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Abstract. The main goal of the present study is to promote a more effective use of agricultural residues as an 

alternative renewable fuel for cleaner energy production with reduced greenhouse gas emissions. The complex 

experimental study and mathematical modelling of the processes developing during the co-firing of biomass pellets 

with gaseous fuel were carried out. The experimental study of the effect of co-firing on the main gasification and 

combustion characteristics was carried out by varying the propane supply and additional heat input into the pilot 

device with an estimation of the effect of co-firing on the thermal decomposition of pallets. The mathematical 

model is developed using the environment of MATLAB (2-D modelling) and MATLAB package “pdepe” (1-D 

modelling) with account variations of supplying the heat energy and combustible volatiles into the bottom of the 

combustor. The dominant exothermal chemical reactions were used to evaluate the effect of co-firing on the main 

combustion characteristics and composition of products CO2 and H2O. The results prove that the additional heat 

from the propane flame allows control of the thermal decomposition, the formation of volatiles, and the 

development of combustion dynamics, thus completing the combustion of biomass and leading to cleaner heat 

energy production. 

Keywords: Arrhenius kinetics, laminar axisymmetric flow, PDEs system, reaction-diffusion equations. 

1. Introduction 

The EU 20/20/20 targets for cleaner energy production [1] have emphasized the significance of 

utilizing green energy sources like wood and straw residues [2; 3]. However, using straw for heat 

production can lead to problems. To tackle this issue, fuel mixture combined combustion processes have 

been developed that enable the co-combustion of straw with solid [4; 5], or gaseous fuel additives [6]. 

Varying fuel proportions in multi-fuel gasification/combustion processes can control emission 

composition, structure, and deposition on heating surfaces [6]. An experimental study was conducted in 

[2] to analyze the formation of flame composition and temperature profile downstream of swirling flame 

flows. In references [7] and [8], the Navier-Stokes equations are modified for both viscous, 

incompressible flows and ideal, compressible flows by incorporating a simple exothermal chemical 

reaction through the combustion process. This modification eliminates the pressure term in the 

equations. The experiment involves a cylindrical pipe with swirling flow having axial and azimuthal 

components of velocity at the inlet. A similar experiment is also described in reference [9]. 

In reference [10], a study was conducted to model the combustion process with Arrhenius kinetics. 

The model considers a single-step exothermal chemical reaction between fuel and oxidant in a 

cylindrical pipe, taking into account the electrodynamical effects due to the Lorentz force action on the 

combustion process. The study analyzed a non-stationary system of partial differential equations 

consisting of three components – density, velocity, concentration of fuel, and temperature. It was found 

that increasing the electrodynamical force leads to an increase in the maximal gas flow velocity and 

temperature. 

In [11], two exothermic reactions for the combustion of 𝐻2 and 𝐶𝑂 were proceeded for modelling 

by ANSYS Fluent CFD at the Institute of Physics of the University of Latvia. 

The simulations gave an insight into the combustion process in cases when the proportion of the 

volatiles (𝐻2, 𝐶𝑂) corresponds to that of the biomass consisting of wood or wheat straw, or peat, giving 

the temperature and velocity distributions in the flame. The maximum flame temperature for the 

specified ratios 1:1 of the volume fraction of these chemical substances in the fuel mixture was obtained.  

The purpose of this paper is to extend the previous research by studying 1-D and 2-D laminar, 

axially symmetric swirling flow interacting with propane combustion in a chemical reaction process. 

2. Materials and methods 

The dominant exothermal chemical reaction was used to evaluate the effect of co-firing on the main 

combustion characteristics and composition of the products 𝐶𝑂2 and 𝐻2𝑂 using the propane frame. 
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For mathematical modelling, the 1-D distribution of an axial component of velocity 𝑢𝑧, density 𝜌, 

mass fractions for different species, and temperature 𝑇 has been calculated with MATLAB solver 

“pdepe” of the nonlinear parabolic type system of ODEs, depending on the time 𝑡 and the axial 

coordinate 𝑧 for 6-9 unknown functions. For the 2-D model, the approximation is based on the implicit 

finite-difference and alternating direction method (ADI) of Douglas and Rachford (1956) [12; 13]. 

2.1. Mathematical modelling of the chemical reactions of propane and oxygen 

Based on the experimental measurements, the average concentrations of propane 𝐶3𝐻8 were used 

in a mathematical model to determine the concentrations of final products, which include hydrogen 𝐻2, 

oxygen 𝑂2, and carbon dioxide 𝐶𝑂2. The model considered the exothermic chemical reaction [7]: 

𝐶3𝐻8 +  5𝑂2 → 3𝐶𝑂2 +  4𝐻2𝑂. This reaction involves two reactants: propane and oxygen, and four 

species in total. 

The 1-D distribution of the combustion mixture includes: a) The axial component of velocity 

𝑤 =  𝑢𝑧/𝑈0, (𝑈0 =  0.1 m ∙ s−1); b) Density ρ/ρ0, (ρ0 =  1 kg ∙ m−3); c) Temperature 𝑇/

𝑇0, (𝑇0 =  300 K); d) Mass fractions for species 𝐶𝑘 , 𝑘 =  1, 𝐾: 

𝐾 =  4, 𝐶1(𝐶3𝐻8), 𝐶2(𝑂2), 𝐶3(𝐶𝑂2), 𝐶4(𝐻2𝑂). 

The above-mentioned components were computed using a nonlinear parabolic type system of 

partial differential equations. The calculation was done concerning the time 𝑡/𝑡0, (𝑡0 = 1 s), and the 

axial coordinate 𝑥 =  𝑧/𝑧0, (𝑧0 =  0.1 m). This was achieved using the MATLAB routine “pdepe” for 

𝐾 + 3 unknown functions. 

At the inlet of the combustor, 𝑥 =  0: 𝑇 =  𝑇0, 𝑢𝑧 =  𝑈0, 𝜌 =  𝜌0, the reactants’ sum is equal to 

unity, but the products’ sum is zero. 

The production rate of the k-th species for a single reaction can be expressed as shown in equation 

[14]: 

 𝛺𝑘  =  [(𝜈𝑘
′′ − 𝜈𝑘

′ )𝑅(𝑇) ∏ (
𝜌𝐶𝑛

𝑚𝑛
)

𝜈𝑛
′

𝐾
𝑛 = 1 ] , 𝑘 ∈ [1, 𝐾]. 

𝑅(𝑇) is the rate constant for a chemical reaction 𝑅(𝑇) =  𝐴′𝑇β exp(𝐸/𝑅𝑇) forward path and is 

modified by Arrhenius temperature dependence. 

The other quantities that fall into the expression of the reaction production rate are [13]: 𝐴′ – the 

reaction–rate pre–exponential factor; R = 8.314 J∙(mol K)−1 – the universal gas constant; ν𝑘
′′, ν𝑘

′  – the 

corresponding stoichiometric coefficients of the k–th species appearing as a product and reactant in the 

reaction; β – the order for the temperature; 𝑚𝑛 g ∙ m−3 – the molecular weigth of the species 𝐶𝑛 

(𝑂2 =  32, 𝐶𝑂2 =  44, 𝐻2𝑂 =  18, 𝐶3𝐻8 =  44). 

In the equation for mass fractions of the concentrations 𝐶𝑘 , the source term is 𝑚𝑘𝛺𝑘/𝜌 𝑠−1. 

However, in the equation for the temperature, it is correspondingly 
1

𝑚𝜌𝑐𝑝
∑ ℎ𝑘𝑚𝑘𝛺𝑘 K ∙ s−1𝐾

𝑘 = 1 , where 

𝑚 =  
1

𝐾
∑ 𝑚𝑘

𝐾
𝑘 = 1  is the average molecular weight of the mixture, 𝑐𝑝 =  1000 J ∙ (kg K)−1 is the 

specific heat at constant pressure, ℎ𝑘  KJ ∙ mol−1 is the specific enthalpy of the k-th species: 𝑂2 =  0, 

𝐶𝑂2 =  − 394, 𝐻2𝑂 =  − 242, 𝐶3𝐻8 =  − 105.  

2.2. 2-D mathematical model 

In [13], a model was presented for 2-D axially-symmetric, ideal, laminar compressible swirling 

flow with propane combustion in a coaxial cylindrical pipe with the following parameters (the 

cylindrical coordinates (𝑟, 𝑧), the time 𝑡, 𝑡 ∈ [0, 𝑡𝑓], 𝑡𝑓 – the end time, the radius 𝑟0 =  0.05 m, the 

length 𝑧0 =  0.1 m, the radial component of velocity 𝑢𝑟 m ∙ s−1). The model is described by four Euler 

hydrodynamic flow equations and four reaction-diffusion dimensionless equations. 

The equations were converted into dimensionless form by scaling all the lengths to a reference 

length 𝑟0. The other components also were converted into dimensionless form by scaling [13]: a) The 

meridian velocity to 𝑈0 =  0.1 m ∙ s−1; b) The azimuthal velocity 𝑣∅ to 𝑉0 =  0.3 m ∙ s−1; c) The 
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temperature to 𝑇0 =  300 K; d) The density to ρ0 =  1 kg ∙ m−3; e) The pressure to 𝜌0𝑈0
2, 

𝑥 =  𝑧/𝑟0, 𝑤 =  𝑢𝑧/𝑈0, 𝑢 =  𝑢𝑟/𝑈0, 𝑣 =  𝑟𝑣φ, 𝑝 =  𝜌𝑇. 

The ideal gas equation of state, 𝑝 =  ρ𝑇, has been applied, where p is the dimensionless pressure. 

We are considering a scenario where a laminar flame with a steady, low speed of 

(𝑈0 =  0.1 m ∙ s−1) exists in a straight pipe in its base state. The boundary conditions for 𝐶1, 𝐶2 at the 

inlet (𝑥 =  0) are as follows: 𝐶10 =  0.2,0.6(𝐶3𝐻8), 𝐶20 =  1 − 𝐶10(𝑂2). 

Based on the other algorithm [7], we can derive the following results:   

 
𝐶1

𝐶2
 =  

44

5∙32
 =  

11

40
, 𝐶1 +  𝐶2 =  1, or 𝐶10 =  0.22, 𝐶20 =  0.78. 

2.3. 1-D mathematical model  

Two parabolic-type partial differential equations were considered for 1-D compressible reacting 

swirling flow and density model in dimensionless form [15], [16]. 

 {

∂ρ

∂𝑡
 +  𝑀(ρ) +  𝜌

𝜕𝑤

𝜕𝑥
 =  𝑒

∂2ρ

∂𝑥2

∂𝑤

∂𝑡
 +  𝑀(𝑤) =  −

∂𝑝

ρ ∂𝑥
 +  𝑅𝑒−1 ∂2𝑤

∂𝑥2 ,
    (1) 

where  𝑀(𝑠) =  𝑤
𝜕𝑠

𝜕𝑥
.  

The values 𝑠 =  ρ, 𝑤, 𝑒 =  1 ∙ 10−5, Re = 10000 are the factors of the artificial viscosity for 

approximate density and velocity equations. 

The boundary conditions for the inlet (𝑥 =  0) are in the form ρ =  𝑤 =  1. These values are used 

as initial conditions at 𝑡 =  0. Zero derivative conditions for functions 𝑤 and 𝜌 have been applied at the 

outlet. 

For mathematical modelling of one reaction for four chemical species and the temperature, we have 

the following nonlinear PDEs: 

  (2) 

where  𝛽1 =  0, 𝑄1 =  (𝑚1ℎ1 +  5𝑚2ℎ2 − 3𝑚3ℎ3 − 4𝑚4ℎ4)/(𝑚1𝑚). 

The following symbols and constants are used in the partial differential equations, the explanation 

of which is provided in the literature sources [17]: 

𝐴1 =  𝐴1
′ ρ0

5𝑧0/(𝑈0𝑚2
5) - the scaled reaction-rate pre-exponential factor, 𝐴1

′  =  14 m15 ∙ (mol5s)−1; 

𝑃𝑘  =  𝐷/(𝑈0𝑟0) =  0.01, 𝑘 =  1(1)4, 𝑃0 =  λ/(𝑐𝑝ρ0𝑈0) =  0.05, 𝑞1 =  𝑄1/(𝑐𝑝𝑇0) =  5 𝐽 ∙ 𝑘𝑔−1 - 

the reactions’ heat loss; 𝛿1 =  𝐸1/(𝑅𝑇0) =  18.75 - the scaled activation energy; 𝑅 =  8.314 J ∙
(mol K)−1 - the universal gas constant; 𝐸1 =  1.2 ∙ 105 J ∙ mol−1 [17] - the activation energy; 

𝜆 =  0.25 J ∙ (s m K)−1 - the thermal conductivity; 𝐷 =  2.5 ∙ 10−4 m2 ∙ s−1  − the species’ molecular 

diffusivity. 

The following components of equations were converted into dimensionless form by scaling: 

a) all lengths to 𝑟0 =  0.05 𝑚; b) the meridian velocity to 𝑈0 =  0.1 m ∙ s−1; c) the temperature to 

𝑇0 =  300 𝐾; d) the density to 𝜌0 =  1 kg ∙ m−3; e) the pressure to 𝜌0𝑈0
2. At the inlet (x = 0) the 

boundary conditions for 𝐶1, 𝐶2 are in the following form: 

∂𝑇

∂𝑡
 +  𝑀(𝑇) =  

𝑃0

ρ

∂2𝑇

∂𝑥2  +  𝑞1𝜌5𝐴1𝑇β1𝐶1𝐶2
5 exp (−

δ1

𝑇
) ,  

∂𝐶1

∂𝑡
 +  𝑀(𝐶1) =  𝑃1

∂2𝐶1

∂𝑥2 − ρ5𝐴1𝑇β1𝐶1𝐶2
5 exp (−

δ1

𝑇
) ,  

∂𝐶2

∂𝑡
 +  𝑀(𝐶2) =  𝑃2

∂2𝐶2

∂𝑥2 − 5𝜌5𝐴1𝑇β1𝑚2/𝑚1𝐶1𝐶2
5 exp (−

δ1

𝑇
) ,   

∂𝐶3

∂𝑡
 +  𝑀(𝐶3) =  𝑃3

∂2𝐶3

∂𝑥2  +  3𝜌5𝐴1𝑇β1𝑚3/𝑚1𝐶1𝐶2
5 exp (−

δ1

𝑇
) ,  

∂𝐶4

∂𝑡
 +  𝑀(𝐶4) =  𝑃4

∂2𝐶4

∂𝑥2  +  4𝜌5𝐴1𝑇β1𝑚4/𝑚1𝐶1𝐶2
5 exp (−

δ1

𝑇
) ,  
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 𝐶10 =  0.1,0.4(𝐶3𝐻8), 𝐶20 =  1 − 𝐶10(𝑂2), (see Tab. 2 for 𝑡𝑓 =  10,). 

Using the other algorithm [10], it is possible to calculate the following results:  

 
𝐶1

𝐶2
 =  

44

5∙32
 =  

11

40
, 𝐶1 +  𝐶2 =  1, or 𝐶10 =  0.22, 𝐶20 =  0.78. 

3. Results and discussion 

In this chapter, we will study how the combustion mixture temperature, velocity, and concentration 

change over time and space using 2-D and 1-D flow models. Our focus will be on identifying the specific 

values of these parameters at which the mass fraction of propane at the outlet is the lowest. 

3.1. Results for the 2-D model 

In Table 1 [15] we can see the results of 𝑡𝑓 =  10, Mw = max(w), MT = max(T), Mu = max(u), 

𝑀𝐶3 =  max(𝐶3), 𝑀𝐶4 =  max(𝐶4), 𝑑𝑝 =  max(𝑝) − min(𝑝), 𝑚𝐶2 =  min(𝐶2), 𝑀𝑟𝑜 =  max(𝜌). 

The maximum values of temperature MT, velocity Mw, pressure dp, MC4, MC3 (𝐶𝑂2, 𝐻2𝑂) 

are obtained for 𝐶10 =  0.20; 0.22, when the outlet’s (𝑥 =  2) propane mass fraction is minimal. 

Table 1 

Values of Mw, Mu, MT, MC3(𝑯𝟐𝑶), MC4(𝑪𝑶𝟐), mC2(𝑶𝟐), dp, Mro depending on 𝑪𝟏𝟎  

𝐶10 𝑀𝑇 𝑀𝑢 
 

𝑀𝑤 

 

𝑀𝐶2 𝑀𝐶3 𝑀𝐶4 𝑑𝑝 

 

𝑀𝑟𝑜 

0.20 1.87 2.48 3.26 0.20 0.49 0.27 1.67 1.08 

0.22 1.87 2.48 3.26 0.19 0.49 0,27 1.67 1.08 

0.30 1.81 2.48 3.21 0.16 0.45 0.24 1.65 1.10 

0.40 1.69 2.49 3.10 0.16 0.37 0.20 1.59 1.15 

0.50 1.55 2.53 2.94 0.18 0.27 0.15 1.50 1.20 

0.60 1.06 2.59 2.42 0.35 0.03 0.01 0.90 1.00 

3.2. Results for the 1-D model 

The numerical results in the domain (𝑥, 𝑡) for 𝑥 ∈ [0,2], 𝑡 ∈ [0, 𝑡𝑓], 𝑡𝑓 =  1; 10 have been obtained 

characterizing the result dependence on 𝑥, 𝑡. During the thermochemical conversion of biomass pellets 

and their mixtures, the maximum values of temperature, axial flow velocity, and species mass 

fractions are achieved: 

𝑀𝑤 =  max(𝑤), 𝑇𝑒𝑛𝑑 =  𝑇(2, 𝑡𝑓), 𝑤𝑒𝑛𝑑 =  𝑤(2, 𝑡𝑓), 

𝐶1𝑒𝑛𝑑 =  𝐶1(2, 𝑡𝑓), 𝐶2𝑒𝑛𝑑 =  𝐶2(2, 𝑡𝑓), 𝐶3𝑒𝑛𝑑 =  𝐶3(2, 𝑡𝑓), 𝐶4𝑒𝑛𝑑 =  𝐶4(2, 𝑡𝑓). 

The reactant 𝑂2 mass fraction decreases to zero by 𝑡 =  𝑡𝑓. The maximal values of MT, Mw, wend, 

Tend, MC4(𝐶𝑂2) and MC3(𝐻2𝑂) are obtained at 𝐶10 ≤  0.4 when the mass fraction of propane at the 

outlet 𝑥 =  2 (𝐶1𝑒𝑛𝑑) is minimal (see Tab. 2). 

Table 2 

Values of Mw, wend, MT, Tend, C1end (𝑪𝟑𝑯𝟖), C2end (𝑶𝟐), C3end (𝑪𝑶𝟐),  

C4end (𝑯𝟐𝑶) depending on 𝑪𝟏𝟎 

𝐶10 𝑀𝑤 wend 𝑀𝑇 

 

𝑇𝑒𝑛𝑑 

 

𝐶1𝑒𝑛𝑑 

 

𝐶2𝑒𝑛𝑑 

 

𝐶3𝑒𝑛𝑑 

 

𝐶4𝑒𝑛𝑑 

 

0.1 4.48 1.61 4.78 2.11 0.00 0.54 0.30 0.16 

0.2 6.64 1.97 8.48 3.67 0.01 0.09 0.59 0.32 

0.3 6.41 1.93 7.91 3.52 0.12 0.04 0.54 0.30 

0.4 4.10 1.88 7.40 3.61 0.25 0.06 0.45 0.24 

At the initial condition value 𝐶10 =  0.2 (the propane mass fraction at the outlet 

𝑥 =  2, 𝐶1𝑒𝑛𝑑 =  0.01 , ρ(2, 𝑡𝑓) =  0.492) there were obtained the maximum values of MT, Mw, 

wend, Tend, 𝐶𝑂2, 𝐻2𝑂. 
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Moreover, at 𝐶10 = 0.1 the mass fraction 𝐶1𝑒𝑛𝑑 = 0 was obtained, and the mass fraction for 

oxygen (𝑂2) was 𝐶2𝑒𝑛𝑑 =  0.54 (in this case the mass fraction of propane at the inlet turned out to be 

too small.) 

Figs. 1-12 show the interaction of temperature, axial velocity, and concentrations depending on 

(𝑥, 𝑡)(𝑥 ∈ [0,2], 𝑡 ∈ [0, 𝑡𝑓], 𝑡𝑓 =  10), 𝐶10 =  0.4, 𝐶20 =  0.6.  

In Figures 1 and 2 we can see the distribution of the temperature 𝑇(𝑥, 𝑡) in the combustion chamber 

(𝑥 ∈ [0,2], 𝑡 ∈ [0, 𝑡𝑓], 𝑡𝑓 =  10), the temperature increases monotonically with time from the 

value  1𝑇(𝑥, 0) =  1 to its maximum value 𝑀𝑇 ≈  7.40 at the time 𝑡 ≈  1 on the left side of the 

combustion chamber, then the temperature decreases to the value 𝑇𝑒𝑛𝑑 =  3 at the time value 𝑡 =  10. 

The dimensional temperature value in Kelvin degrees is calculated by multiplying the 

dimensionless temperature value by 300 K. 

In Figures 3 and 9 we can see the distribution of propane 𝐶3𝐻8 mass fraction 𝐶1(𝑥, 𝑡) in the 

combustion chamber (𝑥 ∈ [0,2], 𝑡 ∈ [0, 𝑡𝑓], 𝑡𝑓 =  10). Here, the mass fraction of propane decreases 

monotonically in a very short time interval – from the value 𝐶10 =  0.4 at the time value 𝑡 =  0 to 

𝐶1𝑒𝑛𝑑 ≈  0.25, and it remains so throughout the subsequent time 𝑡 ≥  1 in the combustion chamber 

section starting from x ≥  0.1 to 𝑥 =  2. 

In Figures 4 and 10 the distribution of oxygen 𝑂2 mass fraction 𝐶2(𝑥, 𝑡) is described. The mass 

fraction 𝐶2(𝑥, 𝑡) decreases from the value 𝐶20 =  0.6 at the time value 𝑡 =  0 to the value 

𝐶2𝑒𝑛𝑑 =  𝐶2(0.1, 𝑡) ≈  0.06, and it remains so for the entire subsequent time 𝑡 ≥  1 (Fig. 4). 

On the other hand, Figure 10 shows the decrease of 𝐶2(𝑥, 𝑡) to the value 

𝐶2𝑒𝑛𝑑 =  𝐶2(𝑥, 10) ≈  0.06 in the entire further part of the combustion chamber 𝑥 ≥  1. 

In Figures 5 and 7 the distribution of product 𝐶𝑂2 mass fraction 𝐶3(𝑥, 𝑡) is described. The mass 

fraction 𝐶3(𝑥, 𝑡) is increasing from zero to 𝐶3𝑒𝑛𝑑 =  𝐶3(0.1, 𝑡) ≈  0.45 and maintains this value 

throughout the following time 𝑡 ≥  1 (Fig. 5), while Figure 7 shows reaching and maintaining this value 

𝐶3𝑒𝑛𝑑 =  𝐶3(𝑥, 10) ≈  0.45 in the combustion chamber part 𝑥 ≥  1. 

In Figures 6 and 8 the distribution of product 𝐻2𝑂 mass fraction 𝐶4(𝑥, 𝑡) is described. The mass 

fraction 𝐶4(𝑥, 𝑡) is increasing from zero to 𝐶4𝑒𝑛𝑑 =  𝐶4(0.1, 𝑡) ≈  0.24 and maintains this value 

throughout the following time 𝑡 ≥  1 (Fig. 6), while Figure 8 shows reaching and maintaining this value 

𝐶4𝑒𝑛𝑑 =  𝐶4(𝑥, 10) ≈  0.24 in the combustion chamber part 𝑥 ≥  1. 

In Figure 11 the distribution of the axial velocity 𝑤(𝑥, 𝑡) is described. It shows that the distribution 

of the axial velocity 𝑤(𝑥, 𝑡)increases over time from the value 𝑤(0, 𝑡) =  1 to 𝑤𝑒𝑛𝑑 =  1.88  at the 

time value 𝑡 =  10. The maximum value 𝑀𝑤 ≈  3.90 is reached at 𝑡 =  1, 𝑥 =  2. 

Figure 12 describes the distribution of density 𝜌(𝑥, 𝑡). It shows that the density 𝜌(𝑥, 𝑡) increases 

from the value 𝜌(0, 𝑡) =  1 to 𝜌(𝑥, 1) ≈  2, then at 𝑡 >  1 the density decreases to the value 

𝜌(2,10) ≈  0.53. 

  
Fig. 1. Temperature of the combustion 

mixture depending on 𝒙 for fixed 𝒕, 

𝑻𝒆𝒏𝒅 =  𝟑. 𝟔𝟏𝟒𝟐 

Fig. 2. Temperature of the combustion 

mixture depending on 𝒕 for fixed 𝒙, 

𝑻𝒎𝒂𝒙 =  𝟕. 𝟑𝟗𝟕𝟒 
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Fig. 3. Propane 𝑪𝟑𝑯𝟖 mass fraction vs.x for 

fixed 𝒕, 𝑪𝟏𝒆𝒏𝒅 =  𝟎. 𝟐𝟓𝟏𝟓 

Fig. 4. 𝑶𝟐 mass fraction vs.x for fixed 𝒕, 

𝑪𝟐𝒆𝒏𝒅 =  𝟎. 𝟎𝟔𝟎𝟏 

  

Fig. 5. 𝑪𝑶𝟐 mass fraction vs.x for fixed 𝒕, 

𝑪𝟑𝒆𝒏𝒅 =  𝟎. 𝟒𝟒𝟓𝟒 

Fig. 6. 𝑯𝟐𝑶 mass fraction vs.x for fixed 𝒕, 

𝑪𝟒𝒆𝒏𝒅 =  𝟎. 𝟐𝟒𝟐𝟗 

  

Fig. 7. 𝑪𝑶𝟐 mass fraction vs.t for fixed 𝒙, 

𝑪𝟑𝒆𝒏𝒅 =  𝟎. 𝟒𝟒𝟓𝟒 

Fig. 8. 𝑯𝟐𝑶 mass fraction vs.t for fixed 𝒙, 

𝑪𝟒𝒆𝒏𝒅 =  𝟎. 𝟐𝟒𝟐𝟗 
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Fig. 9. Propane 𝑪𝟑𝑯𝟖 mass fraction vs.t for 

fixed 𝒙, 𝑪𝟏𝒆𝒏𝒅 =  𝟎. 𝟐𝟓𝟏𝟓 

Fig. 10. 𝑶𝟐 mass fraction vs.t for fixed 𝒙, 

𝑪𝟐𝒆𝒏𝒅 =  𝟎. 𝟎𝟔𝟎𝟏 

  

Fig. 11. Velocity 𝒘 vs.x for fixed 𝒕, 

𝒘𝒆𝒏𝒅 =  𝟏. 𝟖𝟖𝟎𝟐 

Fig. 12. Density ro vs.x for fixed 𝒕, 

𝝆(𝟐, 𝟏𝟎) = 0.5286 

Conclusions 

1. The chemical reaction has been calculated using Arrhenius kinetics with the help of five partial 

differential equations (PDEs). Two partial differential equations are used for the 1-D mathematical 

model of compressible reacting swirling flow and density. For the 2-D mathematical model of 

axially-symmetric, ideal, laminar compressible swirling flow, 4 Euler hydrodynamic flow 

equations, and 4 reaction-diffusion equations are used.  

2. The maximum values for temperature, velocity, and mass fractions of 𝐶𝑂2 and 𝐻2𝑂 are achieved 

with a propane mass fraction of 0.2 at the inlet. The maximal temperature, velocity, and mass 

fraction values of products in the combustion mixture are achieved when the propane mass fraction 

at the outlet is minimized. 

3. In the present article it was obtained that for propane injections, maximum values of the 

temperature, axial velocity and mass fractions of the products 𝐶𝑂2, 𝐻2𝑂 are obtained when the 

mass fraction of 𝑂2 is maximum at the inlet. The concentration of the products increases over time. 

The mass fraction of the reactants in the reactions at the small-time moment (𝑡 ≈  0.3 s) decreases, 

and 𝑂2 decreases to zero for all propane injections. It should also be noted that during the reaction 

the mass fraction of reactants increases, while the mass fraction of products decreases, at the same 

time the total sum of the mass fractions of reactants and products remains the same and is equal to 

1(with an accuracy of 1 %). 

4. At the Institute of Physics of the University of Latvia, research was conducted on the processes that 

develop in co-combustion of straw with propane. The results of mathematical modeling and 

experiments showed that the maximum values of the flame temperature, axial flow rate and mass 

fractions of the main products at the thermochemical reaction, the composition and temperature of 
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the products at co-firing straw with propane are strongly influenced by the propane supply into the 

device. Studies have shown that the maximum value of the molar fraction of the products and flame 

temperature for the stoichiometric combustion conditions can be achieved during the relatively 

small period (𝑡 <  10 𝑠) and refer to the mass fraction of propane 0.2 −  0.4 at the inlet of the 

combustor.  

5. Comparing the research carried out at the Institute of Physics of the University of Latvia with the 

results of mathematical modeling obtained in the given publication, it should be concluded that 

there is a close qualitative correspondence about the proportion of reactants and products of 

chemical reactions, to the main characteristics of the chemical reaction - the amount of propane in 

the combustion mixture, the maximum combustion temperature, the reaction time. Therefore, the 

results obtained in the publication, considering the above-mentioned study, allow optimize the 

residues of the products of the considered chemical reaction - 𝐶𝑂2 and 𝐻2𝑂, which undoubtedly 

gives an impetus to new experimental activity. 

6. Nonlinear PDEs with chemical reaction are calculated using MATLAB solver “pdepe”. The 

numerical simulation can provide main combustion parameters for comparison with experimental 

data, although the mathematical model requires further development. 
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