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� A novel non-invasive experimental
technique has been developed and
validated.

� To allow high T operations the PIV is
carried out with endoscopes and
lasers.

� Hydrodynamics of fluidized beds can
be studied at high T and under
reactive conditions.

� First tests show interesting effects of
temperature on hydrodynamics.
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To enable the investigation of the hydrodynamics of gas–solid fluidized bed reactors at high-
temperatures and reactive conditions, a new non-invasive experimental technique has been devel-
oped, based on the extension of Particle Image Velocimetry (PIV) coupled with Digital Image Analysis
(DIA) using dedicated high-temperature endoscopes for image recording and laser illumination. The new
endoscopic-laser PIV/DIA technique (ePIV/DIA) allows to determine simultaneously information from the
emulsion and bubble phase with high spatial and temporal resolution in a pseudo-2D columns.

The ePIV/DIA technique with single-source laser illumination has first been thoroughly validated at
cold-flow conditions by comparison with a standard PIV/DIA technique with LED-illumination, showing
very good agreement of the results in terms of particle velocity and solids mass flux profiles. The
technique has subsequently been applied to fluidized beds in the bubbling fluidization regime at elevated
temperatures to demonstrate its unique possibilities to measure detailed bed hydrodynamics at elevated
temperatures.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Gas–solid fluidized bed reactors have been used in the che-
mical industry for several decades. These reactors have found
widespread application due to their efficient mass and heat
transfer capabilities, obtained from the vigorous solids mixing
induced by the gas bubbles rising through the bed (Yang, 2003). In
these reactors there is a strong interplay between the bubble
behavior and the solids motion. While the solids movement
depends on the bubbles rising through the bed, the bubble phase
properties (diameter, rise velocity, local bubble fraction) depend
strongly on the solids velocity and the solids interactions. There-
fore, it is important to obtain information on the hydrodynamics of
both phases simultaneously. Moreover, many industrial fluidized
bed are operated at high temperatures; e.g. steam reforming
reactors, polymerization reactors, among others. To design these
reactors, phenomenological reactor models for gas–solid fluidized
bed reactions have been developed (Kunii and Levenspiel, 1991;
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Yoshida and Wen, 1970; Adanez et al., 2012), but these models rely
heavily on constitutive equations for fluid dynamic characteristics
(e.g. equivalent bubble size and bubble rise velocity). Typically,
these correlations have only been obtained from measurements in
fluidized beds operated at cold-flow conditions and without che-
mical reactions, and are subsequently extrapolated to high tem-
peratures and reactive conditions. To improve both reactor design
and operation, a better understanding of the prevailing phenom-
ena occurring in fluidized beds at elevated temperatures is
strongly required. For this, an experimental tool is required that
not only allows the study of the hydrodynamics at elevated tem-
peratures, but also provides information from the bubble and
emulsion phase simultaneously.

In open literature, most of the experimental research on the
hydrodynamics of fluidized beds is focused either on the solids
phase or on the bubble phase at room temperature. The experi-
mental techniques to study the hydrodynamics of fluidized beds
are divided in invasive and non-invasive techniques. An excellent
review of invasive techniques focused on the industrial practice
was presented by Werther (Werther, 1999). Direct measurement of
local solids fluxes are obtained by the use of a suction probe which
is also designed for high temperature conditions. The probe can be
rotated to measure either the upward or downward solids flux.
The major issue for small research set-ups is the intrusiveness and
the disturbance of the solid patterns caused by the probe size
(Werther, 1999; Hage and Werther, 1997). Capacitance systems
measure the local dielectric constant of the gas–solid suspension,
which is correlated to the local volume fraction of the solids
(Wiesendorf and Werther, 2000). The main concerns are its
intrusiveness and that electrically charged surfaces might produce
“stray capacitances” that interfere with the measurement (elec-
trostatic charging of particles is often encountered in fluidized bed
reactors). Optical fiber probe create a minimal disturbance in the
flow, if properly designed. For the measurement of the local solids
volume concentration, the optical fiber has to be calibrated which
is the major difficulty, since it is practically impossible to create
homogeneous gas–solid concentrations over a wide range of solids
concentrations (Werther, 1999)..

An extensive review on the principal non-invasive techniques
developed in last decade was done by (Mudde and Robert, 2007).
These techniques are capable to estimate the bubble hold up, as
well as the solids fluxes and bubble size (and distribution).
Chaouki and Dudukovic (Chaouki and Dudukovic, 1997) classified
non-invasive techniques into tomography and radiography tech-
niques as well as velocimetry techniques. Major disadvantages of
tomography and radiography techniques are safety issues related
to handling of radioactive materials, in addition to the difficulty to
get information of gas and solids circulation patterns simulta-
neously, and the poor spatial and temporal resolution of these
techniques. Examples of nuclear tomography and radiographic
techniques are X-ray computed tomography (XCT), positron
emission tomography (PET), X-ray diffraction tomography (XDT),
and examples of non-nuclear techniques are electrical capacitance
tomography (ECT) and ultrasonic tomography. As for velocimetry
techniques, Positron Emission Particle Tracking (PEPT) and radio-
active particle tracking (RPT) have been developed to follow the
motion of a single particle rather than the solids distribution
(Mudde, 2008). Different researchers (Radmanesh et al., 2005;
Sanaei et al., 2007) reconstructed the solids circulation patterns in
a bubbling fluidized bed using RPT of a radioactive particle.
Another velocimetry technique, namely Particle Image Veloci-
metry (PIV) has been used to measure the emulsion phase circu-
lation patterns in a bubbling fluidized bed at room temperature
(Bokkers et al., 2004). Due to the required visual access, PIV is only
applicable to pseudo-2D fluidized beds. Laverman et al. (2008)
coupled PIV with a Digital Image Analysis (DIA) technique to
estimate simultaneously the solids circulation patterns and bubble
properties with high spatial and temporal resolution. PIV/DIA has
only been applied to cold-flow conditions.

As for the influence of temperature on the hydrodynamics of
dense gas–solids fluidized beds, experimental studies are very
limited. Radmanesh et al. (2005) made use of RPT to study the
solids mixing of a silica-sand bubbling fluidized bed at different
temperatures (25–400 °C). They reported that the axial mixing is
enhanced by the increase in temperature. Also Sanaei et al.
(2007) used RPT to investigate the effect temperature on particle
velocity of a sand fluidized bed. They found out that particle
velocity increases in the temperature range 25–300 °C,. However,
it decreases at temperatures between 300–700 °C; the authors do
not provide a possible explanation for this phenomena. Using a
high temperature optical fiber probe, Cui et al. (2003) found out
that for FCC particles the local solids hold up, as well as emulsion
fraction and the solids concentration decrease as temperature
increases (up to 420 °C). Moreover, the fluidization behavior
shifts gradually from a typical Geldat A type towards B. it is
mentioned that this phenomena could not be completely
explained by changes in gas properties, but also by changes in
inter particle forces. Attraction forces between particles are
weaker at higher temperatures (Lettieri et al., 2000), leading to a
lower solids hold up (more space between particles). More
recently, Girimonte and Formisani (2014) applied bed collapse
tests and video recording of bubbles burst to investigate the
bubbling behavior of a FCC catalyst up to 700 °C. it was reported
that bubble hold up increases at higher temperatures, while the
bubble size decreases. The authors associate this behavior with
the increase in cohesiveness of emulsion phase due to thermally
induced inter particle forces.

The aim of this work is to further extend the application of PIV/
DIA to dense gas–solids fluidized beds at elevated temperature,
allowing to investigate the effect of temperature on bubble and
emulsion phase simultaneously. PIV measurements have already
been done at elevated temperatures or where visual access is
difficult with the aid of a dedicated endoscope (Rottier et al., 2010;
Auteri et al., 2006; Dierksheide et al., 2002). Generally, endoscopes
have been employed for mechanical inspection and process
monitoring. However, endoscopic PIV has been applied on a
laboratory-scale furnace operating in the flameless mild combus-
tion regime (Rottier et al., 2010). Measurements were done with
the aid of a high temperature endoscope coupled with a PIV CCD
camera. The velocity field was obtained by seeding methane and
air with zirconium dioxide particles. Dierksheide et al. (2002) used
endoscopes to create the light sheet plane and for the PIV
recording to investigate the internal flow in a cylinder of internal
combustion engines. Oil droplets of 1–2 μm in diameter were used
for seeding the flow. As for applications at room temperature with
restricted optical access, an endoscopic PIV system was developed
by Auteri et al. (2006) to investigate the mean flow and wall tur-
bulence properties in a 0.1 m helical pipe coil. Also, endoscopic PIV
has been applied in pipelines with bends and flow conditioners to
investigate the flow characteristics (Xiong et al., 2003).

In the present work, firstly the novel endoscopic-laser PIV/DIA
technique for gas–solids fluidized bed at elevated temperatures is
described. Then, the technique is validated at room temperature
by comparison with results obtained with a standard PIV/DIA
technique using LED illumination (hereafter indicated as LED-PIV/
DIA). Finally, measurements at temperatures up to 450 °C are
presented to demonstrate the capability of the technique.
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2. Experimental technique

2.1. PIV/DIA

Particle Image Velocimetry (PIV) is an optical non-intrusive
technique that was initially used to investigate fluid dynamics of
liquid or gas–liquid systems (Search et al., 1997). Later the appli-
cation of PIV was extended to gas–solid dense fluidized beds
(Bokkers et al., 2004). In the past years, PIV/DIA has been applied
extensively to investigate the hydrodynamics of fluidized bed
reactors in different configurations (Laverman et al., 2008; Julián
et al., 2012; van Buijtenen et al., 2011), including membrane
reactors (De Jong et al., 2011) and micro-structured fluidized beds
(Dang et al., 2014). PIV measurements consists of a CCD camera
taking consecutive images with a short inter-frame time. Every
image is divided in interrogation areas where cross-correlation is
done to calculate the most probable particle velocity (Laverman et
al., 2008). In this work, images are processed with the third party
software DAVIS. A multi-pass algorithm combined with a 50%
decrease and overlap of the interrogation areas is used to recon-
struct the instantaneous velocity vectors over the whole field of
measurement. The inter-frame time and the size of the inter-
rogation areas are selected to minimize the error caused by out-pf
plane motion, for further details see (Westerweel, 1997). All the
recordings in this work are done with an inter-frame time of 1 ms
with a frequency of 2 Hz. The size of the interrogation area is
256�256 or 128�128 pixels, depending on the image resolution.

DIA is an image post-processing algorithm capable to distin-
guish the bubble and emulsion phases based on pixel intensity.
The algorithm starts by correcting inhomogeneous illumination
and lens effects in the images. Then, the script calculates the
bubble properties per image (equivalent bubble diameter, bubble
rise velocity) by the use of a predefined threshold to identified the
bubble phase (Laverman et al., 2008).

Combining PIV and DIA allows to correct the velocity vectors
for the difference in solids fraction in every interrogation area
(Laverman et al., 2008; van Buijtenen et al., 2011). To do so, the
image intensity is normalized within a range between 0 and 1,
assigning 0 to the bubble phase and 1 to the highest intensity on
the emulsion phase. Afterwards, pixel intensities are averaged over
areas of the same size as the interrogation areas from PIV calcu-
lations. The averaged intensity is converted to the instantaneous
solids hold up by the use of the correlation by De Jong et al (De
Jong et al., 2012). Finally, the instantaneous velocities and solids
hold up are multiplied, and averaged over time (the total number
Fig. 1. High-temperature optical endoscope (cou
of images) obtaining the time averaged emulsion velocity.

vih i ¼ 1
Nf

XNf
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� �
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In addition DIA calculates the time averaged solids hold up as
follows:

ε ih i ¼ 1
Nf

XNf

f

εi;f
� � ð2Þ

In this work, the bubbles are considered to be free of particles,
therefore, the solids holds up inside the bubble is set to 0, cor-
recting at the same time the vector images for particle raining
through the bubbles.

The lack of studies of PIV/DIA at high-temperature relies on the
difficulties associated with inevitable heat losses in a pseudo-2D
fluidized bed and the required visual accessibility.

2.2. High temperature set up

The first step to extend PIV/DIA to high temperatures is to
define the heating mechanism. Due to the large heat losses of a
transparent pseudo-2D bed, the column is located inside a high-
temperature furnace; this also provides homogeneous heating. As
a consequence, the PIV camera has to stay out of the furnace. A
first trail to get visual access to the column inside the furnace was
done through a glass window at the front door of the furnace. Due
to the restricted field of view and the heat losses through the glass
window, which were a risk for people and equipment, the use of a
high-temperature endoscope was explored.

High-temperature endoscopes are typically used for inspection
of glass furnaces and can thus work at very high temperatures
(41000 °C). Fig. 1 displays a sketch of the cooling features of the
high-temperature endoscope. A continuous flow of air is fed to the
endoscope jacket and comes out as coaxial flow around the tip-
lens (16 mm in diameter) to ensure thermal protection and avoid
dust attaching to the lens. Cooling water flows through the cooling
jacket to protect the rest of the optics (18 mm in diameter) inside
the endoscope. The endoscope has a C-mounted end to allow the
connection to any type of camera.

Preliminary tests to use the high temperature optical endo-
scope for PIV measurements were done in a cold-flow set up
(Table 1). A LaVision ImagerPro X (1600�1200 px) camera was
coupled to a 4 mm high-temperature endoscope. The illumination
was provided by LED lights. It was estimated that at least 8 times
more illumination was required to acquire images sharp enough to
distinguish the emulsion and bubble phase. Therefore, an
rtesy of Cesyco Kinoptic Endoscopy, France).
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endoscope with a larger tip-lens was tested. It was found that
increasing twice the size of the tip-lens decreases the required
illumination by a factor of 4, but still more illumination was
required.

Different cameras were tested to increase the capability of the
optical endoscope for PIV. It was found that increasing the camera
resolution by two, the required illumination for PIV was 8 times
less. In the present work, the Dantec Flowsense 16M
(1700�3048 px) is used, since it requires around 20 times less
illumination than LaVision ImagerPro X.

Cold-flow images taken with the Dantec camera and with the
camera coupled with the 8 mm optical endoscope are shown in
Fig. 2. Set up dimensions and operating conditions are listed in
Table 1. Illumination was provided by LED lights. The recorded
area was from 0.15 m to 0.4 m above the porous plate. The expo-
sure time of the recording with the optical endoscope was 20
times higher and the inter-frame time 5 times higher than the case
without the endoscope. Even with these extreme settings the
images recorded were quite blurry, making impossible to identify
individual particles; the main requirement to run PIV. Moreover, it
was not possible to distinguish clearly between emulsion and
bubble phase, mainly due to lack of illumination.

To overcome the lack of illumination, a double-pulse Nd:Yag
laser providing 532 nm light (Evergreen 70 mJ/pulse with adjus-
table energy) was tested. This kind of laser has already found its
application in PIV for gas–liquid applications (Adrian, 2005). For
instance, it has been applied to spray driers (Meyer et al., 2011)
and bubble columns (Delnoij et al., 1999) to determine the flow
Table 1
Cold-flow set up dimension and operating
condition.

Column dimensions

Width [m] 0.25
Height [m] 0.9
Depth [m] 0.015
Bed material Glass beads
Particle size distribution [mm] 400–600
Bed aspect ratio [-] 1.5
Fluidizing gas Air
Umf [m/s] 0.21
Superficial Velocity [m/s] 3Umf

Fig. 2. (a) Image taken without the optical endoscope, and (b) with
field. In these applications, the laser optics provide a laser-sheet to
illuminate the area of interest.

For the first time, to the knowledge of the authors, a double
pulse Nd:Yag laser is applied to illuminate a pseudo 2D gas–solid
fluidized bed. The first trial was carried out coupling two bi-
concave lenses to create a cone-laser. It was found that the use of
this laser provided higher power than the LED lights, however, the
brightness was decreased. In addition, an inherent property of the
pumped Nd:Yag lasers is the presence of pulse to pulse differences
in coherency, and when the beam subsequently passes through
the optics these differences are enhanced. Thus several high
intensity spots were detected on the surface of the fluidized bed.
To tackle these issues, a homogenizer was developed by Bayer-
isches Laserzentrum. The homogenizer minimizes pulse-to-pulse
differences and diverges the laser light. Moreover, the homo-
genizer was designed to illuminate a squared surface of
0.25�0.25 m2. The working principle of the homogenizer can be
found elsewhere (Zimmermann et al., 2007).

In order to supply illumination inside the furnace, the double-
pulse Nd:Yag laser was coupled to a custom made high-
temperature endoscope. The homogenizer is mounted at the end
of a 65 cm carbon tube (Fig. 3). The carbon pipe coupled with the
homogenizer is inserted in the high temperature cooling jacket
(Length¼740 mm, Diameter¼70 mm). The customized high-
temperature endoscope was designed and constructed by
OptoPrecision GmbH.

Contrary to the LED-lights, the high power laser provides
enough energy to run PIV. Fig. 4a depicts an image obtained from
the optical endoscope coupled with Dantec Flowsense camera.

Fig. 3. High-temperature laser endoscope.



Fig. 4. (a) Raw image taken with the 8 mm lens high temperature optical endoscope, and (b) instantaneous vector plot calculated by Davis.

Fig. 5. HT-ePIV/DIA set-up. (a) Internal chamber of the furnace, and (b) optical and laser endoscope inserted through the front door.
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the cold-flow set up (Table 1) with a 38 mm lens high temperature
optical endoscope and illumination provided by the high power
laser. The laser aims the bed from the left, leading high intensity
spot at the left and weaker illumination at the top and bottom
right corners. The circular profiles are inherent to the optical
endoscope, due to the lens array. Despite of the intensity profiles,
the image is sharp enough to distinguish clearly the emulsion and
bubble phases. Furthermore, illumination makes possible to detect
individual particles, enabling the optical endoscope for PIV mea-
surements. The instantaneous vector plot (Fig. 4b) shows a smooth
particle displacement, and no spurious vectors are found.

The use of an optical endoscope could bring geometric aber-
rations. Rottier et al. (2010) showed that the barrel distortion is the
main aberration encountered when running PIV measurements
with an optical endoscope. They reported two ways to correct for
it, one is particle image unwrapping, which corrects the distortion
before running PIV calculation, and the other is vector field
unwrapping, which determines the displacement field from the
PIV calculation after which the correction of the displacement field
is carried out. Dierksheide et al. (2002) have also found that barrel
distortion is the main aberration caused by the endoscope. They
have used the software Davis by taking an image of a calibration
target and obtaining a mapping function to correct the images
obtained with the endoscope. The lenses of the high-temperature
optical endoscope used in this work were calculated and mounted
by the supplier to minimize the image barrel distortion. To test the
effect of barrel distortion, the approach reported by Dierksheide
et al. (2002) has been used, where the mapping function was
obtained with the software Davis. It was found that there is a 3%
deviation, based on camera resolution, at the corners of the image.
The use of the mapping function increases the computation time
by 50% for every series and cuts off interrogation areas at the edge
of the images. Therefore, no correction for barrel distortion was
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deemed necessary in any of the endoscopic-PIV/DIA measure-
ments in this work.

In summary Fig. 5 shows the High Temperature set up for PIV/
DIA measurements. A pseudo-2D quartz column is installed in the
internal chamber of an industrial electrical furnace capable to
operate up to 1000 °C (N660 Nabertherm) equipped with an inert
sweep gas system (Fig. 5a). The bed width, depth and height are
0.25, 0.015 and 0.7 m respectively. The distributor chamber and
freeboard are made of Inconel. The porous plate is made of cera-
mic material with a mean pore size of 40 μm. An Inconel heater is
connected to the gas inlet to assure the fed gas enters the fluidized
bed at the same temperature as the furnace. The front door of the
furnace is supplied with holes in order to insert the two high
temperature endoscopes (Fig. 5b). The heat losses through the
holes is marginal and when a hole is not used, a plug made of
refractory stone is used to cover it. The high temperature optical
endoscope used in this work is a 38mm double jacket endoscope
manufactured by Cesyco Kinoptic Endoscopy and supplied by
OptoPrecision GmbH. The length of the optical endoscope is
940 mm, the tip lens is 16 mm while the lens mounted in the
double jacket are 18 mm diameter. The optical endoscope is cou-
pled with a Dantec Flowsense 16 M camera. Illumination is pro-
vided by the Nd:Yag double pulse laser Evergreen 70 mJ coupled
with custom made high temperature endoscope. The illumination
system is mounted over a rail system to guarantee good alignment
between the laser and the homogenizer. The laser is trigged
together with the camera shutter to allow 1 ms delay between two
consecutive images with a frequency of 2 Hz. Regarding safety, a
nitrogen flush system is included for emergency shutdown and/or
a quick purge of the fluidized bed.
Fig. 6. RMSD of the time averaged emulsion velocity.

Fig. 7. Contour plots of the solids hold-up (a) LED-P
3. Results and discussion

Before using the endoscopic-laser PIV/DIA at high tempera-
tures, it is necessary to validate the technique and examine the
effects of the optical endoscope and the high power laser on the
PIV/DIA results. This section covers firstly the validation of ePIV/
DIA at cold-flow conditions, followed by the demonstration of the
technique at elevated temperatures.

3.1. Validation of ePIV/DIA at room temperature

For the validation of the technique, LED PIV/DIA is considered
as benchmark, since it has already been validated by previous
researchers using Positron Emission Particle Tracking (Laverman,
2010). Conditions and set up dimensions for the cold-flow
experiments are listed in Table 1. The recorded area covers from
0.15 to 0.4 m above the porous plate.

Due to the expected space constrains in the furnace, the images
were taken with a resolution of 5 pixels per particle (2500�
2500 px). The interrogation area for PIV was 264�264 px to
minimize possible erroneous vectors in PIV calculations (Wester-
weel, 1997). On the other hand, in LED-PIV/DIA the resolution is
2 px/particle using an interrogation area of 128�128 px for PIV
calculations.

Firstly to get reliable time-average velocity vectors, indepen-
dent recordings made with ePIV and LED-PIV were time-averaged
over a different number of double frames or cases, viz. 250, 500,
1000, 1500, 2000, 2500, 3000, 3500, 4000 and 4500. The shutting
frequency for both techniques was 2 Hz and 1 ms inter-frame time.
Then, every case is compared stepwise to determine the minimum
number of double frames necessary to reach results that are
independent of the number of double frames. The Root Mean
Square Deviation (RMSD) was used to quantify the total deviation
among the time-averaged results and is defined as follows:

RMSD¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXIA
i

vcase1;i �vcase2;i Þ2
IA

 vuut ð3Þ

where N is the number of interrogation areas,
Fig. 6 shows the RMSD for the LED and ePIV/DIA. For both cases

the deviation is around 1% above 1500 double frames; reaching a
plateau in the RMSD. Concluding, 1500 double frames are suffi-
cient to obtain reliable time-averaged particle velocity.

3.1.1. Time averaged solids hold up
To attain repeatable and reproducible data, three independent

recordings were made. For the solids hold up, the two techniques
presented a variability lower than 10% among the three indepen-
dent recordings. The contour plots of the time-averaged solids hold-
up determined by LED-PIV/DIA and ePIV/DIA are shown in Fig. 7a
IV/DIA, (b) ePIV/DIA and (c) relative difference.
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and b. Both techniques estimate symmetrical solids hold-up pro-
files, and well defined dense zones at the side walls of the bed
where the emulsion phase flows downwards. Despite the high
intensity spot and the circular intensity profiles encountered in the
images obtained by ePIV/DIA, no distortion of the solids hold-up
plots is seen, indicating that the DIA algorithm is capable to correct
the inhomogeneous illumination. However, at the center of the bed,
where the solids rise in the wakes of the bubbles, ePIV/DIA deter-
mines a lower solids hold-up. This is related to the use of larger
interrogation areas in ePIV/DIA which leads to a decrease in reso-
lution at the bubble-emulsion interface due to averaging over a
larger area. As a result relatively larger bubbles are detected and
consequently a lower solids hold-up at the top-center of the bed
where the bigger bubbles are observed. At the top and bottom right
corners, where illumination is weaker, an underestimation of the
solids hold up is found. This is related to the nature of the corre-
lation used in converting image intensity to solids hold up (De Jong
et al., 2012), in which lower intensity leads to lower solids hold up.

Deviation between the techniques are quantified in every
interrogation area in Fig. 7c Negative values stand for over-
estimation of ePIV/DIA, and are basically located in the left side
where the laser aims the bed. Despite of the differences, 85% of the
total interrogations areas showed a deviation lower than 15%,
which is close to the 10% variability of LED-PIV/DIA.

3.1.2. Time averaged emulsion velocity
Regarding the estimated time-averaged emulsion velocity, both

techniques presented a variability lower than 7% within the three
independent recordings. As explained in Section 2.1, the DIA
algorithm combines the instantaneous velocity estimated by PIV
with the instantaneous solids hold-up obtained by DIA to correct
the emulsion velocity by the amount of particles per interrogation
area. Thus, discrepancies in solids hold up have an impact in the
emulsion velocity. Contour plots of the mean axial emulsion
velocity are depicted in Fig. 8. As expected for both cases, particles
in the emulsion phase move downwards near the walls, and
upwards in the center dragged in the wake of the bubbles. Both
cases show quite reasonable symmetrical patterns and similar
order of magnitude across the recorded area. Over estimation of
the velocity at the top-central section of the bed by ePIV/DIA is
observed. Meanwhile, the negative velocities near to the walls
seem to be underestimated. These deviations are similar to those
encountered in the solids hold up.

The deviation of axial emulsion velocity obtained by ePIV/DIA
to the benchmark is characterized by the number of standard
deviations of LED-PIV/DIA (#StDev). The relative deviation is not
reported because many velocity values are close to zero, making
the relative differences quite sensitive and misleading. Instead,
Fig. 8. Contour plots of the averaged axial emulsion v
#StDev is calculated in every interrogation area by comparing the
mean obtained from the three independent recordings, and diving
by the standard deviation of the benchmark as follows.

#StDevi ¼ V LED;i �V ePIVDIA;i

σLED;i

�����
�����

����� ð4Þ

The absolute value is reported, since the axial emulsion velo-
cities are positive and negative across the field of measurement
The standard deviation of LED-PIV/DIA ranges from 0.002–
0.075 m/s across the whole recorded area. The contour plot of the
number of standard deviation is depicted in Fig. 8. As anticipated,
differences in axial emulsion velocity are seen at the top-central
section of the bed, although, the overestimation is lower than
2 standard deviations. The highest deviations between the means
of ePIV/DIA and LED-PIV/DIA results arises at the left side where
the laser aims the bed, and in regions where the velocities are
close to zero, since the difference in the mean is more sensitive in
these regions, the difference in means in these areas rises up to 3-
4 standard deviations. In summary, about 90% of the recorded
area, the deviation of ePIV/DIA is lower than 2 LED-PIV/DIA stan-
dard deviations, even at the right corners where weaker illumi-
nation was found. Thus, ePIV/DIA is as reliable a technique as LED-
PIV/DIA to measure the time-averaged emulsion velocity profiles
in fluidized beds.

3.1.3. Bubble properties
Despite the particle raining, the DIA algorithm can efficiently

detect the bubbles. To avoid erroneous estimation of the bubble
properties, the script ignores bubbles that are touching the bottom
and/or top of the image; since these bubbles are partially seen. For
example, Fig. 9a shows a raw image obtained by ePIV/DIA. There
are two bubbles touching the bottom of the image,, the script does
not include them for the estimation of the bubble properties, since
both are not fully displayed in the image. Therefore, the script only
includes the bubble that is fully seen in the image (Fig. 9b).

Because of this correction in the bubble detection, Db is largely
underestimated above 0.3 m above the porous plate distributor
(Fig. 10). It is expected to detect many bubbles larger than 0.1 m in
this position, and these bigger bubbles are not fully visible, and
consequently ignored by the script, resulting in an under-
estimation of averaged bubble size. A similar situation is encoun-
tered at the bottom of the field of measurement, at 0.15–0.2 m
above the distributor, where bubbles of around 0.07–0.9 would be
expected, but they are deleted by the script since they are touching
the bottom of the image. Therefore, the measured Db is only
analyzed between 0.2 and 0.3 m.

In Fig. 10 the equivalent bubble diameter estimated by both
LED-PIV/DIA and ePIV/DIA are plotted. Also, the calculated Db by
elocity (a) LED-PIV/DIA, (b) ePIV/DIA (c) #StDev.
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Fig. 10. Equivalent bubble diameter as function of bed height.

Table 2
Estimation of Umf at different temperatures for the demonstration of HT-ePIV/DIA/
Glass beads 400–600 mm fluidized with N2.

Temperature [°C] Umf [m/s] Superficial Velocity [m/s]

20 0.21 3Umf

150 0.17 3Umf

300 0.16 3Umf

450 0.13 3Umf

Fig. 9. (a) Raw image, and (b) corrected bubble detection. Bubbles touching the bottom or the top of the image are left out for the estimation of the bubble properties.
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the correlation of Shen et al. (2004) is plotted as function of bed
height (Eq. 5), which is an empirical correlation that estimates the
Db as function of bed height (h) and excess gas velocity (U0�Umf)
for pseudo 2D beds.

Db ¼ 0:89 U0�Umfð Þ hþ3A0

t

� �	 
2
3

g
1
3 ð5Þ

where A0 is the catchment area and t the depth of the bed
(0.015 m) and h is the height above the porous plate. Both tech-
niques determine the equivalent bubble size quite reasonably in
the range of 0.25–0.3 m, because the bubbles are properly detec-
ted. The larger Db determined above 0.28 m by ePIV/DIA when
compared to LED-PIV/DIA is related to the larger interrogation
areas used in ePIV/DIA. However, between 0.2–0.3 m above the
distributor, the Db determined by ePIV/DIA is within the range of
the standard deviation of LED-PIV/DIA (0.17–0.4 m) and the Db

determined by the two techniques is basically the same.

3.2. Demonstration of the high-temperature endoscopic-laser PIV/
DIA (HT-ePIV/DIA)

The purpose of these experiments is to demonstrate that the
developed technique and set-up are capable to run PIV/DIA at
elevated temperatures, while the systematic study of high tem-
perature fluidization is out of the scope of this paper and will be
presented in a future work.

For demonstration of the technique, experiments were done at
20 °C, 150 °C, 300 °C, and 450 °C. The recorded area captures from
0.10 to 0.35 m above the porous plate distributor. For all the
experiments, the bed was filled with glass beads with a particle
size distribution of 400–600 μm (Geldart B), and the bed aspect
ratio was 1.5. In every experiment fresh glass beads were loaded to
avoid any possible agglomeration due to the high temperatures.
Nitrogen was used as a fluidization gas. Superficial gas velocity
was 3Umf.

Firstly, Umf of glass beads fluidized with nitrogen was estimated
at different temperatures (Table 2). Details about the set-up and
the procedure are described in the complementary material
(Appendix 1). Given the change in Umf as function of temperature,
the superficial gas velocity is adjusted accordingly. The gas flow
rate is corrected for the gas expansion due to the temperature
change; since the flow meters operate at room temperature.

Fig. 11 shows snapshots of the recorded area at different tem-
peratures as well as instantaneous vector plots. The top and bot-
tom edges of the raw images are not well illuminated because of
the short distance between the laser-endoscope and the fluidized
bed. This was not seen in the cold flow experiments since the
illumination source could be placed further from the bed. How-
ever, HT-ePIV/DIA is capable to operate and determine the velocity
vectors; despite of the imperfections in the illumination. In a
future work, the illumination will be further improved by opti-
mizing the positioning of the two endoscopes inside the furnace.



Fig. 11. Snapshots and instantaneous vector plots at different temperatures fluidized with N2 at 3Umf. T¼20 °C, T¼150 °C, T¼300 °C, and T¼450 °C.

Fig. 12. Snapshot glass beads fluidized with N2 at 300 °C and gas velocity of 3Umf, (a) raw image, and (b) bubble detection.
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From the snapshots it is evident that the fluidization behavior
changes dramatically at higher temperatures. For instance, at
20 °C, bubbles have the typical kidney shape, and the velocity
vectors show a smooth emulsion displacement, as was observed in
the cold-flow experiments and reported in open literature
(Laverman et al., 2008; De Jong et al., 2011). However, at higher
temperatures, the bubble shape changes drastically. Above 300 °C
the bubbles become so big that many of them look like a slug
rather than a bubble. Slugs are bubbles with an equivalent dia-
meter larger than 50% of the column diameter. This change in
fluidization behavior was observed in many other images in the
recording; visual inspection were done over 20 random images.



Fig. 13. Time-averaged solids hold up of glass beads fluidized with N2 at different temperatures, gas velocity 3Umf.
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In addition to the change in bubbling behavior at elevated
temperatures, a more chaotic emulsion displacement is observed.
For instance at 300 °C in the wake of the bubbles, where it was
anticipated to find particles dragged upwards, the particles seem
to be pushed down by the heavy particle rain. Furthermore, qua-
litatively particle displacement at elevated temperatures is not as
smooth as at room temperature, similar situation was encountered
in many of the vector plots visually inspected.

Many images above 300 °C showed so heavy particle raining,
that ‘channels’ of particles flow through the bubble in inaccurate
bubble detection. (Fig. 12). By visual inspection, it seems like there
is a single big bubble or slug on the left side of the image, however,
the DIA algorithm detects three different bubbles, since the par-
ticle ‘channels’ are cutting the slug into three parts, misleading the
comparison of bubble properties at different temperatures.

3.2.1. Time averaged results
Fig. 13 shows the contour plots of the solids hold-up at different

temperatures. The plot at 20 °C shows the typical symmetrical
profile with a dense zone at the walls and a diluted region at the
center because of the bubble coalescence. At higher temperatures,
a mild change in the solids hold up profile is observed. For
instance, at 150 °C, an increase of the dilute region is encountered,
where a less dense zone is present at the walls and the profile is
reasonably symmetrical. Above 300 °C the symmetry in the solids
hold-up profile is less pronounced, mainly related to the change in
fluidization behavior (slugs formation) and the increase in particle
raining.

The time-averaged axial emulsion velocity plots for the differ-
ent temperatures are shown in Fig. 14. As anticipated, at room
temperature the estimated circulation patterns correspond the
expected downward flow near to the walls and upward flow at the
center. At elevated temperatures, the measurements show an
overestimation of the negative axial emulsion velocities, which is
caused by the slugs formation and the severe particle rain
(‘channels’), also seen in the higher solids hold up at the central
part of the bed at higher temperatures (Fig. 13).

The severe particle rain and slug formation make difficult to
compare the present results to the existing in literature, which
report that particle velocity increases as function of temperature
(Radmanesh et al., 2005; Sanaei et al., 2007) and bubble hold up
increases while bubble diameter decreases as temperature rises
(Girimonte and Formisani, 2014). Based on the current theory on
fluidization, this behavior is not expected for these operating
conditions.

In open literature, some authors refer the change in fluidization
behavior to changes in cohesiveness and inter-particle forces (Cui
et al., 2003; Lettieri et al., 2000; Baerns, 1966; Lettieri et al., 2001;
Shabanian and Chaouki, 2015), which might change the gas dis-
tribution between emulsion and bubble phase, leading to differ-
ences in macro-scale fluidization behavior. Increasing the tem-
perature might also lead to changes in frictional and collisional
forces among particles and with the quartz walls, moreover a
change in particle properties such as particle swelling and soft-
ening might play an important role.

These preliminary results show very interesting behavior and
indicate that a more detailed and comprehensive study of the
hydrodynamics of fluidized beds at elevated temperatures is
strongly required, where the developed ePIV/DIA technique can
help in explaining and quantifying the prevailing phenomena.



Fig. 14. Time-averaged axial emulsion velocity plots of glass beads fluidized with N2 at different temperatures, gas velocity 3Umf.
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4. Conclusions

A novel high-temperature endoscopic-laser PIV/DIA technique
(HT-ePIV/DIA) was developed for the study of the hydrodynamics
of gas–solids fluidized beds. The use of the optical endoscope
induces a marginal barrel distortion of the images, but increases
the spatial gradients in the velocity field estimation, which
requires increasing the size of the interrogation areas. The high-
intensity profiles caused by the use of the optical endoscope and
the high power laser are efficiently corrected by DIA. Measure-
ments of the emulsion velocity and solids hold-up fields by ePIV/
DIA at room temperature showed a deviation of 2 standard
deviations from the benchmark (LED-PIV/DIA) in 90% of the field
of measurement, and marginal influence in the bubble size esti-
mation. Thus, the use of the optical endoscope and the high power
laser are capable to extend PIV/DIA to elevated temperatures.

A first demonstration of the capability of the developed HT-
ePIV/DIA up to 450 °C was presented. Measurements above 300 °C
showed that the fluidization behavior is largely influenced by the
operating temperature, despite the fact that the experiments were
carried out at the same relative velocity, where specially the
bubble shape and the extent of particle raining were affected. DIA
is in principle capable to detect bubbles at elevated temperatures,
but in the experiments a careful adjustment of the gas velocity is
needed to avoid slug formation. As for the solids hold-up, the DIA
estimation needs to be revised to better determine the porosity in
the emulsion phase, since it seems that there is a dependency of
the solids hold-up with the operating temperature, which could be
related to the increase in particle cohesiveness or to a change of
collisional parameters or inter-particle forces as a function of
temperature. In summary, HT-ePIV/DIA is a reliable technique that
allows to carry out a systematic investigation, e.g. fluidization of
different types and sizes of particles and different gases at higher
temperatures, in order to further study the influence of tempera-
ture on the hydrodynamics of gas–solids fluidized beds.
Nomenclature

A0 Catchment factor, [–]
DIA Digital image analysis
Db Bubble diameter, [m]
ePIV/DIA Endoscopic-laser PIV/DIA
h Bed height, [m]
g Gravitational constant, [m/s2]
IA Total number of interrogation areas
Nf Total number of frames
PIV Particle image velocimetry
RMSD Root mean square deviation, [m/s]
#StDev Number of standard deviation
t Bed depth, [m]
U0 Fluidization gas velocity, [m/s]
Umf Minimum fluidization velocity, [m/s]
U0�Umf Excess velocity, [m/s]
v Instantaneous emulsion velocity [m/s]
v Time averaged emulsion velocity [m/s]
V Mean time averaged emulsion velocity [m/s]

Greek Symbols

σ Standard deviation
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Subscripts

f Number of frame
i Interrogation area
LED Benchmark, LED-PIV/DIA
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Appendix 1

In order to determine the minimum fluidization velocity at
high temperatures, the set-up depicted in Fig. A was constructed.
This experimental set-up consists of a 50 cm height steel tube with
an inner diameter of 2.5 cm. A porous plate is used as gas dis-
tributor. The preheating of the gas and the reactor is achieved by
an internal tracer. The temperature of the tracer could be set by a
thermocouple at the inlet of the reactor. The pressure difference
created by an increasing gas flow is measured by two Sensor-
Technics 26PC pressure transducers, reaching up to 50 mbar,
which are connected to the reactor at a known height above
each other.

A known amount of particles is loaded into the reactor, which is
then fluidized with nitrogen. Subsequently, the tracer temperature
is set to the desired temperature. After the reactor attains the
Fig. A. Experimental set up to measure the minimum fluidization velocity at dif-
ferent temperatures.

Fig. B. Pressure drop measurement as function of gas velocity for the experimental
determination of minimum fluidization velocity.
desired steady state temperature, the gas flow is switched off and
thereafter increased or decreased with small steps in order to
determine the pressure difference at a certain gas flow rate. From a
plot with the pressure difference as a function of the superficial
gas velocity, the minimum fluidization velocity is obtained from
the intersection of the lines of the pressure drop across the packed
bed and the line of the pressure drop of the fluidized bed, as
shown in Fig. B. Since the gas flow is measured at room tem-
perature, the gas velocity is corrected for the temperature in the
reactor.
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