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Abstract: Combustion is the most commonly used technology to produce energy from biomass;
nevertheless, there are still thermal efficiency problems in current biomass combustion furnaces and
a lack of knowledge about the properties of residual biomasses that could be used as fuels. Aiming to
contribute to knowledge of the potential of residual biomass for energy generation, this work reports
on the implementation of a 2D computational model to study the combustion performance of several
solid biomass fuels, and its application in the analysis of Lippia origanoides bagasse combustion. The
model uses an Eulerian-Lagrangian approach; in the continuous phase, governing equations are
solved, and in the dispersed phase, particles are tracked and the mass, momentum, species and
energy transfer between the phases are calculated. The model was validated against experimental
data from a combustor fueled by three biomasses: wood pellets, olive stone and almond shell. The
results show deviations of less than 13%, with few exceptions, which indicates a good degree of
agreement with experimental measurements compared with those reported by other studies on
the subject. Furthermore, it was found that the stems of Lippia origanoides bagasse show similar
performance to that of other biomass used as solid fuel, while the leaves present lower performance.

Keywords: biomass; modeling; computational fluid dynamics; bioenergy; agricultural waste

1. Introduction

Nowadays, the world is experiencing an energy transition motivated by concerns
about the harmful effects of fossil fuels, and aligned with Sustainable Development Goals
7,11, 12 and 13 of the United Nations. Bioenergy is a renewable energy source with
great potential worldwide [1], and is one of the main options to mitigate greenhouse
gas emissions [2,3]. It is an issue of great importance for Colombia [4], where approxi-
mately 178 million tons of biomass are produced annually from livestock activities (59%),
agricultural crops (41%) and the residential sector (<1%) [5]. These residues are usually
reintegrated into crops in a nontechnical way or, in the best case, they are used for com-
post production [4]. Combustion is the most widely employed method of producing heat
and electrical energy from biomass [6,7]; although it is a very old process, there are still
challenges associated with the efficiency of furnaces [8-10] and knowledge of the fuel
properties of residual biomasses [11]. Lippia origanoides bagasse, from the essential oil
extraction process, is an example of residual biomass whose combustion performance has
not previously been investigated. Lippia origanoides is an endemic plant of some coun-
tries of central and south America, such as Colombia, whose essential oil has significant
antioxidant, antimicrobial, antiviral and repellent properties [12,13].
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Computational fluid dynamics (CFD) models are useful for investigating and optimiz-
ing the process more cheaply, safely and rapidly than experimental studies. As a result,
different models have been developed to study the combustion in biomass furnaces, as
presented in the work of Rajh et al. [14] in 2022; there, they compared the behavior of two
types of models: a detailed 3D porous zone model and a simple 1D empirical model. They
observed that both models have a similar overall behavior in full-load tests but not in the
half-load tests, where the 1D model reduces accuracy. The 3D model was developed by
Gomez et al. [15] in 2019 to study the influence of exhaust gas recirculation (EGR) on the
performance and emissions of a boiler; they found that EGR can increase the boiler thermal
performance and reduce the NOx emissions for low O, excess values. Those models stud-
ied the combustion of wood pellets. As examples of analyses with other biomasses, we can
mention the works of Karim and Naser published in 2018 [2,16], which report the modeling
of two combustion systems: a small fixed bed combustor and an industrial moving grate
boiler; they used them to study the combustion of the systems fueled by different kinds
of lignocellulosic biomasses. A complete review of the subject is given in the works of
Dernbecher et al. [11], Karim and Naser [17], Khodaei et al. [8], Bhuiyan et al. [6] and
Garcia et al. [18,19]. However, it is still a field in development due to its complexity; several
submodels and high computational resources are required for simulations [11,17,20-23].
OpenFOAM is an advanced and robust open-source CFD package with rising adoption
in industry and academia due to its advantages, such as a continuously growing set of
features and the absence of license costs [24]. Nowadays, there are relatively few works
about solid combustion modeling developed in OpenFOAM, although there has been a
growing interest in the subject in recent years [19]. This work reports on the development of
a bidimensional CFD model to study the combustion performance of several solid biomass
fuels and its application in the analysis of Lippia origanoides bagasse combustion. The model
was implemented in OpenFOAM and validated against experimental data of ignition front
propagation velocity and the maximum temperature taken from a combustor tube fueled
by three biomasses: wood pellets, olive stone and almond shell. The experimental data
were taken from the work of Patifio [25]. The model uses an Eulerian-Lagrangian approach
to simulate freeboard (continuous phase) and fuel bed (dispersed phase) behavior. In the
continuous phase, governing equations are solved, and in the disperse phase, particles are
tracked and the mass, momentum, species and energy transfer between those particles
and the continuous phase are calculated. It employs the k-epsilon, P1 and partially stirred
reactor (PaSR) submodels for turbulence, radiation and gas combustion, respectively. The
novelty of this research lies in the development of a simple computational model to simulate
solid combustion using OpenFOAM, and in the analysis of the combustion performance of
a kind of residual biomass that had not been previously considered as a fuel.

2. Materials and Methods
2.1. Fuel Properties

The properties of the fuels analyzed in this work are presented in Table 1; there, LHV
is the lower heating value, p), is the real density of the particles and p, is the bulk density of
the biomass bed. The properties of the first three fuels which were used for validation were
taken from the work of Patifio [25]. The elemental and proximate analyses and the densities
of Lippia origanoides bagasse (LO) were determined experimentally in the laboratories of
the Industrial University of Santander in Bucaramanga, Colombia, while the lower heating
value was determined by Equation (2) [26]:

= (o (52 (]} (o
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where X) is the percentage by mass of moisture, Xp is the percentage by mass of hydrogen
and HHYV is the higher heating value calculated from the proximate composition by Sheng
and Azevedo’s [27] Equation (2).

HHV = —3.0368 + 0.2218(VM) + 0.2601(FC) )

where FC and VM are the weight percent fixed carbon and volatile matter from the proximate
analysis. Three types of samples of LO were analyzed: leaves (L), stems (S), and a mixture
of leaves and stems in proportion 47:53 (M). The samples were collected from the facilities
of the National Center for Agroindustrialization of Aromatic and Medicinal Tropical Vegetal
Species (CENIVAM); coordinates: 7°08’ 24.8 (N latitude), 73°06’ 58.1 (W longitude), and
980 m above sea level. In Table 1, the properties of each one of these samples are presented;
as can be seen, the three samples have similar amounts of moisture and volatiles, but the L
sample has a higher amount of ash than the S sample, while M is somewhere in between. It
is recommended that the ash content be less than 10% [28]; the L samples have a slightly
lower content (9.35%), which indicates that their use as a fuel could cause maintenance
problems in the combustor due to slag deposits resulting from the fusion of these residues.
The S sample also presents higher LHV and density values, indicating a greater energy
liberation in the process that can contribute to better performance.

Table 1. Fuel composition and properties.

Empirical Proximate Analysis [wt%] LHV 3 3
Fuel Formula Water Volat. Char Ash [M]/kgl pp lkg/m?l Pa lig/m’l
Wood pellets (wp) CHj.7100.70 7.3 69.0 23.0 0.7 16.6 1240 690
Olive stone (0s) CH; 500064 13 61.3 25.1 0.6 15.3 1070 620
Almond shell (as) CHj 400068 11.9 64.1 23.4 0.6 15.6 920 360
LO leaves (L) CH1'4800,92 9.5 66.4 14.8 9.4 14.5 120.9 23.1
LO stems (S) CH; 3,075 9.3 68.7 17.1 5.0 15.6 594.2 308.8
LO mixture (M) CH; 3900 83 9.9 67.4 16.4 6.3 15.1 371.8 1745

2.2. Experimental Setup and Computational Domain

The experimental data were taken in a noninsulated cylindrical combustor developed
at the University of Vigo. It is an installation designed to measure the ignition front velocity,
the supplied airflow and the temperatures reached by the biomass during the solid biomass
combustion process. The combustor has an internal diameter of 0.13 m and a length
of 1.050 m where 1 m is the length from the grate. The temperature was measured by
employing type K thermocouples radially placed every 50 mm in the tube. A detailed
description of the system can be found in the work of Patifio [25].

The computational domain is a bidimensional representation of the combustion cham-
ber of the combustor. The mesh was generated with the tool blockMesh, included in
the OpenFOAM package. Figure 1 presents a scheme of the experimental system and its
bidimensional representation for simulations.

2.3. Mesh Independence Analysis

To ensure mesh independence, different mesh sizes were tested (from 112 to 1989 cells),
increasing the number of cells by 15% until there was no significant change in outlet velocity
and temperature. Figure 2 shows the values of those magnitudes for the different mesh sizes
tested. As can be seen, from mesh number 7 the outlet values do not change significantly;
therefore, that mesh was used for simulations. The selected mesh consisted of 948 cells.
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Figure 1. Cylindrical combustor. (a) Scheme of the experimental system; (b) computational domain.
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Figure 2. Results of mesh independence analysis.

2.4. Model Description

This model employs an Eulerian-Lagrangian approach for continuous and dispersed
phases, i.e., gas and particles. In the continuous phase, transport equations are solved, and
in the disperse phase, particles are tracked and the energy, mass, momentum and species
transfer between those particles and the continuous phase are calculated. The equation
system and the submodels were solved in OpenFOAM with the solver coalChemistryFoam.

For the continuous phase, the transport equations of mass (Equation (3)), energy
(Equation (4)), momentum (Equation (5)) and species (Equation (6)) are shown below:

d (Pgh) i d (PgK)
ot ot
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d(p,U
(’gftg) +v'(nggUg) — V'(Tg) _ v'(pgRg) — —VP+ng+ SU (5)
d(peY;
(Pagt i) + V-(pgUgY;) — V- (DgffV(ngi)) =Sy (6)

where F is the enthalpy, K is the kinetic energy, S is the source term, Y; is the mass fraction
of the species, R is the Reynolds stress term and e and Deﬁc are the effective thermal
and mass diffusivities. The source terms can come from the combustion model (c), the
Lagrangian particles (p) or the radiation model (r). The ones that come from the interaction
with particles may be further decomposed according to the process they represent: drying
(ev), devolatilization (dv), heat transfer by convection (cv) or the reaction to the particle
drag force (dr). Therefore, the source terms may be decomposed as [29]:

Sm = Sp,m = ng]m + S;Z,}m (7)

Su - Sp,u - S?yf}u + S;Z,]u + S{fglru (8)

Sy = Spy+Scy = S + S5, + S, )

Sh = Spn+ Sen+ Sen = S8 + S, + S5+ Sc iy + Sen (10)

The source terms of Equations (3) and (5) come from the interaction with particles in
the bed. The former is during the drying and devolatilization stages (Equation (7)) and the
latter is during the whole process (Equation (8)). The source term of Equation (6) comes
from the interaction with particles, during drying and devolatilization, and the combustion
model (Equation (9)). In addition, the source term of Equation (4) comes from the models
of combustion, radiation and the interaction with particles during the three stages of the
process (Equation (10)).

Tracking many particles becomes too computationally costly; therefore, a represen-
tation of multiple physical particles, named parcels, was used. The fuel bed is assumed
to be constituted by thermally thin spherical-equivalent parcels and the walls are set as
isothermal at ambient temperature. The equations for parcel velocity (U,), mass (1m,) and
temperature (T),) (Equations (11)-(13)) were solved and used to update their properties
before each continuous phase time step.

m dﬂ =F; +F (11)
% ar dr grav
dmp . dv . ev
d(TP) .dv .ev . .cv
MpCpp =gy =Mp Thy +hy+hy (13)

The velocity equation (Equation (11)) comes from Newton’s second law; the parcels
are subjected to the drag and gravity forces, F;, and Fgrap. The parcel’s mass variation
(Equation (12)) is expressed as the sum of the variation during evaporation devolatilization,
which comes from the respective drying and pyrolysis models. The temperature equation
(Equation (13)) comes from the balance of energy; the rate of change in energy in the
parcel is equal to the sum of the rate of change in specific enthalpy due to evaporation,
devolatilization, radiation and convection.

2.5. Submodels
2.5.1. Drying

Solid combustion can be divided into three stages: drying, devolatilization and char
combustion. The importance of the former lies in the influence of moisture on the fur-
nace behavior, pollutant emissions, and combustion temperatures [8]; the equilibrium
approach [30] was employed to model the evaporation rate of moisture. The enthalpy
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of vaporization (h,,) does not influence the gas phase directly and is entirely consumed
by the particle; therefore, the rate of change in specific enthalpy due to evaporation is

expressed by:
v dhgy (14)
P dt
The source term due to drying in Equation 10 is given by the sum of the energy
released from the i particles to the gas during the process:

ev
dezOhs/HZD ]

55— 1| 0

(15)

Here, m}j , is the mass transferred and /s, is the sensible specific enthalpy of
water vapor.

2.5.2. Devolatilization

In this stage, the solid fuel is decomposed into volatile gases, tar and carbonaceous
components; the volatiles and tar that come out during this stage represent 70% of the mass
of the fuel [20]. This process influences the composition and yields of the fraction of volatiles,
as well as the reactivity, and char yield, which affects the combustion performance [11].
The one-component single reaction model was employed to simulate this combustion stage;
therefore, the Arrhenius equation was used to model the devolatilization mass loss:

E

k= Ae Ty (17)

where m; is the mass of the jth volatile component in biomass, E is the activation energy,
A is the pre-exponential factor, R is the universal gas constant and T, is the parcel tem-
perature. The volatile production rate was used to determine the source terms related to
devolatilization in Equations (7)—(10) (S%f’m, S‘Zf’h, S’;,f’u and S%).

2.5.3. Heat Transfer

Radiation was modeled using the P-1 model, which is the simplest case of the general
P-N model. It has given good results in combustion simulations [31] with relatively low
computational costs [11]. The radiation transfer equation (RTE) is simplified to an elliptic
partial differential equation in this model, which relies on solving for the irradiation (G) [29]:

1
V-———VG —aG = —4a,0T* — AE 1
30+ 0y G—aG Ags0 P (18)

where 4 is the overall absorption coefficient, which is equal to the sum of the absorption
coefficients of the gas (), soot (s) and particles (p) (a = ags +ap = ag + as+ay); Ey is the
emission contribution of the particles; ¢ is the Stefan-Boltzmann coefficient and T is the
gas temperature. The source term in the gas phase energy equation can be expressed as:

Spp = gsG — dagsoT* (19)

The particle radiation enthalpy source in Equation (13) can be determined from
Equation (20):

r G
h, = Asap <4‘° - aTg) (20)
Gy is the incident radiation at the particle position and A; is the particle surface area.

Convection was taken into account, employing the Ranz-Marshall correlation [32,33], with
which the particle Nusselt number (Nu,) was calculated, and the rate of change in specific
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- CO
enthalpy due to convection (h, ) and the source term due to convection in the energy
equation (S;Uh) were determined:

Nu, = 2.0 + 0.6Rel/?Prl/3 (1)
kNu
h=—7F 22
D, (22)
- CO

hy, =h(Te — Ty) As (23)

- CO

cv hp,z'
b= o\ v (24)

1

where Re; and Pr; are the surface Reynolds and Prandlt numbers, / is the convective heat
transfer coefficient, k is the particle thermal conductivity and V. is the volume of a cell with
i particles inside it.

2.5.4. Combustion

As in most works of this kind, turbulence was modeled by the k-¢ turbulence model
while the turbulence—chemistry interaction in the combustion process was modeled using
the partially stirred reactor (PaSR) model. The latter is a model based on the eddy dissipa-
tion concept model, which assumes that the computational cells are divided into two zones,
a nonreacting zone and a reacting zone, and is chemically treated as a perfectly stirred
reactor. The process can be divided into two stages. In the first stage, the concentration
changes from an initial value cg to a value ¢ due to chemical reactions; in the second stage,
the reactive mixture c is mixed with the unreactive one ¢y due to the turbulence during
a mixing time 7, resulting in the averaged concentration c;. The reaction rate fm is

defined as [34]:
c1—C

fm(e) = L0 = kfm(er) 25)
where 7 is the residence time in the reactive structure, and « is a dimensionless parameter
defined by:

T,
K= ——— (26)
Te + Trnix

where 7. is the chemical time and T,,;, is obtained from the k-¢ model:

k
Tmix = Cinix z (27)

Cuix varies between 0.001 and 0.3 depending on the flow. In this work, it was taken as
0.03, as in other similar studies [35].

2.5.5. Reaction Mechanism

In this study, the reaction mechanism proposed by Gomez et al. [22] was considered
for homogeneous gas-phase reactions. It consists of the reactions summarized in Table 2.

Table 2. Combustion reactions.

Homogeneous Reactions

R1 C¢Hg + 20, — 6CO + 3H,0
R2 CHy + 30, — CO + 2H0
R3 H, + 30, — HyO

R4 CO+ 10, -+ CO,

R5 H,0 +CO — CO, +H,

R6 CO, + H, — H, O+ CO
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3. Results

For validation, wp, as and os combustion processes were simulated with air mass
flow rates of 0.1, 0.2, 0.3, 0.4 and 0.45 kg.m’Zs’l. As an example, Figure 3 shows the
temperature profiles of wp combustion at 1000, 3500 and 7000 s, and an airflow rate of
0.2 kg.m 25~ 1. The results of the ignition front velocities and maximum temperatures were
compared with experimental data from the combustor fueled by the same fuels, which are
presented in Figure 4 and Table 3. Table 3 shows the relative error between the calculated
and experimental data (%E = | Experimental Value — Calculated Value |/Experimental Value).

¥ 15x10°
. 1 — 1000

[ 500
2.8x10?

(a) (b) (c)

Figure 3. Temperature profiles for wood pellets (wp) at an airflow rate of 0.2 kg.m2s~!, at three
different moments: (a) 1000s; (b) 3500 s and (c) 7000 s. Temperatures are measured on the Kelvin scale.

Table 3. Relative error (%E) of values of simulated ignition front velocity (F. Velocity) and maximum
temperature (Tmax).

Airflow wp 0s as

[kg/m?s] FE. Velocity Tmax. F. Velocity Tmax. FE. Velocity Tmax.
0.1 12.69 11.77 1.16 - 443 12.71
0.2 12.80 9.19 9.74 23.48 12.62 4.64
0.3 1.29 12.62 9.21 30.97 26.46 6.32
0.4 5.88 - - - 51.19 21.86
0.45 14.54 - - - - -

Some values are not presented because no experimental data were available for comparison.

The ignition front velocity curves show the three regimes in which the combustion
process can be carried out according to the inlet airflow rate: oxygen-limited, reaction-
limited and cooling by convection. At low airflow rates, the reaction is incomplete and
the process is limited by the amount of oxygen available, observing lower temperatures
and an almost linear relationship between air mass flow and burned mass flow. As the air
increases, it also increases the cooling, making the ignition front’s speed reach a maximum;
the process enters a phase in which it is almost independent of the airflow, called the
reaction-limited zone. Finally, with an even greater mass flow, convective cooling becomes
more important, slowing down the flame propagation until the reaction no longer occurs.

Once the model was validated, it was used to simulate the combustion of Lippia
origanoides bagasse. Figure 5 shows the curves of ignition front velocity and maximum
temperature at different airflow rates for stem samples (S), leaves (L) and mixture (M)
samples. These curves also show the three combustion regimes according to combustion
air: oxygen-limited, reaction-limited and cooling by convection.
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Figure 4. Experimental and simulated curves of ignition front velocity and maximum temperature at
different airflow rates: (a) wood pellets (wp); (b) olive stone (0s) and (c) almond shell (as).
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Figure 5. Ignition front velocity and maximum temperature at different airflow rates for Lippia
origanoides bagasse samples: (a) stems (S); (b) leaves (L) and (c) mixture of stems and leaves (M).

4. Discussion

The validation tests show that the simulated ignition front velocity values follow the
trend of the experimental results; however, there are some differences with the experimental
results and an overestimation of the maximum bed temperatures. These deviations are
mainly due to model simplifications, such as the thermally thin assumption, considering
the walls as isothermal or approximating the shape of the particles to spheres. When using
the thermally thin approach, the particles’ temperature gradients are neglected, affecting
the surface temperature and causing a less pronounced cooling effect [16,22]. That effect
can be observed mainly in the almond shell, which, having larger particles, moves farther
away from the behavior of thermally thin particles. On the other hand, the combustor walls
are subjected to convection and radiation with the surroundings; making assumptions at
the surrounding temperature can cause an overestimation of heat losses. Finally, assuming
that the fuel particles are spherical causes a variation in the heat transfer area, which
affects the transfer by radiation and convection within the combustor. In addition to the
above, it must be considered that the thermocouples used for experimental tests perform
temperature measurements at a given point. Meanwhile, through simulation, average
values are obtained in the plane where the thermocouple is located; this can also cause a
disparity between the theoretical and experimental values. The use of the simplifications
mentioned is justified by the lower complexity of the model, which is one of the challenges
of simulating this type of system. The developed model accurately predicts the behavior of
solid fixed-bed combustion under different conditions and with different types of biomasses,
and can be used to study the performance of several solid fuels practically or be the basis
for new works that improve its submodels to achieve greater accuracy. As observed in
Table 3, the simulation results present relative error values lower than 13% in most cases
and some higher values in the most extreme conditions; these are within the range obtained
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in the literature, as can be seen in works of Karim and Naser [16], Gémez et al. [22], Karim
and Naser [2] and Collazo et al. [36].

The simulation of the LO samples’ combustion showed that the airflow with which
combustion starts in the L and M biomasses is lower than in the S biomass. This is due
to the lower density of the L and M samples, which means a lower mass of fuel in the
chamber and, therefore, a higher air-fuel ratio at the same operating conditions. Fuels S,
L and M have stoichiometric air-fuel ratios of 5.18, 4.42 and 4.82, respectively (obtained
from stoichiometric balances); the last two biomasses reach these ratios at lower airflow
values. The ignition front velocity is an indicator of combustion performance in fixed-
bed furnaces [8]. As can be seen, it is higher for fuel S; therefore, only the combustion
performance of that biomass can be equated with that of the biomasses as, os and wp, as
presented above. This is related to the higher energetic density of fuel S, compared to
fuels L and M, evidenced in higher heating values and densities. On the other hand, it
is observed that the maximum temperature of the samples of Lippia origanoides bagasse
is in the same range as that of the biomasses used for the validation. This temperature
increases when the airflow increases, since greater amounts of combustion air can mean a
more complete combustion.

5. Conclusions

e  This paper presents a two-dimensional model of solid biomass combustion. The model
is useful for studying the performance of a combustion system fueled by different
kinds of biomass and under different airflow rates. Unlike other similar studies,
this is an efficient numerical model implemented in OpenFOAM, which is a popular
computational tool rarely used in this type of application.

e  The model was validated by comparing its results with those obtained in a cylindri-
cal combustor fueled with three types of biomass, with relative error values lower
than 13% in most cases, which is similar to the errors obtained in recent studies on
this subject.

e  The stems of Lippia origanoides bagasse show a similar performance to that of other
biomass used as solid fuels, while the leaves and mixtures of the same plant present
lower performance.
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