 3.65299310E+04,
-5.86345020E+00])),
transport=gas_transport(geom='linear’,
diam=4.76,
well_depth=252.0,
rot_relax=1.0))

species(name='0",
atoms='0:1',
thermo=(NASA([300.00, 1000.00],
[ 2.94642870E+00, -1.63816650E-03, 2.42103160E-06,
-1.60284320E-09, 3.89069640E-13, 2.91476440E+04,
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2.96399490E+00]),
NASA([1000.00, 5000.00],

[ 2.54205960E+00, -2.75506190E-05, -3.10280330E-09,
4.55106740E-12, -4.36805150E-16, 2.92308030E+04,
4.92030800E+001])),

transport=gas_transport(geom="'atom’,
diam=2.75,
well_depth=80.0),
note=']6/62")

species(name="H’,
atoms='H:1',
thermo=(NASA([300.00, 1000.00],
[ 2.50000000E+00, 0.00000000E+00, 0.00000000E+00,
0.00000000E+00, 0.00000000E+00, 2.54716270E+04,
-4.60117620E-01]),
NASA([1000.00, 5000.00],
[ 2.50000000E+00, 0.00000000E+00, 0.00000000E+00,
0.00000000E+00, 0.00000000E+00, 2.54716270E+04,
-4.60117630E-01])),
transport=gas_transport(geom="'atom’,
diam=2.05,
well_depth=145.0),
note=']9/65")

species(name="0OH’,
atoms='H:1 0:1',
thermo=(NASA([300.00, 1000.00],

[ 3.83655180E+00, -1.07020140E-03, 9.48497570E-07,
2.08435750E-10, -2.33842650E-13, 3.67158070E+03,
4.98054560E-01]),

NASA([1000.00, 5000.00],

[2.91312300E+00, 9.54182480E-04, -1.90843250E-07,
1.27307950E-11, 2.48039410E-16, 3.96470600E+03,
5.42887350E+00])),

transport=gas_transport(geom='linear"’,
diam=2.75,
well_depth=80.0),
note="]12/70")

species(name='CO’,
atoms='C:1 0:1',
thermo=(NASA([300.00, 1000.00],

[ 3.71009280E+00, -1.61909640E-03, 3.69235940E-06,

-2.03196740E-09, 2.39533440E-13, -1.43563100E+04,
2.95553510E+00]),

NASA([1000.00, 5000.00],

[2.98406960E+00, 1.48913900E-03, -5.78996840E-07,
1.03645770E-10, -6.93535500E-15, -1.42452280E+04,
6.34791560E+001])),

transport=gas_transport(geom='linear’,
diam=3.631,
well_depth=104.2,
polar=1.95,
rot_relax=1.8),
note=']9/65")

species(name="H2',
atoms='H:2',
thermo=(NASA([300.00, 1000.00],
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[ 3.05744510E+00, 2.67652000E-03, -5.80991620E-06,
5.52103910E-09, -1.81227390E-12, -9.88904740E+02,
-2.29970560E+00]),
NASA([1000.00, 5000.00],
[3.10019010E+00, 5.11194640E-04, 5.26442100E-08,
-3.49099730E-11, 3.69453450E-15, -8.77380420E+02,
-1.96294210E+001])),
transport=gas_transport(geom="linear’,
diam=2.69,
well_depth=99.5,
polar=0.79,
rot_relax=280.0),
note="]3/61")

species(name='02’,
atoms='0:2’,
thermo=(NASA([300.00, 1000.00],

[ 3.62559850E+00, -1.87821840E-03, 7.05545440E-06,
-6.76351370E-09, 2.15559930E-12, -1.04752260E+03,
4.30527780E+00]),

NASA([1000.00, 5000.00],

[3.62195350E+00, 7.36182640E-04, -1.96522280E-07,
3.62015580E-11, -2.89456270E-15,-1.20198250E+03,
3.61509600E+001])),

transport=gas_transport(geom='linear’,
diam=3.382,
well_depth=126.3,
polar=1.6,
rot_relax=3.8),
note=']9/65")

species(name="H20',
atoms='H:2 0:1',
thermo=(NASA([300.00, 1000.00],

[4.07012750E+00, -1.10844990E-03, 4.15211800E-06,
-2.96374040E-09, 8.07021030E-13, -3.02797220E+04,
-3.22700460E-01]),

NASA([1000.00, 5000.00],

[2.71676330E+00, 2.94513740E-03, -8.02243740E-07,
1.02266820E-10, -4.84721450E-15, -2.99058260E+04,
6.63056710E+00])),

transport=gas_transport(geom="nonlinear’,
diam=2.884,
well_depth=583.7,
rot_relax=4.0),

note="]3/61")

species(name="HO2',
atoms="H:1 0:2',
thermo=(NASA([298.00, 1000.00],

[ 3.24114920E+00, 3.16546230E-03, 7.38710180E-07,
-2.36525110E-09, 9.52097990E-13, -8.58022400E+02,
8.11793900E+00]),

NASA([1000.00, 6000.00],

[ 4.09799720E+00, 2.08482290E-03, -5.02545790E-07,
5.41347180E-11, -2.23966310E-15,-1.17477800E+03,
3.33242700E+001])),

transport=gas_transport(geom="nonlinear’,
diam=3.458,
well_depth=107.4,
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rot_relax=3.8))

species(name="H202',
atoms='H:2 0:2',
thermo=(NASA([300.00, 1000.00],

[ 3.38875360E+00, 6.56922600E-03, -1.48501260E-07,
-4.62580550E-09, 2.47151470E-12, -1.76631470E+04,
6.78536310E+00]),

NASA([1000.00, 5000.00],

[4.57316670E+00, 4.33613630E-03, -1.47468880E-06,
2.34890370E-10,-1.43165360E-14, -1.80069610E+04,
5.01136960E-01])),

transport=gas_transport(geom="nonlinear’,
diam=3.458,
well_depth=107.4,
rot_relax=3.8),

note='L2/69")

species(name="CH',
atoms='H:1 C:1',
thermo=(NASA([300.00, 1000.00],

[3.56327520E+00, -2.00313720E-04, -4.01298140E-07,
1.82269220E-09, -8.67683110E-13, 7.04055060E+04,
1.76280230E+00]),

NASA([1000.00, 5000.00],

[2.26731160E+00, 2.20430000E-03, -6.22501910E-07,
6.96899400E-11, -2.12749520E-15, 7.08380370E+04,
8.78893520E+00])),

transport=gas_transport(geom='"linear",
diam=2.75,
well_depth=80.0),
note="]12/67")

species(name="CH2',
atoms='H:2 C:1',
thermo=(NASA([300.00, 1000.00],

[ 3.58833470E+00, 2.17241370E-03, -1.33234080E-06,
1.94694450E-09, -8.94313940E-13, 4.53151880E+04,
2.26278690E+00]),

NASA([1000.00, 5000.00],

[2.75254790E+00, 3.97820470E-03,-1.49217310E-06,
2.59568990E-10, -1.71106730E-14, 4.55477590E+04,
6.65347990E+00])),

transport=gas_transport(geom="nonlinear’,
diam=3.8,
well_depth=144.0,
rot_relax=13.0),
note=']12/72")

species(name="CH3',
atoms='H:3 C:1',
thermo=(NASA([300.00, 1000.00],

[ 3.46663500E+00, 3.83018450E-03, 1.01168020E-06,
-1.88592360E-09, 6.68031820E-13, 1.63131040E+04,
2.41721920E+00]),

NASA([1000.00, 5000.00],

[ 2.84003270E+00, 6.08690860E-03, -2.17403380E-06,
3.60425760E-10, -2.27253000E-14, 1.64498130E+04,
5.50567510E+00])),

transport=gas_transport(geom="nonlinear’,
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diam=3.8,

well_depth=144.0,

rot_relax=13.0),
note=']6/69")

species(name='CH4',
atoms='H:4 C:1',
thermo=(NASA([300.00, 1000.00],

[ 3.82619320E+00, -3.97945810E-03, 2.45583400E-05,
-2.27329260E-08, 6.96269570E-12, -1.01449500E+04,
8.66900730E-01]),

NASA([1000.00, 5000.00],

[1.50270720E+00, 1.04167980E-02, -3.91815220E-06,
6.77778990E-10, -4.42837060E-14, -9.97870780E+03,
1.07071430E+01])),

transport=gas_transport(geom='nonlinear’,
diam=3.721,
well_depth=161.35,
rot_relax=13.0),

note="]3/61")

species(name="C2H',
atoms='H:1 C:2',
thermo=(NASA([300.00, 1000.00],

[2.40767980E+00, 1.01745310E-02, -1.38365310E-05,
1.04764140E-08, -3.07593920E-12, 6.28164740E+04,
8.71704100E+00]),

NASA([1000.00, 5000.00],

[ 4.56483940E+00, 2.00594610E-03, -4.93484810E-07,
7.42849010E-11, -5.43096100E-15, 6.22823560E+04,
-1.98727810E+001])),

transport=gas_transport(geom='linear’,
diam=4.1,
well_depth=209.0,
rot_relax=2.5))

species(name="'C2H2',
atoms='H:2 C:2',
thermo=(NASA([300.00, 1000.00],

[ 1.41027680E+00, 1.90572750E-02, -2.45013900E-05,
1.63908720E-08, -4.13454470E-12, 2.61882080E+04,
1.13938270E+01]),

NASA([1000.00, 5000.00],

[4.57510830E+00, 5.12383580E-03, -1.74523540E-06,
2.86730650E-10, -1.79514260E-14, 2.56074280E+04,
-3.57379400E+001])),

transport=gas_transport(geom='linear’,
diam=4.08,
well_depth=218.8,
rot_relax=2.5),
note="]3/61")

species(name="C2H3’,

atoms='H:3 C:2',

thermo=(NASA([300.00, 1000.00],
[2.96175990E+00, 8.92724780E-03, -7.53947640E-07,
-2.84865170E-09, 1.18926010E-12, 3.23965540E+04,
7.92748760E+00]),

NASA([1000.00, 5000.00],

[ 6.14009770E+00, 3.73770940E-03, -2.70317220E-07,
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-1.53774190E-10, 2.19529530E-14, 3.12115170E+04,
-9.68643400E+001])),
transport=gas_transport(geom="nonlinear’,
diam=4.1,
well_depth=209.0,
rot_relax=2.5))

species(name="'C2H4',
atoms='H:4 C:2',
thermo=(NASA([300.00, 1000.00],

[ 1.42568210E+00, 1.13831400E-02, 7.98900060E-06,
-1.62536790E-08, 6.74912560E-12, 5.33707550E+03,
1.46218190E+01]),

NASA([1000.00, 5000.00],

[ 3.45521520E+00, 1.14918030E-02, -4.36517500E-06,
7.61550950E-10,-5.01232000E-14, 4.47731190E+03,
2.69879590E+00])),

transport=gas_transport(geom="nonlinear’,
diam=4.081,
well_depth=244.8,
rot_relax=2.0),

note=']9/65")

species(name="C2H5’,
atoms="H:5 C:2',
thermo=(NASA([300.00, 1000.00],

[2.91071870E+00, 9.26902150E-03, 9.04350510E-06,
-1.15359640E-08, 3.27956780E-12, 1.27389830E+04,
7.78620670E+00]),

NASA([1000.00,5000.00],

[3.31212810E+00, 1.39507360E-02, -5.07431880E-06,
8.28573100E-10, -5.02697720E-14, 1.22774910E+04,
4.10151290E+001])),

transport=gas_transport(geom="nonlinear’,
diam=4.302,
well_depth=252.3,
rot_relax=2.0))

species(name="'C2H6',
atoms='H:6 C:2',
thermo=(NASA([300.00, 1000.00],
[2.14157880E+00, 1.05297200E-02, 1.87302740E-05,
-2.66911870E-08, 1.00493320E-11, -1.14104860E+04,
1.16477570E+01]),
NASA([1000.00, 1500.00],
[ 2.15552810E+00, 1.47798610E-02, 2.33528040E-06,
-6.41464280E-09, 1.90369250E-12,-1.15245170E+04,
1.07763160E+01])),
transport=gas_transport(geom="nonlinear’,
diam=4.371,
well_depth=241.0,
rot_relax=2.0),
note='L5/72")

species(name="'C3H6',
atoms='H:6 C:3',
thermo=(NASA([300.00, 1000.00],
[ 1.49330710E+00, 2.09251750E-02, 4.48679380E-06,
-1.66891210E-08, 7.15814650E-12, 1.07482640E+03,
1.61453400E+01]),
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NASA([1000.00, 5000.00],
[ 6.73225690E+00, 1.49083360E-02, -4.94989940E-06,
7.21202210E-10, -3.76620430E-14, -9.23570310E+02,
-1.33133480E+01])),
transport=gas_transport(geom="nonlinear",
diam=4.982,
well_depth=266.8,
rot_relax=1.0),
note='T12/81")

species(name='1*C3H7’,
atoms='H:7 C:3',
thermo=(NASA([300.00, 1000.00],
[1.71329980E+00, 2.54261640E-02, 1.58080820E-06,
-1.82128620E-08, 8.82771030E-12, 7.53580860E+03,
1.29790080E+01]),
NASA([1000.00, 5000.00],
[ 8.06336880E+00, 1.57448760E-02, -5.18239180E-06,
7.47724550E-10, -3.85442210E-14, 5.31387110E+03,
-2.19264680E+01])),
transport=gas_transport(geom="nonlinear’,
diam=4.982,
well_depth=266.8,
rot_relax=1.0),
note='T8/81")

species(name="N*C3H7',
atoms='H:7 C:3',
thermo=(NASA([300.00, 1000.00],

[ 1.92253680E+00, 2.47892740E-02, 1.81024920E-06,
-1.78326580E-08, 8.58299630E-12, 9.71328120E+03,
1.39927150E+01]),

NASA([1000.00, 5000.00],

[ 7.97829060E+00, 1.57611330E-02, -5.17324320E-06,
7.44389220E-10, -3.82497820E-14, 7.57940230E+03,
-1.93561100E+01])),

transport=gas_transport(geom="'nonlinear"’,
diam=4.982,
well_depth=266.8,
rot_relax=1.0),

note='T8/81")

species(name='C02',
atoms='C:1 0:2,
thermo=(NASA([300.00, 1000.00],

[ 2.40077970E+00, 8.73509570E-03, -6.60708780E-06,
2.00218610E-09, 6.32740390E-16, -4.83775270E+04,
9.69514570E+00]),

NASA([1000.00,5000.00],

[ 4.46080410E+00, 3.09817190E-03, -1.23925710E-06,
2.27413250E-10, -1.55259540E-14, -4.89614420E+04,
-9.86359820E-01])),

transport=gas_transport(geom='linear’,
diam=3.769,
well_depth=245.3,
polar=2.65,
rot_relax=2.1),
note=']9/65")

species(name="HCO',
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atoms='H:1 C:1 0:1',

thermo=(NASA([300.00, 1000.00],
[ 3.88401920E+00, -8.29744480E-04, 7.79008090E-06,
-7.06169620E-09, 1.99717300E-12, 4.05638600E+03,

4.83541330E+00]),

NASA([1000.00, 5000.00],
[ 3.47383480E+00, 3.43702270E-03, -1.36326640E-06,

2.49286450E-10, -1.70443310E-14, 3.95940050E+03,
6.04533400E+00])),
transport=gas_transport(geom='linear’,
diam=3.59,
well_depth=498.0,
rot_relax=2.0),
note="J12/70")

species(name="CH20’,
atoms='H:2 C:1 0:1,
thermo=(NASA([300.00, 1000.00],

[ 3.79637830E+00, -2.57017850E-03, 1.85488150E-05,

-1.78691770E-08, 5.55044510E-12, -1.50889470E+04,
4.75481630E+00]),

NASA([1000.00, 5000.00],

[ 2.83642490E+00, 6.86052980E-03, -2.68826470E-06,
4.79712580E-10, -3.21184060E-14, -1.52360310E+04,
7.85311690E+00])),

transport=gas_transport(geom="nonlinear’,
diam=3.59,
well_depth=498.0,
rot_relax=2.0),

note=']3/61")

species(name="C2HO’,
atoms='H:1 C:2 O0:1',
thermo=(NASA([300.00, 1000.00],
[2.32547510E+00, 1.57607580E-02, -1.02774140E-05,
-3.52127740E-10, 1.79253480E-12, 1.98406020E+04,
1.07699810E+01]),
NASA([1000.00, 4000.00],
[7.61162310E+00, 1.41202180E-03, 4.46720550E-07,
-2.47232550E-10, 2.60930350E-14, 1.84811750E+04,
-1.63521220E+01])),
transport=gas_transport(geom='linear"’,
diam=2.5,
well_depth=150.0,
rot_relax=2.5))

species(name="C3H4',
atoms='H:4 C:3',
thermo=(NASA([300.00, 1000.00],

[3.25857510E+00, 1.24634100E-02, 1.00955880E-05,
-2.13096330E-08, 9.23291860E-12, 2.14665780E+04,
7.28525930E+00]),

NASA([1000.00, 5000.00],

[5.04061860E+00, 1.25320880E-02, -4.51793050E-06,
7.29732380E-10, -4.36503570E-14, 2.08668410E+04,
-2.81389330E+00])),

transport=gas_transport(geom='linear’,
diam=4.76,
well_depth=252.0,
rot_relax=1.0))
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species(name="C3H5',
atoms="H:5 C:3',
thermo=(NASA([300.00, 1000.00],
[-5.41004000E-01, 2.72841010E-02, -9.63653290E-07,
-1.91294620E-08, 9.83941750E-12, 1.51303950E+04,
2.60673370E+01]),
NASA([1000.00, 5000.00],
[ 7.90919780E+00, 1.21152550E-02, -4.11758630E-06,
6.15667960E-10, -3.32357330E-14, 1.23541560E+04,
-1.96723330E+01])),
transport=gas_transport(geom="nonlinear",
diam=4.982,
well_depth=266.8,
rot_relax=1.0),
note='U12/77")

species(name="'N2’,
atoms='N:2',
thermo=(NASA([300.00, 1000.00],

[3.67482610E+00, -1.20815000E-03, 2.32401020E-06,
-6.32175590E-10, -2.25772530E-13, -1.06115880E+03,
2.35804240E+00]),

NASA([1000.00, 5000.00],

[ 2.89631940E+00, 1.51548660E-03, -5.72352770E-07,
9.98073930E-11, -6.52235550E-15, -9.05861840E+02,
6.16151480E+00])),

transport=gas_transport(geom='linear’,
diam=3.632,
well_depth=104.23,
polar=1.76,
rot_relax=4.0),
note="]9/65")

# Reaction 1
reaction('02 + H=> OH + 0', [2.000000e+14, 0.0, 70300.0])

# Reaction 2
reaction('OH + O => 02 + H', [1.568000e+13, 0.0, 3520.0])

# Reaction 3
reaction('H2 + O => OH + H', [5.060000e+04, 2.67, 26300.0])

# Reaction 4
reaction("OH + H=>H2 + 0', [2.222000e+04, 2.67, 18290.0])

# Reaction 5
reaction('H2 + OH => H20 + H', [1.000000e+08, 1.6, 13800.0])

# Reaction 6
reaction("H20 + H=>H2 + OH’, [4.312000e+08, 1.6, 76460.0])

# Reaction 7
reaction('OH + OH => H20 + O', [1.500000e+09, 1.14, 420.0])

# Reaction 8
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reaction('H20 + O => OH + OH', [1.473000e+10, 1.14, 71090.0])

# Reaction 9
three_body_reaction('02 + H + M => HO2 + M', [2.300000e+18, -0.8, 0.0],
efficiencies="C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 10
three_body_reaction('"HO2 + M => 02 + H + M’, [3.190000e+18, -0.8, 195390.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 11
reaction("HO2 + H=> OH + OH’, [1.500000e+14, 0.0, 4200.0])

# Reaction 12
reaction("HO2 + H => H2 + 02', [2.500000e+13, 0.0, 2900.0])

# Reaction 13
reaction("HO2 + OH => H20 + 02', [6.000000e+13, 0.0, 0.0])

# Reaction 14
reaction("HO2 + H=>H20 + 0', [3.000000e+13, 0.0, 7200.0])

# Reaction 15
reaction("HO2 + O => OH + 02',[1.800000e+13, 0.0, -1700.0])

# Reaction 16
reaction("HO2 + HO2 => H202 + 02', [2.500000e+11, 0.0, -5200.0])

# Reaction 17
three_body_reaction('OH + OH + M => H202 + M, [3.250000e+22, -2.0, 0.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 18
three_body_reaction('"H202 + M => OH + OH + M, [1.692000e+24, -2.0, 202290.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 19
reaction("H202 + H => H20 + OH', [1.000000e+13, 0.0, 15000.0])

# Reaction 20
reaction("H202 + OH => H20 + HO2', [5.400000e+12, 0.0, 4200.0])

# Reaction 21
reaction("H20 + HO2 => H202 + OH', [1.802000e+13, 0.0, 134750.0])

# Reaction 22
three_body_reaction('H + H + M => H2 + M', [1.800000e+18, -1.0, 0.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 23
three_body_reaction('OH + H + M => H20 + M', [2.200000e+22, -2.0, 0.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 24
three_body_reaction('O + O + M => 02 + M', [2.900000e+17, -1.0, 0.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 25
reaction('CO + OH => CO2 + H', [4.400000e+06, 1.5, -3100.0])
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# Reaction 26
reaction('CO2 + H => CO + OH’, [4.956000e+08, 1.5, 89760.0])

# Reaction 27
reaction('CH + 02 => HCO + 0', [3.000000e+13, 0.0, 0.0])

# Reaction 28
reaction('CO2 + CH => HCO + CO', [3.400000e+12, 0.0, 2900.0])

# Reaction 29
reaction("HCO + H => CO + H2', [2.000000e+14, 0.0, 0.0])

# Reaction 30
reaction("HCO + OH => CO + H20', [1.000000e+14, 0.0, 0.0])

# Reaction 31
reaction("HCO + 02 => CO + HO2', [3.000000e+12, 0.0, 0.0])

# Reaction 32
three_body_reaction("HCO + M => CO + H + M, [7.100000e+14, 0.0, 70300.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 33
three_body_reaction('CO + H + M => HCO + M', [1.136000e+15, 0.0, 9970.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 34
reaction('CH2 + H => CH + H2', [8.400000e+09, 1.5, 1400.0])

# Reaction 35
reaction('CH + H2 => CH2 + H', [5.830000e+09, 1.5, 13080.0])

# Reaction 36
reaction('CH2 + 0 => CO + H + H', [8.000000e+13, 0.0, 0.0])

# Reaction 37
reaction('CH2 + 02 => CO + OH + H', [6.500000e+12, 0.0, 6300.0])

# Reaction 38
reaction('CH2 + 02 => CO2 + H + H', [6.500000e+12, 0.0, 6300.0])

# Reaction 39
reaction("CH20 + H => HCO + H2', [2.500000e+13, 0.0, 16700.0])

# Reaction 40
reaction('CH20 + O => HCO + OH', [3.500000e+13, 0.0, 14600.0])

# Reaction 41
reaction('CH20 + OH => HCO + H20', [3.000000e+13, 0.0, 5000.0])

# Reaction 42
three_body_reaction("CH20 + M => HCO + H + M', [1.400000e+17, 0.0, 320000.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 43
reaction('CH3 + H=> CH2 + H2', [1.800000e+14, 0.0, 63000.0])

# Reaction 44
reaction('CH2 + H2 => CH3 + H', [3.680000e+13, 0.0, 44300.0])
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# Reaction 45

falloff_reaction('CH3 + H (+ M) => CH4 (+ M)’,
kf=[2.108000e+14, 0.0, 0.0],
kf0=[6.257000e+23, -1.8, 0.0],
falloff=Troe(A=0.577, T3=1e-50, T1=2370.0))

# Reaction 46
reaction('CH3 + 0 => CH20 + H', [7.000000e+13, 0.0, 0.0])

# Reaction 47

falloff_reaction('CH3 + CH3 (+ M) => C2H6 (+ M),
kf=[3.613000e+13, 0.0, 0.0],
kf0=[1.270000e+41, -7.0, 11560.0],
falloff=Troe(A=0.62, T3=73.0, T1=1180.0))

# Reaction 48
reaction('CH3 + 02 => CH20 + OH', [3.400000e+11, 0.0, 37400.0])

# Reaction 49
reaction('CH4 + H => CH3 + H2', [2.200000e+04, 3.0, 36600.0])

# Reaction 50
reaction('CH3 + H2 => CH4 + H', [8.391000e+02, 3.0, 34560.0])

# Reaction 51
reaction('CH4 + O => CH3 + OH', [1.200000e+07, 2.1, 31900.0])

# Reaction 52
reaction('CH4 + OH => CH3 + H20', [1.600000e+06, 2.1, 10300.0])

# Reaction 53
reaction('CH3 + H20 => CH4 + OH', [2.631000e+05, 2.1, 70920.0])

# Reaction 54
reaction('C2H + H2 => C2H2 + H', [1.100000e+13, 0.0, 12000.0])

# Reaction 55
reaction("C2H2 + H => C2H + H2', [5.270000e+13, 0.0, 119950.0])

# Reaction 56
reaction('C2H + 02 => C2HO + 0', [5.000000e+13, 0.0, 6300.0])

# Reaction 57
reaction('C2HO + H => CH2 + CO', [3.000000e+13, 0.0, 0.0])

# Reaction 58
reaction('CH2 + CO => C2HO + H', [2.361000e+12, 0.0, -29390.0])

# Reaction 59
reaction("C2HO + O => CO + CO + H', [1.000000e+14, 0.0, 0.0])

# Reaction 60
reaction('C2H2 + O => CH2 + CO’, [4.100000e+08, 1.5, 7100.0])

# Reaction 61
reaction('C2H2 + O => C2HO + H', [4.300000e+14, 0.0, 50700.0])

# Reaction 62
reaction('C2H2 + OH => C2H + H20', [1.000000e+13, 0.0, 29300.0])
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# Reaction 63
reaction('C2H + H20 => C2H2 + OH’, [9.000000e+12, 0.0, -15980.0])

# Reaction 64
reaction('C2H2 + CH => C3H3', [2.100000e+14, 0.0, -0.5])

# Reaction 65
reaction("C2H3 + H => C2H2 + H2', [3.000000e+13, 0.0, 0.0])

# Reaction 66
reaction('C2H3 + 02 => C2H2 + HO2', [5.400000e+11, 0.0, 0.0])

# Reaction 67

falloff_reaction('C2H3 (+ M) => C2H2 + H (+ M)/,
kf=[2.000000e+14, 0.0, 166290.0],
kf0=[1.187000e+42, -7.5, 190400.0],
falloff=Troe(A=0.65, T3=1e+50, T1=1e-50))

# Reaction 68

falloff_reaction('C2H2 + H (+ M) => C2H3 (+ M),
kf=[1.053000e+14, 0.0, 3390.0],
kf0=[6.249555e+41, -7.5, 27500.0],
falloff=Troe(A=0.65, T3=1e+50, T1=1e-50))

# Reaction 69
reaction('C2H4 + H => C2H3 + H2', [1.500000e+14, 0.0, 42700.0])

# Reaction 70
reaction('C2H3 + H2 => C2H4 + H', [9.600000e+12, 0.0, 32640.0])

# Reaction 71
reaction('C2H4 + O => CH3 + CO + H', [1.600000e+09, 1.2, 3100.0])

# Reaction 72
reaction('C2H4 + OH => C2H3 + H20', [3.000000e+13, 0.0, 12600.0])

# Reaction 73
reaction('C2H3 + H20 => C2H4 + OH', [8.283000e+12, 0.0, 65200.0])

# Reaction 74
three_body_reaction('C2H4 + M => C2H2 + H2 + M', [2.500000e+17, 0.0, 319800.0],
efficiencies='C02:1.5 C0:0.75 H20:6.5 CH4:6.5 N2:0.4 02:0.4")

# Reaction 75
reaction('C2H5 + H => CH3 + CH3', [3.000000e+13, 0.0, 0.0])

# Reaction 76
reaction('CH3 + CH3 => C2H5 + H', [3.547000e+12, 0.0, 49680.0])

# Reaction 77
reaction('C2H5 + 02 => C2H4 + HO2', [2.000000e+12, 0.0, 20900.0])

# Reaction 78

falloff_reaction('C2H5 (+ M) => C2H4 + H (+ M)/,
kf=[1.300000e+13, 0.0, 167000.0],
kf0=[1.000000e+16, 0.0, 126000.0],
falloff=Troe(A=0.5, T3=422.8, T1=422.8))

# Reaction 79
falloff_reaction('C2H4 + H (+ M) => C2H5 (+ M),
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kf=[2.073000e+13, 0.0, 13610.0],
kf0=[1.594615e+15, 0.0, -27390.0],
falloff=Troe(A=0.5, T3=422.8, T1=422.8))

# Reaction 80
reaction('C2H6 + H => C2H5 + H2', [5.400000e+02, 3.5, 21800.0])

# Reaction 81
reaction('C2H6 + O => C2H5 + OH', [3.000000e+07, 2.0, 21400.0])

# Reaction 82
reaction('C2H6 + OH => C2H5 + H20', [6.300000e+06, 2.0, 2700.0])

# Reaction 83
reaction('C3H3 + 02 => C2HO + CH20', [6.000000e+12, 0.0, 0.0])

# Reaction 84
reaction('C3H3 + O => C2H3 + CO’, [3.800000e+13, 0.0, 0.0])

# Reaction 85
reaction('C3H4 => C3H3 + H', [5.000000e+14, 0.0, 370000.0])

# Reaction 86
reaction('C3H3 + H => C3H4', [1.700000e+13, 0.0, 19880.0])

# Reaction 87
reaction('C3H4 + O => C2H2 + CH20', [1.000000e+12, 0.0, 0.0])

# Reaction 88
reaction('C3H4 + O => C2H3 + HCO', [1.000000e+12, 0.0, 0.0])

# Reaction 89
reaction('C3H4 + OH => C2H3 + CH20', [1.000000e+12, 0.0, 0.0])

# Reaction 90
reaction('C3H4 + OH => C2H4 + HCO', [1.000000e+12, 0.0, 0.0])

# Reaction 91
reaction('C3H5 => C3H4 + H', [3.980000e+13, 0.0, 293100.0])

# Reaction 92
reaction('C3H4 + H => C3H5', [1.267000e+13, 0.0, 32480.0])

# Reaction 93
reaction('C3H5 + H => C3H4 + H2', [1.000000e+13, 0.0, 0.0])

# Reaction 94
reaction('C3H6 => C2H3 + CH3', [3.150000e+15, 0.0, 359300.0])

# Reaction 95
reaction('C2H3 + CH3 => C3H6', [2.511000e+12, 0.0, -34690.0])

# Reaction 96
reaction('C3H6 + H => C3H5 + H2', [5.000000e+12, 0.0, 6300.0])

# Reaction 97
reaction('N*C3H7 => C2H4 + CH3',[9.600000e+13, 0.0, 129800.0])

# Reaction 98
reaction('N*C3H7 => C3H6 + H', [1.250000e+14, 0.0, 154900.0])



- 343 -

# Reaction 99
reaction('C3H6 + H => N*C3H7', [4.609000e+14, 0.0, 21490.0])

# Reaction 100
reaction('I*C3H7 => C2H4 + CH3', [6.300000e+13, 0.0, 154500.0])

# Reaction 101
reaction('I*C3H7 + 02 => C3H6 + HO2', [1.000000e+12, 0.0, 20900.0])

# Reaction 102
reaction('C3H8 + H=> N*C3H7 + H2', [1.300000e+14, 0.0, 40600.0])

# Reaction 103
reaction('C3H8 + H =>I*C3H7 + H2', [1.000000e+14, 0.0, 34900.0])

# Reaction 104
reaction('C3H8 + O => N*C3H7 + OH', [3.000000e+13, 0.0, 24100.0])

# Reaction 105
reaction('C3H8 + O => [*C3H7 + OH', [2.600000e+13, 0.0, 18700.0])

# Reaction 106
reaction('C3H8 + OH => N*C3H7 + H20', [3.700000e+12, 0.0, 6900.0])

# Reaction 107
reaction('C3H8 + OH =>[*C3H7 + H20', [2.800000e+12, 0.0, 3600.0])
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APPENDIX L.

I.1 Reduced Mechanism developed by Konnov for hydrogen/air
combustion

ELEM O N AR H HE

END

SPECIES ! structure, source of thermo-data, source of transport
H ! burcat, chemkin

H2 ! burcat, chemkin

O 02 H20 OH H202 HO2 OX OHX 02X 03
AR ! burcat, chemkin

HE ! burcat, chemkin

N2 ! burcat, chemkin

END

REACTIONS

B e e
!

' AAKONNOV's detailed reaction mechanism h/o3 excited 2018

!

PRk R AR AR AR AR AR AR Ao
H+H+M=H2+M 7.000E+17 -1.0 0.0

H2/0.0/N2/0.0/ H/0.0/ H20/14.3/ ! C0/3.0/ C02/3.0/

H+H+H2=H2+H2 1.000E+17 -0.6 0.0
H+H+N2=H2+N2 5.400E+18 -1.3 0.0
H+H+H=H2+H 3.200E+15 0.0 0.0
0+0+M=02+M 1.000E+17 -1.0 0.0

0/28.8/ 02/8.0/ N2/2.0/ H20/5.0/ 03/8.0/ | NO/2.0/ N/2.0/
0+H+M=0H+M 6.750E+18 -1.0 0.0
H20/5.0/

H20+M=H+0H+M 6.060E+27 -3.312 120770.0
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H20 /0/ H2/3.0/ N2 /2.0/ 02 /1.5/ HE /1.1/ ICH4/7/ CO2 /4/
H20+H20=H+OH+H20 1.000E+26 -2.44 120160.0
H+02(+M)=HO2(+M) 4660E+12 0.44 0.0

LOW /1.225E+19 -1.2 0.0/

TROE /0.5 1 1E+10/
AR/0.72/ H20/16.6/ 02/1.0/ H2/1.5/ HE/0.57/ 1 C02/3.61/ CH4/3.5/
H202(+M)=0H+OH(+M) 2.000E+12 0.9 48750.0

LOW /2.49E+24 -2.3 48750.0 /

TROE /0.42 1 1E+10/
H20/7.5/ H202/7.7/ 02/1.2/ N2/1.5/ HE/0.65/ H2/3.7/1C02/1.6/ CO/2.8/

O+H2=0H+H 5.080E+04 2.67 6292.0
H+02=0H+0 1.040E+14 0.0 15286.0
H2+OH=H20+H 2.140E+08 1.52 3450.0
OH+OH=H20+0 2.668E+06 1.82 -1647.0
HO2+0=0H+02 2.850E+10 1.0 -723.9
H+HO2=0H+OH 7.080E+13 0.0 300.0
H20+0=H+HO2 2.200E+08 2.0 61600.0
H2+02=H+HO02 7.400E+05 2.43 53500.0
HO2+OH=H20+02 7.000E+12 0.0 -1093.0
DUPLICATE

HO2+OH=H20+02 4,500E+14 0.0 10930.0
DUPLICATE

HO2+HO2=H202+02 1.030E+14 0.0 11040.0
DUPLICATE

HO2+HO2=H202+02 1.940E+11 0.0 -1409.0
DUPLICATE

H202+H=HOZ2+H2 5.020E+06 2.07 4300.0
H202+H=H20+0OH 2.030E+07 2.02 2620.0

H202+0=HO2+0OH 9.550E+06 2.0 3970.0



- 346 -

H202+0H=HO2+H20 1.740E+12 0.0 318.0
DUPLICATE

H202+0H=HO2+H20 7.590E+13 0.0 7269.0
DUPLICATE

02+0+AR=03+AR 4.290E+17 -1.5 0.0
DUPLICATE

02+0+AR=03+AR 5.100E+21 -3.2 0.0
DUPLICATE

02+0+M=03+M 6.530E+17 -1.5 0.0

AR/0.0/ 02/0.95/ 03/2.5/ 0/4.0/
DUPLICATE
02+0+M=03+M 1330E+22 -3.3 0.0
AR/0.0/ 02/1.07/ 03/2.5/ 0/4.0/

DUPLICATE
03+0=02+02 4.820E+12 0.0 4094.0
03+0=02X+02 1.440E+11 0.0 4094.0
0+0+M=02X+M 7.000E+15 -1.0 0.0

0/28.8/ 02/8.0/ N2/2.0/ H20/5.0/ 03/8.0/ | NO/2.0/ N/2.0/
02X+M=02+M 1.800E+06 0.0  400.0

0/0/ H/0/ AR/0.005/ HE/0.005/ N2/0.002/ H20/3.3/ H2/2.5/ 1C02/0.01/
C0/5.6/

02X+0=02+0 7.800E+07 0.0 0.0
02X+H=02+H 4000E+13 0.0 5030.0
02X+0+M=0+02+M 3.600E+15 0.0 0.0
AR/0.63/
02X+03=02+02+0 3.130E+13 0.0 5644.0
0X+02X=0+02 6.030E+12 0.0 0.0
0X+02=0+02X 1.590E+13 0.0 -139.0
0X+02=0+02 2.810E+12 0.0 -139.0

0X+M=0+M 4.800E+11 0.0 0.0
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02/0/N2/0/ 0/10.0/ H20/3.0/

OX+N2=0+N2 1.260E+13 0.0 -230.0
0X+03=02+0+0 7.230E+13 0.0 0.0
0X+03=02+02 7.230E+13 0.0 0.0
H2+02X=H+HO02 6.160E+05 2.335 31080.0
H+02X=0H+0 3.500E+08 1.45 4508.0
H+02X+M=H02+M 9.890E+09 2.03 3360.0
HO2+0H=H20+02X 2.140E+06 1.65 2180.0
OH+02X=0+HO2 1.300E+13 0.0 34000.0
03+H=0H+02 8.430E+13 0.0 934.0
03+0H=HO02+02 1.000E+12 0.0 1870.0
03+H02=0H+02+02 5.850E-04 4.57 -1377.0
H+HO02=H20+0X 2.500E+12 0.0 300.0
OX+H2=0H+H 8.100E+13 0.0 0.0
OX+H20=0H+OH 1.000E+14 0.0 -71.0
O+H+M=0HX+M 1.500E+13 0.0 5970.0

AR/0.35/ H20/6.5/ 02/0.4/ N2/0.4/

OHX+02=0H+02 8.400E+11 0.5 -482.0
OHX+N2=0H+N2 1.080E+11 0.5 -1238.0
OHX+H20=0H+H20 2960E+12 0.5 -861.0
OHX+H2=0H+H2 3.540E+11 0.5 -444.0
OHX+OH=0H+OH 1.500E+12 0.5 0.0
OHX+H=0OH+H 1.500E+12 0.5 0.0
OHX+0=0H+0 1.500E+12 0.5 0.0
OHX+AR=0H+AR 2.170E+10 0.5 2060.0
OHX+H2=H20+H 2.600E+12 0.5 -444.0
OHX+02=03+H 2.520E+11 0.5 -482.0
OHX+02=H02+0 1.008E+12 0.5 -482.0

OHX+H20=H202+H 2960E+12 0.5 -861.0



OHX=0OH+hv
H+02+H=H2+02
H+02+H=0H+OH
H+02+0=0H+02
H+02+0H=H20+02

END
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1.400E+06 0.0 0.0
8.800E+22 -1.835 800.0
4.000E+22 -1.835 800.0
7.350E+22 -1.835 800.0

2.560E+22 -1.835 800.0



- 349 -

APPENDIX].

J.1 Thin slots for dual fuel applications

Dual fuel is not related to the fuel hole shape but to the similarity of the Wobbe
Index. If two fuels share a similar Wobbe index, then the same energy will pass
through a gas hole metering orifice for the same gas supply pressure. However,
the hole shape affects the Cp mainly through the Reynolds number. For
example, for slot-shaped holes, the fuel is laminars due to the width of the slot
controlling the hydraulic diameter, resulting in a reduced flow capacity and
thermal power of the test.

The controlling equation is the orifice flow equation that can be derived from
Equation (7) as:

m'f = Cp Ar (2p AP) 05

The fuel density p varies by a factor of 8 difference between methane and
hydrogen. In domestic fires AP is 20 mbar

It was decided to consider Aras the injector outlet flow area for Design 1, but
also in Design 2, it was decided to have a dual restrictor with two fuel orifices,
one for metering the flow, and another one for the fuel hole outlet area. For
Design 2, 90% of the pressure loss was at the metering orifice and 10% at the
fuel injector. If the burners didn’t feature a metering hole, they would have
passed 3.16 more gas flow or energy flow if Cp did not change.

If Cp, Arand AP were constant and the fuel mass flow was only in function of the
density the other parameters could be a constant C1. Then

m'f = Cp °°

Suppose the mass flow rate is treated as burner power Bu/GCVu for Hz and
BnG/GCVne for NG. Both expressed in kg/s, and the GCV in MJ/kgs (140 and 50
respectively) and the density ratio is treated as a MW ratio. Then when ratio
both powers a similarity of 95% can be seen.

By _ [PH ]0'5 [ GCVy
GCVye

= 0.95
Byg PNG ]

This shows that a dual fuel burner operating with NG would give 5% less

energy on hydrogen, which would not be notorious by the customer.

This is where the Wobbe Index comes from, but is confused by the tradition of

the gas industry in working in volume units and not mass.

GCVpr 0> = Wobbe Number for GCV in M]/kg
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or GCVpr 0> = Wobbe Number for GCV in MJ/m3

Another method of expressing the Wobbe number in volumetric terms is the
Wobbe Index, which uses the gas density relative to air®

Some reasons for using thin slot fuel holes instead of round holes are listed
below:

e Prevention of flashback

At start-up conditions, the fuel line is full of air. When fuel is injected, the
fuel/air mixture generates a small explosion which is not desired. In order to
avoid this, the fuel hole nozzle should be smaller than the quench distance,
which is 2.4mm for CH4 and 0.6 for Hz. Burners operating at less 7kW have hole
sizes below 2.4mm. On the other hand, hydrogen would not be able to work at
the same hole size, or flashback would occur. To stop this a larger number of
smaller holes could be used or switching to thin slots with a width less than

0.6mm.

The problem of multiple small holes is that the produced flames would be much
smaller, making flame visualization for H2z more difficult. The investigated 0.1,
0.2 and 0.3mm laser cut slots had the same area of the round holes, and
successfully avoided start-up flashback. The flame showed to be proportional to
the slot length and was more visible than for round holes.

e Lower NOx due to improved fuel/air mixing by increasing the shear
layer surface area

The shear layer controls the mixing of high-velocity fuel jets with the low
velocity surrounding air. Thin slot shear layers are longer than round holes,
considering the same injection area, and this can be shown by comparing the

hole circumference ratio to the hole area % = 4D with the slot length and
8(L+2t) =t _2 , where the shear layer increases
D 2Lt t

with the reduction of the thickness t relative to the round hole with the same

thickness for the same area

area. This was the reason for investigating 0.1mm slots

e Flame appearance due to slot width

Alonger flame was assumed for a long thing slot compared to round holes.
However, flame impingement with the top ceramics resulted in very fast mixing

and consequently poor post flame visibility.

9 The same as the MW ratio for the same P and T conditions
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J.1.1 Flow characteristics for thin slots

A problem encountered when doing the experiments was the influence of flow
rate due to the pressure loss. It was observed that slot holes passed less flow
than round holes with the same area and gas supply pressure. Which showed

that it was erroneous to consider Cp as constant.

The thin slots were laser made for the same area as round jets. However,
manufacturing thin slots is complicated to keep a uniform area. An irregular

slot area was obtained for the different configurations, which was a problem.

Round holes of around 2mm diameter drilled in a 2Zmm sheet metal gave an L/D
near 1, and the Cp for a sharp entry was taken as 0.84. On the other hand, slot
holes were 0.1-0.3mm laser cut in the same 2mm sheet metal, which gave a
larger L/D of about 20 for 0.1mm and 8 for 0.3mm slots. For round holes the

pressure loss increases with the jet length as well as the slot L/D decreasing Cb.

Both investigated Cp values 0.84 and 0.74 consider a turbulent flow in the
holes, assuming that Cp is constant and independent for turbulent flows. In
contrast, slot holes have the hydraulic diameter Du being two times the slot
width if the slot is very long relative to the width as for this work. As t was
reduced, so did the Reynolds number, transitioning from turbulent to laminar,
where the Cp was smaller and the pressure higher. This resulted in a mass flow

and thermal power reduction for the same supply pressure.

By reducing the fuel delivery by about 50%, Reynolds stays about 2000. When
using 0.3 slots Re is three times higher than the one for 0.1mm slots for the

same fuel supply. This issue made the 0.3mm a better choice than 0.1.
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APPENDIX K.

K.1 Open fronted fire single-stage injection calculations

The following calculations were carried out for a hydrogen flame. The design
principle was the hydrogen diffusion jets impinging with the top ceramics to

resemble the reference partially premixed NG burner.

Hydrogen was used for a GCV of 142M]/kg and an NCV of 120M] /kg, with a
density p=0.08464 kg/m?3 at an ambient temperature of 15°C.

The non-condensing domestic burner design was aimed for a hydrogen flame.
The differences between NCV and GCV for H2 showed that it was more
appropriate to design for the net fuel energy (NCV) input for Hz as for NG.

The thermal fuel input of the reference open fronted fire was 6.25kW on a GCV
basis or 5.6kW on an NCV for Hz. The flow rate was 0.044 g/s for a GCV basis
and 0.0467 g/s for an NCV basis.

The open-fronted fire premixed design featured a large linear array of holes fed
from a plenum air chamber. The hole sizes were: Hole 1 8mm diameter; Hole 2
3.5mm; Hole 3 1.6mm.

For the first design, hydrogen holes were not meant to be used for NG. Two
designs were manufactured: Full hydrogen metering pressure loss of 2Z0mbar in
the fuel plenum. A pressure loss of 2mbar in the fuel plenum. The orifice plate

flow Equation (7) was used for a Cp of 0.83

-Design 1. For 20mbar, the total fuel hole area was 3.058mm?. The design
featured two hole sizes passing 17.55% through 0.537mm? and the other two
passing 32.45% through 0.992mm? . The hole diameters were 0.827mm and
1.124mm, respectively. The holes were spaced 57mm, and the first hole was
13mm from the end of the fuel tube. For a 0.3mm slot, the slot length was
1.79mm for the smaller injection and 3.307mm for the large one. The jet

velocity was aimed for 180 m/s

-Design 2. For 2Zmbar pressure loss, the metering fuel hole area was 3.22mm?2
for a hole diameter of 2.025mm. The total outlet area was 9.67mm?2. The two
fuel hole sizes were 1.7mm? for a hole diameter of 1.471mm, delivering 17.55%
of the fuel, and 3.138mm? for a hole diameter of 2mm, delivering 32.45%. For

0.3mm slots, the smaller one was 5.67mm length; the larger slot was 10.46mm.

The fuel jet Reynolds number was given by Equation (19) which can be

expressed as:
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Re = 4m's /ndpu (91)

Where d is the hole diameter, m’r is the flow mass flow, and the viscosity p for
H2 was 0.84x10-5 Ns/m?

Design 1 for a hydrogen flame had a Re=1502 for the small hole and Re=2044
for the large one. Design 2 a Re=845 for the small hole and Re=1156 for the
larger hole.

K.2 Open fronted fire two-stage design

The Reference fire Thermal output was 3.2kW at full power and 1.8kW at low
power. The design was based on the NCV as explained in I.1 10. The designs
were aimed for full thermal operation power and lower powers were achieved

using the valve IV in Figure 3-26.

A new Cp of 0.74 was used for this design using deductions of Equation (14).
The slots were manufactured in sheet metal with 1.5mm thickness. This gave
an L/D of 15 and a L/Dn of 7.5.

The work for a single-stage showed that impingement into the ceramic ribs
gave the best NOx and good thermal efficiency for Design 1. Hence, only one

design was studied for two-stage combustion.

Design 1. Fuel plenum pressure loss of 15mbar. The H2 mass flow was 0.0467
g/s at full power. The fuel total area was 3.96mm? for density of p=0.08464.

From the obtained Cp and total fuel area the effective design area was 2.93mm?
Cpa =m's/(2pP)°® (92)

Where the Cpa= design effective area; m’f= mass flow rate p=density; P= gas
supply pressure.

A fuel split 60% to the primary fuel impinging into the bottom ceramics, and
40% to the secondary axially staged fuel impinging into the top ceramics were
used. The fuel flow area for the primary fuel injection was 2.38mm? and

1.58mm? for the secondary injection. The slot area was first calculated for a

10 The reasons for working at NCV are:

1. It requires a high fuel mass flow so would be conservative

2. Open fronted fires are not condensing and so to get sufficient energy out it
would be more sensible to design on a NCV basis.
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0.1mm width. However, this resulted in a higher Cp for the required Reynold. So
the slots were changed to a width of 0.2mm, where the total hole length was
23.8mm for the primary injection and 15.8mm for the secondary injection.

The Reynolds number for a conventional hole can be calculated as in Equation
(93)

Re= pul/u (93)

Where u is the fuel velocity and L is the slot dimension for this work.

The hydraulic diameter Du was considered twice the slot width for this work,
0.4mm. The hydrogen viscosity was considered as 0.88x10-> Ns/m? at 293K.
The methane viscosity was considered as 1.10x10-> Ns/m? at 293K.
The massflow rate is obtained from Equation

m' = puAd (94)

There A is the flow area of the nozzle. For a 1.2mm slot this was 7.92mm?2.

Then Re can be calculated as in Equation (95)

Re — m'Dy
e= AL (95)

The fuel mas flow rate for 6.2 kW at GCV is 0.0934 g/s for H2 and 0.1532 g/s for
methane

For hydrogen Re was 539. For methane Re was 703.

The burner design for the two-stage injection is shown in Figure K-1, where the
primary injections are shown for a vertical arrangement. In contrast, the
secondary back injection shows the holes parallel to the burner length edges in

a horizontal position.
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APPENDIX L.

L.1 Flow calculations for glass-fronted fire

The same fuel hole size was calculated for natural gas and hydrogen because of
the requirement of dual-fuel capabilities of the fire, given the similar Wobbe
Index for both fires. British Natural gas was used for an NCV of 45 M]/kg, a
molecular weight of 18 and a density of 0.8 kg/m3. Condensation was not
studied for the fire, so it was sensible the use NCV, which differs considerably
from the GCV (50 M]/kg). The thermal fuel input of 6.25kW was considered for
a NG flow rate of 0.125 g/s in a GCV basis, and 0.139 g/s in a NCV.

The designs used four diffusion jets aligned from the fuel bar, so they were on
the centreline between the airholes. Impingement was expected with the top
ceramic coals. The distance between the holes was 40mm and so the separation
between the 4 fuel holes centreline. The fuel was 400mm long with the first fuel
hole 110mm from the closed end.

Design 1 was manufactured for a fuel supply pressure loss of 20mbar without
metering holes. The orifice plate flow Equation (7) gave a Cp of 0.83, a 4-hole
design with 0.03125 g/s on a GCV basis and 0.03475 g/s on an NCV basis. This
gave four 0.929mm and four 0.98mm, respectively, and an area of 0.569mm?
per hole.

Design 2 was manufactured for a pressure loss of mbar at the distribution pipe
inlet featuring four holes of 1.908mm diameter considering the GCV and
2.012mm for the NCV. The design featured a fuel pipe inlet hole working as a
metering hole in addition to the 4 outlet holes AT 200Pa pressure loss. The
holes were 1.653mm in diameter on a GCV basis and 1.774mm for an NCV.
Which gives an area of 2.472 mm? per hole

Design 1 gave a NG jet velocity of 60 m/s, and 15.7 m/s for Design 2. For
hydrogen the two velocities will be 539 m/s and 143 m/s. The fuel jet Reynolds
numbers were obtained by Equation (93) as 3,300 for NG and 4,322 for Ho.
Where the NG viscosity is 1.10 x 10-5 Ns/m? ,and 0.84 x 10-> NS/m?2 for Hz.

Design 2 Reynolds numbers were 2216 for H2 and 1732 for NG.

The round hole sizes above were greater than the quench distance for

hydrogen (0.3 - 0.5mm depending on the data source).

Design 1 slot- Considering the quench distance as 0.3mm, this gave a slot length

of 1.90 mm. The slots were aligned with the ceramic struts.

Design 2 slot- Considering the quench distance as 0.3mm, the slot length was

8.24mm aligned with the ceramic struts.
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APPENDIX M.

M.1 Flow calculations for the Innovative fire

The innovative design was manufactured for a thermal input of 7kW using a
GCV of 50kW/kg for NG and 142kW /kg for H2. The NG density was considered
as 77 kg/m3 and a molecular weight of 18. The reason for working with the GCV
was that the idea was to design a condensing boiler.

The burner design was the same for Hz than for NG. This is a fuel mass flow rate
of 0.14 g/s for NG and 0.0493 g/s for Hz for 7kW. A wall thickness of 1.5mm and
a Cp of 0.83 was considered.

The Innovative design had several changes in air and fuel holes. It is not the
intention to explain all the tested configurations. Only the configurations with
the best NOx and flame appearance will be described.

M.1.1 First fire configuration (LB4-LB5)

Design 1- This was for NG at a fuel pressure loss of 2Z0mbar. The fuel velocity
was 59.8 m/s which was 1/3 of the hydrogen velocity of 170 m/s. The same
orifice plate flow equation was considered for both fuels and the same fuel

mass flow.

The total hole area was 3.04mm? from Equation (7), which gave a single round
hole of 1.97mm diameter. For a single slot with 0.3mm width, the slot length was
10.13mm. The 1 kW design featured 7 holes of 0.74mm diameter. The 0.3mm
slot design for the same 1kW was 7 slots with a length 0 1.45mm.

Design 2- This was for NG at a fuel pressure loss of Zmbar. The fuel velocity was
18.9 m/s for NG and 53.8 m/s for Hz.

Equation (7) gave a total hole area of 9.61mm?2. This was 3.5mm diameter for a
round hole and 32mm slot length for a 0.3mm slot. The 1 kW design featured 7
holes of 1.32mm diameter. The 0.3mm slot design for the same 1kW was 7 slots

with a length o 4.6mm.

The air holes were designed for 60% excess air with NG for low NOx, and the
same airflow was considered for Hz. The stoichiometric A/F of 16.5 gave an @=
0.625 for NG for 60% excess air. This provided an airflow of 3.696 g/s and a fuel
flow of 0.14 g/s.

M.1.2 Second fire configuration (Long burner)

Design 1. 20mbar fuel pressure loss at the discharge hole. An area of 3.62mm?2

for a 0.1mm slot with a length of 36.2mm
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Design 2. 2Zmbar pressure loss at the discharge hole. An area of 11.45mm? for a

0.1mm slot with a length of 1145mm.

Design 1 with 0.3mm slot width

Design 2 with 0.3mm slot width. This design showed the most exciting flame

For a 10 air hole design, 9 fuel jets were offset, the airholes and two half-size

end ones, for a total of 11 fuel nozzles, as shown in Figure M-1
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Figure M-1. Fuel plenum with different slot sizes used for the innovative fire

tests featuring a single burner.



