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Abstract  
This article investigates the effects of molecular 
diffusion and utilizing unity and specific Schmidt 
numbers for species on the results of the 
simulations, in the presence of highly mobile species 
H2, in the fuel stream, while stratification and swirl 
are used for flame stabilization. In addition, we have 
characterized regions where both molecular 
diffusion and turbulent transport play a significant 
role. For this purpose, a stratified swirl burner called 
the Cambridge-Sandia burner will be used as a case 
study. A total of 40% hydrogen (on a volume of fuel 
basis) is added to both slots of the burner. Two 
models are used: (i) the Schmidt numbers for all 
species are equal to unity, and the Sutherland 
coefficients are constant for all of them, and (ii) 
species-specific Schmidt numbers and Sutherland 
coefficients are taken into account. It is investigated 
how different models affect various flow fields, such 
as velocity, temperature, and species mass fractions. 
The PaSR combustion model, and the SST    
turbulence model, are used in our computational 
method. It is shown that by adding hydrogen and in 
the presence of stratification, preferential diffusion 
of lighter species affect temperature, as well as H2 
mass fractions, so it cannot be overlooked. In 
premixed case, it has a minor influence on species 
concentration, but it still affects temperature 
distributions. 
Keywords: molecular diffusion, hydrogen 
enrichment, stratified burner, Schmidt number 
 

Introduction  
Currently, fossil fuels meet 80% of the world's 
energy needs, but the pollutants they emit are 
hazardous to health and the environment. Several 
high-tech and clean combustion methods have been 
developed in response to strict pollution 
regulations, including lean premixed combustion, 
MILD combustion, and hydrogen-enriched fuels. 
Because lean premixed combustion ensures 
complete combustion, carbon monoxide is reduced, 
and, owing to lower fuel temperatures, NOx and 
other pollutants sensitive to high temperatures are 
only moderately produced. In MILD combustion, 

nitrogen-oxide pollution is lower, while the flame 
stability is higher in this combustion regime. [1]. 
Many parameters are affected by stratification, such 
as heat release, flame speed, local flame structure, 
combustion efficiency, and pollutant emissions. 
[18]. For instance laminar flame speed is increased 
by stratification [9]. Additionally, a stratified 
mixture with the same equivalence ratio exhibits a 
higher turbulent flame speed in a lean area than a 
homogeneous mixture [15]. It also enhances the 
mean reaction rate in lean flames [2]. 
 Adding hydrogen to hydrocarbon fuel improves 
flame stability and lowers CO and UHC emissions 
while increasing NOx emissions due to a higher 
burnt gas temperature, but this can be compensated 
by burning ultra-lean mixtures since hydrogen 
increases the lean blowout limit. [7]. 
Stabilizing flames by creating recirculation zones 
using a bluff-body and swirling flows is a commonly 
used method in many combustion devices [16, 19]. 
Also, a large number of combustion devices, such as 
gas turbines, aero engines, and automobile engines, 
are operated in inhomogeneously premixed mode, 
either for flame stability in globally lean 
combustion, or to meet practical mixing region 
length constraints[18]. However, since hydrogen 
has better flame-holding characteristics than 
hydrocarbon fuel [6, 12], enriching a hydrocarbon 
fuel with hydrogen [13] is a useful strategy for 
decreasing combustion instabilities under ultra-
lean conditions. Due to thermal-diffusion instability, 
adding hydrogen to a system increases modeling 
complexity; hence exact numerical models are 
required. Numerous experiments have been 
undertaken to determine the impact of hydrogen 
addition on the stability, reactivity, and pollutant 
emissions of methane-air flames [10-12, 21]. 
The addition of 20% H2 to CH4 in the Darmstadt 
flame series has been demonstrated to modify 
differential H2 diffusion, revealing that stratification 
levels have no effect on CO levels but change H2 
distribution. [24]. Based on these results, Wen et al. 
[28] used a flamelet approach to analyze the flame 
structure by considering molecular diffusion and 
stretch effects. The results demonstrate that as 
turbulent mixing grows, differential diffusion 
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becomes less critical, and the unity Lewis number 
assumption performs as well as mixture-averaged 
and multi-component models in these situations 
[28]. 
Mardani et al. [20] compared molecular diffusion to 
turbulent diffusion using bimolecular and 
multicomponent models, proving that molecular 
diffusion is crucial in flameless combustion. 
 In contrast to turbulent flow, where turbulent 
transport is dominant, in reacting turbulent flow, 
turbulent transport and molecular diffusion are 
comparable, so neither can be overlooked because 
the heat released by the combustion (turbulence, 
combustion interaction) expands the flow field and 
reduces the vorticity [14], which is the result of 
density drop along the flame front, which can drop 
by six to seven times [17]. 
Salavati-Zadeh et al. [23] investigated the influence 
of molecular diffusion and variations in the Schmidt 
number of various species on model accuracy in the 
flameless regime, finding that molecular diffusion 
does not affect the findings if appropriate Schmidt 
numbers are not used for each species. In flameless 
regimes, temperature and OH mass fractions can be 
well predicted by adding molecular diffusion, but 
the effects of molecular diffusion vanish in 
conventional combustion regimes.  
In order to validate the utilized numerical method 
an experimental results are needed .The 
Cambridge-Sandia stratified swirl burner has 
created an extensive database [22, 23]. In this 
burner, premixed mixtures with different 
equivalence ratios of fuel and air flow through two 
annular inlets (to generate different stratification 
ratios SR=ϕi ⁄ ϕo). Besides An air co-flow is also 
present to avoid atmospheric air entertainment. In 
conjunction with the swirling flow in the outer slot, 
the central bluff body stabilizes the flame, 
producing a recirculation zone. The swirl number 
(Sw) is the ratio between tangential and axial 
velocities.  
The primary goal of this research is to find out how 
molecular diffusion affects the structure of 
hydrogen-enriched stratified flames and whether if 
the addition of molecular diffusion into governing 
equations affects the flow field, temperature, and 
species mass fractions or not. Currently, only a 
limited number of papers have examined the effect 
of differential diffusion in stratified burners, and the 
effect of considering different Schmidt numbers 
versus unity Schmidt numbers for every species has 
not been considered in a hydrogen-enriched 
stratified Cambridge-Sandia burner. The authors 
employ open-source CFD software OpenFOAM to 
examine a stratified hydrogen/methane/air flame. 
Model validation is done using methane/air 
combustion and hydrogen is added to the fuel 
stream. The effects of two different models on flame 
structure, temperature, and species mass fraction 
are then investigated. 
 

Burner configuration  
Figure 1 shows the burner geometry schematically. 
It is possible to adjust the equivalence ratio of each 
slot independently in order to create flames of 
differing stratification ratios. Only two cases shown 
in Table 1 will be investigated in this study. The 
velocities of the outer slot, inner slot, and co-flow 
are constant in all cases and are 8.31, 18.7, and 0.4, 
respectively. Two simulations with different models 
have been conducted in both cases, as mentioned 
previously. During the addition of hydrogen, the 
velocity of premixed mixtures entering from slots 
and the global equivalence ratio is kept constant. 
The density and mass flow rate of fuel decrease as 
hydrogen is added. 
 
Numerical procedure 
The Favre-averaged equations of continuity, 
momentum, energy, and species are used as flow 
equations. Using the open-source CFD code 
OpenFOAM, Reynolds Averaged Navier-Stokes 
(RANS) based simulations are performed. The 
turbulent viscosity in the momentum equations is 
calculated using SST  turbulence model 
adopted with wall. In this study, a reduced 
mechanism including 15 species and 57 reactions 
proposed by Valorani et al. [26], has been used to 
characterize the flame structure, temperature, and 
major species. 

 
 
Figure 1. The top view of the stratified swirl burner 
(SwB) [25]. All dimensions are in mm.  
 

Table 1. The selected operating conditions 

Flame Sw ϕi ϕo case 
SwB2 0.45 0.75 0.75 premixed 
SwB6 0.45 1 0.5 stratified 

 
As in previous studies, radiation heat transfer is 
neglected  [22]. A molecular diffusion term is 
included in the species transport equation using the 
OpenFOAM code, incorporating different and 
constant Schmidt numbers for each species, as 
shown in Equation 1. 
 

                                                                             (1) 
s = 1, …, n  
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In Equation 1, , and , respectively, are laminar 
and turbulent dynamic viscosities, while  and 

 represent Schmidt number of specie k and 
turbulent Schmidt number, respectively. The values 
of  were taken from Ref. [23] while,  is 
assumed to be equal to 0.7 throughout all the 
simulations. 
A finite volume approach is used to discretize the 
governing equations. The standard central scheme 
is used to discretize diffusion terms. For accuracy 
and stability, we use second-order TVD schemes for 
discretizing convection terms. To solve pressure-
velocity coupling the PISO algorithm was used. 
In a similar way to previous works [5, 8, 27], two 
criteria have been implemented to ensure 
convergence. In the first, the residual of all variables 
must be less than 10-6 at each time step. Second, at a 
section near the outlet (10% to exit plane), the 
average temperature should not vary by more than 
1K or maximum velocity should not differ by more 
than 0.1. 
3D computational domain (shown in Figure 2) is a 
cylindrical region of diameter (200 mm) and length 
of (300 mm) according to Ref. [4]. 
SwB2 case was simulated using three different grids 
to ensure the results were independent of the grid. 
The grid with 160000 cells makes up the base mesh 
(coarse). There are no significant deviations in 
Figure 3 with 470000 cells (average) and 800000 
cells (fine). As a result, we selected a grid number of 
470000 cells to reduce computing costs during 
simulations of this study. For the boundary 
conditions, at the inlet of both slots, the 
temperature, velocity components (tangential and 
axial), and mixture compositions are constant. The 
zero velocity and no heat transfer conditions are 
applied to all walls. For far-field and outlet, zero-
gradient is applied to all variables except pressure 
which is equal to atmospheric pressure. 
 
Results and discussion 
The comparison of computational results and 
experimental measurements [25, 29] are carried 

out for SwB6 case in order to validate the 
mathematical model.     In Figure 4, the tangential 
and axial components of velocity, temperature, and 
CO2 mass fraction at different cross-sections are 
compared with experimental results for both 
models. There is a good agreement between the 
simulation results and experimental measurements. 
The ratio between turbulent and molecular 
viscosity (RTMV) is shown in Figure 5 to gain 
insight into the regions of the domain where 
differential diffusion and turbulent transport are 
comparable. The region of importance for molecular 
and turbulent transport is much larger in the 
stratified case (SwB6) without hydrogen addition 
than in the premixed case (SwB2). The region with 
RTVM less than ten increases, particularly in the 
axial direction, when hydrogen is added. Hence, the 
effect of differential diffusion in pure methane cases 
may be more pronounced in stratified case, 
particularly in regions far from the burner exit, but 
by adding H2, it might be significant in stratified and 
premixed cases as well. To quantitatively 
investigate this parameter, radial profiles of RTMV 
in different cross-sections, and on the centerline 
have been depicted in Figure 6. 
 

 
Figure 2. The computational grid used in this 
study 

 

 
Figure 3. Grid independence check. Temperature profile (a) at section (z = 40 mm) and axial velocity profile 
(b) at section (z = 30 mm) using three distinct cell numbers. 
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Figure 4. Comparison between experimental measurements [25, 29], and computations for SwB6. Profiles at YZ plane. (a) 
Axial velocity, (b) swirling velocity, (c) temperature, (d) CO2 mass fraction. At cross sections: z = 40 mm (right column), z = 
10 mm (left column) 

 
Figure 5. The contours of the ratio between 
turbulent and molecular viscosity (RTMV) for 
premixed (SwB2) and stratified (SwB6) cases. Pure 
methane as fuel (a) hydrogen enriched methane 
(b). 
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It can be seen in figure 6 that molecular diffusion 
plays an important role in some regions. These 
regions are caused by turbulence and combustion 
interactions and the relaminarization process. 
According to Figure 6 by increasing hydrogen 
concentration, differential diffusion becomes more 
significant in a wider area, both radially and axially. 
Some important factors about the simulated cases 
are worth mentioning, which can affect molecular 
diffusion. Firstly, RTVM in stratified cases, is always 
less than premixed cases, especially in pure 
methane burning; therefore, molecular diffusion is 
expected to have a more significant impact in 
stratified cases. Secondly, a vital flow characteristic 
in swirl bluff-body stabilized burners is the 
recirculation zone volume and strength. It has been 

observed that stratified case (SwB6) exhibits a 
smaller recirculation zone than premixed case 
(SwB2). Simulated results showed the same effect, 
and both stratified and premixed cases showed a 
reduction of recirculation zones with H2 added (not 
shown here). There is an important role for this 
region since the residence time is longer there, and 
it has been demonstrated that this region can 
amplify the effects of molecular diffusion [3]. Since 
the recirculation zone in the SwB2 case is more 
prolonged and stronger, it is anticipated that light 
molecules and mobile molecules will diffuse out of 
this region due to thermal expansion and a longer 
residence time. 
 

 

 
Figure 6. Radial profiles of RTVM at different cross-sections. Pure methane (a) hydrogen enriched methane 
(b) and axial profiles of RTVM. Pure methane (c) hydrogen enriched methane (d). 
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Thirdly, because of the richer inner slot in stratified 
cases, there is a higher temperature, and the 
molecules have more kinetic energy, promoting 
diffusion. Additionally, the higher temperature and 
heat release enhance the relaminarization effect, 
further improving diffusion. Finally, the inner slot of 
the stratified case is richer so that H2 availability is 
higher, causing a steep concentration gradient that is 
a stimulant to diffusion. Keeping these points in mind, 
the simulation results for temperature, H2, OH, CO, 
and CO2 are depicted in the subsequent parts. 
Figure 7 illustrates the temperature profiles in 
different cross-sections. Based on this figure, it can be 

seen that simulations result in a higher temperature 
when molecular diffusion is taken into account 
regardless of the stratified or premixed cases. It is 
noteworthy that when considering molecular 
diffusion, the flame does not expand radially in cross-
sections near the burner exit, while it does in 
downstream locations (z = 150 mm). 
In order to understand how molecular diffusion 
affects temperature, radial profiles of OH radical, as 
an indicator of reaction zone, and H2, as a highly 
mobile specie, are depicted in Figure 8 and figure 9, 
respectively. 
 

 

 
Figure 7. Temperature profiles at different cross sections. 2mm (top row) 40mm (middle row) 150mm 
(bottom row). Pure methane as fuel (left column) 40% hydrogen (on the volume of fuel basis) added to fuel 
stream (right column). 
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Figure 8 shows an increase in OH mass fraction in 
all cross-sections in both premixed and stratifies 
cases in pure methane/air and methane-H2/air 
burning. Comparatively to downstream sections, 
the mass fraction of OH increases more near burner 
exit (2 mm). A radial expansion of OH profiles in 
downstream sections indicates an expansion of 
reaction zones. Figure 9 illustrates the H2 mass 
fraction in different cross-sections. Molecular 
diffusion affects the mass fraction of H2 since it is 
mobile and light. Taking molecular transport into 
account, while burning pure methane results in a 
lower amount of H2 in all cross-sections, which is 
attributed to molecular diffusion. As hydrogen is 
just produced in the reaction zone, it diffuses 
radially outward, so there is a slight expansion in 
radial distribution and a reduction in peak value. 
Because of the high concentration in unburned 

reactants, H2 diffuses into the reaction zone which 
agrees with the results of Schneider et.al. [24]. 
Therefore, the mass fraction of hydrogen near the 
centerline (the core of the reaction zone) near the 
burner exit in the stratified case increases.  
     It is unclear why, in the premixed case, even after 
adding H2, molecular does not affect the mass 
fraction of light species like hydrogen, whereas in 
the stratified case, it does. This is presumed to 
result from a back-supported flame in stratified 
cases. As the inner slot is rich, more hydrogen is 
produced here. This effect is evident in cases 
without hydrogen addition (Figure 9 (a, c, e)). In 
addition, the recirculation zone in the premixed 
case is larger, so light species have more time to 
diffuse out of the zone. For a detailed understanding 
of this issue, more research is still needed.

 
 

 
Figure 8. Comparison of OH mass fraction using different models for premixed and stratified case. 2mm (top 
row) 40mm (middle row) 150mm (bottom row). Pure methane as fuel (left column) 40% hydrogen (on the 
volume of fuel basis) added to fuel stream (right column). 
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Figure 9. Comparison of H2 mass fraction using different models for premixed and stratified case. 2mm (top 
row) 40mm (middle row) 150mm (bottom row). Pure methane as fuel (left column) 40% hydrogen (on the 
volume of fuel basis) added to fuel stream (right column). 

 
Conclusions 
A stratified burner was studied in this paper using 
two different molecular diffusion models in species 
transport equations. In the first model, the Schmidt 
numbers for all species and flow were equal to one. 
While in the second model, the Schmidt numbers 
were specific and constant. Additionally, viscosity 
was computed using constant values in the 
Sutherland formula in the first model. While in the 
second model, like Schmidt numbers, the constant 
values in Sutherland equations are unique for each 
species.   In order to investigate the effects of 
molecular diffusion in stratified and premixed 
combustion, especially when the fuel is enriched 
with H2, two cases of Cambridge- Sandia burner 
were examined, a premixed case (SwB2) and a 
stratified case (SwB6).  

The results revealed that taking molecular diffusion 
into account results in computing a higher 
temperature in all cases and cross-sections. 
However, interestingly in the premixed case, there 
was no preferential diffusion in contrast to the 
stratified case. To understand the zones where 
laminar viscosity and turbulent viscosity are 
comparable, the ratio between these variables was 
computed, showing that adding hydrogen makes 
laminar viscosity important in premixed and 
stratified cases, but all in all, it is more important in 
the stratified case. Many parameters, including 
laminar viscosity, availability of hydrogen, 
relaminarization, recirculation zone, residence time, 
and thermal expansion, can affect molecular 
diffusion; so to understand which is dominant, 
detailed simulations using LES or DNS are needed. 
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