
Abstract 

 
RANGANATH, BHARGAV BINDIGANAVILE. Effects of Differential Diffusion on 

the Mutual Annihilation of Two Premixed Hydrogen-Air Flames. (Under the direction of 

Dr. Tarek Echekki) 

The unsteady process of head on quenching of two laminar premixed hydrogen-air flames 

in one-dimension by mutual annihilation is investigated numerically using a detailed 

chemical mechanism and realistic transport. The process of annihilation through 

interactions is inevitable in highly corrugated turbulent flames, and contributes to 

turbulent flame shortening. Processes leading to mutual annihilation involve interactions 

that take place in the following stages: (1) interaction of preheat zones, which 

corresponds to the transport of heat and reactants, (2) interactions of the reaction layers as 

the flames merge, and finally (3) the process of burnout. The primary objective of this 

work is to study the effects of differential diffusion during the various events that occur 

during the unsteady process of annihilation. For the stoichiometric condition two cases 

are considered namely; a case where transport is based on prescribing non-unity Lewis 

numbers for all the species and a case   with unity Lewis numbers prescribed for all the 

species. The latter case provides with a reference problem for the other flames 

considered. Because of the importance of differential diffusion during thermo-diffusive 

interactions, which are owed to the transport properties of H2, relative to temperature and 

the oxidizer, two additional cases are considered. They correspond to lean and rich 

hydrogen-air flames. The results show that differential diffusion of H2 plays an important 

role in determining the composition of the reacting mixture and thus, affects the final 

temperature and composition of the products. The differential diffusion of H2 causes a 

deficiency of the fuel for the stoichiometric and lean cases thereby altering the rates of 

reactions involving H2 while merger. For the rich case the deficiency caused by the 

differential diffusion is offset by the presence of excess H2 in the reaction mixture. Due to 

these conditions for the rich flames and non-unity Lewis number case for the 

stoichiometric flame there is an increased production of the species O towards the end of 

merger.
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Chapter 1 

1.1

 
Introduction 

 

This chapter discusses the few of the earlier works relevant to the present problem, which 

concerns the process of mutual annihilation in premixed flames, the motivation behind 

the present work, the objective and finally presents an outline of the thesis. 

 Related work and motivation 
 
There are two important classes of flames, namely premixed flames and non-premixed 

flames, which represent combustion processes in many practical applications. In non-

premixed flames the fuel and oxidizer are initially not mixed. Diesel and gas-turbines are 

classic examples of non-premixed combustion. The fuel and oxidizer are mixed entirely 

by molecular diffusion process. The presence of turbulence enhances mixing in the large 

scales through coherent structures and at small scales through turbulent fluctuations. 

These flames are diffusion limited. In premixed flames, the fuel and oxidizer are mixed 

initially. The classic example is a gasoline driven engine or a Bunsen burner. A premixed 

flame propagates from the products into the reactants. In the presence of turbulence the 

overall burning of the fuel depends on the interfacial area between the reactants and the 

combustion products. The larger the area, i.e. higher the number of flamelets, the greater 

is the consumption of fuel and, hence, the higher is the heat release. But as the number of 

flamelets increases there is bound to be interaction among them, which lead to mutual 

annihilation and result in turbulent premixed flame shortening (Candel et. al 1990). These 

interactions involve the thermo-diffusive and reaction layer interactions and result in a 

change in the overall structure of the flames before they quench. Therefore, flames, in 

contrast to material surfaces in turbulence, may not cross paths without interactions, 

which involve a local quenching of the flame surface, the process of turbulent flame 

shortening. Another important consequence of mutual annihilation of interacting 

flamelets, in addition to its effect on the turbulent flame area, is its effect on the turbulent 

flame structure.  Mutual annihilation may result in incomplete combustion, which may 
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leave extra unburnt hydrocarbons or result in a slow conversion of intermediates, and 

potentially an increased production in NO.  

 

While it is difficult to investigate the unsteady process of mutual annihilation in detail 

experimentally, a number of simulations in recent years shed some important light on the 

process. Computations by Chen and Sohrab (1991) for a stoichiometric methane-air 

flame using a reduced chemistry showed an initial acceleration of the flame during the 

interactions of the reaction layers. They also found strong dependency of thermo-

diffusive interactions on the Lewis number of the fuel and oxidizer i.e. relative 

diffusivities of the fuel and the oxidizer. Recent computations by Echekki et. al (1996) 

for stoichiometric methane-air flames involving detailed chemistry showed a twenty fold 

increase in the propagation velocity of the flame , which they found was due to a change 

in the balance between diffusion and reaction terms in the reaction zone during the 

interactions of the reaction layers. The works of Wichman and Vance (1997) showed the 

dependency of the process of annihilation on the Lewis number of the deficient species. 

For the Lewis number of the deficient species being less than unity they found that the 

process of annihilation was gradual and inexorable. However, for Lewis number greater 

than unity for the deficient species the process of annihilation was rapid. Recent works by 

Im and Chen (2002) have shown an increase in the consumption speed for the fuel and 

oxidizer due to an overshoot in the radical pool during the upstream interactions of rich 

twin hydrogen-air flame in 2-D turbulence. 

1.2 Objective 
 
Since the mutual annihilation of two interacting flames involves in principle the 

progressive interaction of the various layers from preheat to reaction layers, an 

understanding of the role of transport and chemistry is important. Differential diffusion 

effects have already been identified for methane-air flames during the unsteady 

interactions of the reaction layers, as the primary fuel is consumed, and the consumption 

layers of the secondary fuels, CO and H2, merge yielding an important increase in the 

radical pool, and subsequent acceleration of the mutual annihilation process. Differential 

diffusion may play important roles during thermo-diffusive interactions for fuels that are 
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characterized by their disparate rates of diffusion with respect to heat or the oxidizer. 

This may be the case for hydrogen-air flames or propane-air flames. Different rates of 

diffusion may result in a shift in the stoichiometry of the flame during mutual 

annihilation, with consequences on the remaining reaction layer interactions. 

 

The objective of the present work is to study the effect of differential diffusion of 

hydrogen on the mutual annihilation two premixed hydrogen-air flames in one 

dimension. The scope is to study differential diffusion of H2 effects on the thermo-

diffusive interactions and how they affect the final product and temperature after the 

merger of the reaction layers. A number of strategies are adopted to identify the role of 

differential diffusion in hydrogen-air flames. First, stoichiometric flame simulations are 

implemented for unity and non-unity Lewis numbers to discern the role of differential 

diffusion. The second strategy consists of running two different equivalence ratios, 

including lean and rich hydrogen-air mixtures. 

 

1.3 Outline 
 
The rest of the document is divided into three chapters. 

• In chapter 2, the numerical implementations and the diagnostic tools are 

discussed. Under numerical implementation the governing equations, boundary 

conditions, mixture properties and the chemical mechanism used are discussed. 

Under the diagnostics section the various tools like equivalence ratio, evolution of 

the leading edges, consumption speeds for fuel and oxidizer, the consumption and 

production rates of the intermediates and evolution of the rates of reaction 

progress are discussed. 

• In chapter 3 the results for the stoichiometric case with unity and non-unity Lewis 

numbers formulations are discussed first, followed by the results for rich and lean 

flames. 

• Chapter 4 offers with the conclusions where the results are summarized for the 

three flames considered. 
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Chapter 2 

2.1

 
Numerical Implementation and Diagnostics 

 

In this chapter the solution scheme and the tools used for the numerical diagnostics are 

discussed. First the governing equations, boundary conditions, mixture properties, initial 

profiles and run conditions are discussed. These form the part of the solution scheme. 

Next the different tools used for the diagnostics of the process of flame interactions are 

discussed. 

 Governing Equations 
 

The numerical scheme is based on the solution of the conservation equations for a 

compressible flow. The governing equations are  

• Continuity equation 
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• Momentum equation 
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• Energy equation 
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• Species equation 
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     Equation 2-4 

The pressure is computed from equation of state RTp ρ= . In the above equations ρ is the 

density of the reacting mixture, ui is the velocity along the xi direction, VDkj is the 

diffusion velocity of the kth species along xj direction,  is the heat flux given ''
jq
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th species is the result of the contribution of the 

elementary reactions involving the kth species and is obtained as the summation of the 

rate of progress variables for all the elementary reactions involving the kth species 

weighted by the difference in the stoichiometric coefficients for those reactions. It is 

assumed that all the reactions proceed according to the law of mass action. 

=kω

=i kq

 Where νki is the stoichiometric coefficient of the kth species for the ith 

reaction and qi is the rate of progress variable. 

     Equation 2-5 

Where kfi and kri are the forward and reverse rate coefficients for the ith reaction in the 

modified Arrhenius form, Xk is the concentration of the kth species and .and  are the 

forward and reverse stoichiometric coefficients for the i

'
kiν ν

th reaction involving the kth 

species. 

 5



 

2.2 Solution Scheme 
The above equations are solved using an explicit eighth order finite difference scheme in 

space (Kennedy et. al, 1994) and a fourth order accurate Range-Kutta scheme in time 

(Kennedy et. al, 2000). 

2.2.1 Boundary Conditions 
The boundary conditions are based on the NSCBC boundary conditions, which were 

originally formulated by Poinsot and Lele (1991) and adopted to the present governing 

equations by Mahalingam (1994), which account for variable transport and 

thermodynamic properties. The boundary condition is non-reflecting is x, meaning any 

characteristic waves with a net component leaving the domain are allowed to exit the 

domain, while no disturbances from outside the domain are allowed to enter it.  

2.2.2 Properties of Reacting Mixture 
The properties of the gas mixture change with temperature and composition over the 

domain. Hence temperature dependent properties are employed for the simulation. 

The thermal conductivity is modeled through the approximation suggested by Smooke 

and Giovangigli (1991) as 

r

p T
TAc 







=

−

λ

αpc

  Where  is the specific heat of the reacting mixture, 

is the specific heat of the individual species obtained as polynomial functions of 

temperature using the CHEMKIN thermodynamic database (Kee et. al. 1987), T

( ) ( )
−

=
∑= TcYTc

N

pp
1α

αα

A ×= −1058.2 4

o is the 

reference temperature, T is the actual temperature in the domain, A and r are the constants 

obtained from the fit given by and r = 0.7. scmg −/

 
In the present work, the mass transfer through temperature gradient (Soret effect) and 

energy transport through concentration gradients (Dufour effect) are neglected. The 

transport is based on the prescription of Lewis numbers formulation for individual 

species obtained from Smooke and Giovangigli (1991). From an initial solution obtained 

from PREMIX, the diffusion coefficients for the individual species are computed using 

the mixture averaged method. From these diffusion coefficients the Lewis numbers are 
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computed for a temperature range between 500 and 2500 K. The diffusion coefficients for 

DNS are then computed as 

−
=

p

a

cLe
D

α

α

ρ

λ
, . The Lewis numbers for stoichiometric, rich and lean conditions are 

given in the Table 2.1, Table 2.2 and Table 2.3 respectively. The Prandtl number 

λ
µ p

r

c
P =  is set to a constant of 0.708. 

 

2.2.3 Chemical Mechanisms 
Chemistry is based on the detailed hydrogen mechanism of Yetter et al (1991) with 9 

species as listed in Table 2.1 and 19 reversible elementary reactions. The mechanism is 

presented in the Table 2.4. 

2.2.4 Initial profiles for DNS 
 

Sandia’s PREMIX code is used to obtain the initial profiles for temperature, species mass 

fractions, density and pressure for the DNS simulations. A freely propagating adiabatic 

flame is considered. The location of the flame is fixed by specifying the temperature at 

that location. This point is selected such that the species and temperature gradients almost 

vanish at the cold boundary. The solution from PREMIX is based on a non-uniform grid 

form. The profiles of velocity, species and temperature are then mapped to a uniform grid 

and mirrored to obtain two symmetric flames, which later interact in the upstream 

direction in the DNS simulations. 

2.3 Run Conditions 
 

The computations are carried out using Sandia’s S3D code. This code was developed for 

a three dimensional case, and in the present work it is implemented for solving the 

conservative equation is one dimension. The domain length is 10.5 cm long with 10,504 

spatially-uniform grid points. Non-reflecting boundary conditions are applied along the x 

direction. Three cases are considered; stoichiometric mixture, rich mixture and lean 

mixture. The initial temperature is 300 K and the pressure is 1 Atm. 
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2.4 Diagnostics 
 
Mutual annihilation of two flames in one dimension is an unsteady process. The solution 

obtained from PREMIX is made to attain steady state in DNS before any interaction 

occurs between them. For this purpose initially the flames are sufficiently spaced apart. 

DNS yields detailed information about the flow and scalar fields that depict the process 

of annihilation. Additional quantities are derived from these simulations to better 

understand the process of mutual annihilation. They are discussed in the following 

sections. 

 

2.4.1 Equivalence Ratio 
 

The equivalence ratio is a measure of the relative ratios of the fuel to the oxidizer. It is 

generally evaluated for reactants prior to their entry into the preheat and reaction zones. 

Since the concentrations of the fuel and oxidizer change over the domain it is convenient 

to obtain the equivalence ratio by tracking the elements. Thus, the equivalence ratio can 

be computed at any location in the domain. The mixture fraction is computed based on 

the definition by Bilger et. al. (1990) as 

( ) ( ) ( )
( ) ( ) ( ) OoOfOHoHfH

OoOOHoHH

WYYWYY
WYYWYY

,,,,

,,

2
2

−−−

−−−
=ξ       Equation 2-6 

Where Wi’s are the atomic weights, subscripts f and o refer to fuel and oxidizer side. The 

Yi’s are the elemental mass fractions computed asY , for N species. ∑
=

=
N

j
jjii Y

1
,µ

A polynomial fit is obtained for various values of the mixture fractions and the 

corresponding equivalence ratios. This fit is used to obtain the equivalence ratio at all 

locations in the domain. Figure 2.1 shows the plot of the fit. 
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2.4.2 Consumption Speed 
 
Consumption speed is defined as the integrated reaction rate of the fuel or oxidizer 

normalized to yield units of speed (m/s).  The consumption speed corresponds exactly to 

the laminar 1D flame speed at steady state. The consumption speed is given as: 

( )buu

L

x
C YY

dx
S

,,

0

αα

α

ρ

ω

−
=

∫
=

•

        Equation 2-7 

Where reaction rate for species α, Y’s are the mass fractions and =
•

αω uρ  is the unburnt 
gas density.  
 

The consumption speed is a scalar quantity, which gives the rate at which the fuel or 

oxidizer is consumed at any time. The process of interaction is unsteady in nature and the 

consumption speed for the fuel and oxidizer change during these interactions due to a 

competition for the reactants. 

 

2.4.3 Leading Edges 
 
The choice of leading edge is arbitrary and in the present work it is defined as the 

location where normalized Temperature or the Species mass fractions vary by 5% of 

initial value at the symmetry line. Leading edge location gives the location of the species 

or temperature diffusive layers in the domain. The slope of the leading edge gives the 

displacement speed of the respective iso-contour i.e. the rate at which these layers diffuse 

within the domain. Tracking the leading edges gives us an idea as how fast the merger of 

the various layers takes place. The species mass fractions are normalized by their initial 

values and the temperature is normalized to obtain a complimentary progress variable 

such that before any interaction among the flames the normalized quantities are equal to 

one. The expression for the normalized temperature is defined as:
ub

b
normlized TT

TT
−

T
−

= , 

where the subscripts b and u represent the burnt and unburnt conditions. 
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2.4.4 Contribution of diffusive, convective and reaction terms on the unsteady 
term 

 
Consider the species equation; 
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The term on the left-hand side is the unsteady term. The first term on the right-hand side 

is the contribution due to convective term, the second term is the contribution due to 

diffusive term and the last term is the contribution due to reaction term. By tracking these 

terms we can find the direction in which the species diffuse and which terms balance the 

reaction term in the reaction zone.  

The terms on the right-hand side of the species equation are evaluated over the entire 

domain and plotted as a function of distance. It gives qualitative information as to which 

term influences the unsteady term in a particular zone of the flame. 

 

2.4.5 Evolution of Consumption and Production layers for Radicals 
 
The reaction layers of the radicals are made of more than one consumption and 

production layers. The consumption and production layers are integrated and evaluated 

separately and plotted as a function of time. These integrated quantities indicate how the 

consumption and production layers evolve when the two flames interact. 

Integrated production rate is given by  and integrated consumption rate is 

given by . These quantities are normalized by their initial values. 

∫
2

1

.x

x

production dxω

∫
2

1

.x

x

nconsumptio dxω

2.4.6 Integrated reaction rate of progress 
Different elementary reactions contribute differently to the consumption of reactants and 

heat generation. By plotting the integrated reaction rate of progress for these elementary 

reactions one can obtain information as to the behavior of the reactions during the 

interactions. Reaction rate of progress for the elementary reactions are integrated over the 

entire domain and plotted as a function of time. 
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Integrated rate of reaction progress =  where q∫
=

L

x
i dxq

0
i is the rate of reaction progress. 

These quantities are normalized by their initial values. 
 

2.4.7 Characteristic scales 
 

Characteristic scales are defined for length and time for the purpose of normalizing the 

results. 

For length:  The flame thickness or the thermal thickness is defined for the length scale. 

It is defined as the ratio of the temperature difference across the flame to the maximum 

temperature gradient: 

( )maxdxdT
TT ub

f
−

=δ      

 
For time: Flame time is defined as the ratio of the flame thickness to the unperturbed 

laminar flame speed: 

L

f
f

S
t

δ
=  

 These quantities are constants and are based on the initial conditions, which represent the 

steady state conditions. 
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Species H2 O2 O OH H2O H HO2 H2O2 N2 
Le # 0.33 1.20 0.78 0.79 0.88 0.20 1.20 1.21 1.35 
Table 2-1: Lewis numbers for the nine species–stoichiometric mixture. 

 
Species H2 O2 O OH H2O H HO2 H2O2 N2 
Le # 0.37 1.36 0.89 0.91 1.02 0.23 1.36 1.37 1.63 
Table 2-2: Lewis numbers for the nine species–rich mixture. 

 
Species H2 O2 O OH H2O H HO2 H2O2 N2 
Le # 0.31 1.13 0.72 0.74 0.83 0.18 1.12 1.13 1.19 
Table 2-3: Lewis numbers for the nine species–lean mixture. 

 
 Reaction A β Ea 
1 H + O2  O + OH 1.92×  1410 0.0 16.44 
2 O + H2  H + OH 5.02×  0410 2.67 6.29 
3 OH + H2  H2O + H 2.16×  0810 1.51 3.43 
4 OH + OH  H2O + O 1.23×  0410 2.62 -1.88 
5 H2 + M  H +H + M 4.57×  1910 -1.4 104.4 
6 O + O + M  O2 + M 6.17×  1510 -0.5 0.0 
7 O + H + M  OH + M 4.72×  1810

22
-1.0 0.0 

8 H + OH + M  H2O + M 2.25×  10
19

-2.0 0.0 
9 H + O2 + M  HO2 + M 6.17×  10

13

-1.42 0.0 
10 HO2 + H  H2 + O2 6.63×  10

14
0.0 2.13 

11 HO2 + H  OH + OH 1.69×  10
13

0.0 0.87 
12 HO2 + O  OH + O2 1.81×  10

16

0.0 -0.4 
13 HO2 + OH  H2O + O2 1.45×  10

12
-1.0 0.0 

14 HO2 + HO2  H2O2 + O2 3.02×  10
17

0.0 1.39 
15 H2O2 + M  2OH + M 1.20×  10

13

0.0 45.5 
16 H2O2 + H  H2O + OH 1.00×  10

13
0.0 3.59 

17 H2O2 + H  H2 + HO2 4.82×  10
06

0.0 7.95 
18 H2O2 + O  OH + HO2 9.55×  10

12

2.0 3.97 
19 H2O2 + OH  H2O + HO2 7.00×  10 0.0 1.43 
 
Table 2-4: Hydrogen-Air mechanism. Rate constants in the form kf = A Tβ exp(-Ea/T); units are 
moles, cm, seconds, K and kcal/mol. Third body coefficients in reactions 5, 6, 7, 8, 9 and 15 
enhancement factors are 0.12 for H2O and 0.25 for H2. 
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Figure 2-1: Plot of polynomial fit used to obtain the equivalence ratio from the Bilger mixture 
fraction.
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Chapter 3  
Results and Discussions 

 
The process of mutual annihilation involves the progressive interactions of the various 

layers of the flames including the ‘preheat’ layers and the reaction layers. During each set 

of interactions, the roles of differential diffusion may be identified for these interactions 

and subsequent effects on the following layers. These interactions are, also, transient; and 

therefore, a comparison with steady state behavior is needed. This is achieved by tracking 

global quantities temporal profiles. Moreover, a reference problem is computed, which 

corresponds to the case of unity Lewis numbers for all species. Comparison between the 

non-unity Lewis number and the unity Lewis number computations will help discern the 

contributions by differential diffusion from those related to finite-rate chemistry. Along 

with the two stoichiometric flames (at unity and non-unity Lewis numbers), two more 

cases are considered, which correspond to rich (ø=1.4) and lean (ø=0.7) fuel conditions 

at non-unity Lewis numbers. This chapter addresses the effect of differential diffusion 

and finite rate kinetics during the annihilation process for the above three cases. 

     

The mutual annihilation process may be divided into the following stages: 

1. Thermo-diffusive interactions: During the first stage, the thermal layer along with 

reactant’s diffusive layers merge at the symmetry plane between the two flames. 

2. Reaction layer interactions: During a second stage reactions layers corresponding to 

the consumption layers of the reactants and the consumption and production layers 

for the intermediates, and finally the production layers of the products merge. 

3. Final burnout: The final burnout may be associated primarily with the depletion of the 

radical pool, which results in significant decreases in the consumption of remaining 

intermediate species and reactants.  
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3.1 Thermo-Diffusive interaction 
 

3.1.1 Evolution of the H2, O2 species mass fraction and Temperature profiles along 
the symmetry line 

Figures 3.1 and 3.2 show the evolution of the H2, O2 species mass fraction and 

temperature at the symmetry line for the cases of unity and non-unity Lewis numbers, 

respectively. The mass fractions are normalized by their initial values and the 

temperature is normalized to obtain a complimentary progress variable. Before the 

interactions all three normalized quantities are equal to unity. 

For both the cases initially the profiles are flat indicating the absence of any interactions. 

A change in the profiles indicates the onset of thermo-diffusive interactions. For the unity 

Lewis number case all the three profiles are similar during the thermo-diffusive 

interactions. The reason for this similarity is that the reactants and temperature diffuse at 

the same rates. By imposing unity Lewis numbers, the mass diffusivities of the species 

are made equal to the thermal diffusivities. However, during the interaction of the 

reaction layers, the profiles diverge from each other. This is due to the individual 

contribution of the elementary reactions on the heat generation and reactants 

consumption. 

For the case of non-unity Lewis numbers, the profiles are different even during the 

thermo-diffusive interactions. This is clearly the effect of differential diffusion as 

different species and temperature diffuse at different rates. Species H2 diffuses first from 

the symmetry line, since it has the lowest Lewis number on the reactants’ side, and is 

followed by the temperature, and finally by the species O2. 

Figures 3.3 and 3.4 show the evolution of normalized H2, O2 species mass fraction and 

temperature for the rich and lean cases, respectively. From the plots, the presence of 

differential diffusion is evident. An interesting aspect is that H2 diffuses at a much earlier 

time from the symmetry line for the lean case as compared to the stoichiometric (non-

unity Lewis number) and the rich case. This is due to the difference in the Lewis number 

of H2 for the three cases as indicated in Tables 2.1 to 2.3. From Fig. 3.3 for the rich case, 

we see that the mass fraction of H2 increases at the symmetry line after the flames have 

merged. Whereas for the lean case (Fig. 3.4), excess O2 remains after the flames have 

merged. 
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3.1.2 Centerline Evolution of Equivalence ratio 
Figures 3.5 to 3.7 show the evolution of the equivalence ratio at the symmetry line for the 

stoichiometric (non-unity Lewis number), rich and lean cases respectively. For the 

stoichiometric (non-unity Lewis number) case the equivalence ratio decreases during the 

thermo-diffusive interactions and by the time the interactions of the reaction layers begin 

the mixture is lean. This is due to the differential diffusion of H2 from the centerline into 

the flame during the thermo-diffusive interactions. For the lean case (see Fig. 3.7), the 

equivalence ratio, which is less than unity initially further decreases during thermo-

diffusive interactions due to the differential diffusion of H2 away from the centerline. The 

reacting mixture has an equivalence ratio of approximately 0.4 at the beginning of the 

reaction layers interactions. For the rich case (see Fig. 3.6), the equivalence decreases 

during the thermo-diffusive interactions to a composition that is slightly higher than the 

stoichiometric value. 

However, for all the three cases, the equivalence ratio increases during the stage of final 

burnout. This increase is due to the following reasons; 

a) There is diffusion of excess unburnt H2 from the product side back to the symmetry 

line increasing the equivalence ratio. 

b) Since the equivalence ratio is based on tracking the elements, the presence of the 

products and intermediates at the centerline leads to an increase in its value. 

3.1.3 Evolution of the Leading Edges of the Normalized Temperature and 
Reactant mass fractions 

 

Figure 3.8 shows the evolution of the leading edges of the normalized temperature, H2 

and O2 species mass fractions for the stoichiometric (non-unity Lewis number) case. The 

slopes of the leading edges measure the displacement speeds of the respective iso-

contours. The merger of the leading edges is an indicator of the end of thermo-diffusive 

interactions. From the plot, we see that initially the slopes are constant. As the thermo-

diffusive interactions end, the slopes increase, indicating an acceleration of the mutual 

annihilation process. This acceleration has also been observed in previous studies on 

methane-air flames by Chen et. al (1995) and Echekki et. al (1996). The sequence of the 
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merger of the leading edges is consistent with the previous results. The relative time 

taken by the leading edges is shown in the table below: 

 

Scalar T H2 O2 

Time taken (t/tf) 0.0390 0.0377 0.0394 

 

Table 3-1: Relative time (normalized by flame time) taken by the leading edges of temperature and 
reactants to merge with the symmetry line. 

 

3.1.4 Effects of Thermo-Diffusive interactions 
 
During thermo-diffusive interactions except for the unity Lewis number case, the 

temperature and species diffusive layers merge with the centerline at different times. 

Thermo-diffusive interaction results in the deficiency of H2 at the centerline leaving a 

leaner mixture towards the end of interaction for the stoichiometric (non-unity Lewis 

number) and lean cases and a stoichiometric mixture for the rich case. This results in a 

change in the chemical enthalpy of the system. The merger of the temperature layers 

preheats the mixture. This causes a change in the sensible enthalpy of the system. In the 

case of unity Lewis numbers, there is no differential diffusion, and hence chemical and 

sensible enthalpies balance each other. 

Since thermo-diffusive interactions bring about a change in the sensible and chemical 

enthalpies, they have an effect on the final products’ temperature and their composition. 

It also affects the different consumption rates for the reactants and different consumption 

and production rates for the intermediates. 

As the final mixture is lean for the stoichiometric (non-unity Lewis number) case, the 

flame burns lean. As will be discussed later, the differential diffusion of H2 results is an 

increase in the production of species O. These conditions may be favorable for the 

production of thermal NO. 
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3.2 Reaction layers interaction 
 
The reaction zone is made of different layers namely the fuel consumption layers where 

the fuel is oxidized, the radical consumption layers where radicals diffuse towards the 

reactants to consume the fuel and oxidizer, and the radical production layers where 

radicals are produced. These layers merge with the centerline at different times. The 

thermo-diffusive interactions have brought about the depletion of one reactant over the 

other due to the merger of the diffusive layers and preheat of the reacting mixture due to 

the merger of the temperature layers. 

 

3.2.1 Evolution of Consumption speed for the reactants 
 
Figures 3.9 to 3.12 show the temporal evolution of the consumption speeds for the 

reactants H2 and O2 for the stoichiometric (unity Lewis number and non-unity Lewis 

number) case, the rich case and the lean case respectively. The quantities are normalized 

by their initial values. 

First, the stoichiometric (unity Lewis number) case is considered. Figure 3.9 shows the 

temporal evolution of the consumption speeds of H2 and O2 at the symmetry plane 

between the two annihilating flames. The figure shows that the consumption speeds of 

both H2 and O2 increase prior to rapid decay. The final rapid decay is a result of the 

merger of the reactions layers that concludes the mutual annihilation process. The initial 

rise in the consumption speed profiles may be attributed to the balance between the 

contributions of preheat, which tend to increase the Arrhenius term in the reaction rate, 

and the role of reactants’ depletion at the center, which tends to reduce the concentrations 

in the expression of the reaction rates.  The process of preheat and depletion of reactants 

occur simultaneously and affect the chemistry. During the initial stages the preheat effect 

is more dominant than the depletion of the reactants and the consumption speed of the 

fuel and oxidizer both increase. 

Figure 3.10 shows the evolution of the consumption speeds for H2 and O2 for 

stoichiometric (non-unity Lewis number) case. The consumption speed of both H2 and O2 

start to decrease during the merger of the reaction layers as seen in the initial dip in their 

values. But the consumption speed of O2 increases similar to the unity Lewis number 
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case. Whereas, the consumption speed of H2 decreases without any initial increase in 

value prior to decay. The deficiency of H2 caused by the differential diffusion of H2 

during thermo-diffusive interactions plays a more dominant role on chemistry than 

preheat caused by the merger of the temperature layers. Hence, the consumption speed of 

H2 does not increase. 

Figure 3.11 shows the evolution of the consumption speeds of H2 and O2 for the rich 

case. The consumption speeds for both H2 and O2 increase prior to rapid decay. For the 

rich case the mixture is still rich during the beginning of the reaction layer interactions 

and hence there is no deficiency of H2 in the mixture. The effects due to the depletion of 

H2 by thermo-diffusive interaction are offset by the excess of H2 present in the mixture. 

Hence for both the species the reactions responsible for their consumption respond to 

preheat and increase their rates Thus, increasing their consumption speed. 

Figure 3.12 shows the evolution of the consumption speeds of H2 and O2 for the lean 

case. From the figure, we see that the consumption speeds of both the reactants decrease 

during the course of mutual annihilation without any prior increase in their values. This is 

because the mixture is lean to start with, thermo-diffusive interactions render the mixture 

much leaner and this deficiency of H2 dominates the effect of preheat due to the merger 

of the temperature layers. 

 

3.2.2 Evolution of reaction rates of progress for the dominant reactions that 
consume the fuel and the oxidizer 
 

We have seen that the consumption speed for O2 initially increases at the onset of 

reaction layer interactions for the stoichiometric (unity and non-unity Lewis number) and 

the rich cases whereas that of H2 for stoichiometric (non-unity Lewis number) and lean 

cases, it does not increase. The next step is to identify the reasons for the variation in the 

consumption speeds of the reactants prior to mutual annihilation. For this purpose, the 

evolution of the reaction rates of progress of dominant reactions is considered. 

Let us examine the expression for the rate of reaction progress given by Eq. (2.5). The 

temperature dependency is seen in the rate constant term and the dependency on the 

reactants is seen in the concentration terms. The merger of the temperature layers brings 
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about an increase in the temperature of the reaction mixture and the diffusion of the 

reactants due to thermo-diffusive interactions brings about the deficiency of the reactants. 

The elementary reactions respond differently to these changes based on their 

dependencies on temperature and species concentrations. 

The first three reactions from table 2.4 are the dominant reactions responsible for the 

consumption of O2 and H2 while merger. They are given by: 

 Reaction Ea (kcal/mol) 
1 H + O2  O + OH 16.44 
2 O + H2  H + OH 6.29 
3 OH + H2  H2O + H 3.43 

 

 

The activation energy of Reaction 1 is relatively higher than that of Reactions 2 and 3. 

Figure 3.13 shows the evolution of the reaction rate of progress for the three reactions 

mentioned above for the stoichiometric (unity Lewis number) case. These are integrated 

quantities normalized by their initial values. Since there is no deficiency of one reactant 

over the other due to differential diffusion all the three reactions respond to the preheat 

due to the merger of the temperature layers by increasing their reaction rates. This is 

indicated in the plot where the integrated reaction rates of progress for the three reactions 

increase based on their relative magnitude of activation energy just before they decay 

rapidly. The rapid decay is due to the merger of their respective layers with the symmetry 

plane. 

Figure 3.14 shows the evolution of the integrated reaction rates of progress for the same 

three reactions for the stoichiometric (non-unity Lewis number) case. In this case there is 

deficiency of H2 due to the thermo diffusive interactions. Reaction 1 has higher activation 

energy, and there is no deficiency of O2. Therefore, it responds to preheat by increasing 

its reaction rate. The deficiency of the fuel (H2) due to differential diffusion offsets this 

effect of preheat in the case of Reaction 2 and to a greater extent in  

Reaction 3. The integrated reaction rate of progress for Reaction 2 does not increase to 

the same extent as in the unity Lewis number case and that of Reaction 3 just decreases. 

It is interesting to note that the reaction layer of 3 is the first to merge with the centerline 

followed by that of Reactions 2 and 1. 
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Figure 3.15 shows the evolution of the integrated reaction rates of progress for the same 

three reactions for the rich case. In this case the deficiency of H2 caused by differential 

diffusion during thermo-diffusive interactions is compensated by the presence of excess 

H2 in the reacting mixture (rich condition). During the merger of the reaction layers the 

mixture is stoichiometric as indicated by Fig. 3.6. This condition, coupled with the effect 

of preheat increases the reaction rate of all the three reactions. 

Figure 3.16 shows the evolution of the integrated reaction rates of progress for the same 

three reactions for the lean case. Differential diffusion of H2 during thermo-diffusive 

interactions further intensifies the deficiency of H2. This deficiency plays a more 

dominant role over the effect of preheat and none of the reactions increase their reaction 

rates. 

The increase in the reaction rate of the first two reactions brings about the increase in the 

consumption of fuel and oxidizer but also results in an increase production of the species 

OH. This is true for all the cases except the lean case. The consequences of which will be 

discussed during the interaction of the radical layers. 

 

3.2.3 Evolution of consumption and production layers of radicals 
 

The radical reaction layers consist of both consumption and production layers. Some of 

the radicals have more than one such layer. The consumption layer closer to the reactant 

side is the first to merge. It merges with the merger of fuel consumption layers. This 

merger is followed by the merger of the production layer. Finally the annihilation is 

complete with the merger of the second consumption layer at the symmetry line. The 

second consumption layer corresponds to the burnout region where radical recombination 

reactions consume the radicals. The merger of the first consumption layer initially 

increases the mass fraction of the radicals followed by rapid decay due to the merger of 

the production layers.  The trend continues into the burnout stage where the radical pool 

is further depleted. 

 For the purpose of illustration the species O is considered. Figure 3.17 shows the 

evolution of the integrated consumption and production layers of the species O for the 

stoichiometric (unity Lewis number) case. These quantities are normalized by their initial 
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values. The consumption layer I is the first to merge followed by the merger of the 

production layer I, which increases in magnitude prior to rapid decay. And finally the 

consumption layer II merges with the symmetry line indicating the burnout stage. The 

increase in the magnitude of the production layer I is due to an increase in the reaction 

rates of certain reactions responsible for the production of the species O, which will be 

discussed in the following section. The oscillatory nature is due to the process of 

integration where at different times parts of the consumption layer are omitted or parts of 

the production layers are added. 

Figure 3.18 shows the evolution of the integrated consumption and production layers of 

the species O for the stoichiometric (non-unity Lewis number) case. The consumption 

layer I merges first, followed by the merger of the production layer I. The increase in the 

magnitude of production layer I is much more pronounced for this case as compared to 

the unity Lewis number case. This increase in the production mechanism increases the 

mass fraction of species O until the merger of the consumption layer II. 

Figure 3.19 shows the evolution of the integrated consumption and production layers of 

species O for the rich case. The results are normalized by their initial values. The increase 

in the production rate for this case is greater than compared to the stoichiometric (non-

unity Lewis number) case. 

Figure 3.20 shows the evolution of the integrated consumption and production layers of 

species O for the lean case. The sequence of merger is the similar to the previous cases. 

In this case, the production layer reduces in magnitude much earlier to annihilation and 

during merger it increases slightly and decays rapidly after that. 

3.2.4 Evolution of the intermediate species mass fraction 
 

The intermediate species mass fractions increase initially before their rapid decay caused 

by the process of annihilation. This increase is due to the merger of the first consumption 

layers and may be coupled with the increase in magnitude of the production layers prior 

to their decay. The merger of the consumption layer leaves behind the radicals without 

being consumed and initially there is an increase in their mass fractions. For the species 

O the increase in its mass fraction is due to both merger of the consumption layer I and an 

increase in the magnitude of the production layer. Figure 3.21 shows the evolution of the 
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mass fraction of O for the stoichiometric (unity Lewis number) case. Figures 3.22 and 

3.23 show the evolution of the mass fraction of O for stoichiometric (non-unity Lewis 

number) and rich case respectively. The increase in the mass fraction of O for the above 

cases is based on an initial increase in the magnitude of the production reactions. After 

the production layers have merged the mass fraction of O decreases, and the trend 

continues with the merger of the second consumption layer. 

3.2.5 Evolution of the reactions responsible for the increase in production layer of 
species O 
 

In the previous sections, we have observed an increase in the production rates of species 

O for the stoichiometric (unity and non-unity Lewis number) and the rich cases, resulting 

in an increase in its mass fraction. In this section the mechanisms responsible for this 

increase in production rates are discussed. As mentioned earlier. Reactions 1 and 2 

respond to preheat by increasing their reaction rates, resulting in an increased rates 

production of species OH. Also Reaction 3, which consumes OH, is the first to merge 

with the symmetry line along with the fuel consumption layer. As a result, there is an 

increase in the concentration of OH towards the end of annihilation of the flames.  

Reaction 4: OH+OH  O+H2O is a radical recombination reaction producing O and the 

product H2O. This reaction along with the reaction 1 is responsible for the production of 

O. The merger of reaction layer of 1 leaves reaction 4 as the chief producer of O. Due to 

an increase in the concentration of OH; reaction 4 increases its rate resulting in an 

increase in the production of O. 

Figure 3.24 shows the evolution of the reaction rate of progress of reactions 3 and 4 for 

the stoichiometric (unity Lewis number) case. In this case there is no deficiency of H2 

during thermo-diffusive interaction due to the absence of differential diffusion. Hence 

reaction 3 increases its rate before merging as seen in the plot. Also the rate of reaction 4 

does not increase and the only way the production layer I can increase is due to an 

increase in the reaction rate of 1 as seen in Fig. 3.13. 

Figures 3.25 and 3.26 show the evolution of the reaction rate of progress of 3 and 4 for 

the stochiometric (non-unity Lewis number) and the rich cases. Due to the deficiency of 

H2 rate of reaction 3 reduces for the stoichiometric (non-unity Lewis number) case. Thus, 
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momentarily there is an increase in the concentration of OH. Reaction 4 responds to this 

by increasing its reaction rate. For the rich case the effects of differential diffusion of H2 

are complimented by the rich condition and reaction 3 increases its rate. Since reaction 

layer 3 still merges ahead of 4 there is an increase in the concentration of OH for which 

reaction 4 responds by increasing its reaction rate. Thus, there is an increase in the 

production mechanism of O. 

 

3.3 Burnout stage 
 

The burnout stage is characterized by the depletion of the radical pool due to the radical 

recombination reactions. From the plots of equivalence ratio and the centerline evolution 

of H2 mass fraction it is seen that there is an increase in the amount of H2 at the centerline 

during the burnout stage. The reasons for the increase in the equivalence ratio can be 

illustrated by looking at the evolution of the species mass fraction of H2 and the spatial 

distribution of the right-hand side terms of the species equation for H2 at two different 

times; one before thermo-diffusive interaction and the other during the burnout stage. 

These are illustrated for the stoichiometric (non-unity Lewis number) case. 

 

3.3.1 Evolution of the species mass fraction of H2 for non-unity Lewis number 
 

Figure 3.27 shows the evolution of the species mass fraction of H2. As seen in the 

previous sections H2 diffuses earlier from the centerline during the thermo-diffusive 

interactions. It diffuses further into the product side as unburnt reactant. Towards the end 

of the reaction layers interaction the unburnt H2 diffuses back into the centerline. 

To illustrate the diffusion of H2 into the product side before interactions and back to the 

centerline during the burnout stage the plot of the right-hand side of the species equation 

for H2 is considered. Figures 3.28 and 3.29 show the spatial evolution of the unsteady 

term, convective term, diffusion term and the reaction term at two different times one 

before thermo-diffusive interactions and another after reaction layers interaction. The 

negative sign for the convective and diffusive terms indicates the removal of the species 

from that location and the positive sign indicates transfer of the species to that location. 
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The negative sign in the reaction term indicates the consumption of the species from that 

location and the positive sign indicates the production of the species at that location. 

Figure 3.28 shows that H2 diffuses from the centerline into the reaction zone where it is 

consumed, and diffuses further into the product side as unburnt reactant. Figure 3.29 

shows that H2 diffuses from the product side back to the centerline. Therefore, the 

equivalence ratio increases during the burnout stage of the interactions. 
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Figure 3-1: Evolutions of the normalized H2, O2 species mass fractions and temperature along the 
symmetry line for the stoichiometric (unity Lewis number) case. 
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Figure 3-2: Evolutions of the normalized H2, O2 mass fractions and Temperature along the symmetry 

line for the stoichiometric (non-unity Lewis number) case. 
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Figure 3-3: Evolutions of the normalized H2, O2 mass fractions and Temperature along the symmetry 

line for the rich case. 

t/tf

Te
m

pe
ra

tu
re

,Y
H

2,
Y

O
2

0.03 0.035 0.04

0.2

0.4

0.6

0.8

1

Y H2
Y O2
T

 
Figure 3-4: Evolutions of the normalized H2, O2 mass fractions and Temperature along the symmetry 

line for the lean case. 
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Figure 3-6:
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Figure 3-9: Evolution of the normalized consumption speeds of the reactants for the stoichiometric 

(unity Lewis number) case. 
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Figure 3-10: Evolution of the normalized consumption speeds of the reactants for the stoichiometric 

(non-unity Lewis number) case. 
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Figure 3-11: Evolution of the normalized consumption speeds of the reactants for the rich case. 
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Figure 3-12: Evolution of the normalized consumption speeds of the reactants for the lean case. 
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Figure 3-13: Evolution of normalized reaction rate of progress for the dominant reactions consuming 

fuel and oxidizer for the stoichiometric (unity Lewis number) case. 
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Figure 3-14: Evolution of normalized reaction rate of progress for the dominant reactions consuming 

fuel and oxidizer for the stoichiometric (non-unity Lewis number) case. 
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Figure 3-15: Evolution of normalized reaction rate of progress for the dominant reactions consuming 

fuel and oxidizer for the rich case. 
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Figure 3-16: Evolution of normalized reaction rate of progress for the dominant reactions consuming 

fuel and oxidizer for the lean case. 
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Figure 3-17: Evolution of the normalized reaction layers of species O for the stoichiometric (unity 

Lewis number) case. 
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Figure 3-18: Evolution of the normalized reaction layers of species O for the stoichiometric (non-

unity Lewis number) case. 
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Figure 3-19: Evolution of the normalized reaction layers of species O for the rich case. 
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Figure 3-20: Evolution of the normalized reaction layers of species O for the lean case. 
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Figure 3-21: Evolution of the species mass fraction of O for the stoichiometric (unity Lewis number) 

case. 
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Figure 3-22: Evolution of the species mass fraction of O for the stoichiometric (non-unity Lewis 

number) case. 
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Figure 3-23: Evolution of the species mass fraction of O for the rich case. 
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Figure 3-24: Evolution of the reaction rates of progress of reaction 3 and 4 for stoichiometric (unity 

Lewis number) case. 
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Figure 3-25: Evolution of the reaction rates of progress of reaction 3 and 4 for stoichiometric (non-
unity Lewis number) case. 
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Figure 3-26: Evolution of the reaction rates of progress of reaction 3 and 4 for the rich case. 
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Figure 3-27: Evolution of the species mass fraction of H2 for the stoichiometric (non-unity Lewis 
number) case. 
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Figure 3-28: Plot of the right-hand side and unsteady terms from the species equation for H2 at an 

earlier time before thermo-diffusive interactions for stoichiometric (non-unity Lewis 
number) case. 
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Figure 3-29: Plot of the right-hand side and unsteady terms from the species equation for H2 at a 
later time during the burnout stage for stoichiometric (non-unity Lewis number) case.

 40



 

 

Chapter 4  
Conclusions 

 
In this chapter a synthesis of the computational results is presented. The process of 

Mutual annihilation of two Hydrogen-Air flames at three equivalence ratios, 

stoichiometric, rich and lean is studied. It is found that differential diffusion of H2 plays 

an important role during the initial stages of interaction and hence determines the final 

product’s composition and temperature. 

The interactions take place in different stages namely  

•  Thermo-diffusive interactions :  

o During this differential diffusion of H2 causes a leaner mixture at the 

symmetry line and the flame burns lean for the stoichiometric (non-unity 

Lewis number) case. There is a shift in the total enthalpy due to the 

differential diffusion of species and heat. 

o For the rich case there is excess H2 present in the reaction mixture. This 

offsets the effect of differential diffusion and the flame is stoichiometric after 

thermo-diffusive interaction. 

o For the leaner condition there is a deficiency of H2 in the initial mixture. The 

thermo-diffusive interaction further brings about the depletion of H2 from the 

reaction mixture. 

• Interactions of the reaction layers :  

o The deficiency of one reactant over another caused during thermo-diffusive 

interactions for the stoichiometric (non-unity Lewis number) case leads to 

different consumption speeds for the fuel and oxidizer during the merger of 

their respective consumption layers. 

o For the stoichiometric (non-unity Lewis number) case the differential 

diffusion of H2 causes an earlier merger of reaction layers consuming OH and 

the fuel there by aiding the radical recombination reactions leading to an 

increase in the production of O. 
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o For the rich case there is abundance of H2 in the reaction mixture; this offsets 

the effect of differential diffusion on the rates for reactions consuming the fuel 

and results is an increase in the radical pool. The merger of OH and fuel 

consumption layer momentarily increases the concentration of OH. This 

results in an increase in the rates of radical recombination reactions leading to 

an increase production of species O. 

o For the lean case the deficiency of H2 initially present and further intensified 

by differential diffusion offsets the effect of preheat on the reactions 

consuming the fuel. Thus, there is no increase in the consumption speeds of 

the reactants prior to annihilation. 

o For the stoichiometric (non-unity Lewis number) case the flame towards the 

end of the reaction layers interaction burns lean and has a higher concentration 

of the specie O in it. This condition is suitable for the production of thermal 

NOx. 

• Final Burnout: 

This stage follows the merger of the fuel consumption and radical production layers. 

Final burnout is associated with the depletion of the radical pool which subsequently 

results in the quenching of the flame. Also there is diffusion of H2 back into the 

centerline from the product side during this stage there by increasing the equivalence 

ratio. 
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