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Abstract: In the face of threats related to energy supply and climate change, the use of biomass is
gaining importance, particularly in distributed energy systems. Combustion of biomass, including
residue biomass, is considered one of the routes to increase the share of renewables in energy
generation. The modeling of gaseous phase reactions remains crucial in predicting the combustion
behavior of biomass and pollutant emissions. However, their simulation becomes a challenging
task due to the computational cost. This paper presents a numerical analysis of the combustion
process of a gas mixture released during biomass decomposition in a domestic 25 kW coil-type
boiler. Three types of biogenic fuels were taken into consideration. The work aimed at examining
the available tools for modeling gas burning, thus the geometry of the system was limited only to
the 2D case. The thermodynamic equilibrium composition of pyrolysis gas was determined and
implemented in Ansys to simulate the process. The computational results showed the potential of
detailed, but reduced, combustion mechanisms of CH4/CO/H2 mixtures in predicting the main
process features. The mechanism involving 85 reactions appeared to be more reliable compared to
that comprising 77 reactions, particularly for volatiles with higher H2 content, whilst offering an
acceptable calculation time. The burning characteristics obtained for volatiles with less CH4 and
more H2 are in good agreement with the real operation conditions reported for the boiler.

Keywords: biomass; combustion; boiler; CFD; thermodynamic gas equilibrium; chemical reaction
mechanism; pyrolysis gas

1. Introduction

In the last decades, the global trends targeted at reducing the carbon footprint and
mitigating global warming by eliminating the use of fossil fuels in the energy sector have
attracted increased interest in the utilization of biomass [1], which is considered a CO2
neutral resource. Along with this, considering the biomass potential in heat and power
generation and the production of biofuels, efforts have intensified towards the use of locally
available biomass of a different kind. Combustion of biomass, besides geothermal energy
and hydropower, is a necessary complement to increasing the development of solar and
wind energy, due to their predictability, and ability to secure the energy supply [2]. As it
has been forecasted by the International Energy Agency, by 2050, combustion of biomass
may reach as high as 50% of the global heating demand [3]. The use of biomass for en-
ergy purposes involves both large-scale heat and power generation [4–6] and small-scale
units [7–9]. Particularly, low-grade fuels are now considered an alternative to fossil fuels as
a relatively cheap energy source [10,11]. Despite the carbon neutrality benefits, biomass
combustion technology must face technical and environmental challenges related to par-
ticulate matter emissions that are strongly linked to biomass fuel characteristics. Biomass
has far higher volatile content compared to coal, which translates into more rapid fuel
burning that may cause the release of fine unburned and ash particles into the atmosphere.
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Due to the high contents of alkali metals (mainly sodium and potassium) in biomass fuels,
the ash deposits lead to slagging and fouling problems [4,12] that eventually lead to the
deterioration of heating surfaces and lowering heat transfer rates [13,14]. The slagging
and fouling tendencies are facilitated by the presence of chlorine, which contributes to the
potassium transfer in the gas phase and to further chemical reactions, and this is considered
to eventually initiate corrosion [15,16].

These aforementioned issues strongly affect the efficiency and maintenance of boilers
and furnaces [17]. The utilization of low-cost biomass resources may improve the pro-
ecological balance of the energy sector. However, biomass properties that are strongly
dependent on the fuel origin are reported to significantly affect the performance of boilers.
In particular, this refers to alternative fuels of lower quality, e.g., agriculture residues. Their
burning in small-scale units leads to slagging problems and increased emission levels [8].
The technical and environmental aspects are related not only to the fuel’s physicochemical
composition, but also to the operation and design of a device. Meanwhile, small-scale
boilers available on the market are designed for specific types of fuels, e.g., woody (pellets or
chips) or non-woody fuels [9]. The further development of biomass combustion technology
should therefore follow the demand for efficient and low-emission domestic combustion
systems, and additionally should be highly flexible in fuel type [18,19].

The control of biomass combustion and the prevention of technical problems related to
the process route and resulting contaminants, requires in-depth knowledge of the chemical
behavior of the fuel components and the burning products [20,21]. Computational fluid
dynamics (CFD) packages appear to be a reliable and cost-effective tool to better understand,
predict, and optimize biomass combustion units. CFD packages provide the opportunity
to analyze the systems for a variety of parameters and operational conditions, and to find
ways to reduce the time- and cost-demanding empirical investigations; they have become a
valuable support in the system development [22]. Nevertheless, solid fuel combustion is of
a complex nature and its mathematical description involves a number of issues, including
fluid dynamics, heat and mass transfer, phase transitions, and chemical kinetics. It begins
with fuel drying, which is followed by devolatilization, and then by homogeneous and
heterogeneous (char–gas) chemical reactions. The multiphase nature of combustion is
usually described by decoupling the equations for gas and particles, wherein the solution
for the gaseous phase utilizes the Eulerian approach, and the solution for the solid phase
uses the Eulerian–Lagrangian type approach adopting the discrete phase model (DPM)
or discrete element method (DEM) [23–25]. The accurate description of chemical routes
is vital for the overall process characteristics. The volatiles released during fuel thermal
decomposition as a mixture of CO, CO2, H2O, CH4, H2, and higher hydrocarbons, are
the source for homogeneous combustion. Devolatilization, due to its extreme complexity,
is usually described using global kinetics. These include the simplest models that allow
for the accurate prediction of gas yield rates and more complex ones that are successful
in determining the pyrolysis gas composition [25,26]. Furthermore, with regards to the
homogeneous reactions, various approaches are considered that include the use of various
types of reaction mechanisms. Highly detailed reaction mechanisms, involving hundreds
of chemical species and the reactions they take part in, are offered by mechanisms of GRI-
Mech [27] or San Diego [28]. However, since reactions in the gaseous phase are reported to
consume most of the computational time [29], efforts are carried out to possibly simplify
the reaction models while preserving reliable predictions of the key combustion products
of interest. One of the simplest is the global one-step reaction that assumes pyrolysis gas
to be described by the general lumped form of CHyOx and that no intermediate species
is to be formed [26]. A two-step mechanism using two lumped species to represent the
volatiles with CO as an intermediate species, was also utilized [23]. An improvement in
the accuracy of biomass volatile combustion was obtained using the four-step mechanism
for the combustion of hydrocarbons [23].

Biomass combustion has been extensively studied over the last decades, especially
with regards to modern small- and medium-scale cogeneration systems [30]. Similarly,
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the helically coiled heat exchangers are often considered in this area owing to their ad-
vantage, which is a large heat transfer area compacted in a relatively small volume [31].
However, the majority of studies are limited to the analysis of thermal and flow character-
istics inside the coiled tube [32–34]. The analyses of the detailed mechanisms of biomass
volatile combustion are not numerous. Since they are of importance for the development
of distributed renewable energy systems, the mathematical models involved in designing
boilers should be cost-effective in terms of calculation time. Considering the significance of
the gaseous phase reaction modeling to the prediction of biomass combustion characteris-
tics, the present study aims to analyze different available detailed mechanisms of pyrolysis
gas combustion that may be suitable for the implementation in the simulation of biomass
combustion in a helically coiled domestic boiler with a 25 kW capacity. Using reliable and
accurate predictions, this study simultaneously uses time-effective computation with a
focus on the reduced reaction mechanisms. The proposed modeling approach involves the
thermodynamic equilibrium to determine the composition of biomass volatiles as the input
data for the 2D CFD computation, thereby eliminating the need for the detailed analysis of
thermal and flow processes in the burner. The gas composition has been determined based
on the outputs of the developed in-house numerical code that utilizes the Gibbs function
minimization method coupled with the experimentally derived devolatilization data (from
a thermogravimetric analysis). In this way, the approach offers the possibility to investigate
the burning behavior of a wide spectrum of fuels in a reasonable amount of time. The effect
of the initial pyrolysis gas composition on the burning behavior, including the distribution
of temperature, velocity, and main reactant concentrations were studied and discussed.

2. Methodology—The Details of the CFD Analysis

The work is aimed to investigate the mechanism of gas combustion in a low-power
coil-type boiler. Since the reaction mechanism is of interest in the analysis, the geometry
of the system was simplified. Initially, the analysis was limited only to the part where the
cooling of exhaust gases takes place first, i.e., the so-called small coil; then, the entire flue
gas circulation space was modeled in a 2d simulation.

The scope of the work included: (i) the selection of the type of biomass; (ii) the
determination of the pyrolysis gas composition for the considered types of biomass; (iii) the
creation of the appropriate computational geometry; (iv) setting the initial and boundary
conditions; (v) the selection of pyrolysis gas combustion mechanisms; and (vi) the CFD
calculations using the Ansys FLUENT package and the analysis of the obtained results.

2.1. Geometry of the 25 kW Boiler

The computational domain was based on the actual dimensions of a 25 kW coiled
tube boiler designed at the Institute of Fluid-Flow Machinery (IMP PAN), Gdańsk (Poland).
The schematic of the real boiler is presented in Figure 1. The simplified 2D geometry of
the boiler, including both the inner and outer coils used for the analysis of the gas-phase
combustion process is demonstrated in Figure 2.

The simplified geometry enabled the reduction of the calculation domain to 84.5 k
cells and the smallest diameter of a cell was around 4 mm.

For the numerical calculations, Ansys FLUENT software was used. To reduce the
computation time, the steady axisymmetric cases were analyzed. Additionally, the standard
turbulence k− ε model, the species transport, and the reaction module were utilized.
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Figure 1. Experimental set up for oil-cooled coiled tube boiler fired with biomass, IMP PAN [30].

Figure 2. Computational domain.

2.2. Governing Equations

The general form of the mass conservation equation takes the form of [35]:

∂ρ

∂t
+∇ · (ρ~u) = Sm, (1)

where Sm is the mass added to the continuous phase.
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Conservation of momentum is described by the equation:

∂

∂t
(ρ~u) +∇ · (ρ~u~u) = −∇p +∇ · (τ) + ρ~g + ~F, (2)

where p is the static pressure, τ is the stress tensor, ρ~g and ~F are the gravitational body
force and external body forces, respectively.

The stress tensor τ is given by:

τ = µ

[(
∇~u +∇~uT

)
− 2

3
∇ · ~uI

]
, (3)

where µ represents the molecular viscosity, I is the unit tensor, and the second term on the
right-hand side represents the effect of volume dilation.

In this study, reactive flow with heat transfer is to be considered, thereby additional
equations must be solved. These include the energy conservation and species conservation
equations. Since the turbulent flow is accounted for, the additional transport equations are
also solved.

The conservation equation for each chemical component takes the general form [35]:

∂

∂t
(ρYi) +∇ · (ρ~uYi) = −∇ ·~Ji + Ri + Si, (4)

where Yi is the local mass fraction of ith species,~Ji represents mass diffusion, Ri is the net
rate of production of species i by chemical reaction and Si is the user-defined sources [35].

Additionally, the energy equation to be solved is written as:

∂

∂t
(ρE) +∇ · [~u(ρE + p)] = ∇ ·

[
ke f f∇T −∑ hj~Jj +

(
τe f f ·~v

)]
+ Sh. (5)

The effective conductivity from the above equation is defined as:

ke f f = k + kt, (6)

where kt is the turbulent thermal conductivity defined according to the turbulence model
used, and~Jj is the diffusion flux of species j. The first three terms on the right-hand side of
Equation (5) represent energy transfer due to conduction, species diffusion, and viscous
dissipation, respectively, whereby Sh defines the heat of the chemical reaction.

The total energy in Equation (5) is defined as:

E = h− p
ρ
+

v2

2
, (7)

where sensible enthalpy h for the gas mixture is

h = ∑
j

Yjhj, (8)

and Yj is the mass fraction of species j and its enthalpy is calculated from:

hj =
∫ T

Tre f

cp,jdT, (9)

where Tref is 298.15 K. Sources of energy, Sh, in Equation (5) include the source of energy
due to the chemical reaction:

Sh,rections = −∑
j

h0
j

Mj
Rj, (10)
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where h0
j is the enthalpy of the formation of species j, and Rj is the volumetric rate of the

creation of species j.
For modeling turbulence, the standard k-ε model is used. This model is widely used

in practical engineering flow calculations [35]. This model is based on transport equations
for the turbulence kinetic energy (k) and its dissipation rate (ε).

The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained from the
following transport equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε−YM + Sk (11)

and

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(GkC3εGb)− C2ερ

ε2

k
+ Sε. (12)

In these equations, Gk represents the generation of turbulence kinetic energy due
to the mean velocity gradients, Gb is the generation of turbulence kinetic energy due to
buoyancy, and YM stands for the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. The turbulent (or eddy) viscosity, µt, is computed
by combining k and ε as follows:

µt = ρCµ
k2

ε
. (13)

The values of the model constants Cµ, C1ε, C2ε, Cµ, σk, and σε are provided in [35].

2.3. Initial Conditions

The composition of pyrolysis gas, as a composition of the gas mixture in a thermo-
dynamic equilibrium state, was determined using the Lagrange multiplier method based
on the 2nd law of thermodynamics. This makes use of the Gibbs function minimization
method coupled with the thermogravimetric analysis (TGA). The advantage of this method
is the ability to predict the amounts of individual components based on the content of
primary elements in the fuel. Such an approach has been previously implemented in the in-
house FORTRAN90 code and presented in detail in [36]. In the present study, this coupled
method was utilized to determine the composition of gases produced from various types
of biomass at temperature T = 900 K and pressure p = 1 bar. The physical and chemical
characteristics of the analyzed biomass are listed in Tables 1–3. The predicted compositions
of pyrolysis gas are shown in Table 4. Knowing the biomass calorific value and the boiler’s
thermal power, the mass flow rates of pyrolysis gas and combustion air were calculated,
constituting the required simulation boundary data except for temperature. All of these
data are summarized in Table 5.
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Table 1. Technical and elemental analyses of wood pellets [37].

Technical Analysis %

State As received Dry Dry ash free

Volatiles 71.70 77.02 79.49

Fixed carbon 18.50 19.87 20.51

Moisture 6.90 - -

Ash 2.90 3.11 -

Elemental Analysis %

State As received Dry Dry ash free

C 44.90 48.23 49.78

H 7.46 7.20 7.43

O 44.74 41.46 42.79

Ash 2.90 3.11 -

Table 2. Technical and elemental analyses of wood chips [38].

Technical Analysis %

State As received Dry Dry ash free

Volatiles 51.60 79.20 79.52

Fixed carbon 13.30 20.40 20.48

Moisture 34.90 - -

Ash 0.20 0.40 -

Elemental Analysis %

State As received Dry Dry ash free

C 30.79 47.30 47.49

H 7.85 6.10 6.12

O 61.03 46.00 46.19

N 0.13 0.20 0.20

Ash 0.20 0.40 -

Table 3. Technical and elemental analyses of pine cones [38].

Technical Analysis %

State As received Dry Dry ash free

Volatiles 69.20 77.37 78.07
Fixed carbon 19.40 21.73 21.93

Moisture 10.30 - -
Ash 1.10 0.90 -

Elemental Analysis %

state As received Dry Dry ash free

C 43.50 48.50 48.94
H 6.62 6.10 6.16
O 48.60 44.30 44.70
N 0.18 0.20 0.20

Ash 1.10 0.90 -
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Table 4. Pyrolysis gas composition for the considered fuels.

Wood Pellets Wood Chips Pine Cones
T = 900 K X, mol/mol % Y, kg/kg % X, mol/mol % Y, kg/kg % X, mol/mol % Y, kg/kg %

CH4 25.11 20.57 0.94 0.92 8.29 7.57
CO 20.15 28.81 6.58 11.19 19.83 31.63
CO2 15.42 34.65 21.14 56.50 16.35 40.98
H2O 14.44 13.28 23.19 25.37 14.52 14.80
H2 24.78 2.55 48.07 5.88 40.87 4.69
N2 0.10 0.14 0.08 0.14 0.14 0.23

HHV, MJ/kg 16.26 8.65 15.52

Table 5. Boundary conditions.

Air Volatiles Wall

ṁair,inlet = 0.0123 kg/s ṁgas,inlet = 0.00123 kg/s -
Tair,inlet = 300 K Tgas,inlet = 900 K Twall,coils = 532 K

2.4. Kinetics of the Homogeneous Combustion

The speed of a chemical process depends on both the type of reaction and the condi-
tions in which it occurs. The same reaction may proceed at different rates depending on
temperature, concentrations of substrates and products, and the presence or absence of a
catalyst. The branch of physical chemistry called chemical kinetics is of great importance,
both theoretically and practically. Firstly, based on kinetic research, one can learn about
reaction mechanisms, and secondly, acquiring this knowledge is necessary for modeling
and designing technological processes, and thus also for controlling these processes. The
measure of the reaction rate is the change in the concentration of the substrate or product
per unit of time:

v = ±dc
dt

, (14)

where “−” expresses the loss of a given substance, and “+” is its production. The speed of
the reaction depends on the concentration of the substances involved in it. This relationship
is represented by the kinetic equation [39]:

v = k[A]α[B]β[C]γ, (15)

in which the power exponents are the so-called orders of reaction about successive reactants.
The general reaction order is the sum of individual exponents:

n = α + β + γ. (16)

In reality, the kinetic equations take a more complicated form. Concentrations of
substrates or products may appear not only in integer powers, but also in fractional ones.
The more complex the form of the empirical chemical equations, the more complex the
course of these reactions. The common form of the chemical reaction equation:

aA + bB + cC + . . .↔ dD + eE + f F + . . . , (17)

is the sum of a series of elementary processes. Understanding the mechanism of a chemical
reaction consists precisely in detecting its stages, or at least those that determine the speed
of the entire process. Processes consisting of one elementary process are rarely seen,
the stoichiometric equation in the form (17), then presents not only the balance of these
reactions but also its mechanism.
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Most combustion reactions are bimolecular, i.e., two molecules collide with each other,
react, and produce two products. Thus, the following chemical equation can be written:

A + B→ C + D. (18)

As mentioned earlier, the speed of all of these reactions is directly proportional to the
concentration of the relevant substrates:

d[A]

dt
= −kbimol [A][B]. (19)

Elementary bimolecular reactions are generally of the second order, whereby the
first-order reaction rate corresponds to each reactant. The reaction rate coefficient kbimol is
a function of temperature and, unlike the global coefficient kG, which is based mainly on
experiments, it is derived from a theoretical basis. The determination of this quantity is
based on the kinetic theory of collisions.

If the temperature range is not too high, the reaction rate coefficient can be derived
from the Arrhenius equation:

k(T) = A exp
(
− EA

RuT

)
, (20)

where A is a pre-exponential constant, or so-called frequency factor. Comparing the above
two equations, we can conclude that the value of A is not really a constant, but rather a
temperature-dependent variable. On the basis of experimental data, a three-parametric
form of the Arrhenius equation was established, namely:

k(T) = ATb exp
(
− EA

RuT

)
. (21)

Single molecules undergo unimolecular reactions, and these reactions lead to the
isomerization or decomposition into the form of one or two molecules:

A→ B, (22)

A→ B + C. (23)

These high-pressure reactions are the first-order reactions:

d[A]

dt
= −k[A], (24)

and for low-pressure values, the reaction rate also depends on the concentration of any
molecule with which the given molecule collides [M]:

d[A]

dt
= −k[A][M]. (25)

Knowing the mechanisms of elementary reactions, we can determine the rate of
reactions taking place in series, one after the other.

In the present study, two different detailed kinetic models for gas combustion are
considered to analyze the burning characteristics of pyrolysis gases. The first involves the
mechanism of combustion of the H2/CO mixture, whereas the other additionally accounts
for CH4 oxidation. Both mechanisms comprise several dozen primary reactions and take
into account several dozen elementary chemical components.
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2.4.1. Simplified Model of Pyrolysis Gas Combustion RS77

The combustion mechanism of a mixture of hydrogen and carbon monoxide given by
Starik, Titova, Sharipov, and Kozlov consists of 77 reactions [40] (RS77) that are divided
into seven groups. The mechanism is based on four primary elements: C, H, O, and N that
form 14 chemical compounds: H, H2, O, O2, O3, OH, H2O, HO2, H2O2, CO, CO2, HCO,
CH2O, and N2. Due to the fact that FLUENT uses files in the CHEMKIN [41] program
format, the activation energy data have been converted from Joules to calories, accordingly.
Table 6 presents a record of all considered reactions with the values of the constants of the
Arrhenius Equation (21) after calculation.

Table 6. List of the reactions adopted for the pyrolysis gas combustion model with the values of the
Arrhenius equation constants [40].

No. Reaction A, (cm3/mol)n−1/(Kns) n Ea, cal/mol

Group I: reactions with the participation of O2, H2, O, H, H2O

1 H2O + H = OH + H2 8.4 × 1013 0.00 20,029.68
2 OH + H2 = H2O + H 2.0 × 1013 0.00 5148.00
3 O2 + H = OH + O 2.20 × 1014 0.00 16,740.90
4 OH + O = O2 + H 1.30 × 1013 0.00 693.00
5 H2 + O = OH + H 1.80 × 1010 1.00 8870.40
6 OH + H = H2 + O 8.30 × 109 1.00 6930.00
7 O2 + M = 2O + M 5.40 × 1018 −1 .00 117,612.00
8 2O + M = O2 + M 6.00 × 1013 0.00 −1782.00
9 H2 + M = 2H + M 2.20 × 1014 0.00 95,634.00

10 2H + M = H2 + M 9.00 × 1017 −1.00 0.00
11 H2O + M = OH + H + M 1.00 × 1024 −2.20 116,820.00
12 OH + H + M = H2O + M 2.20 × 1022 −2.00 0.00
13 OH + M = O + H + M 8.50 × 1018 −1.00 100,643.40
14 O + H + M = OH + M 7.10 × 1018 −1.00 0.00
15 H2O + O = 2OH 5.80 × 1013 0.00 17,936.82
16 2OH = H2O + O 5.30 × 1012 0.00 995.94

Group II: reactions with the participation of HO2

17 H + O2(+M) = HO2(+M) 3.50 × 1016 −0.41 −1118.70
18 H2 + O2 = H + HO2 7.39 × 105 2.43 53,313.48
19 H2O + O = H + HO2 4.76 × 1011 0.372 56,911.14
20 H + HO2 = H2O + O 1.00 × 1013 0.00 1069.20
21 H2O + O2 = OH + HO2 1.50 × 1015 0.50 72,468.00
22 OH + HO2 = H2O + O2 3.00 × 1014 0.00 0.00
23 2OH = H + HO2 1.20 × 1013 0.00 39,996.00
24 H + HO2 = 2OH 2.50 × 1014 0.00 1881.00
25 OH + O2 = O + HO2 1.30 × 1013 0.00 55,836.00
26 O + HO2 = OH + O2 5.00 × 1013 0.00 3762.00

Group III: reactions with the participation of H2O2
27 H + H2O2 = H2 + HO2 1.7 × 1012 0.00 3762.00
28 H2 + HO2 = H + H2O2 6.00 × 1011 0.00 18,414.00
29 H + H2O2 = H2O + OH 5.00 × 1014 0.00 9900.00
30 H2O + OH = H + H2O2 2.40 × 1014 0.00 80,190.00
31 2HO2 = H2O2 + O2 1.80 × 1013 0.00 990.00
32 H2O2 + O2 = 2HO2 3.00 × 1013 0.00 42,786.00
33 HO2 + H2O = H2O2 + OH 1.80 × 1013 0.00 29,898.00
34 H2O2 + OH = HO2 + H2O 1.00 × 1013 0.00 1801.80
35 OH + HO2 = H2O2 + O 5.20 × 1010 0.50 20,988.00
36 H2O2 + O = OH + HO2 2.00 × 1013 0.00 5860.80
37 H2O2 + M = 2OH + M 1.20 × 1017 0.00 45,342.00
38 2OH + M = H2O2 + M 9.10 × 1014 0.00 −5247.00



Appl. Mech. 2023, 4 789

Table 6. Cont.

No. Reaction A, (cm3/mol)n−1/(Kns) n Ea, cal/mol

Group IV: reactions with the participation of O3

39 O3 + M = O2 + O + M 4.00 × 1014 0.00 22,572.00
40 O2 + O + M = O3 + M 6.90 × 1012 0.00 −2079.00
41 O3 + H = OH + O2 2.30 × 1011 0.75 0.00
42 OH + O2 = O3 + H 4.40 × 107 1.44 76,428.00
43 O3 + O = 2O2 1.10 × 1013 0.00 4554.00
44 2O2 = O3 + O 1.20 × 1013 0.00 99,990.00
45 O3 + OH = HO2 + O2 9.6 × 1011 0.00 1980.00
46 O3 + H2 = OH + HO2 6.02 × 1010 0.00 19,800.00
47 O3 + HO2 = OH + 2O2 2.00 × 1010 0.00 1980.00

Group V: reactions with the participation of CO

48 CO + O2 = CO2 + O 3.20 × 1011 0.00 37,521.00
49 CO2 + O = CO + O2 2.80 × 1012 0.00 43,738.20
50 CO + O(+M) = CO2(+M) 1.55 × 1024 −2.79 4193.64
51 CO + OH = CO2 + H 1.51 × 107 1.30 −768.438
52 CO2 + H = CO + OH 1.70 × 109 1.30 21,535.074
53 CO + HO2 = CO2 + OH 1.15 × 105 2.28 17,521.02

Group VI: reactions with the participation of HCO

54 HCO + M = H + CO + M 4.75 × 1011 0.70 14,875.74
H2/2.5/H2O/6/CO/1.9/CO2/3.8/

55 HCO + H2 = CH2O + H 2.63 × 1013 0.00 25,118.28
56 CH2O + H = HCO + H2 5.01 × 1013 0.00 3991.68
57 CO + HO2 = HCO + O2 8.91 × 1012 0.00 32,222.52
58 HCO + O2 = CO + HO2 3.02 × 1012 0.00 0.00
59 CO + H2 = HCO + H 1.32 × 1015 0.00 89,812.80
60 HCO + H = CO + H2 1.2 × 1014 0.00 0.00
61 HCO + O = H + CO2 3.01 × 1013 0.00 0.00
62 HCO + O = OH + CO 1.00 × 1014 0.00 0.00
63 OH + CO = HCO + O 2.88 × 10144 0.00 87,717.96
64 HCO + OH = H2O + CO 3.16 × 1013 0.00 0.00
65 H2O + CO = HCO + OH 8.91 × 10144 0.00 104,880.60
66 2HCO = H2 + 2CO 3.01 × 1012 0.00 0.00

Group VII: reactions with the participation of CH2O

67 2HCO = CH2O + CO 1.81 × 1013 0.00 0.00
68 CH2O + M = H + HCO + M 3.31 × 10146 0.00 80,831.52
69 H + HCO + M = CH2O + M 1.41 × 1011 0.00 −11,775.06
70 CH2O + O2 = HO2 + HCO 3.63 × 1015 0.00 45,943.92
71 HO2 + HCO = CH2O + O2 1.00 × 1014 0.00 2993.76
72 CH2O + O = HCO + OH 5.01 × 1013 0.00 4589.64
73 HCO + OH = CH2O + O 1.74 × 1012 0.00 17,134.92
74 CH2O + OH = HCO + H2O 3.47 × 109 1.20 −479.16
75 HCO + H2O = CH2O + OH 1.17 × 109 1.20 29,307.96
76 CH2O + HO2 = H2O2 + HCO 2.00 × 1011 0.00 7983.36
77 H2O2 + HCO = CH2O + HO2 2.19 × 1014 0.00 6575.58

Due to the fact that the above model shows only the combustion of hydrogen and
carbon monoxide, the initial composition of the mixture was changed. The methane
content in the simulation was replaced with nitrogen (compare Tables 4 and 7), resulting
in a decreased calorific value of the mixture of 5.98 MJ/kg [42] (which is almost three
times lower than the evaluated calorific value of the starting gas). Bearing in mind the
comparative analysis of the models, the gas with a similar calorific value (i.e., 16.27 MJ/kg),
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but consisting mainly of carbon monoxide and hydrogen, was also taken into account. The
gas composition for these two cases is given in Table 7.

Table 7. Pyrolysis gas composition.

T = 900 K Y, kg/kg %

Heating value, MJ/kg 5.98 16.27

CH4 0.0 0.0
CO 28.81 41.91
CO2 34.64 34.64
H2O 13.28 13.28
H2 2.55 10.02
O2 0.00 0.00
N2 20.72 0.15

2.4.2. Reduced Methane Combustion Model RS85

The reduced methane combustion mechanism given by Kazakov and Frenklach [43]
is based on the GRI-Mech model (325 reactions, 53 compounds [44]), but consists of
85 reactions (RS85), so it represents a smaller number of variables. The mechanism is based
on five primary elements: C, H, O, N, and Ar that form 21 chemical compounds: H, H2, O,
O2, OH, H2O, HO2, CH2, CH2(S), CH3, CH4, CO, CO2, HCO, CH2O, CH3O, C2H4, C2H5,
C2H6, N2, and Ar. Table 8 presents a record of all considered reactions with the values of
the constants of the Arrhenius Equation (21). It is worth noting that this model takes into
account both “forward” and “backward” reactions.

Table 8. List of the reactions of the reduced methane combustion model with the values of the
Arrhenius equation constants [43].

No. Reaction A, (cm3/mol)n−1/(Kns) n Ea, cal/mol

R1 O + H + M <=> OH + M 5.000 × 1017 −1.000 0.00
H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/

R2 O + H2 <=> H + OH 5.000 × 104 2.670 6290.00
R3 O + HO2 <=> OH + O2 2.000 × 1013 0.000 0.00
R4 O + CH2 <=> H + HCO 8.000 × 1013 0.000 0.00
R5 O + CH2(S) <=> H + HCO 1.500 × 1013 0.000 0.00
R6 O + CH3 <=> H + CH2O 8.430 × 1013 0.000 0.00
R7 O + CH4 <=> OH + CH3 1.020 × 1009 1.500 8600.00
R8 O + CO + M <=> CO2 + M 6.020 × 1014 0.000 3000.00

H2/2.00/O2/6.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/3.50/C2H6/3.00/AR/0.50/
R9 O + HCO <=> OH + CO 3.000 × 1013 0.000 0.00

R10 O + HCO <=> H + CO2 3.000 × 1013 0.000 0.00
R11 O + CH2O <=> OH + HCO 3.900 × 1013 0.000 3540.00
R12 O + C2H4 <=> CH3 + HCO 1.920 × 107 1.830 220.00
R13 O + C2H5 <=> CH3 + CH2O 1.320 × 1014 0.000 0.00
R14 O + C2H6 <=> OH + C2H5 8.980 × 107 1.920 5690.00
R15 O2 + CO <=> O + CO2 2.500 × 1012 0.000 47,800.00
R16 O2 + CH2O <=> HO2 + HCO 1.000 × 1014 0.000 40,000.00
R17 H + O2 + M <=> HO2 + M 2.800 × 1018 −0.860 0.00

O2/0.00/H2O/0.00/CO/0.75/CO2/1.50/C2H6/1.50/N2/0.00/AR/0.00/
R18 H + 2O2 <=> HO2 + O2 3.000 × 1020 −1.720 0.00
R19 H + O2 + H2O <=> HO2 + H2O 9.380 × 1018 −0.760 0.00
R20 H + O2 + N2 <=> HO2 + N2 3.750 × 1020 −1.720 0.00
R21 H + O2 + AR <=> HO2 + AR 7.000 × 1017 −0.800 0.00
R22 H + O2 <=> O + OH 8.300 × 1013 0.000 14,413.00
R23 2H + M <=> H2 + M 1.000 × 1018 −1.000 0.00

H2/0.00/H2O/0.00/CH4/2.00/CO2/0.00/C2H6/3.00/AR/0.63/
R24 2H + H2 <=> 2H2 9.000 × 1016 −0.600 0.00
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Table 8. Cont.

No. Reaction A, (cm3/mol)n−1/(Kns) n Ea, cal/mol

R25 2H + H2O <=> H2 + H2O 6.000 × 1019 −1.250 0.00
R26 2H + CO2 <=> H2 + CO2 5.500 × 1020 −2.000 0.00
R27 H + OH + M <=> H2O + M 2.200 × 1022 −2.000 0.00

H2/0.73/H2O/3.65/CH4/2.00/C2H6/3.00/AR/0.38/
R28 H + HO2 <=> O2 + H2 2.800 × 1013 0.000 1068.00
R29 H + HO2 <=> 2OH 1.340 × 1014 0.000 635.00
R30 H + H2O2 <=> HO2 + H2 1.210 × 107 2.000 5200.00
R31 H + CH2(+M) <=> CH3(+M) 2.500 × 1016 −0.800 0.00

LOW / 3.200 × 1027 −3.140 1230.00/
TROE/ 0.6800 78.00 1995.00 5590.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/
R32 H + CH3(+M) <=> CH4(+M) 1.270 × 1016 −0.630 383.00

LOW / 2.477 × 1033 −4.760 2440.00/
TROE/ 0.7830 74.00 2941.00 6964.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/
R33 H + CH4 <=> CH3 + H2 6.600 × 108 1.620 10840.00
R34 H + HCO(+M) <=> CH2O(+M) 1.090 × 1012 0.480 −260.00

LOW / 1.350 × 1024 −2.570 1425.00/
TROE/ 0.7824 271.00 2755.00 6570.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/
R35 H + HCO <=> H2 + CO 7.340 × 1013 0.000 0.00
R36 H + CH2O(+M) <=> CH3O(+M) 5.400 × 1011 0.454 2600.00

LOW / 2.200 × 1030 −4.800 5560.00/
TROE/ 0.7580 94.00 1555.00 4200.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/
R37 H + CH2O <=> HCO + H2 2.300 × 1010 1.050 3275.00
R38 H + CH3O <=> OH + CH3 3.200 × 1013 0.000 0.00
R39 H + C2H4(+M) <=> C2H5(+M) 1.080 × 1012 0.454 1820.00

LOW / 1.200E+42 −7.620 6970.00/
TROE/ 0.9753 210.00 984.00 4374.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/
R40 H + C2H5(+M) <=> C2H6(+M) 5.210 × 1017 −0.990 1580.00

LOW / 1.990 × 1041 −7.080 6685.00/
TROE/ 0.8422 125.00 2219.00 6882.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/
R41 H + C2H6 <=> C2H5 + H2 1.15× 108 1.900 7530.00
R42 H2 + CO(+M) <=> CH2O(+M) 4.300 × 107 1.500 79,600.00

LOW / 5.070 × 1027 −3.420 84,350.00/
TROE/ 0.9320 197.00 1540.00 10300.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/
R43 OH + H2 <=> H + H2O 2.16× 108 1.510 3430.00
R44 2OH <=> O + H2O 3.570 × 104 2.400 −2110.00
R45 OH + HO2 <=> O2 + H2O 2.900 × 1013 0.000 −500.00
R46 OH + CH2 <=> H + CH2O 2.000 × 1013 0.000 0.00
R47 OH + CH2(S) <=> H + CH2O 3.000 × 1013 0.000 0.00
R48 OH + CH3 <=> CH2 + H2O 5.600 × 107 1.600 5420.00
R49 OH + CH3 <=> CH2(S) + H2O 2.501× 1013 0.000 0.00
R50 OH + CH4 <=> CH3 + H2O 1.00× 108 1.600 3120.00
R51 OH + CO <=> H + CO2 4.760 × 107 1.228 70.00
R52 OH + HCO <=> H2O + CO 5.000 × 1013 0.000 0.00
R53 OH + CH2O <=> HCO + H2O 3.430 × 1009 1.180 −447.00
R54 OH + C2H6 <=> C2H5 + H2O 3.540× 106 2.120 870.00
R55 HO2 + CH2 <=> OH + CH2O 2.000 × 1013 0.000 0.00
R56 HO2 + CH3 <=> O2 + CH4 1.000 × 1012 0.000 0.00
R57 HO2 + CH3 <=> OH + CH3O 2.000 × 1013 0.000 0.00
R58 HO2 + CO <=> OH + CO2 1.500 × 1014 0.000 23,600.00
R59 CH2 + O2 <=> OH + HCO 1.320 × 1013 0.000 1500.00
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Table 8. Cont.

No. Reaction A, (cm3/mol)n−1/(Kns) n Ea, cal/mol

R60 CH2 + H2 <=> H + CH3 5.000× 105 2.000 7230.00
R61 CH2 + CH3 <=> H + C2H4 4.000 × 1013 0.000 0.00
R62 CH2 + CH4 <=> 2CH3 2.460× 106 2.000 8270.00
R63 CH2(S) + N2 <=> CH2 + N2 1.500 × 1013 0.000 600.00
R64 CH2(S) + AR <=> CH2 + AR 9.000 × 1012 0.000 600.00
R65 CH2(S) + O2 <=> H + OH + CO 2.800 × 1013 0.000 0.00
R66 CH2(S) + O2 <=> CO + H2O 1.200 × 1013 0.000 0.00
R67 CH2(S) + H2 <=> CH3 + H 7.000 × 1013 0.000 0.00
R68 CH2(S) + H2O <=> CH2 + H2O 3.000 × 1013 0.000 0.00
R69 CH2(S) + CH3 <=> H + C2H4 1.200 × 1013 0.000 −570.00
R70 CH2(S) + CH4 <=> 2CH3 1.600 × 1013 0.000 −570.00
R71 CH2(S) + CO <=> CH2 + CO 9.000 × 1012 0.000 0.00
R72 CH2(S) + CO2 <=> CH2 + CO2 7.000 × 1012 0.000 0.00
R73 CH2(S) + CO2 <=> CO + CH2O 1.400 × 1013 0.000 0.00
R74 CH3 + O2 <=> O + CH3O 2.675× 1013 0.000 28,800.00
R75 CH3 + O2 <=> OH + CH2O 3.600 × 1010 0.000 8940.00
R76 2CH3(+M) <=> C2H6(+M) 2.120 × 1016 −0.970 620.00

LOW / 1.770× 1050 −9.670 6220.00/
TROE/ 0.5325 151.00 1038.00 4970.00 /

H2/2.00/H2O/6.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/AR/0.70/
R77 2CH3 <=> H + C2H5 4.990 × 1012 0.100 10,600.00
R78 CH3 + HCO <=> CH4 + CO 2.648× 1013 0.000 0.00
R79 CH3 + CH2O <=> HCO + CH4 3.320× 103 2.810 5860.00
R80 CH3 + C2H6 <=> C2H5 + CH4 6.140× 106 1.740 10,450.00
R81 HCO + H2O <=> H + CO + H2O 2.244× 1018 −1.000 17,000.00
R82 HCO + M <=> H + CO + M 1.870 × 1017 −1.000 17,000.00

H2/2.00/H2O/0.00/CH4/2.00/CO/1.50/CO2/2.00/C2H6/3.00/
R83 HCO + O2 <=> HO2 + CO 7.600 × 1012 0.000 400.00
R84 CH3O + O2 <=> HO2 + CH2O 4.280× 10−13 7.600 −3530.00
R85 C2H5 + O2 <=> HO2 + C2H4 8.400× 1011 0.000 3875.00

3. Results and Discussion

Since stationary cases were analyzed, the iteration process in each simulation was
continued until the average volume temperature in the whole computation domain reached
a constant level.

3.1. RS77 Combustion Model—Lower vs. Higher Calorific Value PYROLYSIS Gas

Figures 3–6 show the simulation results of the combustion of the lower and higher
calorific gas mixtures obtained through the incorporated mechanism involving 77 reactions
of H2 and CO oxidation. As may be seen, the predicted temperature distributions in the
boiler differ depending on the combusted volatile composition. Namely, for the lean gas
mixture (with a heating value of approx. 6 MJ/kg), the burning area (the central flame) is
shifted downwards, towards the inlet to the combustion chamber (Figure 3—left picture)
as compared to the rich gas mixture combustion (of approx. 16 MJ/kg, Figure 3—right
picture). The pyrolysis gas composition also translates into the maximum gas temperature
which, as expected, is lower in the case of burning lower calorific value gas compared to
the case of higher calorific value gas, i.e., 1920 K and 2340 K, respectively.

Moreover, the quality of gas affects the combustion process intensity, as illustrated
by the gas velocity distribution (Figure 4). It is clearly seen from the simulation results
that burning a rich gas mixture leads to higher gas velocities in the combustion zone. The
difference in the process dynamics for various mixture compositions may be observed in
Figure 5. The zone of oxidation in the gas mixture rich in CO (Figure 5 right picture) is
extended, which results also from the velocity distribution of the gas stream. Furthermore,
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the flame spread in this case is nearly double that for the lower calorific value gas combus-
tion, which is demonstrated by the distributions of hydroxyl radicals (OH) in the boiler
chamber (Figure 6).

Figure 3. Temperature distribution (K): lower (left) and higher calorific value gas (right).

Figure 4. Velocity magnitude distribution (m/s): lower (left) and higher calorific value gas (right).

Figure 5. CO mole fraction (kmol/kmol): lower (left) and higher calorific value gas (right).
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Figure 6. OH mole fraction (kmol/kmol): lower (left) and higher calorific value gas (right).

It may be observed that the combustion model applied in the analysis is promising in
terms of predicting the oxidation characteristics of the H2/CO mixtures. It may however
appear not sufficient when an additional reactant in the form of CH4 is to be involved in the
process. This may be evidenced by a too-high combustion temperature that was obtained in
the simulation for the substitutive gas composition assumed, i.e., with increased fractions
of CO and H2 (Figures 3–6, right).

3.2. RS85 Combustion Model of CH4/H2/CO

Figures 7–12 present the results of a numerical analysis of the combustion of pyrol-
ysis gas from various types of biomass: wood pellets, wood chips, and pine cones. The
respective compositions of the released volatiles are provided in Table 4. For the record, the
fractions of the combustible compounds (CH4/CO/H2) in pyrolysis gas mixtures deter-
mined for these fuels were predicted at 25%/8%/1%, 20%/7%/20%, and 25%/50%/41%,
respectively.

The temperature distribution during the combustion of the given gas mixtures is
presented in Figure 7. It is seen from the figure that the gas-burning zone for wood
pellets has notably shifted toward the heat exchange section, unlike the two other cases
under consideration (i.e., for wood chips and pine cones). Furthermore, the temperature
of the pellets’ volatile combustion is about 300 K lower, even though this gas mixture
has the highest calorific value amongst all mixtures analyzed. Moreover, it contains less
than half of H2 than the other mixtures considered in the study (see Table 4). Such a
burning behavior that demonstrates the flame detachment is unfavorable in real operation
conditions, in which the flame stability and its location in relation to the burner outlet
are of concern. Hydrogen contents in the gas mixtures from wood chips and pine cones
are similar; therefore, the simulations for these cases have resulted in similar temperature
distributions in the boiler (Figure 7, middle and right). The location of the flame in the
near-burner zone, which is predicted for these cases, translates to a more extensive high-
temperature zone in the boiler core, thereby contributing to better heat exchange conditions.
This also fosters enhanced heat transfer in a layer of devolatilized biomass particles and
their ignition, resulting in a higher burner efficiency. Simultaneously, volatiles from pine
cones are more calorific, which is reflected in the larger extent of the combustion zone that
reaches the upper part of the heat exchange section as compared to the wood chips burning.
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Figure 7. Temperature distribution (K): wood pellets (left), wood chips (middle), and pine cones
(right).

Combustion characteristics are reflected in the gas velocity field. The maximum
velocities are identified just in the temperature front, and similar flow fields may be
observed for gas mixtures of similar hydrogen percentages. The model predictions point to
a more dynamic process in the case of the gas from chips and cones compared to wood pellet
gas combustion (the maximum velocities amount to 4.8 m/s and 3.5 m/s, respectively), as
shown in Figure 8.

Figure 8. Velocity distribution (m/s): wood pellets (left), wood chips (middle), and pine cones
(right).

Figure 9 illustrates the distribution of the CO mole fraction during the combustion of
considered pyrolysis gas mixtures. It is seen that in each case, the highest CO concentrations
are expected near the inlet to the boiler chamber, whereas when wood pellets are to be
considered, the CO concentrations are completely oxidized in the upper half of a chamber
(Figure 9, left). Simulation results for the combustion of wood chips and pine cones
demonstrate the absence of this compound in the heat exchange section (Figure 9, middle
and right pictures).
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Figure 9. Mole fraction of CO (mol/mol): wood pellets (left), wood chips (middle), and pine cones
(right).

Figure 10. Mole fraction of H2O (mol/mol): wood pellets (left), wood chips (middle), and pine cones
(right).

The combustion zone is also identified through the analysis of oxidizing reactants,
as shown in Figures 10 and 11. The first one displays the H2O concentration distribution,
and the other presents the same for O2. It may be observed that the concentration of H2O
increases where the O2 concentration decreases. Furthermore, hydrogen oxidation takes
place there. For the wood pellet case, there can be a prominent separation front between
the zones of higher (below ∼21%) and lower (up to ∼14%) O2 concentrations observed
halfway up the inner coil. In the case of burning volatiles from wood chips and pine
cones, most of the O2 is consumed in the near-burner zone, and its distribution remains
nearly constant along the boiler height above this zone. Again, the similarity in combustion
behavior between volatiles released from wood chips and pine cones is noticeable. The
flame zones are illustrated by the distribution of the hydroxyl radical (OH) mole fraction
in Figure 12. In the case of wood pellets, the gases are combusted in the upper part of the
inner coil, whereas in the case of the other fuels in the study, the process takes place at the
inlet zone of the heat exchange section.
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Figure 11. Mole fraction of O2 (mol/mol): wood pellets (left), wood chips (middle), and pine cones
(right).

Figure 12. Mole fraction of OH (mol/mol): wood pellets (left), wood chips (middle), and pine cones
(right).

The qualitative comparison of the obtained results is summarized in Figures 13–18.
Each figure shows the given parameter change as a function of distance from the center line
of a channel, i.e., from the center of the boiler core. In the figures, the red lines represent
the respective parameters for the wood pellets, the green ones for the wood chips, and
the blue lines refer to the pine cones. Each figure displays the parameters’ variation at
three different boiler heights, as specified in Figure 2: line 1 indicates the inlet into the
chamber, whereas lines 2 and 3 represent the distances of 242 mm and 742 mm above the
inlet, respectively.

Based on the analysis of the temperature distribution for the respective fuels under
study (Figure 13), it may be concluded that the gas combustion zone for the wood pellets
is located closer to the upper part of the boiler, which is consistent with the contour map
shown in Figure 7 (left picture). The predictions for the pyrolysis gas from the wood
chips and pine cones indicate that the combustion zone is located rather closer to the
inlet into the chamber, which also agrees with the temperature maps for those fuels (see
Figure 7, middle, and right pictures, respectively). In addition, temperature distributions
in line 3 show an average gas temperature of about 1000 K for the chips and pines, and
of about 1500 K for the pellets. From the measurement data reported in [30], it follows
that the temperature in the space between the inner and outer coils varied within the
range of 670–730 K, which corresponded to the biomass burner power range of 19–26 kW.
The average flue gas temperature in a similar location obtained from the simulation are
∼1000 K for pellets, ∼800 K for chips, and ∼900 K for cones (see Figure 7). For wood chips
burning, the difference between the measured and predicted values does not exceed 10%.
This suggests that the pyrolysis gas with higher contents of H2, as it is in the case for gas
mixtures from wood chips and pine cones, better reflects the performance of a real unit.
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Following this thought, it may be concluded that under real operation conditions, pyrolysis
gas combustion takes place rather at the near-inlet zone. Most of the heat transfer between
the flue gas and the cooling oil takes place in the zone between the coils.

The graphs remaining in the figures demonstrate that the combustion behavior of the
pyrolysis gas from the wood chips and pine cones is similar. Therefore, it may suggest that
the composition of wood pellet volatiles might be underestimated.

Figure 13. Temperature distribution (K): line 1 (left), line 2 (middle), and line 3 (right).

Figure 14. Velocity distribution (m/s): line 1 (left), line 2 (middle), and line 3 (right).

The velocity profiles presented in Figure 14 show that gases accelerate in the channel
core, which is in agreement with the flow principles in the channels.

The burning zone characteristics for various fuels may be compared based on the
concentration of particular chemical species. The mole fraction of CO decreases with the
increase in the distance from the inlet for wood chips and pine cones. For wood pellets, it
grows first and then it drops down (see Figure 15). This is also the case for H2O (Figure 16).
For the pellets, the vapor concentration slightly diminishes at first, and increases afterward
in the upper part of the inner coil core. Hence, it may be stated that the combustion zone
for wood pellet volatiles is shifted towards the upper section of the boiler, whereas for
other considered fuels, it remains in the inlet channel of the heat exchange part. The
generation of H2O is related to oxygen consumption, according to the global reaction of
hydrocarbon oxidation, as can be seen in the graphs depicted in Figure 17. The trend in the
O2 concentration change is the opposite. Namely, for pellets, it initially slightly grows and
subsequently diminishes with the increased distance from the inlet to the core of the inner
coil. For the other fuels, the O2 concentration increases along with the boiler height.



Appl. Mech. 2023, 4 799

Figure 15. Mole fraction of CO (mol/mol): line 1 (left), line 2 (middle), and line 3 (right).

Figure 16. Mole fraction of H2O (mol/mol): line 1 (left), line 2 (middle), and line 3 (right).

Figure 17. Mole fraction of O2 (mol/mol): line 1 (left), line 2 (middle), and line 3 (right).

The location of the burning front is well demonstrated by the OH radicals’ concentra-
tion level. Numerical results displayed in Figure 18 indicate that in the case of the wood
chips and pine cones, the flame is located in the inlet channel of the boiler heat exchange
section, and in the case of the wood pellet combustion (line 3), it is expected to be shifted to
the upper part of the boiler.

Figure 18. Mole fraction of OH (mol/mol): line 1 (left), line 2 (middle), and line 3 (right).
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4. Summary

The paper presents the results of a numerical analysis of pyrolysis gas combustion
generated from biomass in a small-scale coil-type boiler. For this purpose, the numerical
simulations were carried out, taking into account various detailed mechanisms of pyrolysis
gas combustion. These involved the implementation of two chemical kinetics models, one
with 77 elemental reactions (RS77) describing the oxidation of CO/H2 mixtures, and the
second with 85 reactions (RS85) for the combustion of the CH4/CO/H2 mixtures. The initial
gas compositions were determined utilizing the equilibrium-based approach, involving
the Gibbs function minimization method. The geometry of the system has been simplified
into a 2D model, covering the whole area of flue gas circulation. The analysis helped
to recognize some general features of volatile burning for three different biomass fuels,
thereby contributing to the challenging task of predicting their combustion characteristics.
The main outcomes derived from the study may be summarized as follows:

(1) As far as the combustion of pyrolysis gas is to be considered, the 2D model coupling
thermodynamic equilibrium with chemical kinetics provides reliable predictions of biomass
combustion characteristics. At the same time, the enhanced chemical kinetics model (RS85)
was found to be more reliable than the RS77 model, particularly for the relatively high
content of methane;

(2) Still, the cost-effectiveness of the process simulation in terms of computation time
shall always be of concern. The RS85 mechanism, despite that it is more advanced, appeared
to offer a reasonable time in the case of the 2D case simulations. The applied approach
might therefore be successfully used in 3D calculations for detailed boiler geometry if only
the computation time would not be an issue of high priority;

(3) The gas-burning zone for wood pellets is notably shifted towards the heat exchange
section. For wood chips and pine cones, the flame is predicted to be located in the near-
burner zone, which translates to a more extensive high-temperature zone in the boiler core
and contributes to better heat exchange conditions; and

(4) The comparison of the numerical results and experimental study data of a small-
scale boiler showed that the predictions for volatiles containing less CH4 and more H2
comply with the combustion behavior under real operation conditions of the boiler.
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