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Abstract: The present work aims at investigating the residence time distribution (RTD) of a multiple
spouted bed reactor, which will be applied for the pyrolysis and gasification of residual biomass.
The unit is composed of square-based spouted beds, placed in series and at descending heights,
and communicating with each other through an opening in the lateral wall. The gas is fed evenly in
parallel. The experimental analysis is based on tracer experiments in cold-flow units, assessing the
influence of the number of units and the bed height. The tests proved the good mixing properties of the
spouted beds, which create a stable fluidization regime and do not feature dead zones. Each spouted
bed can generally be well assimilated to an ideal continuous stirred tank reactor (CSTR). The RTD
of the device seems adequate for the application, and also seems to be well tuneable through the
selection of the bed height and number of units. Given the good similarity with ideal reactor networks,
these represent a valid tool to estimate the final behavior in terms of RTD.

Keywords: in-series reactors; tracer experiments; square-based spouted beds; scale-up; residence
time distribution; fluidization; E(t)

1. Introduction

The spouted bed (SB) stands out as a reliable technology to process coarse and irregular solid
particles. Since their first application for the drying of seeds [1], SBs have been proposed as suitable
devices for many applications, including the coating of solids [2,3], polymerization [4], chemical vapor
deposition [5] and feeding operations [6]. Thermo-chemical conversions have also been proved to
be effectively carried out by SB using different types of feedstock. The pyrolysis of biomass [7–10],
waste plastics [11,12], scrap tires [13] and sludge [14] has been tested and validated at the laboratory
and pilot scales. Moreover, the combustion of wood charcoal [15], biomass [16], sludge from the paper
industry [17] or even toxic wastes [18] has been the object of several studies, as well as the gasification
of coal [19], biomass [20], sewage sludge [21], flame retardants textile products [22] or mixtures of
biomass with plastics [23].

SBs present a complex gas–solid fluid dynamic behavior. In the traditional configuration, the fluid
flow enters into the SB through a single central inlet creating three well differentiated zones: the central
core of the reactor through which air flows (the spout), the surrounding packed annular region
(the annulus) and the solids above the bed surface entrained by the spout and going down the annulus
(the fountain). Alternative configurations, such as prismatic and slot-rectangular SBs [24,25], have also
been proposed to achieve similar fluid dynamics regimes. Several batch fluid dynamic studies have
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been performed at the lab scale to test and validate this technology [26–29]. However, few works deal
with the continuous processing of solids in SB where particles need a well-defined residence time to
ensure the quality of the final product.

Despite their potential, not many reliable scaled-up SB units have been developed yet, preventing
their application at the industrial scale [30]. Recently, a few fully developed pilot plants have been
tested [31,32]: An industrial-scale prototype has been applied for the continuous drying of paddy
and it was able to handle 3500 kg/h and temperatures up to 160 ◦C [33]. Another one [34] has been
studied for drying purposes. Moreover, the German company Glatt produces commercial prismatic
SBs [35]. Several configurations have been proposed to foster this necessary up-scaling. As an example,
slot-rectangular and prismatic SBs permit an easier scalability of the device as the circular inlet is
replaced by a slit along the horizontal direction. Additionally, square-based SB provide a compact and
scalable solution compared to traditional circular sections [36]. Multiple communicating units can be
placed together increasing the total processed volume [37,38].

To achieve this configuration, the units cannot work in batch mode, but need to exchange solids
with one another. Particles are fed to the first one, travel through the communicating units and leave
from the final outlet. In this framework, the study of the residence time distribution (RTD) of solids
becomes crucial. The study of RTD is a classic activity in chemical engineering, which is practically
realized by injecting tracers into a reactor and monitoring their outlet concentration as a function of
time [39]. The RDT function, E(t), defines the expected time for a fraction of the tracer to go from the
inlet to the outlet of the reactor. An accurate assessment of the RTD permits inferring information about
the dispersion and mixing inside the device and the identification of dead zones or by-pass flows [40].
While at first the study of RTD was only carried out experimentally, in recent years computational fluid
dynamics (CFD) was proved to be a valid instrument as well [41–43], thanks to its high accuracy and
great detail in results. However, for systems involving a multitude of coarse solid particles, such as
SBs, CFD still needs to become more powerful and reliable before it can completely remove the need
for experimental activities [44,45]. Few works have calculated RDTs for SB applications, and all of
them did it through experiments. Berghel et al. [46] measured RTDs using sawdust in a SB dryer and
showed that particle mixing was very similar to the complete mixing occurring in an ideal continuous
stirred tank reactor. Recently, radioactive particle tracking has been used to characterize the solids RDT
in the different regions of the SB [47]. In a detailed experimental study, Pietsch and colleagues [48]
analyzed the RTD of a prismatic SB, assessing the influence of some geometrical features.

A comprehensive understanding of the fluid dynamics of multiple-unit SBs is still lacking,
which limits their application in industrial processes. In this context, the aim of this work is to study
the solids residence time distribution of a novel multiple square-based SB unit. We designed and
constructed a square-based SB reactor made of a cascade of multiple modules. The description of the
device and its fluid dynamics in dynamic conditions are described in this work. A cold-flow replica
has been used to study the RTD function for a single unit and for a two-module system. Moreover,
the influence of the bed height in a single unit in dynamic conditions has been evaluated. RTDs have
been calculated and compared with theoretical expressions of ideal reactors.

The analyzed unit is the basis of the reactor design in the framework of the ‘Biochar’ project.
Equivalent units will define an innovative prototype of a multiple double stage SB reactor to carry out
the pyrolysis and gasification of agricultural residues and textile bio-products [49].

2. Materials and Methods

2.1. Experimental Set-Up

The two experimental systems (shown in Figure 1) are made of a cascade of four adjacent SB
modules with dimensions of 0.3 × 0.3 × 1.8 m3. Each unit is made of wood and has a front transparent
wall of polycarbonate that allows observing the motion of particles, the fountain height, and the solid
crossflow. Each module has a metallic net at its top to avoid any kind of solid loss, especially during
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the start-up or in case of excessive gas flow rate. To ease the start-up, minimize the back flow and
guarantee a fluid dynamic independency between adjacent modules, each module is placed 0.05 m
lower than the prior one. There are two closable slits for solid discharge, respectively placed at 0.28
and 0.42 m from the bottom of each unit. The devices can work independently with one or more SBs.
Table 1 summarizes the dimensions of the experimental units.
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Bottom side (Lb) 0.035 m

Lower section height (Hi) 0.40 to 0.55 m

Upper section height (Hs) 1.25 to 1.40 m

Total height (H) 1.8 m

Pyramid slope (θ) 60◦

Pyramid height (Hp) 0.23 m

Gas inlet length (Hg) 0.15 m

Gas inlet diameter (Dg) 0.03 m

Solids outlet height (Ho) 0.05 or 0.19 m

Solids outlet clearance size (Hc ×Wc
1) 0.2 × 0.05 m2

Solids distributor box dimensions (Ls × Hs ×Ws
1) 0.05 × 0.15 × 0.2 m3

Solids distributor height (Hd) 0.22 m
1 Wc and Ws do not appear in the image due to its bi-dimensional nature; they represent widths.

Solid particles are continuously fed into the upper section of the first module through a stochastic
distributor box (visible in Figure 1). Particles are spread homogeneously through the bottom side and
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fall into the annulus. Gradually, they travel through a small opening (50 × 200 mm) and reach the
adjacent module. Finally, particles are discharged from the last unit and can be collected for sampling
operations. In order to avoid a direct discharge from the fountain to the adjacent module (by-pass),
each lateral slit is provided with a small metal plate above the clearance, thus only allowing particles
to flow by spillway.

Two different configurations have been constructed, as shown in Figure 2. The modules are
horizontally aligned (1 × 4) or placed in a square pitch (2 × 2). All modules are equivalent in terms
of hold-up and height gap between units. The first arrangement (1 × 4) presents advantages in
terms of simplicity in construction, regularity, and management during operation. However, if used
for industrial thermal applications, it may show disadvantages in terms of thermal dissipation and
space usage. The second configuration (2 × 2) should overcome these disadvantages but may lead to
by-pass phenomena.
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For the purpose of this work, RTD functions for 1 and 2 modules will be experimentally evaluated.
Theoretical descriptions will be then validated and used for the assessment of the dynamic behavior
of the unit working with 3 or 4 modules. This will represent a tool to evaluate and set the main
operational parameters for the successive experimental campaign using multiple units and geometries.

2.2. Particle Properties

White PET (polyethylene terephthalate) particles are used as the main bed material and black
ferromagnetic PET particles are used as the tracer material. Both types of particles have analogous
physical properties as they were obtained through the same machine: they have the same size, while the
tracer material is less than 4% heavier than the bulk material. Hence, the tracer does not affect the
fluidization behavior. Table 2 shows the main particle properties as an average of several measurements.
The bulk density and the void fraction were obtained by pycnometric analyses.

Table 2. Properties of the PET particles.

Dimension Value

Length 0.002 m

Energies 2020, 13, x FOR PEER REVIEW 4 of 13 

 

and reach the adjacent module. Finally, particles are discharged from the last unit and can be collected 
for sampling operations. In order to avoid a direct discharge from the fountain to the adjacent module 
(by-pass), each lateral slit is provided with a small metal plate above the clearance, thus only allowing 
particles to flow by spillway. 

Two different configurations have been constructed, as shown in Figure 2. The modules are 
horizontally aligned (1 × 4) or placed in a square pitch (2 × 2). All modules are equivalent in terms of 
hold-up and height gap between units. The first arrangement (1 × 4) presents advantages in terms of 
simplicity in construction, regularity, and management during operation. However, if used for 
industrial thermal applications, it may show disadvantages in terms of thermal dissipation and space 
usage. The second configuration (2 × 2) should overcome these disadvantages but may lead to by-
pass phenomena. 

For the purpose of this work, RTD functions for 1 and 2 modules will be experimentally 
evaluated. Theoretical descriptions will be then validated and used for the assessment of the dynamic 
behavior of the unit working with 3 or 4 modules. This will represent a tool to evaluate and set the 
main operational parameters for the successive experimental campaign using multiple units and 
geometries. 

 

Figure 2. The layouts of the two multi-spouted units: 1—flowmeter; 2—air line and regulation valves; 
3—experimental unit 1 × 4; 4—lower air inlet; 5—upper air inlet; 6—pyramid frustum; 7—solid inlet 
and distributor box; 8—solid outlet; 9—overflow plate; 10—experimental unit 2 × 2. 

2.2. Particle Properties 

White PET (polyethylene terephthalate) particles are used as the main bed material and black 
ferromagnetic PET particles are used as the tracer material. Both types of particles have analogous 
physical properties as they were obtained through the same machine: they have the same size, while 
the tracer material is less than 4% heavier than the bulk material. Hence, the tracer does not affect the 
fluidization behavior. Table 2 shows the main particle properties as an average of several 
measurements. The bulk density and the void fraction were obtained by pycnometric analyses. 

Table 2. Properties of the PET particles. 

Dimension Value  
Length 0.002 m 

 

Major axis 0.0026 m 
Minor axis 0.0021 m 

White PET density 1338 kg/m3 
Black PET density 1389 kg/m3 

Void fraction 0.39 
White PET bulk density 816 kg/m3 

  

Major axis 0.0026 m
Minor axis 0.0021 m

White PET density 1338 kg/m3

Black PET density 1389 kg/m3

Void fraction 0.39
White PET bulk density 816 kg/m3



Energies 2020, 13, 4694 5 of 13

2.3. The RTD Functions

The fluid dynamic performance of the experimental multi-spout unit is evaluated through the RTD
functions, obtained via stimulus-response analyses. This allows determining the average residence
time and the absence of dead or stagnant zones and verifying a good solid crossflow from a module
to the adjacent one. These analyses are a powerful tool to describe the behavior during continuous
feeding from single to multiple modules. They are usually based on the E(t) function, which describes
the RTD of the pulse in the reactor. Its integral is the function F(t). E(t) is directly linked to the tracer
concentration in the outgoing stream C(t), while F(t) is a cumulative curve that tends asymptotically to
1. The two functions are defined as follows:

E(t) =
C(t)∫
∞

0 C(t)dt
(1)

F(t) =
∫ t

0
E(t)dt (2)

A SB reactor can be assimilated to an ideal continuous stirred tank reactor (CSTR) unit [50,51] and
the theoretical behavior of a cascade of in-series reactors can be calculated accordingly. When such
a reactor receives an ideal pulse (assimilable to a δ-Dirac function) through its inlet, it produces a
well-known response in its outlet [52]. The following equations respectively represent the E(t) functions
for an ideal CSTR and a series of n CSTRs [52]:

E(t) =
e−t/τ

τ
(3)

E(t) =
τn−1

i

(n− 1)!·ti
e−t/τ (4)

where τ is the average residence time of a single unit and τi the average residence time of the i-th
unit. It is worth pointing out that assimilating a SB to a CSTR is a simplification; in a previous work,
we employed CFD-DEM simulations to show that the internal behavior of this SB is more comparable
to a more complex network of ideal reactors [45].

The mean experimental residence time can be calculated considering the first momentum of
the RTD:

τm =

∫
∞

0
ta·E(t)dt (5)

2.4. The Experimental Procedure

For tests using one module, white PET particles are fed continuously through the distributor
box; at the same time air flow rate is adjusted to maintain a stable fountain. The distributor box is
fed through a funnel with a calibrated slit, which is always kept full by the operator. This ensures a
constant mass flow rate of particles. When the system reaches a stationary state, black ferromagnet
particles (about 1.5% w/w of the total hold-up) are injected, simulating a δ-Dirac function (i.e., a pulse).
While it was obviously impossible to achieve a perfect pulse feeding, the injection time was never
observed to be more than 10 s. This interval is much lower than the duration of the experiments (about
2000 s), making the injection assimilable to a pulse.

For tests using two modules, air flow rate is adjusted to maintain a stable fountain while white
particles are continuously fed. When the desired bed height is reached, particles start to fill the adjacent
module by overflow, in which a second fountain is generated due to the flow of air. When the system is in
stationary state and fountains are at equal height, black ferromagnet particles are injected. Samples are
collected every 30 s for all tests. The experiments are considered finished when, according to the
theoretical RTD curves of the equivalent CSTR, 95% of the tracer has left the device. This was chosen
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to avoid running the experiments for an excessive time: due to the asymptotic behavior of the RTD
curves, a very long time might be needed for all the tracer particle to escape. At the same time, at the
end of the experiments the RTD curves were clearly developed and making the experiments last more
would have been of no practical utility. The tracer particles are separated by a magnetic rod and the
exit function E(t) is calculated from the amount of tracer in a sample with respect to the initial injected
quantity (Equation (7)).

Ci =
Mtr,i

Mtot
ρrel (6)

E(t) =
Ci·

.
m

Mtr,i·ρrel
(7)

where:

• Ci: concentration of black tracer in the i-th sample (kg/m3);
• Mtr,i: mass of black tracer in the i-th sample (kg);
• Mtot: mass of black tracer introduced in the reactor (kg);
• ρrel: bulk density (kg/m3);
•

.
m: mass flow rate of white PET (kg/s).

The experimental E(t) points from Equation (7) can be compared with the theoretical E(t) curve
for CSTR vessels (Equations (3) and (4)). These theoretical curves are obtained from Equations (3) and
(4), calculating τ as the ratio between the unit’s mass hold-up and the mass flow rate. There was thus
no fitting of the model to the experimental data: the curves just show the behavior of a CSTR with
equal hold-up and feeding conditions.

The behavior of the SBs is evaluated in terms of bed depth (i.e., Hb = 0.28 and 0.42 m) and number
of adjacent unit (1 or 2). Experimental E(t) data and the curves obtained from the equations of ideal
CSTRs are presented. Each experimental point represents the average value between t ± 15 s, as the
sampling time is 30 s. The ideal curves are obtained from Equation (3) for a single module and from
Equation (4) for two modules. In both cases, the actual residence time τ is calculated as an average
considering the ration between the solid mass introduced in the reactor and the whole time of the
test, since non accumulation has been observed. Table 3 summarizes the experimental conditions.
The identification of the proper air flow rate is addressed in Section 3.4.

Table 3. Conditions of the experimental tests.

Test ID N of Units Bed Depth (m) Solid Flow Rate (g/s) Air Flow Rate per Unit (Nm3/h)

1 1 0.28 1.52 110
2 1 0.42 1.52 160
3 2 0.28 1.41 110

3. Results and Discussion

3.1. Preliminary Fluid Dynamic Tests

Preliminary tests were performed to assess the correct functioning and operative requirements.
As there is no backflow between adjacent modules, these considerations are only presented for a
single module operating in batch. The goal was to evaluate the air velocity required for stable
spouting as a function of the initial bed depth (Hb). This variable was studied up to a value of 0.42 m,
which corresponds to the height of the upper outlet in all modules.

The in-line flow-meter measures the air flow rate (Q) introduced in the reactor. We focused
on identifying three gas flow rate values, namely Qms, Q0.2 and Q0.4. The flow rate of minimum
fluidization, Qms, represents the strictly minimum amount of air that prevents the fountain from
collapsing. To guarantee stability during the operation, two other flow rates have been considered:
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the first one (Q0.2) guarantees a stable fountain height (Hf) of about 0.2 m, whilst the second one
(Q0.4) guarantees a stable fountain height of about 0.4 m. The latter value was then employed in the
experiments, as a well-developed fountain is a key requirement for good and intense mixing. Figure 3
depicts the obtained gas flow rate values.
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The numbers are reasonable and show an overall linear trend for the gas flow rate. Interestingly,
when working with higher initial beds, the gas flows required to achieve fountain heights of 0.2 or
0.4 m become much more similar, pointing out that the unit is less stable and may be close to reach the
maximum limit of bed height.

3.2. Influence of Bed Height on a Single Dynamic Unit

The first batch of simulations was aimed at identifying the influence of the initial bed height.
Figure 4 shows the obtained RTD curves for Test 1, i.e., at the lower bed height. The data show that
mixing in the SB is excellent and fast, as the peak in the outlet concentration of tracer is reached very
soon after the beginning. The short delay, estimated in about 60 s, proves that tracer particles do not
immediately reach the outlet zone, but first undergo at least a full cycle in the annulus, which has
a marked plug-flow behavior. Only from the second cycle the high mixing degree of the fountain
prevails on the plug flow effect. This proves the absence of by-pass effects.
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Figure 4. Experimental and theoretical E(t) (left) and F(t) (right) curves for Test 1.

The experimental data fit quite well the theoretical curves, even though obviously the theoretical
E(t) curve does not feature the delay observed in the experimental one. While the theoretical F(t)
curve tends to 1, the experimental one lies slightly lower. Even though the formation of dead zones
is not expected, particles may travel more slowly in some zones, such as near the edges. This can
increase the residence time of some particles, which will thus leave the device later than expected. In a
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previous work, we confirmed through CFD-DEM simulations of this SB that this effect takes place and
some particles require more time to undergo the whole cycle [45]. However, in standard operating
conditions, no particle takes more than 15 s to do a whole cycle, and the SB features no dead zones.
Overall resemblance between the theoretical and experimental curves is very good, indicating that this
SB has mixing capabilities comparable to those of an ideal CSTR.

The mean residence time for experimental and theoretical data can be calculated from Equation (5),
where the upper limit of the integral corresponds to the last sample. From the experimental data, Test 1
showed a residence time τexp = 411 s, whereas the theoretical value is τth = 445 s. Hence, the actual
residence time is slightly lower than the theoretical one. This may be due to the fact that the distributor
box, placed at 0.55 m from the base (as per Table 2), is not able to introduce all the particles in the
annulus, and a few of them bounce out from the first unit in a sort of by-pass.

With regard to the greater bed height, Figure 5 shows the RTD curves for Test 2. While the F(t)
curve appears rather unaffected, the peak in the E(t) curve happens slightly later in time and with a
lower value. This is coherent with the fact that the larger bed height increases the plug-flow component
of the particles’ behavior: with an H/L ratio of 1.5, the main volume of solid is in the parallelepipedal
upper section of the annulus. Particles must travel downwards for a longer distance before they are
captured in the spout: this leads to an increase of their average cycle time. Conversely from the
previous case, the bypass phenomenon is absent: the experimental residence time (τexp = 731 s) is
9.43% greater than the theoretical one (τth = 668 s) for an equivalent in volume CSTR reactor. This effect
is very likely ascribable to the larger plug-flow effect that arises with higher bed heights. Increasing
the bed heights makes particles travel a longer distance in the parallelepipedal section of the SB,
where mixing is minimal, and particles just descend vertically in a plug-flow manner. This is valuable
information if the goal is to tune the overall residence time in the device.
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3.3. Influence of the Number of Units

After the analyses on the single unit, we extended the set-up to also include a second spouted
unit. Figure 6 depicts the obtained E(t) and F(t) curves. The differences with the Test 1 are evident and
coherent with the expected behavior. Adding a second unit causes particles to reside in the device for a
longer time, and the E(t) peak is only reached after more than 400 s. This is beneficial, as it strongly
hinders the particle by-pass. While in the previous case more than 80% of particles managed to escape
the device within 1000 s, roughly a double amount of time is now required to achieve the same result.

By a comparison with the theoretical curves, obtained for a series of two identical CSTRs, we can
gather some considerations. There is a perfect superposition of the experimental and theoretical curves
in the initial period. This could not be achieved in the previous case, where the experimental curve
had a visible delay. After this initial part, the two curves reach their respective peaks, even though the
experimental one does so in a shorter time. This may be explained considering how particles enter
the two units. In the first one, they fall vertically from the box that is shown in Figure 1, and hence
immediately start their trajectories in the annulus. Conversely, when they travel from the first to the



Energies 2020, 13, 4694 9 of 13

second module, their velocity can also have a non-null horizontal component. Hence, they can possibly
directly enter the fountain, creating a small by-pass effect. Finally, the difference between the final
values of the two F(t) curves is like the previous case, proving that the addition of the second module
does not create further dead-zone effects.
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From Equation (5), using the same procedure presented before, is now possible to calculate both
residence times: τexp = 815 s and τth = 861 s. As in Test 1, the experimental value is slightly lower than
the theoretical one, obtained with two ideal CSTRs in series. This may again be ascribable to a moderate
by-pass effect, resulting in some particles to leave the device sooner than expected. The difference is
however not very marked, confirming both the good mixing properties of this square-based unit and
its assimilability to a series of CSTRs.

3.4. Final Comments

The previous paragraphs have highlighted that the SBs composing this device can be well
compared to ideal CSTRs, as they yield very similar RTDs. Visual observations proved that black
particles get evenly mixed throughout the volume, and there is no dead zone. Some black particles
remain attached to the transparent wall due to electrostatic forces, but their amount is negligible.
Table 4 sums up the experimental and theoretical residence times τ that were obtained for the three
analyzed configurations. It is interesting to observe that the by-pass effect decreases in intensity when
employing a second unit. This confirms that the previously-described design of the slits makes particle
travel from one unit to another by spillway, as intended. This way, particles reaching the following
unit tend to fall onto the annulus, and have to go through at least a whole cycle before reaching the
opposite side of the SB.

Table 4. Experimental and theoretical average residence times for the studied configurations.

Test ID τexp (s) τth (s)
τth−τexp
τexp

·100

1 411 445 8.27%
2 731 668 −8.62%
3 815 861 5.64%

In a previous work [45], we employed CFD-DEM simulations to evaluate the RTD of the present
SB. Because of the computational complexity of these simulations, the RTD function could not be
directly obtained, but we showed three alternative methods that achieve the same results taking
advantage of the simulation approach. In particular, we observed that the SB can be well assimilated
to a rather complex network of CSTRs and PFRs. With such a network, we estimated an average
residence time of 396 s for Test 1, only approximately 4% less than the experimental value and hence
closer to it than the theoretical value.
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An aspect worth pointing out is the functioning of the squared configuration: while it guarantees
a greater thermal stability, it may feature some solids by-pass flows. This is because particles need
to travel a lower distance to move from one unit to the other, thus decreasing the overall residence
time. On the one hand, the effect should be damped by the flow regime: particles should fall onto the
bed and be immediately captured in the annulus, and then equally scattered in all directions by the
stochastic action of the fountain. Nonetheless, preliminary experiments have shown that the squared
configuration experiences a very moderate reduction in the residence time distribution. This matter
will be addressed in greater detail in future works.

To sum up, both ideal CSTRs or a more complex CFD-based network can be valid tools to estimate
the RTD of this multiple SB device. The latter seems more accurate and physically based but also more
complex to handle. The proposed procedure, expanded to the cases of three and four units, will be
addressed in future works. When dealing with the pyrolysis of biomass, the final application of this
reactor, these approaches can become key tools to choose the operative conditions and tune the output.
Indeed, the average residence time is a key variable in slow pyrolysis, and its value strongly affects the
properties of the produced biochar [53,54]. Reacting biomass particles actually behave quite differently
from PET: their initial properties are more irregular, and their size and density change over time due to
chemical reactions [55]. While this is expected to affect their flow behavior, the good mixing behavior
that we observed in these ideal conditions is promising for the pyrolysis experiments.

4. Conclusions

The RTD of a multiple square-based spouted bed reactor was evaluated in this work.
An experimental cold flow wood reactor has been conceived and built: it is composed of a cascade of
four units. A preliminary study of residence times for one and two modules and for two different bed
heights has been experimentally performed and compared with theoretical descriptions of RTD curves.

The experiments highlighted that each spouted bed unit can be well assimilated to an ideal CSTR,
as it yields a very similar RTD function, except for some entrance and wall effects. The average
residence time is slightly lower than that of an ideal reactor, possibly proving the presence of a small
by-pass effect. The opposite happens when working with a higher bed, as the flow regime is affected
by a more relevant plug flow zone. When employing two spouted beds, the by-pass effect becomes
less pronounced; this is ascribable to the proper design of the slits connecting the units.

The results and the knowledge acquired from these tests at room temperature will be used for
the construction of a prototype reactor for pyrolysis and gasification. The number of units and the
bed height are the tuning variable through which it is possible to modify the overall residence time
of biomass. While choosing these, the two theoretical approaches described in the last Section will
provide a significant contribution, as we will show in future works.
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