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CFD simulation and implementation of a
griddle-type biomass stove for rural communities
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This work focuses on the design of a new griddle-type biomass stove with an internal cross-flow configuration. For this purpose, numerical
simulations of the heat transfer and fluid flow in the stove have been carried out. In particular, the equations corresponding to the momentum,
energy, and chemical species are solved to determine the influence of the geometrical design. Temperature and isothermal contours on the
surface of the griddle were presented. Various stove designs with firepower settings ranging from 7 to 16 kW were investigated. The findings
revealed a decrease in thermal efficiency with increasing firepower, which was attributed to higher convective losses. Based on the numerical
results, a cookstove prototype was manufactured. Furthermore, the thermal efficiency of the stove was evaluated using the WBT protocol.
The goal of this research is not only to assess the thermal performance of the developed technology but also to provide a real-world example
of the adoption process of a technology designed for rural communities.
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1. Introduction

Biomass cookstoves (BC) are traditional devices used for
cooking tasks, mainly in rural areas [1,2]. Many researchers
have been interested in employing computational fluid dy-
namics (CFD) as a tool for optimizing BC [3]. Numeri-
cal simulations play an important role in determining the
fluid flow, heat transfer, and combustion processes within the
cookstove. This is critical for minimizing fuel consumption,
reducing emissions, selecting appropriate materials, and test-
ing different designs without having to build physical proto-
types.

Numerous methodologies have been proposed for the de-
velopment of a BC. As is revealed in the literature review,
primary research includes laboratory testing of emissions,
thermal efficiency evaluation based on the water boiling test
(WBT) [4], field testing and survey evaluation [5], as well
as social strategies for increasing the adoption of this type of
technology [6].

In many cases, reducing emissions from BC is the more
important goal in diffusion programs; therefore, combustion
and pollutant formation processes are commonly evaluated
experimentally [7]. Experimental work as well as a simpli-
fied chemical kinetic model suggests that a chimney plays an
active role in the performance of a stove by influencing the
overall air-to-fuel ratio and subsequently the production of
carbon monoxide [8].

The air excess ratio significantly improves the combus-
tion efficiency of a biomass stove and reduces the emissions
of particulate matter (PM) [9]. An Experimental Study of
Secondary Air Injection in a Wood-Burning Cookstove was
presented by Caubelet al. [10]. The results show that PM

emissions are highly sensitive to secondary air injection flow
rate and velocity.

The combined use of advanced, high-fidelity models and
experimental techniques can enable the validation of numeri-
cal wood combustion models, reducing the time required for
development and providing cleaner and more efficient BC.
While computational power requirements will increase [11];
a direct link of the wood log model and the CFD routines,
with an exchange of boundary conditions between the time
steps of the simulations, is needed in order to save comput-
ing time [12]. Commonly, the commercial software ANSYS
FLUENT is applied to model the problem, but transient CFD
simulations of BC can be performed using free software [13].
The OpenFOAM software is capable of simulating the non-
premixed combustion of air and volatiles within the internal
volume.

Biomass cookstoves have generally been created through
trial and error [14], but CFD simulations are rapidly help-
ing to explore new functionalities, combining biomass with
other energy sources [15], or developing new prototypes for
specific cooking applications [16]. There must be a balance
between technical and user objectives. However, a usability
focused design has the potential to achieve higher adoption
rates compared to a technologically focused design [17].

CFD analysis was used to investigate the impact of design
modifications on the thermal and emissions performance of a
natural draft rocket cookstove by Dalbeheraet al. [18]. Their
design modification incorporates a baffle plate of varying di-
mensions and positions and a multi-directional fuel inlet. The
results indicate that the baffle plate promotes turbulent mix-
ing, which facilitates the mixing of combustible gases with
air and subsequently improves combustion quality. How-
ever,
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the size and position of the baffle plate play a significant role
in its effectiveness.

Motyl et al. [19] conducted a new design for wood stoves
based on numerical analysis and experimental research. In
the first part, a numerical model is proposed of the fireplace
insert including fluid flow, the chemical combustion reaction,
and heat exchange. The results of the simulation were com-
pared with the experiment carried out on the test bench. A
comparison of the experimental and numerical results was
made for the temperature distribution along with the con-
centration of CO, CO2, and O2. Construction changes were
proposed in the second stage, together with numerical sim-
ulations whose goal was an increase in the efficiency of the
heating devices.

Generally, the works reported in the literature develop a
stove and then evaluate its performance with a CFD. Thus,
few reported cases have reached a level where CFD can be
used as a tool for stove design. This work contributes to the
development of a biomass cookstove design using CFD that
takes into account a parametric analysis of an interior volume
to determine which geometry achieves the best performance.
The study incorporated user feedback to adjust design fea-
tures, ensuring practical relevance and usability.

2. Conceptual model

Plancha-type stoves have three main components: a combus-
tion chamber, a chimney, and a mild steel plate (griddle). The
internal volume of the biomass stove was used as the compu-
tational domain, as shown in Fig. 1. The internal volume
defines the domain within which fluid flow behavior is simu-
lated.

The combustion chamber in this configuration is trape-
zoidal in shape to concentrate the wood in the center. The
stove is designed with a cross-flow configuration to increase

FIGURE 1. First conceptual model with the main parts of a biomass
stove.

the distance traveled by the combustion gases, resulting in a
larger coverage area.

Traditionally, a “top-down” approach has been used in
manufacturing stoves. A “bottom-up” approach is explored
since this process starts by evaluating the performance of
the inner volume before using it to fabricate a stove. This
methodology is aimed at improving process efficiency and
product quality. Note that any other interior volume configu-
ration can be studied and used in order to develop a prototype.

2.1. Governing equations

The evaluation of the performance of the stove is based on
the equations of conservation of mass, momentum, and en-
ergy. For combustion modeling, additional equations are in-
troduced to account for species transport and reaction rates
(see [20,21]). A general overview and a list of the key equa-
tions for each aspect are provided.

Conservation of mass

∂ρ

∂t
+∇ · (ρ~v) = 0, (1)

whereρ is the density and~v the fluid velocity.

Conservation of momentum

∂

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

wherep is the static pressure,τ is the stress tensor (described
below), andρ~g and ~F are the gravitational body force and
external body forces such user-defined sources.

For Newtonian fluids, the viscous stress tensorτ can be
represented as

τ = µ

[(∇~v +∇~vT
)− 2

3
∇ · ~vI

]
, (3)

whereµ is the viscosity,I is the unit tensor.

Total enthalpy form of the energy equation

∂

∂t
(ρH) +∇ · (ρ~vH) = ∇ ·

(
kt

cp
∇H

)
+ Sh, (4)

wherekt is the turbulent thermal conductivity, defined ac-
cording to the turbulence model being used).Sh includes
the heat of chemical reaction and any other volumetric heat
sources.

Conservation equations for chemical species

∂

∂t
(ρYi) +∇ · (ρ~vYi) = −∇ · ~Ji + Ri, (5)

whereYi is the local mass fraction of each species and~Jj is
the diffusion flux of speciesj.

~Ji = −ρDi,m∇Yi −DT,i
∇T

T
. (6)
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Chemical mechanisms for combustion often involve mul-
tiple reactions and multiple species [22]. Consider a mul-
tistep chemical mechanism withns species reacting through
nr number of chemical reactions. The chemical reaction rate,
Ri, which is primarily a function of the concentration and
temperature of the contributing species is expressed by the
following equation:

Ri = WI

nr∑

J=1

(ν′′IJ − ν′IJ)

(
k

(f)
J

ns∏

I=1

(
XIp

RuT

)ν′IJ

− k
(r)
J

ns∏

I=1

(
XIp

RuT

)ν′′IJ

)
. (7)

Here, WI is the molecular weight forI-th chemical
species, whileν′IJ andν′′IJ are the stoichiometric coefficients
for the reactant and product side of the elementary reac-
tion, respectively.k(f)

J andk
(r)
J are the forward and reverse

reaction rate constants for theJ-th reaction in a multistep
chemical mechanism, respectively. The mole fraction ofI-
th species isXI . The Arrhenius rate laws are used for the
elementary reaction rate constant:

k
(f)
J (T ) = A

(f)
J T bJ exp

(
−E

(f)
a,J

RuT

)
. (8)

Here,A(f)
J is the pre-exponential factor,bJ is the temper-

ature exponent andE(f)
a,J is the activation energy.

2.2. Numerical methodology

Governing equations were solved with ANSYS FluentTM

using a pressure-based formulation considering buoyant ef-
fects and a mixture of wood volatiles and air. User-defined
functions were used for temperature-dependent properties of
the mixture of wood volatiles and air(O2, CO2,H2O and
N2). Nitrogen is treated as inert and the other species are
linked through a single irreversible finite-rate chemical reac-
tion [23]:

Wood volatiles (WV)+1.058O2 → CO2+1.191H2O. (9)

The density was modeled with the ideal gas law. Piece-
wise approximations for specific heat and thermal conductiv-
ity were considered, whereas for the viscosity, the Sutherland
model was used. In our calculations, the energy released by
wood combustion is replaced by wood volatiles released from
a surface in the combustion region, see Núnezet al. [24] for
a detailed explanation.

The realizableκ − ε model was implemented with
enhancement wall treatment for pressure and thermal ef-
fects. The species equations consider a volumetric reac-
tion with a stiff chemistry solver, whereas turbulence chem-
istry is neglected. The SIMPLEC method is used with body
weighted pressure and second-order upwind for the velocity
and species. Continuity convergence criteria is set to 1e-06.

2.2.1. Boundary conditions

In modeling biomass stoves specification of boundary condi-
tions is critical for obtaining realistic simulation results that
reflect real-world operating conditions because there are no
predefined conditions.

To estimate the inlet mass flow rate, an excess oxygen
ratio of 2 can be considered to ensure a sufficient mixing
O2/wood volatiles [25]. When mass flow boundary condi-
tions are used for an inlet zone, a velocity is computed for
each face in that zone:

ρvn =
ṁ

A
. (10)

Pressure inlet boundary conditions can be used when the
inlet pressure is known but the flow rate and/or velocity is not
known. This situation may arise in many practical situations,
including buoyancy-driven flows. The pressure field (includ-
ing all pressure inputs) will include the hydrostatic head. In
incompressible flow, the inlet total pressure and the static
pressure,ps, are related to the inlet velocity via Bernoulli’s
equation:

p0 = ps +
1
2
ρv2. (11)

For the upper surface of the comal, a convective heat
transfer coefficient of 38.9 W/m2K reported by [26] is used.
This value was obtained from experiments on a plancha-type
cookstove. For the external walls of the chimney, a convec-
tive coefficient of 15 W/m2K is fixed [7], and the conduction
resistance of a thin layer of steel is taken into account.

The ambient temperature was fixed to 298 K. At the out-
let zone, the mole fraction ofCO2 was 46% according to the
stoichiometric calculations. For the rest of the walls (identi-
fied as wall zone) an adiabatic condition was assumed since
an insulation fiber (Thermal ceramic) was used to cover the
inner parts of the stove.

Heat transfer processes (conduction, convection, and ra-
diation) are important phenomena in cookstoves. In our sim-
ulations, the conduction phenomenon takes place on the co-
mal (solid) domain; whereas convection occurs due to the
buoyancy force, and in the convective cooling of the surfaces
of the cookstove (boundary conditions).

3. Results and discussion

3.1. CAD design and forced convection test

The griddle is a critical component of the stove, serving as
the primary area for effective heat delivery. To assess its
influence on heat transfer, parameterization techniques were
employed, facilitating the execution of seven virtual experi-
ments on CAD models derived from the design of the stove.
This approach enables a detailed analysis of how the geom-
etry of the griddle impacts the heat distribution. The visual
representation of these models is detailed in Fig. 2. Table I
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FIGURE 2. Parametric internal volume generation. Griddle area25× 25 cm2- 60× 60 cm2.

TABLE I. Properties of different griddle sizes.

Case Area cm2 Cells Aspect ratio Orthogonality

VT1 25× 25 644,772 3.057 0.988

VT2 30× 30 667,722 3.733 0.989

VT3 35× 35 710,674 4.042 0.990

VT4 40× 40 791,922 4.171 0.989

VT5 45× 45 834,773 4.492 0.990

VT6 50× 50 876,870 4.807 0.991

VT7 55× 55 897,328 5.233 0.991

TABLE II. Mesh size, timets, temperatureTca, and number of
cells.

Mesh size ts [h] Tca [K] Cells

Extra-coarse (Mec) 0.7503 374.8215 251 005

Coarse (Mco) 1.5759 374.9220 432 003

Medium (Mme) 2.2558 374.8341 644 772

Fine (Mfi) 3.6110 374.9593 962 862

Extra-fine (Mef ) 6.2307 374.6582 1 567 665

FIGURE 3. Temperature distribution on the griddle.

provides the characteristics of each design, namely the grid-
dle area and the number of computational cells utilized in the
simulations. Table II provides a sensitivity analyses and com-
putational times. The medium mesh provides good accuracy
with few computational times through the use of hexahedral
cells.

The analysis provides sensitivity analyses and computa-
tional times. The medium mesh provides good accuracy with
few computational times through the use of hexahedral cells.

Hexahedral meshes were used with a zone refinement,
following the meshing methodology reported by Gómez-
Heleria [27]. This approach maintained a consistent flow
and temperature to ensure an output power of 7.26 kW under
steady-state. The resulting temperature distribution across
the griddle is depicted in Fig. 3, including the maximum and
minimum temperatures achieved.

The results indicate that the temperature is higher in the
upper right corner direction because the air is injected from

Rev. Mex. Fis.71010602
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FIGURE 4. Temperature over the comal and the thermal efficiency as a function of the firepower.

the combustion chamber entrance. This virtual prototype de-
velopment process serves as a basis for decision-making, in
order to modify the geometry or adjust operating conditions.

In addition to thermal performance, other factors should
be considered when determining the selected interior volume
for the stove design. The temperature in the griddle should
have an adequate range for the cooking task, generally mak-
ing tortillas. The griddle area should be adjusted to a produc-
tion capacity; the users suggest 4 pieces in this case. Also,
the griddle area should correspond to standard market dimen-
sions. After considering all of these factors, it was deter-
mined that the VT5 geometry produced satisfactory results.

3.2. Combustion modeling

The selected inner volume was used to calculate heat trans-
fer, considering combustion reactions. Calculations were per-
formed for different firepower values in a range of 10-16 kw.
Figure 4 shows the temperature field that is reached in the
comal. Note that the temperature distribution crosses the di-
agonal part of the griddle.

The intentionally planned diagonal temperature distribu-
tion serves a functional purpose, aligning with the practical
needs of users. The quadrant closest to the chimney, be-
ing the hottest zone, is optimally suited for pots and pans
that require higher temperatures for cooking. Conversely, the

Rev. Mex. Fis.71010602
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cooler quadrants are ideally utilized for tasks such as making
tortillas, which necessitate lower heat. This strategic layout
ensures that the griddle accommodates diverse cooking activ-
ities simultaneously, maximizing efficiency and user conve-
nience.

The CO2 and H2O distribution affects the efficiency of
combustion processes. Incomplete combustion leads to the
production of carbon monoxide (CO) and unburned hydro-
carbons, which is less desirable from both an efficiency and
emissions standpoint.

Finally, the average temperature over the comal and the
thermal efficiency are evaluated as a function of the firepower
(see Fig. 4).

It can be seen that it reaches a temperature of around 700
K, and the temperature also decreases at a large firepower
value. It can be related to a reduction in the thermal effi-
ciency at large firepower due to the increase of convective
losses at the griddle.

3.3. From design to a prototype

A design with all of the functionalities of the stove was
created using the insights gained from CFD simulations for
the thermal performance of the control volume and the con-
straints imposed by the requirements of the user. The cook-
stove is created by fabricating the interior volume in sheet
metal and adding a casing that provides support and addi-
tional functionality, as shown in Fig. 5.

An initial 3D-printed prototype was fabricated from the
CAD designs [27]. It was an instrumental tool for introducing
the initial concept to users, allowing them to become involved
with the design and providing a tangible representation of the
stove. Furthermore, this preliminary model played a crucial
role in assessing the usability of the device. The prototype

FIGURE 5. Sheet metal components. 1) Casing, 2) combustion
chamber, 3) right eaves, 4) comal, 5) lateral cross-flow structure,
6) rear door, 7) structural support 8) left eaves, 9) firewood storage
support, 10) and 11) Legs [27].

FIGURE 6. a) CAD design, b) prototype, c) manufactured stove
[27].

was also printed to ensure that all parts fit together correctly
and that there were no obstructions that could interfere with
the stove’s functionality. This phase was essential in validat-
ing the design born from CFD analyses before proceeding to
the construction of the final sheet metal version, depicted in
Fig. 6c).

3.4. Experimental test

The experimental validation of the model is discussed in the
following Refs. [25,28-30], which were developed by our re-
search team. These references provide in-depth information
on the experimental results and validation processes.

Governments, international organizations, and non-
governmental organizations (NGOs) often establish perfor-
mance standards and certification programs for biomass
stoves to ensure they meet certain criteria related to emis-
sions, efficiency, and safety. Emission and water boiling tests
(WBT) are typically part of the certification process. This
protocol only evaluates global parameters such as the ther-
mal efficiency of the stove [31,32]. The result of the test is
presented in Table III.

The thermal efficiency from CFD results is compared
with experimental data from WBT. The average firepower is
16 kW and the thermal efficiency is 15% as can be seen in Ta-
ble III. The numerical solution achieves a thermal efficiency
around 18%.

A field evaluation of the stove was carried out in a ru-
ral setting, enabling users to participate in practical cooking
tests. This hands-on assessment proved vital in gauging the
initial of the stove acceptance, particularly through user in-
teraction and operational testing (See Fig. 7).

TABLE III. WBT tests on cold comal (CS) and hot comal (HS)
after modifications.

WBT A WBT B

Calculations/Results Units CS HS CS HS

Time to boil Pot #1 min 23 17 21 17

Thermal efficiency % 13 15 14 16

Burning rate g/min 49 56 51 57

Firepower kW 14 16 14.8 16.5

Rev. Mex. Fis.71010602
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FIGURE 7. a) Evaluation of the users, b) final prototype.

By incorporating feedback from real-world stove opera-
tions, design can be continuously improved to achieve greater
efficiency, quality, and sustainability, ensuring greater adop-
tion and benefits. Following the field evaluation, several
modifications were implemented to improve the performance
of the stove and safety. In particular, the insulation was im-
proved, serving a dual purpose: it reduces energy loss and
improves safety by protecting users from high surface tem-
peratures (see Table III).

4. Conclusions

Numerical simulation of fluid dynamics allowed the elabora-
tion of a prototype of a stove. Heat transfer, fluid flow, and
combustion were evaluated. It is possible to develop more
complex models for combustion phenomena, but the devel-
opment of rapid prototypes is crucial to know the user expe-
rience. Key findings reveal a strategic diagonal temperature

distribution across the comal, significantly enhancing cook-
ing versatility and energy utilization. Furthermore, modifica-
tions such as enhanced insulation and reduced start-up times
have increased the stove’s thermal efficiency and user expe-
rience.

The development of our stove model integrated advanced
design, rigorous testing, and user feedback to ensure both ef-
ficiency and user satisfaction. The significance of this study
lies in its methodological approach, which bridges the gap be-
tween theoretical models and real-world usability. The find-
ings contribute to a deeper understanding of how stove design
can be tailored to meet both efficiency standards and user ex-
pectations, thus improving the adoption of cleaner cooking
solutions in underserved communities. The methodology en-
compassed the utilization of Computer-Aided Design (CAD),
the creation of 3D-printed prototypes, and the subsequent
manufacturing of a metal stove. The presented methodology
is versatile and can be applied to the production of various
stove prototypes and it is important to note that the interior
volume is the heart of the stove, since it is where the physical
phenomena occur.

This stove model prioritizes adoption based on feedback
from user interactions in rural communities. In this case,
the progression from CFD to diffusion and adoption in rural
communities is investigated. By directly engaging with users
and incorporating their feedback, the design process is more
likely to be accepted because the stove is not only technically
efficient, but also culturally and practically appropriate for
the community’s needs.

Future research should expand upon this work by explor-
ing a wider range of stove designs, materials, and user en-
vironments. Investigating the long-term durability of stove
modifications and their impact on emissions over time would
provide valuable insights for developing universally applica-
ble, sustainable cooking solutions.
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