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Numerical analysis on a catalytic pyrolysis reactor
design for plastic waste upcycling using CFD
modellingt

*

Luis Alberto De la Flor-Barriga®* and Ursula Fabiola Rodriguez-Zufiga

Catalytic pyrolysis technologies are a current trend to address plastic waste upcycling, offering lower energy
consumption and higher value products when compared to conventional thermal pyrolysis. In this study,
catalytic pyrolysis of HDPE was simulated using computational fluid dynamics (CFD) in order to analyze
the physical behaviour of a designed fluidized bed reactor unit on a pilot scale. Dimensionless numbers
were used for heat and mass transfer assessment to provide useful insights for the scale-up of this
technology. A fluidized bed reactor configuration was selected for its effective heat/mass transfer and
compatibility with ZSM-5 catalyst. Calculations were performed on a set of temperatures (300-500 °C)
and feed rates (0.5-1 kg m™ s71) to determine the best performing conditions. Tradeoffs between
conversion, production rate and heat consumption were discussed. The key results of this study indicate
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Introduction

Plastic waste in major cities such as Lima and Callao (Peru) are
generated at a significant rate of 886 tons per day, which makes
it comparable to the mass feedstock of small petroleum refin-
eries (6500 BPD). According to the Ministry of Environment,
only 4% is recycled while the rest is disposed of as municipal
waste, increasing the environmental impact of these residues."?
In the last decades, technological advancements to address this
issue have led to the development of novel processes to produce
fuels through thermal, catalytic and biological methods.® This
study aimed to analyse the physical behaviour of a fluidized bed
reactor unit for HDPE upcycling on a pilot scale (=1.08
kg min~"), in order to establish a basis for the scaling of this
technology. This highly detailed physical and mathematical
model is meant to provide useful insights for scale-up.
Through the process of pyrolysis, the production of liquid
oil, gases and char is achieved. This technology is mature and
extensively used for biomass and plastic processing.* It consists
in the thermal degradation of plastics in a reactor at high
temperatures (300-900 °C) in the absence of oxygen, where the
heterogenous mixture of hydrocarbons is produced.® Several
types of plastics may be used as feedstock, such as PS, PE, PP,
PVC and PET. Hence, the kinetic model of the reactions varies
according to the composition. In some cases, hazardous
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s7! at 500 °C vyields the best gasoline production while consuming the
lowest amount of energy per kilogram of product.

substances are produced, such as chlorine gas, when PVC is
processed. For this reason, an additional reactor or separation
unit may be required to eliminate the undesired components.®

In this study, HDPE was considered for this analysis using
kinetic modelling information from experimental data.””®

In order to improve the process efficiency, selectivity, reduc-
tion of the retention time and operate under relatively mild
conditions, a wide variety of catalysts have been tested by the
literature. The most used are ZSM-5, Y-zeolite, FCC and MCM-
41." As a result, desired reactions have a higher yield. These
include cracking, oligomerization, cyclization, aromatization and
isomerization reactions." The product consists of heavy fraction
which exhibits similar properties to those of conventional gaso-
line.® and the light fraction contains hydrocarbons ranging from
methane to butane, including olefins. Products yield strongly
depends on the operating conditions and catalyst."

To achieve accurate modelling and results catalytic pyrolysis
processing, CFD analysis proved to be highly convenient, since
it incorporates transport phenomena, fluid-solid interaction
and kinetic modelling to solve steady-state simulations for
various scenarios (comprised by different feed fluxes and
temperatures). CFD has been widely used for the analysis of
plastic waste, biomass and mixed solid waste pyrolysis."*?* In
a few cases, catalytic pyrolysis has been investigated as a fixed
bed reactor setup.” No examples of CFD analysis for catalytic
pyrolysis with ZSM-5 catalyst on a fluidized bed were found in
literature, to the best of our knowledge. For this study, a fluid-
ized solid phase modelling strategy was used, instead of
a discrete element method, to save computational resources.
This reactor setup was proposed due to its advantages in terms

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of heat transfer, particle size flexibility, compatibility with solid
catalysts and scale-up flexibility.** The model was tested under
a set of temperatures (300 to 500 °C) and feed rates (0.5 to 1 kg
m~? s"). Contour profiles for variables such as flow velocity,
temperature and composition were obtained. To rate perfor-
mance at each scenario, the analysis considered yield, energy
consumption, heat and mass transfer.

Methodology
Reactor configuration and operating parameters

The modelled reactor was a cylinder of uniform diameter.
Diameter and height were 0.15 m and 1.5 m, respectively. In
order to provide adequate heat and mass transfer, the catalyst is
fluidized through the injection of the gaseous phase (feed +
inert) from the bottom of the reactor, as shown in Fig. 1.

To promote upward flow, the outlet of the system was placed
at the top of the reactor vessel. Catalyst used was ZSM-5, due to
its experimental selectivity towards desired reactions.”® A
particle size of 30 um was selected to provide a favourable and
well-behaved fluidization according to Geldart's powder classi-
fication. Operating parameters and physical properties used for
the experiments can be found on Table 1.

The reactor vessel material was selected as AISI 304 grade
stainless-steel. This constitution allows the reactor to withstand
high temperatures up to 815 °C, as well as corrosion.”® For
practical purposes, this material was defined only as the surface
of the walls and no solid was simulated. If this was the case,
a meshing procedure would have been carried out for the solid
wall with a given thickness, potentially in the range of 0.2-
0.5 cm.?” With this modification, the total number of elements

Outlet
*

0.15m

Wall

*
Inlet

Fig. 1 Reactor layout and dimensions.
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Table 1 Operating parameters for the reactor model and relevant
physical properties of the feedstock

Parameter Value Ref.
Inlet mole fractions

Hydrocarbon feed (Cy54) 0.5

N, 0.5

Inlet temperature (°C) 300-500 6, 30-33
Operating pressure (Pa) 101, 325

Inlet mass flux (kg m 2 s ") 0.5-1 31-34
Feed to catalyst mass ratio 10:1 35
Catalyst particle size (um) 30 34 and 36
Catalyst bulk density (kg m?) 720 37
Thermal conductivity of 3.3 38

the catalyst (W m ™' K %)

Specific heat of the 935 39

catalyst (J kg™ ' K1)

would be up to 12% higher, based on the increase of the
volume. The computational time would increase proportionally.

The potential impact of the wall material on the gas prop-
erties was investigated. Literature suggests that heat loss by
conduction in reactors is relevant when operating at micro
scales, due to the surface-to-volume ratio.?®*® Therefore, effects
on thermal and fluid properties of the gas due to wall material
at this operating size are negligible.

Kinetic model for HDPE catalytic pyrolysis using ZSM-5
catalyst

The kinetic model is based on studies by Khedri and Artetxe
et al.*® on the catalytic pyrolysis of HDPE using ZSM-5 catalyst.
This approach approximates the reaction mechanism to the
scheme depicted in Fig. 2, assuming a thermal pyrolysis pre-
treatment to maintain a homogenous gaseous behaviour in
the reaction system.'” Gaseous feed is composed of a Cj,+
hydrocarbon mixture and the products are split into two groups:
C,_4 (olefins and alkanes) and Cs_;, fraction (non-aromatics and
aromatics). In this study, the heavier fraction is considered the
most valuable, since it has a commercial value as gasoline.
The reaction rate of specie i in reaction j is defined as follows:

—ry = iji (1)

Rate constant k; is computed using Arrhenius’ law:

_E,.
ki = 4; exp( RTJ) (2)

Catalytic pyrolysis

k;

Thermal
pyrolysis

ks kg

ky
\ Aromatics /
. /

Fig. 2 Kinetic scheme for the reaction. Adapted from Artetxe et al.®
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0.050 (m)
0.038
Fig. 3 Inflation method close up view.
Table 2 Reactions and kinetic parameters®®
Rate EaJ
Reaction constant (k] mol™") 4;
Ciz+ = Cas (olefing) ks 24 1.654 x 10°
Cia+ = Cyy (alkanes) k2
Ciz+ = G511 (non-aromatics) k3
Cia+ = GCsqn (aromatics) k4
Cs11 (non-aromatic) —~ Cyy (olefins) kS 57
Cs-11 (non-aromatic) — Caa (alkanes) k7
Cyy (olefins) — Cs-11 (aromatics) k6 54

where the activation energy E,; and pre-exponential factor 4;
take the values shown on Table 2.%°

CFD model

A two-dimensional, steady-state model was used for the simu-
lation, considering a longitudinal cut of the reactor to save
computation time. The mesh was elaborated with a structured
design and a maximum size of 2.5 x 10> m per cell, for which
grid dependence was tested to be negligible (check ESI S.17).
Also, an inflation method was used to refine the size near the
walls in order to increase the accuracy of the boundary layer
(Fig. 3). Total number of elements summed 43 200. The simu-
lations were configured on ANSYS Fluent v.18.1 software and
run using design point tool on an Intel Core i7 CPU with 6 cores
and 24 GB of RAM, which was sufficient for this study. For
turbulence modelling, the k-epsilon realizable model was
employed. A convergence criterion was determined for each
residual of the conservation equations and is presented in the
ESI S.2.%

Thermodynamic properties were calculated through the
Peng-Robinson equation of state (eqn (3)).** This model esti-
mated the values of temperature, pressure and specific volume
for each component in the gas mixture.

RT ao

P= —
Va—b  V,>4+2bV, — b>

(3)

where a, J, b, are specific constants for each gaseous specie.
For the fluid physical model, viscosity was calculated as

a function of the local temperature for each component

throughout the domain using Sutherland's law (eqn (4)).**

Cl T3/2

= 4
K’ T+ G @)
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Construction of geometrical model. |

| Grid and boundary conditions. |

}

—'| Solve continuity equation. |

l

| Solve momentum equation. |

l

| Solve energy equation. |

l

| Solve species equation. |

}

| Solve turbulence equation. |

No

Convergence?

Fig. 4 Model solving algorithm.

where C; and C, are specific constants for each fluid that were
calculated from a process simulation software database. The
Eulerian method for multiphase flow modelling was used. Two
phases were defined: a fluid mixture which contains reactant
and products (gas phase) and the ZSM-5 catalyst (solid phase).
Mass, momentum and energy conservation are computed
through the set of eqn (5)—(8) on Table 3, which are derived from
the Navier-Stokes equations.*” The algorithm for equation
solving is presented in Fig. 4.

Gidaspow's approach was used for the fluid-solid exchange
coefficient Kjs model, as suggested by the ANSYS Fluent Theory
Guide for fluidized bed systems.*> When «; > 0.8:

3 . oagonp|Vs — W

I(]s - _CD

-2.65
4 d, )

where 1 is a fluid phase, s is a solid phase and d,, is the particle
diameter. Drag coefficient Cp, equals:

24 0.687
= 140.15(yR 10
b= Ry ||+ 015(Res)" ] (10)
Alternatively, when o) < 0.8:
S 1- S _‘s —
K = 150 02“)"‘ 4 175200 = 9l (11)
ady P

Transport analysis

Heat and mass transfer were analysed using dimensionless
numbers Re, Sh and Nu to characterize the flow. These quan-
tities were calculated using the averaged data from CFD simu-
lations. Heat transfer from the wall was calculated using
a constant temperature basis. The Froessling correlation for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mass transfer from the bulk flow to catalyst spheres was used
(eqn (8)).* On the other hand, Levenspiel and Walton correla-
tion was applied for bed-wall heat transfer in fluidized systems

(eqn (9)).*

Sh =2.0+0.552 Re,/*Sc'/? (12)

Nu = 0.6Re*Pr (13)

Results and discussion
Conversion and yield

Simulated reactor showed an inverse relationship between
conversion and feed mass flux (kg m > s '), for the three
temperatures in study as depicted in Fig. 5. It was found that
operating at a slower flow rate resulted in better yields due to
residence time. In all cases, higher temperatures improved
conversion because of the endothermic chemistry of the process
and the improved reaction rate (eqn (2)). Nevertheless, lower
residence time values were reported at higher temperatures, as
a result of thermal expansion, which increased gas velocity. A
similar trend was observed in an experimental study by Mastral

0.9

.
23
1

—300°C

——400°C

——500°C
m 05kg/m’s
® 0.67kg/m’:
A 083kg/m’s|
¢ lkg/m’s

Conversion

0.7

0.6 T T T T 1
0.4 0.6 08 10 12

Residence time (s)

Fig. 5 Conversion and residence time at the operating conditions.

I 0.5 ke/m® s
I 0.67 kg/m’.s
I 0.83 kg/m’.s
I 1 kg/ms

60 o

204

400°C

Light Gas Gasoline

Fig. 6 Product yields at the operating conditions.
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Table 4 L/G ratios at the operating conditions®

Feed mass flux (kg m > s~ )

Temperature

(°C) 0.5 0.67 0.83 1
300 1.624 1.632 1.636 1.635
400 1.539 1.505 1.454 1.453
500 1.559 1.545 1.539 1.531

“ L: light gas production rate (kg h™"). G: gasoline production rate (kg
h™h.

[——1300°C
——400°C
——500°C

B 05kg/m’s
® 067kg/m’s)
A 083kg/m’s|
& lkg/m’s

Gasoline Production Rate (kg/h)

=)
1

T T T T T T T 1
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

Conversion

Fig. 7 Gasoline production rate and conversion at the operating
conditions.

et al. where the influence of temperature and residence time
was evaluated. Further discussion is regarding the mass and
heat transfer effect of the experimental variables, previously
mentioned on Re, Sh and Nu.*®

As shown in Fig. 6, both products (gasoline and light gases)
yield shared a positive trend with respect to temperature and
inverse with respect to feed mass flux. Light gas (C,_4) was
produced in a higher rate in all cases as a result of the cracking
reactions that convert both feed and gasoline into the lighter
products. Elordi et al. observed a similar trend with a higher
olefin abundance than the heavy paraffins.* When the ratio of
light gas to gasoline production was evaluated, it is revealed
that 400 °C is the most favourable temperature for gasoline
production, as seen in Table 4, because Cs_;; formation reaction
stands out. If temperature is lower (300 °C), reactions k; to k,
from Table 2 predominate. Alternatively, at higher temperatures
(500 °C), ks and k, cracking reactions are favored, thus,
consuming gasoline, which is inconvenient, as this is the most
valuable product. Considering the observations from Fig. 5,
a high conversion was generally associated with a low feed flux.
For optimization purposes, a trade-off between these variables
was set to achieve the best results.

Fig. 7 shows gasoline production rates with respect to
conversion at the assessed operating parameters. Operation at
400 °C showed very similar production rates to those at 500 °C,
despite having lower conversion. As a partial conclusion, oper-
ating at 300 °C is highly discouraged due to its poor performance.

12440 | RSC Adv, 2022, 12, 12436-12445

View Article Online

Paper

60 4

I 0.5 kg/m’s
[ 0.67 kg/m?s
I 0.83 kg/m>s
I 1 kg/m*s

404

Product composition (%)

400°C

Gasoline

Light Gas

Fig. 8 Product compositions at the operating conditions.

When the feed flux was increased from 0.5 to 1 kg m >s ' at

400 °C, conversion was compromised by 19.2% but overall
production rate was improved by 65.4%. Similarly, at 500 °C,
conversion dropped by 14.5% and production rate improved by
69.7%. This comparison shows that operating at 500 °C
produces a smaller reduction in conversion and the best
production rate improvement. However, these parameters do
not guarantee selectivity towards gasoline. For this analysis, the
ratio between the production rates of light gas and gasoline (L/G
ratio) was reported in Table 4. Multiplying gasoline production
rates from Fig. 7 with L/G yields numerical values for light gas
production rate. From an operational standpoint, lower ratios
are more convenient as they represent higher gasoline selec-
tivity. For all feed fluxes, operation at 400 °C showed the lowest
L/G values. No general trend was observed when evaluating
different feed fluxes at a constant temperature. In the case of
300 °C, the ratio increased with the feed flux, while experiments
at 400 and 500 °C reported the opposite effect. Operating at 1 kg
m~> s™' and 400 °C showed the best L/G ratio for gasoline
production.

Fig. 8 shows the product composition in terms of mass from
each experiment (it is assumed that the unreacted feed and
inert gas fulfil the missing percentage). As expected from
conversion data, higher temperatures reported an increased
fraction of light gas and gasoline in all cases. Generally, at each
feed flux, the variations in gasoline composition were wider
from 300 to 400 °C in comparison with variations from 400 to
500 °C. Further analysis is developed in the section concerning
heat transfer of this process to determine whether the
improvement in production performance is worth the energy
investment to raise the temperature from 400 to 500 °C.

Mass transfer

The relation between Sh and Re was plotted in Fig. 9. Results
showed that higher feed rate increased Sh, meaning a slightly
higher mass transfer by convection. Theoretically, mass transfer
of the reactants from the bulk flow to the catalyst is expected to
improve significantly by increasing the turbulence of the flow.*”
Nevertheless, the magnitude of this effect is limited due to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of Re on Sh at the operating conditions.
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——300°C
——400°C
——500°C
m 05kg/m’s
® 0.67kg/m’s|
A 083kg/m’s|
¢ lkg/m’s

3
1

>
1
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\
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3000 4000 5000 6000 7000 8000 9000

Gasoline Production Rate (kg/h)
!

s
1

T 1
10000 11000

Energy consumed per kilogram of gasoline (kJ/kg)

Fig. 10 Energy consumption at the operating conditions.

size of the catalyst particles, which caused Re and Sh to take
small values.

At 500 °C, Sh increased by a poor 2.73% when comparing the
highest and lowest feed rates, and it was the highest variation of
the three temperatures. As temperature drove Re to different
ranges in each set of experiments, it was observed that higher
temperatures increased convective mass transfer by a small
margin (1.45% being the greatest variation when comparing at 1
kg m~> s ), similarly to the effect of feed rate. These findings
suggest that mass transfer rate between the catalyst and the
bulk flow would be very similar under the tested condition
range. In average, the values of Sc at 300 °C were 15.8% and
32.2% higher than those at 400 °C and 500 °C, respectively.
However, as the graph shows, Sc had very little effect overall,
due to its lower weight on eqn (12).

Heat transfer

Energy consumed by the process was affected by temperature
and feed mass flux. Since wall temperature had a constant
value, lower inlet temperatures caused a higher gradient and
thus, a higher energy transmission to the fluid in the form of
sensible heat. For this reason, the energy used to heat up the
mixture from 300 °C to each inlet temperature was considered
in these calculations. Fig. 10 shows that the difference in energy

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

304
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——400°C
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Fig. 11 Effect of Re on Nu at the operating conditions.

Table 5 Effect of temperature and My on the thermal properties of
gases>®t

Effect of molecular

Thermal properties Effect of temperature weight

I Direct (1) Direct (1)
Cp Direct (1) Direct (1)
K Direct (1) Inverse ()

consumption between 300 and 400 °C was far greater than
between 400 and 500 °C. This coincides with the previous
observation that increasing the temperature above 400 °C cau-
ses a less effective improvement. On the other hand, as energy
consumption depends on the amount of feed reacting, higher
feed fluxes distributed heat among a higher amount of mass,
decreasing the energy consumed per kilogram of gasoline
produced. As a preliminary conclusion, operating at 1 kg m™>
s and 500 °C allowed the best gasoline production perfor-
mance with the lowest energy consumption per unit of mass.
Fig. 11 presents the effect of Re on Nu. Higher temperatures
showed lower Nu values, while higher feed fluxes showed
increased values. These results agree with those presented by

1.0 q - 500

Temperature
Feed

Light Gas
Gasoline

0.8 4

400

Mass Fraction
o
>
1

=
=
I
Temperature (°C)

0.0 : :

0.0 0.5 1.0 L5

Reactor height (m)

Fig. 12 Composition and temperature profiles vs. reactor height.
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3.368
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Fig. 13 (a) Temperature, (b) velocity and (c) catalyst mass concentration (d) feed, (e) light gas and (f) gasoline molar concentration contour
profiles.
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the literature, showing a direct relation of the convective heat
transfer rate (Nu) with respect to flow velocity (Re).***° Naturally,
temperature increased Re due to the previously discussed effect
of thermal expansion. As each temperature presents signifi-
cantly different densities, viscosities and velocities, they operate
at different ranges of Re. However, Pr has a higher weight in eqn
(13), hence the Re value from the higher temperatures was not
sufficient to provide a better convective heat transfer.

The values of u, C;, and « in this system showed a dynamic
behaviour based on temperature and molecular weight My, as
shown in Table 5.

Because of this behaviour, decomposition reactions had
a crucial role in defining the thermal properties of the gas
mixture. As lower temperatures are associated with lower
conversion rates (heavier molecules are more abundant), u and
Cp were higher and « was lower.***! Thus, the combined effect of
these properties caused higher Nu values at lower temperatures.
Even though operating at 1 kg m™> s™" and 400 °C provides
a superior value for convection, overall energy efficiency at
500 °C produces lower operative costs (lower energy consump-
tion per kilogram produced).

Transport analysis on the design

Further analysis at 1 kg m™2 s~ " and 500 °C design point was

done to better understand the internal behaviour of the reactor
using contour plots from CFD simulations. Fig. 12 shows mass
fraction and gas temperature values vs. reactor height derived
from the simulations. Regarding heat transfer, the temperature
behaviour shows agreement with the results described by
Hamzehei® in which lower temperatures were reported at the
densest region of the fluidized bed due to due to the highly
endothermic chemistry of pyrolysis. Because of this, even
though the inlet temperature is 500 °C, the reactor showed
values as low as 205 °C in the inferior portion of the reactor,
were most of the catalyst is present. At the upper region, with
less catalyst concentration, temperature is slightly higher due to
the lower reaction rate. As a result, the average outlet temper-
ature was 250 °C.

Fig. 13 depicts temperature, velocity and composition
profiles with a higher fidelity. Fig. 13a shows the reactor
temperature contour profile. Despite wall heating, results show
a low temperature trend across the bed due to heat transfer
from the gas to the catalyst particles.

Fig. 13b, shows low net velocity magnitudes at the lower
region of the reactor, that could be explained due to catalyst
stagnation and local recirculation. Catalyst concentration
profile can be observed in Fig. 13c and indicates an inverse
relationship with respect to temperature, as gas density reduces
with thermal expansion (eqn (3)). Local recirculation allows an
appropriate residence time to the gas mixture (0.38 s estimated
from Fig. 4). Thus, a high conversion rate is achieved at the
lower region of the reactor.

Fig. 13d to f shows concentration profiles of feed and prod-
ucts at the selected conditions of this study, there is no a total
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conversion of the feed (Fig. 13d) and there is a desirable
uniform distribution of the products (Fig. 13e and f).

Conclusions

The catalytic pyrolysis on a fluidized bed reactor shows great
potential to enhance plastic waste processing. This study
demonstrated the effects of temperature and feed rate on
a fluidized bed reactor performance and its internal behaviour.
From an operative standpoint, employing a feed flux of 1 kg m >
s~ ' at 500 °C showed the best gasoline production rate and the
lowest energy consumption per kilogram of product. However,
simulations at 400 °C showed a better trade-off between heat/
mass transfer performance and also the best L/G ratio. The
internal analysis of the reactor showed detailed information on
process variables and reasonable agreement with literature,
related to heat-transfer behaviour of gas-solid fluidized-bed
reactors. Temperature and feed rate showed a very limited
effect on convective mass transfer over the catalyst as demon-
strated by the negligible variation of Sh.

Nomenclature

Global heat transfer coefficient (J m™2 °C™")
Wall temperature (°C)
Molar flow rate (mol s~ )
i Specific heat of specie 7 (J kg™* °C™1)
Thermal conductivity (W m™" K™ )
Density (kg m )
Particle density (kg m?)
Gas density (kg m )
Pressure (Pa)
Universal gas constant (J mol™* °C™?)
Molar specific volume
w Dynamic viscosity (kg m™" s7)
ag Volume fraction of phase q
Time (s)
Stress tensor (N m™?)
Flow velocity (m s™*)
Heat flux (W m~?)
Gravity acceleration constant (m s~ 2)
Force (N)
Lift force on solid phase s (N)
Virtual mass force on solid phase s (N)
Mass fraction of specie i
Mass flux (kg m > s ™)
Mass flow rate (kg s™)
Specific enthalpy (J kg™")
pq Interphase enthalpy between phases p and q (J kg™ ")

ift,s

TS TR TRV YRS YRR ST TR

vm,s

> > 3N

AH, Heat of reaction (W)
Qpq Intensity of heat exchange between phases p and q
Re = — Reynolds number
o
C,
Pr= ““® prandtl number
K
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hL
Nu = — Nusselt number
K

Sc = Lol Schimdt number
pD

Sh = k%L Sherwood number
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