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Abstract

36 A 2D Euler-Euler multiphase computational fluid dynamics (CFD) model in conjunction
38 with the kinetic theory of granular flow (KTGF) was applied to describe the biomass
41 pyrolysis in a spouted bed reactor. The primary interest in this work was the development of
43 a CFD hydrodynamic model of the reactor coupled with a pyrolysis kinetic model for the
46 prediction of biomass pyrolysis product yields (gas, bio-oil, and char). The kinetic model is
48 based on three parallel reactions for the formation of the pyrolysis products and a secondary
reaction of gas formation from bio-oil. The CFD hydrodynamic model suitably predicts the
53 behavior of the spouting regime, and its simultaneous resolution with the kinetic model leads
to a satisfactory quantitative agreement between the predicted and experimental values for
58 bio-oil and gas yields. This study is evidence of the great potential of CFD techniques for the

60 design, optimization, and scale-up of conical spouted bed reactors.
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1. Introduction

There is now an increasing concern for the environment, especially in developed countries.
This is boosting the replacement of fossil fuels with biofuels to reduce greenhouse gas
emissions. According to the Paris Climate Agreement approved in November 2016, countries
must keep the increase in the global average temperature to well below 2°C above pre-
industrial levels, and pursue efforts to limit the increase to 1.5°C, since this would
significantly reduce the risks and impacts of climate changes [1].

Biomass is known as the most abundant source of renewable energy, as it is available in all
countries in various forms, and can be converted into useful forms of energy using different
thermochemical conversion techniques. The utilization of the energy derived from biomass
feedstocks can lead to a decrease in current environmental problems, such as CO and SO>
emissions into the atmosphere [2]. Biomass wastes can be turned into clean and renewable
energy by many conversion processes. Among the different thermochemical conversion
processes, pyrolysis is a promising one that can produce gases, liquids, and solids, which
takes place in the absence of oxygen or air [3].

The main products of biomass pyrolysis are usually known as condensable and non-
condensable volatiles and char. The condensable volatile fraction is often called bio-oil, and
the non-condensable gases are composed of mainly CO, CO2, H», and C;-C> hydrocarbons
[4,5]. Bio-oil is the main product fraction of the biomass fast pyrolysis process; it has lower
nitrogen and sulfur content in comparison to fossil fuels and can be used as an alternative

fuel in turbines and diesel engines [5,6]. However, the bio-oil must be upgraded to be
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applicable in power plants and diesel engines [7-9]. Moreover, several researchers have
investigated different upgrading methods to stabilize and deoxygenate the bio-oil [10,11].
One of the most abundant biomass types in the world, especially the Basque region, is the
pinewood (pinus insignis) straws taken from pine trees. The radiata pine (pinus insignis)
forests have been created in most parts of the world because of the demand for various woody
products. These trees can be adapted to different climatic conditions and are mostly planted
in Australia, Chile, New Zealand, Spain, and South Africa [12]. According to statistics, 271
million ha of planted forests exist globally, of which 141 million ha are known as wood farms
[13]. There is 4.2 million ha of radiata pine plantations that involve a small part of the total
planted forests. However, these coniferous plants are widely cultivated as they are so
productive and have many applications in woody products. In Spain, the radiata pine trees
occupy about 287 000 ha, mainly located in the Basque region. The 226 000 ha of such trees
are in certain areas (pure stands) [14]. The annual sawlogs derived from these trees are 1.5
million m® consisting of 20 percent of the Spanish conifer cut.

It is to note that the pyrolysis process applied to pinewood straws can lead to high bio-oil and
gas yield due to its high volatile matter, carbon, and oxygen contents, being 73.4, 49.33, and
4457 wt %, respectively [15]. Therefore, examining an appropriate kinetic model of such
biomass type is necessary in order to design and scaling-up the pyrolysis reactor.

Several models have been developed for understanding devolatilization during biomass
pyrolysis processes [16-18]. These models could satisfactorily predict product distributions
at various temperatures and residence times in the pyrolysis processes. So far, the
Computational Fluid Dynamic (CFD) method has been recognized as a useful tool in
predicting the product yields of chemical processes, as well as plant design and optimization.

Most of the recent CFD studies were applied to biomass pyrolysis in fluidized bed reactors
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[19-23]. Papadikis et al. [24-29] simulated biomass fast pyrolysis in fluidized beds assuming
two Eulerian phases and one Lagrangian phase in a 3-D domain. They examined the effect
of sphericity and particle size on char entrainment, heat, momentum, and mass transfer in a
bubbling fluidized bed, as well as the impact of particle size on the heat transfer coefficient.
The geometrical optimization of the bubbling fluidized bed has also been approached based
on CFD, which allowed improving the performance of the reactor and quality of the
fluidization by avoiding stationary bubbles. Boateng and Mtui [30] used a 2-D domain in a
similar approach. In another study by Xue and co-workers [31,32], three Eulerian phases
were evaluated in a 2-D domain and another in a 3-D domain, and a good agreement between
simulation and experimental results was attained. Mellin and co-workers [33] chose a two-
phase Eulerian approach for fast biomass pyrolysis in a fluidized bed to predict the product
distribution and vapor phase dynamics in a 3-D domain. Model predictions and experimental
results were compared, and a good agreement was obtained for product yields.

Conical spouted bed reactors perform even better than conventional fluidized beds in the
pyrolysis of various wastes since the vigorous circulation of the solid particles allows
employing particles coarser than those used in fluidized beds (with an average diameter of 1
mm or well above), which also promotes heat and mass transfer between phases [34].
Moreover, smaller particles can be handled by draft tubes utilization, and the energy required
for opening the spout may be significantly decreased below that required in plain conical
spouted beds. Furthermore, draft tubes also allow reducing bed pressure drop [35,36].
Accordingly, the conical spouted bed reactor (CSBR) technology is far more cost-effective
in comparison with conventional fluidized beds and has attracted the attention of many

researchers. Therefore, this technology has been utilized as an alternative to fluidized beds
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in several processes requiring vigorous particle motion, such as drying, coating, gasification,
pyrolysis, and so on [37-47].

As mentioned earlier, most CFD studies focused on modeling and optimizing biomass
pyrolysis processes in fluidized beds. Besides, these studies have investigated the impact of
different operating conditions, such as biomass particle size, sphericity, superficial gas
velocity, operating temperature, and different biomass feedstocks on the product yields
[19,27,29,48]. The effect geometrical parameters have on the spouted bed hydrodynamics
has been extensively investigated by CFD [37,42,49], but its impact on pyrolysis product
yields has not yet been studied.

The aim of this study is to propose a model for predicting the evolution of biomass pyrolysis
products in a draft tube conical spouted bed reactor based on the Eulerian two-phase flow
approach. This approach is especially suitable to study in detail the interaction between sand
and biomass mixture with the gas phase, as well as the gas and solid flow patterns in the
reactor. Moreover, the kinetic model applied in this simulation considers secondary reactions
in the gas phase, with these reactions depending on gas residence time. The Kinetic
parameters of this model were determined in the previous study by fitting the experimental
results obtained in a wide range of temperatures and residence times [15]. It should be noted
that the reactor design plays a crucial role in the hydrodynamic stability and product
formation in the biomass pyrolysis [50, 51].

Although the overall biomass pyrolysis process includes the complex chemical reactions
relating to cellulose, hemicellulose, and lignin decomposition and the formation of a wide
variety of oxygenates, it is almost impossible to consider such complicated chemical
reactions and numerous reactants and products in a CFD simulation. However, the proposed

model must be both accurate and computationally affordable to result in suitable reactor
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performance. It is to note that the kinetic reactions used in most CFD modelings of the
pyrolysis process are the global kinetic reactions, including a limited number of reactants,
products, and reaction steps. Nevertheless, relatively complex reaction kinetics have been
employed in several studies [52-57]. The kinetic model used in this study takes into account
the most influential parameters affecting the pyrolysis kinetics, i.e., reaction temperature and
residence time. The reaction scheme includes the single-step single component
decomposition of biomass to gas, bio-oil, and char products.

Moreover, a secondary reaction of the volatiles (bio-oil in the gaseous phase) cracking to
produce gases whose extent depends on the residence time has been considered. The kinetic
parameters were determined by fitting the experimental results obtained in a bench-scale
conical spouted bed reactor in the previous study [15]. The detailed expressions for the
kinetic scheme have been described in section 3.

The experimental results obtained in the previous study [15] for the evolution of gas and bio-
oil yield with reaction time at different temperatures have been used for validating the
simulation approach proposed. It is to note that a CFD simulation model based on the
coupling of hydrodynamics with the kinetic model considering the secondary reaction is a
tool required for reactor design, simulation, and scale-up.

2. Materials and methods

2.1. Raw material

As mentioned before, the feedstock used in the current study is pinewood (pinus insignis),
which is one of the most abundant biomass in the region. The HHV, ultimate, and proximate
analyses of the biomass have been performed in a Parr 1356 isoperibolic bomb calorimeter,

LECO CHNS-932 elemental analyzer, and TGA Q500IR thermogravimetric analyzer,
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respectively. The proximate and ultimate analyses of the biomass are summarized in Table 1

[15].

Table 1. Characterization of the biomass used [15].

Ultimate analysis (wt%o)

Carbon 49.33 £ 0.20
Hydrogen 6.06 £ 0.02
Nitrogen 0.04 + 0.0001
Oxygen 44.57 +0.18
Proximate analysis (wt%o)
Volatile matter 73.4+£2.0
Fixed carbon 16.7+0.5
Ash 0.5+0.01
Moisture 9.4+0.25
HHV (MJ/kg) 19.8 £ 0.53

2.2. The bench-scale conical spouted bed reactor

The kinetic experiments of the biomass fast pyrolysis were conducted in a bench-scale
conical spouted bed reactor at the University of the Basque Country UPV/EHU. A scheme
of the reaction unit can be found elsewhere [15]. The plant has been designed for both batch
and continuous fast pyrolysis of various biomasses and wastes [58-60]. The dimensions of
the reactor used in the simulation are shown in Fig. 1. They are as follows: diameter of the
conical section, Dc = 95 mm, the height of the conical section, Hc = 150 mm, inlet diameter,
Do = 8 mm, length of the draft tube, Lt = 85 mm, draft tube diameter, Dt =10 mm, and height
of the entrainment zone, Ly = 15 mm. A more detailed description of this unit can be found

elsewhere [15,60].
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Fig. 1. Dimensions of the CSBR experimental unit used in the simulation.

The spouting gas (Nitrogen) enters at the bottom of the reactor with a constant flow rate and
can be controlled by a mass flow meter up to 30 L min'. The Nitrogen gas flows through a
preheater to enter the reactor at the reaction temperature. The bed contains 100 g of sand
particles, which are maintained in the bed at isothermal conditions and provide heat to the
biomass. The reactor works in discontinuous mode by feeding in each run 1 g of biomass
particles with a size of 1-2 mm from the top of the reactor. Samples of the volatile stream

(bio-oil in the gaseous phase and non-condensable gases) have been taken at specific
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operating times and injected into a GC (Agilent 6890) and a micro GC (Varian 4900), which
are connected in-line to the bench-scale plant, to determine gas and liquid yields. The reactor
walls are heated by an electrical heater whose temperature can be set for each experiment. A
thermocouple is placed in the bed to control the temperature and maintain the bed at
isothermal conditions. Runs have been performed at three different temperatures of 450, 500,
and 550 °C to investigate the impact of temperature on product yields. Furthermore, each run
has been repeated three times to obtain precise results. The runs lasted until no volatiles were
formed in the process, and the reaction finished, which occurred at 300, 200, and 120 s, for
450, 500, and 550 °C pyrolysis temperatures, respectively [15].

The effect of residence time on the pyrolysis process has also been studied using three
different sand particle sizes of 0.1-0.2 mm, 0.4-0.6 mm, and 1-2 mm, which required nitrogen
flow rates of 2, 6, and 11 L min, respectively. As described in the previous work [15], the
sand particle size modification allowed for examining the impact of residence time on the
secondary reaction as long as the change in sand particle size gave way to modifying gas
flow rate. It is to note that the ratio between the operating and the minimum spouting velocity
must be maintained at u/ums=1.5 to obtain a similar spouting regime in all cases and ensure
a suitable comparison of the obtained results. Hence the nitrogen flow rate must be changed
for each particle size, allowing comparable heat transfer rate between the sand and biomass
particles as long as a similar solid circulation rate is attained. However, the biomass particle
size does not change in all cases because it does not affect the reactor hydrodynamics
significantly (1 gram in each experiment). In the same line, the biomass/sand rate is not a
relevant parameter under the studied conditions. The mass of biomass per run was selected
as it ensures a suitable analysis of pyrolysis products using GC and micro GC techniques. It

is noteworthy that selecting such sand particle sizes allows performing the experiments with
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minimum impact on heat transfer rate and bed behavior as well as maintaining the same ratio
between spouting gas velocity and minimum spouting one (u/ums) in all experiments. It
should be noted that heat transfer to an immersed solid in spouted beds mainly depends on
the solid circulation rate [34] and this parameter strongly depends on the u/ums ratio.
Therefore, amongst the performed experiments, comparable heat transfer conditions could
be expected. The average gas residence times in the bed for the coarse, medium and fine
sands have been 0.56, 0.85, and 1.69 s, at 450 °C, 0.53, 0.79, and 1.58 s at 500 °C and 0.50,
0.74, and 1.49 s at 550 °C.

In the current simulation, the medium particle size of 0.4-0.6 mm, which had a slight variation
in residence time, with the nitrogen flow rate of 6 L min™* has been used at the three studied
temperatures. The sand bulk and real densities are 1280 kg m= and 2600 kg m=, respectively.
Moreover, the residence time downstream of the reactor was not considered due to its limited

potential impact on the results. This is also explained in section 4.1, with more details.

3. Model description

The commercial CFD package ANSYS FLUENT version 18 was used to study the
hydrodynamic parameters and predict the reaction rates during the biomass pyrolysis process.
The commercial software GAMBIT, version 2.4, has been used to create the geometry and
mesh for the plant used in the simulation. Fig 2. illustrates the cross-section of the spouted

bed reactor together with the boundary conditions applied in the simulation.
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Reactor outlet
(Outflow)

Reactor walls
(Thermal boundary condition)
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(Adiabatic wall boundary condition) static sand’hed heioit

(Wall thermal boundary condition)

Nitrogen flow
(Velocity inlet)

Fig 2. Spouted bed geometry and boundary conditions

In this study, the biomass fraction in the bed is very low compared to that of sand, 0.01;
therefore, a simplified approach can be used by assuming only one Eulerian phase for the
mixture of sand and biomass particles. This approach has already been examined by Mellin
et al. [33] for the continuous pyrolysis of biomass in a fluidized bed. In this procedure, they
assumed that the sand particles influence the fluid phase, and the impact of biomass particles
on the hydrodynamics of the bed is insignificant. This approach successfully predicts the
products of the fast pyrosis process. The kinetic model used in the current simulation consists
of three parallel, single-component, first order, and homogenous reactions for the formation
of bio-oil, gas, and char from biomass, Fig. 3. Moreover, a secondary cracking reaction of

bio-oil to produce gases has also been considered, Fig. 3. It is to note that this reaction rate
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is proportional to the bio-oil concentration and consequently depends on the residence time

in the reactor, which is of high relevance for scaling up simulations.

Gas <
Kl
K,
K2
Biomass > Bio-oil
K3
Char

Fig 3. The scheme proposed for the biomass fast pyrolysis reaction.
All reactions have been modeled with the first-order Arrhenius equation, and the Kkinetic
constants of the reactions were determined in the previous study by minimizing the error
between the calculated and experimental product formation rates at different temperatures
[15]. As mentioned in the introduction section, several kinetic models have been employed
in CFD modeling of biomass pyrolysis processes [52-57]. These models are the first-order
reactions whose kinetic constants follow the Arrhenius equation. Although the actual
lignocellulosic biomass pyrolysis mechanism is complex and not known completely, the
first-order kinetic models suitably predict the product formation rates. This is also the case
of the model used in this study. In fact, the model can predict not only the effect of
temperature but also that of residence time in the reactor, which is essential for its use in the
reactor scale-up and simulation. Table 2 shows the frequency factor and activation energy
used in the model for each reaction considered in this study. It should be remarked that the
kinetic model obtained faithfully predicts the experimental results for different temperatures

and residence times, which guarantees its applicability in a wide range of process conditions.
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Table 2. Kinetic constants used in the simulation for the biomass pyrolysis reaction [15].

Reaction Ko (st) E (kJ mol™?)
1.Biomass — Gas 536.2 76.8
2.Biomass — Bio — oil 4.3 334
3.Biomass — Char 1.2 10 5.6
4.Bio — oil — Gas 138.3 55.6

As mentioned above, the Euler-Euler multiphase model is applied in the current simulation.
In the Eulerian framework, the gas and solid phases are considered as inter-penetrating
continua. The primary phase is the nitrogen fluid phase, and the solid phase is considered as
the secondary and granular phase, which is a mixture of biomass and sand particles. The gas
flow (nitrogen and volatile stream) is assumed to be turbulent, and therefore the k-¢ standard
approach is used, which suitably predicts product formation. Although the value of the
Reynolds number at the inlet was 1500, the velocity of the gas stream increased along the
draft tube. This accelerated velocity resulted in the formation of eddies on top of the draft
tube, leading to Reynolds numbers close to 5000. Such high Reynolds numbers satisfy the
assumption of turbulent flow. Fig. 4 shows the velocity vectors of sand and gas stream at t =
30sand T =500 °C. As can be seen in Fig. 4b, the typical solid circulation pattern of spouted
beds was attained, i.e., the sand particles go upward through the spout region and reach the
fountain; then, they descend through the annulus region and go back to the spout region. Fig.
4a displays the big eddies formed on the top of the draft tube, which are created due to the
high gas velocity along the draft tube. It is to note that the spouting regime obtained by CFD

simulation is similar to that experimentally observed in the laboratory in terms of fountain
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height and solid circulation. This result confirms the suitability of this technique for the

simulation of hydrodynamics in a conical spouted bed reactor.
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Fig. 4. Velocity vectors of a) gaseous phase and b) sand at t=30 sand T =500 °C

Following Cammarata et al. [61], a two-dimensional/axisymmetric model was used to reduce
the computational time since the phase behavior is symmetric relative to the central axis of
the plane, and hence half of the geometry was considered. The pressure-based solver with
second-order transient formulation was used, giving rise to the best convergence and
prediction of product mass fractions. The time-step size for all models began at 1 x 10°s
with 100 iterations for each time step. After gradient stabilization, the step size could

gradually be increased to 0.0002 s for all models. For all time steps, the maximum value of
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the scaled residuals was 1 X 1073 to ensure convergence between two iterations. The mesh
used in the model consisted of 25700 quadrilateral structured cells in a geometry containing
grid sizes equal to 8 mm.

A grid independence test was performed to obtain the most appropriate number of grids for
saving computational time and attain the best convergence. Fig. 5 displays the time-averaged
pressure difference between the inlet and outlet of the reactor to illustrate mesh independence.
All the simulation conditions were the same for the five grid sizes, which were performed at
T =500 °C and inlet nitrogen velocity of 2.7 m s*. Fig. 5 shows that there is no considerable
difference between the results of the medium and fine grid. Therefore, the medium mesh
(mesh number = 25700) has been preferred to simulate this reactor, which allows obtaining

accurate results and saving as much computational time as possible.

368

366 X X extremely coarse
364 X coarser
362 @ coarse
W medium
‘® 360
& A fine
e
“I 358
=™
< 356
X
354
352 *
| A
350
5,000 15,000 Mesh 25,000 35,000

Fig. 5. Mesh independence test for the CFD model.
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3.1. Governing equations

The governing equations consist of continuity, momentum, energy, and species transport
equations, which are solved by the finite volume method (FVM). These equations are solved
for each phase to investigate hydrodynamics, heat transfer, and product formation. As the
reactor works in the discontinuous mode in both experimental and simulation studies, the
transient forms of the governing equations given below have been used.

Continuity equation for the gth phase

0 —

%(“qpq) + V. (agpqvq) = 54 (1)
Where a, represents the volume fraction, p, the density, v, the velocity and S, the mass
added from the solid phase due to reactions at the gas-solid interphase or any source term

defined by the user.

Momentum equation for the gas phase

d N 5 o
ot (“gpgvg) + V. (“gpgvgvg)

)
= —a,Vp+ V.7, + K ;s(B5 — 9,) + agpgg + mysy
Momentum equation for the solid phase
a - - o>
a (aspsvs) + V. (aspsvsvs) ( )
3

= —a,Vp— Vp, + V.T, + Kgs(ﬁg - 175) + agpsg + Mgy Vs

Where a; = 1 — a,.

Stress tensor equation for the gas phase
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= - - 2 > T
Ty = aglg [(va + vaT) - §V' vgl] (4)

Stress tensor equation for the solid phase

_ R N 2 L =
T, = gl [(Vvs + VUST) + ag (AS — §'u5) V. USI] (5)

Solid bulk viscosity

1/2

4 ®
As = §aspsdsgo,ss(1 + ess) (?s) (6)

The drag function suggested by Gidaspow [62]

_3 as0gpg|vy = vs|

Ky = 2Cp 0 a; %% for ay > 0.8 (Wen — Yu drag model)
24 0.687
1+ 0.15(a,R , Reg < 1000
Cp = agRes[ +015(agker) ], e, ()
0.44 Reg > 1000
aszlug aspglvg - vsl
K45 =150 7.2 + 1.75d— for a; < 0.8 (Ergun drag model)
g=s S
Solid shear viscosity
Us = Uscol T Uskin T Us,fr (8)

The collisional and kinetic viscosity given by Gidaspow et al. [63]
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1/2

4 O
Us,cot = gaspsdsgo,ss(l + ess) (?)

10d,pg/Og 4 2
Us kin = sPs > [1 + =590 55(1 + ess)]
' 96“590,55(1 + ess) 5 '

The solid frictional viscosity proposed by Schaeffer [64]

P ¢rsing
.us,fr =
The energy equation for the gas phase

d S
a(“gngg) + V. (agpgYyUgHy) = V(kyVT,) + h(Ty — Ts) + S,

The energy equation for the solid phase

a -
a (aspsHs) + V. (aspsysvsHs) = V(ksVTs) + h(Tp - Tg) + S5

The interphase heat transfer coefficient

_ bkgasagNus
= —ds?

The solid Nusselt number derived by Gunn [65]
Nug = (7 — 10a, + 5a2)(1 + 0.7Re?Pr'/3)

+(1.33 — 2.4a, + 1.2aZ)Re) 7 Pr'/3

9)

(10)

(11)

(12)

(13)

(14)

(15)



O©CO~NOOOTA~AWNPE

Species transport equation for the gth phase

0 >
%(“qﬂqyi) + V. (aqpqYi¥q) = Sg (16)

Where Yiis the mass fraction, and Sgq is the reaction source term for each species.

The yields of each pyrolysis component can be calculated as follows:

6 -
a(asBpsBYB) + V. (asppspYpVs) = —pspsp(ky + ko + k3)Yp (17)
a -
%(anggGYG) + V. (ag6YsVy) = pspspki¥p + pgrag ks, (18)
a -
e (anggLYL) + V. (agLYng) = pspspk2Yp — pgragrksYy (19)
a -
7t (ascpsc¥e) + V. (ascpscYcVs) = pspspksYs (20)

In the equations above, subscripts B, G, L, and C shows biomass, gas, liquid (bio-oil), and
char, respectively.

4. Results and discussion

4.1. Model performance and validation

In order to validate the CFD simulation of biomass pyrolysis in a draft tube conical spouted
bed reactor, the experimental results obtained in a previous study in a bench-scale unit have
been considered. In the experimental work, the evolution of bio-oil and gas yields with

reaction time was obtained at the three temperatures of 450, 500, and 550 °C. Furthermore,
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the Kinetic constants of best fit have been determined by solving the mass balance equations
written for different sections of the spouted bed reactor [15].

The yields of bio-oil and non-condensable gases were obtained from the simulation model
and compared with the corresponding amounts determined in the experimental work at
different reaction times. Char yield could only be measured at the end of each experimental
run since it was the non-converted fraction of the biomass, i.e., it could not be monitored and
measured throughout the reaction. As mentioned in section 2, the simulations have been done
considering a sand particle size of 0.4-0.6 mm and a nitrogen velocity of 2.7 m/s, leading to
gas residence times of 0.85, 0.79, and 0.74 s at 450, 500, and 550 °C, respectively.

It should be noted that residence time differs from the reaction time, given that the residence
time is referred to the gas gaseous stream average residence time in the reactor, whereas
reaction time is the time required for the biomass conversion to products (gas, bio-oil, and
char). Furthermore, the residence time is below a second, while the reaction time is over a
minute. As mentioned before, secondary reactions in biomass pyrolysis depend on the
temperature and residence time of the volatile stream, which enters from the reactor to the
condensation section. In fact, a fast quenching of pyrolysis products is usually recommended
to hinder secondary reactions and enhance bio-oil yield [66]. In the simulation of biomass
pyrolysis, only the reactor volume was considered; however, the auxiliary equipment for gas
cleaning and pipes from the reactor to the condenser were not taken into account. It should
be pointed out that the experimental unit has a cyclone and a filter located upstream of the
condensation unit. However, the temperature in these devices is much lower than that in the
reactor, approximately 300 °C. The extent of secondary reactions can be considered
negligible at this moderate temperature in relation to their extent in the pyrolysis reactor;

accordingly, the consideration of the simulation approach seems reasonable.
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A sample of the sand volume fraction contour att = 30 s and T =500 °C is shown in Fig. 6.
As observed, the incorporation of a draft tube promoted the development of a stable spouting
regime [67-69]. Moreover, the three characteristic regions of spout, annulus, and fountain
can be observed clearly with their different voidages.

It is to note that both the spout shape and the fountain height remain unchanged in the
temperature range of 450-550 °C. These findings are consistent with those found by Ye et al.
[70], showing that the minimum spouting velocity and hence the spouting regime of the bed
do not change significantly in a temperature range of 400-880 °C for the Geldart B group of
particles. Furthermore, the temperature has a positive effect on the hydrodynamic stability of
the spouted bed, i.e., after only 0.5 s of simulation, a stable spouting has been established by

activating the energy equation for both gas and solid phases in the simulation [70,71].
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Fig. 6. Contours of sand volume fraction at 30 s and 500 °C.

Fig. 7 shows a comparison between the simulation results and those of the experiments in
terms of the mass (grams) of product fractions formed. Overall, there is a good agreement
between experimental data and CFD predictions, with the relative error being in the 10-13%
range. At the initial time range of the process, the evolution of product fractions is faithfully
predicted by the model, but at the end, the deviations are considerable, i.e., neither the
evolution of gas and bio-oil yields in the final time range nor the final gas and bio-oil yields
are accurately predicted by CFD simulations. Thus, CFD simulation underestimate the final
yields of both gas and bio-oil. Overall, these results are evidence that the simulation model
is suitable for predicting product yield evolution in biomass pyrolysis and the influence of
temperature on these products in a conical spouted bed reactor. In fact, the impact of
temperature on reaction rates was suitably predicted by the CFD model; that is, the time
required for biomass conversion was significantly reduced with temperature in both
experimental and calculated trends. Moreover, the yield of the gas fraction at high
temperatures increases due to the secondary bio-oil cracking reactions considered by the
model. The maximum bio-oil yield is achieved at 500 °C, being consistent with that reported
in other fast pyrolysis technologies [66]. However, it can be observed that the CFD results
slightly underestimate the experimental yields of both gas and bio-oil for all the studied
temperatures. This might be due to the fact that the simulation predicts an incomplete biomass
conversion or alternatively, a higher char formation rate than that observed experimentally.
These differences could be associated with the deviations in gas and solid residence time
distributions in the reactor between experimental conditions and simulated ones. In summary,
these results reinforce the validity of this simulation tool for the design and full-scale

development of spouted bed reactors for biomass pyrolysis.
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Fig. 7. Validation of the experimental (points) and simulation (lines) results for the evolution
of biomass pyrolysis product yields with reaction time at the following temperatures: 450 °C

(7a); 500 °C (7b), 550 °C (7c).

4.2. Effect of geometrical parameters on the product values
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Once the model has proven to be valid for predicting product formation, it was then used to
examine the impact of different geometrical parameters, such as draft tube diameter and
height of the entrainment zone, on the evolution of product yields. The entrainment zone
height and the draft tube diameter vary from 1 to 2.5 cm and 1 to 1.6 cm, respectively.

Fig. 8. describes the reactor operation in terms of dimensionless design parameters that
depicts the bio-oil mass versus the Ly to Dt ratio. It can be concluded that the best reactor
design for optimum bio-oil production is at L4/Dt =1.5, leading to the bio-oil mass equal to

0.061 g.
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Fig. 8. Effect of Ln/Dt on the bio-oil product at T=500°C.
The contours of sand volume fraction and nitrogen velocity vectors for Ln/Dt =1.5 and
Ln/D1= 2.5 are displayed in Fig. 9. As can be seen, by increasing the length of the entrainment
zone, the bed behavior approaches the spouted bed without draft tube, Fig. 9¢ (Ln/D1=2.5),
the minimum spouting velocity increases, leading to an increase in the gas velocity [72].

However, increasing the entrainment height causes the spouting regime to be sluggish since
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more gas streams divert their path through the annulus resulting in a poor contact of gas and
solid particles. On the other hand, the size of the slugs increases with the entrainment height
[73], causing a decrease in the production values. The observation of the sluggish spouting
by increasing the entrainment height was obtained by different researchers [73,74].
Moreover, due to the long distance between the bottom of the draft tube and the gas inlet, all
of the gas streams cannot go upward through the draft tube, the nitrogen velocity decreases
on top of the draft tube and hence no eddy form, Fig. 9d. The big eddies formed on both sides
of the draft tube for the case Ln/D1= 1.5 (Fig. 9c) cause a good mixing between phases. From
these figures, it can be concluded that the unstable hydrodynamics may lead to low product
formation.

It is to note that choosing the draft tube diameters from 1 to 1.6 cm and Ly sizes from 1 to
2.5 cm showed that the spouting regime, together with the biomass pyrolysis products, would
be affected significantly by considering the sizes beyond the experimental ones. However,
for the case Lh=1 cm and the constant draft tube diameter, the hydrodynamics showed a
stable spouting regime, but due to low particle circulation, the product mass fractions were
low and demonstrated high deviations from the experimental model. In the model with the
draft tube diameter lower than 1 cm (lower than or equal to the gas inlet diameter), the sand
particles couldn’t go into the tube and hence went upward from the outer sides of the tube.
Thereby no spouting regime has been formed. For draft tube diameters of 1.5 cm and 1.6 cm,
the hydrodynamics became a little sluggish, and the tube could not increase the nitrogen
velocity. Therefore, no eddies formed on top of the draft tube, and the values of the product
yields were not as much as the experimental work. Accordingly, for future designs, it is better
to consider the draft tube diameters and Ly sizes between 1-1.3 cm and 1.5-1.7 cm,

respectively.
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Fig. 9. Solid-phase contours and gas-phase velocity vectors at T=500 C and t=15 s; a) solid-
phase volume fraction at Ln/D7= 1.5, b) Nitrogen velocity vectors at Lu/Dt= 1.5, c) solid-

phase volume fraction at Ln/D1= 2.5, d) Nitrogen velocity vector at Ln/Dt= 2.5.

The impact of the draft tube on the bed stability and product formation has also been

investigated. As can be observed in Fig. 10, not only the stable spouting cannot be reached,
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but also the products do not form because of the poor mixing of particles in the bed; hence
heat cannot transfer properly to the sand and biomass particles. The values of bio-oil and gas
mass, in this case, were respectively 0.0035 and 1.0e-05 g, which deviated 94 and 98 percent

from the original experimental values.
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Fig 10. Solid-phase contours without the draft tube at t=15 s and T=500 °C.

5. Conclusions

A CFD model has been developed by combining a two-phase Eulerian approach and a kinetic
model, which consists of three parallel reactions for the formation of the pyrolysis products
(gas, bio-oil, and char) and a homogeneous secondary reaction in the gas phase (bio-oil

cracking to yield gases). The simulation results were compared and validated with the
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experimental data obtained at three different temperatures. The model was then used to
predict the pyrolysis products in a lab-scale conical spouted bed reactor. The model showed
a good agreement with experimental data in terms of both the hydrodynamic behavior of the
bed and the final product yields and formation rates in biomass pyrolysis. As observed in our
previous studies, the operating temperature has a significant impact on product yields.
Accordingly, the CFD simulation model can be further applied in the design, optimization,
and scale-up of conical spouted bed reactors for biomass fast pyrolysis processes.
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Nomenclature

Cp = Drag coefficient (-)

ds: Particle diameter (m)

Dc, Do, Dt: Diameter of the conical section, inlet and draft tube (cm)
ess: Restitution coefficient (-)

E: Activation energy (kJ mol™)

g: Acceleration due to gravity (m s2)

Jo.ss: radial distribution coefficient (-)

Hc, Hr: Height of the conical section and reactor (cm)
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Hs, Hg: enthalpy of solid and gas (kJ mol™)

h: Interphase heat transfer coefficient (-)

I: Stress tensor (-)

I,p: Second invariant of the deviatoric stress tensor (-)
ki, K%: Kinetic constants at T temperature and frequency factor (s?)
Kgs: gas/solid momentum exchange coefficient (Kg m3s)
Ln, Lt: Height of the entrainment zone and draft tube (cm)
Nus: Nusselt number (-)

Prs: Prandtel number (-)

P: Pressure (-)

Ps: solid-phase pressure (-)

R: Universal gas constant (-)

Res: Reynolds number (-)

Sq: Reaction source (Kg m3s™)

Ti: Temperature (K)

vi: Velocity (m s?)

Yi: Species mass fraction (-)

Greek letters

a;: Volume fraction (-)

®;: Granular temperature (m? s2)

As: Solid bulk viscosity (kg m™ s?)

u;: Shear viscosity (kg m? s?)

p;: Density (kg m3)
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T;. Stress tensor (Pa)

¢: Angle of internal friction (deg)
Subscripts

fr: Friction

g: Gas

i: General index

p: Particle

g: Phase type (gas or solid)

s: solid
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