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� Combination of Particle Image
Velocity and Infra-Red
Thermography.

� Time-averaged temperature
distribution studied for a pseudo-2D
fluidized bed.

� Temperature uniformity quantified
with the standard deviation and
skewness.

� Increased spout/background velocity
increases temperature uniformity.

� Deviations in the general trend show
changes in the fluidization regime.
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Heat management problems often prevail in reactors when highly exothermic chemical reactions occur.
In these situations, fluidised bed reactors are often preferred due to their excellent heat transfer capabil-
ities. However, the design, scale-up and operation of these reactors is still challenging due to the complex
hydrodynamics. To gain a better understanding on the heat transport in these reactors, the degree of tem-
perature non-uniformity for several fluidisation regimes in a pseudo-2D fluidised bed was quantified
using Infra-Red Thermography. The Probability Density Functions were obtained from the whole-field
temperature data, which were quantified using the standard deviation, i.e. the width of the distribution,
and skewness, i.e. the dominant temperatures in the distribution. Based on the heat loss data and bubble
frequencies, the standard deviation and skewness are good indicators for the solids mixing behaviour for
the studied fluidisation regimes. In addition, the effect of spout velocity on the thermal characteristics
was studied.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over the last decades fluidised Bed Reactors (FBRs) have been
extensively used in processes involving highly exothermic chemi-
cal transformations. The key features of this reactor type are: the
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Nomenclature

< Tp > Time-averaged particle temperature field
Cp Specific heat capacity
Eloss Energy loss
T Temperature field
Tf Reactor inlet temperature from the gas-distributor
Ti Temperature at index i from the temperature field
Tn Normalised temperature
Tmax Maximum temperature
Tmean Average temperature of the field
Tmin Minimum temperature
Tsp Reactor inlet temperature from the spout
Uf Background fluidisation velocity
Umf Minimum fluidisation velocity

Usp Spout fluidisation velocity
l3 Skewness
/f Volumetric inflow from the gas-distributor
/out Volumetric outflow
/sp Volumetric inflow from the spout
q Density
r Standard deviation
eh Hemispherical emissivity
ep Solids fraction field
k Thermal conductivity
m3 Sample third moment
DL Digital Level, IR camera capture quantity
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good mixing properties, uniformity of the bed temperature, contin-
uous operation and a relatively simple design.

Although fluidised beds find widespread application in the
chemical process industry, the exact behaviour of a FBR is difficult
to predict, especially under reactive conditions. FRBs are com-
monly applied for highly exothermic or endothermic reactions. In
these reactors, the formation of hot spots and/or cold spots can
severely impact reactor performance. Understanding the tempera-
ture distribution in these processes is thus essential in order to
improve them.

During several decades research mainly focused on the hydro-
dynamics (Kunii and Levenspiel, 1991; Davidson and Harrison,
1990), which govern the mixing behaviour. Several studies have
focused on heat transfer in order to elucidate the principal heat
transfer mechanisms (Gunn, 1978; Ganzha et al., 1982; Zhou
et al., 2009; Basu and Nag, 1987; Zhou et al., 2010). Most studies,
both for hydrodynamics and heat transfer, used invasive probes
or single point probes such as thermocouples and endoscopes. In
addition, non-invasive techniques have also been developed in
recent years and have gained increased interest because some of
them enable whole field measurements. These techniques for
hydrodynamics 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), Positron Emission Particle Tracking (PEPT) (Pore
et al., 2015) and Particle Image Velocimetry (PIV) (van Buijtenen
et al., 2011; De Jong et al., 2012).

To study heat transfer, Infra-Red Thermography (IRT) is a suit-
able technique when combined with PIV (Tsuji et al., 2010). It is
a mature technique, which has been used previously to study heat
transfer in fluidised beds (Findlay et al., 2005; Astarita and
Carlomagno, 2012; Vollmer and Möllmann, 2017). In addition,
IRT has also been used to track gas concentrations inside gas voids
in a pseudo-2D fluidised bed (Dang et al., 2013).

This work is based on the technique of Tsuji et al. (2010) and
has been further developed to study liquid injection in FBRs
(Kolkman et al., 2016). On the combined PIV-IRT technique, Patil
et al. (2015) reported a thorough investigation on the cooling pro-
cess of a pseudo-2D fluidised at higher temperatures (90 �C). For
reactive systems, Li et al. (2017) performed adsorption experi-
ments. This combined technique is able to detect agglomerates
formed due to liquid injection, which are invisible for the high
speed cameras, and give insight on the behaviour of these agglom-
erates (Kolkman et al., 2017). The effect of the liquid injection on
the temperature distribution has been reported by Sutkar et al.
(2015) but at relatively low temperatures (30 �C) and including
vertical draft plates in the reactor.
2

Although the above mentioned studies provide insight on the
effects of external stimuli on the average particle temperature in
the bed, the instantaneous whole-field measurements of a flu-
idised bed provide little insight on the characteristics of the bed.
Due to the fluctuating nature of the fluidised bed, an instantaneous
measurement does not correctly represent its state. Only by time-
averaging over a large number of measurements, the average beha-
viour will become apparent. In this work, we focus on the degree of
temperature non-uniformity for several fluidisation regimes and
gas injection modes based on time-averaged data of the fluidised
the bed. The time-averaging of the whole-field quantities assures
that the captured information represents the fluidisation beha-
viour properly with minor influence of the instantaneous nature
of the measurement.

Understanding the effects of fluidisation behaviour on the tem-
perature uniformity is critical in controlling complex reactive pro-
cesses such as gas-phase poly-olefin production. In this process,
the excess heat needs to be removed to avoid reaching the rela-
tively low melting point of the product. Additionally, being able
to prevent the formation of hot and cold spots in the bed is critical
to achieve continuous operation.

2. Materials and methods

2.1. Experimental setup

The experiments in this work were carried out in a spouted
pseudo-2D fluidised bed reactor. The bed is 80 mm wide, 15 mm
in depth and 200 mm high. A porous gas-distributor plate is
located at the bottom of the bed, provided with a single central
spout with a diameter of 1.5 mm. The distributor has an average
pore-size of 10 lm.

The walls of the bed are made from PolyMethylMethAcrylate
(PMMA) except for the front of the bed, which is made from sap-
phire glass. PMMA is chosen as the wall material because it has a
very low thermal conductivity and reduces heat losses, while Sap-
phire glass has excellent transmittance properties in the infra-red
spectrum range. On the back wall, an aluminium plate is attached
to the PMMA, which is painted black to improve the contrast
between the emulsion phase and the bubble phase.

The nitrogen gas supply for the spout and gas distributor are
both controlled by separate mass flow controllers as is shown in
Fig. 1a. The outlet of the mass flow controller passes through a
humidifier to reduce electrostatic charging of the bed. After humid-
ification, the gas is heated using a gas heater before it enters the
bed. To reduce heat losses, the gas-line from the heater to the
bed is traced. The set-up allows for two fluidisation modes: normal



(a)

(b) (c)

Fig. 1. a: Schematic representation of the pseudo-2D fluidised bed gas-flow routing. b: Photograph of the experimental setup. The IR camera (FLIR X8400sc) is visible on the
left, viewing the reactor window at an angle. The high speed camera (PCO-Dimax HD) visible on the right, straight in front of the bed. c: Unprocessed image from the high-
speed camera during operation, showing the emulsion phase against the back back-wall of the reactor.
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and spouted. The gas velocity through the gas-distributor will be
referred to as the background fluidisation velocity (Uf ) and the
velocity through the spout will be referred to as the spout velocity
(Usp).

One of the key features in this set-up is the use of gas heaters, as
these allow for a reliable constant temperature, low dependence of
the gas-flow rate and a higher achievable temperature in the bed.
Although the line to the distributor is traced, the gas distributor is
made from aluminium, which is not heated. Therefore, the gas tem-
perature will decrease when it passes through the distributor.
Because the gas heater cannot be directly connected to the
bed, these thermal energy losses cannot be avoided and this means
that the gas inlet temperature is dependent on the flow rate.
Therefore the gas temperature at the inlet is measured with a
3

thermocouple. To ensure constant external conditions, the experi-
mental setup is placed in a climate controlled room, where it is
18 �C.
2.2. Data acquisition

Although this work focuses on the use of whole field measure-
ments, single point measurements are used to provide crucial data
in order to control and characterise the process. The information
presented in this work involves a combination of both types of
measurements.

The sensors available in the experimental setup are: pressure
sensors, differential pressure sensors and thermocouples. The pres-
sure sensors are used to monitor correct operation of the setup,
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while the differential pressure sensor is used to measure the
pressure-drop in the bed. The thermocouples measure the temper-
ature of the gas flows and the temperature of the outer surfaces of
the reactor to estimate heat losses. In the setup, thermocouple type
k, class 2 are used.

The temperature and velocity field in the bed are captured by
two cameras: one high speed camera from PCO (Dimax HD),
referred to as visual camera, and a high speed Infra-Red (IR) camera
from FLIR (FLIR X8400sc). The visual camera is positioned in front of
the setup while the IR-camera is positioned at a slight angle, as can
be seen in Fig. 1b. The positioning angle of the IR-camera is due to
the reflection of the cooled lens of the IR camera in the Sapphire
window. Due to the reflecitivity of the sapphire window and the
sensitivity of the IR camera, a lead-rubber curtain is hung in the
reflection zone. For the visual camera, the set-up is illuminated
with LED arrays that emit very little IR radiation. Information on
the calibration of the camera can be found in Appendix A.

Both cameras are connected to the same trigger (Velleman
PCGU 1000) that controls the camera’s frame rate. The frame rates
of the cameras are different due to the nature of the information
required. To construct the velocity fields, the displacement of par-
ticles is measured using two consecutive images from the visual
camera. The delay between the consecutive images is 3.4 ms. This
delay depends on the average particle velocity and the illumination
of the bed. The thermal field only requires a single image per mea-
surement. As a result, the visual camera produces twice as many
images as the IR-camera. The frequency of the acquisition of 2
visual images and a thermal image was determined based on the
bubbling frequency of the bed, where the frequency is at least
twice the bubble frequency. The bubble frequency was determined
using the dominant frequency from the differential pressure sensor
signal. Based on this information, the recording rate was set to
10 Hz.

When the bed is at a thermal steady-state, the temperature dif-
ferences in the bed are small. When comparing the outlet temper-
atures with the average particle temperature, the difference was
maximum 1.5 �C. Due to the high resolution of the IR-camera, this
difference is enough to be captured as the resolution of the camera
is approximately 0.01 �C.
2.3. Data analysis and processing

In order to overlay the images of both cameras, the data has to
be compensated for the difference in resolution, a difference in
viewing angle and shadows due to lighting. Thus pre-processing
of the data is essential.

Because the cameras cannot be positioned at the same location,
the data from the cameras needs to be corrected for the viewing
angle. To improve the accuracy of the method by Li et al. (2017),
four circular aluminium stickers are placed on the sides of the
bed, which are visible for both cameras (Fig. 1c). Using the exact
known centre locations of the stickers, a technique was devised
to recognise the circular shapes and match the centre positions.
Knowing these locations allows for accurate cropping using the
same method described by Li et al. (2017), resulting in a clean
image of the region of interest for both cameras.

Although the LED arrays ensure good illumination of the bed,
there are still darker regions near the bottom and side borders of
the bed. As the determination of solid fractions depends on the
light intensity of the image, the shades need to be filtered out.
Using an image from a full bed filled with the corresponding parti-
cles, a correction map is created.

The 3D solids volume fraction map can be created via the
method developed by De Jong et al. (2012). In this method the
shadow-corrected images undergo additional processing steps:
4

eliminating under- and overexposed pixels, background subtrac-
tion and normalisation between 0 and 1. The black back-plate of
the reactor provides contrast from the emulsion phase, improving
the accuracy of the 2D brightness map. To couple this 2D bright-
ness map to a 3D solids volume fraction map, the brightness is
averaged using a 16 � 16 pixels interrogation window. The 3D
solids volume fraction map is subsequently calculated using a cor-
relation. A complete description of the conversion from 2D to 3D
can be found in the work of De Jong et al. (2012). This method of
estimating the 3D solids fraction has also been used in the works
reported in the introduction (Kolkman et al., 2016; Li et al.,
2017; Sutkar et al., 2015; Patil et al., 2015). For PIV, the pre-
processed pair-images without shadow correction will be used in
the Davis 8 software. The reason for not using the shadow cor-
rected images is the reduction in resolution resulting from the cor-
rection process, which will result in a decrease of the accuracy in
the velocity fields. The PIV technique used in this work has been
well documented by van Buijtenen et al. (2011) and De Jong
et al. (2012). The interrogation window used in this work is
64 � 64 pixels and a multi-pass algorithm with decreasing size is
employed, reducing to 32 � 32 pixels with a 50% overlap. By calcu-
lating the cross correlation between window-shifts, the displace-
ment vector of that specific window is obtained and converted to
a velocity vector. The fifty percent overlap results in a vector distri-
bution in windows of 16 � 16 pixels. Combining the velocity fields
with the 3D solid volume fraction, the instantaneous solid flux is
determined.

To obtain the temperature field via Infra-Red Thermography,
three effects need to be taken into account: absorptance, reflectiv-
ity and transmittance. Additional information on these effects can
be found in literature (DeWitt and Nutter, 1988; Modest, 2013).
When employing IRT, the measured object should have an emissiv-
ity close to 1. The used glass beads have an estimated hemispher-
ical emissivity of eh ¼ 0:85 (Rubin, 1985). This means that the IR
emission can be correlated to the particle temperature. For more
details on the correlation of the IR radiation to the particle temper-
ature, see Appendix A.

The images obtained from the IR-camera have a different reso-
lution than the images obtained from the visual camera. Therefore,
the images are divided in the same windows as the solid fraction
fields. The solid fraction map is coupled to the temperature field
of the bed, resulting in the particle temperature field.

To couple the hydrodynamic behaviour to the particle temper-
ature distribution in the bed, the temperature field (T) needs to be
processed using the solid fraction ep following Eq. 1. This results in
a time-averaged particle temperature field (< Tp >) from which a
Probability Density Function (PDF) of the temperature distribution
is obtained. The averaging is done over approximately 300
measurements.

< Tp >¼

Xn
t¼1

epT=ep

Xn
t¼1

ep=ep
ð1Þ

Because of the inlet temperature differences discussed in Sec-
tion 2.1, the particle temperature distribution is presented relative
to the mean temperature, centring the PDF at zero. This allows us to
compare different fluidization experiments regardless the tempera-
ture differences. To evaluate the particle temperature distribution,
the standard deviation (r, Eq. 2) is used to describe the width of
the distribution around the mean value.

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

ðTi � TmeanÞ2
vuut ð2Þ
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The asymmetry of the distribution is measured with the skewness
(l3) from Eq. 3 (Joanes and Gill, 1998). It describes the direction
in which the distribution leans, a negative value means a preference
for higher particle temperatures.

l3 ¼
1
n

Xn
i¼1

ðTi � TmeanÞ3

1
n�1

Xn
i¼1

ðTi � TmeanÞ2
" #3=2 ð3Þ
2.4. Experimental conditions

Throughout the experiments, several parameters were chan-
ged: the particle Geldart class, the fluidisation regime and fluidis-
ation mode. In the setup, the fluidisation mode corresponds
either to normal or spouted bed operation. To obtain a good ther-
mal contrast, the reactor was heated from room temperature to
approximately 50 �C and allowed to reach a thermal equilibrium.
The set-point of the gas heaters remained unchanged, but the tem-
perature of the inlet gas was dependent on the set-point of the
mass flow controller, as discussed in Section 2.1.

The particles used in the experiments are made from glass and
have a density of 2526 kg m�3. Geldart B and D particles have been
used. The sauter-mean diameter for the Geldart B class particles is
591 �138 lm and for the Geldart D class the sauter-mean diame-
ter is 899�164 lm. For the PIV measurements, this results in 3 and
5 pixels per particle diameter, respectively. The bed loading was
set using a volumetric measure, because the calibration of the IR-
camera is sensitive to the amount of particles in the bed, which
is explained in more detail in Appendix A. The volume used was
96 mL resulting in an equal width and height when the bed is
packed. For both particle types, this corresponds to a bed mass of
145 grams.

The minimum fluidization velocity of each particle class was
established using the information from the differential pressure
sensor in the bed. The gas flow rate was increased step by step with
a 30 s interval. Once the bed started to fluidise, the velocity was
decreased with the same step size and time interval. All the
reported fluidisation velocities (Uf & Usp) in this work are nor-
malised with the corresponding minimum fluidisation velocity
(Umf ), which is 0:26 m=s and 0:53 m=s for Geldart B and D,
respectively.

For the Geldart D particles, three fluidisation velocities were
used in order to obtain three regimes: bubbling fluidisation, turbu-
lent fluidisation and the transition regime between turbulent and
fast fluidisation. For the Geldart B particles, similar regimes were
chosen from the fluidisation regime map from Kunii and Leven-
spiel (Kunii and Levenspiel, 1991). Spout fluidisation conditions
Table 1
Overview of applied experimental fluidisation conditions. The velocities Uf and Usp are nor
Geldart B and D respectively.

Normal fluidisation Spout fluidisation

Geldart B Geldart D Geldart B
Uf Uf Uf

1.0 1.3 1.1
1.1 1.7 1.1
2.0 2.2 1.1
3.0 2

2
2
3
3
3

5

were also investigated for both particle sizes. The conditions for
the Geldart D particles were chosen from the spout fluidisation
regime map of Link et al. (2005). For the Geldart B particles, such
a regime map was not available, thus the background velocities
(Uf ) from the normal fluidisation mode were combined with three
spout velocities (Usp) to be able to differentiate between the effect
of the spout velocity and the background velocity. In Table 1, all the
fluidisation conditions are shown.

At the start of the experiment, the reactor was allowed to heat
up and reach thermal equilibrium. When the temperatures in and
around the bed were stabilised, an experiment was performed.
Afterwards, new parameters were set and the temperature was
again allowed to stabilise before the next measurement. This
ensures all measurements are taken at the thermal equilibrium,
which is critical for time-averaged measurements.

To gain insight on the pseudo steady-state particle temperature
distributions, the effective heat loss from the bed is needed. To cal-
culate this, the temperature is measured at the inlet of the gas dis-
tributor, the inlet and the outlet of the bed, the outside of the
sapphire window, the outside of the PMMA wall and the climate
controlled room. Combined with the temperature measured from
the IR-camera, the heat losses are estimated.

To identify the key mechanism for the heat loss, the thermal
resistances were estimated. It was concluded that the radiation
and free convection from the sapphire window to the air surround-
ing the FBR are the dominant mechanisms. By using the informa-
tion from the thermocouples, the theoretical heat loss was
calculated using the properties in Table 2. The maximum differ-
ence with the measured heat losses is 5%.
3. Results

For characterisation of the fluidisation behaviour, the vector
field from the PIV measurements is used. However, minor changes
with respect to the fluidisation regime boundaries are not captured
well by these measurements. In combination with the thermal
energy loss data and the bubble frequency information, the system
behaviour can be characterised.

3.1. Geldart B

For the Geldart B particles, the temperature distribution is also
determined at minimum fluidisation velocity. Due to the minimal
mixing prevailing in this fluidisation regime, it is expected that
the bed will behave similar to a packed bed. The particle tempera-
ture in a packed bed would decrease linearly along the axial direc-
tion of the bed. The resulting temperature PDF would be wide and
flat. Fig. 2a shows that the temperature distribution for Uf ¼ 1 is
similar to a packed bed. The temperature distribution is wide, flat
malised with the minimum fluidisation velocity. Which are 0:26 m=s and 0:53 m=s for

Geldart D
Usp Uf Usp

29 1.1 47
59 1.2 42
87 1.5 25
29
59
87
29
59
87
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and symmetrical with a spread of approximately 6 �C. The distribu-
tion is not totally straight due to thermal losses through the side
walls (and front window).

Fig. 2a also shows narrowing of the distributions and more
asymmetry with increasing fluidisation velocity. To quantify the
width of the distribution, the standard deviation (r) is used, while
the skewness (l3) is a measure for the asymmetry of the distribu-
tion, which are given for the Geldart B particles in Fig. 3a and b,
respectively. The standard deviation confirms narrowing of the
Fig. 2. Particle temperature distributions (eq: 1) for normal and spouted fluidisation of
Background fluidisation velocities. b: 1.1 Uf .

Table 2
Physical and thermal properties of the bed materials and air used to calculate the
dominant energy loss mechanism.

Property Sapphire PMMA Air Unit

q 3980 1190 1.2014 kg m�3

Cp 0.7744 1.466 1.0049 kJ kg�1K�1

k 27.21 0.07 2.62e-2 W m�1K�1

dwall 0.003 0.02 - m

0.5 1 1.5 2 2.5 3 3.5
Uf (-)

0

0.5

1

1.5

2

2.5

S
ta

nd
ar

d 
D

ev
ia

tio
n 

(
)

U
sp

 = 0

U
sp

 = 29

U
sp

 = 59

U
sp

 = 87

(a)

Fig. 3. a: Standard deviation and b: Skewness (l3) of t

6

temperature distribution with increasing velocity. The decrease
in skewness with increasing velocity confirms that the distribution
is shifting towards a higher temperature. Therefore, the standard
deviation and skewness are useful indicators to capture the beha-
viour of the distribution.

After determining the effect of Uf on the temperature distribu-
tion, the effect of Usp is investigated. Fig. 2b reports the tempera-
ture distributions for varying spout velocities. In this graph, the
background fluidisation velocity is kept constant at 1.1 Umf , while
the spout velocity is increased from 0 to 87 Umf . Fig. 3 shows the
standard deviation and skewness of these distributions. The distri-
butions show an increase in the standard deviation and skewness
with increasing spout velocity. However, the skewness for results
using Usp ¼ 29 and Usp ¼ 87 seem identical. Fig. 4 shows the parti-
cle temperature fields and the solids flux vectors corresponding to
the results in Fig. 2b. Due to the flow-dependence of the reactor
temperature, the temperatures have been centred around zero,
using Eq. 4, the focus of this figure is to accentuate the distribution
of thermal energy.
the Geldart B type particles. The PDFs sum to 1, more is discussed in Section 4. a:
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he PDF of the Geldart B fluidisation experiments.
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(c) (d) 

Fig. 4. Normalised particle temperature field (eq: 4) for spouted fluidisation of the Geldart B type particles using Uf ¼ 1:1 with respectively a: Usp ¼ 0 b: Usp ¼ 29 c: Usp ¼ 59
d: Usp ¼ 87.
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Tn ¼ Ti � Tmean ð4Þ

Fig. 4a and b show a difference in the temperature distribution,
which is due to a change in fluidisation regime induced by the
spout velocity, i.e. the well-distributed temperature, due to the
bubble induced solids mixing, transforms into a spout dominated
system with stagnant zones at the bottom. When increasing spout
7

velocity to 57 Usp, a more uniform temperature field is achieved.
Increasing the spout velocity even further causes the stagnant
zones to reappear. These stagnant zones barely participate in the
circulation of the solids and the background velocity is not high
enough to promote the formation of bubbles at these locations.
This compares closely to the ”jet in fluidised bed” regime charac-
terised by Link et al. (2005) for Geldart D particles. This behaviour
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Fig. 5. a: Relative thermal energy losses for Geldart B particle systems b: Bubble frequency data for the Geldart B system. Note that, U=Umf refers to the superficial gas
velocity, normalised by Umf .
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reduces the uniformity of the temperature distribution and this is
reflected in the skewness values for the experiments with Usp ¼ 29
and Usp ¼ 87.

By comparing the standard deviation and skewness of the par-
ticle temperature distribution, it is possible to detect changes in
the fluidisation regime. The gap between the standard deviation
and skewness values in Fig. 3 for the experiments with Uf ¼ 2
can be explained by studying the bubble frequencies found in
Fig. 5b, as the vector field of the PIV measurements are not suffi-
cient to characterise the fluidising behaviour at the regime bound-
aries. Note that in Fig. 5b, U=Umf refers to the superficial gas
velocity, normalised by Umf . In the measurements with Uf ¼ 2,
the bubble frequency does not increase monotonically, signifying
a change fluidisation behaviour. The energy losses presented in
Fig. 5a support this as the energy loss increases for those specific
conditions. Therefore, it is concluded that the experiments with
Uf ¼ 2 & Usp ¼ 0 and Usp ¼ 29 feature less pronounced solids
motion compared to the experiments with higher spout velocities.
This explains the gap in the standard deviation and skewness val-
ues in these measurements.

Finally the results for Uf ¼ 3 at varying spout velocities are
studied. In Fig. 3a and b, the standard deviation and skewness
seem to linearly depend on Usp, except for the experiment with
Usp ¼ 29. This deviation is also observed in the relative energy loss.
This is remarkable, as there is almost no difference in the velocity
maps, as shown in Fig. 6, and in the bubble frequency. Although the
standard measurements only show small indications of changes in
the fluidisation regime, the standard deviation and skewness are
still able to capture the deviation well.
3.2. Geldart D

For the Geldart D particles, the temperature distributions are
shown in Fig. 7, while the standard deviation and skewness are
given in Fig. 8. Similarly to the Geldart B particles, the standard
deviation and skewness decrease with increasing gas velocity.
For experiment with the highest fluidisation velocity Uf ¼ 2:2,
there is an inconsistency in the trends in the standard deviation
and skewness, which is discussed in Section 4.1.

Fig. 7b shows that the temperature distribution is narrower in
the background dominated regime, while the distribution broad-
ens when the fluidisation is governed by the spout. This suggests
8

that of these three regimes, the background dominated regime
has the highest temperature uniformity. This change in uniformity
is not well reflected by the standard deviation in Fig. 8a. However,
the skewness in Fig. 8b, decreases with increasing Uf and decreas-
ing Usp and indeed suggests an increase in temperature uniformity.

Additionally, Fig. 8 shows that experiments with similar aver-
age superficial gas velocities, e.g. the experiments with Uf ¼ 1:3
and Usp ¼ 0 compared with the experiment with Uf ¼ 1:1 and
Usp ¼ 47 and the experiment with Uf ¼ 1:7 and Usp ¼ 0 compared
with the experiment with Uf ¼ 1:5 and Usp ¼ 25, have the same
standard deviation and skewness, i.e. experiments with similar
superficial gas velocity show the same temperature distribution.
However, the energy loss in the system is less when using a spout,
as shown in Fig. 9a.

This behaviour is explained by the particle temperature and
velocity fields given in Fig. 10b. At low background velocities, the
flow pattern in the reactor is dominated by the spout. In spout flu-
idised beds, the high velocity in the centre of the bed creates a fun-
nel shaped circulation zone with stagnant zones on the side. When
the background velocity is increased, the dominance of the spout
reduces. The experiment with Uf ¼ 1:5 and Usp ¼ 25 seems to be
the most effective combination between spout and background
velocity, because the background velocity is sufficient to remove
the dead-zones, while the spout increases the overall circulation
in the bed.
4. Discussion

4.1. Particle temperature distribution graphs

The PDFs in Figs. 2 and 7 have a significant tail, because the
temperatures measured in the disengagement zone are less accu-
rate compared to the bulk of the bed. This is due to the averaging
over the interrogation window for the 3D solids volume fraction
map. However, the narrow tail of the distribution is not shown
to improve readability of the PDF graphs. Besides the improved
readability, we removed them because the particles in the tail
are generally disengaged particles or raining particles in the bub-
bles. It is challenging to accurately measure the temperature of
these particles as the images of the visual and IR-camera cannot
be overlaid completely without averaging due to the small depth
of the bed. The location of disengaged particles varies between
the cameras due to the positioning angle.
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Fig. 6. Normalised particle temperature field (eq: 4) for spouted fluidisation of the Geldart B type particles using Uf ¼ 3 with respectively a: Usp ¼ 0 b: Usp ¼ 29 c: Usp ¼ 59 d:
Usp ¼ 87.
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The measurement error increases at higher velocities when par-
ticles start to erupt more vigorously, which is caused by the use of
the time-averaged solids fraction field as a measurement delimiter.
The error of the particle temperature distribution at higher veloc-
ities is more prevalent for the Geldart D particles as was noticed
in Section 3.2 (Fig. 11). A reason for the increased error for the Gel-
dart D particles is the light scattering effect, which increases with
decreasing particle diameter. This scattering of light affects the
9

measurements, because the determination of the solids fraction
is based on the light intensity of the images.

In addition, the calibration of the IR-camera is based on the par-
ticles being in the emulsion phase. Therefore, the temperature of a
single hot particle against a colder background can not be captured
accurately. This increases the measurement error for Geldart D
particles as they do not erupt in the form of large clusters, which
is the case for Geldart B particles. As most of the experiments



Fig. 7. Particle temperature distribution (Eq: 1) of the Geldart D type particles for a: normal and b: spout fluidisation. The PDFs sum to 1, more is discussed in Section 5.
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Fig. 8. a: Standard deviation and b: Skewness (l3) of the PDF of the Geldart D fluidisation experiments.
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Fig. 9. a: Relative thermal energy losses for Geldart D particle systems b: Bubble frequency data for the Geldart D system.
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(a) (b)

(c)

Fig. 10. Normalised particle temperature field (eq: 4) for Geldart D type particles under spouted fluidisation conditions with a: Uf ¼ 1:1 Usp ¼ 47 b: Uf ¼ 1:2 Usp ¼ 42 c:
Uf ¼ 1:5 Usp ¼ 25.
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reported in this work deal with lower velocities, thus resulting in
less particle eruption, the current method has been deemed
suitable.

4.2. Bubble frequency

In the back wall of the reactor, a differential pressure sensor
measures the pressure drop over the bed. These measurements
11
can be used to determine the minimum fluidisation velocity, but
are also useful to characterise the fluidisation behaviour. Note that
the opening of the spout is located close to the pressure sensor and
could disturb the differential pressure measurements at high spout
velocities.

The pressure sensor measures at high frequency, allowing the
application of a Fast-Fourier Transform (FFT) on the signal to
retrieve the dominant pressure oscillations. These oscillations are



(a) (b)

(c)

Fig. 11. Normalised particle temperature field (eq: 4) for Geldart D type particles under normal fluidisation conditions with a: Uf ¼ 1:3 b: Uf ¼ 1:7 c: Uf ¼ 2:2.
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caused by the rising bubbles and are related to the bubble fre-
quency (Baskakov et al., 1986; Lu and Li, 1999). With increasing
gas velocity, the bubble frequency typically increases, but the devi-
ations in this trend suggest a difference in fluidisation regime. The
bubble frequency analysis was performed over a time interval of
5 min.

At low fluidisation velocities, the influence of the bubbles on the
pressure drop is low, reducing the accuracy of the measured bub-
12
ble frequency. Especially at the minimum fluidisation velocity the
determination of the bubble frequency is difficult, as almost no
bubbles form. Therefore there is no bubble frequency reported at
the minimum fluidisation velocity.

Figs. 5b and 9b show the resulting bubble frequencies based on
the FFT analysis. It should be noted that bubble frequencies do not
show a sharp peak at a singular frequency, but rather a frequency
distribution. The graphs represent the frequencies with the
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maximum power as is common in the field (Kim et al., 2003; Lu
and Li, 1999; Yoshida et al., 1969; Yoshida et al., 1969).

4.3. Limitations

The current experimental setup, as described in this work, has a
some physical limitations. Due to the wall materials, PMMA, the
temperature in the bed should remain low, as it softens around
150 �C. Additionally, chemical reactions should not be performed
in the reactor as it was not designed to be chemically inert, nor
was it designed for ATEX environments.

However, the data acquisition and processing techniques can be
applied to any pseudo-2D fluidised bed setup. The size of the reac-
tor to which this reactor can be applied is determined by the prop-
erties of the cameras and lenses. The recording speed of the
cameras is important when high velocities are present in the
bed. When the particles move too much during the exposure of
the camera sensor, motion blur might occur. It should be noted
that all dimensions can be changed to study different systems,
but the depth of the psuedo-2D set-up is dependent on the particle
size.

Additional limitations are those of the PIV and IRT techniques.
First of all, the PIV technique requires a sufficiently high resolution
to properly estimate the velocity in the image, i.e. the resolution
should be such that the individual particles are visible. This means
that the usable particle size is dependent on the recording distance
and the camera resolution.

The accuracy of the IRT depends on the transmittance of the
front window and the intensity of the radiation. The low tempera-
tures used in this work result in a relatively low amount of radia-
tion. Therefore a high transmittance is required and thus sapphire
glass was used. In principle, other IR transmitting materials can be
used, but these generally have lower transmittance properties and
thus require a higher radiation amount to provide enough
accuracy.
5. Conclusions

PIV and IRT have been used to study solids motion and thermal
characteristics of a gas fluidised bed operated in different fluidisa-
tion regimes and modes. The combined techniques provide
detailed instantaneous whole-field data on the solids flux and tem-
perature of the particulate phase. The time-averaging of the instan-
taneous measurements provides particle temperature
distributions which are representative for the time-averaged beha-
viour of the bed. The use of the standard deviation and skewness of
these distributions were proven useful to detect changes in fluidi-
sation behaviour and associated changes in solids motion.

For Geldart B class particles, the standard deviation and skew-
ness show an increase in temperature uniformity with increasing
spout velocity and/or increasing background velocity. The devia-
tions in this trend capture changes in the fluidisation regime,
which are confirmed by the relative energy loss and bubble fre-
quency data. Similar trends were found for the Geldart D class par-
ticles. Generally, the spout velocity tends to increase the overall
temperature uniformity of the bed by changing the fluidisation
regime. For high fluidisation velocities, the measurement of the
particle temperature becomes less accurate due to the eruption
of the particles in the splash zone of the bed.

5.1. Applications

A mentioned in Section 4.3, the current PIV-IRT technique can
be applied to any pseudo-2D fluidised bed system. The time aver-
aged particle temperature distribution can be used to investigate
13
the temperature distribution in the bed under varying operating
conditions.

In this work, the heat was provided through the gas-phase,
however other thermal configurations could be applied. Heat could
be supplied to the particles through e.g. micro-waves or reaction
heat. Besides heating methods, cooling processes and their effi-
ciency can be analysed. As the fluidised bed reactors are often used
for exothermic chemical transformations, the removal of the reac-
tion heat is critical to control the process. A common method in
gas-phase poly-olefin production is to add a cooled inert gas to
the feed. The effects on the solids motion in the bed can be studied
in conjunction with the effects on the thermal distribution in the
bed. Other novel cooling techniques can be investigated, character-
ising the influence on the solids motion and possible formation of
hot and cold spots.

The benefit of the whole-field imaging technique is that the
dependence on the internals of the bed are minimised. Time-
averaging the acquired data allows to characterise the operating
condition of the bed, despite the instantaneous character of each
measurement.
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Appendix A. IR calibration

To determine the particle temperature with the IR camera, the
IR radiation should travel from the emitting particle to the sensor.
Along its path, the radiation will encounter the bed window, the air
between the camera and the bed and the camera lenses. Each
encounter with an object will affect the captured IR-radiaton. As
a consequence, the amount of radiation captured does not exactly
represent the temperature of the particles in the bed. In addition,
the amount of particles used is of importance during the calibra-
tion procedure. With a higher particle loading, the IR-signal is
higher for the same temperature captured. Therefore, a custom cal-
ibration curve was made using the method described by Patil et al.
(2015).

In this method the amount of radiation captured by the sensor,
is directly correlated with the temperature measured by a glass
particle attached to a thermocouple in the vicinity of the bed win-
dow. After placing the sensor, heated particles are poured in the
bed. The whole system is allowed to cool down, which is recorded
by the IR-camera and thermocouple. In this way, the IR-camera
signal can be compared to the thermocouple data to obtain a cali-
bration curve. This calibration was performed three times for both
particle sizes. The particle size did not influence the calibration
curve significantly. Therefore, the results of all the particles sizes
are combined.

The resulting conversion equation for the IR-signal, Digital Level
(DL), to temperature is:

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DLþ a
A � c

4

r
þ b ð5Þ

where A is the surface area of the particle bed seen from the camera.
The equation used originates from the power of radiation from a
non-black body, which can be calculated from the temperature.
a ¼ 1500; b ¼ �85 and c ¼ 0:001 are fitting parameters.

Appendix B. Thermal losses

The energy loss information reported in Figs. 5a and 9a is used
to support the observations in the temperature distributions. This
information is obtained from an energy balance. The temperatures
used in the balance are obtained from the thermocouples placed
around the bed. The uncertainty caused by the thermocouples
results in a maximum error of 6% in the energy loss calculation.
Due to the influence of the flow (/) on the inlet temperature, the
energy losses are normalised by the inlet energy according to Eq.
6. The inlet flow consists of the gas-flow from the gas-distributor
(/f ) and from the spout (/sp).

Eloss ¼ 1� Tout � /out

Tf � /f þ Tsp � /sp

 !
ð6Þ

The energy losses are reported using a relative velocity, as the
balance is made over the whole bed. Fig. 5a suggests that the flu-
idisation with lower velocities result in lower energy losses. How-
ever, this trend is caused by the dependence of the inlet velocity on
the inlet temperature. The decrease in the inlet temperature will
decrease the temperature difference between the bed and the sur-
roundings, which will cause the decreases in the energy loss.
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