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Abstract: Identifying a modeling procedure of biomass thermal decomposition that is not only
simple enough to implement and use, and computationally efficient, but also sufficiently accurate
for engineering design activities, and with a spectrum of applications as broad as possible is a very
difficult task. The authors propose a procedure which consists of two main stages: (a) the static
modeling phase with the purpose of generating the algorithm (macro functions) that supplies a
Computational Fluid Dynamics (CFD) model with specific input data (source/sink terms and local
material properties) and (b) the dynamic modeling phase, where the CFD model is bi-directionally
coupled to the external biomass decomposition model in the form of a User-Defined Function
(UDF). The modeling approach was successfully validated against data obtained from single particle
decomposition experiments, demonstrating its applicability even to large biomass particles, under
high heating rates and combusting conditions.

Keywords: biomass; combustion; decomposition; modeling; numerical simulation

1. Introduction

The work presented herein is entirely founded on the mathematical model of biomass
combustion physical and chemical processes explained in great detail in [1]. For a more
complete understanding and easier assessment of this effort, we strongly encourage the
reader to take it into consideration.

The main goal of this study (the previous and the current paper, together) is to present
a possible solution for modeling and simulating biomass thermal decomposition regardless
of particle size and shape, heating rate, and neutral or oxidizing environment conditions.
Moreover, it is formulated such that any biomass source can be used, provided it can be
described using its main constituents (fractions of hemicellulose, cellulose, lignin, minerals,
and moisture).

The first paper detailed the complete path starting from the mathematical formulation
of the kinetic-chemical model for biomass transformation, and the physical modeling of
biomass properties. It concluded by showing the outcome of the decomposition model, in
the form of transfer functions to be implemented in the three-dimensional Computational
Fluid Dynamics (CFD) model—the static modeling phase.

This second paper presents the subsequent dynamic modeling phase, involving the
actual numerical simulation of biomass thermal decomposition and volatiles & char com-
bustion, as well as its verification and validation. The model consists of an external User-
Defined Function (UDF) coupled to the CFD numerical model. Introduction of the structure
and functionality of the UDF routines, used for calculating the yield rates for decomposi-
tion products, the volatiles chemical composition, and the overall process heat balance is
followed by the presentation of the modeling and numerical simulations performed to test
and validate the numerical model of combustion, whose structure is presented in the first
part of this paper. In addition, routines for calculating material properties of raw biomass
and solid residue and a calculation model for the radiation absorption coefficient in the
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gas phase are included. The basic numerical flow modeling aspects are described, specifi-
cally the Reynolds-averaged Navier–Stokes flow model, with the associated turbulence
modeling aspects. Chemical reactions and radiation heat transfer modeling, as essential
global model components, are then examined. Next, some issues related to the numerical
simulation process are discussed, i.e., computational domain modeling and discretization,
boundary conditions, numerical solvers, and spatial and temporal discretization schemes.

Numerical tests were run for observing the model behavior strictly for biomass parti-
cles drying and devolatilization stages, using various initial moisture levels and external
neutral gas flow rates. Both two-dimensional approximations and three-dimensional
models have been used, and the results were compared to the available experimental data.

Finally, the paper examines the simulation results of decomposition in an oxidizing
atmosphere under the same conditions of thermal load, this time examining the combustion
model performance. Cylindrical biomass particles with different shapes were used. All
combustion simulation tests have been run using three-dimensional numerical models.

The experimental data published by Lu [2] was chosen for assessing the overall
modeling performance and accuracy. Other researchers [3–13] have attempted to model
and numerically simulate the decomposition of biomass particles, either in isolation or
in the form of particle bed, using various approaches. Generally though, the conclusion
was that heat and mass transfer dominated processes—involving large particles with high
heating rates—proved significantly more difficult to simulate. Dimensionally-reduced
models also have difficulties in coping with more complex situations, particularly due to
the importance of three-dimensional effects and asymmetries.

Many research efforts (including Lu’s) are limited to mass loss and temperature
measurements at particular points. Consequently, no validation of volatiles composition
could be performed yet. Nevertheless, an interesting and well-detailed example of the
effects of using micronized biomass particles on the quality of the volatiles under pyrolitic
conditions is given in [14].

2. Numerical Modeling of Physico-Chemical Processes Involved in Biomass
Combustion

2.1. External Model Implementation Function

The CFD software (ANSYS Fluent™) includes a significant part of the physical model-
ing elements needed in biomass combustion numerical modeling. The software provides,
besides the mathematical modeling of fluid flow, a porous solid model environment that
is well-suited for modeling and simulating flow inside the biomass particle. Transport
equations considered are presented in [15], where it can be noticed that an external model
can directly modify the source term of each relevant equation: mass sources of primary
and secondary volatiles may be included in the continuity equation, those for chemical
species standing for volatiles in the corresponding transport equations and the heat bal-
ance can be added to the energy conservation equation. Also, ANSYS Fluent™ software
allows computation of thermodynamic and transport properties of any species or phase by
means of external routines that can represent functions of calculated variables (pressure,
temperature, etc.) of any quantity being accessible for the user. The only constraint is that
all these information transfers between an external model and the CFD numerical solver
must be made through standard macros, which is common practice.

The main objective during the numerical model development was to make extensive
use of the existing ANSYS Fluent™ software capabilities and to only integrate the missing
parts. Thus, the interaction between basic numerical solver and external transfer function
(UDF) has been minimized, which, in a first phase, resulted in a reduced computational
time and effort. Moreover, the transfer function code has been optimized, reducing the
number of arithmetic operations and embedded routines to a minimum, thus improving
the numerical model performance in the second phase. Numerical tests conducted during
the research have shown that the extra computational effort for external function processing
has not exceeded 10% of the total effort.
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The C programming language has been used for UDF programming, with the source
file then being compiled into an external dynamic library attached to the numerical solver.
UDF compilation ensures faster execution speed and portability.

Table 1 provides an overview on the main operations performed by the transfer
function.

Table 1. Main calculations performed by the user-defined function (UDF).

Calculation Type Purpose

Initialization calculations
Calculate initial concentrations of biomass components
Initialize dynamic memory locations for storing current values

Current calculations (performed for each
sub-iteration)

Estimate biomass components decomposition rates based on solver-generated local
conditions
Estimate values for mass sources (chemical species) and energy and transfer to solver
Calculate material properties: porosity, viscous resistance coefficients, thermal
conductivity, specific heat, and transfer to solver

Closing/final calculations (performed at
the end of each time phase)

Recalculate biomass components concentrations using source values at the end of each
sub-iteration
Calculate biomass current mass and transfer results to a text file

Given that, besides the initialization calculations, all other calculations in Table 1 are
performed for each grid cell in the computational domain (the number of operations is
therefore directly proportional to the size of the discretization grid) at every time step
(current calculations even at each iteration). Thus, it is clearly important to keep the total
number of floating point operations under control.

2.2. Fluid Flow, Turbulence, Chemical Reactions, and Radiation Modeling

This chapter provides an overview on mathematical models used for modeling fluid
flow and mass and energy transfer, specific to biomass combustion; the other topics will be
discussed in Section 2.3.

The Reynolds-averaged Navier–Stokes (RANS) model used for flow modeling is
described in [15]. Menter’s shear-stress transport SST model k-ω (“Shear-Stress Transport”)
has been used for turbulence modeling in all numerical simulations presented in this
research paper, as it is considered the most reliable model with two transport equations
applicable for both internal and external flows.

Chemical reactions modeling is carried out with the EDC model (“Eddy-Dissipation
Concept”) [15], which allows introduction of the detailed reaction mechanism in tur-
bulent flows, with the numerical integration of the reactions being carried out by the
ISAT algorithm.

A particularly important aspect of general combustion modeling and simulation, not
just for biomass, is modeling heat transfer by radiation. The model used for calculating
heat fluxes by radiation was the DO model (“Discrete Ordinates”). Its advantage is that
it can model optical media of any opacity, which makes it particularly useful for small-
sized combustion chambers. The main disadvantage lies in the number of transport
equations, which are directly proportional to the number of spatial directions, which limits
the applicable angular discretization, especially in three-dimensional modeling. In all 3D
cases, a 2 × 2 discretization has been used for each spherical octant.

The following values have been used in all calculations: 0.8 for raw biomass emissivity
and 0.9 for char emissivity. The refractive index of the fluid medium has always been
considered equal to one.
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Modeling Radiative Heat Transfer Coefficient in the Fluid

Given the importance of heat transfer by radiation, we have considered necessary
to model the fluid medium effect on radiation transfer. Therefore, we have included
in the combustion numerical model our own model for calculating the gas phase radi-
ation absorption coefficient. The model was developed in Standard C and it is based
on data published in [16], section “Heat Transfer by Radiation”. The handbook pro-
vides equations/correlations for calculating water vapor and carbon dioxide emissivity
for several temperatures, as expressions of the following form (the example is given for
carbon dioxide):

εCO2,i(p, L) =
1
Ti

10[a0+a1log(pL)+a2log(pL)2+a3log(pL)3] (1)

where p is partial pressure of the species [atm], and L the characteristic length [m].
As these equations are given only for three temperatures, namely 1000, 1500, and

2000 K, to avoid interpolation and extrapolation in case of intermediate or higher tempera-
ture, we have determined a series of equations where the temperature is a parameter, so it
can be directly integrated in the CFD numerical model. Using a second order polynomial
regression of the a coefficients in Equation (1), they have been transformed into functions
of temperature, as follows:

εCO2,i(p, L, T) =
1
T

10[a0(T)+a1(T)log(pL)+a2(T)log(pL)2+a3(T)log(pL)3]. (2)

The partial pressure of species can be calculated directly from information available
in numerical solver, the characteristic length can be set to a value representative of the sim-
ulated facility, and the equivalent emissivity is calculated as the sum of species emissivity.
The only parameter to be estimated is the absorption coefficient, calculated in each control
volume by Equation (3):

a =
−
[
ln
(
1 − εequiv

)]
L

. (3)

2.3. Numerical Simulation

2.3.1. Computational Domain. Spatial Discretization Grid

The external boundaries of computational domain (Figure 1) have been modeled con-
sidering the characteristics of the experimental chamber furnace described in Section 3.1.
Biomass particles were placed in the center, with the same orientation as in the experiments—
the cylindrical particle axis parallel to the horizontal direction (the Z-axis in the 3D CFD
numerical model). In cases of two-dimensional modeling and simulation, the computation
domain has been reduced to a section in the XY plane of the original domain.

The numerical simulations have not revealed any dependency between experimental
results and finite volumes shape, so the grid contains both 2D triangular and rectangular
elements. The main effort was focused on minimizing elements deformation (“skewness”)
and local growth ratios to reduce the effects of numerical diffusion and improve the
accuracy of discretization schemes and gradients calculation. Figure 1b shows smoothness
and spatial distribution of mesh nodes used in 2D CFD modeling and simulation.
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Figure 1. (a) Computational domain form and dimensions and (b) discretization used in 2D simulations.

Three-dimensional discretization has been used for both cylindrical samples with
L/D = 1 and for L/D = 4.

The multi-block structured discretization technique has been used for all 3D modeling
cases. Moreover, taking advantage of the two geometrical symmetry planes of the particle,
the 3D computational domain has been reduced to a quarter of its original size, as shown in
Figures 2 and 3. The final dimensions of 3D discretization schemes include approximately
135,000 finite volumes for the first particle (L/D = 1) and approximately 175,000 finite
volumes for the second (L/D = 4).

2.3.2. Boundary Conditions

Boundary conditions used in the 2D and 3D numerical simulations are VELOCITY-
INLET, PRESSURE-OUTLET, WALL, and SYMMETRY type.

2.3.3. CFD Numerical Solver. Spatial and Temporal Discretization Numerical Schemes

The numerical solver used in all experimental cases is an implicit pressure-based
coupled solver. The coupled algorithm is very robust and converges quickly; the only
disadvantage lies in the memory size required for storing the coupled equations system.

2.3.4. Discretization of Transport Equations

Among the available schemes, spatial discretization schemes of upwind type of at
least second-order accuracy have been used for all simulation cases.
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Figure 2. Discretization used in 3D simulations of the particle with L/D = 1.

Figure 3. Discretization used in 3D simulations of the particle with L/D = 4.

3. Verification and Validation of Biomass Combustion Numerical Model

3.1. Presentation of Validation Experiment

In order to test and subsequently validate the combustion numerical model described
in the previous chapters, we searched for experimental data that meet certain criteria:
(1) biomass particles considered large enough so that their thermal decomposition regime
would be heat and mass transfer dominated; and (2) biomass to be decomposed under high
temperature and heating rates. The main argument used to support the selection criteria is
that these types of conditions are much more difficult to reproduce numerically; therefore,
they are more relevant for testing its behavior. The set of experimental data available in
Lu’s doctoral thesis [2] meets the requirements and has been used by other authors in their
own numerical studies. His experimental furnace has a cylindrical test chamber made of
refractory material (SiC). Its total height is 305 mm, with an exterior diameter of 152 mm,
and an interior diameter of 114 mm. A vertical hot gas flow passes through the test chamber
during the experiments, containing either nitrogen (for pyrolysis experiments), or a mixture
of nitrogen and oxygen (for combustion experiments). Experimental measurements have
been carried out on cylindrical-shaped biomass samples of various sizes and L/D ratios.

3.2. Verification and Validation of Drying and Devolatilization Model

The analysis of the numerical model performance developed in this research paper has
been primarily based on particle mass time variation during drying and devolatilization
processes. No output gases composition data was available from Lu’s experiments. The
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model assumes decomposition of two biomass particles with L/D = 1 and L/D = 4, for which
Lu has published experimental results.

The material used for sample manufacturing is poplar wood. We analyzed the cases
for a particle moisture content of 6% and 40%.

Although the model has been designed and created to be used primarily for three-
dimensional modeling and simulation, tests required during the model development
phases have been performed on two-dimensional problems without altering the model
structure (in this case, the UDF). The main reason for conducting the tests on 2D CFD mod-
els would be the significantly shorter computational time, which allows the running of a
greater number of tests within a given timeframe, thus speeding up the development process.

The results obtained with the 2D CFD numerical models were only considered relevant
by comparing them with experimental results obtained for the second (higher aspect ratio)
particle. However, for validation purposes, these results were neglected and only three-
dimensional simulation results were considered.

Taking into consideration the influence of the particles’ shape, and geometry of the
experimental furnace chamber, and for greater length particles, the ratio between particle
length and chamber inner diameter, there is no doubt that 3D modeling was the only way
to validate the accuracy of biomass decomposition numerical model.

Three-dimensional effects become readily apparent during experimental data analysis.
The most important aspect, namely the particle shape, has a great influence on the decom-
position rate. The conversion of the cylindrical-shaped particle with the length equal to its
diameter occurs in app. 30 s, as compared to 50 s in the case of the particle with the L/D = 4
(Figure 4), for equal diameters (9.5 mm) and the same thermal conditions, with an initial
moisture content of 6%.

Figure 4. Comparison between simulated and experimental results [2] for pyrolysis of 6% initial
moisture sample (determined on wet basis) and L/D = 1—3D model.

Modeling and simulation of the shorter particle (L/D = 1) was performed for an initial
moisture content of 6% (Figure 4) and 40% (Figure 5).

Three-dimensional model accuracy for devolatilization simulation was very good,
which was more obvious in the case of low moisture. The slight degradation of the nu-
merical results accuracy in the second phase is most likely due to neglecting contraction.
However, the effectiveness in solving this momentary deficiency of the biomass decomposi-
tion numerical model should also be noted by applying a correction factor to the empirical
correlations used for modeling the thermal conductivity of solid fractions. Again, even the
final char fraction was estimated well in both situations.
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Figure 5. Comparison between simulated and experimental results [2] for pyrolysis of sample with
40% initial moisture (determined on wet basis) and L/D = 1—3D model.

As for the longer particle (L/D = 4), only the 40% moisture fraction (determined on wet
basis) simulation results are discussed. Figure 6 displays both 2D and 3D numerical results.
It is obvious that three-dimensional model dimensional accuracy is superior, particularly
within the (20–50) s range. This finding confirms the existence of the previously mentioned
three-dimensional effects, which are successfully reproduced by the 3D model. This
last result obtained under pyrolysis conditions (nitrogen-free atmosphere) concludes the
numerical model validation, at least for biomass drying and devolatilization processes and
also for char gasification, as the gasification reactions were used in all cases.

Figure 6. Comparison between simulated and experimental results [2] for pyrolysis of sample with
40% initial moisture (determined on wet basis) and L/D = 4—2D/3D model.

An extremely important aspect in assessing model quality is that it was entirely
completed in the development phase, where only two-dimensional CFD models were used.
In three-dimensional modeling and simulation phase, the numerical model had only been
validated and no changes had been made in an attempt to correct or calibrate the results.
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3.3. Combustion Model Verification and Validation

From the research data published by Lu [2] only two combustion cases could be
identified. Experimental measurements have been carried out in an oxidizing atmosphere
for a cylindrical sample with a diameter equal to length (9.5 mm), with 6% and 40% initial
moisture (based on the wet mass), respectively but the data on particle mass evolution
in time were available only for the high moisture content particle. Flame temperature
measurements were nevertheless performed for both particles. At 6% moisture, the tem-
perature was measured both with the external thermocouple and pyrometer camera, the
maximum value reached during volatiles combustion was about 2100 K. In the second case,
high water content limited the maximum combustion temperature during devolatilization
to about 1650 K. Numerical results were obtained only for this second case.

Measured data indicate that complete decomposition occurs in approximately 80 s,
with devolatilization stage being complete at about 60 s. The residual mass of experimental
particle at the end of conversion is virtually zero, which would indicate complete char
combustion. Outside temperature during char combustion was around 1300 K for the first
experiment, but reached a value equal to that observed during volatiles combustion for the
second experiment. The temperature recorded by the thermocouple in the center of the
particle has a maximum value equal to the maximum exterior temperature at the end of
conversion (80 s) in both experiments.

The particle decomposition rate (time evolution of relative mass) was again very well
reproduced by the numerical model, as shown in Figure 7. Particle residual mass was
nevertheless higher than the experimental one. The explanation could be that either: (1) the
initial ash fraction from raw biomass, as modeled, was greater than the actual fraction, or
(2) the experimental particle ash was effectively swept away by the external gas flow.

Figure 7. Comparison between simulated and experimental results [2] for the combustion of the
sample with 40% initial moisture (wet basis) and L/D ratio = 1—3D model.

3.3.1. Combustion of Particle with L/D = 1

Some results for the combustion numerical simulation of the L/D = 1 sample with 40%
initial moisture are presented next. The images show the time history for certain calculated
quantities by displaying distributions at different stages in the decomposition process. All
images were taken in one of the vertical symmetry planes and mirrored by the orthogonal
symmetry plane.

Moisture Drying—Evaporation

Figure 8 shows the gradual evaporation of the initial moisture progressing from the
outside to the inside, as the particle is heated. This stage ends at approximately t = 25 s.
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Even these early images show the three-dimensional nature of the process, with evaporation
in the area of particle sharp edges being much more intense than elsewhere. This feature is
characteristic to all other quantities. Water evaporation occurs inwards as an advancing
front, whose thickness tends to increase with time. Towards the end, the vaporization
occurs across the entire particle core. It is worth mentioning that the model takes into
account the transport of water vapors both outwards and inwards, which certainly plays a
role in the process.

Figure 8. Concentration of initial moisture at (a) t = 5 s, (b) 10 s and (c) 15 s.

Particle Devolatilization

Due to the high thermal gradient, converting biomass components form virgin to
active forms, followed by decomposition of the latter, occurs very rapidly in the outer
layers of the particle. Process speed is reduced as it moves towards the center of the particle,
as shown in Figure 9, mainly due to the thermal resistance of the char layer, which reduces
heat flow.

Figure 9. Concentration of “active” cellulose at (a) t = 15 s, (b) 25 s and (c) 35 s.

Char formation (Figure 10) by biomass components decomposition occurs sequentially,
with cellulose, hemicellulose and lignin decomposition temperatures and speeds being
different. For instance, lignin is the last to decompose at significantly higher temperatures
than hemicellulose, which means that the formation of carbon residue can occur simultane-
ously on a significant fraction of the total particle thickness. However, at the same time,
char decomposition occurs due to the combined action of the gasification reactions and,
more importantly, the oxidation reaction.
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Figure 10. Concentration of char at (a) t = 20 s, (b) 40 s and (c) 60 s.

Figure 10b shows that at 40 s after the start of the numerical experiment, char de-
composition started on the edges, while within the particle core, there are fractions of the
original biomass components still intact. After 60 s, much of char had already burned, with
the process being limited by the oxygen diffusion speed through the remaining ash layer.

Volatiles and Char Burning

Figure 11 shows the instantaneous concentration of the most important species in
burnt gas composition immediately after moisture evaporation stage (t = 25 s). The flame
temperature in the numerical model is about 1700 K. Maximum species concentrations are:
CO = 14%, CO2 = 19.3%, and H2O = 1.9%. Water results only from biomass decomposition
and burning of molecular hydrogen (in the composition of chemical species, no differ-
entiation is made between fractions of water from different sources) and is quite scarce
compared to carbon oxides. CO concentration decreases rapidly after leaving the particle
by oxidation to CO2, but becomes visibly slower about 20 mm above.

Figure 11. Mass fraction of (a)CO, (b)CO2, and H2O (c) at t = 25 s; maximum values: (a) 0.1399, (b) 0.1926 and (c) 0.0192.

Figure 12 shows the same gas species in the final phase (t = 50 s), when most of the
biomass has already been converted and the transition is made to the char combustion
phase. The maximum concentrations of the species are: CO = 4.84%, CO2 = 5.45%, and
H2O = 0.3%, three to four times lower compared to the previous time.
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Figure 12. Mass fraction of (a) CO, (b) CO2 and (c) H2O, at t = 50 s; maximum values: (a) 0.0484, (b) 0.0545 and (c) 0.003.

Carbon oxides are dominant again, as expected, water resulting from methane, ethy-
lene, and hydrogen burning and coal decomposition (which contains a certain fraction of
H and O, as seen in [1]). CO distribution is much narrower and its conversion into CO2
occurs on a longer range, with a lower flame temperature (1300 K). It is also obvious that
the shape of the area covered by the flow of chemical species leaving biomass particle is
slightly modified. This is due to the decomposition rate decrease, which is confirmed by
concentration values.

Although the gas stream outside temperature is T = 1050 K, igniting fuel gas mixture
from the decomposition of biomass sample only occurs after approximately 15 s. Auto-
ignition was most likely delayed by the cooling effect of the large amount of water that
evaporates in the initial stage. The maximum temperature of the flame (≈1700 K) was
reached towards the end of the drying step. After t = 25 s the flame continually lost intensity,
reaching a minimum at 55 s (T = 1300 K), after which, with accelerating decomposition
of the carbon residue reached ≈1500 K at the end of the process. Figure 13 shows how
the flame finally covers the entire particle, char combustion making the transition from
decomposition regime II to regime I [1].

Figure 13. Distribution of temperature (in K) at (a) t = 25 s, (b) 40 s and (c) 75 s.
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3.3.2. Combustion of Particle with L/D = 4

Although there are no experimental data published by Lu for this case, we have
performed combustion modeling and simulation for a particle with the L/D ratio = 4,
all other parameters being identical to the previous case. The only possible basis for
comparison was the curve of particle mass loss determined in neutral atmosphere. Thus,
Figure 14 shows the results of the two 3D numerical simulations, pyrolysis and combustion,
superposed on pyrolysis experimental data. The two particle mass loss curves can be seen
to begin to evolve differently from t ≈ 23 s; from this point onwards, the devolatilization is
significantly more intense in the case of combustion. This is due to the additional thermal
load generated by volatiles burning. Decomposition ends about 20 s earlier and the residual
mass of the particle is about 40% lower compared to the pyrolysis case.

Figure 14. Comparison between simulated and experimental results [2] for the combustion of the
sample with 40% initial moisture (compared with wet mass) and L/D = 4—3D model.

Moisture Evaporation

Moisture content is the same as in the case of the previous particle (L/D = 1) or
40%. Figure 15 shows water evaporation in time, at the same time points. Thickening of
evaporation front and a change in shape as it goes deeper is obvious again. In this case,
however, the process vertical asymmetry is much more obvious, the process advancing
rate being higher on the biomass particle underside. This is obviously caused by the more
intense convective heat transfer on the side directly exposed to preheated air flow. This is
an effect which can be reproduced only by modeling the external flow also, to allow the
calculation of a realistic heat flow distribution on the outside surface of the particle.
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Figure 15. Concentration of initial moisture at (a) t = 5 s, (b) 10 s and (c) 15 s.

Particle Devolatilization

The same thermal decomposition characteristics of biomass components observed for
the first particle can be seen in Figure 16: faster transformation at the beginning, followed
by a decreased rate during the formation of char, whose thermal conductivity coefficient is,
for experimental conditions, 2.5 times lower compared with raw biomass.

Figure 16. Concentration of “active” cellulose at (a) t = 15 s, (b) 25 s and (c) 35 s.
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Compared with the L/D = 1 case, it is noted that at t = 60 s the remaining coal
fraction is higher, particularly in the areas close to the lateral surface (for the particle with
L/D ratio = 1, coal decomposition occurs in a relatively symmetrical manner, see Figure 10).
Char burning appears to be much more intense at particle ends, which is confirmed by
residue distribution at t = 75 s, shown in Figure 17d. It seems that oxygen diffusion in the
particle solid waste volume occurs much easier towards the ends. This effect might be
amplified if the numerical model would also reproduce particle disintegration, reduction
of ash layer thickness that would be obvious at the ends, around the sharp edges, etc.

Figure 17. Char residue concentration at (a) t = 20 s, (b) 40 s, (c) 60 s and (d) 75 s.

Volatiles and Char Combustion

Figure 18 shows the instantaneous concentrations of the most important chemical
species at t = 25 s. Flame temperature in numerical model at this moment is similar to the
previous case (≈1700 K). Maximum concentration values are: CO = 14%, CO2 = 23.2%, and
H2O = 20.1%. The large water fraction yields are caused by the incomplete initial moisture
drying at this point (the maximum value occurs actually in the particle core). Rapid carbon
monoxide oxidation is also obvious here.
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Figure 18. Mass fraction (a) CO, (b) CO2 and (c) H2O at t = 25 s; maximum values: (a) 0.1403, (b) 0.2318 and (c) 0.2008.

Figure 19 shows the same species at t = 50 s, when, unlike the first particle, there is still
an important fraction of unconverted biomass. Maximum values of species concentrations
are: CO = 13.6%, CO2 = 24.2%, s, i H2O = 2.1%, similar values to the previous time moment,
with the exception of water. Flame temperature at this stage is ≈1800 K.

Figure 19. Mass fraction (a) CO, (b) CO2 and (c) H2O at t = 50 s; maximum values (a) 0.1362, (b) 0.2423 and (c) 0.0209.

Again, fuel gas mixture resulting from the biomass sample decomposition ignites late,
only after approximately 18 s. The maximum flame temperature (≈2200 K) occurs this
time during char combustion. During volatiles burning the maximum temperature reaches
1800 K. Burning intensity reduction is obvious for the second particle as well, with the
minimum being at t = 65 s when the temperature reaches approximately 1550 K. Figure 20
shows that not only is the temperature evolution different during combustion, but also the
flame shape, which was however predictable. Combustion is more intense towards particle
ends, with the flame being shaped like a double cone. At t = 40 s, it should be noted the
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flame length has reduced and temperature increased as compared with 15 s earlier, one
of the reasons being the completion of the drying phase. During char burning, the flame
returns to the simple conical shape, with oxidation being much more intense as compared
with the first particle (judging not only by the flame shape, but also by the temperature).

Figure 20. Temperature (in K) distribution at (a) t = 25 s, (b) 40 s and (c) 75 s.

4. Conclusions

The complexity of physical and chemical transformations taking place within biomass
particles undergoing thermal decomposition is undeniably very high. Reproducing these
processes with sufficient accuracy using numerical modeling and simulation requires a
comparably detailed approach. Achieving the right balance between model sophistication
and the associated computational effort is of great concern as well. Nevertheless, the
modeling procedure presented herein is quite successful at reproducing the observable
behavior of relatively large, heavily thermally loaded, biomass particles; this process is
carried out with reasonable costs.

The implementation of the mathematical model for biomass decomposition presented
in the first part of the study was performed taking advantage of the extensive capabilities
of a commercial CFD software platform. The User-Defined Function was formulated such
that the communication between the chemical-kinetic model and the CFD numerical model
is bi-directional. Using dedicated subroutines, the program performed calculations for
(1) the mass and energy sources for all mass transfer processes associated to the thermal
decomposition of biomass and (2) the material properties and those of transport in solid
volumes, extracting all necessary numerical data from the CFD solver. The calculation of
heat and mass transfer, volatiles transport, and combustion, if conditions allow, enable char
burn, etc., to all be performed within the solver. Of all the numerical tasks, the integration
of chemical reaction mechanisms for gaseous species combustion seems to be the limiting
factor in terms of computational performance.

The comparison of numerical results and experimental data used for validation is very
good. The models qualitatively and quantitatively reproduce the experiments conducted by
Lu [2] for a series of 9.5 mm cylindrical biomass samples (poplar), thermally decomposed in
an oven specially designed and manufactured for this purpose. Both neutral and oxidizing
conditions were successfully validated at low and high initial moisture levels too.

The global performance of the biomass thermal decomposition model developed in
this research is remarkable, especially considering the fact that it relies on a relatively
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simple chemical-kinetic scheme. The numerical model can be successfully used not only
for accurate estimation of conversion process duration, either pyrolysis or combustion,
or for estimating residual mass (i.e., char), but it can be applied as well for determining
combustion temperatures in both key phases (volatiles burning, followed by char burning).
Given the achieved level of accuracy, we can assume that the chemical composition of burnt
gases might be properly predicted too, but this remains to be confirmed in future research.

The most important conclusion drawn from the analysis of all numerical data and
their correspondence with experimental measurements is the following: in some cases
it may be possible to apply one-dimensional or two-dimensional simplified models to
obtain acceptable results in general engineering design; however, an accurate and thorough
research of many apparently simple cases can be done only by using three-dimensional,
unsteady numerical simulation methods that must be properly formulated physically
and chemically to be as detailed and close to real phenomena as possible. Achieving
high accuracy in numerical modeling cannot be done just by concentrating on aspects
of physical and chemical transformations of biomass during thermal decomposition; the
complete modeling of heat transport and, especially, mass transport, were found to be
equally important.
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