
Flame Self-Interactions in Turbulent Boundary Layer Flashback of 

Premixed Hydrogen-Rich Combustion 

 

 

 

 

 

 

 

 

 

 

MEC3029 Final Project  

 

Presented to the  

School of Engineering 

at 

Newcastle University  

 

In Partial Fulfilment of the  

Requirements of the Degree 

 

Mechanical Engineering  

 

 Author: Mr David Andrew Stewart.  

Supervisor: Dr Umair Ahmed 

Date: 10/05/2021 

 

Abstract 
A three-dimensional Direct Numerical Simulation (DNS) database of a premixed hydrogen-rich flame 

in turbulent boundary layer flashback has been considered to investigate the distribution of flame 

topologies associated with flame self-interaction (FSI) events, to the best of the authors’ knowledge, 

for the first time. The analysis has been carried out at different wall normal distances within the 

channel flow to demonstrate the wall boundary’s influence on the statistics of FSIs. It has been found 

that the presence of the wall boundary has a significant influence on the geometry of the turbulent 

flames surface, and consequently the overall turbulent burning rate. At all wall normal distances, the 

FSI events were located within a very confined region at the trailing edge of the flame brush towards 

the burnt products.  Tunnel Formations and Burnt Gas Pockets were prevalent at all distances from 

the wall followed by Tunnel Closure events. Unburnt Gas Pockets were the rarest flame topology, 

existing in relatively low numbers towards the middle of the channel flow where the flow velocity is 

at a maximum. The overall frequency of the FSI events increased as progression is made away from 

the wall boundary, then subsequently decreases approaching the region at the middle of the channel 

flow. The results presented in this study have important implications from a modelling perspective 

where the flame topologies have a strong influence on the geometry of the flames surface, which will 

inevitably affect and possibly provide an extension to the flame surface-based modelling approaches. 

Accordingly, the findings of the current analysis might need to be considered when extending such 

flame surfaced-based models in the context of turbulent premixed flames in boundary layer flashback. 
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1. Introduction  

1.1. Motivation  
Climate change is becoming an increasing issue globally, with power generation and civil aviation 

industries striving to gain a control over pollutant emissions to reduce greenhouse gases. Hydrogen-

rich syngas fuels are being considered as a clean and efficient fuel for future large scale power 

generation and aviation thrust propulsion systems1. Hydrogen combustion offers a lower 

environmental impact having the cleanest combustion pollutants and an infinite hydrogen water 

cycle61. It has a higher energy efficiency2 relative to conventional combustion fuels such as kerosine 

and natural gas.  This is due to hydrogens burning stability across a range of fuel concentrations 

during combustion and its relatively easy ignition because of a high flammability range and high 

burning velocity. However, the aforementioned characteristics of hydrogen lead the increased risk of 

flashback, which is the uncontrolled transient upstream propagation of a flame5, and therefor make the 

development of hydrogen combustors much more challenging2. Hydrogen flames introduce further 

complications with their interactions at boundary layers formed near combustor walls.  

The design of modern combustion equipment orientates around flame wall-interaction (FWI) 

and it is essential to achieve improvements of the predictive capabilities in the modelling of boundary 

layer flashback11 for premixed turbulent flames as new combustors are being made smaller to 

maximise energy density and minimise weight, and the turbulent premixed flame is the utter most 

common flame mode in such combustors60. Whilst boundary layer flashback doesn’t pose as a 

concerning issue in natural gas fuelled gas turbines, evidence suggests that premixed combustion of 

hydrogen-rich syngas under gas turbine conditions (high reactant temperature, high pressure) presents 

boundary layer flashback as a significant problem2,5.  The more reactive nature of hydrogen-rich 

syngas increases the complexity of boundary layer flashback considerably. When compared with 

hydrocarbon-air flames, hydrogen-air premixed flames are able to propagate three times (in relation to 

flame thickness) closer to the wall before heat loss to the solid surface leads to flame quenching,5 thus 

adding to the complexity of the physical and chemical phenomena6,7 associated with FWI. This lower 

quenching distance of hydrogen-air flames relative to their methane-air counterpart suggests that they 

can propagate closer to the wall in regions of the boundary layer characterised by very low flow 

velocities. This also leads to increased heat transfer, which can potentially damage the combustor 

walls resulting in failure of the combustion equipment. A common way to eliminate the flashback of 

hydrocarbon flames in conventionally fuelled combustors is to flush the pre-mixer and combustor 

walls with primary combustion air5.  However, with hydrogen-rich fuelled gas turbines this method is 

no longer feasible as all the available air injected is needed for dilution of the highly reactive fuel. 

Current modelling approaches used to simulate industrial scale combustion rely on Reynolds 

Averaged Navier Stokes (RANS) or Large Eddie Simulation (LES) techniques, and they fail to 

accurately account for the aforementioned physical phenomena involved with turbulent boundary 

layer flashback. 

 

1.2. Turbulent Premixed Combustion Modelling  
Turbulent premixed flames are often comprised of a thin and highly wrinkled layer of reacting gas 

that forms an interface between extended regions of unburned reactants and hotter, less dense 

products21. The interaction of a flame with a turbulent flow field results in wrinkling of the flame, 

causing an increase in the flames surface area, subsequently increasing the flames rate of burning.   

When a flame is subject to high levels of turbulence and flame wrinkling is very pronounced, the 

flames surface interacts with itself generating local topologies. These topologies (as a result of flame 

self-interactions) can affect the burning characteristics of such flames significantly through events 

such as flame pinch off.   Flame pinch-off is associated with the formation of an isolated reactant 

pocket which causes rapid changes in the flames surface area and consequently its burning rate21.  

When considering turbulent premixed combustion, the gradient of a scalar field is used to 

close the unclosed mean/filtered reaction rate in the context of RANS and LES and relies on the 

generalized Flame Surface Density (FSD)8 or Scalar Dissipation Rate (SDR)9 for modelling. In the 

present study, the scalar field of choice is the reaction progress variable (RPV) c based of the mass 

fraction of water vapor 𝑌𝐻2𝑂. Therefore, it is of fundamental importance to have a comprehensive 

understanding of the statistical behaviour of the modulus of the RPV gradient |∇𝑐|, often referred to 
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as the Surface Density Function (SDF), if turbulent premixed combustion is to be modelled with 

sufficient accuracy10. This study will determine the topological structures associated with the scalar 

field in turbulence based upon the sign of the eigenvalues of the Hessian tensor of the RPV 𝐻(𝑐). The 

tile-like and flat topologies discussed in this study have appeared to be the dominant topologies for 

non-reacting mixing12 and in turbulent premixed flames13,14. Many papers express the pivotal role the 

local flame topology has on characterising flame-flame interactions in turbulent premixed 

combustion15-22.  Flame-flame interactions can be analysed in a number of ways, including: 

Minkowski functional techniques18,19, automatic feature extraction techniques obtained using complex 

wavelet transform methods15,59 and critical point theory17,20,21, with the latter being applied in this 

study. There has been considerable analysis of flame-flame interactions in turbulent premixed 

combustion, however limited effort has been dedicated to such phenomena involved in boundary layer 

flashback of premixed hydrogen-rich combustion within a turbulent channel. To the best of my 

knowledge, a detailed analysis of the topological nature of flame self-interactions (FSI) in premixed 

combustion of a hydrogen-rich flame at the boundary layer and throughout during boundary layer 

flashback, present within a turbulent shear induced flow field, is yet to be carried out in the existing 

literature publicly available. Detailed models of reacting and non-reacting combustion within 

turbulent flows can be accurately simulated using Direct Numerical Simulation (DNS) techniques and 

has proved an invaluable source to gain a fundamental understanding of the phenomena involved in 

each23-26. To fill the aforementioned gaps in the existing literature, a DNS database for boundary layer 

flashback of a premixed hydrogen-air flame with equivalence ratio 1.5 in a fully developed turbulent 

channel flow has been interrogated for analysis. This database has been analysed in several previous 

studies to investigate the effects of pressure oscillations27 and turbulent kinetic energy transport 

physics3 during turbulent boundary layer flashback, but none of the aforementioned analysis focused 

on the local topologies associated with flame-self interactions during boundary layer flashback. 

Achieving a comprehensive understanding of the previously mentioned statistics related to the surface 

density function is necessary for improving the FSD8 and SDR9 models.   

 

1.3. Aims and Objectives  
The main aims and objectives of this present study are as follows:  

• To interrogate a DNS dataset corresponding to a premixed hydrogen-air flame with 

equivalence ratio of 1.5 in turbulent boundary layer flashback at different distances from the 

wall boundary to identify the predominant topological geometries and their distribution 

associated with flame self-interactions (FSIs).  

• To carry out a statistical analysis involving the principal curvatures of a premixed hydrogen-

air flame with an equivalence ratio of 1.5 in turbulent boundary layer flashback to gain a 

fundamental insight into the physical processes associated to the formulation of the identified 

FSI topologies and investigate the influence of the boundary layer wall on the FSIs. 

 
The rest of the report is organised as follows. Section 2 describes the DNS dataset used and its 

configuration, section 3 outlines the relevant mathematical background and numerical 

implementation. This is followed by a presentation of the results obtained and a discussion seen in 

section 4, finalised by any conclusions summarised in section 5.  

2. DNS Datasets and Configuration  
The same DNS dataset for boundary layer flashback as performed in the earlier work of Kitano et al27 

has been analysed in this current study.  The configuration of the flow, the turbulence flow field, and 

the flames characteristics are all similar to those within the earlier study carried out by Gruber et al5. 

The DNS database represents a hydrogen-air flame undergoing boundary layer flashback in a channel 

flow at bulk Reynolds number Reb = ρub2h/μ = 3500, with h being the channels half height and ub = 

1/2h∫ 𝑢 
2ℎ

0
dy = 19.83m/s. The Reynolds number is based on the channel half height h and the friction 

velocity 𝑅𝑒𝜏 = 𝜌𝑢𝜏ℎ/μ = 120 with 𝑢𝜏 = √|𝜏𝑤|/𝜌 and 𝜏𝑤 = 𝜇𝜕𝑢/𝜕𝑦 |y=0 or y=2h  being the friction 

velocity and the wall shear stress respectively. A code knows at FK3 was used to execute the 

simulation which has seen previous use in several studies involving turbulent, reacting and multi-
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phase flows28-32. FK3 used finite volume methodologies to solve the conservation equations for mass, 

momentum, enthalpy and chemical species. A skeletal chemical mechanism is used to account for the 

chemistry involves in hydrogen-air combustion which comprises of nine chemical species (N2, H2, O2, 

OH, H2O, H, O, HO2, H2O2) and twenty reactions, originally being designed for the modelling 

nitrogen combustion33. A fourth-ordered centered scheme is used to solve the spatial derivatives for 

the momentum equation. A third-ordered quadratic upstream interpolation for convective kinematics 

(QUICK)34 scheme is used to evaluate the convective terms of enthalpy and species mass fraction. 

The remaining terms in the scalar transport equations are calculated using a second-ordered scheme. 

Many numerical investigations use this method to solve scalar equations involving heat transfer in 

wall bounded flows to ensure the numerical stability and integrity of the code35,36. Moureau et al37 

proposed a pressure-based semi-implicit algorithm that is used to accurately solve compressible flow 

equations associated with hydrogen combustion. Within this fractional-step method, time 

advancement for the convective terms is executed through a third-order explicit total variation 

diminishing (TVD) Runge-Kutta method. The chemical kinetics are solved and integrated using a 

multi-timescale (MTS) method with a minimum time resolution of 1 x 10-9 seconds. The 

multicomponent diffusion for all nine chemical species is solved via the diffusion velocities by 

solving a system of linear equations outlines in reference 38 and 39 for every individual grid point at 

all time steps in the x, y and z directions. CHEMKIN40 is an efficient FORTRAN code that provides 

all the binary diffusion coefficients necessary for the diffusion calculations governing the physics of 

gaseous phase kinetics. The reader is directed to the previous work of Kitano et al27 for a more 

comprehensive explanation of the numerical techniques applied in this simulation. 

 The computational domain for the DNS is partitioned into two primary regions, namely, the 

channel flow region and the buffer region3,41, as shown in figure 1. The channel flow region is further 

sub-divided into two parts, being the turbulence generation region and the flashback region, as 

showing in figure 227. The dimensions of the channel flow region are 173mm x 20mm x 30mm, of 

which 103mm x 20mm x 30mm consists of the flashback region27. Fully developed wall-bounded 

turbulent flow is generated by imposing a pressure drop and a periodic boundary condition in the x 

direction within the turbulence generation region of the computational domain. Readers are directed 

to reference 3 for further detail on how the non-reacting turbulence is introduced into the region of 

flashback within the channel flow. The outflow characteristics of the upstream channel are introduced 

to the flashback region of the channel, and after 100ms of the flow becoming fully turbulent, a freely 

propagating planar flame is initialized in the flashback region of the domain. The walls in the y 

direction have a no-slip isothermal boundary condition at 750K applied to them, and the walls in the z 

direction are treated as periodic. The outflow boundaries in the buffer region have the Navier-Stokes 

Characteristic Boundary Condition (NSCBC)42 applied to then, as shown in figure 1. 

The parameters for the initial gas temperature, pressure, and equivalence ratio are given a value of 

750K, 0.1MPa and 1.5 respectively3,27,41. The laminar burning velocity SL and the flames thermal 

Figure 1. Computational grid used for Direct Numerical Simulation a shown in the x-y mid- plane3,27,41 
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thickness δth = (Tad – TR)/max∣∇ T∣L (with TR being the reactant temperature, Tad being the adiabatic 

flame temperature, and the subscript L representing the laminar flame quantities). Under the 

aforementioned conditions, SL and δth are determined to be 14m/s and 0.48mm respectively43.  The 

resolution of the grid in the flashback region of the simulation is 50 μm, and in non-dimensional wall 

units equates to Δx+ = Δy+ = Δz+ = 0.6. The resolution of the grid points within the simulation is 

sufficient as it guarantees that the laminar flame thermal thickness δth is resolved in approximately 10 

grid points. This criterion also satisfies the resolution criteria as recommended by Moser et al44 for 

turbulent boundary layer combustion up to a Reynolds shear stress of 590. Within the turbulence 

generation region of the computational domain, a larger grid spacing of 700 μm (Δx+=0.84) is used in 

the x-direction which is sufficient for this body of work to resolve the non-reacting turbulence at the 

aforementioned conditions. In total, approximately 0.4 billion grid points are used within the 

simulation, 1150 x 400 x 600 (276 million) of which are situated within the flashback region of the 

domain.  

A sample is taken from the data 1.6 ms after the freely propagating planar flame is initialised 

in the flashback region of the domain which ensures a steady flashback speed has been attained.  The 

earlier study by Kitano et al27 provides more detail on this.  Freely propagating statistically planner 

turbulent premixed flames8,45 and laboratory scale jet flame46-48 have been analysed using a similar 

technique as described above. For the results presented below in section 4, only the flashback region 

of the domain where the flame exists is considered for this analysis. This is due to the gradients of the 

chemical species (H2O in the present work) remaining zero outside of this region during the 

simulation, having no effect on the statistics presented in this study.  

3. Mathematical Background and Numerical Implementation  
If the reaction zones are assumed to be of the surface-type, the flame-flame interactions can be 

considered to occur when two flame sheets collide17. These flame-flame interactions in turbulent 

combustion generate local topologies which can be identified by analysing the critical points within 

the flame in relation to the progress variable17,20,21. In this study, a flame sheet is defined based upon 

the isosurface of the reaction progress variable c, defined as a normalised species mass fraction of 

water vapor YH2O:    

  

𝑐 =
𝑌𝐻2𝑂 − 𝑌𝐻2𝑂𝑅

𝑌𝐻2𝑂𝑃
− 𝑌𝐻2𝑂𝑅

     (1) 

 
with subscripts R and P representing reactant and product sides of the flame, respectively.  

 It should be made clear that the gradient of the reaction progress variable c is used to evaluate 

quantities such as the flame normal vector n, the flame surface curvature 𝜅 and the SDF. The gradient 

of c also vanishes at critical points within the flame. Given this, the Taylor series expansion around a 

critical point within the flame simplifies to17,20,21: 

𝑐(𝒂 +  𝒙)  =  𝑐(𝒂)  +  (
𝒙𝑇

2
) 𝐻(𝑐(𝒂))𝒙 +  ⋯      (2)  

 

Figure 2. Computational domain in the channel flow region3,27 
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The FSI topologies can be identified using the signs of the eigenvalues of the Hessian matrix of the 

reaction progress variable 𝐻(𝑐). The eigenvalues of the Hessian are real, giving the curvature along 

each of the three orthogonal principal axes17. Assuming the orientation is to be considered irrelevant, 

these eigenvalues fully define the local topology to second order17.  

Figure 3a represents a typical tunnel closure FSI topology defined by two positive and one negative 

eigenvalue which can be seen to feature a significantly different geometry to figure 3b which is a 

tunnel formation FSI topology consisting of one positive and two negative eigenvalues17. Converting 

the eigenvalues to spherical coordinates gives a more effect method for describing each FSI topology. 

This is achieved using equations 3-4, where 𝜆1 > 𝜆2 > 𝜆3, giving latitude Ø about pole vector 

[𝑒𝜆1,𝑒𝜆2,𝑒𝜆3
] and longitude 𝜃 about meridian vector [𝑒𝜆1,0, −𝑒𝜆3

] with 𝜅 being the magnitude of the 

eigenvalues (an overall measure of curvature, equation 5)17. Equation (3-4) become shape 

factors17,20,21 and equation (5) becomes a scaling parameter17 with dimensions of length-2. 

 

𝜃 =
6

𝜋
𝑡𝑎𝑛−1 (

(𝜆1 − 2𝜆2 + 𝜆3)/√6

(𝜆1 −  𝜆3)/√2
)      (3) 

 

∅ =
2

𝜋
𝑡𝑎𝑛−1 (

(𝜆1 + 𝜆2 + 𝜆3) cos (
𝜃𝜋
6 ) /√3

(𝜆1 −  𝜆3)/√2
)      (4) 

 

𝜅 = √(𝜆1
2 + 𝜆2

2 + 𝜆3
2)      (5) 

 

 Normalising the shape factors to ± unity, they can be used to define a continuous two-

dimensional domain fully describing the range of local topologies associated with flame self-

interactions17. For further detail on the aforementioned conversion method used to visually represent 

the local FSI topologies the reader is directed to reference 17.  Figure 4 represents the FSI topology 

corresponding to a range of example pairs of shape factors in an equirectangular projection of 𝜃 and ∅ 

at intervals across their normalised range17.  

 Moving across the flame self-interaction topologies described in the 𝜃 −  ∅ space as shown 

in figure 4, the signs of the eigenvalues of the Hessian of the reaction progress variable 𝐻(𝑐) change 

from (− − −) to (− − +) to (− + +) to (+ + +) from left to right. The black lines between each 

colour represent the locus points at which an eigenvalue changes sign.  On the left-hand side of figure 

4, the eigenvalues with the signs of (− − −)  correspond to Burnt Gas Mixture Pockets (BGP) FSI 

topologies and are outward-propagating spherical flame pockets (‘Product Pockets’). Conversely, the 

Figure 3. Examples of two topologies resulting from flame-self interactions. A tunnel closure topology on the left 

(+ − −) and a tunnel formation topology on the right (+ − −) obtained from DNS data17 with all units in mm.  
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topologies with the eigenvalue signs of (+ + +) on the right-hand side of figure 4 correspond to 

Unburnt Gas Mixture Pockets (UBGP) and are inward-propagating spherical flame pockets (‘Reactant 

Pockets”). Furthermore, the section of figure 4 two stages in from the left (owning the eigenvalue 

signs of (− − +)) correspond to Tunnel Formation (TF) topologies, and the collection of topologies 

in the section to the right of this again (owning the eigenvalue signs of (− + +)) correspond to 

Tunnel Closure (TC) topologies.  In a physical sense, the Tunnel Closure (TC) topologies are 

cylindrical FSI topologies that propagates inwards towards a common axis, whereas the Tunnel 

Formation (TF) topologies are cylindrical FSI topologies that propagate away from a common axis.  

 Among the most important events in terms of its effect on the total flame surface area and 

consequently the overall turbulent burning rate is flame pinch-off. Flame Pinch-off occurs by the 

means of a tunnel closure FSI event and the formation of a reactant pocket (UBGP). Conversely, the 

tunnel formation event results in the creation of a burnt gas pocket (BGP)21. 

The dynamics of the topologies can be further understood by addressing the colour mapping scheme 

used in figure 4.  Blue represents a lower temperature (or lower progress variable) and red represents 

a higher temperature (higher progress variable). Using this scheme, it is possible to derive the 

direction of propagation of each element within the flame. Utilising the shape factor domain along 

with the other relevant variables including the progress variable c, the scaling parameter giving a 

measure of the overall curvature 𝜅 and the reaction rate provides the fundamentals required to gather 

statistical data about the FSI associated with hydrogen-air combustion within the DNS database17.  

It should be noted that in the current analysis, critical points calculated within the flashback region of 

the domain with progress variable either close to zero or unity, or with a very low curvature, have 

been filtered out to increase the integrity of the results obtained. FSI statistics are extracted at 

different wall normal distances (y/h = 0.05, 0.1, 0.3, 0.6, 0.95, 1.0) from the DNS of boundary layer 

flashback of hydrogen-rich combustion. The FSI statistics are conditioned on the reaction progress 

variable defined in terms of water vapor mass fraction across a range of 0.01 ≤ 𝑐 ≤ 0.99 to ensure 

only the FSI topologies are investigated in the regions of combustion. 

 

FSI Topology 
Eigenvalue 

Signs 
Shape 

Direction of 
Propagation 

Background 
Colour (fig.4) 

Burnt Gas Mixture Packet (BGP) (− − −) 
Spherical 

Outwards Dark Blue 

Unburnt Gas Mixture Packet (UBGP) (+ + +) Inwards Red 

Tunnel Closure (TC) (− + +) 
Cylindrical 

Towards a common axis Yellow 

Tunnel Formation (TF) (− − +) Away from common axis Light Blue 

Figure 4.  Various types of FSI topologies characterised by the shape factors 𝜃and ∅. The background colours of 

the quadrants represent the different types of FSI topology (Dark Blue = BGP (− − −), Light Blue = TF 

(− − +), Yellow = TC (− + +) and Red = UBGP (+ + +). For colour scheme applied to each topology 

element, blue represents a relatively colder temperature (low c) and red a relatively hotter temperature (high c)17.  

Table 1. Investigated FSI topologies and their corresponding properties.  
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4. Results and Discussion  

4.1. Flow and Flame Behaviour  
 

Figure 5 shows the instantaneous iso-surfaces of the flames’ temperature at 1700K and the normalised 

vorticity magnitude in the flashback region of the computational domain. It is evident from figure 5 

that the presence of the flame changes the boundary layer structure, and the magnitude of the 

turbulence decreases across the flame in the near wall regions, whereas vorticity (i.e., turbulence) is 

generated in the middle of the channel in the product side of the flame. This happens due to the 

interface in the middle of the channel between the two different flame branches where the turbulence 

is lower on the non-reacting side of the flame (left side of the flame)3,41.  

 

Figure 6 (left) shows a snapshot of the channel flow from the top view. Note the iso-surfaces of the 

temperature close to the top wall boundary are removed to show the vorticity magnitude.  It is evident 

from figure 6 (left) that local cusps are formed on the flames surface towards the product side. These 

cusps are a result of the flame propagating into regions of lower flow velocity at the boundary layer. 

This velocity gradient is caused by the oncoming flow of reactants and these cusps are seen to 

generate local turbulence which grows further downstream of the channel3.  

 The green iso-surfaces seen in Figure 6 (right) show the highly localised regions where the 

flow experiences an upstream propagation. These regions of reverse flow are visible immediately 

upstream of each flame bulge and are localised to only the near-wall boundary layer regions. An 

earlier study by Gruber et al5 found similar results describing the aforementioned phenomena. The 

existence of these regions of reverse flow immediately upstream of the flame bulges can be explained 

by the existence of an adverse pressure gradient. This positive pressure gradient is due to the variation 

of the pressure field in the near wall region due to the existence of the flame, which ultimately causes 

flow to propagate upstream towards the reactants3,5. Readers are directed to Gruber et al5 for a more 

in-depth explanation of the mechanisms causing this phenomenon. 

Figure 5. Instantaneous distributions of iso-surfaces of the temperature 1700K (red colour) and the instantaneous 

normalized vorticity magnitude (blue colour) in the flashback region of the channel. Left figure gives an isometric 

view and the right give a side view3. The colour meter at the top right gives the magnitude of the normalised vorticity.  

Figure 6. Same conditions apply as figure 5.  The left figure shows the region near the top wall where the dotted 

ellipses highlight the regions of flame generated turbulence. The right figure shows the instantaneous normalised 

viscosity along with the regions of negative flow shown with green iso-surfaces3.  
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The following subsections in section 4 will discuss the properties of the different FSI topologies 

occurring at different distances from the boundary layer wall by extracting layers of data from the 

DNS dataset described in section 2. Data was extracted at different y/h values from the boundary 

layer wall through to the middle of the channel flow and was processed using the methodology 

described in section 3. A suitable progress variable c based off the mass fraction of water vapor (𝑌𝐻2𝑂) 

was defined to close the unclosed mean/filtered reaction rate as described in section 1.2 and 3. It 

should be noted that the choice of species used to define the progress variable is relatively 

unimportant for the following analysis methods providing it is continuous and monotonic17. 

 

Layer y/h (dimensionless) 

Distance from 

Boundary Layer Wall 

(mm) 

1 0.05 0.5 

2 0.10 1.0 

3 0.30 3.0 

4 0.60 6.0 

5 0.95 9.5 

6 1.00 10.0 

Table 2 displays the different y/h layers at which data was extracted from the DNS database and used 

for analysis in this report. The first two layers were chosen as the aim of this study is to investigate 

the FSI topology occurrences at the walls’ boundary layer during transient flashback, giving 

information on the topologies 0.5 mm and 1.0 mm from the lower wall. The remaining y/h values 

proved to give the most interesting results as explained in section 4.5 and describe the overall 

development of the flame as it progresses away from the wall towards the middle of the channel flow 

(layer 6). It is important to note insufficient data was available to analyse the FSI topologies at y/h = 0 

(i.e., on the wall itself) so this layer is ignored in the current study. 

 

4.2. Probability Density Function Plots. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 7 (a) Figure 7 (b) 

Table 2. Values of y/h (corresponding to distance from the lower wall) investigated for the occurrence of FSI Topologies.  
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Figure 7 shows PDF plots representing the probability of different FSI topology types occurring 

within the region where combustion occurs (i.e., 0.01 ≤ c ≤ 0.99) at different wall normal distances 

from the wall considered within this current study as seen in table 2. It is evident from figure 7 that 

nearly all FSI topologies are isolated to the trailing edge of the flame (0.85 ≤ c ≤ 0.99) with the 

exception of flow near at channels’ half height (figure 7f) where a very small number occur slightly 

before (𝑐 ≈ 7.5). Figure 7 (e-f) shows Unburnt Gas Pockets (UBGP) exist only close to the channel 

half height (y/h = 0.95-1.0), whereas the remaining topologies (TF, TC, BGP) exist at all locations 

within the channel flow, again, constrained to the trailing edge of the flame. 

Figure 7 (c) Figure 7 (d) 

Figure 7 (e) Figure 7 (f) 

Figure 7. Probability Density Functions of different FSI Topology types within 0.01 ≤ c ≤ 0.99 at 

(a) y/h = 0.05, (b) y/h = 0.1, (c) y/h = 0.3, (d) y/h = 0.6, (e) y/h = 0.95, (f) y/h =1. 

 



Author: David Andrew Stewart 
Supervisor: Dr Umair Ahmed 

 13 

 

4.3. Scatter Plots of FSI Topologies in 𝜽 −  ∅ Domain  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 (a) 

Figure 8 (c) Figure 8 (d) 

Figure 8 (b) 
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Figure 8 shows scatter plots of the frequency of occurrence of the FSI topologies in the shape factors 

𝜃 𝑎𝑛𝑑 ∅ domain at different y/h locations considered in this study as outlined in table 2. The scatter 

plot is colour coded to represent the different topology types for progress variable 0.01 ≤ c ≤ 0.99 

and uses the same colour coding as figure 4. Lighter areas on the density plot indicate a lower 

existence of topologies, whereas darker areas represent more FSI topologies occurring within that y/h 

layer of the flame. From figure 8 it is evident the FSI events are clustered along the locus of points 

where the eigenvalues of 𝐻(𝑐) change sign. This can be explained due to the increased frequency of 

topologies which are predominantly two-dimensional, such as two ridges meeting or the 

expansion/contraction of a cylindrical tunnel of products/reactants17. It can be seen from figure 8 (e,f) 

that Unburnt Gas Pocket’s (UBGP) topologies are constrained to occurring only at locations near the 

middle of the channel flow and this is in agreement with figure 7. The remaining topologies (BGP, 

TF, TC) are seen at all wall normal distances throughout the channel flow, with their frequency of 

occurrence increasing towards the middle of the channel.  

There are very few FSI topologies 0.5 mm from the boundary layer (y/h = 0.05, figure 8a) 

relative to interactions 6 mm from the boundary layer (y/h = 0.6, figure 8d). This can be explained 

due to a larger magnitude of velocity and turbulence at y/h = 0.6 and a lower level of turbulence (and 

velocity due to the applied no-slip isothermal boundary condition) at the boundary layer y/h = 0.05 as 

seen on figure 6, indicated by the blue iso-surfaces. Turbulence causes the flame sheet to wrinkle and 

collide with itself, resulting in a flame self-interaction and generating an FSI event. 

 

 
 
 
 
 
 
 
 

Figure 8 (f) 

Figure 8. Scatters Plots of different FSI Topologies in 𝜃 −  ∅ space for 0.01 ≤ c ≤ 0.99 at (a) y/h = 0.05, (b) y/h = 0.1, (c) 

y/h = 0.3, (d) y/h = 0.6, (e) y/h = 0.95, (f) y/h =1. (Red = UBGP, Blue = BGP, Cyan = TF, Yellow = TC) 

 

Figure 8 (e) 
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4.4. Histogram Plots of FSI Topologies. 
 

4.4.1. Histogram Plots for y/h = 0.05 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

4.4.2. Histogram Plots for y/h = 0.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 (a.i) Figure 9 (a.ii) 

Figure 9 (a.iii) Figure 9 (a.iv) 

Figure 9 (b.i) Figure 9 (b.ii) 

Figure 9 (b.iii) Figure 9 (b.iv) 
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4.4.3. Histogram Plots for y/h = 0.3 

 

 
 

4.4.4. Histogram Plots for y/h = 0.6 

 

 

Figure 9 (c.i) Figure 9 (c.ii) 

Figure 9 (c.iii) Figure 9 (c.iv) 

Figure 9 (d.i) Figure 9 (d.ii) 

Figure 9 (d.iii) Figure 9 (d.iv) 
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4.4.5. Histogram Plots for y/h = 0.95 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.4.6. Histogram Plots for y/h = 1.00 
 

 

 

Figure 9 (e.i) Figure 9 (e.ii) 

Figure 9 (e.iii) Figure 9 (e.iv) 

Figure 9 (f.i) Figure 9 (f.ii) 

Figure 9 (f.iii) Figure 9 (f.iv) 

Figure 9. Histograms with insets at lower frequencies of four different FSI topologies across 0.01 ≤ c ≤ 0.99 at  

(a) y/h = 0.05, (b) y/h = 0.1, (c) y/h = 0.3, (d) y/h = 0.6, (e) y/h = 0.95, (f) y/h =1. 

The colour of each bar corresponds to: Red (i) = UBGP, Cyan (ii) = TF, Yellow (iii) = TC, Blue (iv) = BGP 
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4.4.7. Stacked Histogram Plots  

 

 

Figure 10 (a) 

Figure 10 (c) Figure 10 (d) 

Figure 10 (e) Figure 10 (f) 

Figure 10 (b) 

Figure 9. Stacked histograms with insets at lower frequencies of four different FSI topologies across 0.01 ≤ c ≤ 0.99 at  

(a) y/h = 0.05, (b) y/h = 0.1, (c) y/h = 0.3, (d) y/h = 0.6, (e) y/h = 0.95, (f) y/h =1. 

The colour of each bar corresponds to: Red = UBGP, Cyan = TF, Yellow = TC, Blue = BGP 
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4.4.8 Histograms of FSI Topologies Discussion 
Figure 8 and 9 shows the histograms of the FSI topologies across 0.01 ≤ c ≤ 0.99 for all wall normal 

distances considered within this study (i.e., y/h = 0.05, 0.1, 0.3, 0.6, 0.95, 1.0). The FSI topologies 

have been based of the critical points of the Hessian matrix of the reaction progress variable c and the 

sign of their eigenvalues. The type of each of the critical points (FSI topologies) is represented on the 

histograms as a different colour, that being: Red = UBGP, Cyan = TF, Yellow = TC, Blue = BGP. 

The flame-flame interaction types are shown in figure 4 along with examples of the Tunnel Formation 

(TF) and Tunnel Closure (TC) topologies given in figure 3. Each of these topologies were explained 

qualitatively in Section 3.  

 All the plots in figures 9 and 10 are monomodal indicating the FSI topologies exist in a very 

confined region within the flame at all axial positions within the channel flow. It is evident from 

figure 10 that all FSI events occur only towards the burned gas region 0.75 ≤ c ≤ 0.99 or the trailing 

edge of the turbulent flame brush at all distances from the boundary layer wall. The strong majority of 

FSI events occur in the region of 0.85 ≤ c ≤ 0.99 which is to be expected due to the relatively large 

reaction rate preceding this which corresponds to a larger rate of change of progress variable |∇𝑐| and 

consequently a lower probability of encountering a flame self-interaction from a single snapshot of 

the domain at a single instance in time. Local alignment of the progress variables’ iso-surface normal 

with the most compressive principal strain rate increases as progression is made from the leading to 

the trailing edge (low to high progress variable) of the turbulent flame brush53.  The over-all net effect 

of the aforementioned conditions is to increase the propensity of interactions towards the trailing edge 

of the turbulent flame brush17.  It should be noted that the aforementioned observations are similar 

qualitatively to the findings for globally stoichiometric spherically expanding flames propagating into 

fuel droplet-mists for different turbulence intensities52.  

Figures 9 and 10 show no FSI events in the region of the flame proceeding C = 0.75 at any 

instance within the channel flow which is in disagreement of the behaviours seen in a previous study 

by Griffiths et al17 of a turbulent premixed freely propagating hydrogen jet flame, where there were 

significant FSI events found towards the unburned gas regions (low progress variable) of the flame. 

These differences in the location of FSI events within the flame region is not unexpected giving the 

physical differences the boundary layer wall introduces, and these discrepancies must be taken into 

consideration particularly when formulating models for premixed turbulent boundary layer flashback.  

It is clear from figure 10 that the UBGP events are extremely rare in comparison to the 

remaining topologies (BGP, TF, TC) and can only be found towards the middle of the turbulent 

channel flow at y/h = 0.95 to y/h = 1. They are isolated to the trailing edge of the flame brush (c = 0.9) 

and account for a very small quantity of overall FSI occurrences. The lack of UBGP occurrences can 

be explained due to the transient nature of such an event. With these topologies being surrounded on 

all sides by hot burnt gas pockets (BGP), the unburned gas pockets (UBGP) are rapidly 

consumed10,20,55, making the probability of observing such an event extremely low with one snapshot 

at a single instance in time.  Flame pinch-off is a result of a tunnel closure event and produces an 

isolated UBGP. From figure 10 it is clear that UBGPs occur only towards the middle of the channel 

flow where the flow velocity is at a maximum. The larger the magnitude of the flow velocity, the 

more likely of a flame pinch-off event occurring to producing an UBGP. This further explains why 

such an event is isolated to the higher velocity regions in the middle of the channel flow. This rarity of 

UBGPs is consistent with the finding from a previous analysis of FSI interactions in turbulent 

premixed gaseous flames conditioned under different turbulence intensities by Trivedi et al20. 
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4.5. Percentage and Overall Occurrences of FSI Topologies 
Table 3 shows the quantity of each type of FSI event within the region of combustion (i.e., 0.01 ≤
𝑐 ≤ 0.99) at different y/h values and consequently at different distances from the boundary layer 
wall, through to the middle of the channel flow. It is clear from table 3 that FSI events are least 
frequent at the vicinity of the wall (y/h = 0 to y/h = 0.1) and the propensity of an FSI event occurring 
increases as progression is made towards the centre of the channel flow, until y/h = 0.7. A decrease 
in the frequency of these events is then observed above 7 mm from the lower wall (y/h = 0.7) up 
until the middle of the channel flow at y/h = 1.  This observation is a consequence of the variation of 
the flow velocity throughout the channel.   

 
 
 
Table 4 shows the percentage weighing of each type of FSI topology at different distances from the 
boundary layer wall. It is evident that the most predominant event is Tunnel Formation, consistently 
accounting for over 50% of all topologies at all wall normal distances. This is followed by Burnt Gas 
Pockets being the 2nd most frequent, then Tunnel Closures third, and finally Unburnt Gas Pockets 
consistently being the rarest with no occurrences until y/h = 0.9. It is interesting to note that this 
frequency hierarchy is consistent throughout the channel flow at all y/h values and is never broken. 
 
 
 
 
 
 
 
 
 
  

 FSI Topologies Frequency of Occurrence 

Distance from 

Wall (mm) 
y/h BGP TF TC UBGP SUM 

0.0 0.00 0 0 0 0 0 

0.5 0.05 1163 1817 331 0 3291 

1.0 0.10 2220 4479 635 0 7334 

2.0 0.20 4217 9841 2733 0 16791 

3.0 0.30 7332 10842 3334 0 21508 

4.0 0.40 7417 14253 3081 0 24751 

5.0 0.50 9736 16797 2784 0 29317 

6.0 0.60 10892 20044 4570 0 35606 

7.0 0.70 10995 21944 4670 0 39501 

8.0 0.80 13922 20647 3067 0 37636 

9.0 0.90 13021 16853 3778 20 33672 

9.5 0.95 10276 18236 5691 264 34467 

10.0 1.00 6279 13418 6205 193 26095 

 Percentage Weighing of FSI Topologies 

Distance from 

Wall (mm) 
y/h BGP (%) TF (%) TC (%) UBGP (%) 

0.00 0.00 0 0 0 0 

0.5 0.05 35 55 10 0 

1.0 0.10 30 62 8 0 

2.0 0.20 25 58 17 0 

3.0 0.30 34 51 15 0 

4.0 0.40 30 57 13 0 

5.0 0.50 33 57 10 0 

6.0 0.60 30 56 14 0 

7.0 0.70 28 56 16 0 

8.0 0.80 37 55 8 0 

9.0 0.90 38.67 50.05 11.22 0.06 

9.5 0.95 29.81 52.91 16.51 0.77 

10.0 1.00 24.06 51.42 23.78 0.74 

Table 3. The frequency of occurrences of each type of FSI events within 0.01 ≤ 𝑐 ≤ 0.99 

at different distances from the boundary layer wall. 

Table 4. The percentage weighing of each type of FSI event within 0.01 ≤ 𝑐 ≤ 0.99 

at different distances from the boundary layer wall. 
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Graph 1 shows the frequency of each FSI topology at different distances from the wall along with the 

overall frequency of interactions. It is evident from Graph 1 that the TF topology is consistently the 

prevalent FSI event at all wall normal distances throughout the channel, followed by the BGP type 

then the TC type, and finally the UBGP proves to be the rarest event only existing towards the middle 

of the channel. Furthermore, Graph 1 shows that the overall frequency of interactions increases to a 

maximum at y/h = 0.7, then slowly decreases towards the region at the middle of the channel flow. 

Graph 2 shows the percentage weight attached to each topology type at different distances from the 

wall boundary. It is clear from Graph 2 that the frequency hierarchy TFf > BGPf > TCf > UBGPf  (with 

subscript f meaning frequency) is consistent at all distances from the wall. It should be noted the 

aforementioned hierarchy is inconsistent with two previous studies of an open turbulent premixed jet 

spray flame16 and a freely propagating premixed flame in shear generated turbulence49. Both of these 

mentioned studies mutually agree on a topology frequency hierarchy TFf > TCf > BGPf > UBGPf .  

Another study on spherically expanding premixed gaseous flames at different turbulence intensities52 

describes a frequency hierarchy of BGPf  > TFf > TCf > UBGPf. These variations of the most 

predominant topology type is not unexpected giving the physical differences the turbulent boundary 

layer introduces to the flow in comparison to freely propagating flames or droplet laden mixtures, and 

these discrepancies must be taken into consideration particularly when formulating models for 

premixed turbulent boundary layer flashback. 

 
 

Graph 2. The percentage weighing of each type of FSI event within 0.01 ≤ 𝑐 ≤ 0.99 

at different distances from the boundary layer wall. 

Graph 1. The frequency of occurrences of each type of FSI events and accumulative 

frequency within 0.01 ≤ 𝑐 ≤ 0.99 at different distances from the boundary layer wall. 
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4.6. Mean and Gaussian Curvatures 

4.6.1. Mean and Gaussian Curvatures at y/h = 0.05 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

4.6.2. Mean and Gaussian Curvatures at y/h = 0.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 (a.i) 

Figure 11 (a.iv) Figure 11 (a.iii) 

Figure 11 (a.ii) 

Figure 11 (b.i) Figure 11 (b.ii) 

Figure 11 (b.iv) Figure 11 (b.iii) 
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4.6.3. Mean and Gaussian Curvatures at y/h = 0.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.6.4. Mean and Gaussian Curvatures at y/h = 0.6 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 11 (c.iv) Figure 11 (c.iii) 

Figure 11 (c.ii) Figure 11 (c.i) 

Figure 11 (d.i) 

Figure 11 (d.iii) Figure 11 (d.iv) 

Figure 11 (d.ii) 
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4.6.5. Mean and Gaussian Curvatures y/h = 0.95 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.6.6. Mean and Gaussian Curvatures y/h = 1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 (e.i) 

Figure 11 (e.iv) 

Figure 11 (e.ii) 

Figure 11 (e.iii) 

Figure 11 (f.i) 

Figure 11 (f.iv) 

Figure 11 (f.ii) 

Figure 11 (f.iii) 

Figure 10. Scatter of 𝜅𝑔 × 𝛿𝐿,𝑡ℎ
2  𝑤𝑖𝑡ℎ 𝜅𝑚 × 𝛿𝐿,𝑡ℎ for the FSI events at (a) y/h = 0.05, (b) y/h = 0.1, (c) y/h = 0.3, (d) y/h = 0.6,       

(e) y/h = 0.95, (f) y/h =1 for (i) 0.01 ≤ 𝑐 ≤ 0.99, (ii) 0.01 ≤ 𝑐 ≤ 0.10, (iii) 0.10 ≤ 𝑐 ≤ 0.90, (iv) 0.90 ≤ 𝑐 ≤ 0.99,   

The scatter colour is based upon the different FSI topology: Red = UBGP, Cyan = TF, Yellow = TC, Blue = BGP 
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4.6.7. Mean and Gaussian Curvatures Discussion  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The local geometries of the flame surface can be characterised based on the local mean curvature 

𝜅𝑚 = 0.5∇ ∙ (−∇𝑐/|∇𝑐|) = (𝜅1 + 𝜅2)/2 and the Gaussian curvature 𝜅𝑔 = 𝜅1 × 𝜅2,52,57,58 where 𝜅1and 

𝜅2 are the two principal curvatures. Note the region of 𝜅𝑔 > 𝜅𝑚
2  shows as the shaded region in figure 

12 is not realisable because it leads to complex principal curvatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 shows the scatter plots of the four different topologies (UBGP, BGP, TC, TF) for        

0.01 ≤ 𝑐 ≤ 0.99, 0.01 ≤ 𝑐 ≤ 0.10,  0.10 ≤ 𝑐 ≤ 0.90 and 0.90 ≤ 𝑐 ≤ 0.99 at all axial positions 

analysed within this study made dimensionless using the laminar flame thickness 𝛿𝐿,𝑡ℎ. Table 5 

outlines the surface geometry of a flame element for different values of mean and Gaussian 

curvatures. Analysing figure 12 and applying the conditions outlined in table 5, the geometrical 

surfaces of the FSI events can be described for a hydrogen-rich flame undergoing boundary layer 

flashback by using the mean and Gaussian curvatures.  

 The first thing observable from figure 11 is the absence FSI events at 0.01 ≤ 𝑐 ≤ 0.10 at all 

wall normal distances within the channel flow which is in agreement with figures 9 and 10. This 

suggests the flame only collides and interacts with itself towards the hot products region of the 

domain or the trailing edge of the flame brush.  

Condition Topology Description 

𝜅𝑔 > 0 Elliptical Cup-Like Type 

𝜅𝑔 < 0 Hyperbolic Saddle 

𝜅𝑚 > 0 Convex to Unburned Reactants 

𝜅𝑚 < 0 Concave to Unburned Reactants 

𝜅𝑔 = 0 𝑎𝑛𝑑 𝜅𝑚 > 0 Tile-Like Convex 

𝜅𝑔 = 0 𝑎𝑛𝑑 𝜅𝑚 < 0 Tile-Like Concave 

𝜅𝑔 = 0 𝑎𝑛𝑑 𝜅𝑚 = 0 Flat 

Figure 12. Classification of iso-scalar surface geometries in terms of their mean and gaussian curvatures, 

𝜅𝑚 & 𝜅𝑔
56 

 

Table 5. Conditions of mean and Gaussian curvatures 𝜅𝑚 & 𝜅𝑔 required to produce corresponding 

geometrical iso-scalar surfaces of the flame surface. 
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Table 6 outlines the iso-scalar surface geometries which are most predominantly associated to 

describe the four different FSI topology types at all wall normal distances analysed in this study. 

From table 6 it is evident that all the FSI events within the vicinity of the boundary layer (y/h = 0.05 

and y/h = 0.1) are geometrically described to have a convex surface type towards the unburned 

reactants, in either a cup shape or less frequently a saddle shape. The type of surface geometry 

attached to each FSI topology varies greatly as progression is made away from the wall boundary s.  

In the region at the middle of the channel flow, the TC, TF and UBGP FSI geometries tend to 

become saddle shaped whilst the BGP’s stayed cup-like. The cup convex surface geometry is the most 

frequent geometry with eleven instances of being the most predominant, followed by the saddle 

concave holding nine instances, then the saddle convex next holding eight instances, and finally the 

cup concave surface type being the rarest with four instances of description. Furthermore, it can be 

seen from table 6 that BGP’s are most commonly described to have a cup convex surface type, and 

the UBGP’s to most commonly have a saddle concave geometry. The surface geometries of the TF 

and TC FSI topologies can be seen from table 6 to most frequently be described by cup convex and 

saddle concave surface types respectfully.  

It should be noted that the aforementioned predominant surface geometries observed to be 

associated with the FSI topologies in this study of boundary layer flashback are inconsistent with two 

earlier studies. A FSI study of spherically expanding flames propagating into fuel droplet-mists52 and 

an FSI study of an open turbulent jet spray flame16 mutually describe the surface geometries of 

UBGPs, BGPs, TFs and TCs to be concave cup-like, convex cup-like, hyperbolic saddle and 

hyperbolic saddle respectively.  This discrepancy for the UBGP and the TF topologies could be a 

result of the physical differences the turbulent boundary layer introduces to the fluid flow when 

comparing it to a freely propagating flame as simulated in the previous studies. Another more 

y/h Value FSI Topology Predominant Surface Type(s) 

0.05 

BGP Cup Convex 

TF Cup Convex 

TC Cup Convex 

UBGP -  

0.1 

BGP Cup Convex or Saddle Convex 

TF Cup Convex or Saddle Convex 

TC Cup Convex 

UBGP -  

0.3 

BGP Cup Convex or Saddle Convex 

TF Cup Concave or Cup Convex 

TC Cup Concave 

UBGP -  

0.6 

BGP Cup Concave or Saddle Concave 

TF Cup Concave or Cup Convex or Saddle Concave 

TC Saddle Convex or Saddle Concave 

UBGP -  

0.95 

BGP Cup Convex or Saddle Convex 

TF Saddle Convex or Saddle Concave 

TC Saddle Concave 

UBGP Saddle Convex or Saddle Concave 

1.0 

BGP Cup Convex 

TF Saddle Concave 

TC Saddle Convex or Saddle Concave 

UBGP Saddle Concave 

Table 6. Predominant iso-scalar surface geometries for each FSI topology type at all wall normal 

distances analysed in this study based of the mean and Gaussian curvatures, 𝜅𝑚 & 𝜅𝑔from figures 11.   
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probable explanation suggests there could be an error within this study on the calculation of the mean 

and Gaussian curvatures and further work would need to be carried out in the future to validate this. 

5. Conclusion  
A Direct Numerical Simulation (DNS) database of a premixed hydrogen-air flame in turbulent 

boundary layer flashback has been analysed to investigate the Flame Self-Interactions (FSIs) in fully 

developed shear generated turbulence for the first time. The occurrences of the FSIs [i.e., Burned Gas 

Pockets (BGP), Unburned Gas Pockets (UBGP), Tunnel Closures (TC), Tunnel Formation (TF)] have 

been analysed across the channel flow at different differences from the wall boundary . It has been 

found that the presence of the wall boundary  has a significant influence on the geometry of the 

flames surface and consequently the overall turbulent burning rate. At all wall normal distances , it 

was found that the FSI events were located within a very confined region of the trailing edge of the 

flame brush towards the hot burnt products. Inconsistent with other analyses, BGPs occurred more 

frequently than TCs, and UBGPs only existed towards the middle of the channel flow where the flow 

velocity was at a maximum (𝑦/ℎ ≈ 1).  The latter was explained due to the transient nature of such an 

event and with flame pinch-off being more frequent at maximum flow velocity.  The back-to-back TC 

events lead to the formation of an UBGP which causes flame pinch-off. This rapidly effected the 

flames surface area and consequently the overall turbulent burning rate. The head-on TF events lead 

to the formation of a BGP. Understanding the statistical behaviours of these FSI events and most 

importantly their frequency of occurrence is of fundamental importance to formulate more accurate 

models of turbulent premixed hydrogen-rich combustion in boundary layer flashback. The results 

presented in this study have important implications from a modelling perspective where the flame 

topologies have a strong influence on the geometry of the flames surface, which will inevitably affect 

and possibly provide an extension to the flame surface-based modelling approaches. Accordingly, the 

findings of the current analysis might need to be considered when extending such flame surfaced-

based models in the context of turbulent premixed flames at boundary layer flashback, perhaps used 

in the design of modern industrial combustion equipment. 
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NOTE TO SELF  

 

The gaussian curvature of the scalar field within the DNS domain can be described to second order by 

a quadratic function. The coefficients of this quadratic correspond to the eigenvalues which are 

parameterised to + or – Unity. These new eigenvalues then determine the FSI topologies associated 

with that local geometry of the scalar field within the computational domain.  
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