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This study primarily investigates the NH₃/H₂/air combustion characteristics 

within a two-layer porous burner employing a two-dimensional model with a 

detailed kinetics. The effects of inlet velocity (ug,in) and blending ratio on the 

combustion characteristics are systematically examined. It is shown that the 

gas temperature continuously increases from the inlet before entering the 

reaction zone due to the heat recirculation via porous medium, thereby 

expanding the stable combustion limit and lean flammability limit of the 

mixture. Under a hydrogen blending ratio of 20%, the NH₃/H₂ achieves stable 

combustion in the burner for ug,in=0.2 m/s-0.8 m/s and the equivalence ratio 

range of 0.5-0.65. The stable flames are stabilized just behind the interface 

when ug,in<0.9 m/s, then the flames are stabilized towards the burner outlet. 

The emission of NO increases monotonically with ug,in, ranging from 

approximately 5320 ppm at ug,in=0.2 m/s to over 18700 ppm at ug,in=0.8 m/s. 

In contrast, the NO2 emissions remain relatively stable across the range of 

inlet velocities studied, fluctuating around 100 ppm. The flame tends to be 

stabilized towards the upstream as the equivalence ratio is increasing from 

0.55 to 0.65 under ug,in=0.8 m/s and blending ratio of 0.2, while the NO is 

increasing linearly from 14310 ppm to 19690 ppm with the equivalence ratio. 

A preliminary experimental validation is conducted and the same variation 

trend with the experiment is obtained, but the deviation between the two 

methods is obvious. This study contributes to enhancing combustion stability, 

extending flammability limits, and reducing nitrogen oxide emissions, 

providing key theoretical support for the development of efficient, low-carbon 

combustion technologies. 
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1. Introduction 

The use of traditional fossil fuels has led to severe environmental impacts and climate change. 

Among these, carbon dioxide emissions have led to a rise in global temperatures. In order to build a 

zero-carbon emission energy and industrial system, it is becoming a new trend to reduce carbon 
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emissions. Among various alternative fuels, NH3, as a carbon free fuel, produces N2 and H2O as 

complete combustion products. Therefore, the use of NH3 is beneficial for reducing carbon emissions 

[1]. NH3 has the advantages of high energy volume density, significant energy storage effect, large 

production volume, and easy liquefaction and storage transportation, which has gradually attracted 

extensive research [2]. 

However, NH3 combustion also has its own limitations, such as difficulty in ignition and poor 

combustion stability under conventional conditions, and the risk of high NOx emissions during NH3 

combustion [3]. To solve the problems in ammonia combustion, improve combustion stability and 

expand stable combustion limits, many researchers have proposed various new combustion technologies 

for NH3 utilizations [4-9].  

Porous media combustion technology, as an efficient combustion technology, has the advantages 

of heat accumulation and heat recirculating [10-13]. This is due to the fact that porous media have a 

large internal surface area, which can enhance the heat transfer between gas-solid phase, and their 

internal structure can also enhance gas diffusion and heat transfer. Therefore, the flame temperature will 

be significantly increased compared to free space, achieving super adiabatic combustion [10].  

Nozari et al [14] studied the premixed combustion of NH3/H2 in porous media under standard 

temperature and pressure conditions. The results showed that under an equivalence ratio of 0.9-1.5 and 

ammonia concentrations of 60%-90%, the burner could achieve stable combustion of ammonia fuel. 

Lv et al. [15] numerically studied the effect of reactants heating on the lean flammability limit 

(LEL) of pure NH3 combustion in a two-layer porous burner. The results demonstrated that the 

preheating temperature exerts a significant influence on the expansion of the LEL, which was 

successfully broadened from an equivalence ratio of 0.54 to 0.08 as the preheating temperature is 

increased from 400 K to 1000 K. 

Rocha et al. [16] experimentally investigated the combustion characteristics of ammonia blended 

with methane and hydrogen in a two-layer burner. They found that, in the case of hydrogen-blended 

combustion, the NOx emissions reached their maximum values when the volumetric fraction of 

hydrogen was 0.2 and 0.5. They compared the predictive performance of three chemical kinetic 

mechanisms [17-19] for NOx formation and observed that, although the predicted trends were consistent 

with the experimental data, the NOx predictions from all three models were significantly higher than 

the measured values. They attributed this discrepancy to limitations in both the chemical kinetic models 

and their self-developed one-dimensional mathematical model. 

Vignat et al. [20] experimentally investigated the effects of hydrogen blending ratio on the LFL 

and pollutant emissions of ammonia combustion in a porous burner. They found that as the hydrogen 

blending ratio increased from 0.1 to 0.4, the LFL was progressively extended. When the hydrogen 

blending ratio reached 0.4 or 0.3, the overall equivalence ratio could be expanded to a range of 

approximately 0.5-0.55. Furthermore, it was observed that NOx emissions exhibited a decreasing trend 

under conditions where the flame approached blowout or when the inlet mass flow rate was increased. 

 Subsequently, Vignat et al. [21] investigated the combustion characteristics of ammonia and 

ammonia blends in a two-layer porous medium by extending the length of the porous medium and 

insulating the burner. They found that the modified burner enabled stable combustion of pure ammonia. 

The NOx emissions exhibited a parabolic distribution with respect to the equivalence ratio, whereas the 

trend of escaped ammonia was inversely related to that of NOx. 

Chen et al. [22] investigated the combustion characteristics of ammonia blended with hydrogen 
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over an equivalence ratio range of 0.9-1.2 using a two-dimensional model based on the volume-averaged 

method for ammonia/hydrogen combustion. They found that the properties of the porous medium had a 

significant impact on the combustion process. Specifically, as the thermal conductivity of the porous 

medium increased, the peak temperature decreased and the flame shifted upstream. Moreover, with an 

increasing hydrogen blending ratio, the peak temperature increased, leading to higher NOx emissions. 

Recently, Jiang et al. [23, 24] experimentally studied the flame stability at the surface of the burner 

outlet, it was found that changes in the equivalence ratio resulted in distinct flame states 

Although extensive research has been conducted on ammonia combustion in porous media, these 

studies have mainly focused on demonstrating the role of porous media in stabilizing the combustion of 

ammonia fuel with a high equivalence ratio, a systematic numerical investigation on the combustion 

characteristics of ammonia in porous media remains necessary. The purpose of this study is to investigate 

the combustion characteristics of ammonia and hydrogen mixtures under different flow rates and 

equivalence ratios using numerical simulation methods - including temperature distribution, flame 

structure, and other related parameters - which requires more in-depth research. The study of ammonia-

hydrogen blended combustion in porous media contributes to enhancing combustion stability, extending 

flammability limits, and reducing nitrogen oxide emissions, providing key theoretical support for the 

development of efficient, low-carbon combustion technologies. 

2 Numerical simulations 

2.1 Physical model 

In order to investigate the combustion characteristics of NH3/H2/air in porous burner and analyze 

the influence of factors such as inlet velocity and equivalence ratio on porous media combustion, 

numerical simulation is conducted on a two-layer porous burner based on the Volume Averaged Method 

(VAM) with a detailed kinetics. As shown in Fig. 1, the porous burner is a cylindrical shape with an 

inner diameter of 60 mm and a total length of 80 mm. The porous material at the downstream of the 

burner is 40 PPI SIC foam with thickness of 40 mm, serving as preheating zone, whereas the upstream 

of the burner is 20 PPI SIC foam with the same thickness. The physical property parameters of the SIC 

used in this study are shown in Tab. 1.  

 

Tab. 1. Physical property parameters of porous media [20, 21] 

Material SiC SiC 

Pore Density [PPI] 40 20 

Thickness [mm] 40 40 

Porosity ε [%] 84.1 85.3 

Average pore size dp [mm] 0.5 1.3 

Density ρs [kgm-3] 2620 2620 

Emissivity coefficient 0.85 0.85 

Effective thermal conductivity  

[Wm-1K-1] 

2.8 3.3 
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Fig. 1 Schematic diagram of a double-layer porous media burner 

2.2 Mathematical model 

To reduce the computational burden, the simulations are based on an axisymmetric two-

dimensional model. To simplify the problem, some assumptions are introduced as follows, 

(1) Porous media are isotropic, inert, and homogeneous optical thick media; 

(2) The dispersion effect of mixture is ignored; 

(3) The mixture is an incompressible ideal gas, the gas radiation is not considered; 

(4) The gas flow in porous media is laminar; 

(5) The solid radiation is computing based on the Rosseland model. 

Under the stated assumptions, the following set of governing equations is obtained [10]:  

Ideal gas equation of state 
  

                           g
R g

P
ρ

T
                           (1) 

where ρg，Tg are gas density and temperature, respectively. The P denotes pressure. 

 

Continuity equation 

 
   g g g g1
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 
                  (2) 

where ε is the porosity, ug and vg are the axial and radial velocity, respectively. 

 

Axial momentum 
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Radial momentum 
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Gas species equation 
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where Yk, Dk, 
k  and Wk 

represent the mass fraction for species k, diffusion coefficient, chemical 

reaction rate, and molecular weight of the gas component, respectively. The reaction of NH3/H2/air is 

treated with detailed kinetics [25], which consists of 35 components and 177 elementary reactions. In 

this study, the hydrogen blending ratio is defined as the ratio of the H2 volume to NH3 volume. 
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Gas energy equation 
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where λg, cg denotes thermal conductivity and specific heat of mixture; Ts is the solid temperature. 

The convective heat transfer coefficient hv is calculated using the following formula [21], 
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Solid Phase Energy Equation 
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The effλ [15] and radλ are the solid thermal conductivity of packing bed and radiative thermal conductivity, 

respectively,  
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2.2.1 Boundary conditions 

(1) Burner inlet 

 
3 2 2 2 2g s 0 g g,in g NH3 NH ,in H H ,in O O ,in, 0, , ,,T T T u u v Y Y Y Y Y Y         (11) 

(2) Burner outlet  

 
g g K 0

u T Y

x x x

  
  

  
 (12) 

(3) Heat loss to the surrounding through burner wall 

 w 0 w,0 0( )q h T T   (13) 

where h0 is the natural convective heat transfer coefficient and set as 20 Wm-2K-1, which is typical 

empirical values of natural convection for commonly used insulation materials; Tw,0 is the temperature 

of the outer surface of the insulation layer; The thermal conductivity coefficient of the insulation wall is 

assigned as λw=0.3 Wm-1K-1. 

(4) Radiation heat loss at burner outlet 

                    4 4s
eff rad s 0

dT
λ λ εσ T T

dx
                         (14) 

Symmetric boundary conditions are applied along the axis, while the wall surfaces are assigned no-

slip velocity boundary conditions. 

2.2.2 Solution method and meshing 

The governing equations, along with the specified boundary conditions, are solved using ANSYS 

Fluent 15.0. A user-defined scalar is employed to resolve the solid-phase energy equation, while the 

pressure-velocity coupling is handled via the SIMPLE algorithm. Convergence residuals for energy 
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equation set to 10-6, and while convergence residuals for the remaining equations are set as 10-3. In 

addition, the average temperature of the mass flow rate at the outlet is monitored. To activate chemical 

reactions, a high solid temperature of 1800 K is set in the downstream of the burner.  

The calculation area is discretized into squares with different sizes, three layers of boundary layer 

is attached at the inner walls, the refiner grid is applied in the combustion reaction zone to accurately 

solve the chemical reactions. We evaluate the influence of spatial discretization on the predicted 

temperature distribution within the domain. The results are presented for four distinct mesh resolutions: 

0.25 mm, 0.5 mm, 1 mm, and 2 mm for an equivalence ratio (φ) of 0.6, blending ratio (XH2, XH2+XNH3=1) 

of 0.2 with inlet velocities (ug,in) of 0.4 m/s, the gas temperature distribution along the x is shown in Fig. 

2. The results indicate that a mesh size of 0.25 mm provides a good balance between computational cost 

and accuracy, thus 0.25 mm meshes are chosen for this computation.  

 

Fig. 2 Grid sensitivity analysis for φ=0.6, XH2=0.2 and ug,in= 0.4 m/s 

3. Results and discussion 

3.1 Influence of inlet velocity on the combustion characteristics 

The combustion characteristics of NH3/H2/air combustion in porous media are studied under 

φ=0.6, XH2=0.2 with different ug,in. Fig. 3 shows Tg, Ts and enlarged views around the flame zone, the 

maximum Tg, Ts in the burner, Tg,out and net reaction rate of NH3 along the x. It can be seen from Fig. 3a 

that stable flames are stabilized just behind the interface of the two sections porous media when ug,in < 

0.9 m/s, then the flames are stabilized towards the burner outlet. A continuous increase in the gas 

temperature before the reaction zone is observed due to the heat recirculating via solid conduction and 

radiation. Part of the reaction heat is transfer from the reaction zone to the upstream of the burner. The 

gas is preheated by the solid phase through convective heat transfer between the gas and solid phase. 

This is a typical characteristic of porous media combustion.  

Specifically, for ammonia, which has relatively poor combustion reactivity, effective preheating 

is achieved before it enters the reaction zone. The addition of hydrogen, of course, also enhances the 

combustion stability of ammonia. Overall, after blending hydrogen with ammonia, the mixture with an 

overall equivalence ratio of 0.6 can achieve stable combustion within a flow velocity range of 0.2-0.8 

m/s. In contrast, the LFL of pure ammonia in porous media is approximately 0.75 [21]. Therefore, 

blending hydrogen with ammonia not only extends the LFL but also broadens the range of stable 

combustion. As shown in Fig. 3b, the gas temperature increases sharply near the flame zone and then 

decreases along the flow direction, the gas delivers heat to the solid phase. 
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The maximum gas and solid temperatures in the burner are shown in Fig. 3c. They are increased 

softly with inlet velocity due to the increasing in the burner power. The net reaction rate of NH3 is 

increased continually and the reaction zone is widened with the inlet velocity for the constant φ=0.6, as 

shown in Fig. 3d. The profiles of reaction rate are basically parabolic-shaped structure. The gas 

temperature rapidly increases within the range of x=39-42 mm, indicating that this area is a combustion 

zone. The gas temperature in the reaction zone is significantly higher than the solid temperature, as 

shown in Fig. 3b. The highest gas temperature is 1770 K, located at x=40.5 mm. Moreover, intense 

convective heat transfer occurs between gas and solid in this region, causing a significant increase in 

solid temperature, with the highest solid temperature reaching around 1500 K at x=41 mm. 

  
 

 (a) Tg and Ts along the x (b) Tg and Ts around the flame zone 

  

(c) The maximum Tg, Ts in the burner  

and Tg,out 

(d) Net reaction rate of NH3 near the reaction 

zone 

Fig. 3. Tg, Ts and enlarged views around the flame zone, the maximum Tg, Ts in the burner, 

Tg,out and net reaction rate of NH3 for equivalence ratio of 0.6, blending ratio of 0.2 with 

different inlet velocities 

Fig. 4 illustrates heat of reaction, OH, reaction rate of NO, NO and NO2 emissions for φ=0.6, 

XH2=0.2 with different ug,in. As shown in Fig. 4a, 4b and 4c, the peak of reaction heat, OH and reaction 

rate of NO emission are located around the interface for inlet velocity of 0.2 m/s-0.8 m/s and the peaks 

shifts towards burner outlet when ug,in>0.8 m/s. The profiles of these variables are parabolic-shape and 

its peak values are getting greater with ug,in. For example, the maximum reaction heat is increased from 
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0.0154 W at ug,in=0.2 m/s to 0.0789 W at ug,in=0.8 m/s. 

In combustion systems, OH radicals are commonly used to characterize flame structure and 

location. As shown in Fig. 4b, the peak OH is increased continually with inlet velocity and the flame 

thickness is around 2-3 mm, which is significantly greater than that of combustion in open space. The 

reaction rate of NO reaches its maximum at the flame zone and approaches to zero after the flame zone, 

as shown in Fig. 4c. This indicates that the NO is mainly formed in the reaction zone. 

The Fig. 4d illustrates the emission values of NO and NO2 as a function of ug,in. It is evident from 

the figure that the emission of NO increases monotonically with ug,in, ranging from approximately 5320 

ppm at ug,in=0.2 m/s to over 18700 ppm at ug,in=0.8 m/s. In contrast, the NO2 emissions, which are scaled 

by a factor of 50 for better visualization, remain relatively stable across the range of inlet velocities 

studied, fluctuating around 100 ppm. The N2O emissions decreased from 2810 ppm to 364 ppm as the 

inlet velocity ug,in increased. These trends suggest that the inlet velocity has a more pronounced impact 

on NO formation rather than NO2 under the given conditions. Such findings are crucial for optimizing 

the combustion process in porous media to minimize NOx emissions while maintaining efficient energy 

conversion. 

  

(a) Heat of reaction (b) OH 

  

(c) Reaction rate of NO (d) NO, N2O and NO2 emissions 

Fig. 4 Heat of reaction, OH, reaction rate of NO, NO, N2O and NO2 emissions for equivalence 

ratio of 0.6, blending ratio of 0.2 with different inlet velocities 

3.2 Influence of equivalence ratio on the combustion characteristics 
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The combustion characteristics of NH3/H2/air combustion in porous media are further studied 

under ug,in=0.8 m/s, XH2=0.2 with four different φ. As shown in Fig. 5a, the maximum Tg, Ts in the 

reaction zone and outlet temperature are all increased with φ. For example, the maximum Tg is increased 

from 1594 K to 1940 K with increasing φ from 0.5 to 0.65. This is because the combustion intensity is 

increased with φ at the constant ug,in=0.8 m/s, XH2=0.2. This is validated by the increasing net reaction 

rate of NH3, as shown in Fig. 5b. One can see from the Fig. 5b that the maximum reaction rate is elevated 

and the flame is stabilized towards the burner inlet along with the enlarged thickness of reaction zone, 

when φ is increased φ from 0.5 to 0.65. For instance, the maximum reaction rate is increased from 65.8 

kgm-3·s at φ=0.5 to 83 kgm-3·s at φ=0.65. Correspondingly, the heat of reaction and the concentration of 

OH radicals are continuously increased with φ as shown in Fig. 5c and 5d. 

Fig. 5c and 5d shows the NO profiles along the x and NOx emission of the porous burner. It is 

shown in Fig. 5c that the maximum reaction rate of NO is continually increased with φ when φ<0.65 

and then the maximum reaction rate of NO is decreased with further increasing in φ. Under the 

conditions investigated, the production of NO is the dominant NOx formed. The NO concentration 

exhibits a distinct trend with respect to φ. It initially increases from approximately 14310 ppm at φ=0.5, 

reaching a peak value of nearly 19690 ppm at φ=0.65. The N2O emissions decreased from 3760 ppm to 

39 ppm as the inlet velocity ug,in increased.  

In contrast, NO₂ concentrations are significantly lower than those of NO throughout the entire 

range of φ examined. These values range from roughly 160 ppm to 68 ppm, visually emphasizing their 

comparatively minor contribution to the total NOx emissions under these conditions. The total NOx 

concentration, which is the sum of NO and NO₂, follows a trend similar to that of NO alone due to its 

dominant contribution. These results indicate that the formation of NO during ammonia combustion is 

highly sensitive to φ, the NO₂ levels are substantially lower and decrease further as φ moves towards 

richer conditions. 

 

  

(a) The maximum gas and solid temperature and 

outlet temperature 

(b) Net reaction rate of NH3 near the reaction 

zone 
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(c) Reaction heat (d) Mole fraction of OH 

  

(e) Reaction rate of NO 
(f) NO, NO2 ,N2O and total of NO, N2O and 

NO2 emissions 

Fig. 5 The maximum gas and solid temperature, outlet temperature, reaction heat, molar 

fraction of OH, reaction rate of NO, NO, N2O, NO2 along the x-axis and total of NO and NO2 

emissions for blending ratio of 0.2, inlet velocity of 0.8 m/s with different equivalence ratio 

3.3. Experimental validation 

We have conducted preliminary experimental investigations. The designed combustion 

experimental system comprises a gas supply system, a burner made of quartz tube, and a measurement 

system. The burner and porous media, as shown in Figure 6a, have dimensions identical to those used 

in the numerical simulations. A bare tube is employed to observe the flame, while in other cases, the 

outer wall of the burner is insulated. NOx concentrations are measured using a Testo 19 instrument, and 

the flue gas temperature is measured at the burner outlet. This study represents a preliminary 

investigation; measurements of the temperature inside the porous medium have not yet been performed. 
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(a)Photo of the burner (b) Flashback (c)Stable combustion (d) Blow out 

 

Fig. 6 The photo of burner, flashback (ug,in=0.2m/s, φ=0.8), stable combustion (ug,in=0.2m/s, 

φ=0.6) and blowout (ug,in=1.0m/s, φ=0.6) 

 

Figure 7 shows a comparison between the predicted outlet temperatures, NOx emissions and 

measurements for XH2=0.2, ug,in=0.2 m/s with φ= 0.45-0.8. As shown in Fig. 7a, our predictions are 

generally greater than the experimental values, the maximum relative error is 11.58%, this indicates that 

our model can capture the variation trend of outlet temperature. However, this needs further cases to 

validate our numerical model. The NOx emissions by experiments increases softly from 1502 ppm to 

2914 ppm as the φ is increased from 0.45 to 0.7, the NOx is decreased to around 2600 ppm with further 

increase φ to 0.75-0.8. As shown Fig. 7b, the predicted NOx emission are 2 times of the experimental 

values. At present, precise prediction of NOx is still difficult. As reported by [16], they predicted the 

same variation trend of NOx emission for NH3/CH4/air combustion in porous burner, but the prediction 

is at least 2 times of the experiment. The predicted NOx emissions for NH3/H2/air combustion by the 

kinetics [19] show good agreement with the experiments, while NOx predicted by the other kinetics [17, 

18] are at least 2 times of experiments over wide blending ratio. 

 

  

(a) Predicted outlet temperature and 

measurements 

(b) Predicted NOx emissions and 

measurements 

 

Fig. 7 Predicted outlet temperature, NOx emissions and measurements for blending ratio of 

0.2, inlet velocity of 0.2 m/s with equivalence ratio of 0.45-0.8 

 

These deviations could be attributed to several factors, such as the accuracy of the numerical 
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model in simulating complex chemical reactions and fluid flow behaviors in the porous medium, as well 

as measurement errors in the experiment. Overall, improvements may be needed to better capture the 

NOx formation mechanisms at higher equivalence ratios. 

4. Conclusion 

This study primarily investigates the NH₃/H₂/air combustion characteristics within a two-layer 

porous burner employing a two-dimensional model with a detailed kinetics. The spatial distributions of 

gas and solid temperatures, species concentrations, and NOx formation within the porous medium are 

systematically obtained. Furthermore, the effects of inlet velocity and blending ratio on the combustion 

are systematically examined. Based on the simulation results, the following key conclusions are drawn: 

(1) The gas temperature continuously increases from the inlet before entering the reaction zone 

due to the heat recirculation via porous medium, thereby expanding the stable combustion limit and lean 

flammability limit of the NH₃/H₂/air mixture. 

(2) Under a hydrogen blending ratio of 20%, the NH₃/H₂ mixed fuel achieves stable combustion 

in the porous burner when the inlet velocity is within the range of 0.2 m/s to 0.8 m/s and the equivalence 

ratio is between 0.5 and 0.65. The stable flames are stabilized just behind the interface when ug,in<0.9 

m/s, then the flames are stabilized towards the burner outlet. The emission of NO increases 

monotonically with ug,in, ranging from approximately 5320 ppm at ug,in=0.2 m/s to over 18700 ppm at 

ug,in=0.8 m/s. In contrast, the NO2 emissions remain relatively stable across the range of inlet velocities 

studied, fluctuating around 100 ppm. 

(3) The flame tends to be stabilized towards the upstream as the equivalence ratio is increasing 

equivalence ratio from 0.5 to 0.65 under the constant inlet velocity of 0.8 m/s and blending ratio of 0.2, 

while the NO is increasing linearly from 14310 ppm to 19690 ppm with the equivalence ratio. 

(4) A preliminary experimental validation is conducted with the same dimension of the burner 

and porous media, the same variation trend with the experiment is obtained, but the deviations between 

the experiments and predictions is obvious. 

Although this study has conducted a numerical investigation into the combustion of ammonia 

blended with hydrogen under varying flow velocities and equivalence ratios, there are certain limitations. 

Specifically, further exploration is needed regarding the sensitivity of the chemical kinetic mechanism 

in predicting NOx emissions. Additionally, the inherent limitations of the volume-averaged method may 

lead to an overestimation of the predicted temperature field. 
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Nomenclature 
 

cg – specific heat, [kJkg-1K-1] dp –average pore size, [mm] 

Dk –diffusion coefficient of species k, [cm2s-1] hk – the molar enthalpy of species [kJkg-1] 
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h0 – natural convective coefficient, [Wm-3K-1] hv – convective coefficient, [Wm-3K-1] 

P – pressure, [Pa] r – radial coordinate, [m] 

T – temperature, [K] T0 – ambient temperature, [K]  

ug – axial velocity, [ms-1] vg – radial velocity, [ms-1] 

Wi – molecular weight of species i, [kgkmol-1] 

Y – mass fraction, [-] 

x – axial coordinate, [m] 

 

Greek symbols  

  – porosity, [-]   – thermal conductivity, [Wm-1K-1] 

eff –effective thermal conductivity of packed 

bed, [Wm-1K-1] 

s –thermal conductivity of packing bed, 

[Wm-1K-1] 

 – dynamic viscosity, [Pas]  – density, [kgm-3] 

 –Stephan-Boltzmann constant, [Wm-2K-4]
 

φ – equivalence ratio 

k – reaction rate of species k, [
3

Kmol/m s ]  

Subscripts  

g – gas s – solid 
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