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ABSTRACT 

This paper presents systematic image processing methods for investigating hydrodynamic 

characteristics in a rectangular spouted bed (30.2 mm×101.6 mm). The objective is to provide a non-

intrusive technique to determine the bed expansion ratio, the jet height and the fountain height due to their 

significant influence on the hydrodynamics of the entire bed. A high-speed video camera is used in the 

experiment with Geldart D particles as the bed material. After the image acquisition, image denoising, 

thresholding, logical and mask operations are applied correspondingly for the boundary discrimination, 

based on which an algorithm has been developed to determine the bed height successfully. With the 

discriminated boundary, morphological operations viz. erosion and dilation have been used to accurately 

determine the jet height and the fountain height. The feasibility of the technique is proven through profiles 

of bed expansion ratio, jet height and fountain height under three initial bed heights (0.0762 m, 0.102 m, 

and 0.127 m) for two different nozzle sizes (0.0096 m and 0.0127 m). Depending on the determination of 

the hydrodynamic characteristics, different flow regimes can be distinguished comprehensively through 

profiles of the bed expansion ratio and bed pressure drop in combination with the standard deviation of 

jet/fountain height. The proposed flow regime discrimination verifies the feasibility and effectiveness of 

                                                           
* Corresponding authors. E-mail addresses: jingsi.yang@netl.doe.gov, jyang904@gmail.com (J. Yang); 
ronald.breault@netl.doe.gov (R. W. Breault). 

mailto:jingsi.yang@netl.doe.gov
mailto:jyang904@gmail.com


2 
 

the image processing methods in assessing the solids behavior in the spouted beds. Results about the 

variation of the jet height and the fountain height under current operating conditions as determined by the 

new technique are also discussed. 

Key Words: Image analysis; bed expansion ratio; jet height; fountain height; rectangular spouted bed  

1. INTRODUCTION 

A spouted bed system, which can be regarded as a composite of a dilute central core and a dense annulus 

from the solid flow point of view, ensures good contacting and mixing between the gas and the solid phases 

due to the systematic cyclical movement of solids. Because of the unique hydrodynamic characteristics, 

spouted beds have been widely used in drying (Wiriyaumpaiwong et al., 2003, 2004), coating (da Rosa and 

dos Santos Rocha, 2010; Donida and Rocha, 2002), pyrolysis (Alvarez et al., 2015), combustion (Konduri 

et al., 1999) and gasification (Lopez et al., 2015).  

In spouted beds, the jet and the fountain are two distinctive formations, the existence of which have 

significant influence on the hydrodynamics and practical efficiency of the system. For example, the jet is 

intrinsically responsible for gas bypassing and erosion of bed internals (Hong et al., 1996, 2003), while the 

fountain plays an important role in spouted bed reactor design and particle segregation (Grace and Matheur, 

1978; Olazar et al., 2004). One major focus in studying the jet behavior is the jet penetration height (Hj). 

Collectively, both experimental and simulation efforts in quest for more understanding of the jet 

phenomenon have progressed. However, investigations targeting the influence factors on Hj have produced 

contradictory trends.  Markhevka et al. (1971) studied the vertical jets in a cylindrical bed through motion 

pictures. They observed that the bottom part of the jet is conical, while the upper part exhibits an ellipsoidal 

shape. The upper part elongates and takes the form of a bubble until separating from the jet, after which the 

jet collapses. The process of jet expansion before and during bubble growth and contraction after bubble 

separation demonstrates a rhythmic and pulsating cycle. They defined the jet penetration depth as the 

vertical distance between the orifice and the lower edge of the bubble at the moment of separation. 
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Additionally, they found that the defined depth varies by ± 20% about its mean value due to its pulsating 

nature. Merry (1975) sketched the geometric arrangement of vertical jet and bubble based on the 

observations of Markhevka et al. (1971), and derived an expression to predict the penetration depth of the 

vertical jet. Black et al. (1990) developed a correlation to represent the jet penetration height. Both equations 

from Markhevka et al. (1971) and Black et al. (1990) showed that the initial bed height has no effect on the 

penetration depth. Knowlton and Hirsan (1980) defined three types of jet penetration depth according to 

the jet structure: the dilute phase height of the jet with the shape of a “torch” or flame, Lmin; the dilute phase 

height of the jet having an appearance of a series of coalescing bubbles with “periodic necks”, Lmax; the 

deepest penetration of the jet bubbles before losing their momentum, LB, where it was determined visually 

by measuring the distance that the bubbles penetrated the bed before the bed momentum could divert the 

bubbles significantly from their vertical path. Hong et al. (1996, 2003) adopted the definition of Markhevka 

et al. (1971) and Merry (1975), and derived a two-phase model to calculate jet penetration height under 

various operating conditions. They found that the jet penetration height increases with the jet velocity, but 

the bed height has little effect on jet penetration height. Adopting the definitions of Knowlton and Hirsan 

(1980), Zhong and Zhang (2005) reported that the determined jet penetration height in their study was 

consistent with Lmax. According to their results, the jet penetration height is significantly affected when the 

bed height is low and decreases with increasing initial bed height in a two-dimensional spout-fluid bed. 

What caused these contradictory results, i.e., the jet penetration height has little relationship (Hong et al., 

1996, 2003) or decreases (Zhong and Zhang, 2005) with the bed height? Possible reasons contributing to 

the contradiction may in part lie in differences in definitions of the jet, operating conditions, measurement 

methods, or bed configurations. To understand the contradictory trends and shed some light on the true 

hydrodynamic behavior of Hj, more studies are required before comprehensive insights can be obtained. As 

mentioned earlier, the fountain region has aroused much research interest largely because of its direct effect 

on reactor design and gas-solid contact efficiency.  Grace and Mathur (1978) proposed a theoretical model 

to calculate the fountain height, which depends on the spout voidage and particle velocity at the bed surface 

level. Day (1990) presented an empirical correlation to predict the fountain height, which is a function of 
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the gas-particle properties, the bed geometry and the fluid flow rate. The correlation predicted that the 

fountain height increases with the ratio of inlet gas velocity to the minimum spouting velocity but decreases 

with the bed height. The study of He et al. (1997) implied that the fountain height is very sensitive to particle 

shape. Olazar et al. (2004) found that the fountain height decreased with increasing initial bed height, 

particle diameter and inlet diameter as well. Increasing the relative velocity (gas velocity above the 

minimum spouting velocity) leads to linearly-increasing fountain height. Studying the spout characteristics 

in a cylindrical spout-fluid bed, Zhong et al. (2008) reported that the fountain height increases with 

increasing spouting gas velocity while it decreases with initial bed height. By increasing the fluidizing gas 

velocity and particle diameter, the fountain height decreases. Moreover, the fountain height increases with 

increasing bed pressure. Because of its unique effect on gas-solid contacting and mixing efficiency, 

modifications have been stimulated to optimize the hydrodynamic performance of the fountain region in 

spouted beds in an attempt to improve the heat and mass transfer rates in the gasification (Lopez et al., 

2017)  and combustion (Okasha, 2016) applications. A fountain confiner has been applied by Lopez et al. 

(2017), which greatly enlarges the fountain region, especially the fountain height so that the contact between 

the reacting gas and the catalyst is improved. As a result, tar cracking and biomass conversion efficiency 

could be promoted. Adopting the jet-fountain configuration, a bubbling fluidized bed combustor has been 

modified into a jetting-fountain fluidized bed (JFFB) by Okasha (2016). By creating a higher fountain with 

more particles, the JFFB can control the freeboard temperature to a higher extent effectively along the 

reactor height and dampen the overheating. In particularly, it is an option to utilize the staged-air technique 

in combustion process of gaseous and biomass fuels. Considering its great potential support to industry, 

more knowledge and data are needed to provide complete understanding of the hydrodynamic characteristic 

of the fountain region. 

Techniques that have been used to investigate hydrodynamic characteristics experimentally in the 

published works can broadly be divided into two categories: intrusive and non-intrusive methods. The 

former is expedient for providing and revealing localized information and particulate behavior (He et al., 
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1994; Hong et al., 1996; Olazar et al., 1998), but the unquantified flow disturbance is inevitable and has 

always been a debatable topic. The latter is superior notably for little disturbance to the hydrodynamics 

being characterized, while data interpretation is more complex and relies on complicated programming and 

analysis (Liu et al., 2008; Sutkar et al., 2015; Zhang et al., 2017). Despite the fact that each technique has 

its pros and cons, it is hard to ignore that non-intrusive techniques have been attracting more attention in 

different fluidization systems as a result of the development of digital image acquisition system and the 

improvement of imaging processing methods. Combining high-speed video techniques with digital image 

analysis to study hydrodynamic characteristics has been reported in different gas-solid systems, such as 

circulating fluidized beds (Lackermeier et al., 2001; Yang and Zhu, 2014, 2015), fluidized beds (Busciglio 

et al., 2008; Laverman et al., 2008), packed beds (Köhl et al., 2013, 2014), and spouted beds (Kiani et al., 

2017; Zhang et al., 2017). The published papers have indicated that the imaging technique is becoming a 

popular method, however, the superiority of image processing methods is still underutilized. Considering 

the intrinsically-complicated character of the gas-solid interactions, the subjectivity has existed in some 

experimental measurements and can cause critical deviations to the results, especially where edge/boundary 

discrimination is involved. Based on the statistical manipulation of the intensity information of the targeting 

image, image processing methods have a particular advantage in maintaining the measurement objectivity 

and accuracy by exact geometric determination of the targeted graphical displays. Therefore, different 

image processing algorithms and operations needs to be explored and extended further so as to enhance the 

accuracy, objectivity and automation capability of the measurement.  

In this paper, efforts have been made to develop systematic image processing methods to study specific 

hydrodynamic characteristics, i.e. bed expansion ratio, jet height, and fountain height in a rectangular 

spouted bed with cross section of 30.2 mm×101.6 mm and a sloped cone section of 75 º (i.e. included angle 

of 30 º). The determination of bed height, jet and fountain contour is achieved via a series of image 

processing steps including binarization, noise reduction, logical, mask, morphological and labelling 

operations. To demonstrate and verify the feasibility and effectiveness of the presented image processing 
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methods, the variation profiles of bed expansion ratio, jet height and fountain height with superficial gas 

velocity under three different initial bed heights for the two different nozzles are discussed. 

2 EXPERIMENTAL APPARATUS 

2.1 Rectangular spouted bed apparatus 

The cold-flow rectangular spouted bed apparatus used in this paper is schematically shown in Figure 

1(a), which consists of a clear acrylic rectangular column and a sloped cone. The height of the column is 

609.6 mm with a cross section of 30.2 mm×101.6 mm, and the height of the cone is 317.5 mm with cone 

angle of 75° (i.e. the included angle of 30°). The system also includes an interchangeable slotted nozzle 

assembly installed below the cone, from which the air is injected into the bed, and a pair of filters connected 

to two exhaust ports on the top of the rectangular column. An Alicat mass flow controller is used to control 

the air flow rate, which has a controlled range of 0 - 0.025 m3/s. A series of Setra model 239 differential 

pressure transducers are used to measure the pressure drop in the bed. The sampling time is 120 s with a 

frequency of 100 Hz. Two different sizes of rectangular slotted nozzle with equivalent cross-sectional area 

diameters (Deqn) of 9.6 mm and 12.7 mm respectively (see Figure 1(b) and (c)), are used in the experiment. 

The bed material of this study is the nylon particles with Sauter mean diameter of 3190 µm and a particle 

density of 1130 kg/m3, which is in the classification of Geldart D. The particles are loaded through a port 

located at the top of the spouted bed. By increasing the superficial gas velocity (Ug), experimental 

investigation are conducted under three initial bed heights (H0): 0.0762 m (3 in), 0.102 m (4 in), and 0.127 

m (5 in) with two different nozzle sizes (Deqn = 0.0096 and 0.0127 m) respectively. 

2.2 Visualization system and image processing methods 

The visualization system developed in the current study is shown in Figure 2.  The Sony RX10II high 

speed video camera is employed with the shutter time and the frame speed set at 0.001 s and 500 frames 

per second (fps) respectively, under which the resolution is 1920 pixel × 1080 pixel. The Dracast LED500 

light is used as backup illumination light. Light from the LED is diffused by a diffusion panel, which enables 
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the recorded area to be uniformly illuminated, and the undesirable shadows and intensity gradients 

eliminated. This configuration of the visualization system guarantees the valuable information such as flow 

patterns, jet/fountain shape and behavior to be observed and recorded without any intrusion. 

The image processing procedures are described briefly in Figure 3 and more details are introduced in 

the following sections, correspondingly. The raw colored images converted from the recorded videos are 

transformed into grayscale images in order to simplify the processing algorithm and while maintaining 

feature-related information. With the resulting grayscale images, noise reduction and adaptive thresholding 

are applied, preparing the images to facilitate the following specific processing. Depending on the different 

hydrodynamic characteristics acquisition purposes, different image processing methods are adopted. Based 

on the boundary discrimination using image logical and mask operations, an algorithm is developed to 

determine the bed height efficiently so that the bed expansion ratio is obtained by the normalization of the 

intimal bed height.  With morphological operations viz. dilation and erosion and the labelling operation, 

contours of jet and fountain are “extracted” effectively, which leads to the accurate determination of heights 

of jet and fountain. In this study, the frame-by-frame image processing is carried out through PYTHON, 

utilizing OpenCV (Bradski, 2000) and Numpy (Oliphant, 2006) libraries.  

It is worth mentioning that the reason for choosing adaptive thresholding is because it is a regional 

thresholding which uses local thresholds determined by the pixel values in the neighborhood of each pixel 

in the image (Solomon and Breckon, 2011). Compared to the conventional global thresholding, the adaptive 

thresholding utilizes multiple thresholds rather than one global value, which works better to discriminate 

phase boundary (solid and gas phases) as long as the determination of the local threshold is based on the 

same statistics. Considering the pre-calibrated meter-to-pixel ratio of 0.00026 m/pixel (i.e. 12 

pixels/particle) under the current visualization setup, the optimum neighborhood size of 7×7 is chosen in 

the applied adaptive thresholding due to the lowest standard deviation value of 0.00015.  
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3. RESULTS AND DISCUSSION 

3.1 Bed expansion ratio  

Bed expansion ratio (H/H0), as an important characteristic in various kinds of fluidization systems, has 

been rarely reported in the spouted bed literature. One reason may lie in the limitation of the measurement 

technique. With the images converted from the high-speed video and image processing methods, the 

profiles of bed expansion ratio under different operating conditions can be obtained. The calculation of the 

bed expansion ratio depends on the bed height determination, which relies on the precise detection of the 

bed surface and the bottom. To this end, the original images converted from the video are processed 

according to the following boundary discrimination procedure: 1) the grayscale image is generated and 

cropped from the original RGB image, during which the Gaussian filter is applied to eliminate the Gaussian 

white noise caused by the sensor of the high speed video camera; 2) the binary image is converted from the 

de-noised grayscale image using adaptive thresholding; 3) the combined image is formed by performing 

image logical operation between the target image and the blank image (i.e. the image of the spouted bed 

without any bed material); 4) the extracted image is obtained by applying the mask operation to eliminate 

interference information such as background shades and jet/bubble geometry. The procedure is 

demonstrated in Figure 4. As shown in the extracted image, the interfaces of the bed surface and the bottom, 

i.e. the targeting information, are clearly exhibited, which guarantees the accuracy of the consecutive 

interface detection. As the interface detection is dependent upon the intensity (i.e. grayscale value) 

manipulation of each pixel in the target image, the more information (or pixels) involved, the more complex 

the algorithm and time-consuming the calculation will be. This is why the developed boundary 

discrimination procedure proposed in the current study is given priority over other simple edge detection 

methods. 

In order to detect the bed interfaces, the average intensity of each row in the extracted image is 

calculated. Due to the elimination of the interference factors, both the bed surface and the bottom are clearly 
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indicated by the two peaks of the average intensity profile, as shown in Figure 5 (a). Plotting the calculated 

results with the image size together, Figure 5 (a) also reveals the precisely determined locations of the bed 

interfaces. To verify the detection method, the obtained average intensity profile is differentiated, the results 

are shown in Figure 5 (b). The detection accuracy is ascertained by the consistency between the two 

dominant peaks in the second derivative profile and two in the average intensity profile. It is also indicated 

that the interface detection can be achieved accurately as long as the interference information are eliminated. 

With the detected locations of the bed surface and the bottom, the bed height can be determined by the 

difference between the two using pixels as the unit. Applying the pre-calibrated meter-to-pixel ratio, the 

real bed height in the rectangular spouted bed is obtained. 

Normalizing the determined bed height with H0, the profiles of bed expansion ratio (H/H0) with Ug under 

different H0 are obtained. Due to the discrete-selection of the gas flow rate during the experiment, the B-

spline connection with better shape control ability is adopted to show the trends continuously with best 

approximation and accuracy. As shown in Figure 6, the bed keeps expanding with the increase of Ug until 

the onset of the external spouting, a velocity at which the jet breaks through the bed surface and the bed 

height reaches a maximum value. Increasing Ug beyond the external spouting velocity (Ues) leads to the 

decrease in bed expansion ratio because the increasing gas drag carries more particles above the bed surface 

at the same time span. The variation of bed expansion ratio for the two different nozzles (Deqn = 0.0096 and 

0.0127 m) are shown in Figure 6 (a) and (b) respectively. It is found that for the same Ug before the external 

spouting, the thinner the initial bed, the easier the bed expands, which leads to higher bed expansion ratio. 

Also, the deeper the initial bed, the higher Ug is needed to reach the external spouting. While for the same 

Ug after the external spouting, the thinner the initial bed, the easier for the gas to penetrate the bed surface 

and bring particles into the freeboard, and therefore the sharper decreasing of the bed expansion ratio curve. 

Considering the maximum value of the bed expansion ratio, it is found that a constant value of 1.4 is 

reached, which indicates that the bed seems to expand the same ratio independent of H0 and Deqn at the 

onset of the external spouting under the current bed configuration and operating conditions. This interesting 
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characteristic may relate closely to the particle properties, more specifically, the ratio of the particle size to 

the nozzle size, which deserves further investigation.  

3.2 Jet height 

As mentioned previously, apparently contradicting results regarding the effect of initial bed height on 

the jet penetration height have been found in the published literature. Different definitions of the jet, 

operating conditions, measurement methods, and bed configurations, all may contribute to this 

contradiction. To shed some light on the hydrodynamics of the jet, an image-based jet contour detection is 

utilized to determine the jet height. For the present study, a “jet height” is used as a generalized concept 

from the angle of image processing to coincide with contour and morphology operations. Because of the 

intrinsically-unsteady character of the jet, the effective jet height is a time-averaged value of a sequence of 

instantaneous values. One prominent advantage of this image-based determination method is that it records 

the instantaneous jet height, which can illustrate the dynamic behavior of the jet, and generates a more 

meaningful and representative average jet height from the instantaneous values at the same time.  

In this study, the jet evolution is clearly observed with increasing Ug under three H0 (0.0762 m, 0.102 

m, and 0.127 m) with two Deqn (0.0096 m and 0.0127 m): a relatively stable cavity forming at lower Ug, a 

developed internal jet establishing with further increase of Ug, and an external spout shaping at higher Ug. 

This evolution process is characterized by the time-averaged jet height. Meanwhile, the dynamic jet height 

variation under each Ug can be illustrated by the instantaneous jet height of a certain image sequence.  

Determination of the jet height (Hj) in the image depends on the detection and recognition of a well-defined 

jet contour. Figure 7 shows the detailed image processing procedures. An original color image (Figure 7 

(a)) is firstly converted to a grayscale image (Figure 7 (b)), which is further transformed into a binary image 

through the adaptive thresholding because of better phase boundary (solid and gas phases) discrimination 

by utilizing multiple threshold values compared to the conventional global thresholding. Mask operation is 

then applied on the binary image to get rid of other influence information (such as the outline of the bed 

frame) but the target, i.e. the jet, see Figure 7 (c). Morphological closing operation, i.e. dilation followed 
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by erosion, is applied to extract the jet contour due to their unique effects, namely, the dilation broadens 

solid regions and grows the feature around its edges, while the erosion removes small isolated features and 

reduces the size of solid object at the boundaries. At the same time, the labelling operation is applied to 

eliminate discrete regions, which are caused by the fact of uneven solids holdup distribution around the jet. 

Figure 7 (d) exhibits the distinctive jet contour represented as a while foreground in a black background. 

Followed by the labelling operation, the jet bounding box (height and width) can be obtained accurately, as 

shown in Figure 7 (e). Moreover, the jet area (based on the number of pixels that the jet occupies), and the 

equivalent area diameter can also be calculated, which will be the focus of future studies. Figure 7 (f) 

exhibits the well-defined jet bounding box in the color image, which illustrates that the current processing 

procedure can ensure a precise jet contour detection and recognition.  

Based on the detected jet contour and the bounding box, the jet height can be determined precisely with 

pre-calibrated meter-to-pixel ratio of 0.00026 m/pixel. It is found that the different variation of the jet height 

corresponds closely to different flow regimes during the jet evolution process.  Figure 8 presents typical jet 

height variation in an image sequences of 960 images under two different Ug with H0 of 0.102 m and Deqn 

of 0.0127 m. At lower Ug (0.98 m/s), the relative constant jet height (Hj = 0.0609 m; standard deviation σ 

= 0.00975) reflects to the stable vertical internal jet/cavity. When Ug is increased to 1.63 m/s, the higher jet 

height (Hj = 0.116 m; standard deviation σ = 0.0237) corresponds to a dynamic equilibrium between the jet 

and the bubble, where the jet collapsing and bubble generating exhibit a periodic manner with a certain 

frequency. The difference of both standard deviation and fluctuation of the jet height between the two 

operating conditions reflects the “true faces” of the physical dynamic behavior of the jet. These dynamic 

jet behaviors observed in our experiment coincide very well with those described in previous literatures 

(Markheveka et al., 1971; Merry, 1975). Examples of instantaneous images are also shown in Figure 8 to 

demonstrate the variation of the jet height under the two velocities. The profiles of determined jet height 

under different operating conditions are shown in Figure 9. It indicates that the jet height increases with Ug 

for both nozzle sizes. Compared to smaller nozzle (Deqn = 0.0096 m), the larger nozzle size (Deqn = 0.0127 
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m) leads to lower jet height. With the same Deqn, the higher H0 requires higher Ug to initiate the internal jet. 

Once the jet is established, the H0 has almost no effect on the jet height reflected by the overlapping of the 

same trend of variation profiles of jet height with Ug under the three different H0. This characteristic of jet 

height may relate closely to the inlet gas momentum of the nozzle or more precisely, the gas momentum 

per unit cross-sectional area of the nozzle. As long as Deqn is the same, the jet height is independent of H0 

except requiring higher incipient internal jet velocity. It also explains that the larger nozzle size (Deqn = 

0.0127 m) results in lower jet height due to the lower inlet gas momentum. More details regarding the jet 

size will be the subject of a further study. It is worth noting that the current results for the influence of H0 

on the jet height seem to be consistent with the conclusions of previous studies (Hong 1996, 2003), which 

proves that the image processing method developed in this study is effective and useful. 

3.3 Fountain height 

In a spouted bed, the fountain height is normally defined as a vertical distance of the fountain above the 

bed surface. From the perspective of spouted bed reactor design, the fountain height is a critical parameter 

in determining the overall height of the required reactor column. To be consistent with the definition, the 

fountain height (Hf), the vertical distance between the fountain surface and the bed surface is determined 

through image processing methods in the digital images converted from the high speed video. The 

determination process is demonstrated in Figure 10.  

Similar to the image processing procedures of jet height determination mentioned in Section 3.2, after 

transforming an original color image into a grayscale image, a binary image exhibiting geometry of the 

fountain is generated by the application of adaptive thresholding to discriminate the phase boundary, as 

shown in Figure 10 (a) to (c). The determination of fountain surface is based on the defining of the fountain 

contour, which is achieved by morphological operations of closing, i.e. dilation followed by erosion, to 

process the generated binary image. Considering the pre-calibrated meter-to-pixel ratio of 0.00026 m/pixel 

and the particle size in this investigation, a neighborhood size of 12×12 is chosen in the morphological 

operation. The dilation is performed first to delineate the fountain contour by filling the voids and the 
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followed the erosion to restore the dilated fountain boundary by deleting isolated particles. Meanwhile, the 

labelling operation is applied to eliminate discrete regions caused by the uneven solids holdup distribution 

in the entire bed. The resulting fountain contour can be seen in Figure 10 (d). Figure 10 (e) shows the 

determined top surface of the fountain contour. With the corresponding bed height determined by the 

algorithm of boundary discrimination and bed interfaces detection in Section 3.1, the fountain height can 

be determined, as shown in Figure 10 (f). As same as the jet height, the effective fountain height is a time-

averaged value of a sequence of instantaneous values. 

Figure 11 shows the variation of the fountain height (Hf) with Ug under different H0. For the two nozzle 

sizes used in this study, the fountain height increases with the increase of Ug due to the larger gas momentum 

caused by higher gas drag which carries the particle to a higher distance above the bed surface. At the same 

time, compared to the lower H0, the higher H0 needs higher Ug to reach a same fountain height, because the 

gas experiences more resistance passing through higher H0 to form the fountain, which requires higher Ug 

to balance the additional gas momentum consumption. Figure 12 illustrates the effect of nozzle size on the 

fountain height. Compared to the larger nozzle, the smaller nozzle leads to higher fountain height, which is 

attributed to the higher inlet gas velocity of the smaller one when under the same gas flow rate. After 

penetrating the same H0, the larger gas momentum of the smaller nozzle results in a higher reachable height 

of the spouted particles. The results are consistent with previous studies in slot rectangular spouted bed 

(Dogan 2000) and cylindrical spout-fluid bed (Zhong, 2008), which also verifies effectiveness of image 

processing method developed in this study.   

3.4 Flow regime discrimination  

The jet and the fountain are two distinctive formations in spouted beds. From fixed bed to spouted bed 

with the increasing Ug, it is observed clearly that the jet experiences an evolution process from a cavity to 

a developed jet, and finally a spout (i.e. fountain is formed above the bed surface) in the current study. 

Typical images of the cavity, the developed jet and the spout with the formation of fountain are shown in 
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Table 1. Based on the jet evolution process and the examination of the jet and fountain height mentioned 

in Section 3.2 and 3.3, different flow regimes can be discriminated clearly as following:   

• Fixed Bed, where no cavity or internal jet is formed with gas percolating through the particles under 

lower Ug.  

• Jet Development, where the internal jet develops from a cavity state with a constant height (see 

images at Ug = 0.98 m/s in Figure 8 and those at Ug = 0.81 m/s in Table 1) to a dynamic state with 

a periodic change of jet height due to the periodically detaching of the bubble at the top of the jet 

(see images at Ug = 1.63 m/s in Figure 8 and those at Ug = 1.25 m/s in Table 1). A dynamic 

equilibrium is built between the jet shrink and the bubble generation.  

• Jet Penetration, where the spout is established when the jet penetrating the entire bed to form a 

fountain with a relatively constant height (see images at Ug = 1.74 m/s in Table 1). 

A schematic diagram of spouting evolution process with hydrodynamic characteristics corresponding to 

different flow regimes is shown in Figure 13. Starting from a particle bed without gas flow, the jet is 

developed with the jet height and the bed expansion ratio increasing with the increase of the gas flow rate 

till the initiation of the fountain, after which the bed expansion ratio decreases while the fountain height 

increases with the increase of the gas flow rate. Figure 13 summarizes the definition of the determined 

characteristics in the previous sections and indicates their relationship with corresponding flow regimes at 

the same time. In order to demonstrate the dynamic changes of the jet and the fountain, the variation of the 

heights in a frame series of 960 frames are shown in Figure 14. It is worth noting that the heights use the 

bed bottom as a reference, which aims to illustrate the difference of the height range between the jet and 

the fountain. As demonstrated in Figure 13, the absolute fountain height (Hfa) using the bed bottom as a 

reference is applied to distinguish the fountain height (Hf) using the reference of bed height defined in 

Section 3.3. Figure 14 not only shows the obvious height difference among the formed internal jet/cavity, 

developed jet and the established fountain during the jet evolution process, but also reflects the height 

variation of the three in a certain time span. When the cavity is formed in the bed, it is in a relatively stable 
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state with a constant height due to a stable dispatch of gas energy and momentum, with example of 

instantaneous images shown at Ug = 0.81 m/s in Table 1. Keep increasing Ug, the bubble is generated and 

detaches at the top of the jet leading to the shrink of the jet, which exhibits a dynamic equilibrium between 

the bubble generating and the jet shrinking and results in a maximum variation of the jet height, example 

images of which are shown at Ug = 1.25 m/s in Table 1. Similar to the discussion of Figure 8 in Section 3.2, 

the higher standard deviation and fluctuation of the jet height indicates the physical dynamic behavior of 

the jet. Once the jet breaks through the bed surface to establish the fountain, the absolute fountain height 

maintains a certain level under a given operating condition, which leads to a minimum height (Hfa) variation, 

as shown in the example images at Ug = 1.74 m/s in Table 1.  

With the B-spline connection of the pressure drop and bed expansion ratio profiles, the turning trends 

of both profiles are exhibited clearly. In order to clarify the discrimination of the flow regimes, the variation 

profiles of the pressure drop across the column and the bed expansion ratio with Ug are combined to 

determine the turning velocities, i.e. the internal spouting velocity (Uis) and the external spouting velocity 

(Ues) on the basis of linear fitting lines before and after the turning point. The former, Uis, is the superficial 

gas velocity at which the internal spout originates. It is determined as the intersection point between the 

linear fitting lines of pressure drop decreasing section and the platform section in the bed pressure drop 

curve. While the latter, Ues, is the superficial gas velocity at which the internal spout breaks through the bed 

surface to form the fountain. It is determined as the intersection point between the linear fitting lines of bed 

expansion ratio increasing section and the decreasing section in the bed expansion ratio curve. The above-

mentioned determination process of the two velocities are shown in the upper section of both Figure 15 (a) 

and (b).  As illustrated in the two Figures, the Uis and the Ues represent the initiation velocities of the cavity 

and the fountain respectively, which can be used as critical velocities to discriminate flow regimes of Fixed 

Bed, Jet Development, and Jet Penetration correspondingly. Furthermore, it indicates that the Uis and the 

Ues are 0.83 m/s and 1.68 m/s respectively using the smaller nozzle size (Deqn = 0.0096 m), while the values 
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are 0.89 m/s and 1.94 m/s for the larger nozzle size (Deqn = 0.0127 m) under the same initial bed height (H0 

= 0.102 m).  

At the same time, Figure 15 illustrates the dynamic of the flow characteristics, i.e. the variation of the 

jet height (Hj) and the absolute fountain height (Hfa) at different regimes. As shown in the lower section of 

the Figure 15 (a) and (b), both the jet height and the absolute fountain height increases with the increasing 

Ug. As mentioned in the discussion of Figure 14, both heights are bed bottom-referenced. The Figures also 

show clearly a fact that before the Ues, i.e. the onset of the fountain, the jet height is lower than the bed 

height, while after the Ues, the absolute fountain height is higher than the bed height. Analysis from the 

stand point of the standard deviation shows that the jet height has more fluctuation than the absolute 

fountain height, the standard deviation of which demonstrates a process of decrease after an initial increase. 

Notably, the maximum standard deviation corresponds to the observed flow pattern exhibiting the dynamic 

equilibrium between the jet shrink and bubble formation for the two nozzles (Deqn = 0.0096 m and 0.0127 

m) under the same H0 (0.102 m). Moreover, the standard deviation is relatively lower and constant after the 

Ues, which reflects the less variation of the fountain height. The aforementioned standard deviation analysis 

coincides very well with the conclusion of Figure 14. Therefore, applying the image processing methods to 

study the flow characteristics provide a basis for specific hydrodynamic studies in the future. As 

demonstrated in the current paper, combining different flow characteristics determined through the image 

analysis, i.e. the bed expansion ratio, jet height, and the fountain height, Figure 15 not only quantitatively 

shows the discrimination of the flow regimes by the Uis and the Ues, but also gives good information on the 

dynamics of the jet height and the fountain height, which can be used to develop the equations correlating 

the different factors such as initial bed height, particle properties, jet height and the fountain height. 

Objectives like these would be very interesting focuses for the future studies. From the discussions above, 

the image processing methods proposed in this study (as shown in Figure 3), have been proved to be 

effective and useful in studying the hydrodynamic characteristics in the spouted beds.  
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4. CONCLUSIONS 

By means of a high speed video camera, systematic image processing methods have been proposed to 

study the hydrodynamic characteristics of Geldart D particles in a rectangular spouted bed (30.2 mm×101.6 

mm) under three initial bed heights (H0 = 0.0762 m, 0.102 m, and 0.127 m) for two different nozzle sizes 

(Deqn = 0.0096 m and 0.0127 m). With the acquired original image, the preliminary image processing 

including noise reduction and thresholding prepares the image for the sake of the follow-up specific 

processing in accordance with different hydrodynamic characteristics. Based on the boundary 

discrimination achieved by the adaptive thresholding as well as logical and mask operations, an algorithm 

has been developed to determine the bed height successfully. After applying the morphological operations 

viz. erosion and dilation and the labelling operation on the boundary-discriminated image, the jet height 

and fountain height have been effectively determined. 

To verify the feasibility and effectiveness of the image processing methods proposed in the current 

study, the variation profiles of bed expansion ratio, jet height and fountain height with superficial gas 

velocity (Ug) under different H0 for the two Deqn are obtained with the following conclusions.  

1) The bed expansion ratio increases with increasing Ug until the onset of the external spouting, beyond 

which the bed expansion ratio decreases with Ug because the increasing gas drag brings more 

particles above the bed surface. At the onset of the external spouting, it is found that the bed expands 

to the same ratio of 1.4, regardless of the H0 and Deqn.  

2) The jet and fountain heights are determined by image-based jet and fountain contour detection. 

Because of the intrinsically unsteady character of the jet and the fountain, the effective height is a 

time-averaged value of a sequence of instantaneous values. This image-based determination method 

not only records the instantaneous heights, which can illustrate the dynamic behaviors of the jet and 

the fountain, but also generates effective and representative time-averaged heights from the 

instantaneous values at the same time.  
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3) The jet height increases with Ug and is independent upon the H0. The overlapping of the jet height 

profiles for both nozzles suggests that the H0 has almost no effect on the jet height but the incipient 

internal jet velocity, which may relate closely to the gas momentum per unit cross-sectional area of 

the nozzle.  

4) The fountain height increases with the increase of Ug. In order to reach the same fountain height, 

the higher H0 needs higher Ug to balance more resistance compared to the lower H0. Under the same 

H0, the smaller nozzle leads to higher fountain height, which is attributed to the higher inlet gas 

velocity under the same gas flow rate. 

5) Considering the jet and the fountain are two distinctive formations in the spouted beds, the standard 

deviation of the jet and absolute fountain height (using the bed bottom as a reference) can be used 

as an important parameter to characterize the height variation and the regime evolution.  

6) By combining the bed expansion ratio, jet height, the fountain height and the standard deviation 

analysis, the flow regime can be determined quantitatively with detailed dynamic information of the 

jet and the fountain, which not only proves that the image processing methods are effective and 

useful, but also establishes a basis for studies on specific hydrodynamic characteristic in the future. 

Applying the image processing methods, hydrodynamic study on different kinds of particles, and 

investigation on the influence of different parameters on flow characteristics would be interesting objectives 

for the future. 
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Figure 1 Schematic diagram of the experimental apparatus and two nozzle sizes: (a) Rectangular spouted bed; (b) 

Deqn = 9.6 mm; (c) Deqn = 12.7 mm.  

 
Figure 2 Visualization system 

 

 
 

Figure 3 Flow chart of applied image analysis  
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Figure 4 Demonstration of the boundary discrimination procedure 
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(a) 

 
(b) 

Figure 5 Bed height determination: (a) Interfaces detection; (b) Detection method verification 
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(b) 

Figure 6 Profiles of bed expansion ratio with increasing Ug: (a) Deqn = 0.0096 m; (b) Deqn = 0.0127 m  

0.0 0.5 1.0 1.5 2.0 2.5

1.0

1.1

1.2

1.3

1.4

1.5
Nylon
0.0096 m nozzle

Be
d 

ex
pa

ns
io

n 
ra

tio
 (-

)

Superficial gas velocity (m/s)

 H0 = 0.0762 m
 H0 = 0.102  m
 H0 = 0.127  m

1.4

0.0 0.5 1.0 1.5 2.0 2.5

1.0

1.1

1.2

1.3

1.4

1.5
Nylon
0.0127 m nozzle

Be
d 

ex
pa

ns
io

n 
ra

tio
 (-

)

Superficial gas velocity (m/s)

 H0 = 0.0762 m
 H0 = 0.102   m
 H0 = 0.127   m

1.4



29 
 

 
Figure 7 Determination of jet contour  

 
 

 
Figure 8 Typical jet height variation with time under different Ug 
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Figure 9 Variation profiles of jet height with Ug  

 
 

 
Figure 10 Determination of fountain height 
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(a) 

 

 
(b) 

Figure 11 Variation of fountain height with Ug: (a) Deqn = 0.0096 m; (b) Deqn = 0.0127 m  
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Figure 12 Effect of nozzle size on the fountain height 

 
 

 
Figure 13 Schematic diagram of hydrodynamic characteristics in different flow regimes 
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Figure 14 Heights variation with time in different flow regimes 
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(b) 

Figure 15 Flow regime discrimination with dynamic behavior of hydrodynamic characteristics 
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Table 1 Typical Jet/Fountain images under different Ug (H0 = 0.102 m, Deqn = 0.0096 m) 

Time (s) 
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