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“We are the representatives of the cosmos; we are an example of what hydrogen atoms can
do, given 15 billion years of cosmic evolution.”

Carl Sagan
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Abstract

Hydrogen is a clean and carbon-free fuel and is considered a key element for the energytransition. Renewable power generation by solar and wind is increasing, requiring flexibleoperation to balance the load on the energy grid with the ability to rapidly adjust the output.Gas turbines with a combustion system for hydrogen operation offers a low carbon solution tosupport the stability of the energy grid. This provides a solution capturing the needs for energystorage, in the form of hydrogen, and flexible power generation. High flame temperatures inthe primary zone facilitates the production of NOx which can be reduced by using premixedcombustors. But this introduces the risk of flame flashback. Several combustor concepts havebeen proposed and studied in the past few years to tackle the problem of flame flashbackin premixed high hydrogen fuel combustors. This study looks at one of the concepts whichuses Aerodynamically Trapped Vortex to stabilize the flame and studies the flow and flamebehavior in the combustor.Numerical simulations for the analysis were performed with commercial ComputationalFluid Dynamics (CFD) simulation package AVL FIRETM. The flow field characterization wasfocused on the investigation of the influence of the inlet velocity and inlet turbulence intensity(u′ ) on the mean velocity, wall velocity gradient and turbulence intensity in the combustor.To study the flame stabilization mechanism, reactive simulations were performed at two fuelequivalence ratios. The combustion regime of the flame, wall velocity gradient and temperaturedistribution in the combustor were quantified from the simulation results.A validation study was performed prior to the analysis of the ATV combustor to validateboth the turbulence and the reactive models for premixed hydrogen combustion. The modelswere validated against the experiments performed in a dump stabilized cylindrical combustorat Combustion Research Laboratory, Paul Scherrer Institute (PSI), Switzerland. The k-ε and k-
ζ-f turbulence models were selected for modelling the turbulence. Simulations of non-reactingflow with k-ε model resulted in a more accurate prediction of the flow field, turbulence levelsand recirculation zone than the k-ζ-f model.Combustion is modelled using the FIRETM detailed chemistry solver with the k-εturbulence model to resolve turbulence. No additional turbulence-chemistry interaction modelis used in the current research. To reduce chemistry computational time, the multi-zone methodis employed. A detailed chemistry approach with sufficient mesh resolution for modelling thereaction in 100% premixed hydrogen combustion predicted the flame behavior with acceptableaccuracy. The flow analysis in the Aerodynamically Trapped Vortex (ATV) combustor revealedthat the inlet velocity or inlet turbulence had no significant effect on the relative turbulenceproperties in the flame stabilization zone. The proposed design for the AerodynamicallyTrapped Vortex (ATV) combustor was able to stabilize a 100% premixed hydrogen flameswithout flashback for the simulated conditions.
Keywords : Hydrogen, Premixed flame, Flame flashback, Computational Fluid Dynamics,Aerodynamically Trapped Vortex.
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1Introduction
The age old proverb "Necessity is the mother of invention" is a perfect way to describe allthe groundbreaking inventions since humans discovered fire. Due to the current state of theEarth and interest mostly fired by existential phobia, there has been a surge in developmentof renewable and clean sources of energy to feed the ever increasing global energy demands.One of those option is to replace all carbon emitting fuels with clean fuels. Among possibleclean fuel candidates, hydrogen is on the forefront due to its many advantages to be discussedlater. This study looks at possible options to burn hydrogen fuel in gas turbines with verylow or no emissions, thus contributing towards the transition to a sustainable future.
1.1. Global EnergyWorld energy supply has increased by a staggering 150% from 1970 to 2016. While oilremains the dominant fuel, the share of natural gas, nuclear power and renewables hasincreased significantly as shown in figure 1.1. Since energy from hydrocarbon based fuelsis still at large, total carbon emissions also follow a similar trend close to a point of noreturn. Electricity contributes approximately 20% of the total energy consumption. Electricityproduction per source is shown in figure 1.2. Close to 75% of electricity comes from combustionof hydrocarbon fuels. Thus replacing all combustion derived energy with combustion freeenergy is not practical at the moment. A more practical, feasible and innovative option is toreplace the fuel with cleaner options like hydrogen and make the transition to complete cleanenergy smooth.
1.2. Hydrogen energyHydrogen provides a solution to sustainable and clean energy sources for future needs ofhuman civilization. Hydrogen paves the way to production of the fuel from variety of rawmaterial, waste products, and excess energy to be utilized to generate heat, electricity andmechanical work in a clean and efficient way (Miranda, 2019).For energy production, hydrogen can be used in two ways. Firstly by creating elec-tricity from fuel cells at an efficiency close to 60% and secondly by combustion with air to giveenergy for heating, electricity, propulsive power for aircraft, ships and trains replacing naturalgas (Bockris, 2002). When burnt with air, the only products are NOx and water vapour. Thereare several techniques to reduce NOx emissions to be discussed later. The main advantage ofusing hydrogen as primary fuel in gas turbines is the complete reduction in carbon emission.Figure 1.3 shows different ways of hydrogen production using energy sources. Majorproduction of hydrogen is by steam reforming of methane or natural gas. More sustainableoptions are water electrolysis using excess renewable energy such as solar or wind energy.
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Figure 1.1: Total final consumption by source over the years 1990 -2016. [Based on IEA data from the IEA World Energy Balances 2018©IEA 2016, https://webstore.iea.org/world-energy-balances-2018. Licence:www.iea.org/t&c]

Figure 1.2: World gross electricity production, by source, 2016 [Basedon IEA data from the Electricity Information 2018 overview ©IEA 2016,https://www.iea.org/statistics/electricity/. Licence:www.iea.org/t&c]
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Figure 1.3: Energy conversion paths for hydrogen production Miranda, 2019.
One of the main advantages of the latter method is that, hydrogen can be used to complementand adjust electrical energy delivery issues related to inherent intermittence of renewableelectricity production (Miranda, 2019).A hydrogen economy aims at utilizing all the possible applications of hydrogen asa primary fuel and an energy carrier like electricity. The present study focuses on usinghydrogen in gas turbines as a fuel to generate electricity, heat and power. Gas turbinesprovides a fast and flexible solution to peak power demands. Due to their high power toweight ratio, low footprint and low initial costs, they provide power plant flexibility andgrid reliability. Complementing renewable sources with gas turbines puts stringent limitson emissions. A need to reduce emissions from combustion of hydrocarbon based fuels hassparked an interest in transition to hydrogen fuel in gas turbines.
1.3. Hydrogen Flame FlashbackHydrogen is the most abundant element in the universe. It is odourless, colourless and taste-less. With a boiling point of 20.4 K it exists in gaseous state at Normal Temperature Pressure(NTP) conditions (T = 20oC, P = 1 atm). It has a higher Lower Heating Value (LHV) than mostfuels with 120 MJ/kg. But because of it’s low density (0.0899 g/L), the energy per unit volumeis 10.779 MJ/m3 (Physical Properties of natural gases 1988). Stoichiometric hydrogen-airflames at Normal Temperature Pressure (NTP) have an adiabatic flame temperature of 2390K(Movileanu et al., 2011) and laminar flame speeds as high as 3 m/s (Jung, Lee, and Kim,2016). The laminar flame speed of hydrogen is more than 5 times that of methane.Flame flashback is one of the prime challenges in premixed hydrogen-air flames dueto their higher flame speed. Flame flashback is generally defined as the upstream propagationof the flame due to the imbalance in local flame velocity and flow velocity. During a flashbackevent, the flame propagates upstream into the premixer and changes the combustion from apremixed flame to a diffusion flame type. This in turn increases the temperatures, the emissionsand could cause considerable damage to the equipment.
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1.4. Flashback PreventionFor a stable and safe operation of low emission gas turbines with high hydrogen fuels, it isimportant to solve the problem of flame flashback. Over the years several experimental andnumerical studies were performed on different burner concepts aiming at burning hydrogen richfuel gases. There were also studies aimed towards understanding the flashback mechanism inpremixed gas turbines burning high hydrogen fuel. Since flashback is caused by an imbalancein flow velocity and flame speed, using high flow velocities can reduce the flashback propensityin gas turbine combustors. In conventional premixed flame combustors swirling flow producesa recirculation zone which stabilizes the flame. This could introduce the risk of flame blowoutwhen high flow velocity is used.
1.5. Thesis OutlineBurner concepts based on trapped vortex flame stabilization have a higher resistance towardsflame blowout than conventional swirl stabilized burners. In 2002, Ansaldo PSM invented theFlameSheetTM combustion system based on trapped vortex flame stabilization for flexible fueloperation (Peter J Stuttaford et al., 2005). The FlameSheetTM combustor uses Aerodynami-cally Trapped Vortex (ATV) to stabilize the flame. This system can be easily retrofitted intoconventional swirl stabilized combustors for fuel flexibility and extended operability.The lack of extensive studies on the ATV combustor motivates this research to inves-tigate important flow and combustion dynamics of the design. This research focuses on thetrapped vortex flame stabilization and sensitivity analysis of the combustor. In Chapter 2 thetheory required to understand the concepts and methods used in this thesis are explained.A numerical approach is adopted for the current research. In chapter 3, the numericalmodels to be employed in this study are validated with premixed hydrogen combustion experi-ments performed at the Combustion Research Laboratory, Paul Scherrer Institute, Switzerland.The validation study will help in understanding the merits and shortcomings of the numeri-cal model used in this research for hydrogen combustion and act as a reference for furtherimprovements. The effect of preferential diffusion in turbulent premixed hydrogen flames isalso studied. The effective Lewis number of the deficient species in the reaction is calculatedbased on numerical calculations.In chapter 4 a detailed procedure is formulated for the preliminary design of theAerodynamically Trapped Vortex combustor. The combustor is designed to operate at OPRATurbines operating conditions. The design parameters of the combustor is based on the criticalvelocity gradient of hydrogen flames.With the preliminary combustor design, a sensitivity analysis of the ATV combustor isperformed in chapter 5. The parameters varied are inlet mass flow rate and inlet turbulencelevels. The effect of these parameters on the bulk velocity, turbulence and wall velocity gradientis studied. The bulk velocity and wall velocity gradient gives an idea about the flashbackresistance of the combustor. By comparing the behaviour of trapped vortex in both a cold flowand a reactive flow, the effect of heat release on flow dynamics and vortex stabilization canbe understood. The knowledge gained from this research could serve as a baseline for furtherdevelopment of ATV combustors, thereby contributing towards the transition to a sustainableand clean energy future.Finally chapter 6 provides important conclusions from both validation study and sen-sitivity analysis on the Aerodynamically Trapped Vortex combustor. It also lists areas ofimprovement and future recommendations for further research on this subject.
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2Theory
The goal of this chapter is to describe the theory behind different concepts and models usedin this thesis. A general introduction to properties of turbulent flows is given in section 2.1followed by characteristics of turbulent premixed flames in section 2.2. A brief descriptionof types of flame flashback mechanisms is given in section 2.3. This is followed by detailedexplanation of the two boundary layer flashback prediction models for turbulent premixed hy-drogen combustion in section 2.4. These models form the basis of calculation of the combustorgeometry. In section 2.5 different combustor designs are reviewed and a detailed overviewof the Aerodynamically Trapped Vortex Combustor is given in section 2.5.4. This is followedby detailed description on the computational methods used for this numerical investigation insection 2.6.
2.1. Turbulent FlowsMost kind of fluid flows encountered in practical technical devices are turbulent. Turbulentflow is characterized by chaotic changes in flow properties such as velocity, pressure andtemperature. In gas turbines turbulence is highly advantageous since it enhances both massand heat transfer leading to better fuel mixing and reaction processes.The onset of turbulence or the transition of laminar to turbulent flow is is predictedby the Reynolds number (Re). The Reynolds number is a non dimensionless quantity givenby eq. 2.1:

Re= inertia forcesviscous forces = UL
ν (2.1)

In eq. 2.1 U is the characteristic flow velocity [m/s], L is the characteristic length scale [m]and ν is the fluid kinematic viscosity [m2/s]. Thus laminar to turbulent flow transitions occurswhen the flow disturbances represented by inertia forces exceeds the damping nature of ofviscous forces.Turbulent flows are generally categorized into the wall-bounded and free shear flows.The flows remote from any wall are called free shear flows and the turbulence is generateddue to mean velocity gradients (Pope, 2015). In contrast to free shear flows, turbulent flowsin most applications are bounded by walls on one or both sides. Turbulent pipe flow is asubclass of bounded flow where the turbulent flow is bounded on all sides by the wall of apipe. In a turbulent pipe flow, the characteristic length scale in the Reynolds number equa-tion 2.1 is the hydraulic diameter of the pipe Dh. The boundary layer formed at the entranceto the pipe develops until it merges at the center after a certain length. Beyond this point,the velocity profile is independent of the axial length x and the flow is called "fully developed".
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Throughout this work the flow through pipes or pipe like geometry will be approximated asfully developed.In chapter 4, the preliminary design of the hydrogen combustor is based on the wallvelocity gradient of critical sections in the combustor. For a turbulent pipe flow the frictionvelocity, uτ follows the relation by Schlichting and Gersten (2016) given by equation 2.2.

u2
τ =

τw
ρ = 0.03955U7/4ν1/4D−1/4

h (2.2)
where τw is the wall shear stress, U is the bulk flow velocity and ν is the kinematic viscosityof the fluid. From the above equation, the wall velocity gradient gf is derived as:

gf =
τw
ρν = 0.03955U7/4ν−3/4D−1/4

h (2.3)

2.2. Turbulent Premixed FlamesWhen the fuel and oxidizer are mixed before entering the reaction zone in the combustor, theflames formed in the reaction are called premixed flames. The fuel and oxidizer are mixed ina ratio within the flammability limits and an ignition source is used during the startup forcontinuous flames (gas turbines, boilers etc..). The reactions take place in a thin layer, usuallythinner than flow scales. The flame properties such as propagation velocity, flame thicknessare controlled by transport processes. The transport processes involve heat transport anddiffusion of radicals. In turbulent premixed flames, these transport processes are affected bythe turbulence in the flow. The interaction between chemical kinetics and turbulence is knownas turbulence chemistry interaction.
2.2.1. Flame RegimeTo analyze the turbulence-flame interaction, flame regime diagrams like the one shown infigure 2.1 are used. The regime diagram proposed by Borghi (1985) and later modified byPeter (1999) is defined based on the turbulent intensity (u′ ), unstretched laminar flame speed(Sl0) , integral length scale (LT ), and unstretched laminar flame thickness (δf ). The regimesare categorized based on three dimensionless numbers, i.e. the flame Reynolds number (ReL),the Damköhler number (Da) and the Karlovitz number (Ka). The flame Reynolds number ReLis defined as in equation 2.4.

ReL =
u′Lt
Sl,0δf (2.4)

The Damköhler number (Da) is the ratio between the integral time scale corresponding tolargest eddies to the chemical time scale of the laminar flames (Poinsot and Veynante, 2005).It is defined as in equation 2.5.
Da= τm

τc
=
Lt
u′
Sl,0
δf

(2.5)
The Karlovitz number is similar to Damköhler number except that it is defined for smallesteddies. It indicates the ratio between chemical time scale and Kolmogorov time scale as givenin eq. 2.6.

Ka=
( u′
Sl,0
)3/2(δf

Lt

)1/2 (2.6)
The regime for which ReL > 1 characterizes the space of turbulent premixed flames. Withinthe turbulent premixed flame regime, the flames are categorized based on Karlovitz andDamköhler number.
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Figure 2.1: Regime diagram for premixed turbulent combustion based on(Peter, 1999).
When Ka is less than unity (Ka < 1), the chemical time scales are smaller than thesmallest turbulent time scales and the regime is called the flamelet regime. The flame front isthin and the flame structure resembles a laminar flame and the turbulent motions wrinkles theflame. Within the flamelet regime, the flames are classified according to the ratio of turbulentvelocity to laminar flame speed (u′rms/Sl0). When the turbulent fluctuation are smaller thanthe laminar flame speed (u′rms < Sl0), the regime is called wrinkled flamelet regime and theturbulent motions are too low for flame interactions. On the other hand, when u′rms > Sl0within the flamelet regime, the turbulent motions are able to wrinkle the flame to cause flamefront interactions. This leads to the formation of pockets of fresh and burnt gases. This regimeis called the corrugated flamelet regime.Flames in most practical combustion system fall under the thin reaction zone category.This regime is bounded by the lines corresponding to Ka = 1 and Ka = 100. In this regime, theKolmogorov length scale η is smaller than the flame thickness and scalar mixing is enhancedwithin the preheat zone. But the reaction zone remains unaffected by the turbulence. For Ka> 100, both reaction and preheat zone is affected by turbulence. This regime is called brokenreaction zones.Damköhler numbers lower than unity (Da < 1) means that the reactions are controlledby chemical kinetics and the flames formed falls in the well stirred reactor regime in the Borghidiagram. For large values of the Damköhler number (Da >> 1), the chemical time scales aresmaller than turbulent mixing time and thus the reaction are controlled by mixing processes.

2.2.2. Thermo-diffusive InstabilitiesThermo-diffusive instabilities arise due to the difference between the molecular diffusion co-efficient of fuel and oxidizer and molecular heat diffusivity of the mixture. For lean hydrogenflame at high preheat temperatures, this effect becomes quite significant even in presenceof high turbulence in the flow. The physical mechanism behind thermo-diffusive instability
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was explained by Zel’dovich (1944) in 1944. A turbulent premixed flame front is wrinkled bythe turbulent eddies and forms bulges either pointing upstream towards the fresh mixture ordownstream away from it as shown in figure 2.2. When the deficient reactant in the premixedmixture is light, the molecular diffusion exceeds the molecular heat diffusion. Thus the energysupplied by the faster diffusing reactants into the upstream pointing bulges increases fasterthan the heat is diffused from it. This results in local increase of flame speed and the bulgesgrow deeper into fresh mixture. On the other hand, if thermal diffusivity of the mixture ishigher than molecular diffusivity of deficient reactant, the wrinkles are smoothed out.

Figure 2.2: Turbulence-flame interactions causing stretching and wrinkling ofthe flame front (Siewert, 2006).
A dimensionless number representing this phenomena is the ratio of heat diffusioncoefficient of the mixture α = λ/ρcp to the molecular diffusion coefficient Dm of the deficientreactant in the mixture (Lefebvre and Ballal, 2010).

Le= α
Dm

=
λ

Dmρcp
(2.7)

where λ is the heat conductivity, ρ is the density and cp is the specific heat capacity atconstant pressure of the mixture.Lipatnikov and Chomiak (2005) reviewed several experimental and DNS studies show-ing the effect of thermo-diffusive instabilities on turbulent premixed flames. The author con-cluded that the turbulent flame speed increases with decreasing Lewis number and the effectis strong even in presence of high turbulence (u′ >> SL). These conclusion are supportedby lean premixed H2/air jet flame experiments performed by Wu et al. (1990), where thethermo-diffusive instabilities were strong at flow Reynolds number of 40000 and u′/Sl ashigh as 15. Similar observations were made by Nakahara and Kido (1998) in experimentswith hydrocarbon and hydrogen mixtures showing strong sensitivity of turbulent flame speedto Lewis number.
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2.3. Flame FlashbackFlame flashback is one of the prime challenges in premixed hydrogen flames. It is generallydefined as the upstream propagation of a flame due to an imbalance in local flame velocityand flow velocity. During a flashback event, the flame propagates upstream into the premixerand changes the combustion from premixed to diffusion type. This in turn increases thetemperatures, pollutants and causes considerable damage to the equipment. There are mainlyfour mechanisms by which undesirable combustion of premixed mixture occurs due to flashback.They are detailed below with reference to hydrogen flames.
Flame Propagation through Boundary Layer For bounded flows, the flow velocity graduallydecreases towards a solid boundary due to no-slip wall. Thus it is possible that the flamespeed outbalances the local flow velocity near boundaries and travel upstream unless coun-teracted by flame quenching. The critical distance between flat plates below which the flamecannot propagate is defined as quenching distance δq as shown in figure 2.4. The quenchingis caused by heat losses to the combustor wall. For flames with low quenching distance,boundary layer flashback (BLF) is a real possibility. There are several possible scenarios ofboundary layer flashback as depicted by Eichler (2011) in figure 2.3.

Figure 2.3: Boundary layer flashback scenarios in gas turbine burners (Eich-ler, 2011)
For a stable flame front at distance δb from the wall, the local flow velocity shouldbe equal to flame speed (Sf ). Assuming linear velocity profile near the boundary, the ’criticalvelocity gradient’ gc is written as proposed by (Lewis and Elbe, 1943) in equation 2.8. For agiven flow, flashback occurs when the wall velocity gradient is less than gc .

gc =
∂u
∂y |y=0 = τw

µ =
Sf |y=δb
δb

(2.8)
In the figure 2.4 δq is the quenching distance described above, δb is penetration depthand δf is the flame thickness. The critical velocity gradient depends on fuel-oxidizer kinetics,

φ, T , p and TW . Higher the gC higher the chance for boundary layer flashback. But this

Figure 2.4: Critical velocity gradient concept (Benim and Syed, 2015b).
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expression is only valid for laminar boundary layers. Turbulent critical velocity gradients arealmost three times that in laminar boundary layer.Since hydrogen flames have high velocity and low quenching distance, the flame cantravel upstream to the premixer through the boundary layer (Hoferichter, Hirsch, Sattelmayer,et al., 2017). Eichler (2011) performed flashback experiments for premixed turbulent hydrogen-air flames in tube and channel flows. The author calculated the critical velocity gradient (gc)for different equivalence ratios in unconfined and confined tube burners and channel flows.The results of the experiment is shown in figure 2.5. From the figure it is evident that gcincreases monotonically with fuel equivalence ratio. Also unconfined burners have betterflashback resistance than confined burners which can be inferred from almost an order ofmagnitude difference in the gc .

Figure 2.5: Critical velocity gradients for hydrogen air flame as a function ofequivalence ratio in different tube and channel flows (Eichler, 2011).
Flame Propagation due to Combustion Instabilities Due to operating near lean blowoutlimits, combustion instabilities are common in lean premixed systems. Instabilities are causedfuel/air ratio oscillation and vortex shedding. Thermo-acoustic oscillations occurs becauseheat release fluctuation couples positively with pressure waves producing large velocity andpressure perturbations (Dowling, 1995). At high pulsation levels, significant undershoots ofthe burner flow velocity results. At lower frequencies of these pulsation, the flame could travelupstream through boundary layer or the core flow (O’Connor, Hemchandra, and Lieuwen, 2016).
Flame Propagation through Core Flow Turbulent flame speeds are always higher than thecorresponding laminar flame speeds. Since all practical flows in a gas turbine combustor areturbulent, the turbulent flame speed increases with turbulence. When turbulent flame velocityaway from the flow boundary increases above the flow velocity, flame could travel upstreaminto the burner. This can be caused by local enrichment of the fuel, increasing equivalenceratio in that region (Benim and Syed, 2015a) or change in flow velocities due to combustion.Laminar flame speeds for hydrogen for φ = 0.3 to 1 falls between 1m/s and 3m/s atatmospheric conditions. Typical air flow velocities in gas turbine burners are in the range of50 m/s. These values suggests that turbulent flame propagation through core flow upstreamis unlikely, but shouldn’t be neglected Benim and Syed (2015a).
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Figure 2.6: Sequence on CIVB driven flashback in swirl stabilized combustor(Dam et al., 2011).
Combustion Induced Vortex Breakdown In high swirl stabilized combustors, the swirling flowscauses vortex breakdown which forms a central recirculation zone where flame is stabilized.Thus flashback because of combustion induced vortex breakdown (CIVB) is a type of flashbackthrough core flow. But contrary to the previous mechanism, this is driven by interactionof heat release with swirling flow aerodynamics, leading to transition of vortex breakdowncharacteristics (Fritz, Kröner, and Sattelmayer, 2004). Figure 2.6 shows sequence of imagesshowing CIVB driven flashback under unstable conditions in a swirl stabilized combustionchamber burning syngas fuel. The flame moves upstream into the premixer with increase inequivalence ratio.Noble et al. (2006) investigated flashback and blowout effects of syngas mixture com-position in a swirl stabilized combustor. For syngas mixture with hydrogen composition lessthan 60% slow flashback was observed which is attributed to CIVB type. Flame temperature,rather than flame speeds appeared to be the key parameter describing flashback tendency.This point towards vortex dynamics alteration by combustion. Thus increased flame speed isnot a necessary condition for flashback in such combustors.
2.4. Flashback PredictionSince flashback is a major challenge in premixed combustors, there exists several numerical andanalytical methods to predict flashback in a system. Most methods are correlations based onexperiments conducted at different facilities. High expenses associated with these experimentsprevent testing at all gas turbine relevant conditions. Thus most methods are tested at certainlaboratory conditions and extrapolated or interpolated to corresponding operating conditionsof a combustor. In this section few of these prediction models are discussed.
2.4.1. Damköhler CorrelationDamköhler correlation developed by Kalantari, Sullivan-Lewis, and Mcdonell (2015) at Uni-versity of California Irvine based on dimensional analysis using the Buckingham Pi theorem.The correlation is optimized for 3 bar ≤ p ≤ 8 bar, 300 K ≤ Tu ≤ 500 K and 30 m/s ≤ U0
≤ 40 m/s for hydrogen-air flames at gas turbine premixer conditions and is given by:

DaDC = 5.79x10−6Le1.68
f Pe1.91

F (
Tu
Tu,ref )2.57( TB

Tu,ref )−0.49( p
pref

)−2.1 (2.9)
where, Lef is fuel’s Lewis number, PeF is Peclet number based on laminar flame speed, TBis burner tip temperature, Tu is preheating temperature and p is premixer pressure. Theexperimental Damköhler number is given by equation 2.10 at the experimentally determined
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Figure 2.7: Prediction accuracy of Damköhler correlation. St: Stainless steelburner; Co: copper burner; Ce: ceramic burner (Hoferichter, Hirsch, Sattel-mayer, et al., 2017).
flashback points.

Dae =
S2
Lρucp,uνu
λuu2

τ
(2.10)

The shear stress velocity is calculated using the Blasius equation 2.2.The correlation is based on flashback experiments conducted at above conditions. Theprediction accuracy of Damköhler correlation is assessed in Hoferichter, Hirsch, Sattelmayer,et al. (2017) comparing predicted bulk flow velocity at flashback and measured bulk flowvelocity from experiments from different burner material, as shown in figure 2.7. Damköhlercorrelation provides a fast way to predict flashback to reasonable accuracy at the optimizedcondition.
2.4.2. Hoferichter’s ModelThe Hoferichter’s Model for confined flames was developed at TU Munich, Germany byHoferichter, Hirsch, and Sattelmayer (2016) and is based on onset of flashback in the eventof boundary layer separation upstream of flame tip. According to this idea, the flashback ispredicted by calculating the minimum pressure rise upstream of flame tip which causes flowseparation (Hoferichter, Hirsch, and Sattelmayer, 2016). The author used Stratford’s criteriato predict boundary layer separation due to pressure rise upstream induced by flame. Themodel is detailed in appendix A.The model calculated the free flow velocity needed to prevent flashback known as theflashback resistance velocity (UFB). The prediction model was validated with experimentalflashback studies conducted by Eichler (2011) for premixed hydrogen air in rectangular channelat different preheating temperatures. The comparison of model predicted flashback limits andthat obtained from experiments is shown in figure 2.8. Although Hoferichter’s Model gaveexcellent prediction of flashback velocity at room temperature, at higher temperature, largedeviations were observed.
2.4.3. Tober’s ModelTober (2019) devised an improved model based on Hoferichter’s model. The original model wasmodified for flame instabilities and flame stretch effects. An improved equation for turbulent
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Figure 2.8: Validation of predicted velocity at flashback with experimentaldata at atmospheric conditions for channel flow. Filled symbols : experimentaldata; Empty symbols : predicted values (Hoferichter, Hirsch, and Sattelmayer,2016).
flame speed was derived to include all the aforementioned effects. While calculating flamestretch effects, Hoferichter assumed the turbulence to be isotropic and neglected the flamestretch due to anisotropic stresses. The effects of anisotropic stresses are modelled in Tober’smodel. The flame instabilities caused by thermo-diffusive instabilities are modelled here. Thusthe preferential diffusion effects in lean premixed hydrogen-air combustion is modelled intothe turbulent flame speed. Results from the improved flashback velocity prediction model isgiven in figure 2.9.

Figure 2.9: Predicted flashback velocity with Tober’s model compared withexperiments (Eichler, 2011). Original results - Hoferichter’s model; Modifiedresults - Tober’s model
2.4.4. Lin’s prediction modelLin (2014) proposed a flashback prediction model for hydrogen rich gas and syngas flamesbased on the critical velocity gradient of the flame. An empirical correlation was proposed forthe calculation of the critical velocity gradient of the flame based on a characteristic velocityand characteristic length scale.At critical condition of flashback, the flame propagation through the boundary layeris facilitates by the high turbulent flame speed. Thus the characteristic velocity is selected
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as the flame turbulent flame speed (ST ). There are various length scales such as penetrationdepth (δb), quenching distance (δq) which are associated with a bounded flame. These lengthshave the same order of magnitude as the laminar flame thickness (δf ) (Wohl, 1953). Thus thecharacteristic length scale is selected as the laminar flame thickness, δf . The final empiricalformula for the flame critical velocity gradient is given in equation 2.11.

gc =
ST
Leδf

(2.11)
The Lewis number is included in the denominator to capture the increase in critical velocitygradient with decrease in Lewis number.The flow velocity gradient (gf ) is estimated using the Blasius correlation eq. 2.3.Boundary layer flashback occurs when the critical velocity gradient exceeds the flow velocitygradient or when gc > gf . The equation is validated with experiments performed by the authorfor hydrogen rich fuel gases. Figure 2.10 shows the variation of critical velocity gradient withequivalence ratio at different inlet pressure for H2 −N2 (85-15 by %vol) mixture for preheattemperature of 623 K.

Figure 2.10: Flow velocity gradient gf and critical velocity gradient gc (sym-bols) against φ for H2 −N2 (85-15 by %vol) at Tu = 623 K.
The green lines represent the flow velocity gradient and the black lines represent thecritical velocity gradient of the flame. The lines intersect at the flashback point estimatedfrom the experiment at all pressure conditions except at 1.0 MPa.

2.5. Combustor ConceptsEven though the potential of hydrogen as a gas turbine fuel has been known for decades, itis recently that the power generation sector started looking for options to use hydrogen asan alternative fuel for premixed gas turbine combustion. Several experiments and numericalstudies were conducted to analyze the behaviour of hydrogen rich fuels in premixed combustors.Earlier studies were focused on adapting conventional swirl stabilized combustors to operatewith syngas and mixtures of natural gas and hydrogen. The transition towards 100% hydrogenas fuel for premixed combustion in gas turbine combustors was retarded by the challenge offlame flashback.This section is a review of different burner concepts capable of burning hydrogenrich fuel at lean premixed conditions. For each burner design, information from relevant
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experimental and numerical studies at operating conditions similar to OPRA Turbine operatingconditions are presented.
2.5.1. High Swirl BurnersHigh swirl burners are actively used for burning natural gas and other conventional fuels inpremixed mode. Recent studies have focused on preventing flashback in high swirl burnersoperating with hydrogen rich fuel gases. Lam, Geipel, and Larfeldt (2014) tested the SiemensSGT-400 DLE combustion system at atmospheric condition using hydrogen enriched naturalgas. The author observed that the addition of hydrogen increased the NOx emissions due tochemical kinetic and higher temperatures. H2 addition also increased the gas flammabilityand reactivity. This resulted in a decrease in flame blowout temperature and stable operationwas achieved for hydrogen content up-to 80% by vol. A similar test was performed at highpressure conditions by Lam and Parsania (2016). Compared to the previous test, at highpressure conditions the system could only operate without flashback for up to 20% by vol ofhydrogen.Reichel, Terhaar, and Paschereit (2018) used axial air injection to mitigate flashbackfor 100% hydrogen fuel at 1 atm pressure and temperatures up to 673 K. The burner setupused is shown in figure 2.11. Even though axial air injection reduced flashback due to vortexbreakdown, it had a negative effect on boundary layer flashback.

Figure 2.11: High swirl burners with axial air injection (Reichel, Terhaar, andPaschereit, 2018)
2.5.2. Low Swirl BurnersR.K Cheng et al. (2000) developed low swirl based burner for gas turbine applications. Thelow swirl flow causes a divergence field at the burner exit. This causes a reduction in flowvelocity, where the flame is stabilized as shown in figure 2.12. The low residence time ofthe low swirl flame is advantageous for ultra low NOx emissions. Laboratory experimentswere conducted on the burner at gas turbine conditions and the behaviour was studied byR.K. Cheng et al. (2009). The low swirl burner was observed to have slightly better flashbackresistance than high swirl burner for hydrogen rich fuels. For hydrogen content above 60% byvol in methane, a shift in stabilization mechanism was observed.Johnson et al. (2005) compared the flow fields and emissions of high swirl and lowswirl burners. The burners were tested at gas turbine relevant conditions of 0.08-2.2 MW (20< U0 < 50m/s, 230 < T0 < 430o C, 6 < P0 < 15 atm) for natural gas. The reduction inresidence time in the flame reflected in a 60% reduction in NOx emissions compared to HSBwithout compromise in CO emissions. Similar studies for H2-CH4 flames found the stabilizationmechanism changing with increasing hydrogen composition in the fuel (R.K. Cheng et al.,
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Figure 2.12: Low swirl burner cross section view and detached methane flame(Littlejohn et al., 2007).
2009). Beerer et al. (2013) studied temperature, pressure and flow velocity dependence ofH2 flames in low swirl burners. Their findings revealed that flashback resistance increasedwith preheat temperature and burner flow velocity but decreased with pressure and adiabaticflame temperature. The dependence is depicted in figure 2.13. The figure shows the adiabaticflame temperature at flashback for different conditions. Higher pressure ratio increases thefinal inlet temperature of the mixture to the combustor chamber. Since increasing pressuredecreases flashback resistance, in this case the detrimental effect is somewhat mitigated byincrease in inlet temperature.

Figure 2.13: Flashback resistance curve (Beerer et al., 2013)
2.5.3. Micromix InjectorMicromix injector are based on multi-point injection, multi-burning zone concept. Multiplemicro mixing cups eliminate the need for large scale spatial mixing, thereby reducing residencetime needed to achieve adequate mixing for ultra low emission combustion. Micromix injectorconsists of multiple straight tubes of millimeter scale diameter arranged in a parallel array.The incoming compressed air is split among the tubes and fuel is added through sub-millimeterholes into each of these tubes. The fuel injected in a jet-in-crossflow fashion mixes with theoxidizer stream and exits as a fully premixed jet. The location, diameter and number of holesof both air and fuel injector tubes are carefully designed and optimized so as to preventflashback.D. York, S. Ziminsky, and Yilmaz (2012) tested the multi tube mixer in a smallscale single nozzle rig at GE’s F-class gas turbine conditions. A sectioned model view andphotograph of the single nozzle used for rig test is shown in figure 2.14. With a pressure
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drop of 3-5% across the premixer, flashback free stable operation was achieved for flametemperatures of over 1900K with 60%H2 - 40% N2 fuel. The full can NOx emissions for thesame fuel composition were below 10 ppm. Funke et al. (2013) investigated NOx emissions

Figure 2.14: Cross section and photograph of multitube mixer injector for highhydrogen fuels (D. York, S. Ziminsky, and Yilmaz, 2012).
and flame stabilization in diffusion type micromix combustors. The injection and cross flowmixing schematics is shown in figure 2.15a. They compared NOx emissions of micromix burnerswith lifted and attached flames as shown in figure 2.15b. Achieving low emissions in micromixburners requires deep understanding of mixing patters, residence time and flame stabilizationin-order to optimize them.

(a) Schematics of injection and cross flow mixing inmicromix burners. (b) NOx emissions for attached flames (Referenceconfiguration) and lifted flames (Configuration A).
Figure 2.15: Injection schematics and NOx emissions for micromix burners(Funke et al., 2013).

2.5.4. Aerodynamically Trapped Vortex CombustorThe Aerodynamically Trapped Vortex (ATV) Combustor is a subset of the trapped vortex com-bustor concept. The trapped vortex combustor (TVC) makes use of cavities to stabilize a flameas shown in figure 2.16. For a proper cavity design, a large rotating vortex is formed in thecavity. The cavity is formed by two bluff bodies. The vortex can be locked or stabilized insidethe cavity by injecting fuel in the right direction into the cavity or from the premixer. Sincethe flame is anchored away from the main flow, stable combustion can be achieved in highspeed flow applications.The FlameSheetTM combustor shown in figure 2.17, invented by Ansaldo Power Sys-tems Mfg in 2002 is based on the trapped vortex combustion concept. It is also known ascombustor within a combustor due to the presence of two main reaction zones. The combustormakes use of aerodynamically trapped vortex for flame stabilization instead of bluff bodies.Near the boundary of the liner, a 180o turn in the flow through a combustor dome causes
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Figure 2.16: Schematic of trapped vortex combustion (Zhao, Gutmark, andGoey, 2018).

Figure 2.17: Overall flow design of FlameSheetTM combustor P. Stuttafordet al., 2016
separation of the flow from the liner edge and creates a trapped vortex (Peter J Stuttafordet al., 2005). The trapped vortex anchors the flame similar to a backward facing step combus-tor by recirculating hot combustion product to provide enhanced stability. Figure 2.18 showsthe flame stabilization mechanism in the FlameSheetTM combustor. Equivalent point 1 corre-sponds to point of separation and equivalent point 2 corresponds to flow reattachment to thecombustor liner (P. Stuttaford et al., 2016). The vortex is formed between the space enclosedby these points. For a fixed geometry, the strength of the vortex and the reattachment lengthdepends on factors such as inlet flow velocity and turbulence levels within the combustor. Thevelocity and temperature contours from reactive CFD simulations performed by P. Stuttafordet al. (2016) is shown in figure 2.19.P. Stuttaford et al. (2016) conducted tests on General Electric 7FA heavy duty gasturbine retrofitted with the FlameSheetTM combustor at F-class base load operating conditions(ṁ= 27kg/s, P0 = 24 bar, T0 = 920 K). In the tests fuels with hydrogen content up-to 65%by vol were successfully tested without flashback. NOx and CO emissions were found to belower than 6 ppmv (15% O2) as shown in figure 2.20a and 2.20b respectively.Burner concepts based on trapped vortex flame stabilization are better suited forhydrogen fuel operation. The high flow velocities can be used in the combustor which couldcounter high flame speeds. Apart from the experiments by P. Stuttaford et al. (2016) andRizkalla et al. (2018) there are no extensive studies on FlameSheetTM type combustors thathave been externally published. For adopting this concept in a gas turbine combustor athorough understanding of flame stabilization, flame flashback mechanism, emissions among



2.6. Computational Methods 19

Figure 2.18: Illustration of flame stabilization in FlameSheetTM combustor (P.Stuttaford et al., 2016).

Figure 2.19: Qualitative velocity and temperature contours from reactive CFDsimulations P. Stuttaford et al. (2016).

(a) NOx emissions comparison - FlameSheetTM andOEM combustor. (b) CO emissions comparison - FlameSheetTM andOEM combustor.
Figure 2.20: Emission measurements of FlameSheetTM combustor (Varley,2017).

other characteristics is required.
2.6. Computational MethodsAll realistic flows in a combustion chamber are turbulent with complex chemical reactions.Even though experimental results are considered more reliable, costs and time required only
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allow few experimental studies. Therefore computational methods are used to analyze designiterations at relevant conditions. First, the methods to capture the turbulence are discussedand different models to capture the reaction chemistry. All the models are discussed withrespect to simulating hydrogen flames in combustors.In industries, popular ways to capture turbulence is by Reynolds Averaged Navier-Stokes (RANS) models and Large Eddy Simulation (LES). RANS models are based on averagingthe turbulence field to extract the mean flow characteristics. As a result of averaging, thereare unclosed fluctuations terms called Reynolds stress terms which need modelling. Contraryto RANS models, LES resolves part of the turbulence and models the rest. Large scale eddiesare resolved with sufficient accuracy and the smaller ones are modelled using relations basedon the resolved turbulence.
2.6.1. Reynolds Averaged Navier Stokes of Premixed FlamesThe physics of non reacting compressible flows is governed by continuity, momentum andenergy conservation equations. For three dimensional compressible flows in Cartesian coordi-nates the mass , momentum and energy equations are given by equations 2.12, 2.13 and 2.14respectively.Mass
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Compared to non reacting flow equations, combustion adds N-1 (N is number of speciesin the reaction) number of equations to the set of governing equations. The contribution ofenergy released from the chemical reactions is added to the energy equation. The speciesconservation equation is given in equation 2.15 and the new energy conservation equation inequation 2.16. Solving for species conservation equations adds significant computational effortto already computationally intensive task of resolving turbulence.
The transport equation for the mass fraction Yr of species p in a multi-componentreacting system is given by:

∂ρYr
∂t +

∂
∂xi

(ρuiYr) =−
∂Jr ,j
∂xi

+ ω̇r (2.15)
where Jr ,j =−ρDYr dYrdxi denotes the diffusion flux of species r and ω̇r is the volumetric reactionrate of species r in the mixture.The updated energy equation for reacting flows is given by:

∂ρh
∂t +

∂
∂xi

(ρuih) =
Dp
Dt −

∂
∂xi

(λ
∂Jq,i
∂xi

) + τij
∂uj
∂xi

+ Q̇ (2.16)
where Q̇ is the heat source term due to electrical spark or radiation flux and Jq,i =−λ ∂T∂xi +∑N

r=1hr Jr ,j represents the energy flux.To reduce computational cost the turbulence is modelled using RANS models andthe governing equations are averaged. In the RANS approach, any vector, scalar or tensor
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quantities are decomposed into its mean and fluctuating component. The average of thefluctuating component is zero. For variable density flows, Reynolds averaging of densityfluctuation terms introduces more unclosed terms (De, Agarwal, et al., 2017). Therefore Favreaveraging is used for a quantity f given by,

f̃ = ρf
ρ (2.17)

Using the Favre formulation for averaging quantities, the averaged conservation equations aregiven below.
Favre averaged mass conservation:
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= 0 (2.18)
Favre averaged species conservation: For r = 1 to N-1:
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Favre averaged momentum conservation:
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The term −ρũ”
iu”
j ) is known as Reynolds stress. These terms are either solved using transportequations or modelled using turbulent viscosity hypothesis.Favre averaged energy conservation:
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2.6.2. Turbulence ModellingThe unclosed Reynolds stress terms in the Reynolds equations needs to be modelled usingturbulence models. The turbulence is modelled using turbulent viscosity hypothesis or frommodelled Reynolds-stress transport equations. In the turbulent viscosity assumption proposedby Boussinesq (Hinze, 1975), the Reynolds stress terms are modelled as given in equation2.22.
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where k̃ = 12 ũ”

ku”
k . The turbulence viscosity µt is obtained with algebraic relations or frommodelled quantities such and turbulent kinetic energy (k ) and its dissipation rate (ε). Onthe other hand RSM turbulence models solves transport equation for each component of theReynolds stress tensor.
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Similar to equation above, the turbulent fluxes of scalars, ρũ”

iY ”
k and ρũ”

ih” are modelledusing gradient assumptions given in equation 2.23 and 2.24 respectively.
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where Sct and Prt are the turbulent Schmidt number and Prandtl number respectively.
Standard k − ε turbulence model
k − ε turbulence models are the most common RANS models used in Computational FluidDynamics (CFD) for industrial flow simulations. It is a two equation model that models theturbulence based on two quantities - turbulent kinetic energy (k ) and turbulent dissipationrate (ε). In this model, the turbulent viscosity is based on these two quantities and is givenby equation 2.25.

µt = ρCµ
k2
ε (2.25)

where Cµ = 0.09 is a model constant. The transport equation for k and ε are given inequations 2.26 and 2.27.
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where Pk represents the production of turbulence due to mean velocity gradients,

Pk =−ρu
′
iu
′
j
∂ui
∂xi

= µtS2 (2.28)
S is the modulus of the mean rate of strain tensor.
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Pb is the effect of buoyancy on turbulence production,
Pb = gi

µt
Prt

∂T
∂xi

(2.30)
gi is the gravitational component in i-direction and the turbulent Prandtl number, Prt is 0.85.

YM is the contribution of fluctuating dilatation in compressible turbulence to the dis-sipation rate.
YM = 2ρεM2

t (2.31)
with turbulent Mach number Mt =

√
k
a2 , where a is the sound speed.

Sk and Sε are the source terms for turbulent kinetic energy and dissipation rateequations respectively defined by the user. The constant used in the equation are fixed andare given in table 2.1.
k-ε-ζ-f turbulence modelHanjalic, Popovac, and Hadžiabdić (2004) proposed a two equation eddy-viscosity turbulencemodel called k-ζ-f model based on Durbin’s elliptic relaxation concept (Durbin, 1991) which
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Cµ Cε1 Cε2 Cε3 σk σε0.09 1.44 1.92 0.8 1 1.3

Table 2.1: Value of constants in the k − ε model (Wilcox et al., 1998).
eliminated the need for empirical damping functions near the wall. According to Durbin (1991),it is the cross stream velocity v that is responsible for turbulent transport in a boundary layerflow. Thus the correct expression for turbulent viscosity becomes:

µt = ρCµ
v2k
ε

To improve the numerical stability of of the original v2 − f model, the transport equation issolved for velocity scale ratio ζ = v2
k instead of velocity scale v2. Thus the the expression forturbulent viscosity becomes:

µt = ρCµ
ζk2
εThe transport equations for the k − ζ − f model is given in equations 2.32 - 2.37.
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where the following form of the f equations as adopted
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where the turbulent time scale T and length scale L is given by,
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An additional modifications to the ε equation is in the constant Cε1 being dampened close tothe wall with equation 2.38

C ∗ε1 = Cε1(1 + 0.045√1/ζ
) (2.38)

The values of the constants used in the model is given in table 2.2.In validation studies performed by Hanjalic, Popovac, and Hadžiabdić (2004), the k −
ζ − f model produced satisfactory results for backward facing step flow experiment by C. Vogeland K. Eaton (1985). The velocity profiles at different axial locations are shown in figure 2.21.
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Cµ Cε1 Cε2 C1 C2 σk σε σζ CT CL Cη0.22 1.4 1.9 0.4 0.65 1 1.3 1.2 6.0 0.36 85

Table 2.2: Value of constants in the k − ζ − f model (Hanjalic, Popovac, andHadžiabdić, 2004).

Figure 2.21: Velocity profiles in a backward-facing step flow (Re = 28000).Symbols: experiments by C. Vogel and K. Eaton (1985). Full line: k-ζ-fmodel
2.6.3. Combustion ModelThe unclosed Reynolds stress terms in the Navier Stokes equation can be modelled using anyof the eddy-viscosity models or Reynolds Stress Models (RSM). A combustion model aims atmodelling the average volumetric reaction rate of each species, ω̇k .In this work the combustion is modelled using FIRETM detailed chemistry solver. Thesolver reads the chemical mechanisms in CHEMKIN format. The effect of chemistry is consid-ered in a way that at the beginning of each FIRETM time step ∆t a single zone 0D reactormodel is called for each computational cell. Based on the results of this model FIRETM cal-culates the source terms for the species transport equations and the enthalpy equation. Toinclude the effects of turbulence chemistry interaction (TCI), additional TCI models can becoupled with the solver. To reduce chemistry computational time, the multi-zone method isemployed.
The rate of production of species r is given by equation 2.39:

ω̇r =
I∑
i=1 vri · q̇i (2.39)

where vri is the stoichiometric coefficient of species r in reaction i and the reaction rate q̇i ofreaction i is defined by equation 2.40:
q̇i = kR ·

N∏
r=1[cr ,g]

vri (2.40)
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where cr ,g is the concentration of species r in gas g given by ideal gas equation 2.41,

cr ,g = Xr ,g · pg
R · Tg

(2.41)
where Xr ,g is the mole fraction of species r in gas g, pg and Tg are the total pressure of gasand the temperature of the gas respectively. The reaction rate constant kR is defined by theArrhenius temperature dependence:

kR = Ai · T bi · e
−Ei
R ·T (2.42)

From the above equations, the chemical source term ω̇k is a function of mixture tem-perature T and mass fraction of species Yr and are non linear as can be seen in equation2.42 and 2.40.
ω̇r = ω̇r(Yr ,T )In a RANS simulation, the Favre average of the reaction rate ω̇r is given by,
˜̇ωr = ˜.ωr(Yr ,T ) (2.43)

An important part of modelling combustion is closure of the mean reaction rate. Severalcomplex turbulence chemistry interaction models have been proposed to model the meanreaction rate in the species equation. Few of the models capable of including the full chemistryis reviewed in the next few sections.
Well Mixed ModelIn the well mixed model the interaction between turbulence and chemistry is not modelledinto the species reaction rate. Instead the reaction rate is calculated based on the mean ofspecies mass fraction and temperature. Thus equation 2.43 becomes

˜.ωk (Yr ,T )≈ ω̇r(Ỹr , T̃ ) (2.44)
The well mixed model assumes that the flames are in the well stirred reactor regimeshown in figure 2.1. Thus the chemical time scales are larger than the turbulent time scale(Da < 1) and the reaction is predominantly controlled by the chemistry. This model is lessreliable when the turbulence controls the reaction (Da > 1) and turbulence fluctuations arehigh enough to significantly change the reaction rates.

Eddy Dissipation ConceptThe Eddy Dissipation Concept (EDC) is general combustion concept which assumes that allreactions are confined to "fine structures" (F Magnussen, 2005). The fine structures havea characteristic length similar to that of the Kolmogorov length scale. In the model, thereacting flow-field may be discretized into a network of perfectly-stirred reactors within thesefine structures. The fine structures control the dissipation of turbulent energy into heat andmolecular mixing of radicals. The reaction rate of any given species in each reactor is derivedfrom theoretical arguments, based on the semi-empirical turbulent energy cascade betweenlength-scales (F Magnussen, 2005).The EDC has been applied for numerical simulation of various premixed and diffusiontype combustion problems (F Magnussen, 2005). It has also been successful in capturing flamebehaviour where chemical kinetics is faster than turbulent mixing and vice-versa. Furthermore,by including the detailed chemistry, mass fractions for individual species are solved without
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needing to reduce the model to pre-defined mixture fractions or progress variables like flameletmodels (Oijen and Goey, 2000).
Presumed PDF ApproachIn the presumed Probability Density Function (PDF) approach a given shape of the PDF isassumed. The PDF function is defined by the mean and variance of the random variable or thephysical quantity. The approach is usually based on a single variable. If multiple variables areinvolved, the joint PDF is calculated using the assumption that the variables are statisticallyindependent (De and Chaudhuri, 2018).In AVL FireTM the model simulates turbulence chemistry interaction for the premixedcombustion based on both the Gaussian PDF function for the local instantaneous temperatureand on explicit relationships for the mean value of function f (T ). These explicit relationshipsare derived using the Gaussian quadrature technique (Venkateshan and Swaminathan, 2014).The temperature T is assumed to be the random variable satisfying the Gaussian distribution,i.e.,T = a + σx , where a = T is the mean value, σ =

√
T ′T ′ is the variance, T ′ is thetemperature pulsation and x is the Gaussian standard value varying from 0 to 1. The variance

σ is estimated by solving a transport equation similar to one given in equation 2.45 which isused in FIRETM.
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where σt = 0.85, Cg = 2.86 and Cd = 2.0.

2.6.4. Present ApproachIn the present approach the average reaction rate is calculated as a function of averagetemperature and mass fractions of species involved. This approximation is represented byequation 2.44. The equation is only true if the fluctuating components of the temperature andmass fractions are small and the commutation error is negligible.Ramaekers et al. (2019) performed a comparison of a RANS model (k − ζ − f ) andLES-CSM model on the emission prediction of OPRA DLE combustor with natural gas asfuel. The combustion was modelled using the FIRETM detailed chemistry solver with GRI 3.0mechanism (Smith et al., n.d.). At nominal load, the CO and NO emissions were predicted within10% accuracy. Pomraning, Richards, and Senecal (2014) showed that accurate combustionresults can be obtained with RANS turbulence model, detailed chemistry and sufficient meshresolution. The author showed that, in many cases insufficient mesh resolution leads to under-resolved turbulence field. The under-resolved turbulence field leads to sub-grid error whichhas been wrongly viewed as turbulence chemistry interaction effects. Thus in absence of largefluctuations in temperature and species mass fractions, a well resolved turbulence field canproduce good results.The inclusion of preferential diffusion is achieved by calculating the molecular diffusioncoefficient of each species. The diffusion coefficients are calculated in two ways. The firstmethod uses mixture averaged diffusion coefficient which calculated one diffusion coefficient perspecies. In the second method, the multi-component diffusion coefficients are used (Lefebvreand Ballal, 2010). The general species transport equation is given by equation 2.46 and 2.47.Each species diffuses with different diffusion velocities in the mixture.
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where SCt is the turbulent Schmidt number and Dr ,m is the mixture averaged diffusioncoefficient of species r in mixture m.The multi-component diffusion equations for ideal gas is given by Maxwell-Stefanequation (Taylor and Krishna, 1993):

∇xr =
Kgas∑

j=1,j 6=r
M
ρDrj

(xr~jj
Mj
−
xj ~jr
Mr

)
r = 1,2...Kspec (2.48)

here xr and jr are mole fraction and diffusive mass flux of species r, M is the molar mass ofthe mixture and Drj is the binary diffusion coefficient between species r and j . The speciestransport equation with multi-component diffusion is given in equation 2.49 and 2.50.
∂ρYr
∂t +

∂
∂xi
(
ρ(Ui − Uδi)Yr

)
=

∂
∂xi

(
Γyr ,r ∂yr∂xi

)
+ Syr +

∂
∂xi

Kgas−1∑
j=1,j 6=r

(
Γyr ,j ∂yj∂xi

)
r = 1,2, ...Kspec − 1

(2.49)
Γyr ,j = (ρDrj + µt

Sct
δrj
) (2.50)

2.6.5. Reaction MechanismA large number of reaction mechanisms exist in the literature which includes H2/O2 kinetics.But the accuracy of these sub mechanisms have to taken into consideration while selecting areaction mechanism for pure hydrogen air reactions. The current investigation allows the useof reduced reaction mechanisms for hydrogen air combustion. A reduced reaction mechanismallows to capture the chemistry of dominant reactions and reduce computational cost of solvingtransport equation for more species. Since NOx prediction is not part of the research, thenumber of reactions reduces and nitrogen mass fraction is calculated as 1−∑Yi where ∑Yiis the sum of mass fractions of all species except nitrogen.Ströhle and Myhrvold (2007) studied six reaction mechanisms for hydrogen air reactionby comparing laminar flame speeds at atmospheric and high pressure conditions with experi-mental values. Out of the six mechanisms, the Li et al. (2004) and the Ó Conaire et al. (2004)mechanisms performed better while comparing the ignition delay times. The laminar speedspredicted by the mechanism was also compared at P = 1 atm and 4 atm and found goodagreement with the experiments. The almost equal performance of these models is attributedto the use of same experimental data for these mechanisms. But the author(Ströhle andMyhrvold, 2007) recommends the Li et al. (2004) mechanism since it contains more up-to datedata for gas turbine conditions. The Li et al. (2004) mechanism for hydrogen-air combustionis listed in table 2.3.
2.7. ConclusionHydrogen provides a solution to sustainable and clean energy source for future needs ofhuman civilization. This study investigates a cleaner and safe way of using hydrogen as gasturbine fuel. The main challenge with transitioning from conventional fuels to hydrogen is theimprovements needed to the existing combustor technology to mitigate flame flashback andNOx emissions.The Aerodynamically Trapped Vortex (ATV) combustor have shown significant promisein achieving stable and clean combustion of hydrogen rich fuel gases. The lack of exten-sive studies on the ATV combustor motivates this research to investigate important flow and
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No. Reaction A n E1 H + O2 = O + OH 3.547× 1015 -0.406 16.5992 O + H2 = H + OH 0.508× 105 2.67 62903 H2 + OH = H2O + H 0.216× 109 1.51 34304 O + H2O = OH + OH 2.970× 106 2.02 13.4005 H2 + M = H + H+ Ma 4.577× 1019 -1.40 104.3806 O + O + M = O2 + Ma 6.165× 1015 -0.50 07 O + H + M = OH + Ma 4.417× 1018 -1.00 08 H + OH + M = H2O + Ma 3.800× 1022 -2.00 09 H + O2 + M = H02 + Mb k∞ 1.475× 1012 0.60 0k0 1.475× 1012 0.60 010 HO2 + H = H2 + O2 1.660× 1013 -1.72 524.811 HO2 + H = OH + OH 7.079× 1013 0.0 82312 HO2 + O = O2 + OH 0.325× 1014 0.0 29513 HO2 + OH = H2O + O2 2.890× 1013 0.0 014 HO2 + HO2 = H2O2 + O2 4.200× 1014 0.0 -497HO2 + HO2 = H2O2 + O2 1.300× 1011 0.0 11.98215 H2O2 + M = OH + OH + Mc k∞ 2.951× 1014 0.0 -1629.3k0 1.202× 1017 0.0 48.43016 H2O2 + H = H2O + OH 0.241× 1014 0.0 397017 H2O2 + H = HO2 + H2 0.482× 1014 0.0 795018 H2O2 + O = OH + HO2 9.550× 106 0.0 397019 H2O2 + OH = HO2 + H2O 1.000× 1012 0.0 0H2O2 + OH = HO2 + H2O 5.800× 1014 0.0 9557a Third body enhancement factor: H2 = 2.5, H2O = 12b Third body enhancement factor: H2 = 2, H2O = 11, O2 = 0.78. Troe parameter: 0.8.c Third body enhancement factor: H2 = 2, H2O = 11. Troe parameter: 0.5

Table 2.3: Li et al. (2004) reduced reaction mechanism for H2/O2 where,
k = AT nexp(−E/RT ) with nitrogen as main bath gas. The units are cm,moles, s, cal and K.

combustion dynamics of the design. This research focuses on the trapped vortex flame stabi-lization and flame flashback mechanism of the combustor. A numerical approach is adoptedwhere the numerical models to be employed in this study will be validated with premixedhydrogen combustion experiments performed at the Combustion Research Laboratory, PaulScherrer Institute, Switzerland (Daniele et al., 2013; Siewert, 2006).The validation study will help in understanding the merits and shortcomings of thenumerical models used in this research for hydrogen combustion and act as a reference forfurther improvements. The effect of preferential diffusion on turbulent premixed hydrogenflames is studied by running the reactive simulations with a full chemistry well mixed model.The model solves for transport equations for all species thus taking into account the thermo-diffusive instabilities.The design of the Aerodynamically Trapped Vortex combustor is based on the flashbackprediction model by Tober (2019) (sec. 2.4.3 and Lin’s correlation (sec. 2.4.4) for criticalvelocity gradient (sec. 2.4.4). Even though the Damköhler correlation (sec. 2.4.1) showspromising results and requires minimal calculations, it’s applicability is limited to the operatingconditions it is optimized for. On the other hand, Tober’s model can be easily extended todifferent operating conditions for the given flashback process.A sensitivity analysis of trapped vortex stabilization of the ATV combustor by varying



2.7. Conclusion 29
inlet flow velocity helps to isolate critical points of instability in the geometry to assist inbetter flow control. By comparing the behaviour of trapped vortex in cold flow and reactiveflow, the effect of heat release on vortex dynamics can be understood. The knowledge gainedfrom this research could serve as a baseline for further development of ATV combustors, therebycontributing towards transition to a sustainable and clean energy future.
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3Validation of Numerical Method
The numerical methods to be used in the study of Aerodynamically Trapped Vortex (ATV)Combustor needs to be validated. In the absence of any publicly accessible experimentalresults for the ATV combustor, results from experiment performed on similar flows are sought.The numerical setup used in the validation case will also be adopted in the study of ATVCombustor.The important characteristic of the flow in an ATV combustor is that it is non-swirling,symmetric and that it involves recirculation and reattachment. The reaction simulations in theATV combustor are to be performed with a 100% hydrogen-air premixed fuel. Therefore it wasimportant to find a similar experimental case study. As a validation case, flow and combustionexperiments performed in a generic backward facing step cylindrical combustor setup at theCombustion Research Laboratory, Paul Scherrer Institute (PSI), Switzerland is selected.
3.1. DescriptionSiewert (2006) performed cold flow experiments in the generic cylindrical combustor setup asshown in figure 3.1. The turbulence is controlled by circular grids placed at different axialpositions upstream of the inlet. The flow is visualized and quantified by means of ParticleImage Velocimetry (PIV).

Figure 3.1: High pressure combustion chamber Siewert, 2006.
The author performed the experiments in a separate atmospheric test rig similar ingeometry to the high pressure test rig shown in figure 3.1. He also varied the inlet velocity
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Figure 3.2: Turbulence grids; dg - hole diameter, bg - blockage ratio.
and the inlet turbulent intensity to study the flow field characteristics. Extensive qualitativeand quantitative results are available for the case with a bulk inlet velocity of 40m/s and aturbulent intensity of 8.1%. The inlet temperature and pressure of the air at the inlet are 293K and 1 atm respectively. The inlet turbulence was controlled by placing circular plates withvarying hole sizes and blockage ratio upstream of the combustor inlet. For the current case, ag350 grid as shown in figure 3.2 is placed at a grid position of 30 mm upstream of the inlet.The mean flow field (Umean), the turbulence intensity (u′ ) and the integral lengthscale of turbulence (LT ) were quantified from the experiments. The effect of turbulence gridand inlet velocity on the turbulence characteristics were also studied by Siewert (2006). Outof the many cases studied, the above case with 40 m/s bulk flow velocity and g350 grid isselected due to two reasons. Firstly both qualitative and quantitative results are availablefor the case. Secondly, as will be explained in the next paragraph, the same inlet conditionswere used for reactive flow experiments in the same combustor setup.The validation of the reactive models for premixed hydrogen-air combustion is per-formed by comparing with results from experiment conducted by Daniele et al. (2013) in thesame combustor setup. Daniele et al. (2013) studied axisymmetric V-flames of syngas/hydrogen-rich fuel gases to assess turbulent flame speeds (ST ) and stretched laminar flame speeds (SL,k ).The case of interest here is the experiments performed with premixed 70%/30% H2/N2 by vol.fuel. Absence of any hydrocarbon components in the selected fuel makes it the best candidatefor the validation of reactive models for pure hydrogen premixed turbulent flames. Flame frontcorrugation was measured with planar laser-induced fluorescence (PLIF) of the OH* radi-cal, while turbulent velocity (u′ ) and integral length scale in the flame was determined withparticle image velocimetry (PIV).For the cases studied, the flame shape is visualized for a fuel equivalence ratio of
φ= 0.35. The average turbulent flame speed (ST ) and turbulent velocity (u′ ) is estimated atthe flame front. ST and u′ is also measured for two other cases by varying the equivalenceratio of the fuel. From the cold flow simulations performed by Siewert (2006), it was concludedthat changing inlet turbulence has little effect on the turbulence near the flame zone. Thusonly equivalence ratio is varied to derive a correlation between ST/Sl,0 and u′/Sl,0. Boththe flame shape and turbulent flame speed calculated from the numerical simulations will becompared with that of the experiment in this study.
3.2. Numerical SetupTo reduce the computational cost of simulating the whole combustor, 45o section of the com-bustor is selected to run all the simulations for the validation case. A 3D view of the CADgeometry is shown in figure 3.3. The flow is simulated in the section of the combustor down-stream of the turbulence grid in the actual experiment. Therefore the CAD geometry includesa small 10mm length and 25 mm diameter cylindrical section added upstream of the combustorinlet. Since the combustor geometry is not too complicated, a structured mesh setup isselected. A structured grid approach allows for better control over the mesh refinement
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Figure 3.3: CAD geometry of the domain selected for validation simulations.
process and mesh size. A summary of the numerical setup is given in table 3.1 below. Cold flow

Cold Flow Reactive FlowRun mode Steady UnsteadyDiscretization Scheme SIMPLE SIMPLEDifferencing SchemeMomentum AVL Smart Bounded AVL Smart BoundedContinuity Central Differencing Central DifferencingTurbulence AVL Smart Bounded AVL Smart BoundedEnergy Not activated AVL Smart BoundedConvergence Criteria 1e-5 1e-5
Table 3.1: Numerical setup for validation simulations.

simulations are performed with two RANS turbulence models, the standard k − ε model and
k − ζ − f model. The k − ε model is the most common turbulence model used for industrialflow simulations. It is a two equation linear eddy-viscosity model which has shown greatpromise in flows with small pressure gradients. The k-ζ-f model was proposed by Hanjalic,Popovac, and Hadžiabdić (2004). It is a three equation non-linear eddy-viscosity turbulencemodel based on Durbin’s elliptic relaxation concept (Durbin, 1991) which eliminated the needfor empirical damping functions near the wall.One of the turbulence models is selected for the reactive simulations based on theresults from turbulence model validation. Additionally, the modules species transport andGeneral Gas Phase Reactions (GGPR) are activated for the reactive simulations. The moduleGGPR contains the internal chemistry interpreter where the inputs are chemical reactionmechanism, ignition mechanism, and a turbulence chemistry interaction model. Due to reasonsexplained in section 2.6, the 9-species, 19 reaction H2/O2 mechanism devised by Li et al. (2004)is selected as the reaction mechanism for all the reaction simulations. Since preferentialdiffusion is an important part of the species transport, it is included in the species conservationequations in two different ways. The first method uses Mixture Averaged Diffusion (MAD)coefficient and the second method uses Multi-component Diffusion (MCD) coefficients. Thelatter method is also computationally more expensive than the former method due to theadditional equations being solved as mentioned in section 2.2.2.
3.3. Boundary ConditionsTable 3.2 gives an overview of the boundary conditions imposed on the domain for the coldflow simulations. A 2D sketch of the geometry with the dimension and types of boundary
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conditions at each face is given in figure 3.4. A brief discussion of the choices made for eachboundary condition will follow the table.

Cold FlowInlet Outlet WallType Velocity Inlet Pressure Outlet No slip wallVelocity User defined - 0Pressure - 1 atm -Temperature 298 K - IsothermalTurbulent Intensity 9% - -
Table 3.2: Summary of boundary conditions for turbulence model validationsimulations.
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Figure 3.4: 2D sketch of domain with boundaries (all lengths in mm).
3.3.1. Inlet ConditionIn the experiment, the flow starts at a significant length upstream of the combustor inlet. Sincethe exact velocity profile at the inlet to the combustor is not known, an iterative approachwas selected to derive the correct inlet condition. In the first step a constant axial velocityprofile of 40 m/s was given at the inlet. This resulted in an velocity of 41 m/s at theinlet to the combustor. The experimental maximum velocity at the inlet to the combustor is44.8 m/s. Therefore the velocity profile at the combustor inlet should be that of a partiallydeveloped flow with a maximum velocity of 44.8 m/s. With a bulk velocity of 40 m/s andpipe diameter of 25 mm, the Reynolds number of the flow upstream of the combustor inletis 6.82× 104. Therefore the flow upstream of the turbulence grid turbulent and thereforea turbulent velocity profile with maximum velocity of 44.8 m/s and average velocity of 40
m/s was selected as the inlet condition just upstream of the turbulence grid. The function forvelocity profile was derived using an interpolation of sampled values for a turbulent cylindricalpipe simulation. The sampling points were taken at an axial position in the pipe where themaximum velocity was 44.8 m/s. The radial velocity profile is as given in equation 3.1

Ur = a× exp( b
r + c ) + of fset (3.1)

where r is the radial distance from the center of the inlet; a = -0.86610; b = -0.00647; c =-0.01414 and offset = 44.80068.From the experimental results, the turbulent intensity at the combustor inlet wascalculated as 8.1% of the bulk velocity (40 m/s). To account for dissipation, a value of 9% wasgiven as the inlet turbulent intensity of the flow. This setup ensured that the inlet velocity andturbulence in the experiment was captured to maximum accuracy in the numerical simulation.This assumption is also verified in the turbulent velocity plots in section 3.5.
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3.3.2. Other BoundariesSince the flow is axisymmetric, a symmetric boundary condition was imposed at the lateralsides of the domain for both the cold flow and the reactive flow simulations. The pressure atthe outlet of the domain is different for cold flow and reactive flow cases. The outlet pressurefor the cold flow case is the atmospheric pressure (1 atm). In the reactive flow case the outletpressure is set as 2.5 atm or 0.25 MPa. There are three walls in the domain. For both coldflow and reactive flow cases, the walls are rigid and no slip boundary condition is imposed. Inthe cold flow, the walls are isothermal with a temperature of 298 K. The walls in the reactiveflow case is assumed adiabatic (q̇w = 0).

For the reactive case, the air inlet was replaced with premixed hydrogen- air mixture withthe same velocity profile. The fuel is a 70%/30% H2/N2 by vol mixture. A summary of theboundary condition for the reactive flow simulations is given in table 3.3. Using the fuelequivalence ratios of 0.25, 0.35 and 0.45, the mole fractions of the gases in the mixture wascalculated and given as inlet mole fraction at the inlet. The species and their respective molefractions at the inlet is given in table 3.4.
Reactive FlowInlet Outlet WallType Velocity Inlet Pressure Outlet No slip wallVelocity User defined - 0Pressure - 2.5 atm -Temperature 623 K - AdiabaticTurbulent Intensity 9% 0% -Gas Fuel-Air mixture[3.4] Air -

Table 3.3: Summary of boundary conditions for combustion model validationsimulations.
φ / Species H2 H O2 O OH H2O HO2 H2O2 N2 Ar0.25 0.091 0 0.183 0 0 0 0 0 0.726 0.000.35 0.121 0 0.174 0 0 0 0 0 0.705 0.000.45 0.149 0 0.165 0 0 0 0 0 0.686 0.00

Table 3.4: Species mole fraction of the fuel-air mixture at the inlet.
The whole domain is initialized with premixed fuel-air. A spherical ignition source isplaced at the corner indicated by point A as shown in figure 3.4. The properties of the ignitionsource is given in table 3.5. The flow was ignited at the given location at 0.5 ms into thesimulation for a duration of 0.5 ms.Location [mm] Radius [mm] Energy factorx y z12.5 15 0 2.5 0.75

Table 3.5: Properties of ignition source.
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3.4. Mesh IndependenceA mesh independence study was performed to select the right grid size for the validationstudies. Four structured meshes with number of cells of 0.46 MM, 0.86 MM, 1.1 M and 1.5MM are generated using AVL FAME. Figure 3.5 shows the mesh with around 1.1 MM cellswhich has approximately 95% hexahedral elements.

Figure 3.5: Structured mesh with around 1.1 million cells.
The numerical setup for the mesh independence study is similar to the numericalsetup detailed in the above section. For turbulence modelling, the k − ε model is used withstandard wall functions for wall treatment. From the converged results, total velocity wassampled at three axial lines at different radial positions in the domain. This ensured that themesh is independent of the flow behavior at (25 mm), near (10 mm) and away (3mm) fromthe recirculation zone. The results of the study performed are shown in figure 3.6. From theresults it can be concluded that the results are independent above the mesh size of 1.1 MMcells. Therefore subsequent validation studies are performed with this mesh.Numerical simulations performed by Pomraning, Richards, and Senecal (2014) revealedthe importance of proper grid resolution in the flame zone to accurately capture the flamebehaviour. Grid independence studies performed by the author found a grid size of 0.2 mm issufficient to resolve the sub-grid length scales in the flow.From the experimental results, the approximate position of the flame is known. Sincethe equivalence ratio is changed in this study, the flame position is expected to change withdifferent cases. Thus with the flame position for φ= 0.35 as the reference case, the cold flowgrid is refined in a wider area surrounding the reference flame. The resulting mesh is shownin figure 3.7.

3.5. Cold FlowThis section is the validation of turbulence models using the results from the cold flow ex-periments performed by Siewert (2006). The results from the simulations are compared bothqualitatively and quantitatively with the results from the experiment. Qualitative analysisof the results is achieved by comparing the velocity contours, streamlines and recirculationbubble length. Further a quantitative analysis of the turbulence models is performed byquantitative comparison of the following results from the experiment.
1. Axial velocity (Umean) profile at y = 0
2. Rms turbulent velocity (u′rms) at y = 0
3. Radial distribution of u′rms at x = 3 mm, 40mm and 150 mm
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Figure 3.6: Mesh independence study by taking velocity data at radial loca-tions. A : r=3 mm; B: r=10 mm; C: r=25 mm.

Figure 3.7: Mesh for reactive simulation with refinement in the flame zone.
The non-reactive flow simulations with the described numerical setup and boundaryconditions was run on the mesh with 1.1 million cells. Modelling of turbulence was achievedby Reynolds Averaged Navier-Stokes models -

1. k − ε model
2. k − ζ − f model

The axial velocity contour with velocity streamlines for both models and from the experimentare shown in figure 3.8.
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(a) Axial velocity contour and streamline with k − ε model.

(b) Axial velocity contour and streamline from experiment.

(c) Axial velocity contour and streamline with k − ζ − f model.
Figure 3.8: Comparison of mean flow contour and streamlines from the nu-merical simulation with experimental results.

(a) RMS turbulent velocity contour with k − ε model.

(b) RMS turbulent velocity contour with k − ζ − f model.
Figure 3.9: Comparison of rms turbulent velocity fluctuations from the numer-ical simulation.

Due to the sudden expansion in the combustor geometry, a recirculation zone is formed.The k − ζ − f model is seen to be over-predicting the length of recirculation zone or thereattachment length compared to the k − ε model. From the experiments, the flow reattachesat a length RL = 220 mm downstream of the inlet. This corresponds to x/D ≈ 9. In the
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simulation, the k − ε and k − ζ − f model predicts a reattachment length of Rk−εL ≈ 210mm(x/D ≈ 8.4) and Rk−ζ−fL ≈ 290mm (x/D ≈ 11.6) respectively.The turbulent velocity contour in figure 3.9a and 3.9b is representative of the turbulentkinetic energy production and dissipation in the flow with the two models. A shear layerzone is formed with high turbulent intensities close to the combustor inlet which spreads andincreases in radial distribution with increasing axial distance. Flow velocity and turbulencedata was collected at sampling points similar to the experiment and the results were comparedwith that of the experiment. Figure 3.11 and 3.10 shows the averaged axial velocity (Umean)and rms turbulent velocity (u′rms) at the centerline of the combustor respectively.
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Figure 3.10: RMS turbulent velocity fluctuations at the centerline of thecombustor.
The turbulence first decreases close to the combustor inlet due dissipation of theturbulence at the inlet. For axial distance x>80mm, the turbulence increases due to turbulenttransport from the shear layer. The turbulence reaches a maximum value at around x =180mm. Downstream of this position, dissipation dominates and turbulence decreases rapidly.The k − ε model closely follows the turbulent kinetic energy production and dissipation in theexperiment for region with x<150 mm (figure 3.10. The turbulent kinetic energy dissipationrate in the k − ζ − f model is higher than that in the experiment and the k − ε model.Since the same numerical discretization scheme was used for both turbulence models, theeffect of numerical dissipation can be neglected in the comparison. Thus the difference in thedissipation can be attributed to the turbulence model.The effect of higher dissipation rate in k − ζ − f model is evident in the mean velocityprofile shown in figure 3.11. At the same axial location, the flow predicted by k − ζ −

f model has higher kinetic energy than the flow predicted by k − ε model. Figure 3.12 showsthe comparison of the relative error in the numerical results from the experiment along thecenterline. The maximum, mean and standard deviation of the relative error in the axial meanvelocity predicted by the turbulence models at the centerline is given in table 3.6. The errorin the velocity prediction by k − ζ − f model is more than twice that of k − ε model.The radial variation of rms turbulent velocity fluctuation at three axial locations isshown in figure 3.13. This is also a quantitative comparison of results from simulation withthe values obtained from the experiment. The turbulence is severely under-predicted in figure3.13a near the recirculation zone (y > 15 mm) by both models. Elsewhere, it can be observedthat k − ε model follows the experimental results more closely than k − ζ − f model at allaxial positions.
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Figure 3.11: Center-line profile of mean axial velocity.
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Figure 3.12: Relative error in the axial velocity along the centerline
Error (%) k-epsilon k-zeta-fMaximum Error 22.05 49.79Average Error 8.93 21.21Standard Deviation of Error 7.59 18.26

Table 3.6: Comparison of error in the mean velocity profile predicted by theturbulence models.
3.6. Reactive FlowIn this section, the combustion model is validated for use in further studies. The data avail-able from the experiment (Daniele et al., 2013) for validation are the plot depicting relationbetween ST/Sl,0 and u′/Sl,0 at three equivalence ratios and flame shape for φ = 0.35. Theflame properties are taken as average across the flame front and compared with that of theexperiment. The effect of preferential diffusion on the flame is studied by comparing theflame position in the two cases studied with mixture averaged diffusion and multi-componentdiffusion coefficients.The reactive flow simulations were run on the mesh refined at the flame zone asexplained in 3.4. The numerical setup and boundary conditions are explained in sections 3.2and 3.3 respectively. The application of detailed chemistry CFD can be quite time consuming.
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Figure 3.13: Comparison of radial turbulence intensity profile at axial loca-tions. A : x=3 mm; B: x=40 mm; C: x=150 mm.

To decrease the run time, a multi-zone model is used in combination with the combustion model.The multi-zone model identifies and groups cells having similar thermodynamics conditionscalled clusters. At each time step chemical reactions are solved for the cluster and mappedback to cells. The multi-zone method is applied in a similar manner to that described in Liang,Stevens, and Farrell (2009). Since the simulation is of the unsteady type, the quantities ofinterest are averaged over the final 50ms of time steps. The time evolution of the simulationis given in figure 3.14. The ignition is turned on 0.5 ms into the simulation. After another0.5 ms it is turned off since the mixture ignited properly. After the ignition is turned off, thesimulation enters the steady burning phase where the flow and flame slowly develops untilit reaches a steady state. Once the fluctuations in the flow disappears, data collection startsat 50 ms into the simulation and continues for another 50 ms. The flow and flame propertiesare averaged over the data collection time and presented henceforth (Ramaekers et al., 2019).
3.6.1. Effect of equivalence ratio on flame structureThe effect of change in equivalence ratio of the mixture is studied here. The species diffusioncoefficients in transport equation is calculated with the mixture averaged approach. First thecombustion regime for all three cases is identified on the Borghi-Peters diagram (fig. 3.15).
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Figure 3.14: Time evolution of reaction simulation for combustion model val-idation.
With increase in equivalence ratio, the combustion regime of the resulting flame moves from
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Figure 3.15: Combustion regime for the validation cases studied.
well stirred reactor to corrugated flames. Table 3.7 illustrate the main properties of the flamefront in different cases.

φ u′ [m/s] Lt [mm] ReL Ka Da u′ /Sl Lt /δf0.25 2.74 1.12 39.322 45.62 0.1374 16.9145 2.32490.35 2.68 1.03 32.98 2.0 2.8679 3.39133 9.72610.45 2.87 0.98 31.67 0.44 12.95 1.562 20.2408
Table 3.7: Turbulent flame and their characteristics.

In the well stirred reactor regime, the reactions are controlled by the mixing processsince the chemical time scales are larger than the mixing time scale. Decreasing equivalenceratio reduces the laminar flame speed and increases the laminar flame thickness thus increas-ing the chemical time scale. In the cases studied, the turbulent flow characteristics u′ and Lt
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remains almost constant. Therefore the mixing time scale (Lt /u′ ) remains similar for all thecases. In the Peters diagram, the flame with φ = 0.25 and φ = 0.35 falls under the thinreaction zones. In both these cases, the Kolmogorov scales are fine enough to penetrate thepreheat zone and influence the mixing process. But when the equivalence ratio was increasedfurther to φ= 0.45, the flame thickness became smaller than the Kolmogorov scales and theflame is only wrinkled by the turbulent fluctuations.The averaged value of OH mass fraction for different equivalence ratio is given in figure3.16. In the colorbars, ŶOH represents the normalized OH mass fractions. The YOH values arenormalized with maximum OH mass fraction value for the case with equivalence ratio of 0.45,
YmaxOH (φ= 0.45) = 0.00233176. The extended inlet to the combustor is left out in the contourplots.

(a) φ= 0.25

(b) φ= 0.35

(c) φ= 0.45
Figure 3.16: Distribution of OH mass fraction in the domain for different fuelequivalence ratios.

The position of maximum intensity the respective figures is a good indication of flamefront. The length of the flame reduces with increasing equivalence ratio. This is due to theincrease in turbulent flame speed as a consequence of increase in laminar flame speed. Forhydrogen, the equivalence ratios studied falls left of the maximum in laminar flame speed vsequivalence ratio plot. Thus the laminar flame speed increases with equivalence ratio.
3.6.2. Comparison to experimentAfter discussing the general characteristics of the flame, the flame obtained from numericalsimulation is compared with that of the experiment in this section. The first part comparesthe flame shape and position for the case of φ = 0.35. In the second section, the ST/Sl,0and u′/Sl,0 correlation obtained from the numerical simulations are plotted with that obtainedfrom the experiments.
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Flame FrontThe qualitative validation of the model is performed by comparing the flame front obtained fromthe numerical simulations with the experiment. In the experiment, the flame surface densityof the flame is calculated by taking 400 OH-PLIF measurements of the flame. The flame frontis identified as the location where OH radicals appear. Thus for flame front comparison, theflame front is estimated by calculating the OH mass fraction in the domain by setting thecondition : YOH ≥ 0.01YmaxOH .In figure 3.17 the shape of the flame obtained from numerical simulation performed withmixture averaged diffusion coefficients is overlaid with the experimental flame surface densityimage obtained from experiments by Daniele et al. (2013). The intensity on the colorbarrefers to the flame intensity which is representative of the flame surface density calculated bytaking OH-PLIF measurements. A maximum error of 33% is observed at the combustor axis

Figure 3.17: Comparison of flame shape in experiment and numerical simula-tion.
in the flame position predicted by the combustion model. This is due to the under-predictionof reaction rates which reduces the turbulent flame speed. The flame becomes longer withdecreasing turbulent flame speed.
Turbulent Flame SpeedIn addition to estimating the flame front, the turbulent flame speed and the rms turbulentvelocity fluctuation in the flame front is also calculated. These parameters are calculated ata progress variable, c = 0.05. The progress variable c is based on the mole fraction of H2Oand is given by equation 3.2.

c = YH2O − Y1
Y2 − Y1 (3.2)

where Y1 and Y2 are the mole fractions of H2O in the unburned and burned mixture respec-tively. Since the inlet contains only fuel and dry air, Y1 = 0.The turbulent flame speed (ST ) of the flame is calculated by taking the velocity of theflow perpendicular to the flame front at c = 0.05 as depicted in figure 3.18. The axial andradial components of velocity u and v are retrieved at the sampling points and the velocity
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normal to the flame is calculated using the local slope of the flame front. The respective rmsturbulent velocity fluctuation (u′rms) at c = 0.05 is also calculated.

Figure 3.18: Estimation of turbulent flame speed from the simulation.
The laminar flame speed is calculated using the Cantera (Goodwin et al., 2018) toolboxin python. These values are used to calculate the normalized turbulent flame speed (ST/SL)and normalized turbulence velocity (u′/SL). Figure 3.19a shows the correlation between thenormalized values derived from the numerical simulations compared with that obtained fromthe experiments.
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Figure 3.19: Quantitative validation of model with normalized turbulent flamespeed.

In the figure 3.19a the equivalence ratio or the laminar flame speed decreases as wemove towards higher values of u′/Sl. The average turbulent velocity (u′ ) remains almostconstant around 2.89 m/s for all the three cases studied. Thus the turbulent flame speed isdependent on the change in laminar flame speed. The correlation obtained from the experiment
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is given in equation 3.3.

ST
SL

=

[1 + (2u′/SL)2]0.5 (3.3)
From a first look, the absolute error in the prediction of the normalized turbulent flame speedincreases with decreasing equivalence ratio. But the relative error given by SexpT −S

num
T

SexpT
showsa different trend. The relative error decreases with decrease in φ. This can be explained withthe combustion regime diagram in figure 3.15 explained in section 3.6.1.The combustion model (well mixed model) used in this study assumes the flame to beperfectly stirred and neglects any and all turbulent fluctuations. From the regime diagram itwas observed that with decreasing equivalence ratio, the flame moves towards the well stirredreactor regime. Therefore the error in the reaction rates calculated by the well mixed modeldecreases with reduction in equivalence ratio for the three cases studied.The species conservation equation source term estimated by the well mixed model isbased on the mean temperature and mass fractions of species. Rewriting equation 2.44,

˜.ωr(Yr ,T )≈ ω̇r(Ỹr , T̃ )
In the equation, the source term is dependent on the mass fraction of species and the temper-ature of the mixture. In a perfectly premixed mixture, the fluctuations in mass fraction can beconsidered negligible (De and Chaudhuri, 2018). According to Reynolds analogy the turbulentmomentum is correlated to heat transfer rate. Therefore presence of turbulent fluctuationsimply the presence of temperature fluctuations in the domain or equation 3.4 holds.

u′ =⇒ T ′ (3.4)
The temperature dependence of species transport source term is dictated by the Ar-rhenius equation 2.42 rewritten here.

kR = Ai · T bi · e
−Ei
R ·T

In the fast chemistry limit, the turbulence control the combustion process and fluctuation intemperature carries a lot of importance. The Arrhenius equation for turbulent flows can bewritten as in eq. 3.5.
k turbR = Ai · (T̃ + T ′)bi · e

−Ei
R ·(T̃+T ′ (3.5)where T̃ is the Favre averaged mean temperature and T ′ the the temperature fluctuations. Inthe well mixed model, the contribution of temperature fluctuation to the reaction rate constantis omitted by accounting for only the mean temperature in the equation and assuming T ′ = 0.Hence the model fails to predict the turbulent flame speed and flame front similar to that ofthe experiment.

3.6.3. Effect of Preferential DiffusionThe effect of preferential diffusion on the flame is studied by comparing the flame shapesobtained from the two cases with MAD and MCD coefficients. The result is shown in figure3.20. The maximum deviation in x-direction of the flame position between the two casesstudied is approximately 1mm. This is negligible compared to the actual length of the flame.Thus it can be concluded that there is no significant difference between diffusion coefficientscalculated during the simulations using either methods.
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Figure 3.20: Comparison of flame shape in cases with MAD and MCD coef-ficients.
In all the cases studied N2 is the dominant species in the mixture and can be consid-ered as the diluent. When calculating the multi-component diffusion coefficients and mixtureaveraged diffusion coefficients, a dominant part of the value is the diffusion coefficient of specieswith respect to nitrogen. This explains the negligible difference in the diffusion coefficientscalculated by the two methods.

Effective Lewis numberThe laminar Lewis numbers for species H2, O2, N2 and Ar are calculated using mixture averageddiffusion coefficients in Cantera. The values are calculated at preheat temperature of T = 623K and inlet pressure of P = 0.25 MPa. In turbulent flows, the turbulent diffusion alters the
Lewis NumberSpecies/φ 0.25 0.35 0.45

H2 0.3480 0.3635 0.376
O2 1.34 1.408 1.47
N2 1.26 1.36 1.46Ar 1.34 1.408 1.47

Table 3.8: Lewis number of species at T = 623 K and P = 0.25 MPa.
effective Lewis number of the species involved. Since the Lewis number of all other speciesexcept H2 is close to 1, we only consider the case of H2 in this study. The laminar andturbulent mass diffusion coefficients of H2 and O2 are calculated from the numerical resultsat a radial distance of y = 6 mm from the axis. The results of the calculation are representedin figure 3.21.The left axis of fig 3.21 shows the ratio of the mixture averaged diffusion coefficientof hydrogen (DH2 ,m) to the turbulent diffusion coefficient (νt/Sct ). The molecular diffusioncoefficient ranges from 6-14% of the turbulent mass diffusion coefficient in the flame zone asthe temperature increases from the unburnt to burnt gases. The right axis in the same figurerepresents the ratio of the total turbulent diffusion coefficient (Γk ,m) of H2 and O2. The totaldiffusion coefficient is the sum of species molecular diffusivity (ρDk ,j ) and the ratio of turbulentdiffusivity given by ratio of turbulent viscosity to Schmidt number ( µtSct ) as given in equation3.6.

Γyk =
(
ρDk ,m +

µt
Sct

) (3.6)
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Figure 3.21: Ratio of diffusion coefficient of H2 and O2.
The maximum value of ΓH2 ,m/ΓO2 ,m is less than 1.06. On the other hand, the ratio betweenmolecular diffusivity of H2 and O2, DH2 ,m/DO2 ,m is well above 3. Thus the diffusion process inthe flame is dominated by turbulent mass diffusion.Similar to mass diffusion coefficient, the total thermal diffusion coefficient is given byequation 3.7.

Θ =
(
ρα + µt

Prt

) (3.7)
Since the value of Prt and Sct is similar and equal to 0.7, the turbulent thermal diffusivityis same as the turbulent mass diffusivity. From these results the effective Lewis number ofspecies i can be calculated by using equation 3.8.

Leef fi =
α + νt

Prt
D + νt

Sct
=
Lei + νt/Prt

D1 + νt/Sct
D

(3.8)
Taking the maximum value for νt

Prt /D, the effective Lewis numbers are calculated for thethree cases studied. Since the flow properties remained similar for all three cases studied,the only change is observed in the laminar Lewis numbers in all three cases. The calculatedeffective Lewis numbers for H2 are given in table 3.9. From the values in the table below,
φ 0.25 0.35 0.45

Leef fi 0.91 0.912 0.914
Table 3.9: Effective Lewis number for H2 in the premixed turbulent flame.

the effective Lewis number can be approximated to 1. Thus the effect of thermo-diffusiveinstabilities is not included in the model. The Reynolds number for the flow in the combustoris 4.02 × 104. When the Reynolds number or the turbulence increases in the flow, the effectof molecular diffusion on the total diffusion reduces. But from section 2.2.2 thermo-diffusiveinstabilities were found even in high turbulent flows having flow Reynolds number close to thevalidation case. Hence the well mixed model failed to capture the preferential diffusive-thermalinstabilities in premixed turbulent hydrogen flames.
3.7. ConclusionIn this chapter the RANS turbulence models and combustion models were validated against twoseparate experiments performed at Paul Scherrer Institute. Both experiments were performed
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with the same combustor setup. It is a symmetric cylindrical backward facing step combustor.The turbulence models were validated with flow field results obtained by Siewert (2006) usingPIV. The two turbulence models compared were the k − ε model and the k − ζ − f model.The k − ε model was observed to perform better than k − ζ − f model even though in theorythe latter is better. The maximum relative error in estimation of mean velocity profile for
k − ε model and k − ζ − f model was found to be 22.05 % and 49.79 % respectively.The combustion experiments performed by Daniele et al. (2013) with premixed 70%/30%
H2/N2 by vol. fuel was selected for the validation of the combustion model. The numericalsimulations with the given fuel was performed at three equivalence ratios of φ = 0.25, 0.35 and0.45. The turbulence is modelled with the k − ε model and combustion with the well mixedmodel. A qualitative comparison of the results was performed by comparing the flame shapeat φ= 0.35 obtained with experiment and numerical simulation. The flame position predictedby the simulation had a maximum error of 33 %. The error in the flame speed estimated fromthe numerical simulation was observed to reduce with equivalence ratio from 50 % to less than30 %. The thermo-diffusive instabilities, typical of lean hydrogen flames was studied byestimating the effective Lewis number of the deficient species H2. The laminar Lewis numberat preheat temperature T = 623 K and pressure P = 0.25 MPa is around 0.36. In thepresence of turbulence at a flow Reynolds number of 4.02 × 104 the effective Lewis numberbecomes 0.91. This observation is contradicting the findings from several experiments Wu et al.(1990) and Nakahara and Kido (1998). Thus the well mixed model could not capture the fulleffect of preferential diffusive-thermal instabilities in premixed turbulent hydrogen flames. Thisalso results in under prediction of turbulent flame speed evident from the results obtained.
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4Design of Hydrogen Combustor
This chapter focuses on the design of the Aerodynamically Trapped Vortex Combustor. A sample2-D sketch of the ATV combustor is given in figure 4.1. The flow enters the combustor throughtwo inlets as shown in the figure. The flow through the central part of the combustor indicatedby section B’-B is a high swirl flow and will be referenced in the rest of the document asinner flow. The flow through the section A’-A is non-swirling axial flow and will be referencedin the rest of the document as the outer flow.The outer flow enters the combustor through section A’-A and proceeds downstreamalong the dome d-e causing a separation at the edge c. The separation results in the formationof a recirculation zone at the wall b-c. The vortex is stabilized in the section indicated bysection C’-C. The recirculation zone helps in stabilizing the flame. Similarly the swirling flowthrough the section B’-B also stabilizes the flame by forming an inner recirculation zone asexplained in section 2.5.1. These two flame stabilization zones act as the primary zones ofcombustion in the combustor. The combustion products from the primary zone are diluted withthe dilution air further downstream of the combustor decreasing the overall temperature ofthe burned gas to prescribed turbine inlet temperature. Since the effect of dilution air is notconsidered for this analysis, the dilution holes are not depicted in the figure below.

H4

H2

H3 H1

C'

C

A

A'

B

B'

Outer Flow

Inner flow

a

e

c

d

b

f

Figure 4.1: Schematic diagram of ATV combustor section investigated.
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4.1. Basis of DesignThis section describes the assumptions and criteria used to design the AerodynamicallyTrapped Vortex Combustor for 100% premixed hydrogen combustion.
4.1.1. Assumptions1. The inner flow is reduced to a non-swirling axial turbulent flow.The originally high swirl inner flow is reduced to a non-swirling axial flow to simplifythe analysis. Since the focus of this research is on the characteristics of the outer flow,this can be considered a valid assumption. The drawback is the inability to study theinteraction of the swirling flow with the outer flow. This can be considered in futurestudies.

2. The flow through the dome wall d-e is fully developed turbulent pipe flow.The geometry of the combustor through the section A’-A and d-e is assumed to bethat of a pipe with diameter equal to width of the section at the respective position.The inlet to the outer flow is kept sufficiently upstream to assume a fully developedturbulent flow.
3. Flashback in the combustor is only due to boundary layer flashback.The flow through the combustor is bounded and hence the risk of boundary layerflashback is high. The core flow velocity in typical combustors are high enough toprevent core flow flashback (ref. 2.3). The absence of swirl in the outer flow removesthe possibility of flashback due to combustion induced vortex breakdown. The flashbackdue to combustion instabilities is an important part of ultra lean combustion. But thisis out of scope of this research and is recommended for future studies.

4.1.2. Design CriteriaOne of the main challenges in premixed turbulent combustion of hydrogen fuel is the risk offlashback. Therefore the main requirement for the current combustor is the flashback resistanceat full load conditions. In this design routine, the two quantities characterizing flashbackresistance are critical velocity gradient at the wall and flashback resistance velocity.The flame is expected to stabilize close to the separation point c. Thus there is apossibility of boundary layer flashback into the upstream of the corner into the outer flow.Thus the bulk flow velocity upstream of point c should be high enough to counter boundarylayer flame flashback. The bulk flow velocity required to prevent boundary layer flashbackor the flashback resistance velocity is estimated by using the modified Hoferichter’s model(Hoferichter, Hirsch, and Sattelmayer, 2016)(ref 2.4.3) by Tober (2019).Flame flashback can also occur through the dome wall represented by edge d-e. Thecombustion instabilities at the inlet to the dome could cause the flame to travel close to thedome wall. If the flow conditions in the vicinity of the dome wall is favourable for the flameto anchor, it could result in boundary layer flashback and other upstream effects due to theeffects of combustion. Thus the wall velocity gradient at the dome wall should be above thecritical velocity gradient (gc) for hydrogen flames. The wall velocity gradient at the dome wallis calculated using the Blasius equation for fully developed turbulent pipe flow. The criticalvelocity gradient is based on the turbulent flame speed (ST ) and laminar flame thickness (δf ).The calculations of these quantities will be explained in detail in section 4.2.2.
4.2. Design ProcessIn this section, the design methodology of the basic combustor geometry is explained. Thedesign procedure can be categorized into three sections - engine performance calculations,flashback limit prediction and geometrical parameter derivation. The engine calculations are
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performed by taking the engine operating conditions same as OPRA OP16-3B gas turbine.The operating condition of OPRA OP16-3B gas turbine is given in table 4.1.

Mass flow rate 8.8 kg/sCompressor pressure ratio 6.7Ambient pressure 1 atmAmbient temperature 298 KCombustor inlet temperature ≈ 550 K
Table 4.1: OPRA OP16-3B gas turbine operating conditions

The gas turbine consists of 4 can combustors. Thus the mass flow into each combustoris calculated. While calculating the combustor inlet temperature, the effect of preheating dueto wall heat transfer from the liner is taken into consideration. The design procedure for theATV combustor geometry will be referred as ’routine’ from here on.
4.2.1. Engine CalculationsThe first step in engine calculations is the estimation of overall equivalence ratio or fuel/airratio required in the hypothetical combustor at different engine loads. The calculation wasperformed using an in-house performance tool for the fully premixed DLN OPRA-3B combustorwith 100% hydrogen fuel. For the full load or 100% load condition of 1.8 MW, the overallequivalence ratio in the combustor is calculated and the value is withheld due to confidentialityreasons.The overall equivalence ratio gives limited information about the fuel/air compositionat the primary zone. Air flow in a premixed combustor is split between the primary zone anddilution zone. The premixed mixture undergoes combustion in the primary zone and the hightemperature gases are brought down to desired temperature with dilution air downstream ofthe primary zone. Thus the primary zone equivalence ratio is determined by the air split ratio.The air split ratio is given by equation 4.1:

r =
ṁprimary air
ṁdilution air (4.1)

The preliminary combustor calculations are performed with an OPRA inhouse toolbased on Cantera (Goodwin et al., 2018). The tool is a combination of fuel-air mixer andreactor network. The fuel and air are mixed at given conditions which are equal to the inletconditions of the combustor inlet. The properties and compositions of the fuel-air mixture arecalculated by the mixing tool. The resulting mixture is passed into the reactor network. Thereactor network consists of a constant pressure reactor where the mixture is ignited. Theexhaust gas mixture from the constant pressure reactor flows into the dilution zone where itis mixed with the cooling air. The amount of air flowing into the dilution zone is controlledby the air split ratio. The temperature of the gas at both reactor exit is recorded for furtherstudy. The limits for air split ratio is set by two temperature constraints - primary zonetemperature and turbine inlet temperature. An upper limit for fuel/air ratio in the primaryzone is set by the temperature at which thermal NOx mechanism becomes the dominantNOx production mechanism. Thus the upper limit of temperature at the primary zone is setto 1800 K . The exit temperature at the end of dilution zone represents the turbine inlettemperature. Using the above conditions, an air split ratio is calculated and the mass flowinto the outer flow and inner flow is set. The equivalence ratio of hydrogen-air mixture inthe primary zone is calculated as 0.4. It results in a maximum primary zone temperature of1656 K satisfying the primary zone temperature condition.
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4.2.2. Flashback Limit PredictionHere we look at two regions of the geometry through which boundary layer flashback ispossible. The two regions are the section represented by letters abcd. The bulk flow velocitythrough the section A’-A to the corner c should be well above the flashback resistance velocityto prevent any sort of boundary layer flashback into the premixer upstream of the outer flowinlet. The second region considered is the dome wall represented by edge d-e. An increasein cross section area and 180o turn in the flow causes a local decrease in velocity throughthis section. The critical velocity gradient criteria is applied here to predict flashback limits.
Flashback resistance velocityTo prevent flashback through the boundary layer, the flashback resistance velocity of thecurrent setup has to be predicted. The flow through the section A’-A is considered as a fullydeveloped turbulent pipe flow as explained in section 4.1.1. Therefore the modified Hoferichter’smodel devised by Tober (2019), Tober’s model for a pipe is used to predict flashback velocityat the target equivalence ratio.For pipe geometry, the model and experimental results are only available at an inlettemperature of T0 = 298K and inlet pressure P0 = 1atm. The flashback resistance velocity(UFB) is dependent on the turbulent flame speed as explained in section 2.4.2. Lin (2014)studied the pressure and temperature dependence of turbulent flame speed in high hydrogenflames. The normalized turbulent flame speed (ST/Sl0) is proportional to P0.84 and T−4.7where P and T are initial pressure and temperature of the unburned mixture. Lin’s correlationfor turbulent flame speed is given in equation 4.2.

ST/Sl0 ∼ (P/PR )0.84 × (T/TR )−4.7) (4.2)
where TR and PR are the reference temperature (298 K) and reference pressure (0.1 MPa)respectively. But both these relations are dominated by dependence of laminar flame speed(Sl0) on pressure (P−0.83) and temperature ((T 5.1). Thus the correlations formed for turbulentflame speed in Joeri’s model can be used for higher temperatures and pressures with minimalerror.

Critical velocity gradient (gc)The equation 2.8 gives the equation for critical velocity gradient. But the values of flame speed
Sf at y = yb penetration depth δb are unknowns. Lin (2014) suggests a correlation for gcusing the characteristic velocity (Sf ) as turbulent flame speed, ST and length scale δb as theunstretched laminar flame width, δf . The effect of Lewis number on critical velocity gradientobserved in Wohl (1953) is also incorporated into the correlation. The proposed equation forcritical velocity gradient (gc) is given in eq 4.3. The Lewis number is evaluated using themulti-component diffusion coefficient for the H2-air mixture. The thus calculated Lewis numberof the deficient reactant H2 is 0.374.

gc =
ST
Leδf

(4.3)
Velocity gradient of the flow (gf )The velocity gradient of the flow along the dome is calculated using equation 2.3 for fullyturbulent pipe flow reiterated below.

gf = 0.03955× u7/40 × ν−3/4 × d−1/4 (4.4)
where u0, ν and d are the bulk flow velocity at dome inlet, the kinematic viscosity of unburnedmixture and diameter of pipe respectively. The diameter of the pipe, d is taken as the width



4.2. Design Process 55
of the channel and the bulk velocity, u0 is calculated as the bulk flow velocity for a pipewith similar diameter. A drawback of this assumption is that, the flow is not fully developedturbulent flow along the dome wall section and the estimated value of gf contains error.Therefore the calculated velocity might not be sufficiently high enough to counter boundarylayer flashback through the dome wall. The error will be estimated later during the analysisof cold flow results in section 5.4.1.
PredictionAn inverse approach as depicted in the flowchart 4.2 is followed to estimate the flashbackresistance velocity, critical velocity gradient and flow velocity gradient. To reduce the com-plexity of calculation one of the widths in figure 4.1 is varied and other geometrical lengths
H2, H3 and H4 are related to H1 by fixed ratios given in table 4.2. These ratios are deriveddirectly from the suggestions made in Peter John Stuttaford, Jorgensen, et al. (2017).

H2/H1 H3/H1 H4/H10.3 0.5 1
Table 4.2: Geometrical ratios for ATV combustor (Peter John Stuttaford, Jor-gensen, et al., 2017).

4.2.3. Geometric Parameter CalculationIn the current approach the length H2 is representative of the diameter of the pipe for flashbackresistance velocity calculation. The width H3 is used as diameter of pipe for flow velocitygradient calculation along the dome wall. The initial known parameters of mixture temperature,pressure, and equivalence ratio are set according to the results obtained from the enginecalculations.After setting all the inlet conditions, an initial value for the length H1 is assumed. Usingthis value and the ratios given in table 4.2 and the fixed mass flow rate, the velocity of thefuel-air mixture (Vf ) through the combustor inlet is calculated. Parallel to this step, using thefixed fuel equivalence ratio derived from the engine calculations and a pipe diameter of H2, theflashback velocity is calculated. The bulk flow velocity through the section and the flashbackvelocity are then compared to satisfy the condition Vf>2.0 Vb. A safety limit of 2.0 timesthe predicted flashback velocity is set to account for preferential diffusion, improper mixing,combustion instabilities, adverse pressure gradients and possible errors in the predictionmodel. For calculating the flow velocity gradient, the bulk flow velocity at the inlet to the domesection needs to be estimated. This is estimated using the continuity equation. Neglectingthe compressibility effects, the bulk flow velocity at dome inlet (VD ) is given by:
VD = Vf ∗ A2/A3

where A2 and A3 are cross sectional area of section at the combustor inlet and dome inletrespectively. The presence of flame increases the temperature of the fluid and decreases thedensity. Thus the local flow velocity will be higher than the estimated value according to thecontinuity equation. This results in higher wall velocity gradient and decreases the chance ofboundary layer flashback. The calculated flow velocity gradient (gf ) needs to be greater thanthe critical velocity gradient (gc) for hydrogen flames. Therefore, the second criteria is givenas gf>2.0 gc . Similar to the above condition, a safety factor of 2.0 is set for this conditionalso.
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Figure 4.2: Flowchart for geometry calculation.
The length H1 (in mm) is incremented or decremented based on the condition givenin eq. 4.5. The algorithm converges when one of the conditions are satisfied.

if Vf < 2.0× Vb or gf < 2.0× gc then H1 = H1−H1/100 else H1 = H1 + H1/100(4.5)
With the above condition, the length H1 (in mm) is calculated at different equivalence ratio(φ) and similar inlet flow conditions. The variation of estimated H1 with φ is given in figure4.3. The critical velocity gradient calculated using Lin’s model (Lin, 2014) on the dome wall
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imposes a stricter limit on the geometry than the Tober’s model. Thus the flashback resistancevelocity calculated using Lin’s model is higher than the values obtained with Tober’s model.
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Figure 4.3: Variation of width H1 calculated with equivalence ratio.
4.2.4. Final GeometryThe inlet conditions and the converged results from the routine is listed in table 4.3. Thegeometry is calculated using the value of H1 obtained at φ = 0.4. This value satisfies theflashback resistance condition upstream of point c for equivalence ratio till φ= 0.65 (fig. 4.3).The 2D sketch of the ATV combustor with the calculated parameters is shown in figure

Inlet conditions ResultsQuantity Value Length Value [mm]Inlet temperature (T0) 550 K H1 25Inlet pressure (P0) 6.7 atm H2 8Mass flow rate (ṁ) 0.65 kg/s H3 13Equivalence ratio (φ) 0.4 H4 25
Table 4.3: Input and output from the geometry selection routine.

4.4. The separation point is represented by point G. The contoured liner represented by FGHfollows the same design as the optimized contoured liner presented in Peter John Stuttafordand Rizkalla (2018) for ideal separation. The length of the combustor is taken as 2 times thediameter of the liner. The dome is represented by edge BC. This section is made out of threearcs of different radius. The radius and centre for each arc is selected so as to keep an almostconstant normal distance from the separation point G.
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Figure 4.4: 2D sketch of ATV Combustor (all lengths in mm).
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5Aerodynamically Trapped VortexCombustor
This chapter looks into the flow behaviour and flame stabilization mechanism in Aerody-namically Trapped Vortex (ATV) combustor. The chapter starts with detailed description ofthe numerical setup and boundary conditions used for the analysis. The general setup re-mains similar to the validation case and the MAD model is used for solving species transportequations.The study of flow behavior involves performing cold flow simulations and sensitivityanalysis on the combustor. The parameters varied in the sensitivity analysis are inlet massflow rate or inlet velocity and inlet turbulence intensity. The flow characteristics of focus inthis study are total velocity, turbulence intensity and wall velocity gradient (gf ).In the second part of the chapter, the results from the reactive flow simulations with100 % premixed hydrogen fuel is discussed. The effect of flame on the trapped vortex andcritical velocity gradient is studied. The combustion regime of the flame is also identified inthe analysis.
5.1. Numerical SetupA method similar to that followed in the validation cases is followed for ATV combustorsimulations. From the 2-D sketch in figure 4.4 a 45o section of the combustor is created torun all the simulations. A 3D view of the CAD geometry is shown in figure 5.1.

Figure 5.1: CAD geometry of the domain selected for ATV combustor simula-tions.
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A structured mesh setup is selected for meshing the domain. The whole domain ismeshed with constant cell width and refinements are applied at corners to better capture thecomplex parts of the geometry. Since the exact flame position is not known a priori, refinementis not performed for reactive flow simulations. Although an adaptive mesh refinement method isrecommended in further studies. A summary of the numerical setup is given in table 5.1 below.Cold flow simulations are run with standard k − ε model. The selection of the turbulence

Cold Flow Reactive FlowRun mode Steady UnsteadyDiscretization Scheme SIMPLE SIMPLEDifferencing SchemeMomentum AVL Smart Bounded AVL Smart BoundedContinuity Central Differencing Central DifferencingTurbulence AVL Smart Bounded AVL Smart BoundedEnergy Not activated AVL Smart BoundedConvergence Criteria 1e-5 1e-5
Table 5.1: Numerical setup for ATV combustor simulations.

model was based on the results from the validation studies explained in section 3.7. Similarlythe reaction simulations are performed with the final model (detailed chemistry with mixtureaveraged diffusion) as suggested in section 3.7. The 9-species, 19 reaction H2/O2 mechanismdevised by Li et al. (2004) is selected as the reaction mechanism for all the reaction simulations.
5.2. Boundary ConditionsA 2D sketch of the geometry with color coded types of boundary at each face is given infigure 5.2. Flow enters the combustor through the outer flow inlet and the inner flow inlet.In the current study, fuel is mixed with the outer flow and the inner flow is kept as air. Themixture undergoes reaction inside the combustor and the burnt gases exits through the outlet.Symmetric boundary conditions are imposed on both lateral sides of the 45o section. Table

Outer flow inlet

Inner flow inlet

Wall

Outlet

Symmetry

Outer flow

Inner flow

Outlet
45o

A'

A
C'

C

B

B'

Figure 5.2: Type of boundary condition on the ATV combustor depicted by 2Dsketch.
5.2 gives an overview of the boundary conditions imposed on the domain for the cold flowsimulations. A brief discussion of the choices made for each boundary condition will followthe table. The inlet conditions at the outer flow and inner flow mass flow inlet are same. Theinlet temperature of the mixture at both inlets are set to 550 K . An inlet turbulence of 5% isgiven at both inlets. The outlet pressure is set to 6.7 atm.

The reactive cases are performed with 100% hydrogen-air mixture. It is assumed that theflow into the trapped vortex region is completely premixed. Therefore the outer flow inlet is
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Cold Flow/ Reactive FlowOuter flow inlet Inner flow inlet Outlet WallType Mass flow inlet Mass flow inlet PressureOutlet No slip wall

Mass flow [kg/s] 0.08125 0.08125 - 0Pressure - - 6.7 atm -Temperature 550 K 550 K - Isothermal/AdiabaticTurbulent Intensity 5% 5% - -
Table 5.2: Summary of boundary conditions for ATV combustor cold flowsimulations.

set as premixed H2 − air mixture with equivalence ratio of 0.4. Using the fuel equivalenceratio of 0.4, the mole fractions of the gases in the mixture was calculated and given as inletmole fraction at the inlet. The species and their respective mole fractions at the inlet is givenin table 5.3.
Species H2 H O2 O OH H2O HO2 H2O2 N2 ArMole Fraction 0.1438 0 0.1797 0 0 0 0 0 0.6685 0.008

Table 5.3: Species mole fraction of the fuel-air mixture at the inlet.
Similar to the validation case, the whole domain is initialized with premixed fuel-air. Aspherical ignition source is placed at the position indicated by point A as shown in figure 5.2.The properties of the ignition source is given in table 5.4. The flow was ignited at the givenlocation at 0.5 ms into the simulation for a duration of 4.5 ms. A higher energy factor wasrequired to properly ignite the mixture and get the combustion started. The wall boundarycondition was changed to a no-slip adiabatic wall. All the other boundary conditions remainssimilar to the cold flow case.Location [mm] Radius [mm] Energy factorx y z27.5 37.5 0 8.75 1.75

Table 5.4: Properties of ignition source for ATV combustor reactive simulations.
5.3. Mesh IndependenceA mesh independence study was performed to select the right grid size for the simulations.Four structured meshes with number of cells of 0.85 MM, 1.6 MM, 2.5 M and 3.5 MM aregenerated using AVL FAME. The wall grid spacing is set to 1× 10−6. For the set wall gridspacing, the y+ value along the dome wall is given in figure 5.3. The minimum y+ alongthe wall is approximately 10 and the maximum is 30. Therefore the wall adjacent grid heightreside in the log law region and the wall functions retain their validity.The mesh shown in figure 5.4 consists of 2.5 MM cells with nearly 95% hexahedralelements. The setup for the mesh independence study is same as the numerical setup detailedin the above section. For turbulence modelling, the k − ε model was used with standard wallfunctions. From the converged results, total velocity was sampled at the locations shown infigure 4.4. The results of the study performed are shown in figure 5.5. From the results it can
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Figure 5.3: Sampled and filtered y+ along the dome wall

Figure 5.4: Structured mesh with around 2.5 million cells.
be inferred that the results are independent above the mesh size of 2.5 MM cells. Thereforesubsequent studies are performed with this mesh.
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Figure 5.5: Velocity data obtained at axial locations. A : x=74 mm; B: x=100mm; C: x=130 mm.
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5.4. ResultsThis section presents the results obtained from a number of simulations performed on theATV combustor. First section 5.4.1 covers the cold flow results with sensitivity analysis forinlet mass flow rate and inlet turbulence. Primary focus is given to the dome wall wherethe possibility of flashback is high. Since the geometry is fixed, the inlet mass flow rate isvaried to study the effect of inlet bulk velocity on the flow dynamics along the dome wall andrecirculation zone. Another factor considered is the inlet turbulence which varies in a realcombustor inlet due to different factors.The second section 5.4.2 studies the flame stabilization mechanism and effect ofhydrogen-air reaction on the flow in the combustor. The effect of fuel concentration on thecombustion dynamics is also studied by varying the equivalence ratio.
5.4.1. Cold FlowThe first set of analysis was performed with the boundary condition given in table 5.2. Thiswas performed to study the general flow behaviour in the ATV combustor. The quantities ofinterest were the wall velocity gradient, size of recirculation bubble and flow velocity alongthe dome.The total velocity contour and the streamlines are shown in figure 5.6. The flowenters the combustor through the outer flow inlet at a bulk flow velocity of 28 m/s. Theflow then accelerates through the section A’-A to a maximum velocity of 67 m/s upstream ofthe separation point due to change in area of the inlet pipe. Such high velocity near theseparation point are critical for avoiding flashback through that location.The flow separates at the corner and enters the dome section. In the dome the flowquickly decelerates towards the wall in radial direction. The flow reattaches at a length ofaround 60 mm downstream of the separation point. The recirculation bubble formed coversalmost half of the flame stabilization zone. The low velocity flow through the dome acceleratesthrough the section C’-C due to the constriction caused by the recirculation zone. The highvelocity region formed between the recirculation bubble and the wall prevents the flame fromreaching the wall reducing the chance of flashback through that section.The core inlet flow through section B’-B is assumed to be non-swirling axial flow.The flow through this part of the combustor is similar to the flow in validation case. Thus asmall recirculation zone is formed at the axis of the combustor. The streamlines reveal thatthe flow is parallel at the interface between the flow coming from the outer flow inlet and theinner flow inlet. Changes in inlet condition at both inlets might cause a deviation from thisbehaviour. This factor must be taken into consideration while designing the combustor.

Figure 5.6: Velocity contour with streamlines in ATV combustor.
The mean velocity and the turbulent velocity fluctuations along the 5 lines is plotted infigure 5.8. The sampling lines A-E are marked in figure 5.7. The velocity is scaled with inletbulk velocity of 28 m/s. The flow decelerates to very low velocities near the wall downstreamof point A. The minimum velocity near the dome wall is almost 10 m/s. After reaching aminimum, the flow accelerates through the middle of the dome before slowing down along the
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Figure 5.7: RMS turbulent velocity fluctuation contour in ATV combustor.
final corner of the dome. At the final corner, the reduction in velocity is similar to that in thefirst corner. Even though the flow velocity increases further away from the wall, the velocitygradient along the dome is critical.The turbulent velocity contour is shown in figure 5.7. A sickle shaped shear layer 1 isformed downstream of the separation point along the dome. The shear layer is initially thinand increases in width along the dome to point D. Another high turbulence zone (zone 2) isformed near the recirculation zone. It has an elliptical shape with a length of almost 3 timesthe width of the section C’-C. Further downstream the turbulence decreases due to dissipation.The variation in turbulence along the dome wall can be observed from the figures 5.8a - 5.8e.The turbulence increases along the dome wall from line A to line B. From line C to line E theturbulence in the shear layer dictates the turbulence in the flow and the turbulence intensityremains almost constant at 40 %. A peak in turbulence is observed on line D which falls inthe middle of shear layer 1.The variation in wall velocity gradient along the dome wall is shown in figure 5.9. Thewall velocity gradient is calculated using the velocity parallel to the wall at two boundary gridlayers near the wall. Between points B and D, the minimum wall velocity gradient reaches avalues of around 1× 104 with the values staying below 4× 104. Referring to figure 2.4, thesevalues are well below the predicted critical velocity gradient (gc) of 1.09× 105 estimated inthe design process 4.2.2. Low velocity regions combined with wall velocity gradient below gc ,combustion instabilities at the section A’-A could cause the flame to travel closer to the domewall. This increases the risk of boundary layer flashback and localized burning of the mixturenear the dome wall.
Effect of inlet velocityThe effect of the inlet velocity on the flow characteristics is studied by varying the inlet massflow rate. Apart from the reference case analysed in previous section, simulation were run fortwo mass more mass flow rates higher and lower than the reference case.The influence of Ubulk on relative turbulence intensity (u′/Ubulk ) and the relative meanaxial velocity (Ucenter /Ubulk ) are shown for inlet mass flow rate variation from 0.6 kg/s - 0.8kg/s in figure 5.10. For all 3 mass flow rate cases, both axial profiles of u′/Ubulk and Ucenter/Ubulk collapse on one curve. This indicates that u’ and Ucenter are proportional to the inletbulk velocity or the inlet mass flow rate. Higher velocities lead to higher velocity gradients inthe shear layer. These higher velocity gradients which roughly scale linearly with the inletvelocity are responsible for production of turbulence.In figure 5.11, the influence of Ubulk on wall velocity gradient (gf ) is shown for thesame variation in mass flow rate. The wall velocity gradient increases slightly with increasingmass flow rate or increasing bulk flow velocity. This behaviour is expected since increase inbulk flow velocity in a bounded flow increases the wall velocity gradient.
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Figure 5.8: Variation of total velocity and turbulent velocity fluctuations alongthe radial lines A to E.
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Figure 5.9: Velocity gradient along the dome wall.
Effect of inlet turbulenceThe effect of inlet turbulence on the flow characteristics is studied by varying the inlet tur-bulence intensity from 6 % - 24 % and keeping all other inlet conditions similar. Figure5.12 shows the effect of this variation on the scaled center-dome velocity (Ucenter /Ubulk ) andrelative turbulence intensity (u′/Ubulk ) along the lines from A - E.The change in inlet turbulence has no effect on the mean velocity along the radiallines. On the other hand the variation in inlet turbulence has significant effect on the u′/Ubulk
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Figure 5.10: Sensitivity of total velocity and turbulent velocity fluctuationsalong the radial lines A to E to change in mass flow rate.
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Figure 5.11: Variation in velocity gradient along the dome wall with outerflow mass flow rate.
profile. The effect is visible for section A-C and partially in section C-D. From point A to C theincrease in inlet turbulence increase the turbulent intensity along the radial lines. From C toD the presence of shear layer 1 masks the turbulence in the inlet. Thus downstream of pointC, the effect of inlet turbulence reduces gradually and the shear layer turbulence completelydominates from point D.The flame stabilization is enhanced by intense turbulence transport and mixing of hot
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combustion products into fresh mixture. Therefore the flame stabilization can be influenced bychanging the turbulence in the shear layer. But changing the inlet turbulence seems to havelittle effect on the shear layer turbulence. Thus other methods have to be sought to influencethe turbulence at the flame front.
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Figure 5.12: Sensitivity of total velocity and turbulent velocity fluctuationsalong the radial lines A to E to change in inlet turbulence.

Similar to previous sensitivity analysis with inlet velocity, the effect of inlet turbulenceon wall velocity gradient along the dome is also analysed. A visible change in values ofwall velocity gradient is seen for length of dome ld < 30mm. For an 5 times increase inturbulence intensity, a 100% maximum increase in wall velocity gradient is seen at ld = 15mmFor ld > 30mm the shear layer turbulence masks the effect of inlet turbulence and the wallvelocity gradient curves collapses on one curve. The ability to change wall velocity gradientalong the dome wall is important to prevent flashback. From this analysis it can be concludedthat changing inlet turbulence only effects less than half of the dome wall and the valuesdownstream of this point is dictated by the turbulence in the shear layer.
5.4.2. Reactive FlowThe reactive flow simulations for 100% premixed hydrogen was run for two fuel equivalenceratio - 0.4 and 0.5. The flame stabilization and reactive flow characteristic are analysedusing the reference case with φ = 0.4. The numerical setup and boundary conditions forthe simulations are explained in section 5.1 and 5.2 respectively. The time evolution of theunsteady RANS simulation is given in figure 5.14. The mixture is ignited at 0.5 ms for aperiod of 4.5 ms. The solver runs for another 15 ms for the fluctuations to settle and the datacollection starts at 20 ms for a period of 30 ms. Thus all the results presented henceforth arebased on quantities averaged from the data collected over the last 30 ms of the simulation.
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Figure 5.13: Variation in velocity gradient along the dome wall with outerflow inlet turbulence.
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Figure 5.14: Time evolution of reaction simulation for ATV combustor.
Combustion RegimeThe combustion regime of the two flames at equivalence ratio φ= 0.4 and 0.5 is identified inthis section. The parameters required for the process are the laminar flame parameters, laminarflame speed (Sl) and laminar flame thickness (δl) and turbulent flow properties, integral lengthscale (Lt ) and turbulent fluctuations (u′ ). These parameters are calculated at progress variable
c = 0.05 similar to validation case 3.6.2 and averaged over the entire flame length. The resultsof this calculation are shown in figure 5.15 where the two reactive cases are plotted as pointsin the Borghi-Peters diagram.Both flames falls under the thin reaction zones indicating that the Kolmogorov scalesis smaller than the flame thickness and scalar mixing is enhanced in the preheat zone. Thedecrease in equivalence ratio moves the flame away from the Ka = 1 limit. The case with
φ= 0.4 lies left of Da= 1 in the well stirred reactor zone. The well mixed model works betterfor flames in this region and thus the results from this case contains less relative error thanthe φ= 0.5 case. As the fuel gets leaner, the combustion model gets more and more accurate.
Flame StabilizationTo identify the flame stabilization mechanism, the OH mole fraction distribution for the tworeactive cases are displayed in figure 5.16. The flame looks similar to the V-flame in the PSIcombustor studied in section 3.6. Thus the flame is stabilized because of the recirculation of



5.4. Results 69

10−1 100 101 102 103

Lt/δf (-)
10−1

100

101

102

103

u′ rm
s/S

l0
 (-
)

Corrugated flames

Laminar flames Wrinkled flames

Thin reaction zonesWell-stirred reactor

Broken reaction zones

Ka = 100

Ka = 1

Da 
= 1

ReT  = 1

ϕ=0.4

ϕ=0.5

Figure 5.15: Combustion regime for the flames in ATV combustor.
hot products by the trapped vortex formed at the wall of the combustor. The flame is anchored

(a) φ= 0.4

(b) φ= 0.5
Figure 5.16: OH mole fraction contours for ATV combustor

from the separation point starting as a thin flame and increasing in thickness as we moveaway from the separation point. It can also be observed that the flame moves closer towardsthe axis with increase in equivalence ratio. Moving closer to the axis decreases the totallength of the flame and increases the turbulent flame speed. Figure 5.17 shows the molefraction contour for hydrogen at φ = 0.4 for the ATV combustor. The exhaust of the presentcombustor contains hydrogen. This can be due to several reasons. One of the primary reasonsis the under-prediction of reaction rates by the combustion model and thus not all all fuel isburned. Another reason can be the insufficient length of the combustor to burn all the fuelresulting in incomplete combustion. Absence of core flow combustion can also be cited as oneof the reasons. Reaction can be quenched by the cold flow from the core flow and reduce
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the reactivity of the flame. It is expected that a hot swirling core flow flame would interactwith the outer flame and help in burning all the fuel. The flame would be closed instead ofan open flame extending towards the combustor exit in this case.

Figure 5.17: H2 mole fraction contour for ATV combustor at φ= 0.4.
Wall Velocity GradientThe total velocity contour with the streamlines are shown in figure 5.18. The result showncorresponds to the case with equivalence ratio of 0.4. Due to the presence of flame the flowheats up and the kinetic energy increases. This results in acceleration of the flow close tothe flame front. The presence of flame also caused upstream effects on the flow near thedome wall. The wall velocity gradient on the dome wall with and without the flame for three

Figure 5.18: Velocity contour at φ= 0.4.
cases are shown in figure 5.19. The φ= 0 case corresponds to results from the cold flow forcomparison. The flame has limited effect on the wall velocity gradient at the section from A toB. Downstream of point B, the wall velocity gradient increases by an order of magnitude andis well above the critical velocity gradient of 1.09× 105 estimated for hydrogen flames in thedesign process. The wall velocity gradient also increases by a small percent with increase inequivalence ratio. Extrapolating the data, the wall velocity gradient is expected to decreasewith decrease in equivalence ratio. Estimation of this change is important since this affectsthe startup of the combustor from zero load to full load.
5.5. ConclusionThis chapter comprised the detailed analysis of Aerodynamically Trapped Vortex (ATV) com-bustor for 100 % hydrogen operation. The preliminary design of the combustor was based onthe critical velocity gradient of premixed turbulent hydrogen flames at critical points in thecombustor.
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Figure 5.19: Variation in velocity gradient along the dome wall due to pres-ence of hydrogen flame.
A set of cold flow simulations were performed on the ATV combustor. The section withthe highest risk for flashback is the dome wall. The flow velocity gradient in this section is oneorder of magnitude less than critical velocity gradient for hydrogen flames. The combustorcontains two shear layer zones, one at the dome wall and another near the recirculationbubble. The recirculation zone helps in recirculating the combustion products to stabilize theflame. A sensitivity analysis was performed by varying the inlet turbulence and inlet velocityinto the combustor. Both parameters have minimal effect on the wall velocity gradients andflow parameters at the dome wall and recirculation zone. Thus other methods have to besought to control the flow parameters at these sections.Reactive flow simulations were performed at equivalence ratios φ= 0.4 and 0.5. Bothflames falls under the thin reaction zone in the Peters diagram. The flame anchors from theseparation point and extends till the exit of the combustor. The presence of flame increasedthe wall velocity gradient in the second half of the dome wall above critical velocity gradient.
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6Conclusions and recommendations
Hydrogen combustion for energy production provides a pathway to smooth transition fromconventional fuels to renewable energy. In addition to elimination of carbon emission, usinga premixed type of combustion minimizes the harmful NOx emissions. Premixed turbulent hy-drogen combustion is met with the challenge of flame flashback due to the inherent propertiesof hydrogen flames discussed in chapter 2. The combustion modelling of premixed hydrogenflames are also challenging due to preferential diffusion and Lewis number effects. To tacklethe challenge of flame flashback a combustor design based on trapped vortex flame stabiliza-tion concept was proposed and analyzed. The turbulence and combustion models used in thisresearch is also validated against premixed turbulent hydrogen flames in a axial dump stabi-lized combustor (Siewert, 2006; Daniele et al., 2013). This chapter draws important conclusionfrom this research in section 6.1 followed by recommendations in section 6.2.
6.1. ConclusionsThis section is divided into two parts - validation of numerical models (sec. 6.1.1) and analysisof hydrogen combustor (sec. 6.1.2).
6.1.1. Validation of numerical methodsThe turbulence model and combustion models were validated using the experiments performedby Siewert (2006) and Daniele et al. (2013) respectively. The turbulence models used were
k − ε and k − ζ − f models. The well mixed model was used for modelling the combustion.

1. For non-swirling flows backward facing step flows, the k − ε model performed betterthan the k − ζ − f model. The maximum error in estimation of mean axial velocityalong the centerline of the combustor using k − ε and k − ζ − f models were 22.05 %and 49.79 % respectively. The k − ζ − f model was found to be too dissipative thanthe k − ε model. Since the k − ζ − f model involved solving two additional equationcompared to k − ε model, it is much more computationally expensive.
2. The k − ε model was able to predict the mean velocity and turbulence intensities overa large part of the domain. It showed large deviations in turbulence prediction fromthe experimental results beyond 3/4th length of the combustor and in the recirculationzone. Nevertheless it performed significantly better than the k − ζ − f model.
3. The well mixed model used for modelling combustion failed to capture the exact flamefront for the case with φ = 0.35. As the turbulent flame speed decreases, the flamebecomes longer. The numerical results showed a longer flame than the experimental
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flame. Therefore it can be attributed to the under-prediction of reaction rate and thusturbulent flame speeds

4. A quantitative comparison of the model was performed by running additional simulationat φ= 0.25 and φ= 0.45. The normalized turbulence flame speed from the experimentand numerical simulation were compared and relative errors estimated. The relativeerror in turbulent flame speed (ST ) reduces with decrease in equivalence ratio from 50% to less than 30 %.
5. The combustion regime of the flame varied from corrugated flamelets for φ = 0.45 towell stirred reactor for φ = 0.25 as shown in figure 3.15. Since the well mixed modelworks best for flames in the well stirred reactor regime, this explains the decrease inrelative error in ST with decrease in equivalence ratio.
6. The flow Reynolds number for the cases studied is 4.01× 104 and the Karlovitz numberranges from 0.434 to 45.62. Wu et al. (1990) and Nakahara and Kido (1998) observedthermo-diffusive instabilities to be significant under similar conditions for premixedturbulent hydrogen flames. The detailed chemistry approach with k − ε model couldnot capture these effects completely in the simulations as evidenced by the near unityeffective Lewis numbers calculated in section 3.6.3.
7. The diffusive coefficients calculated by mixture averaged approach and multi componentapproach showed no significant difference in the cases studied. Thus the less expensivemixture averaged approach can be used for further studies.
8. The error in the combustion model is attributed to the absence of turbulence chemistryinteraction and Lewis number effects.

6.1.2. Analysis of Aerodynamically Trapped Vortex combustorA preliminary design of a combustor based on aerodynamically trapped vortex flame stabiliza-tion concept was developed. The design is based on achieving wall velocity gradients higherthan critical velocity gradient of premixed turbulent hydrogen flames near flame stabilizationpoint in the combustor. A fully developed turbulent flow is assumed at the inlet and along thedome section of the combustor. The wall velocity gradients were calculated using the Blasiuscorrelation for pipe flow (eq. 2.3). A detailed analysis of the developed design is performedafterwards and the conclusion are presented here.
1. The section of the combustor with highest risk of flame flashback was identified asthe dome wall where the flow velocities and wall velocity gradients are below criticalvalues.
2. The change in inlet mass flow and inlet turbulent intensity had minimal effect onimproving the flow properties at the dome wall. It also didn’t have any effect on theflow properties near the flame stabilization region.
3. The flame anchored from the separation point is stabilized by recirculation of hot com-bustion products by the trapped vortex. The combustion regime for the flames withequivalence ratio of φ= 0.4 and 0.5 was identified in the thin reaction zone.
4. The flow along the dome wall is affected by the upstream effects of the flame. Therewas a significant increase in wall velocity gradient in the second half of the dome wallwell above the critical velocity gradient. This is due to the presence of flame causing apartial blockage of the dome section increasing bulk flow velocity. However the valuesof wall velocity gradient near the entry into the dome wall section saw no improvement.
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5. A high temperature region is formed near the wall of the combustor due to the presenceof the flame which increases with fuel equivalence ratio. This calls for proper coolingof the combustor walls to prevent any damage to the equipment.6. The combustor exhaust contained unburned hydrogen indicating incomplete combustion.This can be attributed to absence of core flow combustion or the poor prediction ofreaction rates by the well mixed model.

6.2. RecommendationsRecommendations for further research includes :1. Advanced reaction modelling : The premixed hydrogen-air flames needs to be simulatedwith a more advanced model capable of including both turbulence chemistry interactionand Lewis number effects. Possible candidates for combustion models capable of includ-ing detailed chemistry are the presumed PDF approach and the Flamelet GeneratedManifold (FGM). In case of limited computational capability, reduced models should beused to model the combustion.2. Validation of the numerical model : The combustion models like the one mentioned inrecommendation 1 needs to be validated with more experimental cases. The experimen-tal cases should range various operating conditions like preheat temperature, pressure,and equivalence ratio, and burner types such as high swirl burner, low swirl burner etc.The choice of turbulence model is dependent on the type of flow and the combustionmodel is dependent on the flame regime. Therefore a thorough validation of numericalmodels at different experimental cases will help identify the best model for various typesof flames.3. Design of the combustor : A better analytical method needs to be developed based onthe cold flow results to predict the wall velocity gradients along the dome wall. In thedesign procedure a fully developed pipe flow is assumed in the entire design space. Thisassumption need to be validated by experiments and if necessary modified to reflectthe exact flow behaviour. The flow simulations needs to be performed for multipleconfigurations of the dome wall to optimize the geometry for flashback resistance. Theobjective function in the optimization problem should try to maximize the wall velocitygradient and flow velocity close to the dome wall. Other factors affecting flashbackresistance of the combustor should also be investigated through detailed experimentsand be incorporated into the optimization problem.4. Analysis of the ATV combustor : To capture the flow instabilities and smaller scales ofthe flow, LES simulations needs to be performed. The effect of core flow needs to beincluded in the analysis by introducing the swirl inlet instead of non-swirling axial flowinlet. Accordingly a sensitivity analysis needs to be performed with this swirl flow.5. Reactive simulations for the ATV combustor : Further studies should include the effectof swirl flow flame at the core on the trapped vortex flame. The numerical simulationsshould be performed with a better model validated as mentioned in recommendation 1.The combustion dynamics or the acoustics of the flame should be studied. Studies shouldbe performed at fuel equivalence ratio corresponding to low to high load conditions. Theresults from the numerical study should be validated with combustor tests.6. Fuel and Emission : The reactive flow studies should also be performed with fuel otherthan hydrogen such as methane, syngas etc. This helps to determine the fuel flexibilityof the combustor and better optimize the combustor for various types of fuels. To predictthe emissions, NOx and CO mechanisms should be included in the chemistry.
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AAdditional Theory
A.1. Hoferichter’s modelThe Hoferichter’s Model for confined flames was developed at TU Munich, Germany byHoferichter, Hirsch, and Sattelmayer (2016) and is based on onset of flashback in the eventof boundary layer separation upstream of flame tip. According to this idea, the flashback ispredicted by calculating the minimum pressure rise upstream of flame tip which causes flowseparation (Hoferichter, Hirsch, and Sattelmayer, 2016). The author used Stratford’s criteriato predict boundary layer separation due to pressure rise upstream induced by flame givenby equation A.1.

Cp
(
x
dCp
dx

)1/2
= 0.39 (A.1)

p(x) = p(0) + ∆px2
x2
f

(A.2)
Cp(x) =

p(x)− p(0)0.5.ρuU2 (A.3)
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dCp
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ρuU2x2

f
(A.5)

In these equation, xf stands for distance from flame tip to point of separation of the flow. ρu isthe unburned gas density and U is the centerline velocity, which corresponds to the flashbackvelocity UFB . Substituting the equation A.4 and A.5 in equation A.1, we get,
√2( 2.∆p

ρuU2
FB

)3/2
= 0.39 (A.6)

In calculating the pressure rise, the turbulent flame speed of the H2-air flame is calculatedby taking flame stretch effects into consideration. The back pressure ∆p is derived by usingcontinuity and momentum conservation in the flame zone. Setting the unburned gas velocity
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Figure A.1: Validation of predicted velocity at flashback with experimentaldata at atmospheric conditions for channel flow. Filled symbols : experimentaldata; Empty symbols : predicted values (Hoferichter, Hirsch, and Sattelmayer,2016).
as the turbulent flame speed ST ,

ρuuu = ρbub (A.7)
ρuu2

u + pu = ρbu2
b + pb (A.8)

pu − pb = ∆p= ρbu2
b − ρuu2

u (A.9)
= ρuS2

T

(ρu
ρb
− 1) (A.10)

Equations A.6 and A.10 together calculates the free flow velocity needed to prevent flashback.The prediction model was validated with experimental flashback studies conducted by Eichler(2011) for premixed hydrogen air in rectangular channel at different preheating temperatures.The comparison of model predicted flashback limits and that obtained from experiments isshown in figure A.1. Although Hoferichter’s Model gave excellent prediction of flashbackvelocity at room temperature, at higher temperature, large deviations were observed.
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12 i m p o r t numpy as np3 f r o m s c i p y . o p t i m i z e i m p o r t f s o l v e4 i m p o r t c a n t e r a as c t567 d e f LFS ( ph i , T in , P in ) :89 # I n l e t p r e s s u r e10 p = c t . one_atm ∗ Pin1112 # Prehea t t e m p e r a t u r e13 t b u r n e r = T i n1415 # D e f i n i n g gas w i t h c h e m i c a l mechan ism16 gas = c t . S o l u t i o n ( ’ chem . c t i ’ )1718 # T r a n s p o r t mode l f o r s p e c i e s19 gas . t r a n s p o r t _ m o d e l = ’ M u l t i ’2021 mdot = 0 . 6 52223 i n i t i a l _ g r i d = np . l i n s p a c e ( − 0 . 0 1 , 0 . 4 , 9 )2425 t o l _ s s = [ 1 . 0 e−5 , 1 . 0 e−10 ]26 t o l _ t s = [ 1 . 0 e−5 , 1 . 0 e−10 ]27 # amount o f d i a g n o s t i c o u t p u t ( 0 t o 8 )28 l o g l e v e l = 129 # ’ True ’ t o e n a b l e r e f i n e m e n t , ’ F a l s e ’ t o d i s a b l e30 r e f i n e _ g r i d = True3132 # E q u i v a l e n c e r a t i o33 EQUI = p h i3435 # S p e c i e s mole f r a c t i o n s36 i o 2 = gas . s p e c i e s _ i n d e x ( ’ O2 ’ ) # I n d e x o f O2 i n mix37 i n 2 = gas . s p e c i e s _ i n d e x ( ’ N2 ’ ) # I n d e x o f N2 i n mix38 i h 2 = gas . s p e c i e s _ i n d e x ( ’ H2 ’ ) # I n d e x o f N2 i n mix39 i a r = gas . s p e c i e s _ i n d e x ( ’ AR ’ ) # I n d e x o f AR i n mix4041 c = 142 comp = [ 0 ] ∗ gas . n _ s p e c i e s43 comp [ i h 2 ] = 2 ∗ EQUI44 comp [ i o 2 ] = c



80 Appendix B. ATV Design Procedure Source Code
45 comp [ i n 2 ] = 3 . 7 6 ∗ c ∗ 0 . 7 8 / 0 . 7 946 comp [ i a r ] = 3 . 7 6 ∗ c ∗ 0 . 0 1 / 0 . 7 94748 # I n i t i a l i z i n g gas temp , p r e s s u r e and c o m p o s i t i o n49 gas . TPX = t b u r n e r , p , comp5051 # Flame o b j e c t52 f = c t . F reeF lame ( gas , i n i t i a l _ g r i d )53 f . f l a m e . s e t _ s t e a d y _ t o l e r a n c e s ( d e f a u l t=t o l _ s s )54 f . f l a m e . s e t _ t r a n s i e n t _ t o l e r a n c e s ( d e f a u l t=t o l _ t s )55 f . s e t _ r e f i n e _ c r i t e r i a ( r a t i o =2 . 7 , s l o p e =0 . 0 6 , c u r v e =0 . 1 2 )56 f . s e t _ g r i d _ m i n ( 1 e−9)5758 # Set p r o p e r t i e s o f t h e up s t r e am f u e l −a i r m i x t u r e59 f . i n l e t . T = t b u r n e r60 f . i n l e t . X = comp61 f . i n l e t . mdot = mdot6263 f . s e t _ t i m e _ s t e p ( 1 e−5 , [ 2 , 5 , 1 0 ] )64 f . e n e r g y_ en ab l e d = True6566 f . t r a n s p o r t _ m o d e l = ’ M u l t i ’67 t r y :68 f . s o l v e ( l o g l e v e l=l o g l e v e l , r e f i n e _ g r i d=r e f i n e _ g r i d )69 e x c e p t E x c e p t i o n :70 p r i n t ( " f a i l e d m u l t i s o l v e a t p h i = " , EQUI )71 p r i n t ( " \n ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ MULTI ENERGY { 0 : 7 f } { 1 : 7 f }∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ " .f o r m a t ( EQUI , f . u [ 0 ] ) )7273 r e t u r n f . u [ 0 ]747576 d e f BLFmodel ( C , PRINT , h , dpdx , S_l0 , T_u , p_u , p h i ) :7778 # Gas c o n s t a n t79 R = 8 . 3 1 480 Ea = 1 2 5 6 0 4 . 08182 # Lewi s numbers83 Le_O2 = 2 . 3 284 Le_H2 = 0 . 3 38586 gamma2 = 1 .8788 # H y d r a u l i c d i a m e t e r89 D_h = h ∗ 2 / 1 0 0 0 . 09091 # An e q u i l i b r i u m r e a c t i o n ( w i t h Can t e r a ) r e s u l t s i n bu rned p r o p e r t i e s9293 gas1 = c t . S o l u t i o n ( ’ chem . c t i ’ )94 x = ’ H2 : ’+s t r ( 2 ∗ p h i )+ ’ , O2 : 1 , N2 : 3 . 7 6 ’95 gas1 . t r a n s p o r t _ m o d e l = ’ M u l t i ’ # ’ M u l t i ’ o r ’ Mix ’96 gas1 . TPX = T_u , p_u∗ c t . one_atm , x9798 r ho_u = gas1 . TD [ 1 ]99 cp_u = gas1 . cp_mass100 lambda_u = gas1 . t h e r m a l _ c o n d u c t i v i t y101 mu_u = gas1 . v i s c o s i t y102 nu_u = mu_u / rho_u103 gas1 . e q u i l i b r a t e ( ’HP ’ , s o l v e r= ’ g i b b s ’ )104 T_ad = gas1 . T105 r ho_b = gas1 . TD [ 1 ]106 r h o_a vg = 1∗ r ho_u + 0∗ r ho_b
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107 s igma = rho_u / rho_b108 gamma1 = s igma109110 # Flame p r o p e r t i e s111 # Flame t h i c k n e s s112 d e l t a f = 2 ∗ lambda_u / ( r ho_u ∗ cp_u ∗ S_ l0 )113 be t a = ( Ea ∗ ( T_ad − T_u ) ) / ( R ∗ T_ad ∗∗ 2 )114 A = 1 + be t a ∗ ( 1 / p h i − 1 )115116 # E f f e c t i v e l e w i s number117 Le = 1 + ( Le_O2 − 1 + A ∗ ( Le_H2 − 1 ) ) / ( 1 + A )118 a l f a = gamma1 + 0 . 5 ∗ be t a ∗ ( Le − 1 ) ∗ gamma2119 Lm = d e l t a f ∗ ( a l f a − ( s i gma − 1 ) ∗ ( gamma1 / s igma ) )120 # I n t e g r a l l e n g t h s c a l e121 l _ t = 0 . 1 ∗ D_h122 s = np . l o g 1 0 ( l _ t / d e l t a f )123124 e r r o r = 10125 c o u n t = 0126 U_FB = 1127 w h i l e abs ( e r r o r ) > 0 . 0 1 :128 d e f e q u a t i o n 1 ( eq1 ) :129 u_ tau = eq1130 r e t u r n u_ tau ∗∗2 − ( 0 . 0 3 9 5 5 ∗ ( U_FB−2 .4∗ u_ tau ) ∗ ∗ ( 7 / 4 . ) ∗ ( mu_u /rho_u ) ∗ ∗ ( 1 / 4 . ) ∗ ( D_h ) ∗ ∗ ( − 1 / 4 . ) )131 u_ tau = f s o l v e ( e q ua t i o n 1 , 0 . 1 , x t o l =1 .49012 e−2)132 S_t = 0133 imax = 50134 f o r i i n r ange ( 5 , imax , 1 ) :135 y = i ∗ ( mu_u / ( r ho_u ∗ u_ tau ) )136 u _ f l u c = u_ tau ∗ ( 2 . 6 6 1 − 7 . 2 1 1 ∗ np . l o g ( u_ t au ∗y∗ r ho_u / mu_u ) +7 . 6 0 0 ∗ np . l o g ( u_ t au ∗y∗ r ho_u / mu_u ) ∗∗2137 − 2 . 9 0 0 ∗ np . l o g ( u_ t au ∗y∗ r ho_u / mu_u ) ∗∗3 + 0 . 4 7 2 ∗np . l o g ( u_ t au ∗y∗ r ho_u / mu_u ) ∗∗4138 − 0 . 0 2 8 ∗ np . l o g ( u_ t au ∗y∗ r ho_u / mu_u ) ∗∗5 )139140 Gamma = 10∗∗ ( −1 / ( s + 0 . 4 ) ∗np . exp (− ( s + 0 . 4 ) ) +(1−np . exp (− ( s + 0 . 4 ) ) )∗ ( 2 / 3 . ∗ ( 1 − 1 / 2 . ∗ np . exp (− ( u _ f l u c / S_ l0 ) ∗ ∗ ( 1 / 3 . ) ) ) ∗s −0 .11 ) )141142 # MODIFICATION : A n i s t r o p i c f l a m e s t r e t c h143 v _ f l u c = u_ tau ∗ ( −0 . 0 0 0 5 2∗ ( u_ t au ∗y∗ r ho_u / mu_u ) ∗∗2 + 0 . 0 4 5 8 7 3 ∗ (u_ t au ∗y∗ r ho_u / mu_u ) − 0 . 0 1 4 4 1 0 )144 w _ f l u c = u_ tau ∗ 1 . 4 ∗ ( − 0 . 0 0 0 5 2 ∗ ( u_ t au ∗y∗ r ho_u / mu_u ) ∗∗2 +0 . 0 4 5 8 7 3 ∗ ( u_ t au ∗y∗ r ho_u / mu_u ) − 0 . 0 1 4 4 1 0 )145146 k = 1 / 2 . ∗ ( u _ f l u c ∗∗2 + v _ f l u c ∗∗2 + w _ f l u c ∗∗2 )147 k a p p a _ t u r b = Gamma∗ u _ f l u c ∗ v _ f l u c ∗ w _ f l u c / ( l _ t ∗k )148 kappa_mean = 0 .149 # k a p p a_ t u r b = 2 / 3 . ∗ Gamma∗ u _ f l u c / l _ t150 kappa_s = 1 / 2 . ∗ u _ f l u c / l _ t151 kappa = ( kappa_mean + k a pp a _ t u r b + kappa_s )152 S_ l s = S_ l0 − kappa ∗Lm153 S_t_new = ( S_ l s ∗ ( 1 + C ∗ ( u _ f l u c / S_ l s ) ∗∗ 0 . 5 ) )154155 # MODIFICATION : Lew i s c o r r e c t i o n f o r a l l t e m p e r a t u r e s156 i f T_u > 2 0 0 :157 i f Le < 1 . 0 and Le >=0.5:158 S_t_new = ( 0 . 6 0 5 2 ∗ ( 1 / Le ) ∗∗2 − 1 . 1 3 1 4 ∗ ( 1 / Le ) + 1 . 5 2 2 4 )∗ S_t_new159 i f Le < 0 . 5 0 :160 S_t_new = S_t_new ∗ 1 . 6 7 8161162 i f S_t_new > S_t :
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163 S_t = S_t_new164 Y = u_ tau ∗ y ∗ r ho_u / mu_u165 kappa_FB , Gamma_FB , S_ls_FB = kappa , Gamma , S_ l s166 u_ f l u c _FB = u _ f l u c167 S_l0_FB = S_l0168 S_ls_FB = S_ l s169 Ka = ( u _ f l u c / S_ l0 ) ∗ ∗ ( 3 / 2 . ) ∗ ( l _ t / d e l t a f ) ∗ ∗ ( − 1 / 2 . )170 u_TAU = u_ tau171172173 # S t r a t f o r d ’ s c r i t e r i u m174 dp_max = rho_u ∗ S_t ∗∗2 ∗ ( T_ad / T_u − 1 )175 U_FB_new = ( ( ( dp_max + dpdx ∗ 0 . 0 0 0 1 ) ∗ ( 2∗ dp_max+dpdx ∗ 0 . 0 0 0 1 ) ∗ ∗ 0 . 5 /( 0 . 3 9 ) ) ∗ ∗ ( 2 / 3 . ) ∗ 2 / rho_u ) ∗ ∗ 0 . 5176 e r r o r = U_FB_new − U_FB177 U_FB = U_FB_new178 c o u n t = c o u n t+1179180 # i f Ka > 1 :181 # f l a m e = ’ Th i n r e a c t i o n zone ’182 # e l i f Ka < 1 :183 # f l a m e = ’ C o r r u g a t e d f l a m e l e t s ’184185 dpdxmax = dp_max / 0 . 0 1186 U_FB_bar = U_FB [ 0 ] − 2 . 4 ∗ u_TAU [ 0 ]187188 i f PRINT == 1 :189 p r i n t ( ’ S_t = ’ , S_t , ’ T_u = ’ , T_u , ’K ’ , ’ p h i = ’ , r ound ( ph i , 2 ), ’ ’ , ’ U_FB_bar = ’ , r ound ( U_FB_bar , 1 ) , ’m / s ’ ,190 ’ u _ f l u c _ FB / S_Ls_FB = ’ , r ound ( u _ f l u c _FB [ 0 ] / S_ls_FB [ 0 ] , 1 ) ,’ ’ , ’ l _ t / d e l t a f = ’ , r ound ( l _ t / d e l t a f , 1 ) )191192 r e t u r n U_FB_bar , S_t , r ho_avg , nu_u , Le , d e l t a f193194195 d e f e v a l u a t e _ h 1 ( ) :196 # E v a l u a t i n g f o r t h i s C197198 # I n l e t t e m p e r a t u r e199 T_u = 550200201 # I n l e t p r e s s u r e202 p_u = 6 . 7203204 # L i s t s t o s t o r e o u t p u t205 g c l i s t = [ ]206 h 1 _ l i s t = [ ]207 v c 2 l i s t = [ ]208 f b l i s t = [ ]209210 # L i s t o f f u e l e q u i v a l e n c e r a t i o211 p h i _ l i s t = [ 0 . 3 , 0 . 3 5 , 0 . 4 , 0 . 4 5 , 0 . 5 , 0 . 5 5 , 0 . 6 , 0 . 6 5 ]212 # Lam ina r f l a m e speed c a l c u l a t e d w i t h f u n c t i o n LFS213 s l _ l i s t = [ 0 . 0 6 8 1 , 0 . 2 2 0 0 7 , 0 . 4 5 5 9 , 0 . 7 7 1 9 , 1 . 1 4 1 4 2 , 1 . 5 7 0 0 , 2 . 0 4 7 1 ,2 . 5 6 1 ]214215 # Fue l e q u i v a l e n c e r a t i o216 f o r i i n r ange ( l e n ( p h i _ l i s t ) ) :217218 # Lam ina r f l a m e speed219 S_ l0 = s l l i s t [ i ]220221 # E q u i v a l e n c e r a t i o
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CAdditional Simulation Results
C.1. Validation Case Results

Figure C.1: Velocity contour and streamlines at φ= 0.25.

Figure C.2: Velocity contour and streamlines at φ= 0.35.

Figure C.3: Velocity contour and streamlines at φ= 0.45.
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Figure C.4: Turbulent velocity contour at φ= 0.25.

Figure C.5: Turbulent velocity contour at φ= 0.35.

Figure C.6: Turbulent velocity contour at φ= 0.45.

Figure C.7: Hydrogen mole fraction distribution at φ= 0.25.

Figure C.8: Hydrogen mole fraction distribution at φ= 0.35.

Figure C.9: Hydrogen mole fraction distribution at φ= 0.45.
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C.2. Aerodynamically Trapped Vortex Results

Figure C.10: Velocity contour and streamlines for the ATV combustor for inlet
ṁ = 0.8 kg/s.

Figure C.11: Velocity contour and streamlines for the ATV combustor for inlet
ṁ = 0.5 kg/s.
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Figure C.12: Velocity contour and streamlines for the ATV combustor for inletturbulent intensity u′ = 24 %

Figure C.13: Velocity contour and streamlines for the ATV combustor for inletturbulent intensity u′ = 15 %
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