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Abstract
Conventional direct combustion and gasifier stoves operate a packed bed combustion technology, which is not favorable for
combustion of fine solid biomass such as charcoal fines because of the compact nature of these fuels, which blocks airflow,
leading to incomplete combustion. Conversely, fluidized bed combustion technology would effectively combust fine fuels;
however, this is largely a monopoly of the industrial sector for processes such as heating, drying, separation, power generation,
among others, and has never been adopted in cookstove designs despite its high-quality combustion and heat transfer potential.
This study, therefore, presents the design, modeling, and simulation of a fluidized bed cookstove specifically developed for
the direct combustion of charcoal dust, without the need for briquetting. The cookstove employed a bubbling fluidized bed
combustion mechanism to enhance fuel–air mixing, hence promoting complete combustion and improving heat transfer. The
stove design was a result of mathematical modeling using empirical formulae from previous studies. Computational Fluid
Dynamics (CFD) was employed to model and simulate both the hydrodynamic behaviour and combustion processes within
the reactor, thereby predicting the model performance. The cookstove featured a funnel-shaped combustion chamber with a
dense phase region (Ø0.106 m × 0.119 m), a lean phase region (Ø0.212 m × 0.064 m), and a total reactor height of 0.182 m.
CFD results indicated dense phase particle concentration with no entrainment and a maximum combustion temperature of
726.8°C.

Keywords Fluidized bed cookstove · Charcoal dust · Fluidization · Computational fluid dynamics

1 Introduction

Biomass resources of both raw (agricultural residues, animal
waste, wood) and processed (charcoal, briquettes, pellets)
naturesmake up about 80%of cooking energy in sub-Saharan
Africa (Okino et al. May 2021). Direct combustion of solid
biomass is the most practical and cost-effective method for
domestic cooking (Mukunda and Professor 2022), explain-
ing why most cookstoves are direct combustion rather than
indirect combustion or gasifiers (Memon et al. Sep. 2020).
Both direct combustion and gasifier stoves, whether forced
or natural draft, operate with a packed bed of fuel, where
the fuel remains stationary relative to airflow (Sutar et al.
Apr. 2017). However, these stoves are suited for medium or
coarse fuels, and not fine particle fuels like charcoal dust.
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Birzer, et al. (2019) observed that larger fuel pieces (D/5)
burn longer and more efficiently than smaller ones (D/10).
Deng et al. (2018) noted that small particles can block air-
flow, hinder pyrolysis, extinguish flames, or reduce efficiency
due to poor air–fuel ratios. In addition, Tanui et al. (2018)
reported that its low durability further limits performance
in solid-fuel stoves. Furthermore, works of Hwangdee et al.
(2023) revealed that charcoal dust’s low bulk density requires
frequent refilling compared to lump charcoal. Moreover, low
fuel density shortens the combustion period of a fuel (Sen
et al. 2016). In spite of the case made for charcoal dust not
being suitable for use in existing charcoal stoves, it is contin-
ually generated during transportation, storage, and vending,
with vendors estimating up to one basin or two tins per bag
of charcoal. Of this, about 40% is sold, 31% thrown away,
23% used by vendors themselves (for warming, steaming
food, cleaning saucepans, smell control, filling ditches, and
construction), and 5% freely given away. The portion sold is
mainly used for earthwiring (70%), farming (13%), briquette
production (9%), and saucepan repair (9%) (Mugo et al.

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1007/s41939-026-01236-4&domain=pdf


  158 Page 2 of 14 Multiscale and Multidisciplinary Modeling, Experiments and Design            (2026) 9:158 

2016). With a calorific value of 14–30 MJ/kg (Hwangdee
et al. 2023) depending on feedstock, charcoal dust presents
considerable potential tomeet cooking energy needs in devel-
oping countries owing to its low cost, wide availability, and
high energy content.

On the flip side, fine biomass fuels arewell-suited for com-
bustion in fluidized bed combustors due to thorough mixing
of the inert bed material, fuel, and fluidizing medium. In
this process, fuel is injected into a hot bed of inert mate-
rial (commonly sand) suspended by an oxidizing medium,
such as air or steam, uniformly supplied from the reactor’s
base (González-Vázquez et al. 2018). Fluidized bed technol-
ogy is classified by reactor design, which is determined by
the fluidizing regime, itself dependent on operating veloc-
ity. Two main regimes exist: the bubbling regime, where the
bed remains stationary after fluidization, and the circulating
regime, where bed material is transported out of the reac-
tor (Zhang et al. 2023). The bubbling fluidized bed (BFB)
remains particularly attractive for small-scale reactors due to
its simple design, lower operational complexity, and suitabil-
ity for small-scale domestic systems.Additionally, the energy
required to run both the blower and heater can be obtained
through several options, i.e., a battery, thermal electric gener-
ator (TEG), electricity for households connected to the grid,
and solar for off-grid households.Moreover, the energy input
required significantly drops once the bed reaches the igni-
tion temperature of the fuel and the heater is turned off.
Recent small-scale fluidized bed combustion research has
largely focused on gasifier design (Bamido 2018; Hossain
et al. 2022; Vargas-Salgado et al. 2021), typically employ-
ing a bubbling fluidized bed with sand as the bed material
(200–500 μm) and air as the fluidizing agent. There is a
growing shift towards renewable biomass fuels such as rice
straw, wood pellets, and decaying plant residues to reduce
fossil fuel reliance and improve sustainability (Leckner 2019;
Rowe and Yates 2020). Bed material properties have been
determined through experiments, desk reviews, or blended
approaches (Ranzi et al. 2016), with designs relying heav-
ily on empirical correlations from prior studies, alongside
design rules and experiments, for instance, in distributor plate
design by Vargas-Salgado et al. (Vargas-Salgado et al. 2021).
In addition to core components like the combustion cham-
ber, plenum, fuel feeder, and blower, designs often feature
a downstream cyclone to prevent solid entrainment (Leck-
ner 2016). Reactor geometries are generally cylindrical, with
diameters ranging from 10 to 50 cm and heights from 20 to
170 cm (Hossain et al. 2022; Vargas-Salgado et al. 2021), and
stainless steel is the preferred material. Performance evalua-
tion of a design in a bid to reduce costs, development time,
allow for early detection of flaws, and improve product qual-
itywasdominatedby simulations,with occasional use of both
simulations and prototypes. Computational fluid dynamics

(CFD) dominated most simulations, with reported perfor-
mance metrics consistently including Cold Gas Efficiency
(CGE), Carbon Conversion Efficiency (CCE), syngas yield,
and Lower Heating Value (LHV). Recent CFD applications
in cookstoves have mainly focused on design optimisation
and performance prediction of improved cookstoves (ICS)
(Commeh et al. 2022; Dhakare et al. 2025; Husain et al.
2020; Pundle et al. 2019), typically modelling only a single
phase (air) since the fuel remained stationary.

Fluidized bed (FB) combustion has been adopted by
industrialists for its superior mixing, efficient heat and mass
transfer, precise temperature control, reduced pollutant emis-
sions, and enhanced combustion efficiencies (Luo and Tao
2017). Despite these thermal merits combined with fuel flex-
ibility and a variety of modeling techniques, the concept
has not been applied to cookstoves. The aim of this study,
therefore, was to design a fluidized bed cookstove for direct
combustion of charcoal dust and analyse its performance
using CFD. In this study, CFD modeling examined multi-
phase flow, i.e., for both solid and gas phase behaviour in a
fluidized bed cookstove (FBC).

2 Materials andmethods

2.1 Material selection

The materials whose properties were of interest during this
study were: bed material, fuel, and fluidizing medium.While
sand was the prevalent bed material in previous studies
(Bamido 2018; Hossain et al. 2022), this study considered
only naturally occurring sand, fromwhich several types were
shortlisted. The final choice of sand was made following a
material selection matrix (see Table 1).

Notably, sand is a typical Geldart group B particle whose
diameter ranges from 40 to 500 microns according to Duan
and Lu (2025) and is deemed optimal for fluidization due to
its ease of fluidization and minimal inter-particle cohesion.
Patel et al. (2021) defined even a wider range of group B
particles, i.e., 150 to 1000microns. However, various studies
agree that silica sand tends to have volume changes when it
reaches 573°C, and this is largely due to the high level of
SiO2 in the sand sample. Though Svidró et al. (2020) argued
that other than temperature, the size of the sand particles is
another factor that affects thermal expansion, with particles
in the range of (0.355–0.5 mm) showing higher expansion
than particles in the range of (0.25–0.335 mm) of the same
silica sand type. Against that background, sand particles of
300microns and 200microns were both suitable for selection
in this study, though, ultimately, the 200micronparticleswere
chosen since theywould require less energy to fluidize. How-
ever, the available sieves at the laboratory within this range
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Table 1 Bed material selection matrix

Raw Sands

Selection Criteria Silica Zirconium Kerphalite KF
(Andalusite)

Shape 0 0 0

Size distribution (m) + + −
Surface roughness + − −
Rigidity − 0 0

Attrition resistance − 0 0

Particle density
(kg/m3)

0 − −

Bulk density
(kg/m3)

0 − −

Melting point (0C) 0 + +

Linear expansion
coefficient

0 + +

Specific heat
capacity J/(kg 0C)

+ − −

Sum of + ’s
Sum of 0’s
Sum of – ‘s

3
6
2

3
3
4

2
3
5

Net score
Rank

1
1

−1
2

−3
3

Rank 1 2 3

were 212 μm and 300 μm, and the average size was used for
this study.

From Table 1, a sample of plaster and lake sand, purport-
edly rich in silica, was collected from Bweyogerere sand
landfill in Wakiso district (latitude 32.66º, longitude 0.35º),
about 10 km from Kampala City center. The samples were
oven-heated at 100°C for 24 h to determine moisture con-
tent. Sieve analysis yielded sand with an average particle
size of 256 μm, which was tested for physical and chem-
ical composition. Particle density was determined by the
pycnometer method, porosity by the porosity method, and
chemical composition via XRF spectrometry. Physical and
chemical properties of the charcoal species used in the design
andCFDmodelingwere fromLubwama et al. (2023) and ele-
mental properties fromDran (2025). The study used 1.77mm
charcoal dust particles, as most available particles are under
2 mm (Al 2013). The fluidizing medium was air with its
physical and thermal properties taken from Marinos-Kouris
and Maroulis (2024).

2.2 Design parameters

The design parameters that were considered for efficient and
optimum design included geometry and operating parame-
ters, whichwere determined throughmathematical modeling
using empirical formulae, design rules, and assumptions

from previous studies on fluidization and cookstove design
(Vargas-Salgado et al. 2021; Grace et al. 2020; Sweeney
2017). The appropriate design parameters of the fluidized
bed cookstove (FBC) were determined as follows:

2.2.1 Minimum fluidization velocity

The minimum fluidization velocity, which is the superficial
gas velocity at which the fluidization of the particles is initi-
ated, umf, was determined using Eq. 1,whereas Archimedes’
number, Ar, was determined using Eq. 2 (Grace et al. 2020).
Equation 1, also known as the Wen and Yu correlation, is
suited for Geldart B particles such as sand, but not for very
fine and coarse particles. However, it assumes that bed par-
ticles are completely spherical, which is not always the case
(Anantharaman et al. 2018; Cáceres-Martínez et al. 2023).

um f � μ

ρ f dp

[√{
33.72 + 0.0408Ar

} − 33.7

]
(1)

Ar � ρ f g
(
ρp − ρ f

)
dp3

μ2 (2)

where μ is the viscosity of air, ρf is the density of air, ρp
is the density of a sand particle, dp is the diameter of a sand
particle, and g is the acceleration due to gravity.

2.2.2 Operating velocity

The operating velocity is the velocity at which the bed will
constantly operate. This is normally more than the minimum
fluidization velocity and less than the terminal settling veloc-
ity. The operating velocity, Uf, was determined using Eq. 3
(Mota 2015). Where, 1.2 < H

Hmf
<1.4 for bubbling fluidized

beds (Grace et al. 2020). For this study, a value of 1.3was con-
sidered. Equation 3 is suited for bubbling fluidized beds and
not smooth fluidization. However, it assumes uniform bed
expansion, which is normally unlikely (Balag et al. 2023).

H

Hmf
� 1 +

10.978
(
U f − um f

)0.738
ρp

0.376dp1.006

um f
0.937ρ f

0.126 (3)

where H is the packed bed height, and Hmf is the minimum
fluidization height.

2.2.3 Terminal settling velocity

The terminal settling velocity, Vt, is the constant velocity that
is reached by a particle falling through a considerable dis-
tance in a stagnant fluid. It is therefore themaximum speed at
which thefluidizationprocess can takeplacewithout carrying
the particles out of the reactor. The terminal velocity, Vt, was
determined from Eq. 4 (Grace et al. 2020). However, before
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that, the dimensionless particle diameter, d∗
p and dimension-

less terminal velocity, V∗
t were determined from Eqs. 5 and

6, and sphericity φ was considered as 0.86 for this study
(Grace et al. 2020). Equation 4 is suited for gas–solid sys-
tems. However, its accuracy depends on the sphericity, since
particles aren’t truly spherical (Goossens 2019; Kalman and
Matana 2022).

V ∗
t � Vt ×

{
ρ f

2

μg
(
ρp − ρ f

)
}1/3

(4)

d∗
p � dp ×

{
ρ f g

(
ρp − ρ f

)
μ2

} 1
3

(5)

V ∗
t �

[
18

d∗
p
2 +

(2.3348 − 1.7439φ)

d∗
p
0.5

]−1

(6)

2.2.4 Energy needed

This was determined based on a 3L pot. Given the mass
of water (Mw) to be 3000 g, the specific heat capacity of
water (Cpw) to be 4.186 J/g°C, and the time, t taken to raise
the temperature of water (�T) from 25°C to 100°C at sea
level to be 10 min, the power requirement,Q of the stove was
determined from Eq. 7 (Getahun et al. 2019).

Q � MWCpw�T

t
(7)

2.2.5 Fuel consumption rate

The fuel consumption rate (FCR) was determined from Eq. 8
(Getahun et al. 2019), considering the average calorific value
(HHV) of the charcoal to be used from literature to be
28.586MJ/kg (Lubwama et al. 2023), and assuming the stove
to operate at Tier 3 thermal efficiency (ηth), i.e., 35%. The
stove was assumed to be Tier 3 because it is the average rat-
ing for most improved cookstoves (Champion et al. 2021;
Yunusa et al. 2023).

FCR � Q

HHVηth
(8)

2.2.6 Volumetric flow rate

The volumetric flow rate of the air (Q̇air) was determined
using Eq. 9 (Vargas-Salgado et al. 2021), with the Equivalent
ratio (ER) considered as 1 since the reactor was designed to
achieve complete combustion other than gasification (ER<1),
where, the stoichiometric fuel ratio (γ) using Eq. 10 (Vargas-
Salgado et al. 2021), with values of C, H and O determined

from the ultimate analysis of the charcoal fromprevious stud-
ies (Dran 2025).

Q̇air � FCRγ ER (9)

γ � 137.3

ρair

((
MassC
12.011

+

(
1

4

MassH
1.008

))
− MassO

32

)
(10)

2.2.7 Diameter of the reactor

The area of the reactor,AR, was determinedusingEq. 11 from
Vargas-Salgado et al. (2021), and subsequently, the dense
phase diameter section, dR (lower section of the combustion
chamber), was determined from Eq. 12.

AR � Q̇air

U f
(11)

dR �
√(

4AR

π

)
(12)

The diameter of the lean phase section (top section of the
combustion chamber) is also required to be a low velocity
zone, dlv, to reduce the drag on the sand and char, thereby
reducing entrainment, which was determined using Eq. 13
(Vargas-Salgado et al. 2021). The ratio was chosen to be 2
to cater for the average size of a saucepan of 0.24 m and to
minimize the fabrication cost. Despite a recommended range
of 1–3 (Grace et al. 2020).

dlv � 2dR (13)

2.2.8 Height of the reactor

The height of the bubbling bed section, Hbed, was determined
using Eq. 14 (Vargas-Salgado et al. 2021). The volume of
fluid bed, Volfluidbed determined from Eq. 15. After which
the freeboard section Hfb, low velocity zone Hlvz, truncated
cone Htc, intake fuel system His, and the total height of the
reactor HT were subsequently determined using Eqs. 16, 17,
18, 19, and 20, respectively (Vargas-Salgado et al. 2021).
The coefficients used are from empirical design ratios and not
fundamental laws. They are informed by experimental obser-
vation of bubbling beds (Ganguli and Bhatt 2023; Wytrwat
et al. 2020).

Hbed � Vol f luidbed
AR

(14)

Vol f luidbed � Vol f i xedbed(
1 − εm f

) (15)

H f b � 0.3Hbed (16)
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Hlvz � 0.7Hbed (17)

Htc � Hlvz

4
(18)

His � Hbed

3
(19)

HT � Hbed + H f b + Hlvz + Htc + His (20)

2.3 Design description

The FBC comprised a combustion chamberwith two regions,
i.e., the lean and dense phase sections, a distributor plate for
uniform air distribution and complete fluidization, a screen to
prevent weeping of bed materials, and a plenum housing the
air inlet nozzle (see Fig. 1). Auxiliaries included a blower for
supplying fluidizing and primary combustion air, a heater to
raise air temperature for heating the bed to charcoal’s ignition
temperature (400 °C), a thermocouple for bed temperature
readings, and an electrical control mechanism for switching
the FBCheater or blower and indicatingwhen to add charcoal
dust to the combustion chamber (see Fig. 2).

The FBC operates by plugging it into an AC socket
(190–240 V), adding 25 g of sand to the combustion cham-
ber, and placing the cooking pot with food on the pot holder.
The blower and heater are then switched on. When the sand
bed temperature reaches 400 °C, a sound alarm prompts the
user to turn off the heater and either add fuel to the hopper or
open the hopper valve if fuel is already loaded. The first fuel
particle ignites upon contact with the hot sand bed, initiating
combustion and heat transfer to the pot. Firepower is regu-
lated either by adjusting the hopper valve or by controlling
the fluidizing gas velocity via the blower speed controller
(see Fig. 2).

2.4 Computational fluid dynamics modeling

2.4.1 Geometry andmeshing

The CFD modeling was divided into the hydrodynamics
model and the combustion model. The SolidWorks ® three-
dimensional (3D) model of the FBC (see Fig. 1) whose
dimensions were from design parameters in subSects. 2.2.7
and 2.2.8 was simplified into a 2D computational domain
using Ansys design modeler to reduce computational cost
(see Fig. 3A). Themodels were thenmeshed usingANSYS®
Workbench meshing tool (see Fig. 3B and C) to allow the
computer to analyze the result in a more precise way.

2.4.2 Numerical modeling

To model the hydrodynamics of the gas and solid phases,
mass, momentum, and energy conservation were defined
following the Eulerian-Eulerian model (Sahoo and Sahoo
2015), and these were closed using constitutive equations,
i.e., stress tensors, bulk viscosity, shear viscosity, solid pres-
sure, radial distribution function, and granular temperature
(Gosavi et al. 2018). The turbulent conditions expected in
this study were accounted for using the shear-stress trans-
port (SST) k-ω turbulence model, consisting of two separate
transport equations for turbulent kinetic energy and specific
dissipation rate. The turbulent kinetic energy, k, and ω, its
specific dissipation rate, were obtained through transport
Eqs. 21, 22 (Adanta et al. 2020), and the Syamlal-O’Brien
drag model was adopted.

∂(ρmk)

∂t
+

∂

∂xi
(ρmvi k) � ∂

∂x j

((
μ +

μt

σk

)
∂k

∂x j

)
+ Gk − Yk + Sk

(21)

∂(ρmω)

∂t
+

∂

∂xi
(ρmviω) � ∂

∂x j

((
μ +

μt

σω

)
∂ω

∂x j

)

+ Gω − Yω + Dω + Sω (22)

where Gω represents the generation of ω, Gk represents the
generation of k due to mean velocity gradients. Yω and Yk

represent the dissipation of ω and k due to turbulence, and
Dω represents the cross-diffusion term. Sω and Sk are user-
defined source terms. In addition, σk and σω are the inverse
turbulent Prandtl numbers for k and, respectively, ρm is the
mixture density, v is the mixture velocity, and μt is the tur-
bulent viscosity. The combustion model, on the other hand,
will follow heterogeneous reactions of char with gas species
since the fuel (charcoal dust) is a residue from the pyroly-
sis of wood. The heat transfer to the cooking pot will be by
conduction (between the combustion chamber inner walls
and the pot’s external walls), convection (via flue gases), and
radiation (from the glowing char). The simplified reaction
models of char were presented by Ismail et al. (Ismail 2016).

2.4.3 Stove model assumptions

The computational domain for simulation was simplified in a
formusable by a computer (seeFig. 3: (A)Combustionmodel
geometry, (B)meshed hydrodynamicmodel, and (C)meshed
combustion model A). Also, the stove was assumed to have
a maximum combustion temperature of 900°C, which was
based on the operating range for fluidized bed combustion
technology, i.e., 650°C–930°C (Scala Mar. 2018). Attrition,
segregation, and agglomeration, if any, were neglected.
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Fig. 1 A and B are aerial and sectional views of the reactor, respectively

Fig. 2 Electrical circuit schematic of the control mechanism

2.4.4 Stove model boundary conditions and solver settings

The boundary conditions were determined from the math-
ematical modeling (for operating parameters, i.e., velocity,
mass flow rate), and others were estimated from previous
studies (Leckner 2019; Grace et al. 2020). The boundary
conditions for both models were defined as in Table 2, and
subsequently set up as shown in Fig. 4. The Pressure-based
solver (PBS) in ANSYS® FLUENT student version 2024
was utilized in this study because it is applicable for a wide
range of flow regimes from low-speed incompressible flow
to high-speed compressible flow (Commeh et al. 2022).

2.5 Model validation

In this study, CFD simulation results were validated against
previous findings on sand-air interaction and biomass com-
bustion (Rowe and Yates 2020; Khezri et al. 2019; Kumar
and Agarwal 2016; Li and Eri 2023; Rao et al. 2018; Sadri
Mofakham and Rasteh 2023). However, future work is nec-
essary to include experimental validation through prototype
testing.
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Fig. 3 A Combustion model geometry, B meshed hydrodynamic model, and C meshed combustion model

Table 2 Hydrodynamic and
combustion model boundary
conditions

Hydrodynamic model

Location Metric Value

Inlet Phase
Velocity (m/s)
Temperature (K)

Gas
0.185
300

Internal fluid domain Phase Mixture

Outlet Phase
Gauge pressure (Pa)

Mixture
0

Walls Phase
Roughness height (m)

Mixture
0

Combustion model

Air Inlet (velocity inlet) Phase
Velocity (m/s)
Temperature (K)

Gas
0.185
673

Fuel inlet (Mass flow inlet) Phase
Mass flow rate (kg/s)
Temperature (K)

Solid
0.0001569
298.15

Internal fluid domain Phase Mixture

Outlet (pressure outlet) Phase
Gauge pressure (Pa)
Temperature (K)

Mixture
400,000
1200

Walls Phase
Roughness height (m)

Mixture
0

3 Results and discussion

3.1 FBC bedmaterial selection and properties

Both samples of plaster (brown) and lake (white) sand
were highly rich in silicon dioxide, i.e., 96.74% and
96.69%, respectively (see Table 3), falling within the typ-
ical 90–99.65% range for silica sand (Svidró et al. 2020;
Davenport et al. 2020; Wang 2014).

Physically (see Table 3), plaster sand had a particle den-
sity of 2666.67 kg/m3 and lake sand 2631.58 kg/m3, values
comparable to 2650 kg/m3 reported by Svidró et al. (2020)
for sand of 0.25–0.355 mm size. The slightly higher density
of plaster sand is linked to its higher Fe2O3 content (0.83%)
compared to lake sand (0.66%).While the lower-density lake
sand might be expected to have higher porosity, the opposite
was observed with plaster at 62.5% and lake at 54%. As
(Mukhopadhyay et al. 2019) explained, this is due to grain
shape: plaster’s angular grains pack less efficiently, leaving
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Fig. 4 Boundary conditions setup
of A the hydrodynamic model
and B the combustion model

Table 3 Physical and chemical properties of the sand samples

Samples

Physical metric Plaster sand Lake sand

Moisture content (%) 13.5 ± 1.2 9.6 ± 1.1

Colour Brownish Whitish

Particle density (kg/m3) 2666.67 ± 0.02 2631.58 ± 0.02

Particle size (μm) 256 256

Porosity % 62.5 ± 2.12 54 ± 1.41

Chemical composition

Al2O3% 2.57 ± 0.1 2.47 ± 0.1

Cr2O3% 0.02 ± 0.001 0.01 ± 0.001

MnO2% 0.01 0.01

Fe2O3% 0.83 ± 0.001 0.66 ± 0.002

SiO2% 96.74 ± 0.001 96.69 ± 0.001

more voids, whereas lake sand’s rounded grains pack more
tightly. For the simulation, lake sand was selected for its
lower particle density, which would require a lower velocity
to fluidize.

3.2 FBC design, operating, and geometry
parameters

The design specifications (see Table 4) indicate the FBC
was designed with a fire power of 1.57 kW, exceeding con-
ventional cookstove ratings (0.4–1.5 kW) but below the
2–2.5 kW of forced draft rocket stoves reported by Bhatt
(Bhatt 2025). The fuel feed rate of 0.56 kg/h falls within the
range for 1–2 kW stoves operating in either batch or con-
tinuous mode, as noted by Jetter et al. (Jetter et al. 2012).
The stoichiometric air–fuel ratio of 12.716 m3/kg, higher
than literature values of 1.6–2 m3/kg, is likely due to the
difference in feedstock elemental composition. Nonetheless,
forced draft cookstoves typically operate with excess air to
reduce products of incomplete combustion (PICs) (Tariku

Table 4 Design, operating, and geometry parameters

Design
parameters

Design power (kW) 1.57

Fuel feed rate (kg/s) 0.0001569

Stoichiometric ratio (m3/kg) 12.716

Volumetric flow rate (m3/s) 0.002

Operating
parameters

Minimum Fluidization
Velocity, Umf

0.056

Operating fluidization
Velocity, Uf

0.216–0.345

Terminal Velocity, Ut 1.818

Geometry
parameters

Bubbling fluidized bed
height

0.073

Free board height 0.022

Fuel intake height 0.024

Truncated height 0.013

Low velocity zone height 0.051

Total reactor height 0.182

Inner reactor diameter 0.106

Low velocity zone diameter 0.212

Woldesemayate and Atnaw 2020). The volumetric flow rate
of 0.002 m3/s lies within the forced draft cookstove norm
of 0.00138–0.00833 m3/s (Hayyat et al. 2024). The FBC
operating parameters (see Table 4) indicate a minimum flu-
idization velocity of 0.056 m/s, consistent with Shao et al.
(Shao et al. 2020), who reported 0.05 m/s for sand particles
between 0.25–0.3275 mm. The operating velocity for this
study was 0.216–0.345 m/s, aligning with the rule of thumb
of four times theminimumvelocity (Grace et al. 2020). Com-
pared to the terminal velocity of 1.818 m/s, this indicated the
bed could operate at 32 times the minimum velocity with
little or no entrainment, providing flexible operating param-
eters and making the design easier to run with less precision.
The geometrical parameters of the FBC are summarised in
Table 4 and compared with existing direct combustion stoves
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as follows. Natural-draft rocket stoves typically have com-
bustion chamber diameters of 0.08–0.12 m and depths of
0.135–0.175 m, while forced-draft types, with higher airflow
and firepower, use larger dimensions of 0.12–0.18 m diame-
ter and 0.30–0.37 m height (Boafo-Mensah et al. 2020; Jani
et al. 2020; Obi et al. 2020; Still et al. 2015). The modeled
FBC had a non-uniform diameter, making direct diameter
comparison difficult, and a smaller height of 0.182m, reflect-
ing its lower firepower of 1.57 kW compared to forced draft
stoves (2–2.5Kw) (Still, et al. 2021). Its height-to-diameter
ratio met literature recommendations of 1.3–2.5 to enhance
residence time and reduce PICs (Sedighi and Salarian 2017).
Both model and literature findings emphasise that optimal
geometry depends on fuel type, combustion mode, chamber
shape, and pot configuration (Lahai et al. 2022), and not a
one-size-fits-all solution.

3.3 CFDmodeling results

Computational fluid dynamics modeling was conducted to
visualize the solid–gas mixing and combustion process,
enabling observation of fluidization quality and temperature
contours within the chamber.

3.3.1 Mesh quality

Themesh quality of the combustion and hydrodynamicmod-
els was compared with the acceptable ranges specified in the
ANSYS FLUENT 12.0 User’s Guide—6.2.2 Mesh Quality
(“ANSYS FLUENT 2025). Themesh statistics attained were
aspect ratios of 1.0921 and 1.2273 for the hydrodynamic and
combustion model, respectively, both well below the recom-
mended aspect ratio of < 5. Orthogonal quality was 0.99754
and 0.99074 for hydrodynamic and combustion, respectively,
both within the recommended range of 0.95–1. The elemen-
tal quality was 0.99006 and 0.96106 for both hydrodynamic
and combustion, respectively, both greater than the recom-
mended > 0.7 (Sadri Mofakham and Rasteh 2023).

3.3.2 Monitor plots

The graphical representation of the calculation process is
illustrated in Fig. 5.

This was meant to show the progress of the solution and
whether or not there was convergence.

The monitored residuals included continuity, particle and
gas velocity, turbulent kinetic energy, specific dissipation
rate, and volume fraction. Over 1600 iterations were per-
formed to resolve the nonlinear terms, with residuals initially
turbulent but stabilizing upon fluidization, in agreement with
(Sahoo and Sahoo 2015; Kumar and Agarwal 2016; Gamal
et al. 2024). The attainment of a steady state across all resid-
uals confirmed convergence and solution stability, further

indicating complete fluidization of the bed (Ismail 2016;
Askaripour 2020).

3.3.3 Particle concentration

Initially, the inert sand bed of 256μmparticle size was at rest
(see Fig. 6A). As the air velocity increased from 0 m/s to the
minimum fluidization velocity of 0.056 m/s, voids (air bub-
bles) began to form since sand is a Geldart B particle, which
is bubble ready (Bakshi et al. 2017). Further increase in the
air velocity expanded the bed up to the end of the dense phase
section, at which point the bed was also fully fluidized (see
Fig. 6B). The Sand particleswere fluidized by air at a uniform
velocity of 0.185 m/s, a value between the minimum fluidiz-
ing velocity and the operating velocity, consistentwith Luo&
Tao (Luo and Tao 2017). No sand particles were blown out of
the low-velocity zone (see Fig. 6B), indicating the bed should
not be loaded with more sand than specified in the design and
can be operated over time with the same sand quantity. A lag
exists between the first and last particles to fluidize, so the
bed should be allowed sufficient time for complete fluidiza-
tion, as surface particles fluidize before those in contact with
the distributor plate. Figure 6 shows particle concentration
predominantly in the dense phase section. This is consistent
with the findings of Leckner (Leckner 2019) and Grace et al.
(Grace et al. 2020), who recommended concentration dom-
inance in the lower section. The near-zero volume fraction
close to the distributor plate implies uniform fluidization, as
reported by Pang et al. (Pang et al. 2021). The absence of
solids in this region, followed by a drop to zero in the lean
dense section, confirms that the bed has reached maximum
expansion height, a typical behaviour of gas–solid fluidized
beds using the Syamlal-O’Brien model (Khezri et al. 2019).
This uniform bed expansion reflects a uniform pressure gra-
dient above the distributor plate, drivenby the uniformkinetic
energy of air through the orifices (Beheshti et al. 2015). This
validated the no segregation assumption. As the pressure
drop effect diminished and a steady state was reached, this
meant that complete fluidization was achieved, making the
bed ready for biomass injection.

3.3.4 Temperature contours

The maximum combustion temperature reached was 1000 K
(726.85°C) (see Fig. 7). This was quickly reached because
when the fresh biomass (charcoal dust) is injected into the
bed, it immediately mixes with the bed material due to the
intense gas–solid momentum exchange, resulting in a sig-
nificant heat and mass transfer, which sharply increases the
bed operating temperature as a result of biomass combustion
(Kwong and Marek 2021). Kong et al. (Kong et al. 2022)
reported that increasing the bed operating temperature in turn
increases the temperature difference between the biomass
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Fig. 5 Velocity, energy, volume fraction, and turbulence profiles

Fig. 6 A Particle concentration before fluidization and B particle concentration upon achieving fluidization and maximum bed expansion

particle and the gas-sand temperature, leading to intense heat
exchange, which in turn increases the biomass temperature.
However, Shabanian and Chaouki (Shabanian and Chaouki
2017) advised that the bed temperature should be increased
cautiously since this can reduce the density of the gas and
thus reduce heat transfer by convection. The maximum com-
bustion temperature fell within the typical range for fluidized
bed combustors (650 to 930°C) (Vargas-Salgado et al. 2021;

Scala 2018). This temperature is ideal for both cookstove use
and fluidized bed combustion, as it exceeds the auto-ignition
temperature of CO (609°C) (Sweeney 2017) while remain-
ing below the ash agglomeration temperature of 800–850°C
according to Rowe and Yates (Rowe and Yates 2020). The
fuel inlet and distributor plate are cooler regions, which is
desirable for equipment and user safety; moreover, the max-
imum temperature was at the stove outlet, which increases
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Fig. 7 Temperature distribution
in the reactor

radiative heat transfer, an ideal scenario for cookstove design-
ers.

3.4 Model validation

The minimum fluidization velocity obtained by mathemati-
cal modelingwas 0.056m/s, fallingwithin the reported range
for sand-air fluidized beds of 0.05–0.065 m/s (Kumar and
Agarwal 2016; Rao et al. 2018; Sadri Mofakham and Rasteh
2023). The superficial gas velocity applied was 0.185 m/s,
lower than the 0.25 m/s and 0.38 m/s used by Kumar &
Agarwal (Kumar and Agarwal 2016) and Sadri Mofakham
& Rasteh (Sadri Mofakham and Rasteh 2023), respectively,
likely due to their larger sand particle sizes (300 μm and
275 μm). Nevertheless, it was within the 0.025–0.51 m/s
range for sand-air beds (Rao et al. 2018). Uniform bed expan-
sion (see B) was achieved through consistent kinetic energy
of air across the 2 mm distributor orifices, as predicted by
Khezri et al. (Khezri et al. 2019) for orifice sizes between
2 and 5 mm. Bubble formation at incipient fluidization con-
firmed the expected behaviour of Geldart group B particles
(Grace et al. 2020), consistent with Rowe and Yates (Rowe
and Yates 2020). The observed temperature profile and max-
imum combustion temperature of 726 °C also matched the
720–820 °C range reported in CFD-DEM simulations (Li
and Eri 2023).

4 Conclusions

The FBC was successfully designed and performance sim-
ulated using ANSYS FLUENT. This research was done

by considering the design of a cookstove, which would be
fuelled using charcoal dust, a readily available resource in
communities across developing countries. The main conclu-
sions are:

The size of the combustion chamber was obtained through
mathematical modeling. The funnel-like combustion cham-
ber featured a dense phase region (Ø0.106 m × 0.119 m), a
lean phase region (Ø0.212 m × 0.064 m), and a total reactor
height of 0.182m.The operating velocity of the FBCwas also
obtained through empirical formulae on fluidization, which
was 0.185m/s. The 3Dmodel of the reactor design was accu-
rately produced using SolidWorks® and imported intoAnsys
Fluent® (CFD) to simulate the model’s performance during
operation. The model predicted smooth fluidization and zero
entrainment of the bed materials and a maximum combus-
tion temperature of 726°C, which falls within the established
operating range for fluidized bed combustors (650–930 °C).

4.1 Limitations of the study

Several methodological limitations of this study are explic-
itly acknowledged. The combustion process was not fully
characterized; in particular, the products of combustion
were not resolved in FLUENT, and it is recognized that
CFD-predicted combustion species concentrations typically
exhibit considerable variance relative to experimental mea-
surements. Furthermore, three key fluidized bed phenomena;
agglomeration, segregation, and attrition were not modelled.
Agglomeration was excluded on the basis that the predicted
maximum combustion temperature (726.85 °C) remained
below the 800–850 °C threshold associated with the onset of
ash agglomeration. Segregation was neglected because the
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bed material was prepared through sieve analysis to yield
a near-uniform particle size, and segregation is primarily
driven by particle size disparity. Attrition was considered
negligible given the small bed mass employed (25 g), which
is readily replenishable in the event of particle shrinkage.

A formal grid independence analysis was not performed,
as uniform air distribution was assumed at the pressurized
inlet during modelling (see Fig. 4), and mesh quality was
instead confirmed against ANSYS FLUENT acceptability
thresholds (aspect ratio < 5; orthogonal quality 0.95–1; ele-
mental quality > 0.7). Nevertheless, the sensitivity of results
to mesh refinement was not systematically quantified, and
a structured convergence study is recommended in future
work. Additionally, CFD model validation was conducted
exclusively through comparison with previously published
studies employing similar bed material properties and par-
ticle sizes, rather than against experimental data from a
prototype of the present design. While the predicted mini-
mum fluidization velocity (0.056 m/s), bed hydrodynamics,
and combustion temperature showed satisfactory agreement
with reported literature ranges, the absence of experimental
validation for this specific geometry and operating condition
represents a recognized limitation of the current study.

4.2 Future work

Based on the above, the construction and testing of a phys-
ical prototype is strongly recommended to experimentally
validate the model results, verify the simplifying assump-
tions adopted, and evaluate the stove’s thermal efficiency and
emissions performance under real operating conditions.
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