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� Combination of Particle Image Velocity and Infra-Red Thermography.
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� Solids motion affects the liquid distribution in the bed.
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a b s t r a c t

Liquid injection in fluidized beds occurs in well-established industrial processes as fluid coking, spray flu-
idzed bed granulation and condensed mode gas-phase polymerisation. These processes still suffer perfor-
mance issues due to their complex nature, where liquid injection adds even more complexity.
In this work, the effect of liquid injection on the temperature uniformity in a pseudo-2D fluidized bed

was studied using Infra-Red Thermography. The Infra-Red images were also studied to qualify the
agglomeration behaviour.
Injecting smaller droplets (� 90 lm affects the uniformity of the bed more than injecting larger dro-

plets (� 225 lm. However, the formation of agglomerates increases with increasing droplet size. The
injection velocity influences the average temperature of the bed more for the larger droplets.
Additionally, increased solids motion was observed to reduce the agglomeration formation in the bed.
Lastly, the particle temperature distribution does not reflect the presence of agglomerates and is thus
unsuitable to quantify the agglomeration behaviour.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Fluidised bed reactors (FBRs) have been a fundamental building
block in process industry for many decades. These units feature
good mixing properties, continuous operation, simple design and
good heat transfer properties. However, many industrial applica-
tions have tailored the original design to better suit the desired
process properties. One of these modifications involves injection
of a liquid, which can serve several purposes. In Fluid CokingTM

(Oldweiler, 1968), the liquid is a reactant, i.e. a bituminous oil, is
injected into the dense solids phase catalyst for cracking. In Spray
Fluidised Bed Granulation, the liquid can act as a carrier to deposit
solid constituents to achieve particle growth. Liquid injection can
also be used for the heat management in the reactor, which is
the case for example in Condensed Mode Polymerisation (Duarte
Braganca et al., 2000). In these cases, the latent heat of evaporation
is used to absorb the heat liberated due to a highly exothermic
reaction.

In each of these processes, the injected liquid plays a critical
role but it also increases the process complexity. The injected liq-
uid can cause the formation of clusters of particles through the
cohesive force of the liquid. The formation of these wet agglomer-
ates can be either detrimental to the process efficiency or be a
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Fig. 1. A schematic representation of the experimental set-up as used in this work.
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desired effect. For example, the endothermic reaction in Fluid Cok-
ingTM reduces the core temperature of the wet agglomerates, which
may induce extensive fouling and consequently cause a premature
shutdown of the reactor. Similarly, the agglomeration in Con-
densed Mode Polymerisation can lead to local cold or hot spots
and blockage of the reactor outlet. As opposed to the previous
two processes, the particle growth required in spray fluidised
bed granulation is achieved through either surface layering or
agglomeration.

In both cases, the effect of increased cohesion between the
solids has a negative impact on the fluidisation quality, affecting
all above stated processes. In most extreme cases, the increased
cohesive forces can lead to defluidisation. In addition, Shi et al.
found that the wet agglomerates promote the formation of solid
bridging, which results in solid agglomerates (Shi et al., 2018). In
order to improve the efficiency of processes like the aforemen-
tioned, a thorough understanding of the effects of liquid injection
is required.

To understand these effects, many studies have focused on the
thermal effects and agglomeration behaviour due to liquid injec-
tion (Morales et al., 2016; Bruhns and Werther, 2005; Leach
et al., 2011; Fries et al., 2011; Book et al., 2011; Shi et al., 2018;
Terrazas-Velarde et al., 2011; McDougal et al., 2005; Zhou et al.,
2017; Sun et al., 2020). Observing the formed agglomerates with-
out disturbing the process is often complex and costly. For this rea-
son, non-invasive techniques have gained increased interest and
are subject to continuous development and improvement. Some
of these techniques are Electrical Capacitance Tomography (ECT)
(Banaei et al., 2015), X-ray tomography (Kantzas and Kalogerakis,
1996; Yates and Simons, 1994), Magnetic Resonance Particle
Tracking (MRPT) or Positron Emmision Particle Tracking (PEPT)
(Pore et al., 2015) and Particle Image Velocimetry (PIV) (van
Buijtenen et al., 2011; De Jong et al., 2012).

The combination of PIV and Infra-Red Thermography (IRT) has
been used to study heat transfer (Tsuji et al., 2010; Findlay et al.,
2005; Astarita and Carlomagno, 2012; Vollmer and Möllmann,
2017). However, for the use of PIV-IRT visual access into the bed
is required, which can be achieved with a pseudo-2D fluidised
bed setup. This combination was used by Kolkman et al., who
developed a method to study the thermal behaviour in such a flu-
idised bed (Kolkman et al., 2016; Kolkman et al., 2017). Patil et al.
used this technique to study the cooling process of a pseudo-2D
fluidised bed (Patil et al., 2015). The technique has also been
employed to study reactive systems by Li et al. (Li et al., 2017),
who performed adsorption experiments. At low temperatures (30
�C), studies on the effect of the liquid injection on the bed temper-
ature have been reported by Sutkar et al. (Sutkar et al., 2015).

The PIV-IRT method has proven itself to be effective in captur-
ing the whole-field thermal information of the bed. However, the
instantaneous character of the measurement combined with the
dynamic behaviour of the bed introduces a challenge in capturing
the quasi steady state behaviour. In PIV studies of fluidised beds,
this behaviour can be captured by time-averaging the measure-
ments. In our previous work (Milacic et al., 2020), the time-
averaged results were used to evaluate the particle temperature
distribution to qualify/quantify the temperature uniformity of the
bed. The distribution and it properties were shown to capture
the effects of changing fluidising regimes on the heat transfer prop-
erties of the bed. The current experimental work applies the same
analysis of the averaged temperature distribution, by means of the
standard deviation and the skewness, to study the effect of liquid
injection on the temperature uniformity of the bed. Additionally,
the agglomeration behaviour is evaluated at varying fluidisation
regimes. The same experimental set-up and similar conditions
have been used as reported in our previous work (Milacic et al.,
2

2020). Similarly, this work also uses time-averaged data to ensure
accurate representation of the bed.
2. Methods description

2.1. Experimental setup

The fluidisation experiments were preformed in a pseudo-2D
fluidised bed, of which a schematic representation can be found
in Fig. 1. A thorough description of the set-up can be found in
our earlier work (Milacic et al., 2020). Therefore only the main
characteristics are given here. The bed can be operated in normal
fluidisation mode and spouted bed fluidisation mode. The single
central spout also acts as a liquid injection nozzle, allowing for liq-
uid injection during spouted bed operation.

The bed is 200 mm in height, 80 mm in width and 15 mm in
depth. The bottom consists of a porous metal gas-distributor which
includes a single central hole. The liquid injection nozzle is located
in the central hole and is on the same level as the surface of the
gas-distributor. The spray characteristics can be changed by inter-
changing the liquid injection needle. More information on the noz-
zle and spray characteristics can be found in Appendix A. The
nozzle that provides a narrow droplet size distribution of very fine
droplets will be referred to as the fine spray. The nozzle that pro-
vides a wide size distribution of droplet sizes will be referred to
as the coarse spray.

The bed is made of PolyMethylMethAcrylate (PMMA) walls,
which was chosen for its low thermal conductivity. The front win-
dow is made of sapphire glass, because of its transmittance prop-
erties in the infra-red spectrum. On the back wall of the bed, a
black aluminium plate is placed to increase the contrast between
the bubble and emulsion phase.

The gas is humidified nitrogen, its flow rate is controlled with
separate mass flow controllers for both the nozzle and gas distrib-
utor. The gas streams can be heated separately with gas heaters
and the gas-lines after the heaters are traced to reduce heat loss.
In this work, the gas velocity from the gas distributor will be
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referred to as background velocity (Uf ) and the gas velocity from
the nozzle will be referred as the spout velocity (Usp).

Although the gas heaters provide accurate temperature control,
the temperature of the bed is still slightly dependent on the gas
flow rate. This is due to the gas-distributor housing, which was
machined from a solid block of aluminium. Its thermal mass influ-
ences the bed temperature, as was discussed in our previous work
((Milacic et al., 2020)). The thermal effect of the aluminium hous-
ing on the liquid injection nozzle and its temperature is further dis-
cussed in Appendix B. The liquid flow from the nozzle is controlled
by a KD Scientific syringe pump (Legato 100 infuse) using a 60 mL
Terumo plastic syringe.

2.2. Experimental procedure

The bed in which the experiments take place are composed of
either Geldart B or Geldart D particles. These particles are made
of glass and have a density of 2526 kg m�3 and the sauter mean
radii are 591 �138 lm and 899 �164 lm for Geldart B and Geldart
D particles, respectively. The bed loading was 96 mL, which corre-
sponds for both particles to a bed mass of 145 g. The minimum flu-
idisation (Umf ) velocity for both particle types was determined
using pressure drop analysis. The Umf for the Geldart B particles
is 0.26 m s�1 and for the Geldart D particles is 0.53 m s�1. All veloc-
ities in this work are normalised by the Umf of the used particles.
The fluidisation velocities that were used can be found in Table 1
and have been chosen as in our previous work (Milacic et al., 2020).

At the start of the experiment, the mass flow controllers are set
to initiate fluidisation. The gas heaters are used to establish a tem-
perature of approximately 50�C in the reactor under dry fluidisa-
tion conditions. Once the bed reached thermal equilibrium, the
liquid injection is started, after which the bed is again allowed to
reach a steady-state before taking a measurement. After the mea-
surement, the fluidisation parameters are changed and the bed is
again allowed to reach a steady-state.

2.3. Data acquisition

In this work, a high speed Infra-Red (IR) camera is used in con-
junction with a visual high speed camera, which are synchronised
to obtain all whole-field data. The IR-camera is from FLIR
(X8400sc) and the visual camera is from PCO (HD DiMAX). To syn-
chronise the cameras to 10 Hz, a digital trigger from Velleman
(PCGU 1000) is used.

The visual camera captures the details of the emulsion phase
which will be used to determine the solids phase fraction in the
bed. This requires good illumination of the bed. The bed tempera-
ture distribution is obtained through IR-thermography. This tech-
nique converts the detected amount of radiation to a
temperature. To achieve this reliably, the measured object, or emit-
ter, should have an emissivity close to 1. The glass particles used
have a hemispherical emissivity of eh ¼ 0:85 (Rubin, 1985). Using
a calibration curve, the amount of radiation can be converted to
a temperature.
Table 1
The experimental conditions used in this work: The velocities Uf and Usp are normalised wit
B and D, respectively. The liquid flow rate Ul is in mL min�1

Geldart B

Ul Uf Usp

0.00 2.0 28
0.25 3.0 57
0.50 85

3

Due to the sensitivity of the IR-camera, the camera is placed at
an angle to the bed. This angle to bed prevents the IR-camera to
capture the temperature difference of the lens in the reflection of
the sapphire window of the bed. In addition, this allows the visual
camera to be placed in front of the bed.

2.4. Data processing

Although the data acquisition was prepared carefully, some pre-
processing is essential. To overlay the images, the viewing angle
needs to be corrected. This is done with the method reported by
Li et al. (Li et al., 2017). This processing results in an image which
angle corrected and cropped to the region of interest.

After correcting the shadows of the visual cropped images, the
solids fraction map can be obtained. This is done with the method
proposed by de Jong et al. (De Jong et al., 2012). Due to the slight
depth of the bed, the images from the IR-camera do not completely
overlap the visual images. This is overcome by applying the same
subdivision technique as used by de Jong et al. (De Jong et al.,
2012).

From the temperature and solids fraction fields, the time-
averaged particle temperature distribution can be obtained. This
is done using Eq. 1, where T is the local temperature from the tem-
perature field and ep is the local solids fraction.

< Tp >¼
Xn

t¼1
epT=epXn

t¼1
ep=ep

ð1Þ

This results in a time averaged particle temperature field. The Prob-
ability Density Function (PDF) of this field is the particle tempera-
ture distribution. Previously, Milacic et al. (Milacic et al., 2020)
considered the whole field data when constructing the PDF of the
particle temperature. However, a slight error is introduced at higher
fluidisation velocities due to disengaged particles in the eruption
zone. To correct for this, only the temperature field up to the aver-
age bed height is considered. From this new PDF, the standard devi-
ation and skewness have been used to describe the uniformity of
the temperature field in the bed, which will also be used to investi-
gate the effects of liquid injection. The standard deviation describes
the width of the distribution around the mean value and can be
found in Eq. 2.

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1
ðTi � TmeanÞ2

r
ð2Þ

The skewness, Eq. 3 (Joanes and Gill, 1998), describes the asymme-
try of the distribution, where a negative value means most samples
have a higher value than the mean.

l3 ¼
1
n

Xn

i¼1
ðTi � TmeanÞ3

1
n�1

Xn

i¼1
ðTi � TmeanÞ2

h i3=2 ð3Þ
h the minimum fluidisation velocities, which are 0.26 m s�1 and 0.53 m s�1 for Geldart

Geldart D

Uf Usp

1.70 15
1.87 29
2.20 44



E. Milacic, M. Nunez Manzano, S. Madanikashani et al. Chemical Engineering Science 256 (2022) 117622
3. Results

In this work, two different nozzles are used. Allowing for two
droplet size distributions and thus varying agglomeration beha-
viours. These nozzles will be referred to as the fine spray and the
coarse spray, resulting in an average droplet size of 90 lm and
220 lm, respectively. Three liquid injection rates are used:
Ul = 0.0 ml min�1, Ul = 0.25 ml min�1 and Ul = 0.50 ml min�1.
3.1. Temperature distribution

The results of the fine spray experiments are used to demon-
strate the influence of liquid injection rate on the temperature uni-
formity. To that end, the distribution properties will be compared
to the images provided by the IR-camera and the results without
injection. A uniform temperature distribution is indicated by a
large negative skewness and a low value for the standard deviation
(Milacic et al., 2020).

In Fig. 2, three particle temperature distributions are presented,
with different liquid injection rates. The temperature profiles are
normalised with their respective average bed temperatures, to
simplify the visual comparison of the temperature profiles. The
matching IR-images are presented in Fig. 3, where the change from
black to white indicates an increase in temperature. Due to their
relatively low temperature, the presence of agglomerates can be
observed in the IR-images as dark regions in the emulsion phase.

With increasing liquid injection rate, the particle temperature
distribution changes shape. Increasing the injection rate from
Ul = 0.0 to Ul = 0.25 widens the peak. When increasing the injection
rate to Ul = 0.50 ml min�1, the position of the peak moves below
the mean of the distribution. When comparing the IR-images from
Fig. 3, a uniform temperature is observed for Ul = 0.00 ml min�1.
When increasing the liquid injection rate to Ul = 0.25 ml min�1,
slight variations can be observed in the emulsion phase as well
as a few dark spots. At the highest liquid injection rate of
Ul = 0.50 ml min�1, large agglomerates are visible and the temper-
ature of the emulsion phase is no longer uniform.

Applying the conclusions from the previous work to these
observations would imply that, with increasing liquid flow-rate,
the standard deviation should increase and the skewness should
become less negative. The distribution parameters for these exper-
iments are presented in Fig. 4a and b, where (U=Umf ¼ 2:13). Fig. 4a
shows that the skewness does behave as predicted in the previous
work. However, the standard deviation decreases instead of
Fig. 2. Particle temperature distributions under influence of varying liquid injection rate
Ul = 0.25 ml min�1. c. Ul = 0.50 ml min�1.

4

increasing, meaning the width of the distribution decreases. This
is also observed in Fig. 2.
3.2. Geldart B particles

The experiments discussed above were also performed at
higher spout velocities (Usp) and higher background velocities
(Uf ), as given in Table 1. The results are also presented in Figs. 4a
and b. Increasing the spout velocity increases the standard devia-
tion of the temperature distribution, which was also observed in
the previous work (Milacic et al., 2020). The skewness generally
decreases with increasing spout velocity. This behaviour is more
pronounced for experiments with Ul = 0.50 ml min�1.

For the dry fluidisation, it was found that the standard deviation
and skewness are sensible to regime changes (Milacic et al., 2020).
These regime changes can cause the non-linear behaviour in the
graphs. Additionally, the eruption of particles at higher fluidisation
velocities also impact the distribution properties. Although the
processing has been adapted for eruption, it only reduces the
impact.

To promote the formation of agglomerates, the nozzle was
changed for coarser spray, which has a wider droplet size distribu-
tion and a larger average droplet size. In practice, this increases the
amount of agglomerates in the bed and their size. The results of the
experiments with a coarser spray, which sprays the same amount
of injected liquid, under the same thermal settings of the reactor
are presented in Fig. 5. The standard deviations presented in
Fig. 5a span a smaller range compared to the experiments with
the fine spray, revealing that larger droplets affect the width of
the distribution less than smaller droplets. The skewness values
presented in Fig. 5b show a decrease with increasing Usp and an
increase with increasing Ul. However, the effect of fluidising veloc-
ities and liquid injection rate on the skewness seem minor, at
higher fluidisation velocities. The temperature uniformity of the
bed is not affected. Comparing these results with the results of
the fine spray, it seems that a larger average droplet size improves
the bed temperature uniformity.
3.3. Geldart D

The experiments performed with the fine spray and the Geldart
D particles did not result in liquid agglomeration in the bed. In
Table 2 the average temperature, standard deviation and skewness
s, with U=Umf ¼ 2:13, Geldart B particles and the fine spray: a.Ul = 0.00 ml min�1. b.



Fig. 3. Cropped IR-images corresponding to the temperature distributions from Fig. 2. Geldart B particles and the fine spray: a.Ul = 0.00 ml min�1. b. Ul = 0.25 ml min�1. c.
Ul = 0.50 ml min�1.

Fig. 4. a. Standard Deviation and b. Skewness for the experiments with the fine spray and Geldart B particles. For readability, the normalised superficial gas velocity is used to
plot the results.

Fig. 5. Standard Deviation and Skewness for the coarser spray with Geldart B particles.
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Table 2
Temperature distribution properties for the experiments with the Geldart D particles and the fine spray.

Ul Avg Temp < T > STD r SKW l3

Uf 1.87 Uf 2.0 Uf 1.87 Uf 2.0 Uf 1.87 Uf 2.0

0.00 60.5 64.3 1.55 1.74 �2.23 �2.07
0.25 56.2 60.2 0.97 1.26 �1.74 �2.16
0.50 51.2 54.6 1.14 0.90 �2.60 �2.25

Fig. 6. Cropped IR-images of the emulsion phase from the experiments with Geldart D particles and the fine spray. Uf ¼ 1:87 & Usp ¼ 15. a. Ul = 0.00 ml min�1. b. Ul = 0.25 ml
min�1. c. Ul = 0.50 ml min�1.

Fig. 7. Standard Deviation and Skewness for the experiments with the Geldart D particles and the coarse spray.
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are presented. Although the average bed temperature decreased by
increasing the liquid injection, it did not influence the bed temper-
ature uniformity significantly. The IR-images from Fig. 6 also show
that almost no agglomerates were formed.

The experiments with the Geldart D particles and coarser spray
resulted in an increased liquid agglomeration rate. However, the
effect on the temperature uniformity was minor. Note that for
these experiments, different fluidisation velocities were chosen
compared to the experiments performed with the fine spray. A lar-
ger distance between the two fluidisation velocities was chosen to
increase the difference in bubble-induces solids agitation. The
standard deviation and skewness are presented in Fig. 7 and show
a similar effect as has been observed for the Geldart B particles dis-
cussed in the previous section, i.e. a decrease in standard deviation
for increasing liquid flow-rate and increase for increasing spout
velocity. However for higher velocities, the change in the standard
6

deviation is not monotonic. The skewness of these experiments are
all negative and vary only slightly with the increase of spout
velocity or increase in liquid injection rate. The effect of the liquid
injection rate and spout velocity only slightly affects the tempera-
ture uniformity of the bed.
4. Discussion

4.1. Spout velocity

In the previous section, the particle temperature uniformity of
the bed was studied for several process conditions. An increase
in Usp generally increases the width of the particle temperature
distribution and reduces the value of the skewness. However, the
origin of this effect is unclear.



Fig. 8. Temperatures differences for the Geldart B experiments at varying liquid injection rates. a. Experiments with the fine spray. b. Experiments with the coarse spray.

Fig. 9. Cropped IR-images of the emulsion phase from the experiments with the Geldart B particles at Uf ¼ 3.
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An increased spout gas flow-rate also increases the amount of
thermal energy introduced into the system, thus resulting in a
higher average bed temperature and improved evaporation.
7

Besides the thermal effects of the increased Usp, the spouted gas
also carries the injected droplets into the bed. At higher flow-
rates, the droplets are propelled further into the bed before



Fig. 10. Cropped IR-images of the emulsion phase from the experiments with the Geldart D particles and Ul = 0.50 ml min�1.

Fig. 11. Droplet size characterisation at varying Usp . a. Average droplet size of the fine spray. b. Average droplet size of the coarse spray.
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colliding with the particles of the emulsion phase. This enlarges the
possible collision zone for the droplets, decreasing the local droplet
concentration.

It is important to understand the contribution of both the
hydrodynamic and thermal effects on the average bed temperature
uniformity. To visualise the hydrodynamic effect of the spout on
the average bed temperature while excluding the effect of the
increased thermal energy, the temperature differences with the
Ul = 0.00 ml min�1 experiments are presented in Fig. 8. The exper-
iments with the fine spray show only slight variations in the tem-
perature difference at lower U=Umf velocities, which are negligible
at higher U=Umf velocities. For the experiments with the coarse
spray, the hydrodynamic effect has more impact on the average
bed temperature, which is increasing with U=Umf . From these
results, the increased hydrodynamic effects for the fine spray do
not affect the average bed temperature significantly, while for
8

the coarse spray there is a significant effect. It is also observed that
the increased Uf velocity does reduce the temperature difference
caused by the injected liquid, this effect is more pronounced for
higher liquid injection rates.
4.2. Agglomerate formation

When increasing the average droplet size, the agglomeration
rate is increased. For example, no agglomerate formation was
observed for experiments with a fine spray and the Geldart D par-
ticles while agglomerates are found for the coarse spray. Although
the particle temperature distributions with a larger average dro-
plet size are more uniform, agglomerate formation is increased.

Figs. 9 and 10 show IR-images from varying experiments with a
large average droplet size and the Geldart B and Geldart D parti-
cles. Although the presence of agglomerates can be determined



Fig. 12. Spout characterisation of the coarse spray. a. Probability Density Function of the droplet size distribution. b. Volumetric contribution of the droplet size.

Fig. 13. Effect of nozzle heating on the average bed temperature.
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visually, the distribution properties indicate a uniform bed (see
values at Uf ¼ 3 in Figs. 5a and b). Therefore it can be concluded
that the impact of agglomerates on the temperature uniformity is
only minor. In addition, the figures show that an increase of liquid
injection rate increases agglomerate presence in the bed. This can
be counteracted by increasing the superficial gas velocity, because
the agglomerates are ruptured by the increased gas velocity.
5. Conclusions

In this work, Infra-Red Thermography was used to study the
effect of liquid injection and agglomerate formation in a pseudo-
2D fluidised bed. The particle temperature distribution and its
properties were used to evaluate the bed temperature uniformity.

The liquid was injected with two different nozzles. One nozzle
with a small average droplet size and narrow droplet size distribu-
tion and a nozzle with a larger average droplet size and a wide dro-
9

plet size distribution. The smaller droplet size has a large negative
impact on the bed temperature uniformity. The hydrodynamic
effect of the spout does affect the relative temperature drop due
to the liquid injection, however, only for the averagely larger dro-
plets. Additionally, there is almost no effect of the fine spray in the
experiments with Geldart D particles.

A side effect of liquid injection into a fluidised bed is the forma-
tion of liquid agglomerates. These liquid agglomerates are
observed in the Infra-Red images as dark spots. The Geldart D
experiments with the fine spray showed little to no agglomerate
formation due to its small average droplet size. The same experi-
ments with a larger average droplet size from the coarse spray,
do show agglomeration. Similar results are observed for the exper-
iments with the Geldart B.

Besides, the experiments show that an increase in solids motion
decreases the agglomerate size. In addition, the presence and con-
centration of agglomerates is not reflected by the particle temper-
ature distribution. Thus the particle temperature distribution does
not provide a suitable indicator to detect agglomerates in a
pseudo-2D fluidised bed, only their thermal influence on the emul-
sion phase.
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Appendix A. Spout characterisation

In this work, two spray nozzles were used, referred to as the fine
spray and the coarse spray. The fine spray has a narrow droplet size
distribution with a small droplet size. The coarser spray has a
wider droplet size distribution and also a larger average droplet
size. The average droplet size was determined using a Phase Dop-
pler Anemometry set-up from Dantec Dynamics. The sprays have
been characterised using the same settings as by Finotello et al.
(Finotello, 2019). The average size and its dependence on nozzle
velocity are presented for both sprays in Fig. 11. It should be noted
that the droplet size distribution for the coarse spray is not a nor-
mal distribution, its distribution is presented in Fig. 12a. However,
the volumetric contribution of the droplet size gives a better
understanding of the impact of these few larger droplets. Fig. 12b
shows the volumetric contribution in terms of the PDF times the
droplet volume. The coarse spray provides a few larger droplets
and has been observed to enhance the formation of agglomerates
in the bed.

Appendix B. Thermal dependence of the spout

The aluminium housing of the gas distributor, which also
houses the nozzle assembly, influences the temperature of the
spout. To determine its effect on the bed temperature, six experi-
ments with Geldart B particles were repeated with the gas-
heater of the nozzle is turned off. Three of these experiments are
performed without liquid injection (Ul = 0.00 ml min�1) and three
are performed with Ul = 0.50 ml min�1. The recorded average bed
temperatures are presented in Fig. 13. The heating of the spout gas
seems to have only little effect on the average bed temperature.
Therefore it can be concluded that temperature of the injected liq-
uid is mainly dependent on the temperature of the gas-distributor.
In addition, the temperature of the gas-distributor is not influenced
by the liquid injection, and can thus be considered at constant tem-
perature with changing liquid injection rates and spout velocities.
The temperature of the gas-distributor does however increase with
increasing background fluidisation velocity.
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