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Ammonia combustion has received intense research interest recently for its poten-
tial to reduce CO2 emission. This study aims to investigate the turbulent combustion 
characteristics in a bluff-body burner for CH4/NH3 mixtures with different ammonia 
blending ratios (15%, 30%, and 45% by mole fraction) through large eddy simula-
tion and experiments. The simulations are conducted using openFOAM with a low 
Mach number solver and the partially stirred reactor combustion model with a de-
tailed reaction mechanism. The flow field of one typical case is measured using the 
particle image velocimetry technique to verify the accuracy of the numerical results. 
The combustion characteristics are discussed. As the ammonia blending ratio in-
creases, the flame height shortens, the flame color gradually changes from blue to 
orange, and the intermittent local quenching zone moves upstream, indicating that 
the combustion is becoming unstable. Meanwhile, the flow fields exhibit similar 
characteristics though the ammonia concentration varies greatly. The CO and NO 
emissions are also discussed. The CO emission decreases and the NO emission 
increases as the ammonia blending ratio increases.
Key words: large eddy simulation, ammonia addition, swirling flame,  

particle image velocimetry, combustion characteristics

Introduction

Despite the current research interest on the supply of energy from different low cost 
resources with low CO2 emissions, the major global energy supply still depends on fossil fuels. 
The pollutant emissions from the combustion of fossil fuels have damaged the environment, 
and the massive CO2 emissions have been regarded as an important contributor to global cli-
mate change [1].

Many researchers have been working on the development of clean and carbon-free 
fuels in recent decades, and H2 has been regarded as one of the key fuels. However, the eco-
nomical storage and transportation of H2 is still a big challenge to its use because H2 has active 
molecules, an explosive nature, and a high storage pressure and needs specially processed stor-
age containers [2].

Ammonia (NH3) combustion has received intense research interest recently because 
of its potential to reduce CO2 emission [3]. The NH3 can be produced from renewable energy 
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sources [4], and the technologies related to its production, transportation, and storage have been 
established well. In addition, NH3 can be easily liquefied and stored compared with H2 [5].

Attempts have been made to use ammonia as a fuel since the 1940's, and NH3 was 
added to coal gas to drive the reciprocating engine during the World War II. However, NH3 com-
bustion applications have been discouraged recently mainly because of the low flammability 
of NH3/air mixtures and the high fuel NOx emission in the flames [2]. The low flammability of 
NH3 combustion is reflected in the high minimum ignition energy, the narrow equivalence ratio 
limit, and the low laminar burning velocity [6], which may also lead to combustion instability. 
To address the low flammability of NH3 combustion, considerable research on NH3-containing 
fuel mixtures, such as the NH3/CH4 and NH3/H2 mixtures, has been conducted.

Kumar and Meyer [7] performed a combined experimental and modelling study on 
premixed H2/NH3/air jet flames and found that OH is the key radical of NH3 decomposition. Um  
et al. [8] conducted experimental and numerical research on non-premixed H2/NH3/air jet 
flames and concluded that the flame stability limits decrease significantly and the flame length 
increases as the NH3 blending ratio increases.

Okafor et al. [9, 10] experimentally and numerically studied CH4/NH3/air premixed 
flames, and their results show that the laminar burning velocity decreases, the NOx emission in-
creases, and the flames gradually change from blue to orange with the increase in NH3 blending 
ratio. Okafor et al. [11] also numerically investigated CH4/NH3/air premixed swirling flames 
in a micro gas turbine. They found that two-stage rich-lean combustion controls the NOx emis-
sions fueled with CH4/NH3 mixtures. Zhang et al. [12] investigated the blow-off and the flame 
macro-structure transition behavior of both NH3/air flame and NH3/CH4/air flame in a swirl-sta-
bilized combustor. Their results show that the NH3 flame possesses a poor lean flame stability 
limit, which can be largely extended by adding CH4 in the fuel.

Although some investigations into swirling CH4/NH3 combustion have been con-
ducted, most studies based on experiments. The studies using large eddy simulation (LES) 
on the combustion characteristics are limited, requiring further study as the theoretical foun-
dation of combustion application. Therefore, this study aims to perform LES and experi-
ments to investigate the effects of the NH3 blending ratio on the combustion characteristics 
(including flame structure, combustion stability and emissions) in partially-premixed swirling  
CH4/NH3/air combustion, and find the proper working condition with low emission and stable 
combustion. The flow field of a typical case is measured using the particle image velocimetry 
(PIV) technique to verify the accuracy of the numerical results.

Numerical methodology

Large eddy simulation

In the present work, LES is performed using the open source CFD toolbox, Open-
FOAM (version 7). Considering that the Mach number is far less than 0.3, a modified incom-
pressible solver based on reactingFoam is used. The gas mixture is presumed to be ideal and 
linearly viscous, with Fourier heat conduction and Fickian diffusion. The laminar viscosity 
is modelled by Sutherland’s law. The governing equations are the filtered mass, momentum, 
species, and enthalpy equations [13]. In the LES method, the large-scale eddies are resolved di-
rectly, while the small-scale eddies are modeled with the turbulence model. The sub-grid stress 
tensor is modeled by the dynamic Smagorinsky model [14].

The partially stirred reactor (PaSR) model is used to solve the interaction between 
the turbulence and the chemical reaction in LES. This model regards each computing grid as 
a small reactor, where fuel and oxygen are mixed and chemical reactions occur. In the PaSR 
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model, each LES cell can be divided into fine structures, where mixing and reactions are 
assumed to take place, and the surroundings, dominated by large-scale coherent flow struc-
tures. The relative sizes of the two parts in the cell are governed by reactive volume fraction,  
κ = τc/(τc + τm). Here, τm is the turbulent time scale and τc is the chemical time scale determineby 
the reaction rate. In this study, τm is modelled with a modified model based on sub-grid velocity 
stretch time scale τΔ and Kolmogorov time scale τκ [15, 16]. The modified PaSR model has been 
successfully applied in turbulent combustion under a high Reynolds number [15, 16]. 

Reaction mechanism

Extensive research has explored ammonia combustion, especially in NH4-containing 
mixture chemical mechanisms. The comparison of NH4-containing fuel chemical mechanisms 
is presented in tab. 1. Kobayashi et al. [2] validated different reaction mechanisms through 
1-D simulation and found that the Okafor2018 mechanism satisfactorily models the burning 
velocity of CH4/NH3/air flames, and provides proper predictions of the extinction stretch rate 
and the NO concentration. In this study, the Okafor2019 mechanism (with 42 species and 130 
reactions) was adopted after measuring the computing resources cost and the prediction accu-
racy. The Okafor2019 mechanism was optimized from the Okafor2018 mechanism, developed 
with measured values of the unstretched laminar burning velocity of and species concentration 
in CH4/NH3/air and NH3/air flames [10]. The Okafor2019 mechanism has been successfully 
used to predict the flame structure and NO emissions in a micro gas-turbine-fueled CH4/NH3 
mixture by LES [11].

Table 1. Comparison of ammonia-containing fuel chemical mechanisms
Mechanism Species/reactions Fuel

[17] 19/73 NH3

[18] 55/278 NH3/H2

[19] 41/250 NH3/CO
[20] 129/1231 NH3/CH4/H2

[21] 84/703 NH3/CH4

[9] 59/356 NH3/CH4

[10] 42/130 NH3/CH4

[22] 53/325 CH4 (including NH3 related reactions)

Flow configuration 

Experimental device

To study the partially-premixed swirling CH4/NH3/air flame in a bluff-body burner 
with different NH4 blending ratios, this study performed experiments for simulation valida-
tion. As shown in fig. 1, the diameter of the fuel inlet on the nozzle, D, is 2 mm, and the 10-
vane swirler with a vane angle of 45° is installed on the outside of the nozzle, with an inner 
diameter of 16 mm and an outer diameter of 36 mm (S = 0.76). Swirl number, S, is defined as  
S = 2/3(1 – Z 3)tanα/(1 – Z 2), in which, Z is the ratio of inner diameter to outer diameter, and α 
is the vane angle.

The schematic of the experimental set-up is shown in fig. 2. The experimental set-up 
is composed of the combustion and optical measurement systems. The combustion system in-
cludes the fuel supply, the air supply, and the burner. The NH4, CH4, and premixed air-flow out 
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from these gas bottles and, respectively pass through a pressure reducing valve, a ball valve, 
and a mass-flow controller into the fuel tube. The swirling air is compressed by the compressor 
and stored in the air bottle. To conveniently adjust the concentration of tracer particles, the 
compressed air is divided into two channels after flowing through a pressure reducing valve, a 
ball valve, and a mass-flow controller. One channel passes through a needle valve, leading to 
the particle mixer. Then, the air and the tracer particles enter the mixing chamber of the burner 
and mix thoroughly. The measurement errors of the mass-flow controllers are below 1%. The 
optical measurement system includes a double pulse Nd:YAG laser, a PIV-CCD camera, a syn-
chronizer, and a computer and is implemented according to the PIV measurement technology 
[23]. More information about the optical measurement system can be found in reference [24].

 
Figure 1. (a) Structural diagram of the burner: S – swirler, AT – air tube,  
AI – air inlet, FT – fuel tube, N – nozzle, LB – leveling bolts, MC – mixing chamber  
and (b) the burner used in the experiment

Figure 2. Schematic of the experimental set-up

The studied cases with a range of NH3 blending ratios (15%, 30%, and 45% by mole 
fraction) are summarized in tab. 2. Here, Φin refers to the equivalence ratio of the fuel stream, 
while Φoverall refers to the equivalence ratio obtained based on the total air and fuel supplied to 
the combustion area. The oxidizer stream has the same values for all cases: Tair-swirling = 300 K,  
Qair-swirling = 60 slm, and environmental condition also has the same values: Te = 300 K,  
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pe = 101325 Pa. In the experiment, the combustion proceeded stably without blow out, and 
the experimental results are presented in detail in section Experimental validation to verify the 
accuracy of the numerical results.

Table 2. Inflow conditions of the fuel stream for different cases
Case Tfuel XNH3 QNH3 QCH4 Qair-premixed Φin Φoverall

A 300 K 0.15 45 sccm 255 sccm 300 sccm 8.63 0.0429

B 300 K 0.3 90 sccm 210 sccm 300 sccm 7.73 0.0385

C 300 K 0.45 135 sccm 165 sccm 300 sccm 6.84 0.0340

Computational details

Figure 3 shows the schematics of the computational do-
main. The computational domain for the LES encompasses 
a short section of an inflow passage and an open cylindrical 
combustion area with a diameter of 108 mm and a length of 
108 mm. The black line indicates a wall boundary, and the 
blue line indicates a patch boundary. The boundary con-
ditions in the LES are listed in tab. 3. Axial inlet velocities  
ufuel = 3.55 m/s and uair = 1.35 m/s (with tangential inlet velocity  
wair = 1.35 m/s) are provided according to the mass-flow rates 
in tab. 2. The computational domain adopted a hexahedral 
mesh with optimization in the area where reactions occur. To 
check the grid independence, we performed simulations for 
cold flow with three mesh schemes. According to fig. 4(a), the 
coarse mesh (with 0.25 million cells) yielded obviously differ-
ent results from the others, whereas the results from the mid 
mesh (with 0.5 million cells) were almost the same as those 
from the fine mesh (with 1 million cells). Thus, the mesh with 
0.5 million grids with an average grid spacing of 0.5 mm was 
used, as shown in fig. 4(b).

Table 3. Boundary conditions in simulation
Pressure Velocity Temperature

Wall zeroGradient noSlip zeroGradient
Fuel-in zeroGradient fixedValue fixedValue

Swirling air-in zeroGradient fixedValue fixedValue
Base zeroGradient fixedValue zeroGradient
Side totalPressure pressureInletOutletVelocity inletOutlet

Outlet zeroGradient inletOutlet inletOutlet

The simulations of the three cases listed in tab. 2 were conducted using OpenFOAM, 
with an unstructured collocated finite volume method. The solver employs the second-order 
semi-implicit Crank-Nicolson scheme coupled with a fraction of the first-order implicit Euler 
scheme as the time discretized method. The algorithm for pressure-velocity coupling is based 
on the PIMPLE method (combining the SIMPLE method [25], and the PISO method [26]), 

Figure 3. Computational 
domain
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which is suitable for transient simulations. The convection divergence terms are discretized 
using a second-order central difference scheme with the Sweby flux limiter. Given the large 
amount of computation involved in the LES, a parallel strategy was adopted herein.

The simulation of each case ran until the flow time reached 1.5 seconds to obtain full 
development. The residuals for species and enthalpy should be less than 10-6 while other equa-
tions are below 10–3. Then, the statistical data were obtained from 1.5-2.0 seconds. All the cases 
used an adjustable time step (limited by the max Courant number 0.5 and the max time step 10–5 
second) to guarantee computational stability and capture the dynamic processes of combustion. 
The simulations were completed on an intel parallel cluster, with one case consuming approxi-
mately 5000 CPU hours to obtain the final results.

Experimental validation

The experimental flame images captured 
by a digital camera (Nikon D5600) are shown in 
fig. 5. The flame height slightly shortened and 
the flame color gradually changed from blue to 
orange as XNH3 increased. The blue region is as-
sociated with CH and CO2 chemiluminescence 
[27], and the orange chemiluminescence was 
due to the NH2-α band and super-heated H2O 
vapor spectra [6].

In the experiment, the flow field of Case 
A was measured using the PIV technique to 

verify the accuracy of the LES. Figure 6 shows the instantaneous distributions of tracer parti-
cles and the experimental flow field of Case A. The main flow structures are successfully cap-
tured by PIV technique, including shear layers and the central re-circulation zone (CRZ) near 
the nozzle. The CRZ enhances the mixing process of fuel and air and provides hot flue gas with 
low velocity to the flame root, which provides a dominant stabilization mechanism of the swirl-
ing flame [28, 29]. It could be deduced that with lower swirl number, it cannot provide enough 
hot flue gas to the flame root to stabilize the combustion process, while the higher swirl number 
might be detrimental to the stability of the flame using ammonia [30].

Figure 7 shows the axial and the radial profiles of the mean velocity of Case A ob-
tained by the experiment and the LES. The figure indicates that the LES successfully captured 
the double-peak flow structure, and the difference between the experiment and the LES is mi-

Figure 4. Comparison 
of radial profiles of 
mean velocity obtained 
by three mesh schemes 
(a) and schematics of 
mesh (b)

Figure 5. Experimental flame images,  
0.5 second exposure time
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nor. The experimental results show a good prediction capability on the chemical mechanism 
and flow dynamics of the current simulation.

Results and discussion

Flame structure

Figure 8 shows the computed instantaneous 2-D distributions of H2 and OH. Figure 
8(a) indicates that the global high H2 concentration zone distributes near downstream of the 
flame in each case. The H2 concentration decreased slightly as XNH3 increased, though a decrease 
in H2 production from the CH4 chemistry tends to be compensated by an increase in production 
from the NH3 chemistry. As shown in fig. 8(b), the global high OH concentration zone distrib-
utes near the oxygen side of the flame surface (determined by heat release rate in the simulation, 
which will be detailed in section Turbulence-chemistry interaction ) in each case. According to 
the previous research performed by Okafor et al. [11], the H2 and CO consumption leads to the 
production of OH. The OH concentration also decreased with the XNH3 increasing because the 
H2 and CO emissions decreased.

Figure 6. Instantaneous distributions of (a) tracer particles and 
(b) experimental flow field

Figure 7. Comparison of radial profiles of mean velocity 
obtained by PIV experiment and LES
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The variations of time-averaged H2 and OH with the progress variable at different 
axial positions are shown in fig. 9. In the present research, the progress variable, c, is defined as 
c = (T – Te)/(Tad – Te ). Here, T is the local temperature, obtained from simulation, Te is the envi-
ronmental temperature, Te = 300 K, and Tad is the adiabatic flame temperature, as listed in tab. 4.

Figure 9. Variations of time-averaged H2 and OH with progress variable at different positions

For X = 10D, when c < 0.75, H2 was produced as an intermediate product mainly 
through the reactions of NH3 with H and CH4 with H. Thus, the H2 concentration increased 
with the progress variable. When 0.75 < c < 0.8, H2 was consumed quickly with OH. Thus, the 
H2 concentration decreased sharply with the increasing progress variable. The three cases have 
similar trends of H2 distribution. However, the maximum H2 concentration and the growth rate 
of H2 decreased as XNH3 increased, indicating the low flammability of NH3 combustion. The 
three cases also have similar trends of OH distribution. When c < 0.75, OH was produced as an 
intermediate radical mainly through the following reaction: H + O2 = OH + O. This reaction is 
highly sensitive to temperature [31], thereby increasing the OH concentration quickly with the 
progress variable. When 0.75 < c < 0.8, OH was consumed quickly with H2 and CO. Thus, the 
OH concentration decreased sharply with the increasing progress variable.

For X = 20D, H2 was produced as an intermediate product mainly through the reac-
tions of NH2 with H and CH2O with H. The high H2 concentration zone distributes near c = 0.65,  
and the low OH concentration zone also distributes in the same region. Thus, H2 was not con-
sumed quickly with OH here. When c < 0.7, OH increased with the progress variable. When 0.7 
< c < 0.8, OH decreased sharply with the increasing progress variable.

Figure 8. Computed instantaneous 2-D distributions of H2 and OH
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Table 4. Laminar flame characteristics for different 
ammonia/methane blending ratio

XNH3 Tad Su δu τc

0.15 2204 K 0.304 m/s 0.533 mm 1.75 ms
0.3 2185 K 0.255 m/s 0.621mm 2.44 ms
0.45 2168 K 0.210 m/s 0.734 mm 3.50 ms

For X = 30D, the H2 concentration increased slightly with the progress variable, and 
the maximum H2 concentration dropped here because NH2 and CH2O were nearly consumed in 
the three cases. The OH concentration increased with the progress variable, and the maximum 
OH concentration increased greatly because the H2 and CO concentrations dropped here. The 
maximum OH concentration in Case C is lower than those in the other cases because Case C has 
a shorter flame length, and the high OH concentration zone distributes near the flame surface.

Turbulence-chemistry interaction

The Karlovitz number is an important dimensionless number reflecting turbulence–
chemistry interaction, defined as Ka = τc/τκ ≈ (δu/Su)(n/(εt)0.5. The laminar flame speed, Su, and 
the laminar flame thickness, δu, were computed by ANSYS Chemkin-Pro with the Okafor2019 
mechanism for different ammonia/methane blending ratio, tab. 4.

Figure 10 shows the computed instanta-
neous 2-D distributions of heat release rate and 
indicates the Karlovitz number. As shown in fig. 
10, Cases A and B have similar trends of heat 
release rate distribution, and the heat release 
rate decreased near the leading edge of the flame 
surface because the strain rate increased sharply 
near the leading edge of the flame surface, and 
intermittent local quenching occurs here. How-
ever, Case C exhibited an obviously different 
trend from the other cases. In Case C, intermittent local quenching occurred near the right side 
of the downstream flame surface instead of the leading edge of the flame surface. This phe-
nomenon is mainly caused by the turbulence–chemistry interaction, that is, the turbulent vortex 
structure could easily penetrate the flame surface and affect the internal flame structure with 
the increasing Karlovitz number. With XNH3 increasing, that is, increasing Karlovitz number, the 
strain rate of the flame was obviously affected by the turbulent vortex structure. Consequently, 
the intermittent local quenching zone moved upstream and the combustion became unstable. 
Furthermore, the reactions will be promoted at weak reaction regions and suppressed at intense 
reaction regions with the increasing Karlovitz number [32]. Hence, the high heat release rate 
zone shrunk at the left side of the flame surface in Case C.

The radial profiles of the mean and fluctuating axial velocity obtained by the LES are 
shown in fig. 11. Figure 11(a) indicates that the mean axial velocity distribution presents the 
same trend though the ammonia concentration varied greatly. For X = 10D, the axial velocity 
was mainly affected by the shear layers, the inlet velocity, and the CRZ. The positions of the 
shear layers could be accurately captured, including the inner shear layer (0.5D < R < 2D), the 
outer shear layer (6D < R < 8D), and the surrounding shear layer (10D < R < 13D). The CRZ 
(2D < R < 6D) was also observed due to the negative axial velocity in this region, and the 
highest velocity at the central line was dominated by the inlet velocity. For X = 20D, the axial 

Figure 10. Computed instantaneous  
2-D distributions of heat release rate  
(Ka are indicated)
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velocity was determined by the competition between the swirling motion and the combustion 
heat release. The swirling motion diverges the flow and reduces the axial velocity, while the 
combustion heat release expands the gas volume and increases the axial flow velocity. The 
influence of the shear layers and the inlet velocity on axial velocity decreased, and the CRZ 
also disappeared here. For X = 30D, the axial velocity was mainly affected by the swirling mo-
tion because the combustion heat release quickly decreased here. Furthermore, the inner shear 
layer and the outer shear layer also disappeared because the axial velocity of the mainstream 
decreased.

Figure 11. Radial profiles of mean and fluctuating axial velocity  
obtained by LES, (a) umean and (b) u′ 

As shown in fig. 11(b), the fluctuating axial velocity displayed an obviously different 
distribution trend, which is related to heat release fluctuations and the combustion instability. 
For X = 10D, the peaks of the fluctuating axial velocity are related to the shear layers, and the 
locations of the shear layers are consistent with fig. 11(a). In addition, the fluctuating axial 
velocity near the central line obviously decreased from Case A to Case C. For X = 20D and  
X = 30D, the high Karlovitz number of Case C led to intense chemistry–turbulence interaction, 
and the reactions were promoted at the weak reaction regions and suppressed at the intense 
reaction regions, as shown in fig. 8. Hence, the heat release fluctuations in Case C became 
higher than those in the other cases, resulting in a high fluctuating axial velocity downstream 
the reaction zone.

The CO and NO emissions

The CO emission has a harmful effect on human health, and high fuel NO emission 
is one of the major challenges in NH3 combustion. Thus, CO and NO emissions are evaluated 
in this section. The variations of CO and NO with the progress variable are shown in fig. 12.

In the Okafor2019 mechanism, CO is produced as an intermediate product mainly 
from HCO and CH3 consumption and consumed with OH and the NO emission was main-
ly determined by NHi and OH. The O/OH radical promotes HNO production through the  
NH2 + O = HNO + H and NH + OH = HNO + H reactions, and HNO contributes approximately 
70% to the NO production via the HNO + H = NO + H2 reaction [10]. When XNH3 was below 
30%, the NO formation was insensitive to the OH concentration, and was sensitive to the NHi 
concentration, because the NO production was limited by the low NHi concentration. Similarly, 
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the CO formation was also insensitive to the CH3, and was sensitive to the OH, because of high 
CH3 concentration. When XNH3 reached 45%, the NO formation became sensitive to OH though 
OH concentration decreased (as shown in fig. 9), and the CO formation became sensitive to 
CH3. Hence, CO concentration quickly decreased and NO concentration increased.

Figure 12. Variations of CO and NO with progress variable

Figure 13 shows the instantaneous distributions of CO and NO, and the space-time-av-
eraged CO and NO species concentration at 16% O2 concentration of the exit are indicated. The 
distribution of CO is similar to that of H2 because CO and H2 were consumed with OH via the 
H2 + OH = H + H2O and CO + OH = H + CO2 reactions.

Figure 13. Instantaneous distributions of CO and NO (space-time-averaged CO and  
NO species concentration at 16% O2 concentration of the exit are indicated)

The high NO concentration zone is related to the high heat release rate zone because 
the NO formation in NH3/CH4 combustion was highly sensitive to temperature, which is con-
sistent with the result in fig. 12 (NO was mainly distributed at c > 0.7). This phenomenon was 
also observed in the previous research performed by Somarathne et al. [31].

Conclusions

In this work, the effects of NH3 addition in partially-premixed swirling NH3/CH4/air 
combustion in a bluff-body burner were investigated by LES and experiments. The main con-
clusions are as follows. 

 y The flame height slightly decreased and the flame color gradually changed from blue to 
orange as the ammonia blending ratio increased.

 y The flow structures obtained by the LES are consistent with those of the experiment. Fur-
thermore, the concentrations of H2 and OH decreased as the NH3 blending ratio increased.
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 y When XNH3 was below 30%, intermittent local quenching occurred near the leading edge of 
the flame surface. When XNH3 reached 45%, the intermittent local quenching zone moved 
upstream and the combustion became unstable due to the increasing Karlovitz number.

 y The CO emission decreases and the NO emission increases as the NH3 blending ratio in-
creases. But CO emission was insensitive to the CH3 when XNH3 was below 30%.

In conclusion, the lower NH3  blending ratio cannot effectively suppress CO emission, 
while the higher NH3 blending ratio will lead to combustion instability and higher NO emission. 
Therefore, the proper NH3 blending ratio needs to be assessed to control emissions and ensure 
combustion stability. These results would be useful in gas turbine for choosing proper NH3 
blending ratio in NH3/CH4/air combustion.
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Nomenclature
c  – progress variable, [–]
D  – diameter of the fuel inlet, [mm]
p  – pressure, [Pa]
Qk – mass-flow rate of species k, [sccm]
R  – radial axis
S  – swirl number, [–]
Su – laminar flame speed, [m–1s–1]
T  – temperature, [K]
u, v w – axial, radial, tangential velocity, [m–1s–1]
Xk – mole fraction of species k, [–]

Greek symbols

α – Vane angle, [–]
δu – laminar flame thickness, [mm]
εi – sub-grid dissipation rate, [m2s–3]
n – laminar kinematic viscosity, [Pa·s]
τc – chemical time scale, [ms]
τκ – Kolmogorov time scale, [ms]
τm – turbulent time scale, [ms]
τΔ – sub-grid velocity stretch time scale, [ms]
Φ – equivalence ratio, [–]
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