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of the CFD software modelling of
biomass gasification processes in downdraft
reactors

ZiTeng Yu,ab ZiXing Wang,ab HuiXiong Zhongab and KeKe Cheng *ab

Mathematical modelling and simulation of gasification processes are increasingly used in the scientific field.

This review explores the application of computational fluid dynamics (CFD) in modeling biomass

gasification processes in downdraft gasifiers. It discusses the different types of gasification agents used,

the composition of syngas, and key operational parameters influencing the process. The review then

delves into the aspects of CFD modeling, focusing on the implementation of sub-models within ANSYS

fluent software. The limitations of the existing literature are addressed, and strategies for enhancing

downdraft gasifier performance are proposed to facilitate successful commercialization.
1. Introduction

Biomass refers to any organic material generated as forest
residues or residual by-products of agricultural activities,
including solid-state or pulp waste derived from pruning
ornamental trees in urban environments, or remains from crop
cleaning to prevent pests and forest res.1,2 As agricultural
production continues to expand, the volume of residual by-
products also increases, oen leading to environmental
concerns.3 However, these wastes can be converted into thermal
or heat energy through thermochemical processes such as
direct combustion, pyrolysis, and gasication.4 In particular,
gasication is a promising technique for converting biomass
into clean energy.5,6 Among the different types of gasiers,
downdra gasiers are simple and economically designed, and
their application in biomass gasication has become
widespread.7

The global scientic community continues to evaluate and
offer possible solutions to the problems that affect the gasi-
cation process to expand the use of this technology in both
developed and developing countries. The main challenges
include understanding and predicting the parameters that
provide insights into the functionality of the gasication
process.8,9

Various methods are employed to predict the behavior and
functionality of the gasication process, which can be concrete
(direct measurements in pilot plants) or virtual (mathematical
equations used to describe the physical or chemical properties
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of the process). By employing these methods, variables are
analyzed and factors affecting the process are investigated. The
method is selected based on the purpose of fuel. Mathematical
modelling is essential for understanding and predicting
possible changes or alterations during the gasication
process.10 The advantage of mathematical modelling lies in
avoiding the high costs of experimentation and enabling the
study of different situations at varying levels of complexity solely
through computational means.9

The use of mathematical modelling and simulation has
increased as a means to study and predict changes in the
parameters that affect the biomass gasication process.10,11

These include thermodynamic models and kinetic models.
Thermodynamic models represent equilibrium via perfect
mixing and innite reaction time, offering exibility as they are
time-invariant and unaffected by dynamics. Kinetic models
predict non-equilibrium product distribution, system changes,
and residence times in chemical reactors.12 Computational uid
dynamics (CFD) modelling has shown particular promise, and
commercial soware programs such as ANSYS Fluent and
OpenFOAM are widely utilized.13,14

OpenFOAM and ANSYS Fluent are used for chemical engi-
neering uid dynamics, including reactors. They offer rapid
data generation, user-friendly interfaces, documentation, and
simplied biomass gasication simulation.15 It is easier for
researchers to use these soware programs for simulating
biomass gasication processes. A one-dimensional volume
particle model is coupled with ANSYS Fluent's dense discrete
phase model (DDPM) through user-dened functions to achieve
a multi-scale modeling approach. It exhibits good consistency
with experimental data within a feasible computational time
frame and allows for in-depth analysis of processes inside the
reactor. This enables tracking of individual reaction particles
while resolving gradients within the particles.16
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different designs of downdraft gasifiers: a gasifier with open top
(1) and a gasifier with closed top (2).
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The review will meticulously examine the application of
Computational Fluid Dynamics (CFD) in optimizing downdra
gasiers for biomass gasication, encompassing peer-reviewed
journal articles and conference papers published within the last
decade. The primary objective is to systematically analyze the
interplay between gasication agents, reactor types, and oper-
ational parameters on syngas composition, heating value, and
gasication efficiency. Inclusion criteria for studies will be
meticulously dened, prioritizing those employing CFD as
a core analytical methodology and ensuring the availability of
detailed data regarding model setup, parameters, and results.
The analysis will follow a structured and systematic approach,
focusing on key parameters and categorizing studies based on
the CFD model employed.

2. Gasification processes

During biomass gasication, water content, temperature,
lignocellulosic structure, and particle size are key factors that
affect the efficiency of gasication and the composition of the
syngas. When the water content in biomass increases from 20%
to 40%, the gasication efficiency decreases by about 10%.
Furthermore, an excessively high water content can lead to
a reduction in the hydrogen content of the syngas, as water
reacts with hydrocarbons to produce water vapor.1 Temperature
also has a signicant impact on the efficiency of gasication
and the composition of the syngas. When the temperature rises
from 700 °C to 900 °C, the gasication efficiency increases by
about 20%, while the hydrogen content in the syngas decreases
from 25% to 20%.3 The lignocellulosic structure refers to the
pore structure within the biomass, and its size and distribution
can affect the diffusion and transfer of gases, thereby inu-
encing the efficiency of gasication and the composition of the
syngas. The larger the lignocellulosic structure, the easier it is
for gases to diffuse and transfer, which is conducive to
improving gasication efficiency and the hydrogen content of
the syngas.4 Particle size also has a signicant impact on the
efficiency of gasication and the composition of the syngas.
When the particle size decreases from 1 mm to 0.5 mm, the
gasication efficiency increases by about 20%, and the
hydrogen content in the syngas also increases accordingly.
Therefore, during the gasication process, appropriate oper-
ating parameters should be selected based on specic circum-
stances to enhance the gasication efficiency and the hydrogen
content of the syngas.5

Gasication is a process in which incomplete combustion of
the fuel or, using different terminologies, partial oxidation,
occurs due to the insufficiency of a gasication agent.17–19 The
partial oxidation of the fuel provides energy for various
processes that occur during gasication such as drying, devo-
latilization, and reduction. The gaseous products of devolatili-
zation consist of CO, CO2, H2, CH4, H2O, steam, and light
hydrocarbons.20,21 Sometimes, tars and char are also present.
Tars, as organic byproducts, exist in the form of steam at the
gasication temperature (above 400 °C) and are in a liquid state
at ambient temperature, whereas at high temperatures, they can
decompose and form light gases such as CO, CO2, and H2.2,22
© 2024 The Author(s). Published by the Royal Society of Chemistry
Char is a solid residue that undergoes oxidation via heteroge-
neous reactions, producing CO and CO2 in proportions that
depend on the operating temperature, gasier, oxygen avail-
ability, and ash content of the biomass.
3. Classification of gasifiers

The study of the gasication process has spanned over two
centuries, resulting in various gasier congurations ranging
from small-scale laboratory (pilot plants) to industrial scale. A
comparative classication of the reactors can be made as shown
in Fig. 1.23

While this review primarily focuses on downdra gasiers, it
is crucial to acknowledge the existence and relevance of other
gasier types. A brief overview of these alternatives is provided
below to contextualize downdra gasiers within the broader
spectrum of gasication technologies.

All reactors differ in four main parameters: the medium
(gasication agent), the pressure applied, the heat source, and
the overall design. There are three design congurations, each
with several subcategories. For the purposes of this current
RSC Adv., 2024, 14, 28724–28739 | 28725
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review, below we provide a brief comparative analysis of uid-
ized bed design and xed bed design, focusing on downdra
and updra reactor types.

3.1 Fluidized gasiers

In uidized bed gasiers, air is introduced through a bed of pre-
treated solid particles at a velocity enough to keep the particles
in a suspended state and behave like a uid.24 This velocity is
known as the uidization rate and is crucial for these types of
gasiers.25,26 The fundamental purpose of uidized bed gasier
technology is to obtain syngas with a higher percentage of
hydrogen, which is a product of the biomass gasication
process.27 These gasiers have a lower temperature at the exit of
the process, leading to an increase in tar content because the
reactor temperatures do not reach the level necessary for the tar
to disintegrate into other chemical species.25,26,28

3.2 Entrained gasiers

Entrained ow gasiers use oxygen as the gasication agent,
operating at temperatures around 1200–1500 °C. This enables
the handling of a wider range of coal types and offers high
efficiency.29,30 However, the high temperatures and use of
microscopic fuel particles lead to increased energy consump-
tion and material costs, limiting their applicability for biomass
gasication.31–35

3.3 Updra gasiers

In updra gasiers, the gasication agent enters through the
bottom of the bed and moves upwards, while the fuel or
biomass moves from top to bottom.36 Similar to uidized bed
gasiers, updra gasiers also have lower temperatures at the
exit of the process, resulting in an increased tar content due to
the same reasons mentioned earlier.37–41

3.4 Downdra gasiers

As shown in Fig. 1, downdra gasiers have two reactor design
congurations: open and closed.42,43 The open design is widely
used today. Biomass is added from the top, simultaneously
drawing in primary air, ensuring no hot spots at the reactor inlet
and reducing inefficiencies in the thermochemical process.

A downdra is formed by a straight cylinder of thermo-
resistant material or an interior cylinder with a reduction
called a throat or nozzle. The latter is widely used for the gasi-
cation of poly-dispersed materials such as small, low-density
grain shells. The nozzle design is one of the most studied
congurations for downdra gasiers.44 Air enters the throat
area through several nozzles distributed radially in the center of
the gasier. These nozzles are the conduits for secondary air,
where biomass oxidation begins and heat transfer increases the
temperature in the reactor bed. Due to the heating of the bed,
drying zones appear and devolatilization starts. The synthesis
gas and biomass moved downward.45 In the absence of oxygen,
gasication reactions occur at high temperatures, thus the tar
concentration is low because temperatures reach the level at
which tar disintegrates into other chemical species.46–48 The
28726 | RSC Adv., 2024, 14, 28724–28739
disadvantage of downdra gasiers is that the high tempera-
ture of the gases at the process outlet leads to heat loss,
resulting in the formation of alkaline vapors and particles.49

Therefore, it is essential that the gas product of gasication be
cleaned for future use.50,51
3.5 Gaps in the existing literature

While extensive research exists on various gasier types,
comprehensive reviews specically focusing on downdra
gasiers and their CFD modelling are limited. This review aims
to ll this gap by providing a detailed analysis of downdra
gasier design, operational parameters, syngas composition,
and CFD modelling approaches. By consolidating existing
knowledge and highlighting potential areas for further investi-
gation, this review aims to contribute to the advancement of
downdra gasier technology and its successful
commercialization.
4. Parameters of studies in
gasification modelling

To address the question of key parameters in gasication
modeling, this section focuses on factors that signicantly
inuence simulation efficiency and accuracy. These parameters,
as identied through a review of various studies, include
moisture content, reactor temperature,52 equivalence ratio, and
particle size.53 The moisture content impacts combustion,
temperature distribution, and steam content. The reactor
temperature inuences reaction rates and syngas composition,
affecting LHV. The equivalence ratio controls temperature and
product yields, while the particle size affects gasication rates
and temperature proles. Optimizing these parameters
enhances simulation reliability and gasier performance.

The integration of feedstock properties in biomass gasica-
tion models involves considerations of moisture content,
particle size, and composition.54,55 The moisture content
impacts combustion time and matrix temperature, affecting the
reaction efficiency and steam content. The particle size affects
the reaction kinetics and product distribution, with smaller
particles enhancing H2 and CO production.52,56 Chemical
compositions including elemental ratios inuence gas forma-
tion.57 Thermodynamic and non-stoichiometric equilibrium
models are used to incorporate these parameters.58 Thermody-
namic models account for biomass type and composition but
require signicant computational resources, while non-
stoichiometric models are simpler but have limitations.59,60

Overall, these parameter optimizations can enhance the gasi-
cation efficiency and economics.

Model validation and calibration in biomass gasication rely
on a combination of experimental data, sensitivity analysis, and
comparison with established models. Experimental validation
involves comparing model predictions with experimental data
to adjust parameters until the model accurately captures the
process behavior.61 Sensitivity analysis identies inuential
parameters, ensuring their accurate representation and
assessing model robustness.23 Benchmarking with existing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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models and employing machine learning algorithms for pattern
identication and predictive modeling further enhances reli-
ability.62 Careful parameter selection, continuous renement,
and utilization of validated models are essential for maintain-
ing model accuracy and reliability.
4.1 Moisture content of the feedstock

A direct relationship has been demonstrated between the
moisture content in the biomass and the nal composition of
the gas obtained in the gasication simulation process.63 Amit
Kumar Biswas et al.64 observed that an increase in the moisture
content of the biomass leads to a prolonged combustion time of
the biomass pellets and an increase in the temperature of the
matrix. It is expected that the increase in the moisture content
of the biomass will decrease the temperature value in the drying
zone due to the relative heating of the feedstock upon entering
the gasication zone. The moisture content greatly affects the
reactor temperature, causing an increase in steam content,
which favors other reactions that are less efficient in energy
conversion.65,66

Andrés Melgar et al.67 demonstrated in their study that when
the ratio of air/fuel is higher, the moisture content of the
biomass is lower. Higher efficiency of cold gas is obtained in the
gasication process. Based on the variation in the preheating
temperature of the feed gas and the steam/air ratio (S/A), Yueshi
Wu et al.68 developed a 2D CFD model in ANSYS Fluent of
a downdra gasier with an HTAG-type technology. The
behavior of the temperature prole within the gasier and the
composition of the synthesis gas were analyzed. The authors
demonstrate that with the increase in bed temperature, the
residence time of the biomass decreases, causing an increase in
combustible gases (H2 and CO) and a decrease in tars. This
phenomenon does not occur with the decrease in temperature
inside the reactor, which would lead to a decrease in the LVH of
the gas and the appearance of condensed tars, which would be
detrimental to the gasication process. C. Dejtrakulwong et al.69

conducted a parametric study focusing on the effects of the
humidity of biomass and the air/biomass ratio on the height of
the fundamental zone of a downdra gasier. The authors show
an increase in the height of the pyrolysis zone and a decrease in
the reduction zone with the decrease inmoisture of the material
to be gasied. For the air/biomass ratio, there is a decrease in
the main areas of the downdra gasier when this ratio
increases. Shweta Sharma et al.70 reported a decrease in the
efficiency of the gasication process when the moisture content
in the biomass is higher; this behavior is similar in the study.71

Vladimirs Kirsanovs et al.72 focused their study on a real
downdra gasication facility with a nominal capacity of 400
kW. The investigation shows that biomass moisture, fuel
supply, and the ratio of secondary/primary air ows have
a signicant effect on the gasication process. The researchers
established that the decrease in the moisture content of the fuel
from 21.1 to 10.9% causes an increase in the efficiency of the
hot gas by 17% and the decrease in fuel ow causes a decrease
in the thermal capacity of the plant and the efficiency by more
than 5.0%.
© 2024 The Author(s). Published by the Royal Society of Chemistry
4.2 Effect of temperature on the gasication process

The reactor temperature signicantly impacts the gasication
process, inuencing reaction kinetics, equilibrium, tar forma-
tion, and overall efficiency.73–76

Studies have shown that increasing the temperature
promotes endothermic reactions such as steam gasication and
the Boudouard reaction, leading to higher CO and H2

production.77–79 This results in a decrease in CO2 and H2O
concentrations and an increase in the lower heating value (LHV)
of the syngas.78

This has been conrmed by studies in which biomass gasi-
cation with a steam/air mixture is evaluated as a gasication
agent.70,80,81 Additionally, higher temperatures can reduce the
tar content by promoting tar cracking and decomposition.20
4.3 Equivalence ratio (ER)

The equivalence ratio (ER), which compares the actual fuel-to-
air ratio with the stoichiometric ratio, plays a critical role in
the gasication process, affecting the reactor temperature,
syngas composition, efficiency, and tar formation.82–84 An
optimal ER is essential for achieving the highest lower heating
value (LHV) and minimizing energy losses.23 Studies by Ruk-
shan Jayathilake et al.85 and Pratik N. Sheth et al.86 highlight
that while a higher ER can increase the temperature and
promote complete combustion, it may also lead to increased tar
production; conversely, a lower ER can result in incomplete
combustion and reduced tar, but with a trade-off in LHV and
efficiency. Junxi Jia et al.87 analyzed the effect of the equivalence
ratio (ER), the biomass feed ow, and the steam/biomass ratio
in a downdra gasier; it is demonstrated that a warming of the
gasication zone increases the formation of combustible
species and causes an increase in the LHV of the gas. Chao Gai
et al.79 used air as a gasication agent in a downdra gasier to
evaluate the operation parameters. The temperature prole of
the reactor and the composition of the synthesis gas produced
by the process are studied. The author evaluated an ER ranging
between 0.18 and 0.41, demonstrating that the main charac-
teristics of the gasier are affected. The ER values between 0.28
and 0.32 result in an LHV, optimal with this value at 5.39MJ N−1

m−3, and an increase in cold gas yield of 73.61%. However, ER
values outside this range lead to a reduction in the previous
parameters. The CH4/H2 ratio experiences little or almost zero
ER variation. This is because the two species decrease in the
same way, although the fraction of H2 is much larger in relation
to the small variations of CH4.88,89

Pratik N. Sheth et al.86 studied the impact of the variation in
the ER parameter in a downdra gasier fueled with wood and
using air as the gasication agent on the composition of the gas
at the exit of the process. Their study reported that the trends in
the growth and reduction of CO and H2 fractions were consis-
tently opposite to those of N2 and CO2. The CO/CO2 and H2/CO2

ratios initially showed an increasing trend with the increase in
ER within the range of 0.18–0.32 but decreased for higher ER
values.90,91 Controlling the ER is therefore a balancing act to
ensure the desired syngas quality and process performance.
RSC Adv., 2024, 14, 28724–28739 | 28727
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4.4 Particle size

The particle size has a profound effect on gasication processes,
inuencing both reaction kinetics and product distribution.
Smaller particle sizes expedite the reaction process by
increasing the surface area available for reactions to occur,
leading to faster conversion of biomass to syngas and a greater
emphasis on the production of hydrogen (H2) and carbon
monoxide (CO).92,93 Conversely, larger particle sizes lead to
slower reaction rates, limiting the exposure of biomass to the
reaction environment and resulting in lower syngas produc-
tion.94 The size of the particles also dictates the distribution of
the products in the syngas. Smaller particles, with their greater
surface area, facilitate the endothermic steam gasication and
Boudouard reactions, leading to higher H2 and CO yields.
Larger particles, however, tend to favor the exothermic water–
gas shi reaction, resulting in increased production of carbon
dioxide (CO2) and water (H2O).93,95,96
4.5 Composition of the syngas obtained from different
studies

The gasication process is a series of thermochemical trans-
formations that convert biomass or solid organic materials into
combustible gases under high-temperature conditions (800–
1000 °C) and in the presence of gasication agents such as air,
oxygen, and steam.97–100 Depending on the gasication agent
and the origin of the biomass, various compositions and qual-
ities of process gases can be obtained.101

In the works of Z. A. Zainal et al.102 and P. P. Dutta et al.,103 the
focus is on downdra gasiers where the gasication agent is
air. Air as a gasication agent is the most widely implemented
technology today because the gasication process is simple and
economically feasible.104,105 V. M. Jaganathan et al.106 used an
O2–CO2 mixture for the thermochemical conversion of three
types of biomasses (agricultural waste, coconut shell, and wood
pellets) to enhance the low heating value (LHV) of the syngas. In
the study by Daniele Antolini et al.,107 a mixture of air and CO2

was used as the gasication agent. The injection of CO2 led to
an increased consumption of coal, favoring the Boudouard
reaction, resulting in a higher CO conversion compared to air
alone. The study showed a 20–30% reduction in the rate of
biomass consumption compared to air gasication alone.

The nal composition of the gas obtained during the gasi-
cation process depends on multiple factors including the
biomass and the gasier, as well as the operational conditions
(temperature, pressure, and gasication agent),108–110 as illus-
trated in Table 1.

All review articles report that the gas composition aer
conversion depends on the gasier and the gasifying agent used
in the process. As can be seen from Table 1, different gasifying
agents result in a range of heating values (HV) for the obtained
process gases. Using air as a gasifying agent is the most
common method because it is economic and easy to operate.
However, since air contains a large amount of nitrogen, it
dilutes the combustible gases in the output gas, leading to
a relatively low heating value of the syngas. Additionally, air
gasication typically produces more CO and less H2. Steam
28728 | RSC Adv., 2024, 14, 28724–28739
gasication or CO2 gasication can produce syngas with higher
heating values, especially at high temperatures. These methods
can produce hydrogen-rich syngas because they promote the
water–gas shi reaction and the methane reforming reaction.
These methods are usually more complex and costly, but they
are very attractive for producing high-heating-value gases or
hydrogen for specic chemical reactions. Using oxygen as
a gasifying agent can increase the heating value of the output
gas and signicantly increase the production of hydrogen. This
is because oxygen gasication produces more CO and H2,
thereby increasing the energy density of the syngas. However,
using pure oxygen as a gasifying agent is costly and requires
a more complex system to supply and operate the oxygen.

In summary, the choice of different gasifying agents has
a signicant impact on the effectiveness of biomass gasica-
tion, requiring a trade-off between cost, technical complexity,
and the quality of the output gas.
4.6 Optimizing gasication efficiency

The optimization of gasication processes is signicantly
inuenced by the interplay between temperature, particle size,
and equivalence ratio. Higher temperatures accelerate reaction
rates and shi reaction equilibria, promoting the formation of
hydrogen (H2) and carbon monoxide (CO).79,123 Smaller particle
sizes enhance the kinetics and favor H2 and CO production,
while larger particles tend to favor CO2 and H2O formation.92,93

The equivalence ratio (ER) controls the balance of chemical
reactions, inuencing syngas composition, efficiency, and tar
formation.85,86

These interactions are complex and must be carefully
managed to achieve optimal process performance. The ideal
conditions depend on the specic biomass type and desired
syngas product mix. By carefully controlling and optimizing
these parameters, researchers can enhance the kinetics of the
gasication process, tailor the product distribution to meet
specic process requirements, and maximize the lower heating
value (LHV) and efficiency of the syngas produced.85,86

In conclusion, the interactions between the temperature,
particle size, and equivalence ratio are pivotal for gasication
process optimization. These parameters must be carefully
controlled and balanced to achieve the desired syngas compo-
sition, maximize LHV, and minimize tar formation.
5 Numerical modelling

Over the years, various types of numerical and non-numerical
modelling have been developed, ranging from the simplest,
such as zero-dimensional modelling, to the most complex,
three-dimensional modelling.61,124–127 The models most
commonly described in the scientic literature include ther-
modynamic equilibrium modelling, kinetic modelling,
computational uid dynamics (CFD) modelling, and articial
neural network (ANN) modelling.128–130 A good model provides
assistance and identies the sensitivity of gasication perfor-
mance to variations in different operating and design
parameters.131
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of syngas with different gasification agents and types of gasifiers

Composition (vol%)

Gasication agent H2 CO CO2 CH4 N2 HV (MJ m−3) Reference

Air (downdra) 21.06 19.61 12.01 0.64 46.68 4.72 111
Air (downdra) 7.12 17.56 13.74 1.01 60.57 — 112
Air (downdra) 18.25 25.85 7.84 2.9 45.16 — 113
Air (downdra) 15.62 15.62 14.37 1.95 52.42 15.45 114
Air (updra) 11 24 9 3 53 5.5 115
O2 (downdra) 32 48 15 2 3 10.4 116
Air (BFB) 14.1 18.7 14.7 3.5 47.7 n.d. 117
Steam (CFB) 34.2 27.2 22.7 11.1 4.8 n.d. 118
Steam (BFB) 52 23 18 7 n.d. n.d. 26
Air (BFBD) 19.24 18.2 10.89 0.57 40.23 4.57 118
Steam (CFB) 43.6 33.2 11.7 11.5 — 1.3 119
Air (BFB) 5.0–16.3 9.9–22.4 9.0–19.4 2.2–6.2 41.6–61.6 3.7–8.4 120
Steam (BFB) 38–56 17–32 13–17 7–12 0 12.2–13.8 120
Oxygen (open top) 30–34 30–37 25–29 4–6 — 10–15 121
Steam/CO2 (open top) 24–50 30–45 10–19 5–12 — 12–20 121
Oxy/steam (downdra) 45–51 13–25 15–20 1–4 — 7–10 122
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The mathematical description of the biomass gasication
process is generally based on the laws of heat andmass transfer,
energy laws, and the principle of momentum conservation.
More complex models are employed to analyze the uid
dynamics and chemical reactions. The simplest models
consider material and energy balances throughout the reactor
to predict the composition of the gas produced, without taking
into account chemical processes and reactions. These models
include global mass and heat balances throughout the reactor
and are referred to as equilibrium modelling.

Many researchers have analyzed the processes of mathe-
matical modelling and simulation, which has made them faster
and less expensive to perform. The modelling and simulation of
the gasication process is a complex phenomenon, involving
the transformation of organic matter based on its carbonaceous
structure. The simulations achieved during the research
provide invaluable information for understanding the physi-
cochemical processes occurring within the reactor, thus facili-
tating future design, construction, and optimization of
gasication equipment.
5.1 Thermodynamic equilibrium modelling

The Gibbs free energy minimization principle serves as the
foundation of thermodynamic equilibrium modelling, oen
referred to as zero-dimensional modelling.132,133 When the
gasier achieves chemical equilibrium, its composition is
deemed the most stable, at which point entropy increases and
the Gibbs free energy is minimized. Thermodynamic equilib-
rium modelling can serve as a useful tool for predicting the
possible composition of the syngas at the reactor outlet and for
studying the effects of different process parameters on the gas
obtained at the outlet of the gasier. However, thermodynamic
equilibrium modelling cannot assess the effects of uid
dynamic or geometric parameters, uidization velocities of
uidized beds, or the height of the gasier, among other design
variables. There are two ways to establish chemical equilibrium:
© 2024 The Author(s). Published by the Royal Society of Chemistry
using equilibrium constants (stoichiometric methods) and by
directly minimizing Gibbs free energy (non-stoichiometric
methods).134,135

The stoichiometric model requires clearly dened reaction
mechanisms, where chemical reactions and the species
involved in the process are incorporated. The main objective of
this modelling is to evaluate the equilibrium constants of a set
of reactions that can be associated with Gibbs free energy. It is
necessary to establish the specications of the chemical reac-
tions and the species involved in the process. The non-
stoichiometric model focuses on the direct minimization of
Gibbs free energy in the system, without the need to propose
possible reactions that could be carried out.

In equilibrium modelling, only the elementary composition
of the biomass expressed in the form of separate chemical
species is required, such as C, H, O, N, and S if the biomass
contains it.136 This is why thermodynamic or thermochemical
equilibrium modelling is particularly suitable for cases where
all possible reactions that may occur in the gasication process
are not required. It should be noted that researchers who
describe these two models in detail use the Lagrange method as
an optimization method to perform the minimization of Gibbs
free energy.55,65 Other optimization methods could also be used
to achieve the same goal. Conducting a comparative study of
different methods of minimization, as well as their results,
could be a topic for future research.
5.2 Kinetic modelling

Kinetic modelling can explore a wide range of factors that
equilibriummodels cannot. The models are founded on kinetic
principles, which elucidate the chemical reactions occurring
throughout the biomass gasication process, and they are
indispensable for the development, evaluation, and enhance-
ment of gasiers.137 For instance, residence time, gasier
design, fuel feeding rate, and reactor hydraulics can all be
predicted using these models. The kinetic model can also
RSC Adv., 2024, 14, 28724–28739 | 28729
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accurately describe the conversion mechanisms throughout the
length of the gasier.138 Kinetic mechanisms involve parameters
such as the hydrodynamics of the reactor, the residence time of
biomass particles, the length of the reactor, reaction rates, and
the formation of chemical species.

Equilibrium modelling calculates the maximum yield that
can be obtained under equilibrium conditions, which may
differ signicantly from the actual yield achieved within the
gasier. Although these models are convenient choices for
embedding in owsheet calculations for system-wide analysis,
their output reliability is lower. Kinetic modelling may be more
suitable if a more precise model is required, as it requires
knowledge of reactor hydrodynamics, energy, and mass
balances to obtain the gas yield at a specic operating state.139

In summary, kinetic modelling includes not only reaction
and transport dynamics but also a distribution and trans-
formation model of biomass particles within the reactor,
analyzing discrete phases in different gasication zones. These
models provide a set of parameters for investigating the
behavior of the biomass gasication process via simulation,
although they require more programming and computational
time for simulation.140 Many authors have conducted signi-
cant work aimed at analyzing kinetic modelling, as can be seen
in studies.138,141–144 These studies address issues related to
kinetic modelling and present different solutions to these
arising issues.
5.3 CFD modelling

Kinetic models rely on detailed chemical reactions that are not
dependent on the reactor geometry.47 The limitations of kinetic
models are addressed through CFD modelling, which involves
the combined solution of mass, momentum, energy, turbu-
lence, and uid dynamics of ow. It provides a better under-
standing of the interactions between different phases and
reactions inside the gasier. The results can then be used to
optimize the operation of downdra gasiers, leading to the
production of higher-value syngas. Meanwhile, the increasing
popularity of downdra gasiers and the applicability of the gas
obtained from the gasication process have prompted us to
conduct this literature review, aiming to unify and explain the
various methods, models, and sub-models used in CFD, and to
provide a reliable research path for new researchers while
guiding research in the commercial CFD soware.

In the literature review, it is observed that authors propose
the use of different analytical models, methods, and forms.
Maria Puig-Arnavat et al.145 conducted a review with the objec-
tive of comparing and analyzing various biomasses used in the
gasication process. In their study, they mention gasication
models proposed by different authors and briey describe the
properties of different types of gasiers. The research does not
mention CFD modelling but refers to Aspen Plus as a robust
soware program. It also analyzes different gasication agents
and briey introduces Articial Neural Network (ANN) optimi-
zation processes.

Tigabwa Y. Ahmed et al.146 refer to mathematical modelling
techniques that focus on the formation of chemical species,
28730 | RSC Adv., 2024, 14, 28724–28739
particularly hydrogen. For a better understanding, they cate-
gorize the models into two broad categories: mathematical
modelling (equilibrium, kinetic modelling) and modelling and
simulation (CFD). They do not refer to the so-called ‘black box
testing soware’ such as Aspen Plus or DWSIM as modelling or
simulation tools. The research by Dipal Baruah et al.139 is
entirely based on the biomass gasication process in uidized
bed-type gasiers. Focusing on chemical and kinetic equilib-
rium modelling, they briey mention CFD modelling and some
techniques used in them. Similarly, ANN techniques are
proposed without going into any depth. In the work of Tapas
Kumar Patra et al.,140 various models of the downdra-type
gasication process were analyzed, including thermodynamic
numerical modelling, balance modelling, kinetic, CFD, ANN,
and Aspen Plus. Patra performed a critical analysis of the effects
of some gasication process parameters and presented the
advantages and disadvantages of each modelling technique.
The article refers to many processes but does not analyze them
in depth; it serves as an informative basis for what was achieved
in research in 2015. M. La Villetta et al.23 presented a vision of
different models, namely: thermodynamic, kinetic equilibrium,
and Articial Neural Network (ANN). The scope seems fairly
restrictive as CFD modelling is not discussed, and other models
mentioned are described very generally. The article studies
some parameters that affect the gasication process and their
inuence on the composition of the gas obtained in the process.
However, it does not propose any techniques such as ANN to
optimize the gasication process. Jürgen Karl et al.147 in their
work provided a layout and sizing of the so-called dual uidized
bed (DFB) gasiers and studied the characteristics and opera-
tion of these types of gasiers working with steam as a gasi-
cation agent. The article also reviews the interaction properties
of the biomass and the bed, the efficiency of the gas obtained
and its quality in the DFB gasiers. However, this work does not
mention CFD modelling or any optimization methods. The
work of Ana Ramos et al.53 studied different modelling tech-
niques of biomass gasication and co-gasication processes.
The article is based on the dynamic modelling of uids, kinetic,
thermodynamic, and computational modelling. The review
introduces the topic in general, without emphasizing ANN and
only mentioning some of the programs that utilize the CFD
methods without going into any specics. Sahar Safarian
et al.148 in their study investigated different gasication models,
focusing on uidized bed gasiers. The study showcases
a number of published articles on gasication process model-
ling. These articles are selected to serve the author's purpose, so
the vast majority are models applied exclusively in uidized bed
gasiers. The authors emphasize thermodynamic, kinetic, and
kinetic/equilibrium modelling, stating that thermodynamic
equilibriummodelling is the most widely used. Although a brief
description of CFD and ANN modelling is provided, the study
diminishes the importance of these modelling algorithms,
despite the fact that their use has been increasing in the
scientic community worldwide.

The study of biomass gasication attempts to explore alter-
native approaches to facilitate a deeper understanding of this
thermochemical process. As biomass gasication research
© 2024 The Author(s). Published by the Royal Society of Chemistry
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becomes increasingly complex, the computational methods
involved have also become extremely intricate, with iterative
processes consuming a signicant amount of time. These
programs employ computational uid dynamics (CFD) model-
ling systems, typically denoted by the acronym CFD in
English.149 CFD is a computationally intensive program used
globally to achieve simulations and models that closely
resemble the reality of a given process, thereby reducing the use
of material resources and lowering the costs of new projects.150

Computational uid dynamics has been utilized as a crucial
design tool in various industrial sectors, and CFD techniques
have demonstrated the capability to provide accurate predic-
tions for certain chemical processes.151,152 Unlike previous
models, CFDmodelling offers a visual andmore comprehensive
representation of the biomass gasication process. It provides
quantitative and qualitative solutions to the physical and
chemical processes in biomass gasication plants; it allows for
simulations using different operational parameters of a reactor
in a more cost-effective manner.

Computational Fluid Dynamics (CFD) can be instrumental
in the process modelling that takes place inside biomass reac-
tors, including various types of downdra gasiers. It serves as
an advanced tool that assists in the analysis and comprehen-
sion of the gasication process, providing temperature proles
and the potential formation of distinct chemical species, as well
as parameter proles specied by researchers in their
solutions.149,153

This computational method is based on the numerical
solution of the Navier–Stokes momentum equations and the
transfer and conservation of mass. Some studies have been
conducted on the numerical solution of ow equations for
typical uids, whether in differential or vectorial form.26,154,155

CFDmodelling is based on simulating patterns (such as velocity
proles, temperature, pressure, chemical species, or ow vari-
ables) within a given geometry, which involves solving a set of
equations that govern the modelling. This starts with the frag-
mentation of the geometry (control volume) into small
geometric segments (volume or nite elements), creating
a computational mesh where the variables of interest are solved.

Some guidelines for the proper use of solution-adaptive
renement and grid-independent are guided as follows:

� The surface mesh must be ne enough to adequately
represent the important features of the geometry.

� The initial mesh should contain enough cells to capture
the essential features of the ow eld. Subsequent gradient
adaptation can be used to sharpen the shock and establish
a grid-independent solution.

� A reasonably well-converged solution should be obtained
before you perform an adaptation. If you adapt to an incorrect
solution, cells will be added in the wrong region of the ow.
However, you must use careful judgment in deciding how well
to converge the solution before adopting, because there is
a trade-off between adapting too early to an unconverged solu-
tion and wasting time by continuing to iterate when the solu-
tion is not changing signicantly. Note that this does not
directly apply to dynamic adaptation, as here the solution is
© 2024 The Author(s). Published by the Royal Society of Chemistry
adapted either at every iteration or at every time step, depending
on the solver being used.

� When performing gradient adaptation, you must select
suitable variables. For some ows, the choice is clear. For
instance, adapting to gradients of pressure is a good criterion
for rening in the region of shock waves. In most incompress-
ible ows, however, it makes little sense to rene pressure
gradients. A more suitable parameter in an incompressible ow
might be mean velocity gradients. If the ow feature of interest
is a turbulent shear ow, it will be important to resolve the
gradients of turbulent kinetic energy and turbulent energy
dissipation, so thesemight be appropriate renement variables.
In reacting ows, the temperature or concentration (or mole or
mass fraction) of reacting species might be appropriate.

� Poor adaptation practices can have adverse effects. One of
the most common mistakes is to over-rene a particular region
of the solution domain, causing very large gradients in cell
volume. This can adversely affect the accuracy of the solution.

The discretization (in space and time) of the differential
equations results in a system of algebraic equations; their
numerical solution yields the unknowns of the problem in each
element of the mesh, which are the distributions of the velocity
and temperature components.149,153 This approach to solving
the Navier–Stokes equations in either 1D, 2D, or 3D has been
created with commercial soware programs such as ANSYS
Fluent, CFX, CFD2000, CFD, and Phoenics, mentioned in the
course of this review. This soware has been utilized in many of
the latest research projects because it offers the option to
simulate various congurations and process operations for this
gasication. Table 2 presents a set of articles where different
models are used according to the gasier and other parameters
that inuence the choice of an appropriate modelling strategy.

Simulation in commercial CFD solution soware such as
CFX Fluent, STAR-CD, STAR-CCM, OpenFOAM, and COMSOL
MULTI FACE, among others, has been employed in numerous
scientic research projects, both for dynamic modelling and for
simulating various types of gasication processes now in prac-
tice. J. Ward et al.173 developed a model using ASPEN PLUS to
maximize the yield of products obtained during pyrolysis, such
as bio-oils, biochar, and syngas; their study utilized four types of
biomass (green waste, pine chips, wood, and birch). The
formation of chemical species in the syngas was analyzed based
on the temperature, operating conditions, and biomass char-
acteristics. The authors noted and demonstrated that crushed
green waste is more efficient in producing bio-oil, as it has
a higher cellulose content and lower moisture. Bhargav Manek
et al.174 conducted research on the gasication of coal in an
updra gasier, using a steam/air mixture as the gasication
agent. ANSYS Fluent was used for the simulation and numerical
modelling of the gasier. In this work, the authors employed
various parameters, such as the equivalence ratio (ER) ranging
from 0.24 to 0.36. To simulate the coal gasication process, an
Euler–Lagrange-type discrete phase approach was adopted. The
soware yielded temperature proles along the reactor and
syngas compositions that varied with the operating parameters
proposed by the researcher. The authors stated that increasing
the steam/air ratio promotes the formation of H2 in the gas
RSC Adv., 2024, 14, 28724–28739 | 28731
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Table 2 Numerical modelling of biomass gasifiers

References Soware Oxidizer Type of gasier
Type of
feedstock Studied parameters Started models

Luc Gerun et al.156 2D axisymmetric CFD Air/Steam Downdra Wood chips The nozzle surface
area

Model RNG k-epsilon

Air injection velocity Eddy dissipation
concept
Experimental number

A. Rogel-Ramı́rez157 2D CFD PHOENICS
algorithm IPSA

Air Downdra Rice husk Air to feed Conservation
equations

Biomass to feed Eulerian model/k-
epsilon model

Gas composition Numerical/validated
with bibliography

Cleiton B. da
Porciúncula et al.158

ANSYS® CFX 11.0, CFD,
3D

Air Downdra Wastes,
leather
industries

Syngas composition Turbulence model k–w
(frequency))
Numerical

I. Janajreh et al.159 ANSYS uent, CFD Air Downdra Wood chips The temperature along
the gasier equivalent
ratio

Turbulence model
standard k-epsilon

2D axisymmetric Composition of
adiabatic and non-
adiabatic outow gases

The discrete solid
particle phase solved
in a Lagrange frame of
reference (DPM)
Experimental and
numerical

Keran D. Patel
et al.160

Fluent 6.2.16 2D Air Downdra Lignite Temperature ow
pattern formation

Turbulence model
standard k-epsilon

Turbulence and
product gas
composition

Eddy dissipation
combustion model
Probability density
function (PDF)
Non-Premixed
combustion model
Second-order
discretization
numerical

Xijia Lu et al.161 ANSYS uent Oxygen Entrained Coal Different radiations in
a gasier model

Focus Euler–Lagrange
discrete
Transfer Radiation
model (DTRM)
Radiation model, P-1,
Rosseland
Surface-to-surface
(S2S), and discrete
Ordinates (DO)
turbulence model
Standard k-epsilon
numerical

H. Liu162 ANSYS uent and
programming language
C, 2Dy3D

Air Circulating uidized
bed

Biomass Equivalence ratio Turbulence model
RNG k-epsilon

Char combustion
distribution coefficient

Eulerian–Eulerian gas–
solid drag model
Gidaspow's model
Radiation model P-1
Numerical

Rahul Gupta
et al.163

ANSYS uent, 2D Air Downdra Sobabul wood Airow, the number of
air intake points

Turbulence model
standard k-epsilon
Radiation model P-1
Discrete phase
Species transport
Experimental and
numerical

Xiaoke Ku et al.164 OpenFOAM (CFD-DEM)/
3D

Steam Fluidized bed Pinewood Steam/biomass ratio
reactor temperature

Eulerian–Lagrange
multi-phase model

28732 | RSC Adv., 2024, 14, 28724–28739 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

References Soware Oxidizer Type of gasier
Type of
feedstock Studied parameters Started models

Biomass retention
time

Numerical

Biomass injection in
different positions

Pubet Meenaroch
et al.165

CFD uent 2D
axisymmetric

Air Downdra Wood chips Gasier inlet airow

Euler–Lagrange
multiphase model
Syngas composition Turbulence model

standard k-epsilon
Reactor
temperature

Numerical

M. anil et al.153 ANSYS Fluent/2D Air/steam Bubbling uidized
bed

Sawdust Equivalent ratio Multi-phase model
Eulerian–Eulerian

Steam/biomass ratio Numerical
Airow
Steam temperature

Aytekin Gel et al.166 MFIX/3D Steam/
oxygen

Bubbling FB Coal Coal ow Multi-phase model
Eulerian–Eulerian

Coal particle diameter Experimental and
numericalSteam/oxygen ratio

Hui Liu et al.167 Barracuda reactor
virtual/3D

Steam/
oxygen

Dual uidized-bed Almond
prunings

Reactor temperature The gas phase is
described by the large
Eddy simulation (LES)

Steam/biomass ratio MP-PIC (multiphase
particle-in-cell)

Combustion air supply Experimental and
numerical

S. Rupesh et al.165 ASPEN plus Air/steam R Gibbs- Sawdust Gasier temperature Non-stoichiometric
quasi-steady state
model

Effects of
CaO
addition

Equivalence ratio (ER) Total Gibbs free energy
of the system is
minimum

Steam/biomass ratio Numerical
Linbo Yan et al.168 OpenFOAM/3D Steam Dual uidized bed

(DFB)
Biomass Fluidization rate MP-PIC

Biomass feed cup DEM
The diameter of
biomass particles

Eulerian model

Bed temperature Numerical
R. Esquivel et al.169 ANSYS Fluent/3D Air Downdra Sawdust

pellets
Inlet airow to the
gasier

Multi-phase model
Eulerian–Eulerian

Syngas chemical
composition

Turbulence model
standard k-epsilon
Experimental and
numerical

Chen Juhui et al.149 ANSYS 16.0 with the
self-programming code
2D

Steam/air Internal circulating
uidized bed (ICFB)

Coal/Biomass Circulation time Euler multiuid model
with the kinetic theory
of granular mixing
(KTGM)

Ratio of equivalences Experimental and
numericalSteam/biomass ratio

Biomass feed ow
Xiaoyan Gao et al.170 ANSYS Fluent/2D Air Entrained ow Rice husk Gasication

temperature particle
diameter

Turbulence model
standard k-epsilon

Air/CO2 Equivalent ratio Euler–Lagrange model
CO2/biomass ratio Eddy-dissipation

Experimental and
numerical

Mikael Risberg
et al.171

ANSYS CFX Air Cyclonic Wood dust Mass fuel ow Euler–Lagrange model
Mass airow Turbulence model

standard k-epsilon
Equivalence ratio (ER)

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 28724–28739 | 28733
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Table 2 (Contd. )

References Soware Oxidizer Type of gasier
Type of
feedstock Studied parameters Started models

Experimental and
numerical

Xiaoyan Gao et al.172 ANSYS Fluent/2D Air Entrained ow Coal Turbulence Euler–Lagrange model
Syngas composition Turbulence model

standard k-epsilon
Product equivalent
ratio

UDF
Eddy dissipation
P-1 radiation model
Numerical

Tamer M. Ismail
et al.89

COMMENT-code/2D Air Fluidized bed Coffee husks Equivalent ratio Eulerian multiuid
model

The moisture content
of biomass

Turbulence model
standard k-epsilon
Experimental and
numerical

Phuet
Prasertcharoensuk
et al.20

ANSYS Fluent/3D Air Downdra Wood Throat diameter Eulerian–Eulerian
model

Throat diameter ratios
gasier area

Turbulence model
standard k-epsilon

Quantity positions air
intake nozzles

Numerical

Yueshi Wu et al.68 ANSYS Fluent/2D Steam/air Downdra Wood pellets Steam/air ratio Eulerian–Eulerian
model

The preheating
temperature of the
gasication agent

Model eddy
dissipation

Biomass ow Turbulence model
standard k-epsilon

Inlet airow Numerical
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produced by gasication. All results were compared with a real
gasier of the same type and parameters, showing consistency
between the data obtained from numerical simulations and
experimental simulations. The importance of validating
numerical simulation results against experimentally obtained
data is worth emphasizing. In this case, the authors validated
their numerical simulation against a commercial plant used by
the ceramics industry in Morbi (India). Keran D. Patel et al.160

utilized uid dynamics in the Fluent solver to simulate the
gasication process in a downdra scheme. The authors used
coal as the raw material and air as the gasication agent. This
article constructs and meshes the control volume in GAMBIT;
this soware only allows for the construction, meshing, and
marking of boundary conditions; the simulation was carried out
by Fluent in this case. Keran D. Patel et al.160 evaluated various
parameters to study the efficiency of the gasier, the tempera-
ture prole along the reactor, the turbulence, and the formation
of chemical species throughout the entire control volume. The
authors compared the simulation results with those available in
the literature. Thus, it can be seen that many authors success-
fully use the CFD soware for their research, with some of the
work reviewed in this article.175,176

Computational Fluid Dynamics (CFD) has been applied to
the modelling of numerous biomass gasication processes,
although all of these processes share a common feature: the
28734 | RSC Adv., 2024, 14, 28724–28739
Navier–Stokes equations, which describe the conservation of
mass, energy, and momentum in all possible dimensions.
According to the literature consulted, a large number of articles
have authors who use commercial soware for modelling to
predict the composition of the syngas product of the biomass
transformation process.177 Other studies focus on the impact of
ER (equivalence ratio) on species formation and the tempera-
ture prole of the model. All of these studies are validated
through models proposed by the researchers.

The study is based on the regulation and simulation of
downdra gasication, aiming to assess the possibility of using
waste from the leather industry in Rio Grande do Sul, Brazil, to
produce energy. The simulation is carried out in a commercial
CFD simulation package within the CFX 11.0 soware. The
researchers simulated the four main zones of downdra
gasiers (drying, devolatilization, reduction, and combustion),
and the temperature prole within the gasier. Christian Maier
et al.178 in their article described a two-phase ow model within
a xed carbon bed gasier. The comparison of the simulation
results with the data shown in the literature yields a good
approximation. Additionally, optimal operating parameters are
predicted to achieve the highest efficiency.179

Rahul Gupta et al.163 used CFD to analyze the performance of
a 10 kW downdra gasier. The model was simulated in ANSYS
Fluent, using a transport model of species with volumetric
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions and particle surfaces to calculate the temperature of
the syngas at the exit of the simulation and the mass fraction of
each element that composes it.

Umesh Kumar et al.78 developed a two-dimensional multi-
phase numerical model (2D) to simulate the gasication
process of rubberwood, specically the discrete phase model
(DPM), focusing on the Euler–Lagrange equations. The model
was used to determine the relationship between the gas
composition at the exit of the process and different equivalence
ratio (ER) values. The ER values within the range of 0.35 to 0.6
were studied, which indicates that as the ER value increases, the
temperature in the oxidation zone increases due to the
increased concentration of O2 in the oxidation zone.

Pichet Ninduangdee et al.180 studied two models of a pres-
surized circulating uidized bed carbon enhanced with CO2, to
predict the composition of the syngas at the exit of the gasi-
cation process.154,181 These two simulation models were devel-
oped in commercial soware ANSYS Fluent and CPFD
Barracuda. Model generation and simulation provided an
approximation of the process development and the composi-
tion of the gases at the exit, which were compared with an
experimental plant. The authors veried that the temperature
distribution obtained in the overall simulation in both
programs was consistent with that shown experimentally,
although in Fluent, the temperature and appearance of chem-
ical species were better approximated compared to the CPFD
model. It was also conrmed that enrichment with CO2 as
a gasication agent could increase the concentration of CO per
unit of fuel in the syngas and thus improve the efficiency of the
process.

Rahul Gupta et al.163 presented an innovative model for the
combustion of packed biomass bedding, considering an Euler–
Granular model for the hydrodynamics of the multiphase ow
of particle-gas and a thermally thin particle model. The new
xed-bedmodel has the advantage of considering the proles of
species and energy formation of the combustion bed close to
reality and allows us to consider the physical and chemical
properties of the fuel particles, as well as the inuence of the
primary air intake on the efficiency of the process. Ravi Kumar
Rachamala et al.182 used ANSYS CFX 11.0 to analyze the
temperature distribution throughout the gasier chamber and
analyze the airow in the process. They adjust the nozzle angles
in the reduction chamber from 0° to 30° with four nozzles in
circles. A reduction in the airow rate in the central region was
observed when the angle was 0°, not so when the angle of the
nozzle increased to 30°. The comparison of all cases in the
article shows that the best design is a throttle nozzle with an
angle of 30° and four inclined nozzles with the same angle,
achieving almost complete gasication with maximum
temperatures of 1483 K.

The validation and calibration of CFD models for biomass
gasiers involve comparing model predictions with experi-
mental data, sensitivity analysis, benchmarking, mesh inde-
pendence studies, and statistical analysis. These techniques
ensure the model's accuracy by aligning predictions with
physical observations, reducing errors, and enhancing predic-
tive capabilities. Key references include Wang et al.183 for
© 2024 The Author(s). Published by the Royal Society of Chemistry
experimental validation, Bilbao et al.184 for sensitivity analysis,
Kumar and Shankar185 for benchmarking, Yu et al.186 for mesh
independence, and Pan et al.187 for statistical analysis.

The challenges in CFDmodeling of biomass gasiers involve
complex reaction mechanisms, turbulent ow, heat and mass
transfer, and biomass heterogeneity. Addressing these includes
detailed reaction mechanisms, advanced turbulence models,
enhanced heat and mass transfer models, and accounting for
biomass heterogeneity. The validation of high-quality data is
crucial. These challenges can be addressed through a multidis-
ciplinary approach, combining expertise in chemical engi-
neering, uid dynamics, and computational methods.

6 Conclusion and outlook

This comprehensive review elucidated the pivotal role of
Computational Fluid Dynamics (CFD) in modeling the complex
process of biomass gasication within downdra gasiers. The
study systematically analyzed the results of various investiga-
tions, categorizing them based on critical parameters such as
gasication agents, reactor types, and operational conditions.
This approach reveals the interplay between these factors and
their impact on syngas composition, heating value, and gasi-
cation efficiency.

The ndings emphasize the versatility of CFD in predicting
the performance of downdra gasiers under diverse operating
scenarios. By simulating uid dynamics, heat transfer, and
chemical reactions, CFD models offer valuable insights into
potential challenges such as tar/char formation and tempera-
ture distribution. This information is crucial for optimizing
gasier design, guiding parameter selection for maximum effi-
ciency and environmental friendliness, and facilitating virtual
testing to expedite product development.

Looking ahead, several avenues for future research beckon.
Investigating the inuence of various feedstocks on gasication
efficiency and syngas composition remains essential. Exploring
the integration of CFD with optimization techniques such as
Articial Neural Networks (ANN) could further enhance the
prediction accuracy and design optimization. Additionally,
studying the long-term behavior and durability of gasiers
under different operating conditions is vital for their successful
commercialization and widespread adoption.

This review underscores the transformative potential of CFD
in advancing the eld of biomass gasication within downdra
gasiers. The insights gained contribute to a deeper under-
standing of the complex processes involved and pave the way for
the development of more efficient and sustainable gasication
technologies. As research continues to rene CFD models and
explore new optimization techniques, the full potential of
biomass gasication as a viable energy source for a sustainable
future draws nearer.

Data availability

No primary research results, soware or code have been
included and no new data were generated or analysed as part of
this review.
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73 A. Pitkäoja and J. Ritvanen, Energy, 2022, 244, 123201.
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