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Abstract

This study presents a theoretical parametric analysis of biomass fast pyrolysis in a downer
reactor, as part of a dual fluidized bed system. The model framework uses a Eulerian-Eulerian
CFD approach and incorporates a user-defined function (UDF) for the thermochemical
conversion of biomass. The downer reactor consists of a novel gas-solid separator, which is
employed to control the gas residence time within the reactor. The parameters investigated
included the reactor temperature, the particles (heat carrier and biomass) and the gas residence
time. The product yield was found to be strongly dependent on the reactor temperature (varied
through changing the heat carrier flow rate), intermediately dependent on the sweeping gas
(N) flow rate and the sand particle size, and much less dependent on the biomass particle
diameter (within the range of 1 mm). The developed model and the results demonstrate the
advantage and robustness of employing the model for parameters optimization and sensitivity
investigation when dealing with complex multiphase flow reactive system. This conclusion

will benefit future development and scale-up studies of downer reactors for biomass fast

pyrolysis.

Keywords: Biomass, fast pyrolysis, Eulerian-Eulerian, CFD, downer reactor, parametric

analysis.
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1. Introduction

The application of fast pyrolysis for the production of biofuels from biomass is currently
receiving increasing interest driven by the world growing demand for renewable energies. Fast
pyrolysis is a thermochemical process commonly used for the conversion of biomass to liquid
fuel (bio-oil). In this process, the biomass is first thermally degraded in an oxygen deficient
environment to produce pyrolysis gas and biochar. The bio-oil is then produced following rapid

downstream quenching and cooling of the pyrolysis gas.

During the past few decades, the increasing interest in biomass thermal conversion
technologies has been matched with considerable progress in reactors design and optimization.
The most widely studied reactors for pyrolysis and general biomass thermal conversion are the
fluidized and fixed bed reactors. Reviews on the operating principles and
advantages/disadvantages of the various types of fast pyrolysis reactors are available in the
literature (e.g. Lede [1], Bridgwater [2]). The focus of this study is on a downer reactor (also
referred to as drop tube, free-fall and concurrent fluidized bed). Theoretical and experimental
studies of biomass pyrolysis in a downer reactor are generally rare. The authors are not aware
of any reported theoretical studies fully devoted to the parametric analysis of this type of reactor,
with the exception of the study by the authors, which was focused on the hydrodynamic aspects
of the reactor (Yu et al. [3]). This is despite its distinct advantages, such as uniformity in gas
and solids flow structure compared to up-flow (circulating and bubbling) and fixed bed reactors
(Zhu et al. [4]). In addition to that, downer reactors are known to be simple in design, easier to
operate and control the gas-solid contact time. The latter is a desirable feature in biomass fast
pyrolysis in order to control the product quality. In a simple description, in a conventional
downer reactor, the biomass undergoes rapid thermal degradation while freely falling inside a
hot chamber. In order to create a positive pressure at the entrance and allow sweeping of the
pyrolysis gas, an inert gas, such as nitrogen, is usually introduced at the top. The produced
biochar and pyrolysis gas are collected at the bottom of the reactor, where the latter is rapidly
cooled to produce bio-oil and non-condensable gas. The pyrolysis downer reactor can be
operated in a single mode or integrated within a closed loop to create what is usually referred
to as twin or dual circulating fluidized bed (DCFB) system (see the illustrative diagrams in Fig.
1). In the former case, combustion of a primary biomass feed is used to satisfy the endothermic
pyrolysis reaction of a secondary biomass feed, while in the latter case the process is sustained
by heat supplied from the combustion of the by-product biochar in a second reactor. In this

study, the focus is on the downer pyrolysis reactor as part of a DCFB in Fig. 1-b.
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Fig. 1. Examples of the configuration of sustainable biomass pyrolysis reactors without the
reliance on external heating (a) single mode fluidized bed (b) twin or dual circulating fluidized

bed (DCFB) system.

In pyrolysis experiments, measurement of the process response to the variations of the
operating conditions is usually challenging due to the limitation imposed by the nature of the
process, i.e. high temperature and release of hydrocarbon gases. Computational fluid dynamic
(CFD) offers the option for conducting comprehensive parametric analysis at a low cost with
the added advantages of providing detailed localized data (e.g. flow hydrodynamics,
temperature and chemical reactions) at a wide range of operating parameters. The use of CFD
in the analysis of reactive and non-reactive multiphase flow system has been recently reported
in a number of recent publications (e.g. Bashir et al.[5], Elewuwa and Makkawi, [6], Yu et al.
[7], Hassan and Makkawi [8]). Of direct relevance to this study is the series of papers by Yu et
al. [3, 7] in which a Eulerian—Eulerian CFD model was developed and validated for the
prediction of biomass pyrolysis in a downer pyrolysis reactor. The model proved to be highly
useful in predicting the details of the flow hydrodynamics and thermochemical behavior in

fluidized bed reactors.
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In biomass pyrolysis, the reaction temperature and the gas residence time are the two most
important parameters to control during the process. Both parameters have been widely reported
to dictate the distribution of the final product (biochar, bio-oil and permanent gas) (Bridgwater
[2], Bridgwater [9]). It is therefore important when designing and operating a pyrolysis reactor,
to keep in mind the relation between the desired quantity/quality of the products and the reactor
operating temperature and gas residence time. The reactor operating temperature is commonly
reported in the parametric analysis of biomass pyrolysis. Its effect is interrelated with other
process parameters, such as the gas residence time and the rate of heat transfer between the gas
and solid phases inside the reactor. For the same type of reactor, the difference in optimum
pyrolysis temperature is mainly due to the variations in the biomass content of lignin, cellulose,
and hemicellulose. Each of these key constituents of biomass decomposes at a different range
of temperature (Lin et al. [10]). The majority of studies have shown a maximum bio-oil yield
at an optimum pyrolysis temperature within the range of 400—900 °C. Bridgwater [9] Suggested
a reaction temperature of around 500 °C is ideal for maximizing bio-oil yield. In an
experimental study by Yu et al. [11], the bio-oil produced from birch wood pyrolysis in a free
fall reactor was found to be maximum at the temperature of 700 °C. In another experiment,
investigating the pyrolysis of pine wood in a bubbling fluidized bed, Westerhof et al. [12] have
shown that the pyrolysis gas yield increases steadily with increasing temperature from 450 to

580 °C then decreases beyond that.

The effect of gas residence time is frequently investigated by changing the flow rate of the
sweeping or carrier gas (e.g. Gergel [13], Gabel [14], Ellens [15]). The sweeping gas
(commonly nitrogen) is used to create an oxygen free environment and control the residence
time of the pyrolysis gas inside the hot zone of the reactor, as noted earlier. Additionally, in
fluidized bed reactors, the sweeping gas serves as a fluidizing medium to promote mixing and
enhances the heat and mass transfer. The sweeping gas flow rate has also a strong effect on the
particle/gas residence time, rate of heating and general flow structure. The gas residence time
can be controlled by increasing or decreasing the sweeping gas flow rate. Short residence time
help in limiting the gas thermal and catalytic cracking during gas-char contact, hence,
increasing the bio-oil yield. In one of the very few studies on experimental parametric analysis
of a free fall reactor, Ellens [15] recommended to maintaining the sweeping gas flow rate in
order to achieve adequate pyrolysis. Gable [14] showed a slightly positive impact of increasing

sweeping gas on the pyrolysis yield. A similar conclusion was reached by Onay and Kogkar
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[16] who observed that little gain in the bio-oil yields was achieved in a free fall pyrolysis

reactor when increasing the sweep gas flow rates beyond 50 mL/min.

Other parameters that have been reported to affect the pyrolysis products and the overall reactor
performance are the biomass and heat carrier (sand) particle sizes (e.g. Shen et al. [17], Liu et
al. [18]). Biomass generally has a low thermal conductivity; therefore, it is important to use a
finely ground biomass in order to limit the particle internal thermal resistance (Bridgwater [2]).
Uzun et al. [19] experimentally investigated the effect of the biomass particle size on the bio-
oil yield using a fixed bed reactor at a pyrolysis temperature of 500 C. It was shown that the
optimum biomass particle size for maximum bio-oil yield is within the range of 0.425 mm< d,,
< 0.85 mm. Within this range, negligible variation in the overall process yield and product
distribution was observed. In agreement with this, Jahirul et al. [20] suggested using biomass
particle size <1 mm. For a biomass particle within this size range and undergoing pyrolysis at
the temperature range of 500 °C the estimated Biot number falls below unity. It is for this reason
that the heat transfer mechanism and release of volatiles at the single particle level remains
independent of the biomass and of the heat carrier particle size as long as the d,, falls below 1.0
mm. Nevertheless, one should not ignore the important role that particle size plays in

identifying the overall hydrodynamics, such as the solid distribution and the solid velocity.

2. Process description and objectives of the study

The pyrolysis reactor and the simulation domain considered in this study are shown in Fig. 2.
In this arrangement, the biomass and sand enter the reactor from the top and concurrently flow
towards the bottom under the influence of gravity and drag force exerted by the carrier gas
nitrogen. The sand, which enters at the reactor at a high temperature, is assumed to drive the
endothermic pyrolysis process. At the bottom of the reactor, sand and char are collected in a
receiving tank while the gas is discharged through a pipe inserted under a solid-gas separator.
This separation mechanism, which is specifically designed for downer pyrolysis reactors by
researchers at the ICFAR in Canada [21], has been experimentally tested and numerically

studied by Yu et a. [7] and Huard et al. [22].

The focus of the present parametric study is to elucidate the thermochemical behavior of the
process and the impact of the process parameters on the pyrolysis product yield and distribution.
The specific objectives are:

1. To examine the reactor sensitivity and impact of the following parameters on the pyrolysis

5
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product yield and overall reactor performance:
1. Reactor temperature varied through manipulating the flow rate of the heat carrier
material (sand).
ii. Gas residence time varied through manipulating the flow rate of the carrier gas
(nitrogen).
iii. Biomass and heat carrier (sand) varied through manipulating the particle sizes.
2. To demonstrate the advantage and robustness of the developed CFD model for the

parametric analysis of pyrolysis reactors.
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Fig. 2. Schematic representation of (a) the pyrolysis reactor simulation domain, and (b) the

overall closed loop pyrolysis process with the simulation domain inside the dotted box.

3. Model equations

The Eulerian-Eulerian CFD model reported by Yu el al. [3, 7] for the simulation of biomass
pyrolysis in a downer reactor has been used to carry out this parametric analysis. The model is
solved in three-dimensional coordinates using ANSYS-FLUENT CFD code. The multiphase

flow inside the reactor is assumed to consist of two solid phases (sand and biomass) and one

6
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gas phase consisting of various species, namely, a condensable fraction (bio-oil) and a non-
condensable fraction consisting of CO, CO,, CHy, H, and H,O. The main equations describing
the hydrodynamics, heat transfer and reaction are given below. The full model, including
detailed constitutive relations and a user-defined function (UDF) for the pyrolysis reaction, can

be found in Yu et al. [3, 7].

3.1. Continuity, momentum and granular energy equations

The gas and solids phases continuity equation are given by:

(agpy)

o tV(agpglig) =Ry (1)
d(asps,) . '

5 +V(aspsis) = Rs, i=1 or2 (2)

2
X tag=1 (3)

where « is the volume fraction, p is the density. u is the velocity vector, R is the interphase
mass transfer due to biomass pyrolysis and drying. The subscript g, s; and s, stand for gas,

sand and biomass phases respectively. Note that, Ry, = 0 for the inert solid (sand).

The gas and solids momentum equations are given by:

a(agpgﬁg) h
Q% T V(agpgtigliy) = — ayVP + Vi,
2
- Zﬁgsi(ﬁg —Tis) + ttgpgF + Ryyg + Miygilsyg
i=1
4)
a(aslpslasl)

at + v(aslpslﬁslﬁsl)
=— O.’SlVP — VP51 + V?sl + Bgsl(ﬁg - ﬁ51) + ,lesz(ﬁsz - ﬁ51) + aslpslg
(5)

a(aSZP.S‘zﬁSz) IR
Y T V(as,ps,ls,ls,)

= aszvp TN VPsz +V%sz + .Bgsz(ﬂg - 1752) + ﬁszsl(ﬂsl - 1752) + aszpszg + Tegsz - mszgﬁszg
(6)
where B, and B, are the gas-solid and solid-solid momentum exchange coefficients,

respectively, g is the gravity constant, T is the solid shear stress tensor, R is the interphase

momentum transfer due to the pyrolysis reaction, and mu is the interphase momentum transfer
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due to evaporation. Note that R and 71 are not included in Eq. 5, due to the inert nature of the

sand particles.

The granular energy equation is given by:

3 a(asipS@Si)

2 dat + v(aSipS@Si)ﬁsi =

- N 2
(= Pyl +7):Viis, +V(x0,V05) — Vo, + 2, _1¢ks, (D)
where O is the pseud-granular temperature of solid phase, kg, is diffusion coefficient of

granular energy, and ¢ is energy exchange between phase k and solid phase.

Note that, in modeling the solid phases it is assumed that the particles are spherical and the
biomass particle retains its original size during pyrolysis (i.e. no shrinkage). This simplification
is made due to the recognized shortcomings of the classic Eulerian-Eulerian method which
lacks the reliable formulation to incorporate the particle shrinkage associated with particle

drying and pyrolysis.

3.2. Pyrolysis reaction and drying models

The biomass is treated as a solid phase consisting of volatile matters, fixed carbon, ash and
water. The composition of the biomass, which is assumed to match that of a switchgrass, is
given in Table 1. The pyrolysis is described by one-global reaction scheme as follow (Boateng
and Mtui [23], Yu et al. [7], Bashir et al. [5]):

Biomass—0.138 char + 0.805 biooil + 0.15 H,0 + 0.003 H,
+0.035CO + 0.018 CO, +0.008 CH,4 (8)

According to Eq. (8) the overall non-condensable gas (NCG) is assumed to consist of H,, CO,
CO, and CHy4, with the distribution as per the given coefficients. The rate of the pyrolysis
reaction is given by the following formula, specifically derived for switch grass pyrolysis as

follows (Pasangulapati [24]):

—1.037 x 107
r=12.16 x 107exp(RT)]a32 [Coor] €7 )

Note that in the above model the homogeneous reactions (between the pyrolysis gas species)

and heterogeneous catalytic reactions between the gas and char are ignored. This is a reasonable
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assumption since the employed gas-solid separation mechanism allows for limiting the contact
between the pyrolysis gas and char while maintaining the gas residence time at the desired

range of <2 s (Yu et al. [7]).

Table 1. Chemical composition of switch grass (Boateng et al. [25])

Fixed carbon  Moisture  Volatile Ash

Proximate analysis (wt%) 13.81 2.65 81.20 2.54
C H O N

Ultimate analysis (wt%) 48.8 6.99 43.68 0.53

The biomass drying was incorporated in the model based on evaporative mass transfer process
where the biomass water content is assumed to be converted to moisture and added to the gas

phase according to the following mass transfer relation (ANSYS Fluent documentation [26]):

. (Tl - Tsat)
My =k X 01pr—_— (10)

where 11y, 1s the mass transfer rate from the liquid phase to the vapur phase per unit volume, k,,
= 0.1 s ! is the mass transfer coefficient, a; and p; represent the moisture volume fraction
and density, respectively, T; is the gaseous phase temperature and T, 1s the saturation

temperature taken as 100 °C.

3.3. Heat balance

The heat balance equation for the gas and solid phases are given by:

a(agpghg) N an = oo .
—, V(agptighy) = a5 T TgViug—qg+Sg+ Qgs, + Qs

+ (mszghszg Yy mgszhgsz)

(11)
6(aslpslhs1) b aPsl = — -
—or— +V(as,ps,Ushs,) = as, 5 + Ts,: Vs, — Gs, + Qsyg (12)
a(aSZPSZhSZ) . aPSZ — — N
T + V(“SszZuSZhSZ) = aSzW + TSz:vuSz - q$2 - Sg + QSzg
+ (gs,hgs, — Mhs,ghs,g)
(13)

where h, is the specific enthalpy of the gas phase, § is the heat flux, S is a source term that
includes the enthalpy due to the chemical reaction, Q is the intensity of the heat exchange

between the gas and solid phases. The last term on the right-hand side represents the interphase
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enthalpy exchange due to evaporation. Note that, in the above heat balance, the internal thermal
resistance at the single particle level is neglected due to the low Biot numbers for both the solid

phases (sand and biomass particles).

4. Model solution procedure and boundary conditions

The model equations are solved using finite volume approach. First-order discretization
schemes were used for the solution of the convection terms in all governing equations. The
relative error between any two successive iterations was specified by using a convergence
criterion of 10~ for each scaled residual component. The phase-coupled SIMPLE algorithm
(Vasquez and Ivanov [27]) was applied for the pressure-velocity coupling. The linearized
governing equations were solved using the block algebraic multi-grid method. In order to avoid
numerical instabilities and to ensure that the fast biomass conversion and heat transfer are
captured, the solution time step for the reactive system was set to a relatively smaller time step
0f 0.0005 s for the first 0.5 s then increased to 0.001 s for the rest of the simulation time. The
mesh was generated with hybrid cells of structured and unstructured grids, giving a total of
30,785 cells. In order to capture the steep hydrodynamic variations around the walls of the
separation device (the conical deflector and the gas exit pipe), the grid size was refined by
setting the minimum and maximum grid size at 0.3 and 1.0 cm, respectively. In the remaining
of the simulation domain, the minimum and maximum grid size were set at 1.0 and 5.0 cm.
respectively. Summary of the reactor dimensions, default operating conditions and simulation

parameters are given in Table 2.

Table 2. Summary of the reactor dimensions and the defaults operating conditions

Reactor dimensions”

Reactor height [m] 1.335 | Diameter of the gas exit pipe [cm] | 0.95

Reactor diameter [m] 0.069 | Position of gas exit from top [cm] | 98.6

Default operating parameters

Pressure outlet [pa] 101,3 | Biomass inlet temperature [°C] 25.0
Biomass flow rate [g/s] 5.0 N inlet temperature [°C] 25.0
Nitrogen flow rate [lit/s] 0.187 | Sand inlet temperature [°C] 700.0
Sand flow rate [g s!] 80.0 | Sand particle size [mp] 200.0
Sand density [kg m~] 2650 | Biomass particle size [mp] 500

Simulation parameters

Wall-particle restitution coef. [-] 0.8 Maximum solid packing [-] 0.63
Particle-particle restitution coef. [-] 0.9 Specularity coefficient [-] 0.5

10
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Solution convergence criterion (-) 103 Maximum number of iterations [-] 20

* Further details on the reactor and separator geometry are available in Yu et al. 2014 [3]

Table 3. shows the summary of the parameters varied in this study, taking into consideration
the effect of the heat carrier (sand) flow rate, particles sizes (sand and biomass) and sweeping
gas (nitrogen) flow rate on the pyrolysis products distribution. In total, this makes nine different

simulation conditions, including the default setting of Case No 1.

Table 3. Set of the operating conditions considered in the parametric analysis

Parameters varied
Parameter Default N, flow Sand flow ; Tagicle size
Biomass Sand
Case No 1 2 3 4 5 6 7 8 9
N, flow rate [m3/h] 0.67 034 | 6.73 | 067 067 | 067 0.67 | 0.67 0.67
Sand flow [g/s] 80 80 80 50 100 80 80 80 80
Biomass size [um] 500 500 | 500 500 500 [ 200 350 | 500 500
Sand size [um] 200 200 | 200 200 200 [ 200 200 | 350 500

5. Parametric analysis and discussion

5.1. Effect of the reactor temperature

The reactor temperature was varied by varying the heat carrier (sand) flow rate. The choice is
made here to vary the sand flow rate because this resembles largely the effects caused by
varying the sand temperature with the added advantage of providing the necessary data to
assess the associated change in flow hydrodynamics. The range of sand flow rate considered
in the analysis was selected based on the following simple energy balance equation:

Qin = XMAH 298 feed + 2MAH feea(T) — XnAH £ 298 prod — 2NAHproa(T)  (14)

where AH},298_ feed and AH}‘zgg, prod are the heats of formation of feed and product materials at
temperature 298K per kg material; Hrpoq(T) and Hy,oq(T) are the enthalpies of the feed and
products at temperature 7' (pyrolysis temperature). Using the above equation, the estimated heat
input required to derive the pyrolysis of 5 g/s biomass flow is 9.3 KW. For sand entering at
700 °C and assuming an average reactor temperature of 500 °C, this heat corresponds to sand
flow of around 80 g/s. Therefore, to assess the sensitivity of the downer reactor to the operating
temperature, three different sand flow rates of 50, 80 and 100 g/s has been considered. Note
that this corresponds to 10—20 times the biomass feed rate, which is within the rule of thumb

for thermal conversion of biomass in fluidized bed reactors.

11
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Fig. 3 shows the profiles and contours of the biomass phase temperature at three different sand
flow rates of 50 g/s, 80 g/s and 100 g/s. As expected, the increase in the heat carrier flow rate
has a direct impact on the reactor temperature, as well as on the overall flow hydrodynamics.
In Fig. 3a,b, the profile and contour show that the gas temperature increases sharply from 25 °C
to above 600 °C within a very short entrance length due to the rapid heat transfer from the hot
sand (heat carrier) to the gas and biomass phases. The temperature then gradually decrease but
with a much lesser extent beyond the lower part of the reactor. The drop in the gas temperature
is due to the heat being consumed by drying and pyrolysis of the biomass. The contours of the
biomass temperature, shown in Fig. 3c, depicts a different behavior where it is observed that
the biomass temperature gradually increases from the entrance temperature of 25 °C to reach a
peak within the upper part of the reactor. The temperature then remains relatively uniform and
stead within most of the lower part of the reactor. Generally, it is observed that the “thermal
entrance length” slightly increases with increasing the heat carrier flow rate, which is expected,

since this increases the heat supply.
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Fig. 3. Variations in the gas and biomass temperatures at various sand flow rates (50—100 g/s)
(a) cross-sectional average vertical profile of biomass temperature (b) and (c) contours of the

biomass and gas temperatures, respectively.
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Fig 4 shows the vertical profile of devolatilization efficiency and contours of the
devolatilization rate at the three different sand flow rates considered. The efficiency was

calculate cumulatively using the following formula:

Myolatile FTemoved from biomass s
Ndev = Myolatile iN the biomass feed ( )

Fig. 4a shows that the cumulative devolatilization efficiency curves consistently shift to the
right as the sand flow rate is increased from 50 g/s to 100 g/s. In Fig. 4b, it is generally observed
that the devolatilization rate is nearly zero within the thermal entrance length. This is not
surprising since this is the region where the biomass and carrier nitrogen undergo rapid
convective heating by the hot sand. The devolatilization then commences shortly after that, as
indicated in the contours plots. Beyond the gas exit pipe, the devolatilization rate sharply
decreases mainly due to the drop in temperature. At this stage, the biomass is converted to the

final product of pyrolysis gas and char.
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Fig. 4. Biomass devolatilization at steady condition for different heat carrier (sand) flow rates
(a) variations of the devolatilization efficiency along the reactor height (b) contours of

devolatilization rate.
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Fig. 5 shows the temporal evolution of the pyrolysis gas flow and the final product distribution
at different sand flow rates. The products consist of liquid bio-oil including water, non-
condensable gas (NCG) and char. Fig. 5a shows that the flow of the pyrolysis gas reaches the
steady state after ~2 s from the start of the operation. The results also suggest that the flow of
the pyrolysis gas increases linearly with increasing the sand flow rate. The data in Fig. 5b shows
the bio-oil and NCG to increase with increasing the heat carrier flow, which comes at the
expense of decreasing the char yield. This is in agreement with the vast majority of published
literature (e.g. Demirbas, 2004 [28]), since increasing the reactor temperature tends to convert
the biomass to higher fraction pyrolysis gas with lower biochar production. It should be noted
that excessive increase in the reactor temperature, beyond the critical temperature of ~ 600 °C
shifts the pyrolysis process towards the gasification model as the volatiles get thermally
cracked to light hydrocarbons, while the char is constituted predominantly by ash and fixed
carbon. In the current model, thermal cracking, as well as the reaction between the biochar and
gas, are omitted because the temperature remains within the recommended limit and the gas
residence time within the hot zone of the reactor is short, as demonstrated in the following
section. Quantitatively, the calculation shows that as the temperature is increased by doubling
the sand flow (from 50 to 100 g/s), the bio-oil yield and the NCG both increased by 118% and
124%, respectively, which is significantly high.

5.2. Effect of biomass and sand particle sizes

The reaction rate in pyrolysis is widely understood to be strongly dominated by the heat transfer
at the particle level. However, the current Eulerian-Eulerian model treats the solid as a
continuum phase; hence, the internal thermal resistance, at the single particle level is not
incorporated. This is a valid approximation if the particle Biot number is below unity. Here,

the Biot number is calculated as follows:

d.h
Bi=— (16)

where d, is a characteristic length [m], h is the convective heat transfer coefficient [W m2 K-
1T and k is the thermal conductivity of the particle [WmK-!]. Assuming an average pyrolysis
temperature of 500 °C, heat transfer coefficient of 0.65 kW m=K-!, and thermal conductivity
of 0.25 and 0.1 Wm''K-! for sand and biomass particles respectively, the calculated Biot
number was found to fall below unity, hence the approximation employed is valid, as noted

earlier. There is also experimental evidence, such as that reported by Seebauer et al., (1979)
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[29] and Septien (2012) [30], which indicates that the effect of the particle size on the pyrolysis
yield is negligible as long as the size falls below 1.5 mm. The solid-solid conductive heat
transfer is also ignored in the current model due to the very low solid concentration. This
implies that the change in the particle size would only affect the overall rate of pyrolysis
through changing the flow hydrodynamics and the particle surface area available for heat and

mass transfer.

Fig. 6 shows the distribution of the biomass solid phase at three different particle sizes (200,
350 and 500 pum) and the corresponding pyrolysis product distribution. Note that the colour
code in the contours has been restricted to allow better visualization of the solid concentration
variations. In Fig. 6a, it is generally observed that the biomass concertation is high at the
entrance and to a lesser extent below the gas exit at the separator. It is also clear that the effect
of changing the particle size is limited, consequently, there is a limited impact of this parameter
on product distribution, as shown in Fig 6b. This is expected since the biomass flow rate is too
low to cause a significant impact on the reactor hydrodynamics. On the contrary, the effect of
changing the sand particle size on the flow hydrodynamics and products is well-pronounced,
as shown in Fig. 7. Note that the sand flow rate is at least 10 times higher than that of the
biomass. In Fig, 7a, the overall flow structure appears to be completely re-shaped at increasing
sand flow by forming a highly dense core and dilute walls. This appears to have a positive
impact on the bio-oil and NCG gas yields, as shown in Fig. 7b. The decrease in sand particle
size, from 500 um to 200 um, resulted in increasing the bio-oil and the NCG yields by ~30%,
at the expense of a decrease in the char yield. This could also be attributed to the fact that,
smaller particles offer higher surface area, hence, higher heat and mass transfer between the

various phases. This, in turn, enhances the overall rate of release of pyrolysis gas.
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5.3. Effect of nitrogen flow rate

Inert gases, such as nitrogen, helium and argon, are commonly used in biomass fast pyrolysis
in order to (i) create an oxygen-free environment (ii) allow sweeping of the produced pyrolysis
gas, and, most importantly, (ii1) control the gas and solid residence time within the hot reaction
zone. In this study, the effect of nitrogen flow was studied using three different flow rates; two
within the low flow range (0.34 m3/h and 0.67 m3/h) and one excessively high (6.73 m3/h). The
flow rates correspond to nitrogen inlet velocities of 0.025 m/s, 0.05 m/s and 0.5 m/s,
respectively. All the other operating parameters were set at the default values, as given in Table
2. In order to relate the applied gas flow to the drag force exerted on particles, the following

force balance for a particle in suspension (Makkawi [31]) has been used:

T
Fd = gd%pf(ug)sz (17)
where
Cq=3.0 + 303¢ *135Re (18)

Applying Egs. 17 and 18 for a biomass particle of 500 um diameter, the ratio of the gas drag
force to the particle weight force (F;/W) at the nitrogen velocities of 0.025 m/s, 0.05 m/s and
0.5 m/s would be 0.07, 0.23 and 3.13, respectively. In the next paragraphs, it is shown that the

ratio F;/W is of significance for the relation between the gas flow rate, gas residence and the

particle weigh force with the pyrolysis yield.

Fig. 8 shows the effect of the nitrogen flow rate on the distribution of the gas residence time
(time taken from the inlet to the gas exit pipe). The residence time distribution was obtained
based on particle tracking and path lines analysis method [Ghirelli et al. [32]]. It is shown that
at the highest nitrogen flow rate the gas residence time distribution is narrowed within the range
of 0.3—1.3 s and peaks at ~0.5 s, while at the lowest nitrogen flow, the residence time is widely
distributed within the range of 0.5-4 s with a peak at 2 s. In between, at the nitrogen velocity
of 0.05 m/s, the residence time distribution is within the range of 0.7-2.7 s and peaks at ~1.5
s, which is close to the range recommended for maximum bio-oil yield by fast pyrolysis (1-2

s) (Bridgwater and Peacoke [33)).
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Fig. 8. Effect of the nitrogen flow rate (0.34—6.73 m3/h) on the gas residence time.

In addition to affecting the gas residence time, the nitrogen flow rate also plays an important
role in defining the biomass distribution (volume fraction), velocity and devlolatilization rate,
as demonstrated in Fig. 9. A dramatic change in the biomass velocity and concentration takes
place when the nitrogen flow rate is increased from 0.673 m3/h to 6.73 m3/h. Note that, at 6.73
m?/h nitrogen flow, the estimated drag force exerted on the biomass is high, more than 3 times
higher the particle weight force. At this condition, the biomass is packed below the gas exit
pipe (see the third contour in Fig. 9a), while the velocity is excessively high in most of the
upper part of the reactor (see the third contour in Fig. 9b). Obviously, this will have a negative
impact on the mass and heat transfer rates at the core of the reactor due to the non-uniformity
in flow structure. It is also clear from the contour in Fig. 9c that the devolatailization rate is

close to zero in most of the upper part of the reactor.
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Fig. 9. Effect of the nitrogen flow rate (0.34—6.73 m?/h) on (a) biomass volume fraction (b)
biomass velocity (the biomass volume fraction is restricted to 0.002 to allow better

visualization) and (c) on biomass devolatilization rate.

Finally, Fig. 10 shows the effect of nitrogen flow rate on the overall pyrolysis product yield.
Operating at the nitrogen velocity of 0.05 m/s (0.67 m? h'!) appears to give high bio-oil yield
(59.0 wt%). At the highest nitrogen flow rate of 0.5 m/s (6.73 m?h!), the bio-oil and the NCG
drop by 15% and 11%, respectively, which comes at the expense of increasing the char. This
is due to insufficient biomass and gas residence times and the negative impact of this on the
reactor temperature and overall flow hydrodynamics. As noted earlier in the introduction,
various studies on free fall or downer reactors have discussed the optimum sweeping gas flow
or velocity for maximum bio-oil yield (e.g. Gable [14]; Ellens [15]; Onay and Kockar [16]).
However, generalization of such results for different reactors sizes and operating conditions is

meaningless. It is of more relevance to use the relation between the sweeping gas drag force
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and the particle weight force (F /W), since this is indirectly indicative of the relation between
the sweeping gas flow, residence time and heat transfer rate for a particle undergoing pyrolysis
in a downer reactor. In this study, the maximum bio-oil and NCG yield was found at F;/W =

0.23.
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Fig. 10. Effect of the nitrogen flow rate (0.34—6.73 m?/h) on the distribution of the pyrolysis

products.

6. Conclusions

Parameter sensitivity analysis of biomass fast pyrolysis in a downer reactor has been studied

using a Eulerian-Eulerian CFD approach where the pyrolysis is considered to undergo one

global step reaction. According to the predicted results, the following conclusions are made:

a) The pyrolysis temperature is the most effective parameter in the overall product yield

and distribution. In this study, the temperature has been changed by increasing the heat
carrier flow rate from 50 g/s up to 100 g/s. This has been found to increase considerably
the bio-oil and NCG vyields by 118% and 124%, respectively, at the expense of
decreasing the bio-char yield.

b) The change in the biomass particle size within the range of 200—500 um, has been
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d)

found to cause a negligible effect on the reactor hydrodynamics and overall product
yield and distribution. The effect of the sand particle size, on the other hand, has been
found to cause a major change in the reactor flow structure as well as in the products
yield. The bio-oil and NCG yields both increased by around 30% when decreasing the
particle size from 500 um to 200 um. This is mainly due to the increase in heat transfer
surface area as the particle size decreases.

The nitrogen flow rate strongly affects the gas residence time. Excessive nitrogen flow,
exerting a drag force higher than the single particle weigh (F /W >> 1.0), may result
in shifting the gas residence time beyond the recommended range for fast pyrolysis
(1-2 s). In this study, operating at a moderate gas flow of 0.67 m3/h (0.05 m/s), which
is calculated to correspond to F /W= 0.23, is found to produce the highest bio-oil and
NCG yields. At this condition, the hydrodynamics and devolatilization rate appear to
improve, with the latter rapidly taking place within the upper core section of the reactor.
The investigated parameters are interrelated; therefore, any optimization or
extrapolation of the operating conditions for a targeted product (bio-oil, char or NCQG)

must be exercised with caution.
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656  References

Interfacial area (m?)

Specific heat (J kg'K-!)

Concentration of volatiles in biomass (mol m-)
Diameter of solid phase i (m)

Activation energy (-)

Gravity (m s72)

Specific enthalpy (kJ kg)

Heat transfer coefficient (w m? k')

Enthalpy at temperature T (KJ/kg)

Heat of formation at temperature 298K (KJ/kg)
Diffusion flux of species i (kg m2 s!)

Mass transfer coefficient (s™!)

Reactor length (m)

Mass transfer rate (kg m= s!)

Nusselt number of solid phase i (-)

Pressure (pa)

Prandtl number (-)

Heat flux (w m?)

Intensity of heat exchange between gas and solid (kJ m3s)
Required thermal input for pyrolysis (Kw)
8.314 (J/mol K)

Interphase mass transfer term (kg m> s!)
Reynolds number of solid phase i (-)

Rate of pyrolysis reaction (mol m=3s!)

Source of enthalpy due to chemical reaction (kJ m>s')
Temperature (K)

Time (s)

Gas and solid velocity vectors, repectively (m s!)
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Particle velocity (m s)
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Volume fraction of gas and solid phase i respectively (-)
Momentum exchange (drag) coefficient (kg m s1)
Collisional energy dissipation (kg m! s3)

Separation efficiency (-)

Granular temperature of solid phase i (m? s2)

Diffusion coefficient of granular energy (kg m! s-1)
Particle bulk viscosity (kg m! s')

Gas and solid densities, respectively (kg m=)

Solid residence time (s)

Shear stress tensor (kg m! s-2)
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Highlights

Parametric analysis of fast pyrolysis in a downer reactor has been carried out using CFD
modeling.

The pyrolysis temperature is the most effective parameter in the bio-oil yield.

The size of the heat carrier (sand) affects the hydrodynamics and overall thermochemical
conversion.

The nitrogen flow rate strongly affects the gas residence time and devolatilization rate.



