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Abstract

Biomass drying has always been a big issue in biomass thermal treatment. Especially in pyrolysis, combustion and gasification,
water evaporation is a necessary step before other reactions can take place. This paper presents a detailed drying for single poplar
particle pyrolysis under nitrogen. Inthis model, the transport equations are numerically solved using finite volume method to obtain
the pressure, temperature and species fractions. Two different water contents found from literature are applied to test the model.
The result shows that this numerical model can predict water behavior during biomass drying process of pyrolysis.

© 2019 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-review under responsibility of the scientific committee of I[CAE2018 — The 10th International Conference on Applied Energy.
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Nomenclature

A The surface area [m?]

Aemp Pre-exponential factor of water evaporation [s 1]

Cps Specific heat []J/(kg- K)]

Eepp Activation energy of water evaporation, [J/Kmol]

Defffw Free water effective mass diffusivity [m?/s]

Freat Assumed as the sum of radiation heat and convection heat transfer [W/m?]
hp Heat transfer coefficient [W/(m? - K)]

hy Mass transfer coefficient [m/s]

* Corresponding author. Tel.: 45 20703591; fax: 45 99403820
E-mail address: xli@et.aau.dk

1876-6102 © 2019 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-ne-nd/4.0/)

Peer-review under responsibility of the scientific committee of ICAE2018 — The 10th International Conference on Applied Energy.
10.1016/j.egypro.2019.01.322


http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2019.01.322&domain=pdf

Xiyan Li et al. / Energy Procedia 158 (2019) 1294-1302 1295

hmpore The mass transfer coefficient of vapor in the pore [m/s]
Kg The thermal conductivity [W/(m- K)]

ky, o Reactionrate constant [s™1]

Nu Nusselt number

Pr Prandtl number

R, Universal gas constant [J/(mol - K)]

7 Reactionrate [kg/(m3 - s)]

Th,0 The volumetric vaporization rate [kg/(m3 - s)]

Sc Schmidt number

Sh Sherwood number

St Source term in energy equation [W/m3]

Sa The specific area of the wood particle [m? /m3]
Tini Initial temperature [K]

Ty Ambient gas temperature [K]

T Particle surface temperature [K]

Tis Particle surface temperature for species j [K]

T Particle centre temperature [K]

Tepap Defined as evaporation point of liquid water [K]
Yoap The percentage of vapor within all the species
Yirer Reference mass fraction of speciesj in the gas film around the particle
Yo Mass fraction of species j at particle surface

Y o Mass fraction of species j in the ambient gas

Py Gas density [kg/m?]

3t The saturated vapor density [kg/m3]

Pfw The initial free water density [kg/m?3]

Pfw The free water density at the present time [kg/m3]
Wy Reactionrate

A The average conductivity of all the gases in the film [W/(m - K)]
€ Porosity

u Dynamic viscosity [kg/(m - s)]

o Boltzmann radiation constant, 5.86 x 108 (W /m2K*)
g Gas

/ Liquid

s Solid

1. Introduction

Drying, as the first step of biomass gasification and pyrolysis, plays an important role in the whole process, not
only for preheating, but also for the stability of industrial production. Many researchers have studied the drying
technology for biomass, from lab-scale to industrial scale [1][2][3][4]. The particle size studied in literature can be as
small as a pulverized particles, as well as a large piece of wood, usually around 1mm to 10 mm in diameter [5]. The
drying media can be superheated steam or flue gas from biomass residues or even air or nitrogen [6]. Araw material
as received usually has water content up to 40% to 50%. After drying, the water content can be 6% to 8%, which is
suitable for industrial use [7].

The moisture exists in biomass in three forms: in pore and capillary as vapor or as liquid water and in fiber as
bound water [3]. Normally, there is a circumscription known as Fiber saturation point (FSP) that defines the bound
water and the free water. The FSP describes the ability that cellulose molecule can absorb bound water. Babiak and
Kudela [8] studied the definition of FSP. FSP can be 30% of dry biomass weight [9].

There are three commonly used drying models in literature, the thermal model, the kinetic rate drying model and
the equilibrium model. The equilibrium model is usually used in low temperature drying, and is numerically unstable
for high temperature drying [3]. The thermal model is the most commonly used model, and has been used in literature
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both in particle pyrolysis [10] and packed be pyrolysis [5][11]. The kinetic rate model is commonly used for bound
water evaporation [12][13]. Belowis a description of these three models.

Equilibrium model has the following expression. For thermal model, the expressionis shown as eq. (4). For the
kinetic rate model, the water evaporation is treated as a chemical reaction; hence, Arrhenius expression can be used
to describe the behavior of reaction rate. The expressionis shownin eq. (5).

yields
H,0()) — H,0(g) (D
rHZO = Sa (pfw/pj(r)w)hm,pore (pf?at —Pyg Yvap) (2)

— Derf.fw
hm,pore B 366 dpore,hydraulic (3)

0, T < Typpap
=3 Fhea 4
i S @
Freat = S, (hT(Tj — Tpi) + 50(7}4 —Tk)) ()
Eev

Th,0 = Aevpexp (_ FFE) (6)

Haberle et al [3] summarize the kinetic data from literature, as shown in Tablel .

Table 2 Proximate and ultimate analysis

Table 1 Kinetic data for water evaporation i:;‘:;:;bon Z;ys:/zn 440%
Pre-exponential factor (s-1)  Activation energy  Ref. Ash 0.5%
(J Kmol-1) Volatile 90%
5.13 x 10° 8.8 x 107 [12][14] C(DB) 48.1%
5.13 x 10° 24/120 x 10° [15] H(DB) 5.77%
5.60 x 108 8.8 x 107 [16] O(DB) 45.53%
5.13 x 10° 8.8 X 107 [17] Others
LHV(6% moisture)  17.05 MJ/kg
density 540kg/m3

In this work, all the three models are tested. After each time step, the local temperature will be updated at the locations
where the thermal model for free water and kinetic model for bound water is active or being used. To make a
comparison, a thermal model is also used for bound water and a kinetic model is used for free water, too. The
equilibrium model is only used for free water under 100 ‘C[18]. The result shows choosing a thermal model or
choosing a kinetic model does not affect the whole pyrolysis process, although a kinetic model is preferred for bound
water.

2. Model description

In order to study the drying issue of a single biomass pellet. A poplar tree particle sample is chosen from the
literature [12][19] to study here, partly because the experimental data is easy to find in the literature to do model
validation, partly because different water content of poplar wood particle under pyrolysis can be found in the literature.
The poplar wood particle properties can be found in Table 2. The moisture here is treated as 6% and 40% the mass
fraction of dry biomass. The reactionis operated under nitrogen pyrolysis and with the wall temperature of 1273K
and gas flowtemperature of 1050K.

A CFD code based on C++ has been generated for this model, where a finite volume method was used to solve the
transport equations numerically. The convective terms are discretized by central differencing scheme, and the time
step is set to 0.01s, the temporal scheme used here is implicit scheme. The meshing is along the radial direction, in
which 60 grids were made. The proximate analysis and ultimate analysis, as well as density and lower heating value
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is given in Table 2, which is also used for validation of Lu et al’s model [12] by Mehrabian et al [19]. The model
assumes that the biomass particle is isotropic and near-sphere.

For wood pyrolysis, there are many kinetic models. The mostcommonlyused ones assume a set ofheat ofreactions
for different reactions. After that the heat of reactions are used in temperature calculations. In this work, a lower
heating value (LHV) or a higher heating value (HHV) is found for the specific wood used in the pyrolysis. Therefore,
the formation enthalpy of volatile can be calculated. In this work, the molecular formula of the volatile is calculated
as CH, 134500 9551, With a molecular weight 0f 30.13 kg/Kmoland the formationenthalpy of —7926k]/kg. Assuming
volatile will crack into real species: CO, CO2,H2, CH4, with a molar fraction of 0.442,0.200,0.358 and 0.2695.

Energy equation is expressed as eq. (7), while the source term can be found in eq. (6).

0(pgCpgT+psCpsT+p1Cpi T)
at

Sp=— ZLlAh}{kwk - ZLIAhf‘ka (8)

+div(epyguCpgTy) = div(kesfVT) + St (7)

St is the source term of energy equation and consists of a sum of formation enthalpy of each species and a sum
of sensible enthalpy of each species. In this paper, whenever the source term model for water is changed, the
corresponding source term in the energy equation is also replaced. For the boundary condition of temperature, the
gradient is treated as 0 at center point. For the surface, due to the existence of radiation and convection, the boundary
condition can be written as eq.(9). To calculate the heat transfer coefficient, a gas film surrounding the particle is
assumed. The temperature used for gas properties in the gas film is treated as reference temperature, as defined by
one-third law [20].

Tp—Tp

kgA 5 —F = Ay (T, = Tp) + Ao (T — Tg) )

Tref=T5+1/3 (T —Ts) (10)
NuAi

hy === (11)

p

Nu denote Nusselt number, here it uses the Nusselt number from Lu et al[12] for a sphere particle, with the expression:

Nu = "I = 1,05 + 0.6Re %5 Pro33 (12)
g

The pressure is solved by Darcy law, together with continuity equation as follows:

i=-21yp (13)

u
229+ div(epgu) =S, (14)
The boundary condition for pressure in the center point is treated with a zero-gradient, and a mass flow
conservation is used for the surface boundary condition.
For the gaseous species, a transport equation is expressed as eq. (15). Similar to the energy equation, the boundary
condition of the gaseous species at center point is to set the gradients to zero. For the surface, the reference species of
gas filmis calculated by one-third law, as shown ineq. (16) (17), Sy,, denotes the source term of each gas species, hy
denotes the mass transfer coefficient, and can be calculated by the following correlation. While the solid terms have
the simple expression of eq. (19), p; denotes the density of water, remaining volatile in solid by time t, ash and carbon,
and s; denotes their source term.

Aepgig) | ;
— =+ div(epguY;y) = div(DigV(epsYig)) + Sy, (15)
Yirer =Y s +1/3 (Yoo — Y 5) (16)

Yp—Yp _ _
DA- = Ahy (Yo, — Yp) (17)
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Sh = ’”;'—L = 2.0 + 0.6Rel/2Sc1/3 (18)
g
9(p;
‘(;;) =5, (19)

All the reactions used in this model are listed in Table 3. A one-step global biomass decomposition model is used
in this work. Thermal model and kinetic model used for moisture evaporation have already been stated in Equ. (2) to
(6), the results will be discussed later in this paper. All the kinetics dataused in Table 3 is shown in Table 4.

Table 3: Chemical reactions and reaction rate

Reaction index Chemical reactions Rate expression Ref
1 Biomass — Volatile + Char 7 = 0pyo1/ 0t = kyipyor [21]
2 H20 (free)— H20 (g) Equation (2-6)

3 H20(bound)—H20 (g) Equation (2-6)

4 C+1/202—CO 1, = 0Cy,/0t = Sqcnarpc/ O + Ps + Pa)1k4Co, [12]
5 C+C02—2CO 15 = 0Cc0,/0t = Sqcnarlpc/(Oc +Pp +Pa)1ksCeo, [12]
6 C+H20—H2 +CO T = 0C1y0/ 0t = Sqcnarlpc / (0c + P + Pa)1k6Ciiyo [12]
7 C+2H2— CH4 1y = 0Cy,/0t = Sqcnarlpc/ (e + Ps + Pa) 1k Ch, [22]
8 H2+1/202—H20 1y = 0H,/0t = kgCp, C37 (23]
9 CO+1/202—C02 Ty = 0Co/ 0t = koCeoCO2°City [12]
10 CH4+H20— CO+3H2 Tyo = 0Ccy, /0t = kyoCH4 CES [24]
11 CH4+0.502— CO+2H2 Ty = 0Ccy, /0t = ki1 CCRE [24]
12 CO+H20—CO2+H2 Ty = 0Cco/0t =k, CLCH [24]

Table 4: Kinetic dataused in this model

Reaction index Pre-exponential factor(s ™) Activation energy(J/Kmol) Heat of reactions (KJ/kg)
1 3.4 x 10* 6.9 x 107 -1376.09
2 - - -

3 5.13 x 100 8.8 x 107 -2440

4 0.658a 7.4831 x 107 3950

5 3.42a 1.297 x 10° -14383.33
6 3.42a 1.297 x 10° -10933.33
7 2083a 115137 1701.59
7 101271 1.71 x 10° 13435.94
8 2.39 x 1012 1.702 x 108 10114.28
9 3.0 x 108 1.26 x 108 -12879,38
10 5.012 x 10%! 2.0 x 108 2233.13
11 2.75 x 10° 8.4 x 107 1480

a Those units are m/s-1k-1
3. Model validation and discussion

A grid independence check is made in Fig.1 A). The simulation results are based on 6% moisture content under
nitrogen pyrolysis. As mentioned in introduction, 6% moisture content is far away from FSP, the reaction mechanism
used in Figl is kinetic model. 60, 80, 100 grids along the radius were meshed, respectively. The grid independence
check shows that the results from this model are independent of the meshing. Fig. 1 A) also shows three obvious
pyrolysis stage as shown by arrows. It can be seenthat the water vanishes around 6" or 7t second. The devolatilization
stage stops after 32 seconds. The firststage is called drying stage, it stops after 6 seconds . During this stage, the bound
water release. The biomass is significantly heated up. The second stage is the devolatilization stage, the pre-pyrolysis
takes place from 400K to 700K with the release of light gases. The weight loss loses quickly in this stage (will be
discussed in extended version), which is also a sign of gases releasing. Once the devolatilization reaction is finished,
the temperature of the poplar particle goes up immediately, the pyrolysis comes to the final stage, in this stage the
large molecules crack into char ornon-condensable gases (will be discussed in extended version). The light gases take
reactions or leave the pellet quickly. More informationto show the three stages and the comparison ofthe mass fraction
will be discussed later.
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Fig 1A) Grid independence check. B) Gas species release with respect to time
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Fig. 2 Temperature profile from model and lu et al’s results

40

Figure 1 B) shows the light gases released from the pyrolysis process at the center point of biomass pellet. It uses
the same amount of moisture content as in Fig.1 A). The green line is water vapor release curve. Obviously, there are
two peeks in this curve. The first one is because the fast release of free water. With the decomposition of biomass
starts, the other small molecular-weight gases, like Hz, CO, CO2, CH4, the mass fraction of water vapor decreases.
This stage is called initial stage by Basu [25], around temperature 100 °C to 300 °C. The mass fraction of water goes
down because the mass fraction of other gas species come out. Another vapor peak is caused by the intermediate stage
(200°C to 600°C) [25], where the primary pyrolysis starts. This stage finished until 35t second. During pyrolysis,
there is not many homogeneous reactions happening after devolitilization stage. Fig. 1A) shows the devolitilization
stops around 32 seconds, after that, as shown in Fig.1 B), the mass fraction of small molecules gas species decreases
and comes to zero after 35 seconds. After that, there is no other gas coming out. As a result, the third stage is mainly

heating up stage caused by the heat transfer from the surrounding environment.
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The model has been validated using H. Lu etal’s [12] experimental results and Rath et al’s results[26], separately.
In both validation, the modelling results shows a nice agreement with the experiments that Lu et al and Rath et al
made. In experiment that Lu et al did, a poplar biomass particle is exposed to a furnace of 1276K with the flow
temperature of 1050K. The gas media is nitrogen, the water content is set to 6% for sphere pellet and 40% for cylinder
pellet. Since this work focuses on simulation of a sphere pellet, 6% moisture content from Lu et al’s experimental
work is used for comparison here. Simulation of 40% moisture content biomass pellet under nitrogen pyrolysis will
be discussed, too. The validation against experimental results from Lu et al is shown in Fig. 2.

In Fig. 2, the solid blue line is temperature for center point from simulation result that authors made, the solid red
line is the temperature for surface point using the simulation that authors made. It also shows the three experimental
data from Lu et al and the simulation results from Lu et al. As shown in Fig. 2, the simulation agrees with experiment
data better than the modelling results that H. Lu et al show. A one-step global devolatilization model for biomass
decomposition is used here. Depending on the kinetic data that is chosen, the time interval of plateau in Fig.2 between
the two arrows can be different. The devolatilization model affects the devolatilizationrate, as discussed by Yang et
al [18]. Here a ‘fast’ one-step devolatilizationrate by Nunn[27] and defined by Yang et al[18] is used in this model,
because it shows a better simulation result for poplar wood used by Lu etal [12] and Mehrabian et al [19]. The plot

of center point temperature shows clearly three stage of devolatilization, drying and heating up stage after reactions
are finished.

1400

1200

1000

< = = Te-6%moisture
o i
El = = Ts-6%moisture
= 800
B, Te-40%moisture
E = Ts-40%moisture
600 —— Biomass-40%moisture

- = Water-40%
—— Biomass-6%moisture

400

==== Water-6%

200 : :
0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 3 Temperature profile of biomass pyrolysis with 40% moisture content and 6% moisture content and mass fraction of biomass (DB) and
mass fraction of40% moisture content

Figure 3 shows the temperature from the biomass pellet center and from the biomass pellet surface with 6%
moisture content and 40% moisture content, respectively. The solid lines are temperature for 40% moisture co ntent,
and the dash lines are temperature for 6% moisture content. The solid green line is the mass fraction of dry biomass
with respectto time during the conditionof40% moisture, and the dash green line is the mass fraction of40% moisture
content with respect to time. Fig. 6 also shows the same data of 6% moisture of dry biomass and water evolution, as
show in solid deep blue line and dash deep blue line. Two arrows are made on the light blue dash line to show three
different pyrolysis stages. Compared with 6% moisture content, the drying process of 40% moisture content takes
longer time. To further investigate the moisture behavior and the relationship of water behavior and temperature, the
mass fraction of moisture content and biomass is added in Fig.6. If the mass fraction of moisture or biomass does not
exist at the center point anymore, it means all the mass is consumed and the reaction is finished. The solid green line
is the mass fraction of biomass (DB) with respect of time, and the dash green line is the mass fraction of water with
respect of time. The process of drying stage stops when the moisture evaporate totally, while the devolatilization stage
finishes when the biomass is totally consumed. As it is shown in Fig.6 by arrows of 40% moisture content biomass
pyrolysis, the drying process stops after 12 seconds, while the devolatilization stage stops after 40 seconds. It can also
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be found that the time when the drying stage stops is also the time when the center temperature of the biomass pellet
reaches above 100°C, and the time devolatilization stage stops is the time center temperature of the pellet start to go
up quickly after a plateau.

Conclusion

A CFD model based on finite volume method was used to study the drying of a poplar particle during pyrolysis
process. The model uses one-step global biomass decomposition reactions to describe the pressure, temperature and
species behavior of the drying process. A validation using literature data shows good agreement with experimental
results. In extended version, water behavior from using two different kind of water evaporation models has been
discussed. The results show using thermal model can cause longer time of drying stage and therefore delay the
following up reactions. To better balance the thermal model and kinetic model, it is suggested here when the moisture
content is over FSP, both thermal and kinetic water evaporation models should be considered in the biomass pyrolysis
process.
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