
MCS 7 Chia Laguna, Cagliari, Sardinia, Italy, September 11-15, 2011 

 

Combustion regime influences on differential diffusion and reaction 

progress in lean premixed hydrogen/air flame: a detailed numerical 

study 
 

H. Carlsson*, J. Savre*, R. Yu*, X.S. Bai* 
Henning.Carlsson@energy.lth.se 

*Division of Fluid Mechanics, Lund University, 221 00 Lund, Sweden 

 

 

Abstract 

Two dimensional high-order numerical simulations of lean premixed turbulent hydrogen/air 

flames in the flamelet, thin reaction zone and distributed reaction zone regimes were performed. 

Analysis of the different simulations was made to scrutinize the effects of differential diffusion 

and turbulent eddies on the flames. Differential diffusion is expected to increase the burning rate 

in convex surfaces for lean hydrogen/air flames through hydrogen focusing that can be quantified 

with a local equivalence ratio. In the flamelet regime well-correlated profiles of local equivalence 

ratio with temperature, or reaction progress variable based on the fuel or oxygen mass fraction 

are found through the preheat zone, reaction zone and postflame zone. In the thin reaction zone 

regime, significant deviation from the flamelet correlation is found due to eddy/flame 

interactions. In the distributed reaction zone regime, the reaction zone is highly wrinkled and 

reactant/product pockets are found to be in scales smaller than the reaction zone thickness; as 

such there is no unique correlation between the reaction progress variables and the temperature or 

the local equivalence ratio, although the differential diffusion effect remains important. For lean 

hydrogen/air flames in the thin reaction zone regime and distributed reaction zone regime, care 

must be taken when using reaction progress variables to map the reaction progress or thermo-

dynamic state due to this highly uncorrelated behavior. 

 

Introduction 

Turbulent premixed combustion has long been of great interest due to its major relevance in 

many practical applications such as spark-ignition (SI) engines or stationary gas turbines. In the 

past 15 years, Direct Numerical Simulation (DNS) arose as a very efficient and promising tool to 

investigate the fundamental physical phenomena involved during flame-turbulence interactions 

and to support the development of new turbulent combustion models. However, with the present 

available computational resources, DNS of turbulent reacting flows is often limited to the 

simulations of small control volumes, low turbulence intensities and rather broad flames (far 

from stoichiometry). Early reviews on the application of DNS to premixed turbulent combustion 

can be found in Poinsot et al. [1] or Hilbert et al. [2], where both the possibilities as well as the 

limitations of the method are discussed.  

In turbulent premixed flame investigations, it is often useful to define a Karlovitz number, 

, representing the ratio between time scales related to the flame and to the small dissipative 

eddies of the flow at the Kolmogorov scale 

 

 



where  is the Kolmogorov velocity,  is the Kolmogorov length scale,  is the laminar flame 

thickness,  is the laminar flame speed,  is the turbulent intensity and  is the integral length 

scale. It is admitted that depending on the values of , different combustion regimes may be 

identified, pictured by combustion diagrams such as the one proposed by Peters [3]. 

In the flamelet regime, corresponding to , the flame sheet is expected to be wrinkled 

by large scale eddies but its inner structure is left unperturbed so that it remains similar to a 

laminar flame. Many numerical [4][5] and experimental [6][7] studies were dedicated to the 

fundamental investigation of turbulence/flame interactions in the flamelet regime so that the 

behavior of premixed flames at  is now well understood. For , flames lie in 

the thin reaction zone regime, where it is expected that the thin inner layer of the reaction zone is 

left undisturbed whereas the smallest eddies are able to penetrate the preheat zone and broaden it. 

This regime has recently been the focus of several DNS studies [8][9][10][11]. One of the major 

results is that flames burning in the thin reaction zone regime may still be modeled by flamelet 

approaches as their inner structure remains very similar. This has for example been highlighted 

by the works of Chakraborty and Cant [9] and Han and Huh [10] who studied the effects of flame 

strain and curvature on flame displacement speed within the framework of Flame Surface Density 

(FSD) modeling. The last combustion regime of interest is called the distributed reaction zone 

regime and is characterized by . In this regime the smallest eddies are expected to be 

able to penetrate the inner layer of the reaction zone. As stressed by Driscoll [12], few 

investigations were reported in this regime compared to the two previous ones and there is 

currently a real need in setting up basic test cases to further understand the structure and behavior 

of such flames. Therefore, although it may be encountered in many practical applications, the 

lack of fundamental knowledge and relevant models for the distributed flame regime often forces 

us to assume that the flamelet hypothesis is always applicable. 

DNSs of turbulent flames in the distributed reaction zone regime were reported only recently 

due to the very high computational resources required, especially when 3D domains are 

considered. Poludnenko and Oran [13] performed DNSs of propagating methane/air turbulent 

flames for a  number close to 150. They concluded that even for such high  numbers, the 

inner flame structure remains similar to what is observed in the flamelet regime. It should be 

stressed however that the authors only considered a single step chemistry which is a debatable 

assumption under such extreme conditions where finite rate chemistry and radical effects are 

expected to be dominant (quenching, reignition). Aspden et al. [14][15] performed 3D DNSs of 

methane, propane and hydrogen flames with detailed chemistry. For each of the selected fuels, 

having Lewis numbers ranging from 0.2 for hydrogen to 1.4 for propane, the  number was 

kept constant and of the order of 400 (following relation (1)). In Ref. [14], the effects of Lewis 

number on the flame structure are investigated through correlations of temperature with local 

equivalence ratio and fuel mass fraction. It was shown that at such high turbulence intensity, 

differential diffusion only affects the flame through its burning rate. 

In this paper, 2D detailed numerical simulations of lean H2/air flames with Karlovitz numbers 

spanning the range of  are considered, which makes studies of all the reaction 

zone regimes possible. Whereas the use of 2D numerical simulation can seem erroneous as it 

can’t capture 3D turbulence phenomena such as vortex stretching, it still provides important 

insight into the flame physics since turbulent flames are more likely to locally have a cylindrical 

(2D) shape instead of a spheroidal (3D) one [1]. Therefore, although 2D turbulence is non 

physical, 2D simulations of premixed turbulent flames is statistically correct and enables to 

capture all the main features of flame/turbulence interactions. The choice of hydrogen as a fuel is 



here motivated by the fact that it allows a detailed description of chemistry for a limited 

computational cost. In addition, thermo-diffusive effects promote flame quenching in H2/air 

flames and it is therefore interesting to examine how it is affected by transition of the 

flame/turbulence interaction to different turbulent flame regimes. Furthermore, this work aims at 

clarifying the role of differential diffusion and turbulence on the fuel consumption rate and the 

structures of preheat-zone and reaction-zone in different combustion regimes. The role played by 

differential diffusion in the distributed reaction zone regime remains indeed still unclear, 

although Aspden et al. [14] suggested that its effects are dramatically reduced at such high 

turbulence intensities.  

 

Numerical method 

In this work, the full set of Navier-Stokes equations for reacting flows, simplified under the low 

Mach number assumption, are solved. The effect of acoustic wave on the flames is neglected. 

The pressure can be split into two parts; the thermodynamic pressure, , and the hydro-

dynamic pressure, . The thermodynamic pressure is constant in space and varies only in 

time. It is this pressure that is used in the equation of state to determine the mixture density. To 

achieve numerical stability while simulating variable density reacting flow system, the continuity 

equation in material derivative form 

 

 

 

is used, where the material derivative for arbitrary variable  is defined as  

 

 

 

and  is the density of the mixture. The right hand side term of equation (2) can be computed by 

applying the material derivative to the equation of state; 

 

 

 

where  is the thermodynamic pressure,  is the universal gas constant,  is the temperature and 

 is the number of species. Equation (2) is then rewritten as 

 

 

 

where the mean molecular weight, , is defined as 

 



 

 

The terms  and  in equation (5) are determined using the transport equations for 

energy and species respectively. The transport equation for species is written as 

 

 

 

where  is the species reaction rate and the diffusion velocity  is modeled using Fick’s law 

 

 

 

with  as the species diffusion coefficient. The transport equation for energy is written as 

 

 

 

where  is the specific heat capacity of the mixture,  is the specific heat capacity of species 

,  is the specific enthalpy of species  and  is the mixture averaged thermal conductivity.  

The numerical integration of the above governing equations is based on the fractional step 

method similar to the method of Day and Bell [16]. The spatial derivatives of the momentum 

equations and the continuity equation are discretized using sixth order central difference scheme. 

For the scalar transport equations (7,9), to avoid unphysical oscillation of temperature and mass 

fractions, the convective terms in the governing equations for species and energy are discretized 

using a 5
th

 order WENO scheme [17], whereas sixth order central difference scheme is used for 

the other spatial terms. Based on operator split, the temporal integration of species and energy 

equations are performed in two fractional steps, the advection/diffusion flow time step and the 

chemical reaction time step. In the flow time step the advective/diffusive terms are integrated in 

time using a 3
rd

 order TVD Runge-Kutta scheme [18]. The time step size is variable and 

determined through the condition of satisfying both advection and diffusion stability limits. 

During the chemical time step, the reaction rate term in (7) and the heat release term in (9) are 

integrated using an implicit solver for stiff ODEs similar to LSODE [19].  

In the present numerical method, most variables can be computed explicitly or semi-explicitly 

except the hydrodynamic pressure, , which is implicitly governed by a variable coefficient 

Poisson equation derived by manipulation of the continuity equation and the momentum 

equations. The variable coefficient Poisson equation is solved iteratively with a Multi-grid 

method [20] to accelerate the convergence. The solver is parallelized using domain 

decomposition. Further details of the solver are given in [21]. 

 



Computational cases  

A square domain is considered in this study with a side length of 5 mm. Periodic boundary 

conditions are applied on all boundaries. At the center of the domain the fuel/air mixture has an 

initial temperature of 2300 K; whereas cold gases are found on the left and right hand sides of the 

domain, at 300 K. The hot gas region has a length of 2.5 mm. During the initial steps of the 

simulation, mixture in this hot zone auto-ignites and two flame fronts are then formed between 

the hot zone and the two cold zones outside. The two reaction fronts between the hot zone and 

cold zones propagates through the cold unburned fuel/air mixture so that the flame on the left 

hand side is propagating towards the left boundary and the flame on the right hand side is 

propagating towards the right boundary. The premixed H2/air mixture has an equivalence ratio of 

0.8; the initial pressure of the domain is 1 atm. The chemical kinetic rates for the present H2/air 

combustion are taken from the H2 sub-mechanism of Peters C3 hydrocarbon mechanism [22]. A 

total of 9 reactive species and 38 elementary reactions are taken into account. 

The initial turbulence field was generated numerically using a presumed energy spectrum 

from Pope [23] for high Reynolds number isotropic turbulent flows. The velocity field was 

obtained by superimposing Fourier waves of different frequencies, each wave at a given 

frequency satisfying the criterion of being divergence free. Numerical simulation on a one-

dimensional (laminar) freely propagating flame configuration predicted a laminar flame thickness 

 0.357 mm and a laminar flame speed of  1.53 m/s; these values are consistent with the 

experimental data of Sun et al. [24]. 

Table 1 lists the initial flow parameters for the simulated cases. The Karlovitz numbers were 

varied from 1 to 150; the integral scale of turbulence is kept to be one fourth of computational 

domain; this is found necessary to avoid too fast decay of turbulence due to correlations when the 

integral length scale is of the order of the domain size. When dealing with turbulent scales of the 

same order as the flame thickness, Poludnenko and Oran [13] showed that the results might be 

highly grid sensitive. To avoid this, the computational mesh used was a  staggered 

Cartesian grid, resulting in a cell width, , of . The flame thickness is therefore 

resolved by more than 100 cells. 

 

Table 1. Initial conditions of the simulated cases. 

 

     

     

     

     

     

 

Results and discussion 

Simulations of flame turbulence interactions in a decaying turbulent field without turbulent 

forcing has the disadvantage of requiring very short propagation time from the initial conditions 

to ensure acceptable decay before strong flame/turbulence interaction. However, in a H2/air 

flame, the ignition delay is very short and it is therefore expected that effective Karlovitz number 

is sufficiently high during the later stage of interaction. To examine this, the decay of turbulent 

kinetic energy, , over the simulated time in the domain for case 3 is shown in Fig. 1. The 

results are obtained from simulations without the flames. As seen, without external input of 



turbulent energy, the kinetic energy of turbulence decays about 30 % during the first . The 

Karlovitz number decreases from 100 to about 77. Without being affected by too severe decay 

and still having reasonable time for formation of a well propagating flame front structure, the 

time  was chosen for qualitative and statistical analysis, i.e.  for case 4. 

The analysis was focused on studies of the effect of differential diffusion on the flames. 

 

 
 

Figure 1. The decay of mean turbulent kinetic energy within the domain for case 3 with time. 

 

A progress variable based on species  was defined as 

 

 

 

where  is the mass fraction of species  on the unburned side of the flame,  is the local 

mass fraction of species  and  is the mass fraction on the burned side of the flame. The 

species  can then be chosen as any species which has a monotonically increasing or decreasing 

profile across the flame or, instead of species distribution, any monotonically increasing or 

decreasing variable across the flame. In this work, the progress variable was based on species H2 

and O2 for comparison of the differential diffusion effect. 

Figure 2 shows the left part of the computational domain at  and  for case 4. 

Here,  corresponds to the initial state. Two isocontours of progress variable based on O2, 

 and  are plotted to indicate the start of the preheat zone and the end of the 

reaction zone. The figure shows that as the flame evolves in time the reaction zone and the 

preheat zone become more distorted by turbulent eddies and the thickness of these zones grow. A 

small area of the domain is marked with a black box in Fig. 2 and is highlighted for further 

analysis and discussion. 

Differential diffusion is most conveniently quantified through the use of a local equivalence 

ratio. For H2/air combustion it can be expressed as [25] 

 

 

 



where  is the total mass fraction of element H,  is the total mass fraction of element O, 

 is the molar mass of element H and  is the molar mass of element O. 

 

 
 

Figure 2. Left hand side of the computational domain for case 4 with solid isocontour 

corresponding to  and dashed isocontour corresponding to  for 

representation of the start of the preheat zone and the end of the reaction zone respectively. The 

different frames correspond to times; (a) , (b) , (c)  and (d) . 

The axes are given in mm. 

 

Figure 3 shows instantaneous fields inside the marked area in Fig. 2 with mass fraction of O2 

displayed in row 1, the temperature distribution displayed in row 2 and the local equivalence ratio 

displayed in row 3 for the different Karlovitz numbers; , ,  and 

 in columns 1, 2, 3 and 4 respectively. The mass fraction of species O2, the first row in 

Fig. 3, shows that with increasing Karlovitz number the flame structure becomes more and more 

distorted. The large scale wrinkling shown in the  case is still discernable in the 

 flame, however wrinkling on smaller scales becomes more observable as  increases. At 

, pocket of oxygen already starts to protrude into the hot gases and pocket of hot 

products start to protrude into the unburned side. As  increases this becomes more intense and 

the scale at which the pocket is formed becomes smaller. 

The temperature field, the second row in Fig. 3, shows that there is a clear correlation 

between temperature and oxygen in the low  flames, i.e. high temperature is found at low 

oxygen mass fraction. However, in the  flame, such correlation is weaker and not 

clearly visible. In the region marked by the ellipse in Fig.3, it is seen that temperature is rather 

uniform across the small oxygen pocket.  

The variation in the local equivalence ratio, shown in row 3 of Fig.3, is due to differential 

diffusion. In the  flame, it is seen that the convex part of flame protruding to the unburned 

side has higher local equivalence ratio in the reaction zone, at the expense of the lower local 

equivalence ratio in the preheat zone. This is attributed to the fact that the hydrogen molecule is 

diffused to the reaction zone from the preheat zone faster than the other species. In the concave 

part of the flame the local equivalence ratio is relatively lower than in the convex part of the 

flame. This is due to the well-known differential diffusion focusing of hydrogen in convex 



surfaces and defocusing in concave surfaces. As the wrinkling becomes more severe in the high 

 flames the difference between the local equivalence ratio in the convex and concave surfaces 

becomes more significant. In general, there is certain correlation between the local equivalence 

ratio and temperature or oxygen mass fraction; the highest local equivalence ratio is found in the 

high temperature zones (however not the highest temperature zone). Due to the complex structure 

of the reaction zone in the high  flames the flame/flame interaction makes it difficult to clearly 

distinguish the preheat zone and reaction zone.  

 

 
 

Figure 3. Visualization of the zoomed area in Figure 2 with mass fraction of species O2 in row 1, 

the temperature field in row 2 and distribution of local equivalence ratio in row 3 for the 

Karlovitz number 1 case displayed in the first column, the Karlovitz number 50 case displayed in 

the second column, the Karlovitz number 100 case displayed in the third column and the 

Karlovitz number 150 case displayed in the fourth column. The axes are given in mm. 

 

To analyze the correlations between the local equivalence ratio as well as the reaction 

progress variables with respect to the temperature, joint probability density function (JPDF) of 

temperature and local equivalence ratio or progress variables are calculated based on the 

instantaneous field at . The JPDF of  and , , is defined as the probability of  

and  in the preheat zone and the reaction zone. The preheat zone and reaction zone is 

defined as the regions with  and . The JPDF of local equivalence ratio and 



temperature is defined similarly. The number of cells in the preheat zone and the reaction zone is 

 for the  case 1,  samples for the  case,  samples for 

the  case and  samples for the  case. JPDFs of local equivalence 

ratio and temperature are displayed in Figs. 4a-4d. In Fig. 4a the JPDF of local equivalence ratio 

and temperature in the  flame shows a unique correlation between the local equivalence 

ratio and temperature. A decreased local equivalence ratio is found in the preheat zone (

), thereafter it increases in the high temperature zone where chemical reactions occur. As 

discussed earlier, this is due to the high diffusivity of hydrogen that allows the hydrogen to 

diffuse more from the preheat zone to the reaction zone than the oxygen molecules, resulting in a 

stratification of equivalence ratio. In the postflame zone, mixing of the combustion products 

( ) and the unburned air tends to smoothen the stratification of equivalence ratio, showing in 

Fig.4a a slight decrease of local equivalence ratio in the high temperature zone. 

 

 
   (a)                                          (b)                                           (c)                                          (d) 

 

Figure 4. JPDF of local equivalence ratio as a function of temperature for (a) , (b) 

, (c)  and (d) . 

 

Figures 4b-4d show that as  increases there is no unique correlation between the local 

equivalence ratio and temperature, although a high JPDF core structure identical to the flamelet 

one can be found in these flames, especially in the  flame. This indicates that there is a 

certain probability to recover flamelet structures in the  flame. In the Ka=150 flame, the 

JPDF is found rather uniform in the domain of local equivalence ratio between 0.7 and 0.9, 

showing a departure from the flamelet type correlation. The results presented in this study shows 

a broadening of the local equivalence ratio with respect to temperature for the higher Karlovitz  

 

 
(a)                                          (b)                                          (c)                                          (d) 

 

Figure 5. JPDF of progress variable based on H2 as a function of temperature for (a) , (b) 

, (c)  and (d) . 



number cases with a maintained overall profile and therefore a decreasing, but still discernable 

effect of differential diffusion. The results from Aspden et al. [14] showed larger deviation of the 

local equivalence ratio from the laminar flamelet profile during the study of a much higher 

Karlovitz number flame; the effect of differential diffusion is significantly decreased in flames 

within the distributed reaction zone regime. 

Figure 5 shows JPDFs of temperature and progress variable based on H2 for different 

Karlovitz number cases. The figure shows perfect correlation of  and temperature in the 

flamelet regime, which is expected since mixing and wrinkling should only be possible at length 

scales larger than the flame thickness. This supports the use of flamelet library models. Note that 

in Fig. 5a,  is reached before the maximum temperature is reached, i.e. 2000 K. This is due 

to the existence of intermediate species, which are further oxidized as H2 is consumed, releasing 

further heat. Figure 5b shows deviation from the flamelet structure already in early stages of the 

preheat zone. The core structure where JPDF is high forms a nearly linear relation between  

and the temperature. Figures 5c and 5d show a similar nearly linear correlation between  and 

the temperature and evenly broadening in the reaction progress variable coordinate. 

Figure 6 shows JPDFs of progress variable based on O2 according to temperature for the 

different Karlovitz numbers. For the flamelet case, Fig. 6a, the PDF shows significant deviation 

in the preheat zone and early stages of the reaction zone compared to the H2 based one displayed 

in Fig. 5a. For the O2 based progress variable a more S-shaped profile is observed with respect to 

temperature, whereas the H2 based curve shows a, close to, linear behavior. It can also be seen 

how  goes to zero close to the boundary of the PDF, i.e. 350 K, whereas the  at this point is 

nonzero, which is a result of differential diffusion. Figures 6b-6d show that as  increases the 

scatter of the JPDF in the  space is larger, indicating a weaker correlation between the 

reaction progress variable and temperature. This observation is consistent with the results shown 

in Figs. 3-5. A noteworthy point in Fig.6 is that, in the earlier preheat zone ( ) the 

correlation between temperature and the reaction progress variable based on O2 mass fraction is 

fairly unique and identical in all flames studied here. This is attributed to the close to unity Lewis 

number of oxygen molecules.  

 

 
   (a)                                          (b)                                          (c)                                          (d) 

 

Figure 6. JPDF of progress variable based on O2 as a function of temperature for (a) , (b) 

, (c)  and (d) . 

Figure 5. 

 

For modeling purposes it can be seen from this analysis that to achieve a proper description 

of the reaction zone and preheat zone structures in high Karlovitz number turbulent H2/air flames, 

both the stratification of the equivalence ratio and deviation of the correlation between the 



reaction progress variable and temperature needs to be taken into account. Flamelet library 

modeling is therefore not a preferable method for such cases. 

 

Conclusions 

Two-dimensional detailed numerical simulations are carried out to study turbulent hydrogen/air 

flames with Karlovitz numbers of 1, 50, 100, and 150, and an overall equivalence ratio of 0.8. 

The aim is to gain further insight on flame/eddy interactions in different combustion regimes and 

the effect of differential diffusion on the flame structures. For flames in the laminar flamelet 

regime the preheat zone and reaction zone structures show a clear effect of differential diffusion; 

the local equivalence ratio decreases in the preheat zone and increases in the reaction zone due to 

the fast diffusion of hydrogen molecules from the preheat zone to the reaction zone. Curvature 

effects can be clearly observed in the flames. There is a unique correlation between the 

stratification of local equivalence ratio and temperature and between the reaction progress 

variables (defined based on the reactant mass fractions) and temperature. For flames in the thin 

reaction zone regime, the preheat zone and reaction zone structures become distorted by turbulent 

eddies, and as such there is no unique correlation between the local equivalence ratio and 

temperature or reaction progress variables. For flames in the distributed reaction zone regimes the 

preheat zone and reaction zone structures are even more distorted by the turbulent eddies, and the 

reaction zones in neighboring region may directly interact with each other, which results in a 

significant departure of the reaction zone structure from the laminar flamelet ones. In all flames 

studied the effect of differential diffusion is significant, as evidenced in the stratification of local 

equaivalence ratio as well as in the correlation between the temperture field and the reaction 

progress variable field. Due to the existence of differential diffusion the oxygen and hydrogen 

molecules correlate differently as compared to the unity Lewis number flames. Thus, care must 

be taken when defining the reaction progress variables for modeling these flames. 
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