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Abstract 

In this work, the borescopic particle image velocimetry (BPIV) technique is 

applied on a bubbling gas-solid fluidized bed. Before performing these 

experiments, sensitivity of the BPIV results to several parameters like the 

illumination power, particles light reflectivity and borescope’s location were 

investigated. The BPIV technique was subsequently applied to a bubbling gas-solid 

fluidized bed and the results were compared with published positron emission 

particle tracking (PEPT) measurement data. The final results of these two 

techniques were in fair agreement with each other, however, some discrepancies 

were observed. The difference between these two sets of results were mainly 

caused by the intrusiveness of BPIV, the fact that the local solids volume fraction 

was not accounted for in the BPIV analysis and the intrinsic difference of these 

two methods. Therefore, measurement of the local solids volume fraction with the 

borescope is highly recommended for further development of the BPIV method, 

which will also enable measurement of the local solids mass fluxes inside dense 

gas-solid fluidized beds. 

Keywords: borescopic particle image velocimetry, gas solid bubbling fluidized 

bed, solid velocity profile, experimental investigation, hydrodynamics 
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1. Introduction 

Gas-solid fluidized beds are widely applied in various chemical and physical 

processes. Desirable characteristics of these contactors such as high rates of heat 

and mass transfer make them very suitable for a wide range of processes, for 

example in the field of combustion, fluid catalytic cracking, and polymerization 

(Kaneko, Shiojima, & Horio, 1999; Werther, Hartge, & Heinrich, 2014). Even 

though many researches have been conducted on the behavior of fluidized beds, 

their prediction is still challenging and enormously difficult. The complex behavior 

of these contactors and their high level of importance have initiated many scientific 

investigations using a large variety of different experimental techniques. In a broad 

sense, the experimental methods can be categorized as intrusive and non-intrusive.   

Experimental techniques like digital image analysis (DIA), particle image 

velocimetry (PIV), X-ray tomography, positron emission particle tracking (PEPT), 

radioactive particle tracking (RPT), electrical capacitance tomography (ECT) and 

magnetic resonance imaging (MRI) are some of the non-intrusive techniques. The 

DIA technique can be used for measurement of gas volume fraction and bubble 

characteristics in pseudo two-dimensional (2D) fluidized beds (Shen, Johnsson, & 

Leckner, 2004). The PIV technique can be used for measurement of the solids 

velocity profiles in pseudo 2D fluidized beds (Sánchez-Delgado, Almendros-

Ibáñez, Soria-Verdugo, Santana, & Ruiz-Rivas, 2008). These two techniques can 

also be combined for solids flux measurements (Jan Albert Laverman, Roghair, 

Annaland, & Kuipers, 2008). X-ray and ECT tomography can be used for bubble 

hold-up measurement in three-dimensional (3D) systems (Hampel, 2015; Kantzas, 

2015; Wang, Marashdeh, Teixeira, & Fan, 2015). PEPT and RPT can be used for 

measuring the solids circulation pattern, using a radioactively labeled particle in a 

bed (Khanna, 2008; Stellema, Vlek, Mudde, de Goeij, & van den Bleek, 1998). 
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With using MRI, it is possible to measure the particles’ motion, solids velocity and 

volume fraction in the bed (Muller et al., 2008). Each of these techniques has its 

own advantages and disadvantages. For example, the PIV-DIA technique is limited 

to visual accessibility in the setup and consequently can only be used for pseudo 

2D beds. On the other hand, we can observe and capture the movement of bubbles 

and particles in the bed simultaneously and with relatively high spatial and 

temporal resolution; thus allowing determining the solids fluxes. Even though, the 

other aforementioned techniques can be applied to 3D beds too but none of them 

except MRI can measure the solids volume fraction and solids velocity in 3D 

fluidized beds simultaneously. PEPT can only give the time average solids 

circulation pattern. The PEPT utilities are very expensive and the measurement 

time is quite long. X-ray and ECT can only give the solids volume fraction and 

bubble properties. The X-ray technique is much more accurate than ECT in the 

sense of spatial resolution and ECT can only give a 2D projection of the 3D bed at 

various cross sections. On the other hand, the ECT facilities are much cheaper than 

the X-ray facilities. Moreover, there are some limitations with using an MRI 

technique such as the size of the bed and the particles’ material. The interested 

reader is referred to the review article about several non-intrusive techniques in gas 

fluidized beds by (Sun & Yan, 2016) for further information. 

The second group of experimental methods are the intrusive techniques. Sampling 

(suction) probes (Kruse & Werther, 1995), capacitance probes (Wiesendorf & 

Werther, 2000) and optical fibers (Rensner & Werther, 1993) are some of these 

techniques. Sampling probes can be used for measuring the local solids mass flow. 

Capacitance probes and optical fibers can be used for measuring of the solids 

concentration. Capacitance probe techniques can also be used to measure the solids 

velocity at high temperature conditions. Any intrusive technique needs to address 
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the question to what extent the technique influence the flow behavior by its 

presence in the system. For this reason, any intrusive technique should only be 

used if its intrusiveness is not significant or if it has some other advantages over its 

competitive non-intrusive methods.  

Considering all the strengths and weaknesses of the existing experimental methods 

made us to use a borescopic particle image velocimetry (BPIV) technique that can 

give more insight about the hydrodynamics of fluidized beds. Even though this 

technique is intrusive, it can give the possibility to measure the local solids 

movement in 3D fluidized beds with reasonably high temporal resolution. 

Consequently, it provides a tool for the measurement of the local instantaneous 

solids volume fraction and solids velocity simultaneously. The intrusiveness of this 

technique may be considerable and therefore the accuracy of the results with this 

technique should be carefully investigated.  

The idea of applying a borescope (a rigid endoscope) in fluidized bed applications 

has been used by various other researchers (Chew, Parker, Cocco, & Hrenya, 2011; 

Cocco, Shaffer, Hays, Reddy Karri, & Knowlton, 2010; Gopalan & Shaffer, 2012, 

2013; Khanna, 2008; Lackermeier, Rudnick, Werther, Bredebusch, & Burkhardt, 

2001; Li, Xia, Tung, & Kwauk, 1991; McMillan et al., 2013; Shaffer et al., 2013; 

Tebianian et al., 2016, 2015; Watano & Miyanami, 1995). Most of the researches 

that has been conducted using a borescope focus on circulating fluidized beds and 

on cluster characterization (Chew et al., 2011; Cocco et al., 2010; Gopalan & 

Shaffer, 2012, 2013; Lackermeier et al., 2001; Li et al., 1991; McMillan et al., 

2013; Shaffer et al., 2013). Based on the authors’ knowledge, the first work using a 

borescope in fluidized bed applications that was published in the open literature is 

from Li et al. (Li et al., 1991). They called their implemented technique 

‘micrography’ (micro-visualization) and they called the apparatus an ‘optic fiber 
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micrograph probe’. They correlated the ratio of images (micrographs) containing 

clusters to all the images taken for various radial positions, and found a higher 

number of clusters near the wall boundaries in their performed experiments. After 

that, Watano and Miyanami (Watano & Miyanami, 1995) used an image probe for 

finding an online monitoring of granule size distribution and their shape in a 

fluidized bed.  

Later, Lackermeier et al. (Lackermeier et al., 2001) implemented two borescopes 

(they used the term ‘endoscope’ instead of ‘borescope’ in their article) in a 

circulating fluidized bed: light sheet borescope and observation borescope. The 

main concept of their apparatus was similar to the apparatus that has been used by 

Watano and Miyanami (Watano & Miyanami, 1995). The main difference was that 

these two borescopes (guiding probes) were perpendicular to each other. They 

investigated the structure of clusters and they also proposed a model to estimate the 

influence of particle properties and operating conditions on the ratio of the 

received light intensity to the emitted one. They found that the light attenuate 

significantly under their performed CFB flow conditions. For this reason, they 

concluded that the borescopic imaging technique needs a high-power illumination 

source and the camera should be highly sensitive to light. 

In 2008, Khanna (Khanna, 2008) used a borescope that allows internal lightening 

to study the segregation and average solids velocity profiles in conical fluidized 

bed dryers. They used a borescope that contained two probes. The structure of the 

apparatus that they used was very similar to the apparatus that Li et al. (Li et al., 

1991) applied in their work. In this way the invasiveness of the technique was 

reduced as he only used one borescope. He calculated the average solids velocity at 

a limited number of locations and for a short period of time. He also performed 

some experiments with radioactive particle tracking (RPT) and he claimed that the 
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results obtained with borescopic particle image velocimetry was in qualitative 

agreement with RPT results. 

In 2010, Cocco at al. (Cocco et al., 2010) used a borescope with a structure similar 

to the borescope that was used by Khanna (Khanna, 2008) to study the behavior of 

clusters in circulating fluidized beds. They investigated the effect of various 

parameters like fine particles concentration, bed height and the location of bed 

internals on the cluster formation. Various other researchers used a similar 

apparatus for investigating the behavior of particle clusters in CFBs (Chew et al., 

2011; Cocco et al., 2010; Gopalan & Shaffer, 2012, 2013; Lackermeier et al., 

2001; Li et al., 1991; McMillan et al., 2013; Shaffer et al., 2013). All these studies 

showed that using a borescope can give valuable new insights on the clusters’ 

behavior and their characteristics and this facility can be very useful in CFB 

applications. 

The latest research in fluidized beds with borescope was done by Tebianian et al. 

(Tebianian et al., 2015, 2016). They used four different experimental techniques 

for FCC particles with a mean diameter of 107 μm in gas-solid fluidized beds 

(Tebianian et al., 2015). They measured the solids velocity profiles at various 

heights by RPT, PEPT, optical fiber probes and BPIV. They found a significant 

difference in the final results of the aforementioned techniques. In some cases the 

measured solids velocity with one technique was more than four times 

larger/smaller than its corresponding value with another measurement technique. 

They concluded that the observed differences in the results of experimental 

methods might be related to the invasiveness of BPIV and optical fiber techniques, 

differences in the physical properties of tracer particles and bulk bed material in 

PEPT and RPT measurements, different sensitivities to the angle of travel and 

concentration of particles in the measurement zone, differences in acceptance 
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algorithm and unequal measurement volumes. Moreover, their PEPT 

measurements showed less agreement with the other three techniques in some 

cases. It should be noted again that they used tracer particles in PEPT and RPT 

measurements that had different physical properties than the fluidizing particles. 

The same group of researchers performed a similar analysis for a fluidized bed 

operating in the squared-nosed slugging flow regime (Tebianian et al., 2016) and 

they got similar conclusions as their previous work.  

In this work, a systematic sensitivity analysis of BPIV to several parameters like 

particles’ light reflectivity and illumination power for dense gas-solid fluidized 

beds is presented. The main goal of this work is getting more insight on the 

behavior of fluidized beds and reliability of BPIV results for determination of the 

solids velocity profile in bubbling gas fluidized beds. For this reason, a comparison 

between PEPT results that was presented by Laverman et al. (J.A. Laverman et al., 

2012) and the obtained BPIV results is made. Both of these techniques were 

performed for the same particle types, similar operating conditions and similar bed 

geometry. The outcome of these investigations is useful for simulation models’ 

validation and further improvement of experimental techniques.  

In the next sections, the experimental setup and borescope utilities are described. 

Subsequently, the results of the initial experimental tests are presented and 

discussed, which were also used to determine the optimum settings for the BPIV 

measurements. Then, the results of experiments on a dense gas-solid fluidized bed 

are discussed comparing the obtained BPIV results with PEPT results taken from 

literature. Finally, the effects of illumination power, particles’ light reflectivity and 

borescope position are investigated.  
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2. Experimental Setup 

The experimental setup that has been used in this work has the same geometry as 

the experimental setup that has been used by Laverman et al. (J.A. Laverman, 

2010; J.A. Laverman et al., 2012). The column has an inner diameter of 0.3 m and 

it is more than 2 m tall. This column is located inside a larger column that is made 

of steel. The setup has been designed in a way to operate at elevated pressures and 

it can be safely used up to 16 bar. The structure of the setup and its design has been 

presented before by Godlieb et al. (Godlieb, Gorter, Deen, & Kuipers, 2012). A 

simplified layout of the experimental setup is presented in Fig. 1. 

 

Fig. 1. Simplified layout of the experimental setup. 

The setup consists of several elements. The fluidized bed column, a blower which 

circulates the fluidizing agent (air/nitrogen in the performed experiments) in the 

system, a damper that decreases the fluctuations in the gas flow rate, a compressor 

to bring and keep the fluidization agent to the desired pressure, various sensors for 



9 

 

measuring the operating pressure, operating temperature and humidity of the 

fluidization agent, safety valves to release the gas from the system in case of 

pressurization of the system outside its safe ranges, valves for filling and emptying 

the system, mass flow controller to measure the gas flow rate, water pump for 

injection of water into the system to control the gas humidity and pipes for 

conducting the fluidization agent. The system also consists of a watchdog, two 

computers, two oxygen sensors and alarms. The setup is equipped with ECT and 

BPIV measurement facilities. These two techniques cannot be used simultaneously 

as ECT can only be used in the absence of electrical conductive materials in the 

bed and the borescope’s body has been made of stainless steel.  

2.1. Borescope’s structure 

The BPIV facility consists of several elements by itself. The main elements are two 

borescopes: one for guiding the light source and one as an observation borescope. 

The second borescope is full of lenses and it is surrounded by the first borescope. 

The facilities also include two ITOS phaser 3000 OSRAM light sources that can be 

used for medical and technical endoscopy (“OSRAM lighting manufacturer in 

Germany,” n.d.) and a high speed OPTRONIS CP80-4-M-500 camera (“Optronis 

high speed camera producer in Germany,” n.d.). The camera and the two light 

sources are connected to the observation and light borescopes respectively. In 

addition, an ocular is placed on tip of the borescope.  

The ocular provides an observation window with the size of 50×14 mm2. This 

ocular has the size of 70×80×20 mm3.  A schematic representation of the 

borescope imaging facility is shown in Fig. 2. The top part of the borescope has 

been welded with copper, which was tightened to the top lid of the reactor as 

shown in Fig. 3. It is possible to fasten different locations of the copper welded 

part to the top lid of the fluidized bed. In this way, we have the flexibility to 
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observe solids movements at different vertical positions in the bed. It is also 

possible to rotate the borescope and capture the particles’ movement at different 

radial positions. This can be done due to the presence of the ocular. The structure 

of the ocular and a photo of the borescope are also presented in Fig. 3.  For further 

clarification, the dimensions of the borescope imaging system are also presented in 

the same figure.  

 

Fig. 2. Schematic representation of the BPIV facility. 
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Fig. 3. Upper image: design of the fluidized bed top lid, the location of inserting 

the borescope into the system and ocular dimensions; Lower image: borescope’s 

dimensions shown in mm; images were taken from SOPAT GmbH (“SOPAT 

engineering consultant company,” n.d.). 

3. Primary tests 

Several primary experiments with BPIV technique have been performed and all 

these tests are presented and discussed in this section.  

3.1. Image distortion 

Due to the large number of lenses that were used in the observation borescope, the 

borescopic images may be distorted to some extent. This distortion is known as the 
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fish-eye effect. One of the first steps before using BPIV was to investigate the 

extent of distortion in the borescopic images. For this purpose, a set of markers 

were printed on a paper and its picture was captured by the borescopic facility. 

After taking the image, the location of the markers were compared to their real 

location on the paper. The synthetic and captured images are shown in Fig. 4. As 

can be seen from this figure, the distortion extent was negligible. 

 

Fig. 4. A synthetic image and captured image by the borescopic facility. 

 

3.2. BPIV velocity measurement for a rotating disk 

The first primary test was performed without considering the intrusiveness of 

BPIV technique. In this technique, a layer of particles were glued onto a flat black 

plate and the black plate was connected to a mixer. For this experiment, glass 

particles with a diameter of 0.4-0.6 mm and a density of 2500 kg/m3 were used. 

These particles were opaque and colored white. For further information about the 

particle properties, an interested reader is referred to particle specifications with 

article number of 45015-427-WI by Sigmund Lindner (“Sigmund Lindner beads 

producer in Germany,” n.d.). The borescope was set in a way that the ocular was 

exactly in front of the black plate. Fig. 5 shows the configuration of the black plate, 
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the mixer and the ocular. Subsequently, the mixer was set at various rotational 

speeds and many borescopic images were taken with the high speed camera, at 500 

and 1000 fps. The images were resized in a way that every particle was shown with 

about 7×7 pixels. Then, all the images were divided into several interrogation 

areas. In the presented results, the interrogation areas were 48 × 48 pixels and each 

of these cells had 75% overlap with its neighbor cells in each direction. In other 

words, each side of the interrogation areas was around 6 to 7 times larger than dp. 

Afterwards, two consecutive images were cross-correlated with each other. This 

cross correlation analysis gave the displacement correlation peak for each of the 

interrogation cells. The distance between the center of the image and the obtained 

peak indicated the average movement of the ensemble of particles at the 

investigated cell. All these processing steps were performed with DaVis software 

(“Lavision GmbH,” n.d.). As we could set the rotational speed of the mixer 

manually, it was possible to compare the BPIV results with the set velocity values 

of the mixer. It should be noted that the circular plate was colored black to mimic 

the empty space in gas fluidized beds that has a relatively low light reflection.  

 

Fig. 5. left image: Image of the black plate with the glued particles, right image: 

configuration of the mixer, the black plate and ocular. 

The experimental settings for these tests are presented in Table 1. One sample of 

the final results from this test is presented in Fig. 6. As can be seen in this figure, 
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the upper and lower part of the image are slightly darker than its center. This can 

be explained by the inhomogeneous light distribution and different distances 

between the borescope/light source and particles at different locations. The final 

results of these tests are presented in Fig. 7. This figure shows the average solids 

velocity versus the distance from the center of the observation window. It is found 

that the solids velocity can be captured quite well by BPIV technique in the central 

region of the observation window for all the investigated rotational speeds.  

Table 1: Experimental settings for the tests with the particles glued onto a rotating 

flat black plate. 

exposure time (µs) 1992, 992 Angular velocity (rad/s) 1.26-85.66 

image frequency (fps) 500, 1000 measurement time (s) 0.2, 0.1 

max PIVr t
1I

I

F
D

 
   

-0.25-0.98, 

0.38-0.99 

max PIV

p

r t
F

d


 
  

0.13-8.57, 

0.063-4.28 

 

 

Fig. 6. One sample of the final results from the validation test for the calculation of 

the velocity of the rotating particles; the angular velocity of the mixer was set at 

1.26 (rad/s) and only 25% of the computed velocity vectors are shown here. 
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Fig. 7. Comparison between the BPIV results and the average of set velocity of the 

mixer in the vertical direction for two different image capturing frequency; a: 1.26 

(rad/s), b: 11.41 (rad/s), c: 85.66 (rad/s). 

 

As the observation window does not move, some of the particles may exit or enter 

the images with time. For this reason, it is not possible to measure the solids 

velocity at the corners of the observation window accurately. Thus, the results 

were averaged with removing zero velocities at the corners. As can be seen from 

Fig. 7, the highest level of difference between BPIV and theoretical results is in the 

upper and lower part of the observation window. This error caused by the darkness 

of the pictures and the lack of possibility to track all the particles in these regions 

as FI (in-plane particle loss correction factor) values can be close to zero or even 

negative. 

It was also observed that the deviations between the BPIV and the theoretical 

velocity profile is negligible at 11.41 (rad/s) for most of the regions but this 
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deviation increases when the mixer rotates very fast or very slowly. As the images 

become blurry at high rotational velocities and more particles may enter/leave the 

images in every time interval, this may cause large errors at large rotational 

velocities. On the other hand, the explanation of the large error values at very low 

rotational velocities (~1.26 rad/s) is not completely clear to us. Fluctuations in the 

light intensity may have caused these errors, but further investigation is highly 

recommended. We also investigated the effect of light intensity on the BPIV 

results and they are presented in the next sections.  

The average of the measured angular velocity for all the interrogation areas with 

14×54 interrogation cells and for 100 images were compared with the set angular 

velocity of the mixer. The final results and the relative error percentage is 

presented in Fig. 8. As expected, the measurements using a frame rate of 500 fps 

can capture the movement of slow particles better than the 1000 fps measurements 

as the images are brighter with 500 fps compared to the images captured with 1000 

fps. On the other hand, when particles move very fast, the 1000 fps measurements 

gave more accurate results than 500 fps measurements as the images became 

slightly blurry for the 500 fps measurements. The value of FI for the experiments 

with 500 fps image capturing frequency was smaller than its corresponding value 

for the experiments with 1000 fps. In some cases with 500 fps, FI was even 

negative. Consequently, it was not feasible to detect particles movement anymore 

as the particles move more than one interrogation cell. This explains the disability 

of 500 fps measurements to determine the solids velocity for the experiment with 

85.66 (rad/s) angular velocity.  
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Fig. 8. a: Comparison between the measured angular velocity and the set values, 

b: relative error percentage between the measured angular velocity and the set 

values in the mixer. 

4. Results and Discussion 

4.1. Comparison between BPIV and PEPT results 

The second set of experiments, which was performed for the validation of the 

BPIV technique concerned the bubbling fluidized bed to assess the intrusiveness of 

BPIV. The experimental settings for this test is presented in Table 2.  

 

Table 2: Experimental settings for bubbling fluidized bed validation test. 

Particle diameter (mm) 0.4–0.6 Fluidizing agent Air 

Particle density (kg/m3) 2500 Bed material Glass beads 

Minimum fluidization velocity (m/s) 0.18 Aspect ratio 1.0 

Operating velocity u0/umf
 (-) 1.5, 2.5 Operating pressure atmospheric 

 

This set of experiments were performed at 10 different radial positions by rotating 

the borescope. These 10 different positions are indicated in Fig. 9. After 

performing the experiments and processing of all the data, the radial profile of the 

time-averaged solids velocity was calculated and compared with PEPT data that 

was presented by Laverman et al. (J.A. Laverman et al., 2012). Similar 
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comparisons between the BPIV and PEPT techniques have been made by 

Tebianian et al. (Tebianian et al., 2015, 2016) as well. They did not find a good 

agreement between these two techniques. This poor agreement between the PEPT 

results and the outcome of other techniques can be partly due to difference between 

the physical properties of tracer particle and the fluidized particles (Tebianian et 

al., 2015, 2016). 

For example, Tebianian et al. (Tebianian et al., 2016) presented 55 data points 

from PEPT measurements and 54 of them are showing a negative time-averaged 

solids velocity which is not in accordance with the satisfaction of mass continuity. 

The tracer that they used in their PEPT measurements is denser and larger than the 

fluidized particles. So, in average the tracer moved upward slower and downward 

faster than the rest of particles. Consequently, their PEPT measurements were 

almost always showing a negative solids velocity. In another work by Tebianian et 

al. (Tebianian et al., 2015), they performed RPT with a tracer which was almost 4 

times larger in diameter and around 30% denser than the fluidized particles. They 

also conducted PEPT experiments but with a tracer which was around 30% less 

dense than the fluidized particles. At the end, they presented 80 PEPT data points 

at different operating conditions and different heights. With no single exception 

and in all the reported measurements, the PEPT showed a higher solids velocity 

near the center of the bed than what RPT showed. Again, all their PEPT 

measurements showed a lower time-averaged solids velocity than the RPT 

technique near the wall boundaries. The main reason behind these systematic 

differences is the difference in the physical properties of tracers in these two 

techniques. As the PEPT tracer was lighter and much smaller than the RPT tracer, 

it could go up/down in the center/near the wall of the bed faster.  
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On the other hand, the tracer that Laverman et al. (J.A. Laverman, 2010; J.A. 

Laverman et al., 2012) have used has the same physical properties as the fluidized 

particles. Moreover, Laverman (J.A. Laverman, 2010) has compared the PEPT 

outcome with the PIV-DIA results in a pseudo 2D fluidized bed at various 

operating conditions. He presented six set of data for both techniques and two of 

them had a very good agreement with each other, three had a fair agreement and 

one set of data did not match with each other so well but they were showing the 

same pattern and trend. Moreover, in that one special case, the PEPT data were 

showing a better agreement with the satisfaction of continuity equation for the 

solid phase than the PIV-DIA outcome. For this reason, we do believe that the 

BPIV and PEPT results for 3D fluidized beds should be comparable as well if the 

tracer physical properties are very close to the fluidized particles physical 

properties. The comparison between the results of PEPT and BPIV methods was 

made for two different operating superficial gas velocities and at 21 cm above the 

gas distributor. It should be noted that the images were taken with two different 

imaging frequencies of 500 and 1000 fps. No significant difference was observed 

in the results for these two image capturing frequencies. It should be noted that for 

a fair comparison the measurement time should be sufficient from a statistical 

point of view. For this reason, a sensitivity analysis has been made on the required 

measurement time and the results are presented in Fig. 10. The results showed that 

it was necessary to have a minimum of 7.5 seconds of measurement for the used 

operating conditions. The BPIV results with the both settings are presented in Fig. 

11.  
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Fig. 9. Schematic BPIV measurement positions. 

 

 

Fig. 10. Comparison between PEPT results and BPIV measurements; a: at 1.5 

u0/umf and b: at 2.5 u0/umf. 
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Fig. 11. Sensitivity of the BPIV results to the measurement time. 

 

The BPIV results given in Fig. 11 showed an upward movement of solid particles 

in the center of the bed and a downward movement near the wall boundaries. This 

observation matches with the early expectations as bubbles usually tend to rise in 

the center of the bed more than near the wall boundaries. Even though the BPIV 

and PEPT results showed a fairly good qualitative agreement with each other 

especially at u0 = 2.5umf a significant difference between the PEPT and BPIV 

results can also be seen in Fig. 11. There are few important differences in the 

nature of these two experimental techniques. BPIV is an intrusive technique and 

this intrusion may change the flow behavior and consequently the final results. 

Even though the overall intrusiveness of BPIV may not be very substantial, its 

intrusiveness on the investigated areas can be significant. We should not forget that 

we can only see the particles which are in our field of view and they are passing 

just next to the borescope. So, even if we use borescopes without any ocular, still 

the intrusiveness of technique on the PIV measurements can be considerable. 

Presence of a borescope with the size of 10-20 mm in a bed with particles which 

are less than 1 mm in diameter may not change the overall hydrodynamics of the 

bed but it may change the velocity measurements of particles which are passing 

just next to it. In other word, we should differentiate between the overall 
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intrusiveness and local intrusiveness. On the other hand, PEPT is a non-invasive 

method and consequently there is more reliability in the nature of the PEPT 

technique compared to the BPIV method from this point of view. Besides that, in 

the PEPT measurements the presence probability of the tracer particle in high 

solids concentrated regions is higher than its corresponding value in the regions 

with low solids concentration. It means that the temporal average solids velocity 

that is obtained by PEPT takes the effect of solid volume fraction into account in 

an implicit way. On the other hand, the BPIV results that are presented in Fig. 11 

are an arithmetic average of all the obtained data. For example, if only four 

particles are present in an interrogation area or 20 particles in the same 

interrogation area, both have the same weight and importance in the final results. 

These two factors are believed to cause the main differences in the BPIV and 

PEPT results. Performing an accuracy analysis on these techniques with the help of 

simulation tools can provide more insight on the reasons behind their different 

outcomes. 

It should also be noted that, the results which are presented in Fig. 11 is without 

distinguishing the in-focus particles from out of focus ones. In other words, some 

of the measured values are the velocity of particles which are moving slightly 

further away from the ocular and not at the ocular’s position. However, all the 

measured values were used to determine the solids velocity at the ocular position. 

An example of such a situation is presented in Fig. 12. As can be seen in this 

figure, it is possible to detect some of the particles that are slightly further away 

from the ocular. As these particles are not too far from the ocular, it is still feasible 

to see them clearly and measure their velocities. Thus, it is expected to have some 

error in the BPIV results due to not differentiating between in focus and out of 

focus particles; however, this is only important when a bubble is passing by. None 
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of the out of focus particles and consequently their velocities can be distinguished 

if they move very far from the ocular, like when a large bubble is passing by. An 

example of such a situation is presented in Fig. 12 as well. It is necessary to set the 

focal depth of the borescope very small to avoid capturing out-of-focus particles 

sharply and reduce this error as much as possible. 

 

Fig. 12. Detection of out of focus particles and their velocities by BPIV; green 

circles: when it is possible to detect the velocity of out of focus particles red 

circles: when it is not possible to detect the velocity of out of focus particles; u0 = 

0.28 (m/s), ΔtPIV = 0.002 (s) and r = 0.017 (m); solid velocity at all the 

interrogation cells are shown. 

The movement of particles perpendicular to the ocular can also cause some errors 

in the BPIV measurements if they become detectable while they were undetectable 

by camera and vice versa. 

Besides all the aforementioned issues, some other parameters may also play a 

significant role in the BPIV results. For this reason, it was decided to investigate 

the effect of possible important parameters on the accuracy of the BPIV results. 

The studied parameters are the light source, the particle light reflectivity and the 

borescope position. In the next following sections, the effect of these parameters 

on the BPIV results are presented and discussed. 
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4.2. Effect of light source and particle’s light reflectivity on BPIV results 

As already stated, Lackermeier et al. (Lackermeier et al., 2001) found that the light 

source plays a very important role on the accuracy of the BPIV results. In every 

imaging technique, having a proper illumination is very vital. However, this issue 

becomes more important in the BPIV technique as we lose quite a lot of 

information due to using of many lenses in the borescope. For this reason, the 

effect of light source and the particle light reflectivity were investigated. The final 

results and their analysis is presented in this section. These experiments were 

exactly the same as the experiments that has been performed in the previous 

section with the only differences on the amount of illumination power or the 

particle light reflectivity. In the first set of experiments, the solids velocity profile 

in the radial direction was measured with BPIV while using particles with a 

relatively low light reflectivity. The final results of the analysis and its comparison 

with previous results of using particles with a relatively high light reflectivity is 

presented in Fig. 13. 

 

Fig. 13. Effect of the particle light reflectivity on the BPIV results. 
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We observed that the results changed significantly with modifying the light 

reflectivity of the particles. In the new set of experiments, the images were darker 

than before due to the reduced amount of light reflection. For this reason, it 

became harder to detect particles in the final image processing. Consequently, the 

solids movement could not be detected accurately and a lot of zero (low) solids 

velocities were determined instead of positive values, reducing the determined 

time-averaged solids velocity.  

The second set of experiments was performed for particles with a relatively low 

light reflectivity and applying a relatively low illumination power compared to the 

original experiments. These particles had the same physical properties as the 

particles in the initial experiments. Sample images of these two sets of experiments 

is shown in Fig. 14.  

 

Fig. 14. Sample of images for particles with different light reflectivity and 

different applied illumination power; leftmost image: full illumination power and 

using particles with relatively high light reflectivity, middle image: full 

illumination power and using particles with relatively low light reflectivity, 

rightmost image: half illumination power and using particles with relatively low 

light reflectivity. 



26 

 

After processing of the results, it was found that the illumination power has a 

similar effect as the particle light reflectivity. The final results of this analysis is 

presented in Fig. 15. The solid velocity was very close to zero in the case of 

applying low illumination power. These findings are in agreement with the 

findings from Lackermeier et al. (Lackermeier et al., 2001). Thus, the highest 

possible illumination power was applied for the rest of the experiments to get the 

most reliable results.  

 

Fig. 15. Obtained radial profile of the average solids velocity for measurements 

using particles with different light reflectivity and applying different illumination 

power. 

4.3. Sensitivity of BPIV results to borescope’s position and 

reproducibility of the BPIV technique 

In this section, the effect of borescope’s position on the final results is presented 

and discussed. For this purpose, the top lid of the reactor was rotated around 126o. 

In this way, the borescope was put in different locations in the bed. The borescope 

can also be rotated in the clockwise or anti-clockwise manner to cover various 

radial positions in the bed. In the original experiments the borescope was rotated in 
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anti-clockwise direction from the center of the bed to the wall. In the experiments 

of this section, the borescope was rotated in an opposite way. This set of 

experiments do not only show the sensitivity of BPIV results to the borescope’s 

position, but it also shows the reproducibility of the experiments and uniformity of 

gas distribution in the system. The final results of this experiment shown in Fig. 16 

were promising. The average solids velocity at r = 0.017 (m) and r = 0.043 (m) 

were measured several times to verify the reproducibility of the technique once 

more (with the original position of borescope) and these results are also presented 

in Fig. 16. It was found that the results do not change significantly when changing 

the borescope’s location and the gas is distributed uniformly into the bed. 

 

Fig. 16. Sensitivity of the BPIV results to the borescope’s position. 

 

5. Conclusion 

After designing and applying a borescope imaging facility in one of the existing 

gas-solid fluidized bed columns, the accuracy of its results were analyzed 

carefully. BPIV results clearly showed the tendency of bubbles to pass via the 
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central regions of the fluidized bed and the downward movement of particles near 

the wall region. BPIV results were also compared to PEPT measurements. A fair 

agreement was observed between these two set of results, although significant 

discrepancies between them were observed too. These deviations are mainly due to 

the different nature of these experimental methods. It is expected that accounting 

for differences in the solids volume fraction in the averaging of the solids velocity 

will improve the accuracy of the BPIV results to some extent. In addition, it will 

make it possible to measure the local solids mass flux inside dense gas-solid 

fluidized beds. The effect of particles light reflectivity and illumination power on 

the BPIV results were also investigated. It was found that the particle light 

reflectivity or illumination power are very vital parameters in the BPIV 

measurements. These experimental results can be very useful for validation of 

simulation models and for further improvement and development of BPIV 

technique. 
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Nomenclature 

Roman letters 

DI  size of interrogation area 

dp  particle diameter 

FI  in-plane particle loss correction factor 

r  radial distance from the center of the bed 

rmax maximum radial position in black plate that can be observed with 
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borescope  

u0  superficial gas velocity 

umf minimum fluidization velocity 

Greek letters 

 

Abbreviations 

2D two-dimensional 

3D three-dimensional 

BPIV  borescopic particle image velocimetry 

DIA   digital image analysis 

ECT   electrical capacitance tomography 

fps   frame per second 

MRI Magnetic resonance imaging 

PEPT  positron emission particle tracking 

PIV   particle image velocimetry 

RPT  radioactive particle tracking 
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