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Abstract: Biomass is currently one of the world’s major renewable energy sources. Biomass in a
powder form has been recently proposed as the most encouraging of biomass contours, especially
because it burns like a gas. In the current study, biomass powder was examined, for the first time,
as a direct solid fuel in internal combustion engines. The aim of the current study was to investigate
modeling tools for simulation of biomass powder in combustion engines (CE). The biomass powder
applied was in a micro-scale size with a typical irregular shape; the powder length was in the range
of 75-5800 um, and the diameter was in the range 30—1380 pm. Different mechanisms for biomass
powder drying and devolatilization/gasification were proposed, including different schemes” and
mechanisms’ rate constants. A comparison between the proposed models and experiments was carried
out and results showed good matching. Nevertheless, it is important that a biomass powder simulation
addresses overlapping/complicated sub-process. During biomass powder combustion, tar was shown
to be formed at a rate of 57 wt.%, and, accordingly, the formation and thermal decomposition
of tar were modelled in the study, with the results demonstrating that the tar was formed and
then disintegrated at temperatures between 700 and 1050 K. Through biomass powder combustion,
moisture, tar, and gases were released, mostly from one lateral of particles, which caused ejection of
the solid particles. These new phenomena were investigated experimentally and modeled as well.
Results also showed that all the proposed models, along with their rate constants, activation energies,
and other models’ parameters, were capable of reproducing the mass yields of gases, tar, and char at a
wide range of working temperatures. The results showed that the gasification/devolatilization model
3 is somewhat simple and economical in the simulation/computation scheme, however, models 1 and
2 are rather computationally heavy and complicated.

Keywords: renewable fuel; biomass powder; micro-scale size; gasification/devolatilization; modeling;
validation; combustion engines

1. Introduction

Research into internal combustion engines has in recent years been dedicated to control of pollutant
emissions from automobiles [1-3]. Several publications have referred to the high environmental
pollutant emissions from automobiles fueled with fossil propulsions [4-8]. One of the possible
solutions proposed by researchers was to introduce renewable fuels as an alternative to fossil
fuels [9-13]. One of the promising renewable resources is biomass, where it can supply energy for
different demands/applications [14-17]. Biomass is reported as one of the largest sources of energy in
the world [18]. Biomass, as a solid fuel, could be used in various sizes and shapes; powder biomass
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has been recognized as the most attractive form since it burns like gases-fuels [19-22]. Nevertheless,
powder biomass combustion is complicated; it comprises overlapping numerous processes, such as
drying, gasification/devolatilization, and char formation and oxidation [23]. Among different processes,
the gasification and/or devolatilization process is recorded as one of utmost significance and may be one
of the most complicated processes [24]. Gasification and/or devolatilization of biomass powder involves
a number of chemical reactions in parallel and/or in series leading to the production of a liquid (tar),
gases (volatiles), and solid (char). The kinetics of the chemical reactions are determined by applying
the Arrhenius equation with different activation energies, reaction orders, and frequency factors.
Many researchers have been studying the gasification and/or devolatilization process numerically and
experimentally; a review of early research is highlighted subsequently. Sadhukhan et al. [25] studied
gasification and/or devolatilization of biomass with coal that is 354-500 um in size and low heating
rate condition, which is not appropriate for the powder biomass in ICEs (Internal combustion engines).
Sepman and Goey [26] investigated the experimental rapid gasification and/or devolatilization process
of biomass powder at a size of 100 mm. However, the researchers did not provide modeling tools
for the process. Kaushal et al. [27] developed a model for fluidized bed biomass at heating rate
of less than 1270 K. Hatakeyama and Quinn [28] identified an expression for gasification and/or
devolatilization rate of biomass in a large size condition. Haykiri-Acma and Yaman [29] studied the
thermal degradation behavior of biomass at low-temperature conditions, such as between 125 and
325 °C. Meesri and Moghtaderi [30] employed gasification and/or devolatilization of biomass using
three thermal events with linear kinetics not in flame condition. Nassar [31] presented thermal cracking
of biomass during gasification and/or devolatilization using first-order reactions. Vuthaluru [32]
applied three thermal reaction pathways to explain the mass loss history of biomass with non-linear
reaction kinetics. Sutcu [33] investigated gasification and/or devolatilization behaviors of biomass
using a single first-order reaction with varying kinetic parameters in different temperature varieties.
Zhou et al. [34] investigated a single first-order reaction kinetic for Chinese biomass. A complete
valuable review of studies of biomass gasification and/or devolatilization models was summarized
by Di Blasi [35]. Rodrigo et al. [36] presented a computational fluid dynamics (CFD) model for
biomass powder in a small-scale boiler combustor. Luz et al. [37] applied experimental and numerical
evaluation for pyrolysis of fast powder biomass at laboratory boiler scale. El-Sayed and Mostafa [38]
applied thermal gravimetric analysis for kinetic parameter determination and pyrolysis characteristics
of biomass fuel powder. Xu et al. [39] applied experimental investigation on flow properties using
different biomass powders. Pachén-Morales et al. [40] studied the flow properties of biomass powder
under effect of torrefaction intensity. Pachon-Morales et al. [41], in another study, introduced and
calibrated the modeling tool of cohesive flow with biomass powder and by using bulk tests. Li et al. [42]
investigated mango biomass powder in a bio-electrochemical system at high-performance anode.
Medina et al. [43] examined and determined experimentally the minimum explosible concentration
of biomass powder. Falk et al. [44] studied the relationship between biomass particle properties and
mass flow rate under variability in a screw feeding system. Fang et al. [45] introduced an experimental
investigation on the effects of biomass powder properties of the natural downward smoldering.
Xie et al. [46] applied experimental analysis on thermal oxidative decomposition and fire characteristics
of different straw powders.

In summary, from early models/mechanisms for biomass gasification and/or devolatilization in
the literature discussed above and many others, one can outline four issues: (1) a single step global
reaction mechanism; (2) a single step with four independent parallel reactions; (3) a single reaction
followed by two competed reactions; and (4) three competing reactions to form gas, tar, and char.
These models/mechanisms were applied for combustion of large-size biomass particles rather than
powder biomass. Accordingly, such mechanisms must be validated and/or tuned for powder fuels
to have reasonable rate constants, frequency factors, and activation energies; otherwise, new models
dedicated for powder biomass gasification and/or devolatilization should be proposed.
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In light of early studies presented above, one may observe that gasification and/or devolatilization
of biomass in micro-scale particle size has been rarely introduced [47]. Researchers have reported that
the topic requires proposing and investigating mathematical models for such flame conditions [48].
Recently, some gasification and/or devolatilization models have been presented that are similar to those
applied in commercial coal in fired working conditions [49]. However, biomass powder in internal
combustion engines is typically not examined in the literature. The objective of the current study
was to fill this gap and examine biomass powder as a direct fuel injected into internal combustion
engines, such as in combustion working conditions, as well as proposing and investigating modeling
tools for such powder flame. The powder flame includes different processes, such as particle tracing,
drying, devolatilization, gases, tar and char formation, and oxidations. Such processes are complicated
and mostly overlap, and, accordingly, the modeling tools should be divided into a couple of stages;
in the first stage, which is covered in the current study, drying and devolatilization are modeled and
validated. In the second stage, which is covered in a separate study, complete simulation of powder
combustion, including the modeling tools in the first stage together with supplementary modeling
tools for flame, is investigated. In the first stage, particle tracing in ICE is also covered. The powder
biomass motion in engine would be influenced by moisture and/or gases released during drying
and/or gasification/devolatilization processes; such an occurrence may also affect the particle cloud and,
in turn, biomass powder distribution inside combustion chamber of engine. Subsequently, this effect
should be considered for the powder biomass flame in ICEs; however, such influence on particle
motion was not considered by researchers, and, in turn, it is covered here.

2. Experimental Data

The experimental data used in the current study was collected from the literature for the fast
gasification and/or devolatilization process similar to engine flame conditions. The gasification and/or
devolatilization experiments of Nunn et al. [50] were applied in the current research. Such experiments
were chosen on the basis of the fact that their heating rate, powder sizes, and flame conditions were
similar to our powder biomass flame in the combustion engines; the heating rate was about 1000 K/s
and particle sizes were in the range of 48—89 um. The biomass particles considered in our modeling
study were characteristically a non-spherical shape, with sizes in the range of 30—1380 pm in diameter
and 75-5800 um in length. The experiment offered solid mass, tar, char, and gas yields of biomass
powder in thermal degradation within temperatures between 400 and 1600 K; for further details about
the experimental set up and conditions, please refer to Nunn et al. [50].

3. Mathematical Models and Methods

3.1. Particle Transport Model

In the Eulerian-Lagrangian approach (ELA), the discrete phase biomass powder trajectory is
predicted by integrating the force balance on the particle, which was done using the Lagrangian
scheme. Such force balance contains particle inertia and other forces acting on the particle motion.
The approach considers a shape factor, which is the ratio between the sphere surface area containing
same volume as the powder and the powder (non-spherical) surface area. The detailed modeling is
descried as follows.

In the current flame condition, the ELA was suitable in being able to simulate the powder/flow
motion because the solid phase was in dilute condition, that is, the volume fraction of powder was less
than 10~3. The motion of the solid/powder phase is described as

— —

(M, .
—— =F,+F;+ F,; 1)

dt
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where M, and ﬁp are the mass and velocity of the biomass powder, respectively. In Equation (1),
the right hand side is the sum of the most important forces acting on the powder. The body/gravity and
drag forces are commonly known as the dominant forces [51]. In addition, one additional force is called
rocket force. This force is a result of rapid drying and devolatilization ejected from the solid powder,
as discussed and modelled later in the next subsection. First, the body/gravity force is modelled as

Fp=Myg @)

The drag force powder biomass in non-spherical shape is modelled using drag coefficient,
Cq [52,53] as
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where Re, is the powder Reynolds number, N1 and N, are shape factors, and ¢ is the particle sphericity.
Such parameters are correlated as
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Uyg, v¢, and pg are, respectively, the velocity, kinematic viscosity, and density of gas. A key factor,
Aypy in Equation (3), called the particle projected area, is modelled as

where a,, is a model constant (varied between 0 and 1, according to powder orientations), a,, = 1
represents powder moving with fiber direction parallel to flow field, and a;,, = 0 represents powder
moving with fiber direction normal to flow field. In the current calculation, an average value of a,, = 0.5
was applied.

3.2. Modeling of Rocket Propulsion

The physical structure of powder biomass particles is fibrous, as shown in Figure 1, and, in turn,
the released moisture/gasses tend to follow the fiber direction rather than being isotropic along the
particle surface. In the case of high drying and devolatilization rates (i.e., in flame condition where
heating rate of particles is as high as in combustion engines), the particles may be subjected to a
propulsion that we refer to as “rocket” force, as the physical process resembles that of rocket propulsion.
Accordingly, this may affect particle distribution in the combustion chamber, and, in turn, on flame
structure. The effect/phenomenon can be modeled as follows:

dz Msysusys . d(mpulﬂ) Ay 7

dt - dt + dr uexit (9)

Here, Usys and Msys represent the velocity and total mass of powder (biomass/char/ash/moisture/

5
volatile); U, and m, represent the velocity and mass of the solid powder part, Am, represents the
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change in powder mass due to char oxidation/gasification, and Am,,;; represents the mass of volatile

.
and moisture released from the powder at speed U, (see Figure 1).

dn;f;xit _ dn;;,oz dm;;oist (11)
;r _ (%mvol + %mmm@)z? (13)

Aprpg

T represents a unit vector along particle fiber direction, for instance, it defines the powder
orientation in the flow, as shown in Figure 1.

Body Force
Fy

Figure 1. Schematic view of biomass particle and effect forces with moisture and volatile releases from
one end and rocket propulsion on the opposite end.

3.3. Particle Heating and Drying Model

Powder biomass combustion contains different steps. Once the powder is introduced into the
engine, it is heated up and, in turn, moisture evaporates and leaves the solid powder. After moisture
leaves (drying process), or even during late stage of drying, gasification/devolatilization starts and
volatiles, tar, and char are produced. In this subsection, the drying model is described, and the
devolatilization model is described in the next subsection.

Drying of biomass powder is modelled using a diffusion model. In the model, the moisture release
rate from the powder depends on the mass transfer between the powder and the surrounding hot

gases [54].
AM,,,0i
%“f = ~I13Ap(Cooo — Cuvs) (14)

P sat

C =
ws Ru Tp 7

Cwoo = ngHZO/ Ap = T(Dpr (15)
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Pgr = 1.1 x 107 exp(11 x (T, - 273.15)"'%) (16)
hq = SyDg/Dy, Sy = 2+ 0.552Re,'/25c!/3 (17)

Here, Cys, Cuwwo, Yo represent, respectively, the concentration of moisture/steam on the powder
surface, concentration of moisture/steam in the gases, and mass fraction of moisture/steam in the gas
mixture. Scis the Schmidt number of the gas mixture (set in the calculation as 0.73); h; is the mass
transfer coefficient; Dy is the diffusion coefficient of the gas mixture; and Ly, Dy, T), and A, are the
length, diameter, temperature of the powder, and particle area, respectively.

In the study, another drying model, based on the chemical kinetic model (using Arrhenius
expression) [55], was also applied. The numerical simulation showed fairly little difference with the
drying model in Equations (14)—(17) because of low moisture content in the powder biomass fuel,

3.4. Gasification/Devolatilization Models

In this study, three gasification and/or devolatilization models for biomass powder were proposed
for the first time; a detailed explanation of the models is found in the subsequent sections.

3.4.1. Gasification/Devolatilization Model 1

Model 1 (M1) was proposed based on that the biomass powder would be thermally cracked into
char, tar, and gases at different yields; the gases contained lumps of different types, such as CO,, CO,
CHy, Hy, and H;O. The five gas types generate in different rates and yields, and, accordingly, different
paths for the gas generations were modeled, as shown in Table 1. The tar is divided into two types: Tar 1
represents heavy tar and Tar 2 represents light tar, as shown in Table 1. The heavy tar is kept during
gasification and/or devolatilization, whereas the light tar is cracked into gases. Further details about
the light and heavy tars are discussed later. In Table 1, the last two equations represent the temperature
dependence of reaction rates, which is the recognized Arrhenius equations. The rate constants and the
hypotheses in the model were adopted in correspondence with the experimental data.

Table 1. Gasification and/or devolatilization model one (M1).

Model miftzpo0a %] A; (s71) E; (kJ/mol)
wood X5 Char 15.00 - -
wood &5 Tarl 45.70 1.646 x 10° 82.624
wood % Tar2 10.00 7.411 x 10° 99.225

wood %5 Gas1(CO) 7.460 2291 x 103 61.126
wood 5 Gas2(COy) 10.76 5.888 x 103 59.870
wood £ Gas3(CHy) 2.800 6.166 x 103 69.499
wood % Gasa (H,) 3.140 6.310 x 10° 89.176
wood % Gas5(H,0) 5.140 2.239 x 10° 48.147
% = kiMyood ki =A; exp(—RE—T"p)

In the table, A; is frequency factors, E; is activation energy, 1,4 is initial wood yield of total mass
of particle (wood/char/ash/moisture/volatile), m; is initial functional group yield, R is universal gas
constant, T, is biomass particle temperature, and k is reaction rate.
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3.4.2. Gasification/Devolatilization Model 2

Gasification and/or devolatilization model 2 (M2) considered the fact that the powder biomass,
in engine combustion working conditions, is cracked into char, tar, and four different gases, as shown
in Table 2. The gases are CO, CO,, H,O, and unburned hydrocarbons (UHC); the UHC represent all
the possible hydrocarbons produced during biomass gasification and/or devolatilization, such as CHy,
CyHg, and CyHy. The differences between this model (M2) and model 1 (M1) are twofold. Firstly, the tar
here is modeled as one module on the basis of the assumption that the light tar (tar 2) would crack very
fast into gases, especially with our high heating rate in the combustion engine, and, in turn, the light
tar (tar 2) path would be disregarded. Secondary, the gases here contains four modules, in contrast to
the five ones in model 1; model 2 assumes that there are many types of gases generated; all such gases
are lumped as one overall type, which is denoted as UHC. In Table 2, similar to model 1, the last two
equations represent the temperature dependence of reaction rates, which are the recognized Arrhenius
equations. The rate constants and the hypotheses in the model are adopted in correspondence to the
experimental data.

Table 2. Gasification and/or devolatilization model 2 (M2).

Model mifmeyo0a [%] A; (571 E; (kJ/mol)
wood %5 Char 15.00 - _
wood % Tar 55.70 1.646 x 10° 82.624
wood % Gas1(CO) 7.460 2291 x 10° 61.126
wood % Gas2(COy) 10.76 5.888 x 103 59.870
wood %5 Gas3 (UHC) 0.800 6.166 x 103 69.499
wood 5 Gas4(H,0) 5.140 2.239 % 103 48.147
% = kiMyood ki =A; exp(—Rijip)

3.4.3. Gasification/Devolatilization Model 3

Model 3 (M3) is proposed here according to the fact that the biomass powder could be cracked
into an intermediate product (represented as Int in Equation (1)) and then the intermediate is cracked
into char and tar using one reaction rate but in two different yields for char and tar. However, the gases
are generated in a separate reaction, as shown below. This model assumes that the char and tar are
heavy modules, and, in turn, they are generated via one path (in different yields); however, the gases
would be generated faster and, in turn, they are in dissimilar pass. Additionally, the gases are lumped
into one module. The idea behind model 3 (M3) is in assuming different strategies for the biomass
powder gasification/devolatilization compared with models 1 and 2.

wood ﬁ) Int g & Char + O Tar (18)
k3
wood — ®,Gas (19)
dm dm dm dm
dint = k1M, d_tc = ko, d_tt = koM, d_tg = ksmy (20)
E,
ki = Aiexp(—R—]il)) (21)
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Ay =283x10Y (s71) Ey = 242.8 (k] /mol)

Ay =3.17x 10" (s71)  Ep =198.0 (kJ/mol) (22)
Az =232x10" (s71)  E3 = 150.7 (k] /mol)
D, = 15%, &y = 55.7%, P, = 29.3% (23)

where Int. denotes intermediate product, ®g is rate of gases, ®; is rate of tar, and & is rate of
char. The rate constants and the hypotheses in the model are adopted in correspondence to the
experimental data.

3.5. Tar Gasification andjor Devolatilization Model

During pyrolysis, tar is produced in two main organic layers; the upper layer is called light tar
and the lower one is called heavy tar [56]. The light tar contains about 79 compounds, including
hydrocarbons (12%), phenol (16.4%), phenolic compounds (27%), acetic acid (3%), and some oxygenate
compounds (53%). The heavy tar, on the other hand, contains only about 18 compounds, including
lauric acid (6%), phenol (31%), phenolic compound (27%), and some other oxygenate compounds
(35%). Due to their different compounds, each tar type (heavy or light) has its diverse properties.
The light tar, for example, has a heating value of 10,304 kcal/kg, specific gravity of 0.99, pH 3, and flash
point <27 °C. However, the heavy tar has a heating value of 6210 kcal/kg, specific gravity of 1.13, pH 2.5,
and flash point of 134 °C [56]. Due to such variances in composition and prosperity, the light tar is
easier/faster to burn rather than the heavy tar, and, accordingly, the light tar is cracked partially during
the devolatilization process. Referring to the experiment of Nunn et al. [50], as shown afterwards in the
results section, the tar outline showed ultimate and then it decreased partially; in order to model such
a trend precisely, tar gasification and/or devolatilization sub-processes are applied in the numerical
simulations, as shown below, where the kinetic rate is taken from [57,58].

Tar ﬁ) Gas (24)
E
k= ATeXp(_%), Ar =4.28%x10°1/s, Er = 107 kJ/mol (25)
8

3.6. Biomass Powder Shrinkage Model

The idea behind the shrinkage model is that the solid particle shrinks during the drying and
devolatilization processes, as a result of the moisture and volatile leave particles; the shrinkage model
provides the varied volume of the solid particle, and it is calculated as follows [59,60]:

Vp = Vgas + Vsolid (26)
Vgﬂs = nvgas + (1 - TI)?/Vgas + ﬁ(Vgolid - Vsolid) (27)
Vi)did _ O(Agchur (28)
Vsolid Mwood
1 = Maood /Mgmod (29)

Here, V), Vs and Vg are the complete volume of the particle, and the volume occupied by
the moisture/gas and solid in the particle, respectively. Vgus and Vgoll. , are the initial volumes in the
particle occupied by the moisture/gas and the solid in the particle, respectively, which depends on
the porosity of the biomass particle (taken as 0.67 here). M4, Mgm & and My, are the mass of
the biomass particle, the initial mass of the biomass particle, and the mass of char in the particle,
respectively. The volume occupied by the solid is assumed to decrease linearly with the particle mass
and to increase with char mass [59,60]. In Equations (27) and (28), the model constants are fixed as

oa=0.5p=0,and y = 0.5 [60].
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3.7. Simulation Scheme and Methods

An in-house computational fluid dynamics code (CFD) was applied in the current work to
simulate the fluid flow in the combustion engine condition. Next, the simulated flow field was applied
to calculate the particle motion, which included particle/flow interactions using the Euler-Lagrange
approach. Different gasification and/or devolatilization models, in addition to particle projected area,
drying, and thermal degradation of powder biomass were combined into the computational fluid
dynamics code for the complete simulation of biomass gasification and/or devolatilization. The gas
phase transport is described in the current study by the Favre averaged Navier-Stokes equations. In the
following section, further details are explained.

In the combustion engines, a premixed mixture of biomass powder and air were injected into
the engine combustion chamber through the feeding system via single entry. By igniting the fuel/air
mixture, this initiated the combustion process, which is influenced by diffusion of heat and species;
the combustion process occurs in four different steps: drying, gasification/devolatilization, volatiles,
and char formation and oxidation, yielding solid ash and pollutant gases. The net heat of the
biomass powder, solved by a heating balance, appeared as a source/sink of heat in subsequent
calculations of the continuous phase energy equation. Similarly, the creation/depletion of species due
to biomass powder reactions resulted as source terms in species conservation equations of the gas
phase. The Euler-Lagrange approach was applied to solve the two-phase reactive flows. The biomass
particle was treated as a dispersed phase and its trajectories were computed in a Lagrangian approach
using balance forces on particle motion, as discussed earlier. The gas phase was treated as a continuum
by solving equations of mass conservation, species, momentum, and energy. The turbulence model
used in the study was the k-w, which provides a good predicting for reactive flows [36,61]. Due to the
presence of solid particles in the flow, the thermal radiation effects were included, and the P1 method
was used to solve the radiation model. The WSGG (weighted sum of gray gas) model was applied for
solution of the variable absorption coefficient of the gas phase [62].

Computational grid and numerical uncertainties were applied in the study. The numerical
uncertainty was mostly due to the approximation between the transport equations and the fixed
number of particles inserted into the numerical simulations. Because the finite number of grid points
was applied to describe the engine and set number of particle groups that were considered to represent a
large number of actual particle size groups, the numerical results showed truncation errors. Such errors
can be reduced by using fine grid resolution, a great number of particle size groups, and a great
number of injected particles. The numerical uncertainty is insignificant once the numerical results
are unresponsive to the changes of particle size groups and grid resolution. On the basis of such a
vision, we investigated the grid dependency of results using numerical simulations at several grid
resolutions. We found that the grid with 142 x 30 x 30 grid points (in the axis and cross flow directions)
was satisfactory in gaining an approximate grid-independent solution. In the cross flow directions,
the grid resolution can be low because the existing flow is rather similar to a “plug flow”. In the current
numerical simulations, 27 size groups were applied to produce smooth and converged drying and
gasification/devolatilization source terms for the gas phase transport equations. However, numerical
results using more than 27 size groups showed no significant difference compared with the 27 size
groups. The particle sizes were interpolated within the biomass powder size range (30—-1380 pm
for diameter and 75-5800 um for length). In the simulation, a time step 0.001s was applied, with a
total of 5000 time steps used in the averaging calculation. The numerical injection of the particle
groups was at 300 parcels per second. Regarding the computational domain and boundary/initial
conditions, the simulation was carried out considering a steady state flow process. The inlet boundary
conditions specified mixture mass flow rates and system feeding area. The wall was considered to be
adiabatic. The mass flow rate at the inlet and the equivalence ratio were set according to the operational
parameters, and low equivalence ratio was adopted due to restrictions in the supply system.
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4. Results and Discussions

Numerical simulation for biomass powder combustion in internal combustion engines is validated
in this section. Firstly, inspiration of rocker propulsion is discussed. Figure 2 shows an image view of
the effects of moisture and gases released during gasification/devolatilization of biomass powder flame
in the ICEs. As shown, moisture and volatile released from one end of biomass powder, whereas rocket
propulsion ejected the particles from the opposite end. Additionally, due to ejection, powders were
widely distributed in the combustion chamber of engine. The bright spot in the image demonstrates
the burning tail of gases from the particle, whereas the thin short neighborhood represents the hot solid
particle. Moreover, in some powders, the released gasses may not have followed the fiber direction and,
in turn, rocket propulsion was not recorded, as shown for some powders in Figure 2. In conclusion,
this effect/phenomenon is applicable for major biomass powder; besides, the effect/phenomenon is
different from one particle to another according to the powder size and heating rate.

Burning tail of gases
S

Figure 2. Experimental photo image by high speed camera showing the influence of moisture and
volatile releases on the biomass particle motion.

The gasification and/or devolatilization simulation with our three proposed models for
biomass powder in combustion engines (flame working conditions) is discussed as follows.
The three models/mechanisms along with their rate constants were validated against the
devolatilization/gasification experiments of Nunn et al. [50]. The experiment was applied in conditions
similar to our fuel biomass flame conditions, as mentioned previously. As shown in Figures 3-5,
all the proposed models, along with their rate constants, activation energies, and other model
parameters, were capable of reproducing the mass yields of gases, tar, and char at a wide range of
working temperatures.
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Figure 3. Simulations of gasification and/or devolatilization model 1 (M1) and experimental measurements
(using Nunn et al. [50]) for a mass yield of gases, char, and tar of powder biomass at fast heating rate
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Figure 5. Simulations of gasification and/or devolatilization model 3 (M3) and experimental
measurements (using Nunn et al. [50]) for a mass yield of gases, char, and tar of powder biomass at fast
heating rate conditions in combustion engines.

The differences between the proposed three different models/mechanisms are that model 1 and 2
are based on functional group concept; such concept assumes many independent competing reactions
to produce solid char, liquid tar, and different gases. Additionally, model 1 represents tar as two
components, tar 1 (heavy) and tar 2 (light); in model 2, the generated gases are four different types,
however, in model 1 the gases are five types. This is based on the fact that the unburned hydrocarbons
in model 2 represent all the light hydrocarbons. Model 3, on the other hand, is based on two competing
reaction pathways, one for gas and another for intermediate status; the intermediate product generates
tar and char afterward in one reaction pathway:.

In the numerical simulation, the tar gasification and/or devolatilization sub-process is applied to
model the trend of tar in combustion conditions. As shown in Figures 3-5, tar is started to be formed
at a temperature of 700 K; at temperature 850 K, tar showed a peak value (57% weight basis) and
then cracked until the temperature reached 1050 K. For temperatures higher than 1050 K, tar and
other gasification and/or devolatilization yields (char and gases) were unrelated to engine heating
conditions. At low heating conditions (<700 K), the gases, char, and tar yields were somewhat stumpy.
It is important to notice that the tar was generated and cracked at the same time; hence, the peak of tar
was because of the variance between the rates of depletion and the creation of tar. Specifically, the peak
refers to a quicker creation rate than depletion rate. Nevertheless, tar yield decreased with temperature
subsequently because of moderate gasification and/or the devolatilization/cracking process of tar,
whereas the formation was completed due to complete moss loss of solid biomass. The cracked tar
was mainly for the light type, but the heavy type remained. This was the idea behind proposing the
gasification and/or devolatilization model 1, which differentiated between a couple of tar products
as heavy and light types, as shown in Table 1. In order to simulate the ultimate of the tar trend,
subordinate tar reaction was considered in the simulations (see Equations (24)—(25)), whereas the kinetic
rate was taken from the early studies [57,58]. Subsequently in the tar model, our proposed models
for gasification and/or devolatilization can simulate the tar yield properly, as shown in Figures 3-5.
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Analysis of mass loss of biomass powder showed a major tar formation rate by up to 57 wt.%, which was
partially cracked to reach 45 wt.%.

From the simulation results, one can be shown that gasification and/or devolatilization M3 was
somewhat simple and economical in the simulation/computation period; however, models 1 and 2 were
computationally heavy. Additionally, both models 1 and 2 presented much more details for the gases
based on function group concept; details of this concept is presented in our early publications [57,63].
The calibration of models 1 and 2 requires more experiments, which are applied from our previous
work [63]. Both models showed superior potential because they offered the opportunity for explanation
thorough chemical species during the powder gasification and/or devolatilization process of biomass,
but were expensive in terms of simulation/computation period, as stated previously. A final remark is
that biomass gasification and/or devolatilization, as well as depletion and creation of tar, took a place
in a very short period; as soon as the gasification and/or devolatilization process took place, the yields
of gases, tar, and char achieved the steady state. When the gasification and/or devolatilization heating
was low (<700 K), the gasification and/or devolatilization of micro-scale size biomass particles was
almost null. From 700 to 900 K, gasification and/or devolatilization started and almost terminated for
char and gases; however, at a temperature of 1050 K, gasification and/or devolatilization was fully
completed and, in turn, there were no further gasification and/or devolatilization processes at higher
temperatures (between 1050 and 1400 K). Analysis of mass loss of biomass powder showed that the
total volatile yield (tar and gases) was about 85% in dry basis.

It should be pointed out that the kinetic rate constants used in the different mechanisms were
different for different biomass sources and particle sizes as well as the heating conditions. In the
present work, these parameters were calibrated using the data of Nunn et al. [50], which had fast
heating conditions similar to the current flame. The numerical results from all models were in good
agreement with the measured data. One may also notice that there were minor differences between the
numerical simulation of the different models (M1, M2, and M3), as shown in Figures 3-5. In model 1
(M1), as shown in Figure 3, the mass loss rate of biomass was slow in the begging (from T = 400-700 K),
whereas in model 2 (M2), it is a little faster (as shown in Figure 4); however, mass loss rate of model
3 (M3) came in between M1 and M2, as shown in Figure 5. In temperatures between 700 K and
900 K, the mass loss rates of biomass in M1 and M2 were underestimated, but M3 was overestimated,
when compared with experimental data. Regarding the gas simulation, both M1 and M3 were almost
identical, and they matched the experimental data; however, M2 was slightly overestimated. Regarding
the tar simulation of different models, compared to the experimental data, as shown in Figures 3-5,
tar in M3 was underestimated, M2 was overestimated, and M1 almost matched the experimental data.
The char for all simulated models were almost identical, as shown in Figures 3-5.

5. Conclusions

Biomass is one of the largest renewable energy sources worldwide. Biomass in a powder form is an
encouraging renewable source of energy because it burns like a gas. From such a view, biomass powder
was investigated as a renewable form of fuel for internal combustion engines (ICEs). In the current
study, modeling and validation of the biomass powder combustion in ICEs was carried out for first
time. The modelling tools included particle tracing, drying, shrinkage, and gasification/devolatilization
processes; furthermore, a number of new gasification/devolatilization models was proposed
using parallel and/or series reaction scheme mechanisms, as the gasification/devolatilization
process is one of the most important and probably the most complicated processes. During
the gasification/devolatilization process, biomass powders were accelerated because of the fast
moisture and gases released; such phenomenon would affect biomass powder distribution and,
in turn, powder flame in combustion engines. The effect/phenomenon was modeled as well. During
gasification/devolatilization of biomass powder, tar was formed and oxidized. The tar gasification
and/or devolatilization model was included as well. Comparisons between numerical simulation,
including all the mathematical models, and the experimental data were carried out, and results
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showed good agreement. Results also showed that gasification/devolatilization models 1, 2, and 3
were capable of reproducing the mass yields of gases, tar, and char perfectly. Model 3 was somewhat
simple and economical in the simulation/computation; however, models 1 and 2 were slightly
computationally heavy.
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