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Abstract: This research paper presents a comprehensive study on the combustion of wheat straw
pellets in a 10 kW fixed-bed reactor through a Computational Fluid Dynamics (CFDs) simulation
and experimental validation. The developed 2D CFDs model in ANSYS meshing simulates the
combustion process in ANSYS Fluent software 2021 R2. The investigation evaluates key parameters
such as equivalence ratio, heating value, and temperature distribution within the reactor to enhance
gas production efficiency. The simulated results, including combustion temperature and produced
gases (CO2, CO, CH4), demonstrate a significant agreement with experimental combustion data.
The impact of the equivalence ratio on the conversion efficiency and lower heating value (LHV)
is systematically explored, revealing that an equivalence ratio of 0.35 is optimal for maximum gas
production efficiency. The resulting producer gas composition at this optimum condition includes
CO (~27.67%), CH4 (~3.29%), CO2 (~11.09%), H2 (~11.09%), and N2 (~51%). The findings contribute
valuable insights into improving the efficiency of fixed-bed reactors, offering essential information on
performance parameters for sustainable and optimized combustion.

Keywords: biomass; downdraft reactor; Computational Fluid Dynamics; simulation; wheat straw
pellets

1. Introduction

Biomass is a reliable alternative energy source used in both developed and developing
countries, playing a significant role in global power generation [1]. However, directly
using biomass for energy production is often inefficient due to its low energy density,
unwanted moisture content, variability in availability, processing requirements, etc. So,
a preferred method is to convert biomass into the desired fuel (user-targeted fuel such
as solid fuel—pellets, liquid fuel—ethanol, and chemical transport fuel—hydrogen) [2,3].
Various technologies have been developed, like combustion, gasification, and pyrolysis [4].
Combustion, in particular, is a standard method with a high efficiency of up to 50% [5].
Combustion in a downdraft reactor is a promising technology for turning compacted
biomass into energy, especially suitable for smaller- to medium-scale power generation [6].

Combustion is less complex than gasification and pyrolysis because it involves a series
of chemical reactions in a pyrolysis process [7]. The study of burning waste or biomass
in large industrial furnaces is of utmost importance, as demonstrated by the extensive
research on grate furnaces [8,9]. However, due to the challenges and costs associated
with collecting detailed data from within these furnaces, researchers primarily rely on
smaller, fixed-bed units in labs to replicate real-world operations [10]. Experiments and
simulation findings support this approach, suggesting a substantial similarity between
fixed-bed and grate combustion. The key lies in the minimal horizontal variations within
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industrial furnaces compared to the significant vertical changes in the fuel layer. This
allows results from fixed-bed experiments, where the fuel bed is stationary. The validity of
this approach is further strengthened by the observed similarities in temperature profiles,
combustion rates, efficiency, and the gasses released from the fuel bed surface in both
setups. As a result, findings from laboratory-scale combustion experiments often need to
be more conclusive. Additionally, designing appropriately sized reactors is challenging
and requires significant effort and resources. Moreover, the process is time consuming and
requires substantial experimental facilities [2]. However, employing a numerical method is
an efficient way to gain insights into combustion and understand the fundamental physics
involved. Modeling approaches are cost effective, saving time, budget, and resources while
facilitating repeatability and justifiable modifications when needed. Various numerical
models and simulation tools, including Computational Fluid Dynamics (CFDs), artificial
neural networks (ANNs), Aspen Plus (R) or Aspen Hysys equilibrium, and kinetic models
have been utilized for combustion in downdraft reactors [6,11–14].

Among various modeling techniques, Computational Fluid Dynamics (CFDs) is con-
sidered the most suitable for simulating and predicting the combustion process in fixed-bed
reactors due to its ease of operation [14,15]. Many prefer CFDs for scientific research
and engineering applications because of its versatility (use of aircraft, submarines, pipes,
and such) [16]. Many researchers have reported that several chemical reactions occurred
before the gas was produced, becoming non-reactive. In addition, the CFDs model utilizes
mass-energy balance and dynamic chemical reactions, enabling it to predict the tempera-
ture distribution profile within the combustion zone [17,18]. One significant advantage of
CFDs models is their ability to estimate temperature and gas yield throughout the reactor
accurately [19]. CFDs models such as pellets are well suited for handling dense particulate
matter [20]. Researchers have created two-dimensional (2D) CFDs simulations for both
updraft and downdraft reactors in the combustion process [17,21–23]. A review by Patra
and Sheth [12] highlighted the challenges of CFDs modeling, specifically in downdraft
reactors, indicating that additional effort is needed to address these issues. Therefore,
more action is required to solve the problems. Baruah and Baruah [11], in their litera-
ture review, emphasized the significance of CFDs simulations for biomass combustion,
noting that challenges include handling dense particulate flow and the unique chemistry
of combustion.

Researchers have found that Computational Fluid Dynamics (CFDs) modeling can
predict kinetic reactions, mass-heat transfer, thermodynamic behavior, and temperature
profiles inside reactors with fewer resources and less time [24]. However, the versatil-
ity of CFDs simulations is limited by the fundamental physics and characteristics of the
combustion process [25]. Its effectiveness in modeling combustion processes, including
fluid flow, heat transfer, and chemical reactions, may be limited by factors such as particle
dynamics, chemical reaction kinetics, availability of experimental data, and the challenges
associated with validation and verification. In a study by Meenaroch and Kerdsuwan [26],
a 2D dynamic model for each zone of the downdraft reactor was developed using CFDs.
The model considers drying, pyrolysis, oxidation, and reduction zones. It uses CFDs to
solve fundamental equations and simulate gas and solid movement within the reactor. The
study examines how the air flow rate affects temperature throughout the reactor and the
final producer gas composition. Finally, the model is validated with real-world experiments
using wood chips as fuel. In another study by Ngamsidhiphongs Ngamsidhiphongsa, Pon-
pesh [27], a 2D CFDs model for the Imbert downdraft reactor was created, investigating the
effects of throat-to-reactor diameter relation and the height of the air input nozzle above the
throat. Their findings showed variations in tar concentration and maximum temperature
based on throat diameter. This study explores primary tar reduction in downdraft biomass
reactors using a 2D CFDs model of an Imbert type. The model successfully predicted gas
composition and was validated against real-world data. Pandey, Prajapati [2] recently stud-
ied a 2D axisymmetric CFDs model of an Imbert downdraft reactor for Ecoshakti biomass
pellets. The model effectively predicts key producer gas components (CO, hydrogen, CO2).
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Studies show that an increasing equivalence ratio (ER) in combustion reduces CO, hy-
drogen, and methane while raising nitrogen and CO2. Higher ER also correlates with
increased reactor temperatures. Also, Wu, Gong [28] used ANSYS Fluent software 2021 R2
in a 2D CFDs model for highly preheated air and steam biomass combustion, employing
the Euler–Euler multiphase approach with chemical reactions. They concluded that an
external heat source requires a high-temperature combustion system. In another simu-
lation, Chapela, Porteiro [29] modeled fouling in biomass combustion systems. Biomass
combustion is important to investigate how to minimize NOX and nitrous oxide emissions
according to a study conducted by Ma, Khan [30]. Álvarez-Bermúdez, Chapela [31] and
Zhang, Li [32] developed a CFDs modeling in the fixed-bed combustion of biomass. They
found that the combustion varies by several factors, and the efficiency depends on the
simulation-targeted products.

According to the literature above, most approaches to fixed-bed reactor technology
primarily use wood as the feedstock [33–35]. Some studies have been extended to include
crop residue combustion, as seen in the work of Mätzing, Gehrmann [36]. However, there
has been minimal research on numerical models specifically focused on the combustion
process of wheat straw pellets [10,37]. Different types of biomasses have distinct chemical
structures and compositions [38]. During the thermochemical process, these compositions
degrade at different rates and through various mechanisms, impacting each other [21].
Consequently, developing a combustion model for wheat straw pellets (WSPs) is essential
for understanding their burning characteristics.

Moreover, available CFDs models for reactors have limitations, including accurate
turbulence models, chemical reaction complexity, and time consumption. In addition,
they only investigate a small number of characteristics and features [2,27]. To improve
the accuracy and reliability of these CFDs models, assessing the outlet producer gas yield
and the impact of the equivalence ratio during CFDs model validation is essential [39].
Since the equivalence ratio influences the gas composition, validation should encompass
a range of equivalence ratio values. Therefore, this research aims to bridge the gap by
CFDs modeling to elucidate the combustion degradation pathways of wheat straw pellets.
This novel investigation will contribute to a deeper understanding of wheat straw burning
through combustion and pave the way for its efficient conversion into gas. By acquiring
previously unavailable data on wheat straw pellets, this research holds the potential to
improve bioenergy production processes significantly.

In this study, we created a Computational Fluid Dynamics (CFDs) model to simulate
the combustion of wheat straw pellets (WSPs) in a downdraft fixed-bed reactor. Addition-
ally, we explored the best operational conditions to maximize the gas yield and conversion
efficiency during pellet combustion. The research delved into various operating factors, in-
cluding temperature, pressure, and the distribution of produced gas. The findings from this
study can be valuable not only for WSPs but also for other types of biomass and reactors.

2. Materials and Methods
2.1. Fuel Parameters

This research involved developing a Computational Fluid Dynamics (CFDs) model
tailored for a 10 kW downdraft reactor, specifically focusing on simulating the combustion
processes of wheat straw pellets (WSPs). These pellets were produced using additive
mixtures comprising 70% wheat straw (WS), 10% sawdust (SD), 10% bagasse (BC), and
10% biochar (BioC), which was outlined in our previous study [40]. A detailed examination
of the WSPs’ characteristics was conducted using ultimate and proximate analysis. Further-
more, Thermal Gravimetric Analysis (TGA) was employed using NETZSCH STA 449F3
Jupiter (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany) for the kinetic analysis
of WSPs, yielding Eα and lnA values documented in Table 1 [40].
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Table 1. Biomass feedstock physiochemical characteristics.

Pellet Features Value

Proximate analysis
(wt % as received, db)

Moisture 3.50
Volatile matters 44.51

Fixed carbon 36.99
Ash 15.00

Calorific value, HHV (MJ/kg) 19.06

Ultimate analysis
(wt % as received, db)

Carbon 45.97
Hydrogen 5.22
Nitrogen 0.72
Sulphur 0.21

Oxygen (by difference) 47.88

Density Apparent density (kg/m3) 817.71
Bulk density (kg/m3) 427.45

Thermokinetic
properties *

In Combustion

Activation of energy, Eα (kJ/mol) 418.935
Pre-exponential factor, A (1/s) 1.76 × 1016

In Pyrolysis

Activation of energy, Eα (kJ/mol) 132.868
Pre-exponential factor, A (1/s) 2.4 × 104

Note: * devolatilization phase and heating rate 20 ◦C/min.

2.2. Reactor—The Central Part of the Reactor

Reactors are tools used to convert solid biomass material into gaseous fuel [41]. Two
widely employed configurations for fixed-bed reactors are the downdraft (co-current flow)
and updraft (cross-current flow) approaches, distinguished by the relative movement of
the feedstock and combustion agent [42]. In the downdraft reactor, biomass enters from the
top, air flows from the side, and a multi-stage combustion process (primary, intermediate,
and dilution zones) efficiently converts the biomass into gas [43]. Drying and pyrolysis,
the thermal decomposition of biomass, occur simultaneously within the reactor. Finally,
the temperature is reduced for the reduction stage. Interestingly, the downdraft reactor’s
geometry proves versatile, applying it to combustion and gasification processes [44].

The reactor, a central component of the reactor, is built-in and has an overall height
and diameter of 660 mm and 375 mm, respectively. The feedstock is introduced into the
reactor from the top for the combustion process, while air is injected through nozzles from
both sides. The bottom of the reactor releases outlet gases and char-rich ash. Figure 1
presents a diagram of the reactor illustrating zones and immediate production formation.

2.3. Modeling Theory—Thermochemical Conversion of Solid Fuel

In combustion modeling, the key focus is understanding particle movement in gas
and solid phases [43]. Solid particles and gases move in the same direction in a downdraft
reactor. The combined volume of solids and gases equals the total volume. However, the
total particle area changes with the height of the bed. Additionally, the composition of gases
and solids shifts throughout the bed. Consequently, the model’s reactor bed experiences
the movement of both solid and gas phases. Figure 2 illustrates the particles involved in
the plug flow regime.
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2.4. CFDs Model Development

The downdraft reactor model was created using a 2D planar configuration with
ANSYS Fluent 2021 R2. Figure 3 illustrates the Computational Fluid Dynamics (CFDs)
simulation process.

Following the five steps outlined by Nørregaard, Bach [45] is essential to develop the
model. The initial step is pre-processing, involving the definition of geometry. Meshing
requirements are then established to ensure the geometry’s independence is tested. Simul-
taneously, Probability Density Functions (PDFs) are constructed to represent the mixture
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of products in gases. Following this, the primary boundary conditions are defined, with
wheat straw pellets (WSPs) as the fuel input and air as the combustion agent. Lastly, the
analysis and interpretation phase outlines the post-processing technique.
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2.4.1. Geometry Construction

Geometry is a crucial and fundamental aspect of the simulation process [46]. Initially,
geometry was constructed to replicate an in-built downdraft reactor reactor. For this
purpose, the Design Modeler Program (DMP) within the ANSYS Workbench 2021.1R2 was
employed to establish the geometry domain. The 2D planar representation of the geometry
is illustrated in Figure 4a.
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2.4.2. Mesh Generation

Creating high-quality meshes is crucial for achieving accurate and rapidly converging
Computational Fluid Dynamics (CFDs) simulations [47]. The ANSYS Meshing package
generated and optimized the mesh, employing a global tool to obtain an unstructured grid.
Several tests were conducted on local sizing parameters to ensure favorable mesh quality.
Figure 4b displays the generated model mesh. In general, it is recommended to maintain a
minimum orthogonal quality of >0.10 and a maximum skewness of <0.95 for good mesh
quality. However, these values may vary based on the physics and location of all cells.

Refinement is a beneficial technique for capturing steep flow gradients, especially in
highly turbulent regions [48]. Consequently, the mesh in the combustion, reduction, and
air nozzle outlet areas was refined.

2.4.3. Model Setting
Model Selection

Various physicochemical phenomena, primarily decomposition related, occur through-
out the combustion process. These decomposition factors encompass the release of water,
volatile flammable gases, heat conduction, fissuring, shrinkage, and the fragmentation of
solid particles [49]. The interaction between the input biomass and air inside the reactor
involves different activities, as outlined in various models (Table 2). Additionally, the
interaction between heat and particle mass within the reactors results in different chemical
kinetic reactions as specified by the governing equations.

Table 2. Representation of the model, including air, biomass, and reactor, during the combustion process.

Components Computational Model

Biomass
- Discrete phase model (DPM)
- k − ε turbulence
- P-1 for radiation model

Air
- Resistance flow
- Turbulence flow model
- Porous media model

Combustion
- Lagrangian discrete phase model
- Turbulence–chemistry interaction model
- Energy and species transport equations

Model Simplifications

Combustion encompasses numerous intricate processes that involve both homoge-
neous and heterogeneous reactions. Several simplifications were necessary to develop a
suitable model for a downdraft reactor. The extent of simplification relies on the specific
goals of the model. Several general assumptions were made to simplify the model, as
guided by the work of Gupta, Jain [50].

The flow within the system is characterized by symmetry in a two-dimensional space.
It maintains a steady state, and the governing equations for numerical calculations involve
nonlinear partial differential equations. The reactor wall’s surface and the materials consti-
tuting the separator/insulation adhere to the no-slip condition. Chemical reactions within
the system occur faster than the time scale of turbulence eddies. A discrete phase model
compares small particle sizes to the reactor volume. All chemical reactions are assumed
to occur within the reactor’s inner shell. The particles in the system exhibit a uniform
distribution and spherical shapes, with a size considerably smaller, measuring 0.1 mm. The
oxidizer utilized in the process is air.

2.5. Solution of Model-Based Equations

The ANSYS Fluent CFDs software 2021 R2 package employs in-house C coding
through a User-Defined Function (UDF) [51]. This allows for the straightforward trans-
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formation of partial differential equations into a discrete form using CFDs, facilitating
the solution of conservation equations. CFDs operates on a simultaneous calculation set
for governing equations and species conservation. On the other hand, the Finite Element
Method (FEM) can be utilized for discretization, with ANSYS Fluent 2021 R2 customiz-
ing the Finite Volume Method [52]. The solution process also involves implementing a
pressure–velocity coupling technique to address the governing equation.

2.5.1. Governing Equation: Pressure–Velocity Coupling Method

The CFDs model includes governing equations for species transfer within the fluid
flow. The species are categorized into two phases: gas (primary flow) and solid (secondary
flow). A Euler–Euler multiphase technique is employed to solve the phases, incorporating
exchange terms [53]. The equations are numerically solved under steady-state and turbulent
flow conditions, with finite-rate reaction kinetics, as outlined in [2].

∂(ρµi)

∂t
+

∂
(
µiµj

)
∂xi

= − ∂ρ

∂xj
+

∂τij

∂xi
+ p

N

∑
k=1

Yk fkj (1)

τij = −2
3

µ
∂uk
∂xk

∂ij + µ

(
∂µi
∂xj

+
∂µj

∂xi

)
(2)

∂ρ

∂t
+

∂(ρµi)

∂xi
(3)

∂(ρYk)

∂t
+

∂

∂xi
[ρYk(µi + Vki)] (4)

∂(ρet)

∂t
+

∂

∂xi
(ρµiet) = − ∂qi

∂xi
+

∂

∂xj

[(
τij − ρδij

)
ui
]
+

.
Q + ρ

N

∑
k=1

Yk fki(µi + Vki) (5)

qi = −k
∂T
∂xi

+ ρ
N

∑
k=1

(hkYkVki) (6)

where ρ = the density of the fluid mixture;

t = time;
p = pressure;
µiµj = the velocity components;
τij = the viscus stress tensor;
Yk = the mass fraction of species k in the fluid mixtures;
fkj = the volume force acting on species k in the j direction;
xi xj = the coordinates axes;
Vki = the i-component of the diffusion velocity of species k;
ωk = the reaction rate of species k;
qi = energy flux in the mixture;
et = total energy from chemical, potential and kinetic energies;
.

Q = energy flux from the outer heating source.

The standard k − ε turbulence model was applied to the gas phase. The kinetic turbu-
lence energy (k) and its dissipation rate (ε) were obtained from the following equations [54]:

∂

∂xi
(ρkµi) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε − Ym + Sk (7)

∂

∂xi
(ρεµi) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (8)

where Gb = turbulence kinetic energy due to buoyancy;
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Ym = fluctuation dilation in compressible turbulence;
Sk = user-defined source terms for k;
Sε = user-defined source term for ϵ;
σk = turbulent Prandtl numbers for k;
σε = turbulent Prandtl numbers for ϵ.

Gk denotes the kinetic turbulence energy production, which is linked to the average
velocity gradient and µt = Turbulence viscosity (or eddy), which is obtained from the value
of k and ε:

µt = ρCµ
k2

ε
(9)

The constants of the experimental model are equal to C1ε = 1:44, C2ε = 1:92, C3ε = 0:09,
σk = 1:0, σε = 1:3 [55].

2.5.2. Energy and Species Transport Equation

The species model serves as a tool to explore the chemical reactions occurring within
the reactor, providing insights into the composition of different species like CO, CO2, N2,
H2, and CH4 [56]. Consequently, the species transport equations and enthalpy formations
are employed to calculate the chemical reactions, following the approach outlined by
Magnussen and Hjertager [57].

Enthalpy, H = h + ∆H (10)

h = hre f +
∫ T

Tre f

cpdT (11)

Species transport equation,
∂

∂t
(ρYi) +∇.(ρ

→
µYi) = −∇.

→
Ji + Ri + Si (12)

Energy balance equation, ρCp
∂T
∂t

= k∇2T + qv (13)

where: h = sensible enthalpy;

∆H = latent heat enthalpy;
hre f = reference enthalpy;
Tre f = reference temperature;
Cp = specific heat at constant pressure;
Ri = net rate of production of species, i;
Si = source term for the ith (x, y, z) momentum equation;
Yi = species i’s average mass fraction;
Ri = net rate of production of species “i” by chemical reaction.

2.5.3. Particle Combustion Model

Both the Euler–Lagrange and Euler–Euler approaches can address particle interac-
tion [58]. The Euler–Euler approach, identified as multiphase, contrasts with the Euler–
Lagrange system, also known as the Discrete phase [59]. This study specifically utilized the
Discrete phase. Experimental data on WSPs, denoted as Eα and A, were incorporated into
the model to anticipate their decomposition rate. The investigation involved considerations
of the particle force balance equation, heat balance equation, and the devolatilization law
balance equation, as delineated by Pandey, Prajapati [2].

- Force balance equation

∂

∂t
(
→
µ ρ)= FD(

→
µ − →

µρ) +

→
g
(
ρp − ρ

)
ρp

(14)

Drag force FD =
18µCDRe

24ρpd2 p
(15)
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where FD(
→
µ − →

µρ) is drag force per unit particle mass.

- Particle heat balance equation

mpCp
∂Tp

∂t
= hAp

(
T∞ − Tp

)
+ εp Apσ(T4

R − T4
p) (16)

- Heat transfer during the devolatilization process

Upon reaching the vaporization temperature ( Tvap
)
, the devolatilization law is applied

to the mass of the combusting particle (mp) [54]. It is written as

mpCp
∂Tp

∂t
= hAp

(
T − Tp

)
+

∂mp

∂t
h f g + εp Apσ(T4

R − T4
p) (17)

−
∂mp

∂t
= Ae−( E

RT )
[
mp −

(
1 − fv

0
)

mp
0
]

(18)

where: fv = volatile fraction and m0
p = initial mass.

- Heat transfer during the char conversion process

Convection, radiation, and heat loss contribute to heat transfer to the particle during
devolatilization [60]. It is written as

mpCp
∂Tp

∂t
= hAp

(
T∞ − Tp

)
+ fh

∂mp

∂t
h f g + εp Apσ(T4

R − T4
p) (19)

where Cp, h f g, A, and σ are the specific heat, latent heat of evaporation, particle surface
area, and Stefan constant, respectively.

2.5.4. Radiation Model

The P-1 model is generally more effective in combustion applications characterized by
large optical thickness, intricate geometries with curved coordinates, and radiation heat
transfer considerations [61]. The calculation of the radiation flux (qr) is based on the P-1
model, as expressed by the equation outlined by Wang and Yan [18]:

qr= − 1
3(α + σs)− Cσs

∇G (20)

∇qr= αG − 4ασT4 (21)

where: α = absorption coefficient;

σs = Stefan–Boltzmann constant;
G = incident radiation;
C = linear-anisotropic phase function coefficient [54].

2.5.5. Chemical Reaction Model

Devolatilization stands out as the key decomposition process in biomass combus-
tion [53]. This process encompasses homogeneous and heterogeneous approaches, in-
corporating a chemical reaction model outlined by Gupta, Jain [50]. The reaction model,
applied to downdraft combustion, involves four stages: drying, pyrolysis, combustion,
and reduction [54]. Modeling the feedstock pyrolysis rate employs a straightforward one-
step reaction model, as proposed by Di Blasi [62]. Meanwhile, combustion in the three
primary oxidation zones (Rg2, Rg3, and Rs8, as detailed in Table 3) is considered according
to the work of Janajreh and Al Shrah [63]. The products from oxidation and pyrolysis
zones are transformed into gases within the reduction zone through heterogeneous and
homogeneous processes (Rg4, Rs5, Rs6, Rs7, Rs8, and Rs9, as shown in Table 3).
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Table 3. Solid particle surface reactions.

Gas Phase Reaction Solid Particle Surface Reactions

Reaction Reaction Order Reaction Reaction Order

Volatile decomposition Rg1 Char decomposition Rs5
CO combustion : 2CO+O2 → 2CO2 Rg2 C(s) + O2 → CO2 Rs6
H2 combustion : 2H2 + O2 → 2H2O Rg3 C(s) + O2 → 2CO Rs7

Water–gas shift : CO + H2O →
CO2 + H2

Rg4 C(s) + 2H2 → CH4 Rs8
C(s) + H2O → CO + H2 Rs9

2.6. Boundary and Operating Conditions Setup

In this study, the delineation of primary and secondary steps was contingent upon the
two-phase flow pattern, with the solid phase identified as primary and the gas phase as
secondary. Ensuring reliable simulations necessitated careful consideration of operating
and boundary conditions, beginning with selecting the reaction phase. The boundary and
operating conditions for the combustion of WSPs in downdraft reactors were derived from
a combination of experimental operations and data from the literature [42]. A summary of
these operating conditions is provided in Table 4.

Table 4. Boundary and operating conditions of the biomass CFDs model to ensure accurate simulations.

Parameter References

Combustion agent (air)

Air flow rate: 54 kg/h (37.87 Nm3/h) -
Air velocity: 3.2~7.2 m/s (average 5.2) [50]

Air fuel ratio: 6:1 v/m [63]
Air inlet temperature: 300 K [50]

Pressure
Combustion pressure: 1 atm = 101,325 pascal [6]

Outlet gauge pressure: 0 [42]
Pressure outlet: 249 pascals (min) and 747 pascals (max) -

Biomass

Input: biomass (WSPs) inject (gravity feed) -
Gravitational acceleration: −9.8 m/s2 -

Biomass inlet temperature: 300◦ K [2]
Biomass flow rate: 9 kg/h [50]

Biomass moisture content: 3.5% -

Temperature Temperature—atmospheric condition: 300 K [42]
Operating temperature: 300~2500 K -

Reactor wall

Motion: stationary
[42]Wall shear condition: no slip

Wall roughness: standard
Inlet species mass fraction of O2: 0.23 [42]
Inlet velocity magnitude: 0.056 m/s -

Wall (interior and exterior walls): stainless steel -
Wall thickness: 3 mm -

Others

Equivalence ratio: 0.2~0.6 [33]
Turbulence intensity: 5% [42]

Particle-specific heat: 2.5 kJ/kgK [42]
Particle size in the discrete phase: 0.1 mm [2]

Uniform porosity: 0.5 [64]
For simulation time setup: 10 s

[42]Model run: 0 to 7200 s

2.7. Input Data for Simulations

The simulation input data were derived from experimental results and the prior
literature, as presented in Tables 4 and 5. Initially, the combustion characteristics of pellet
fuels were defined through ultimate and proximate analyses, which had been conducted
previously [40]. Additionally, the pellet’s apparent density was specified as the particle
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density and incorporated into the material input. Moreover, a shrinkage coefficient of
0.6, derived from experimental results on pellets (empty fruit bunch), was utilized in the
downdraft reactor [65]. Notably, the ANSYS Fluent 2021 R2 template utilized the swelling
coefficient as the counterpart to the shrinkage coefficient.

Table 5. Summary of the model used for the combustion of wheat straw pellets.

Parameters Conditions/Assumptions

1. General

✓ Double precision: two-phase flow (gas and solid) simulation
✓ Solver type: pressure based
✓ Velocity formulation: absolute
✓ Steady-state
✓ Axisymmetric/planner
✓ Gravitational effect on biomass feeding

2. Radiation P1: radiation reflection at the surface is isotropic

3. Turbulence SST kω-intermittency: include the effect of share stress transport,
kinetic, its dissipation rate, and the change in velocity

4. Reactions Nonpremix combustion-non-adiabatic

5. Particle interaction
Euler–Lagrange (discrete phase)
Particle devolatilization model: single kinetic rate
Particle combustion: kinetic/diffusion-limited rate

In the simulation of fixed-bed combustion, air injection occurred through a side nozzle,
characterized by its velocity (m/s). Conversely, the feedstock fuel mass was introduced
from the top, and the feedstock material, in the form of cylindrical pellets, deviated from a
spherical shape. As a result, the equivalent diameter was computed based on the pellet
volume, following the approach outlined by Erlich and Fransson [65]:

DE = 2 ∗ 3

√
3

4π
Vp (22)

where: DE = particle diameter (m)

Vp = average volume of a particle (m3)

The equivalence ratio (ER) is the proportion of the combustion model (AFmodel) air-to-
fuel ratio to the stoichiometric air–fuel ratio for complete combustion (AFstoichiometric) [66].

ER =
Actual air to biomass ratio

Stoichiometric air to biomass ratio
=

AFmodel
AFstoichiometric

(23)

The AFstoichiometric can be calculated based on the empirical formula, which is based
on the ultimate fuel analysis data.

CHhOo Nn + kO2 → CO2 +
h
2

H2O +
n
2

N2 (24)

k =
h
4
+ 1 − O

2
(25)

where k = number of moles of oxygen for complete combustion;

h = mole fraction of hydrogen in fuel;
O = mole fraction of oxygen in a fuel.

In combustion, the oxidizing agent was air with a ratio of 4.76 of air to oxygen [67].
Then, the stoichiometric air-to-fuel ratio (AFstoichiometric) is determined as

Stoichiometricair-to-fuelratio (
A

AFstoichiometric
) =

4.76 ∗ k ∗ mwox

mw f uel
(26)
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where k = the number of moles of oxygen for complete combustion;

mwox = molecular weight of oxygen in the air (g/mol);
mw f uel = molecular weight of fuel (g/mol).

2.8. Numerical Calculation

Two approaches exist within the ANSYS Fluent 2021 R2 Solver program: pressure
based and density based. This study employed the pressure-based technique, the default
solver in the non-premix combustion model, as indicated in Table 6 [68].

Table 6. Particulars of the biomass CFDs model solver.

Variable Discretization Scheme Information

Pressure-staggering option PRESTO!
Pressure-based Navier–Stokes
solution algorithm (the
default)

Pressure–velocity coupling SIMPLE Governing equation
Gradient option Least Squares Cell based -
Pressure Second-order Upwind Spatial discretization
Momentum Second-order Upwind Spatial discretization
Turbulent Kinetic Energy Second-order Upwind Spatial discretization
Turbulent Dissipation Rate Second-order Upwind Spatial discretization
Energy Second-order Upwind Spatial discretization
Mean mixture fraction First-order Upwind Spatial discretization
Mixture fraction variance Second-order Upwind Spatial discretization
Soot Second-order Upwind Spatial discretization
Others First-order Upwind -
Discrete ordinates Second-order Upwind Spatial discretization
Formulation Implicit -
Velocity formulation Absolute default setting
Porous formulation Superficial velocity -
Initializations Hybrid -

2.9. Gas Production and Gas Efficiency

In theory, the concentration of carbon-containing gases such as CO, CH4, and CO2
tends to increase with higher carbon content in the feedstock during air combustion. The
heating value and produced gas efficiency were calculated as follows:

LHVgas = (YCO × 13.1) +
(
YCH4 × 37.1

)
+
(
YH2 × 11.2

)
(27)

E f f gas
=

HVgas × Fgas

HV f uel
(28)

where E f f gas
= production gas conversion efficiency (%);

HV f uel = heating value of fuel (MJ/m3);
LHVgas = lower heating value of gas (MJ/m3);
Fgas = production gas–fuel feed ratio (m3/kg);
Y = mole fraction of the gas;

3. Results and Discussion
3.1. Grid Sensitivity Analysis

A grid dependency or sensitivity test was conducted to determine the optimal number
of mesh elements, as outlined by Pandey, Prajapati [2]. This test assesses the impact
of mesh density on simulation results and aids in estimating computational resource
consumption [69]. While ANSYS Fluent 2021 R2 allows the generation of tetrahedral and
hexahedral meshes, this study opted for a hexahedral mesh because of its superior quality
and faster computation times.
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A total of 5 distinct computational grid sets were generated, comprising 5000, 10,000,
25,000, 50,000, and 100,000 cells for the dependency test. For grid generation, the test
considered a single boundary condition. The initial conditions assumed the reactor interior
as a porous medium without chemical reaction. Air served as the combustion agent, with a
mass flow of 54 kg/h and a pressure outlet to account for the boundary condition (Table 4).
The grid dependency test focused on velocity measurements at various reactor planes.
Figure 5 illustrates the velocity distribution along the reactor at a distance of 660 mm from
the top for the 5 mesh element variations. As depicted in Figure 6, all mesh cells exhibited
a consistent trend, with the velocity increasing along the shifted position.
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Figure 6 illustrates a marginal velocity difference between 25,000 and 50,000 mesh
cells, averaging less than 2%. It is evident that there was no substantial alteration in velocity
as the mesh number exceeded 50,000. Consequently, the optimal number of mesh elements
was determined to be 50,000, representing the combustion phenomena with the most
effective combination, as noted by Murugan and Sekhar [70]. Table 7 presents the details of
simulated model statistics.
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Table 7. Simulated mesh cells, and mesh statistics of developed model.

Particulars Value

Mesh element size (average) : 1 mm
No. of nodes : 172,677

No. of elements : 171,558 with a rectangular
shape

Minimum orthogonal quality : 0.38916
Maximum aspect ratio : 5.27929

3.2. Model Validation and Comparison

Validation of the developed model is imperative for assessing its accuracy. Numerous
researchers have validated the model using experimental data and published results. In
this study, validation was conducted by comparing the model predictions with relevant
experimental data.

Experimental Details on Combustion

To validate the model in this study, a combustion experiment involving WSPs was
conducted using a GEK 10 kW downdraft reactor located at UniSQ, Australia (http://www.
allpowerlabs.com). A corresponding Computational Fluid Dynamics (CFDs) model was
developed for the same reactor and designed to accommodate various fuels with users
inputting the fuel (feedstock) property data.

The experimental results were utilized for model validation, focusing on the tem-
perature within the combustion zone and the gas composition. Two thermocouples were
strategically placed to record temperatures within the reactor bed. The thermocouple
Tred was positioned in the higher portion of the reactor concentric space to represent the
temperature of the combustion zone. At the same time, Tbred was placed in the lower part to
represent the temperature of the reduction zone. An online gas infrared analyzer was also
installed on the gas output pipe to monitor CO, CO2, and total hydrocarbon contents (HC).

Figure 7 illustrates the gas composition and temperature data. After 70 min of com-
bustion running time, the experiment reached a stable state with the optimum temperature,

http://www.allpowerlabs.com
http://www.allpowerlabs.com
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revealing a combustion zone (Tred) temperature of around 1200~1250 K, and the reduc-
tion zone (Tbred) temperature was about 1000~1083 K. The obtained gas composition at
steady-state operation comprised approximately 9% CO2 and 23% CO (Figure 7).
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Figure 8 illustrates the simulation output within the vertical iso-surface of the reactor
at Y = 1.5 mm, positioned near the central axis of symmetry. The model simulation
incorporated an air/fuel ratio of 6 (v/m) and an equivalence ratio (ER) of 0.25. The baseline
temperature for the simulation was found at 1413.22 K.
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Table 8 summarizes experimental data and modeling results. The simulated tempera-
ture and volume of gas species closely resembled the experimental measurements. While
the values for CO2 and CH4 were slightly higher than the experimental data, the concen-
tration of CO was relatively underestimated. However, the prediction of high hydrogen
concentration remained unverified. Despite these minor discrepancies, the simulations
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aligned satisfactorily with previous experimental data regarding temperature patterns and
gas composition. Therefore, the overall accuracy of the model was deemed acceptable.

Table 8. Result comparison: CFDs combustion model.

Particulars
Results

Model Experiments

Temperature (K)

Combustion
(Upper concentric at x = 0.25 to 0.3 m) 900~1413 1250

Reduction
(Bottom reduction at x = 0.425 m) 1100 1080

Gas species
(% v/v)

CO2 9.99 9.4
CO 21.60 23.3
CH4 0.13 0.051
H2 16.81 N/A

3.3. Prediction Profile and Gas Distribution

In combustion, biomass initially enters the pyrolysis zone before moving into the
combustion zone, as illustrated in Figure 9. The combustion zone extends to the neck of the
concentric area from beneath the air inlet. Eventually, the pressure outlet releases the gas,
while the remaining particles (char and ash) descend the grate. These residual char and
ash particles continue to participate in oxidation and reduction processes, as described by
Pandey, Prajapati [25].
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The initial step in combustion involves the input of biomass, initiating the production
of gases that are subsequently distributed throughout the reactor. As biomass enters the
reactor, it breaks into volatile and char components. According to the volatile disintegration
scheme, the volatile fraction decomposes into CO, H2, CH4, CO2, and H2O. These volatiles
(CO, H2, and CH4) meet oxygen upon release, leading to reactions that produce CO2 and
H2O. However, not all the CO, H2, and CH4 partake in oxidation reactions due to the regu-
lated oxygen supply. Devolatilization also produces char, which reacts with O2, CO, CO2,
H2O, and H2 gas species. The effectiveness of the char reaction (heterogeneous reaction)
with oxygen is not as pronounced as that of CO, H2, and CH4, given that homogeneous



Processes 2024, 12, 863 18 of 29

reactions are significantly faster than heterogeneous ones. Nevertheless, char reactions
with CO2 and H2O play a significant role in the production of CO and H2.

- Velocity profile

According to the velocity profile pattern, the particles with the highest speed (see
Figure 9) were found in the central zone of the concentric area. This occurred because
the middle concentric area had a higher particle velocity. On the contrary, particles enter
the reactor’s devolatilization (pyrolysis) zone at a slower speed due to the wider space
compared to the combustion zone. The center of the pyrolysis zone displayed a slightly
brighter blue color, indicating lower velocity in this area—the highest turbulence-influenced
particle velocities within the reduction zone in the concentric center. Consequently, particles
in the center moved faster than those along the wall. This suggests that particles introduced
into the reactor from the center moved more quickly than those closer to the sides. The
variation in particle velocity inside the reactor ranged from 0.16 to 3 m/s.

- Temperature profile

Figure 10 displays the temperature distributions for the vertical sections of the reactor.
The temperature distribution in the vertical section was not uniform, primarily because of
the uneven fluid field. Additionally, while the air inlet and gas outlet were geometrically
symmetrical, the overall shape of the reactor was irregular.Processes 2024, 12, x FOR PEER REVIEW 21 of 33 
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The developed model utilized the non-premix combustion technique as the source
term for reacting particles. This technique focused on the area of the diffusive flame, where
the highest turbulence in the fuel–oxidizer mixture occurred. The mixture fraction was the
hottest in this zone, and temperature increased with proximity to the flame. Consequently,
a rich flame region emerged due to the highest concentration of the fuel–oxidizer mixture
during combustion. A central line along the bed was selected to assess the temperature
profile inside the reactor (see Figure 10).

In Figure 10, a specific temperature curve is depicted. The flame appeared dark
yellow across the combustion and reduction zones. Even though particles existed in the
combustion zone, their temperature varied, indicating rich (concentrated) flames. The flame
temperature was approximately 2100 K (1827 ◦C) in both the reduction and combustion
zones. The cooler region corresponded to the pyrolysis area, with a temperature range of
400 to 750 K (117 to 470 ◦C) at the beginning of devolatilization [63]. The results of this
study were consistent with Gerun, Paraschiv [71], who developed a 2D axisymmetric CFDs
model for the oxidation zone in a downdraft reactor.

In Figure 10b, the centerline temperature inside the reactor is presented, where point
A marks the end of the pyrolysis zone, and B is the end point of the combustion zone.
Table 9 indicates that the maximum temperature occurred in the combustion zone due to
the exothermic reaction initiation [72]. In contrast, lower temperatures were observed in
drying and pyrolysis, ranging from 300 to 856 K due to an endothermic reaction. A similar
endothermic response also occurred in the bottom zone (reduction zone) [73]. Janajreh and
Al Shrah [63] studied a different model (the Species Transport Reaction model) for the same
reactor design and found a reduction temperature of 1273 K, consistent with the present
study’s results.

Table 9. CFDs simulation temperature at air–fuel ratio 6:1 and ER = 0.35.

Zone Temperature Range, K

Drying and pyrolysis 300~856
Combustion 856~1356 (max temp. 2160)
Reduction 1356~974

- Model limitation for temperature

This model had limitations in predicting temperatures in specific areas, such as the
middle section of the ash residue beneath the grate and the pressure outlet zone (see
Figure 10). While the flame and predicted temperature in the char ash residual area
suggested the possibility of further reactions, this could not be accurately forecasted. This
uncertainty could significantly increase the temperature in the gas crawling area (narrow
space) beneath the pressure exit. The char and ash are typically removed from the reactor
automatically, but the model did not simulate this feature. Therefore, the temperature
limitation and lack of char removal are critical for a combustion model.

Another drawback of the current model was that it inaccurately projected continuous
burning (uneven), causing high turbulence in the gas crawling space. In real situations,
this does not happen; instead, a vacuum pump draws the gas products with a moderate
temperature of less than 600 K, contrasting with the model’s prediction of over 1273 K.

- Gas density profile

The model incorporates a Probability Density Function (PDF) to account for the
fluctuations in the mixing fraction. This parameter represents the ratio of unburned fuel
to the entire mixture at any given point. In turbulent regions, where high temperatures
prevail, the PDF predicts a lower probability of encountering unburned fuel than in calmer
areas. This reflects the efficient mixing in turbulent zones, leading to a more complete
combustion process.

According to this concept, the flame is characterized by the lowest density and the
most turbulence, while denser particles tend to move closer to the wall. Figure 11 illustrates
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the density contour (a) and centerline mass fraction (b) of the pellet during the combustion
simulation. Here, it is noted that the gas fraction, known as the gas mass fraction, refers
to the proportion of a specific gas relative to the total gas mixture within a chamber. The
density of a gas directly correlates with its gas fraction. In other words, a higher gas fraction
results in a higher density; conversely, a lower gas fraction leads to a lower density. In
the pyrolysis zone, the mass fraction of solid particles appeared dark yellow, indicating
a possibly unburned feedstock with moisture content and ash mixture compared to the
reduction and char regions (yellow color).
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However, the outer wall had the maximum portion of unburned carbon. The mass
fraction of unburnt carbon gradually decreased towards the concentric space. Inside the
reactor, the particle density varied from 0.156 to 1.17 kg/m3 (Figure 11). This outcome
aligns with a study on biomass pellet combustion by Boman, Nordin [74], which used a
parametric dispersion model.

Janajreh and Al Shrah [63] have developed a computer model for a downdraft reactor,
which is a larger version. They used a method that considers the movement of different
chemical substances. According to their findings, solid char significantly decreased imme-
diately after the combustion zone and continued declining to the reactor’s bottom. They
also observed a similar pattern for the profiles of unburned carbon, even though they used
a different method to model the chemical reactions compared to the approach used in the
current study.

- Pressure profile

The pressure profile contour in Figure 12 displays how pressure is distributed inside a
downdraft reactor under specific operating conditions. Although the reactor operates at
normal atmospheric pressure, the pressure within its inner shell changes as it produces a
gaseous combustion product. The static pressure (pressure without motion) ranged from
0.766 to 3.53 Pascal as you move up the height of the reactor.

Figure 12b shows explicitly how the pressure varies along the centerline at different
heights within the reactor due to the gravitational force and the downward movement of
the feedstock along with the produced gas. The pressure is low at the biomass input point
(660 mm from the bottom). As the biomass descends into the reactor, the pressure increases
and reaches 2.75 Pascal at the bottom. Finally, the generated gas exits through the outlet at
a reduced pressure. This means that pressure changes at different heights in the reactor
due to the gravitational force and the downward movement of the feedstock along with
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the produced gas, aligning with findings from Gupta, Jain [50], who simulated a 10 kW
electric biomass downdraft reactor for woody biomass using a 2D model.
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- Gas species profile

Three main parts are formed during the complex process of turning biomass into gas:
light gases, ashes (chars), and condensates. In a specific type of reactor called a downdraft
reactor, where the amount of air supplied is fixed to a particular ratio (ER 0.35), Figures 13
and 14 illustrate how these gas fractions are distributed. The most important fraction
among these is the light gases, making up more than 70% by weight. These light gases
include carbon monoxide (CO), hydrogen (H2), methane (CH4), carbon dioxide (CO2), and
nitrogen (N2), as mentioned in a study by Monteiro, Ismail [75].
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- CO2 and O2 profile

Figure 13 displays the contours (patterns) of CO2 and O2. It indicates a slightly higher
amount of CO2 in the pyrolysis region, peaking in the flame zone. On the other hand, O2
is more concentrated near the flash combustion zone and increases at the bottom of the
reduction zone. The concentration of O2 is highest near the air inlet (shown in red), while
CO2 is lowest there. Additionally, the burning of certain substances produces CO2.

In the reactor, higher regions use up O2, producing the heat needed for specific chemi-
cal processes. This observation might apply specifically to a type of combustion process
called downdraft combustion, which uses air as the oxidizing agent. The contours of CO2
and O2 exhibit similar behaviors, although their concentrations may vary in observation.
These findings align with a previous study by Zhou, Wang [76].

- H2O and N2 mole fraction profile

Figure 14 illustrates the contours for H2O and N2. In both profiles, the concentration
was higher at the bottom of the reactor. The mole fraction of H2O inside the reactor was
almost consistent. However, the movement of N2 was notably higher (about 0.82%) in
the pyrolysis zone. Air entered the air inlet, where the N2 concentration was also higher
(Figure 14). Comparatively, Janajreh and Al Shrah [63] reported N2 concentrations of
25.76% for non-adiabatic and 37.29% for adiabatic equilibrium reactions. The current
study’s results were higher, possibly due to using different feedstock (WSPs).

3.4. Performance Study

Operating conditions directly affect the reactor’s performance. The following study
investigated how temperature and the Equivalence Ratio (ER) impact gas production.

3.4.1. Effect of ER on Gas Composition

The Equivalence Ratio (ER) plays an important role in shaping the behavior of oxi-
dation and reduction reactions in combustion processes. In reduction reactions, a smaller
amount of char is involved. In contrast, oxidation reactions involve a more significant
amount of char, leading to decreased CO and H2 production, which might be associated
with the chemical kinetic. The ER also influences the distribution of mole fractions within
the reactor. Higher ER values result in increased delivery of O2 and N2 inside the reactor,
elevating the nitrogen concentration and reducing the mole fraction of producer gas [65].
The mole fraction of gases determines the gas quality in the producer gas, and the ER
significantly impacts this.
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Figure 15 illustrates the mole fraction of producer gas at various ER values, ranging
from 0.25 to 0.60, with a step value of 0.05. Lower ER values may occasionally result in
incomplete combustion or produce producer gas with a low heating value and substantial
char formation. Conversely, complete combustion occurs at ER = 1; in our study, ER = 0.6
indicates an operation condition near the combustion regime. On the other hand, the LHV
gas is higher for lower ER values. The observations in Figure 15 support the notion that CO,
H2, and CH4 levels decrease as ER increases due to the favoring of oxidation reactions [77].
A slight decrease in hydrocarbons (CH4) was also observed for a similar reason.
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In contrast, CO2 and N2 levels increased with higher ER values, aligning with findings
in the existing literature [78,79]. Consequently, an ER of 0.35 appeared to be optimal for
gas production.

3.4.2. Estimation of Gas Generation and Gas Efficiency

Table 10 offers predictions for the average gas species fraction generated. Consider
a gas yield (Fgas) of approximately 1.6 to 2.5 m3/kg of fuel pellets when calculating
gas conversion efficiencies. This reference value was derived from experimental data on
the combustion of different biomass pellets in a downdraft reactor with air-to-fuel ratios
ranging from 1.1 to 1.4, as reported by Erlich and Fransson [65]. Additionally, note that the
heating value of WSP is 19.06 MJ/kg (Table 1).

Table 10. Species gas composition for ER = 0.35.

Items Value

ER, % 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
LHV, MJ/kg 7.65 6.86 6.09 5.74 5.57 5.39 5.18 4.38

E f f gas
, % 64~100 58~90 51~80 48~75 47~73 45~71 43~68 37~57

Note: ER = equivalence ratio; LHV = lower heating value of gas. E f f gas
= production gas conversion efficiency.

Table 10 also illustrates the Lower Heating Values (LHVs) obtained from CFDs sim-
ulations at different Equivalence Ratios (ER). The LHVs ranged from 4.38 to 7.65. These
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findings align with prior research [80] even though they employed a 3D CFDs model with
solid fuel (Miscanthus briquettes). The gas conversion efficiencies during WSP combustion
varied from 51 to 80%, closely resembling the experimental hardwood pellet combustion
results of Brar, Singh [79]. The authors used the same reactor (GEK 10 kW) for hardwood
pellet combustion, recording a temperature of approximately 1473 K (1200 ◦C). Their find-
ings indicated that 21% of the mixture was CO, while 11%, 16%, and 2% were CO2, H2, and
CH4, respectively. Overall, this model provides a reasonably accurate prediction of WSP
combustion efficacy in the GEK 10 kW reactor.

3.4.3. Effect of Temperature on Gases Species Concentration

This CFDs model incorporated theoretical aspects like the devolatilization rate, volatile
decomposition scheme, oxidation, and reduction reactions, drawing from previous stud-
ies [81]. The model also considered the gas phase and solid particle reactions driven by
temperature variations in the reactor (Table 3) [82].

This study predicts the gas composition in a downdraft reactor with an Equivalence
Ratio (ER) of 0.35. Utilizing the CFDs model, the gas composition across a temperature
range of 770 to 1480 K for WSPs on a dry basis was calculated. Notably, the N2 content
increased slightly, while the CO concentration increased at higher temperatures (Figure 16).
Simultaneously, concentrations of H2 and CO2 decreased with rising temperatures. Further-
more, a CH4 concentration of zero beyond 1173 K suggests that the chemical reaction likely
concluded due to the high temperature (1173 K) of combustion. CH4 concentration dropped
to 0 beyond 1173 K during the biochar/char decomposition; it was observed that there was
almost no presence of CH4, indicating the possibility of no chemical reaction occurring.
These findings align with observations in the literature, as reported by Antonopoulos,
Karagiannidis [83], and Mathieu and Dubuisson [84].

Processes 2024, 12, x FOR PEER REVIEW 28 of 33 
 

 

3.4.3. Effect of Temperature on Gases Species Concentration 
This CFDs model incorporated theoretical aspects like the devolatilization rate, vol-

atile decomposition scheme, oxidation, and reduction reactions, drawing from previous 
studies [81]. The model also considered the gas phase and solid particle reactions driven 
by temperature variations in the reactor (Table 3) [82]. 

This study predicts the gas composition in a downdraft reactor with an Equivalence 
Ratio (ER) of 0.35. Utilizing the CFDs model, the gas composition across a temperature 
range of 770 to 1480 K for WSPs on a dry basis was calculated. Notably, the N2 content 
increased slightly, while the CO concentration increased at higher temperatures (Figure 
16). Simultaneously, concentrations of H2 and CO2 decreased with rising temperatures. 
Furthermore, a CH4 concentration of zero beyond 1173 K suggests that the chemical reac-
tion likely concluded due to the high temperature (1173 K) of combustion. CH4 concentra-
tion dropped to 0 beyond 1173 K during the biochar/char decomposition; it was observed 
that there was almost no presence of CH4, indicating the possibility of no chemical reaction 
occurring. These findings align with observations in the literature, as reported by Anto-
nopoulos, Karagiannidis [83], and Mathieu and Dubuisson [84].  

 
Figure 16. Effect of temperature on gas species. 

4. Conclusions 
This study utilized a 2D CFDs model to simulate the combustion process of wheat 

straw pellets (WSPs) in a fixed-bed downdraft reactor. The simulation incorporated a dis-
crete phase particle model, a non-premix combustion process, and a k-ε turbulence model.  

The ANSYS Fluent 2021R2 tool was used to investigate the impact of the Equivalence 
Ratio (ER) and temperature on gas composition. The model results were initially compared 
and validated against experimental data. The mathematical model agreed well with the 
experimental results concerning temperature and producer gas (CO2, CO, CH4). However, 
in the case of H2 gas, there are differences between simulation and experiment results, ne-
cessitating a reassessment of model assumptions. 

This study explored predicting variations in temperature, pressure, and velocity within 
the reactor. Based on the numerical predictions, several conclusions were drawn: 
 A higher temperature zone prevails beneath the air injection area. 
 Changes in the Equivalence Ratio influenced the heating value of gas and gas pro-

duction efficiency. 
 An ER of 0.35 appeared optimal for maximizing gas production efficiency. 

Figure 16. Effect of temperature on gas species.

4. Conclusions

This study utilized a 2D CFDs model to simulate the combustion process of wheat
straw pellets (WSPs) in a fixed-bed downdraft reactor. The simulation incorporated a dis-
crete phase particle model, a non-premix combustion process, and a k-ε turbulence model.

The ANSYS Fluent 2021R2 tool was used to investigate the impact of the Equivalence
Ratio (ER) and temperature on gas composition. The model results were initially compared
and validated against experimental data. The mathematical model agreed well with the
experimental results concerning temperature and producer gas (CO2, CO, CH4). However,
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in the case of H2 gas, there are differences between simulation and experiment results,
necessitating a reassessment of model assumptions.

This study explored predicting variations in temperature, pressure, and velocity within
the reactor. Based on the numerical predictions, several conclusions were drawn:

■ A higher temperature zone prevails beneath the air injection area.
■ Changes in the Equivalence Ratio influenced the heating value of gas and gas produc-

tion efficiency.
■ An ER of 0.35 appeared optimal for maximizing gas production efficiency.
■ An increased ER led to a decrease in CO and H2 composition and increased CO2

concentration.
■ A higher equivalence ratio (0.25~0.6) is responsible for the high nitrogen content

(42~67.3%) in producer gas.

These results provide valuable insights for improving the performance of fixed-bed
reactors using wheat straw pellets as a sustainable fuel source. This study offers impor-
tant information on optimizing combustion parameters to achieve efficient and clean gas
production. However, further research could be needed as follows:

- Validating the CFDs model for different reactor geometries or operating conditions.
- Investigating the influence of additional factors like particle size or moisture content

on combustion behavior.
- Optimizing reactor design for improved heat transfer and gas production yield.
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Nomenclature

ρ = the density of the fluid mixture t = time
Yk = mass fraction of species k in the fluid mixtures p = pressure
Ym = fluctuation dilation in compressible turbulence µiµj = velocity components
fkj = volume force acting on species k in the j direction τij = the viscus stress tensor
xixj = coordinates axes ∂ij = the tensor unit
µ = dynamic viscosity of the mixture ωk = the reaction rate of species k
Vki = the i-component of the diffusion velocity of species k Sk = user-defined source terms for k
qi = energy flux in the mixture Sε = user-defined source term for ϵ

et = total energy from chemical, potential, and kinetic energies σk= turbulent Prandtl numbers for k
.

Q= energy flux from the outer heating source σε = turbulent Prandtl numbers for ε
Si = source term for the i-th (x, y, z) momentum equation h = sensible enthalpy
Cp= specific heat at constant pressure ∆H = latent heat enthalpy
Ri = net rate of production of species, i href= reference enthalpy
Ri = net rate of production of species “i” by chemical reaction Tref = reference temperature
Cp= specific heat Yi = species i’s average mass
Gb = turbulence kinetic energy due to buoyancy fv = volatile fraction
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C = linear-anisotropic phase function coefficient m0
p = initial mass

hfg= latent heat of evaporation α = absorption coefficient
σ = Stefan constant, respectively. σs= Stefan–Boltzmann constant, 5.67 × 10−8 (W/(m2. K4))
FD(

→
µ − →

µρ) = drag force per unit particle mass. G = incident radiation
A = particle surface area
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