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Abstract 11 

Properties of endogenous bubbles released during the devolatilization of a single biomass 12 

particle under inert conditions have been investigated by means of advanced X-ray imaging 13 

techniques. Distribution of void fraction showed that endogenous bubbles structure resembles that 14 

of classic bubbles observed in fluidized bed reactors, constituted by a cloud, wake and a central 15 

void region. A value of about 0.25 for the wake fraction has been obtained from experiments, 16 

which is in agreement with literature data for Geldart B particles. Volume of cloud region as a 17 

function of relative bubble velocity was generally well-described by the theoretical models of 18 

Davidson and Murray, showing effective recirculation of volatile matter around the bubble. 19 

Moreover, lack of mixing between bubbles and emulsion phase, as predicted by the Davidson’s 20 

theory for classic bubbles, confirmed the bypass phenomenon observed for endogenous bubbles 21 

in previous studies. Owing to the non-invasive nature of the X-ray technique employed, it was 22 
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possible to estimate the main features of endogenous bubbles with high accuracy. Knowledge 23 

provided in this work can be easily implemented to improve modelling of fluidized bed reactors 24 

applied to advanced thermochemical conversions, such as gasification and pyrolysis, of biomass 25 

and waste materials. 26 
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1. Introduction 29 

Bubbling fluidized bed reactors represent one of the most promising technologies for the 30 

production of renewable energy and valuable products from biomass and waste materials. Their 31 

excellent operation flexibility, mass and heat transfer features make fluidized bed reactors particularly 32 

suitable for processing highly heterogeneous solid feedstocks under a broad spectrum of operational 33 

conditions, from pure oxidizing to completely inert reaction environment. In the last few decades, 34 

there has been a renewed interest in using fluidized bed reactors for advanced thermochemical 35 

conversions, such as gasification and pyrolysis, where the solid feedstock is converted into valuable 36 

gaseous, liquid and solid products, in order to promote the green energy transition [1–6]. 37 

Nevertheless, bubbling fluidized bed reactors remain the main focus of current research, owing to 38 

unsolved issues related to poor mixing of both solid and gas phases [7–12]. In this context, there are 39 

two main phenomena occurring during the conversion of a solid feedstock, i.e., segregation and self-40 

segregation. The former phenomenon is related to the reacting feedstock itself, which tends to stratify 41 

at the surface of the bed, due to its relatively lower density compared to that of typical bed materials 42 

[13–16], such as sand and alumina-silicate catalysts. This results in poor contact with bed inventory 43 

and subsequent reduced heat transfer, which is essential for high product yields and quality [17,18]. 44 

On the other hand, self-segregation is related to the evolution of the feedstock’s volatile content 45 

during the first step of most thermochemical conversion, i.e., the devolatilization stage. At sufficiently 46 
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high temperatures, a solid fuel releases volatiles into the bed in form of bubbles, called endogenous 47 

bubbles [13,19]. These are different from exogenous bubbles, which form when the superficial 48 

velocity of the gas used to fluidize the bed (e.g., air, nitrogen, CO2, steam, or a combination of these) 49 

exceeds the minimum fluidization velocity of the bed material. Both segregation and self-segregation 50 

are closely connected to one another, since endogenous bubbles further enhance the rising velocity 51 

of the feedstock particles up to the bed surface, exerting a drag effect or lift force [13–15,20,21]. 52 

Several literature studies have shown that a lack of mixing occurs between bed emulsion phase and 53 

endogenous bubbles released, which ultimately erupt at the surface of the bed and release the volatile 54 

content into the freeboard of the reactor in a discontinuous pattern [13–16,22]. This observation is in 55 

contrast with the assumption of full mixing and instantaneous devolatilization, usually used to model 56 

thermochemical conversions of solid feedstocks in fluidized beds [23–31]. In addition, this implies 57 

the absence of a reacting solid phase, which migrate within the bed and continuously releases volatiles 58 

during operation, affecting the hydrodynamic of the entire reactor. 59 

Exogenous bubbles have been extensively investigated and their mechanism of formation well-60 

described through mathematical models [32–37]. Different diagnostic techniques have been used in 61 

the past to investigate the movement of an isolated object within a fluidized bed at cold conditions, 62 

including PIV (Particle Image Velocimetry), Lagrangian sensors, MPT (Magnetic Particle Tracking) 63 

and RPT (Radioactive Particle Tracking) [7,38,47–49,39–46]. However, none of these methods 64 

provide any information on the gas released by fuel particles reacting within the bed, and its 65 

interaction with the other gas phases at high operating temperatures. Among the available techniques, 66 

X-ray imaging is the only one, at present, to have the potential of carrying out this type of 67 

investigation, due to the possibility of direct visualization of dynamic phenomena occurring within 68 

the reactor, e.g., evolution of  volatile matter from a solid feedstock, with high spatial and time 69 

resolutions [13,22]. The visualization is made possible thanks to the difference in density, hence 70 

attenuation of the X-ray beam, between gas and solid phases, without interfering with them. X-ray 71 

studies demonstrated that three-dimensional exogenous bubbles in a fluidized bed are remarkably 72 
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spherical, apart from the particle wake filling the bottom [34]. Rowe and Partridge quantified the 73 

fraction of the bubble filled by the wake from numerous X-ray measurements and for different bed 74 

materials at ambient temperature [50]. Yates et al. investigated the void distribution in exogenous 75 

bubbles via X-ray imaging and observed the presence of an expanded shell of gas and particles 76 

surrounding the bubbles, where the porosity is much lower than that observed for the emulsion phase. 77 

They also observed a similar behaviour for the wake region of the bubbles [51]. X-ray imaging 78 

techniques have been also successfully applied in more recent studies regarding horizontal jet 79 

penetration in gas fluidized beds [52,53]. 80 

However, the present literature lacks knowledge regarding the evolution of endogenous bubbles 81 

released during devolatilization at typical conditions of industrial thermochemical processes. The 82 

great amount of gas released by a highly volatile feedstock can have an impact on the mixing of the 83 

bed solids. This results in an alteration of heat transfer properties of the bed itself, which must be 84 

taken into account to improve existing modelling techniques [23]. Furthermore, the interaction 85 

between volatile matter and fluidization medium may significantly be affected by the eruption of 86 

endogenous bubbles at the bed surface (i.e., splashing zone), where the mass transfer and chemical 87 

reactions mainly occur [30,54]. As a consequence, the whole concentration profile of the released gas 88 

species along the rest of the reactor (freeboard zone) is also affected. Characterization of the volatiles 89 

distribution within a fluidized bed is then crucial for development and design of high-performance 90 

operations. The present work aims at providing a deeper understanding of endogenous bubbles 91 

properties, with emphasis on their void distribution and structure obtained by means of X-ray imaging 92 

techniques. 93 

 94 
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2. Material and methods 95 

2.1 Experimental unit 96 

The experimental apparatus consists of a 146 mm ID × 1000 mm high Inconel tube fitted with a 97 

stainless-steel distributor plate and is operated at atmospheric pressure and temperature of 730 °C, in 98 

order to provide devolatilization of the biomass particle injected. The vessel was filled with a Geldart 99 

group B quartz sand (particle density 2650 kg/m3 and average particle size 250 µm) up to a fixed bed 100 

height of 20 cm at ambient temperature. The reactor is electrically heated and insulated with multiple 101 

layers of rockwool to maintain the high bed temperature and reduce heat losses as much as possible. 102 

Nitrogen was used as fluidizing medium and the bed was operated at minimum fluidization (Umf = 103 

1.74 cm/s at 730 °C) for all the experiments to enable observation of volatiles without possibilities of 104 

confusion arising from exogenous bubbles. Figure 1 shows the experimental apparatus used.  105 

 106 

Figure 1: Experimental apparatus. 1: X-ray source, 2: Image intensifier, 3: Fluidized bed reactor. 107 

The fluidized bed reactor is placed in between X-ray source and image intensifier, in order to 108 

visualize the endogenous bubbles released by the single biomass particle. A 12-mm beech wood 109 

spherical particle was injected from the bottom of the fluidized bed by means of a single fuel particle 110 

injector located at 2.5 cm above the distributor plate. Typical physical and chemical properties of the 111 

materials investigated are listed in Table 1. 112 
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Table 1: Typical physical and chemical properties of beech wood (BW). 113 

 BW 

Ref. [55] [56] [57] 

Ultimate analysis, (wt%) db daf db 

C 48.1 49.2 49.1 

H 5.9 6.0 5.7 

O 45.4 44.1 44.5 

N 0.2 0.5 0.15 

S - 0.02 0.045 

Proximate analysis, (wt%)  wb db db 

Volatiles 74.8 85.3 84.3 

Fixed carbon 15.7 14.3 15.2 

Ash 0.7 0.4 0.5 

Moisture 8.8 0 8.7ar 

Heating value db, [MJ/kg] 15.0 - - 

ar: as received, daf: dry ash free, db: dry basis, wb: wet basis 114 

Once the particle reaches the surface of the bed, it continues releasing its volatile content into the 115 

freeboard. Therefore, the properties of endogenous bubbles were assessed via X-ray imaging during 116 

the residence time of the particle within the bed. 117 

 118 

2.2 X-ray imaging technique and analysis 119 

The X-ray methodology used relies on a series of non-invasive techniques, capable to provide 120 

frame-by-frame imaging with extremely high time and spatial resolution of 36 frames per second and 121 

about 1.6 mm/pixel, respectively. The conversion factor from pixel to SI units has been calculated by 122 

placing a square lead marker of known size (1 × 1 cm) on the external surface of the reactor. Different 123 

algorithms for image analysis were developed and implemented in MATLAB® [22,58], in order to 124 

enhance the quality of the images and perform any quantitative analysis. The image post-processing 125 

procedure must take into account the intrinsic curvature of the image intensifier and diverging conical 126 

shape of the X-ray beam, also known as pincushion distortion. This undesirable effect was reduced 127 

by decreasing the distance between the reactor and image intensifier (optimal value of 26 cm) and 128 

increasing the distance between X-ray source and image intensifier (optimal value of 99 cm). The 129 
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quality of the images collected was improved by applying contrast and filtering functions. Although 130 

the X-ray facility allows to visualize the entire bed, a smaller region of interest has been chosen to 131 

post-process the images, in order to focus the analysis on the endogenous bubbles only. Figure 2 132 

shows an example of image processing performed on a single endogenous bubble with different levels 133 

of detail. 134 

 135 

Figure 2: Two-dimensional X-ray visualization of a three-dimensional endogenous bubble. Raw image 136 
(left) and post-processed image (right) after application of contrast and filtering algorithms. 137 

 138 

Measurements of bubbles size, structure, velocity and frequency of formation have been carried 139 

out on each chosen endogenous bubble during the in-bed devolatilization of the biomass particle. The 140 

images were collected fixing the height of the X-ray source at 17 cm from the distributor plate. The 141 

image intensifier was then synchronized to the source at same height to provide visualization and 142 

images acquisition. Generally, a gas bubble increases in size during its rise, therefore the height of 17 143 

cm was chosen to ensure that the bubble was well-developed, but still far from its eruption at the bed 144 

surface, to provide high quality visualization and quantitative measurements.  Results obtained are 145 

shown and discussed in the next section. 146 

The high difference in attenuation of X-ray beams between solid and gas phases allows to visualize 147 

the volatiles bubbles and distinguish them from the bed material very clearly. Investigation of bubbles 148 

void fraction is based on the Beer-Lambert equation [51,59–61]: 149 
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 𝐼 = 𝐼0𝑒−𝜇𝑐𝐿 (1) 

where I is the transmitted intensity, I0 the incident intensity, μ the attenuation coefficient of the 150 

particulate material, c its concentration and L the path length of the X-ray beam. Eq. 1 can be 151 

expanded to its linear form and the second and higher order terms in the exponential may be neglected, 152 

as follows: 153 

 𝐼 = 𝐼0 − 𝐼0(𝜇𝑐𝐿) (2) 

Such an approximation was justified by Yates et al. to be accurate with a linear correlation coefficient 154 

of 0.997 [51,61,62]. Since the attenuation of X-rays of volatile matter is negligible, the concentration, 155 

c, can be expressed in terms of the solids fraction of the fluidized bed through which the beam passes. 156 

Considering ε as the average void fraction of the bed material along the path length, Eq. 2 can be 157 

written as: 158 

 𝐼 = 𝐼0 − 𝐼0𝜇(1 − 𝜀)𝐿 (3) 

Once a reference image of the packed bed with known void fraction is acquired, the value of ε 159 

corresponding to each path length can be obtained [62]. Eq. 3 applied to the packed bed image 160 

provides the coefficient μL for the specific particulate material, which can then be used to obtain the 161 

void fraction for the spatial grayscale intensity distribution associated with each frame. 162 

Physical structure of endogenous bubbles has been assessed on each postprocessed X-ray image, 163 

using ImageJ software. 164 

 165 

3. Results and discussion 166 

3.1 Void fraction distribution in endogenous bubbles 167 

Figure 3 shows one of the X-ray frames along with the distribution of void fraction selected for 168 

the discussion. 169 

 170 
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 171 

Figure 3: Void fraction distribution of an endogenous bubble. Left: Post-processed frame of an 172 
endogenous bubble. Right: two-dimensional void fraction distribution ε for the same endogenous bubble.  173 

 174 

It can be observed that low values of void fraction of about 0.47 correspond to the emulsion phase. 175 

In the proximity of the endogenous bubble, the concentration of bed solids decreases, and it is possible 176 

to distinguish three main regions according to the measured values of void fraction. This observation 177 

shows that the structure of an endogenous bubble is similar to that of an exogenous bubble, which 178 

has been extensively investigated, as reported in several research studies present in literature [32,35–179 

37,63]. In particular, Davidson proposed a model where the bubble generally consists of a cloud, 180 

wake and central void phase, which has been used by many authors to describe the fluid dynamics of 181 

fluidized beds [32,38,39,43,44,64]. Moreover, several researchers used the Davidson’s assumption to 182 

model fluidized bed reactors applied to thermochemical conversions, showing good predictive 183 

capabilities [23,30,45,65]. Results obtained in this work show that an endogenous bubble has a similar 184 

structure to the Davidson’s bubble, therefore the three observed regions of void fraction can follow 185 

the same definitions. 186 

Figure 4 shows intensity distribution for the same endogenous bubble reported in Figure 3. 187 

Intensity of the X-ray beam passing through the emulsion phase and endogenous bubble is 188 

represented by values of grey scale, where zero and 255 correspond to black and white, respectively. 189 

The values of intensity reported in the graphs have been obtained along either a horizontal (Figure 4-190 

a) or a vertical line (Figure 4-b) passing through the centre of the bubble. 191 

 192 
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 193 

Figure 4: Intensity across the equator (a) and meridian (b) of an endogenous bubble. 194 

 195 

In the present case, the intensity starts from a minimum value of about 50 representing the 196 

emulsion phase and it increases as the X-ray beam enters the expanded regions of cloud and wake 197 

until the centre of the bubble, where the concentration of bed particles reaches its minimum value. 198 

As can be seen from the graphs, the intensity distribution along both the horizontal and vertical 199 

direction follows a similar trend, showing symmetry of the bubble released. It can be noticed that the 200 

cloud region has generally a larger volume than the wake region, as demonstrated by the 201 

hydrodynamic theories [32]. Further details are reported in the next section. 202 

Figure 5 shows the distribution of void fraction for cloud and wake regions of the endogenous 203 

bubble. Values of ε are shown along either a horizontal or a vertical line passing through the centre 204 

of the bubble. 205 

 206 

 207 

Figure 5: Void fraction across the equator (a) and meridian (b) of an endogenous bubble. 208 



11 
 

 209 

Since the void fraction is related to the intensity of the X-ray beam through the Beer-Lambert 210 

equation (Eq. 3), epsilon follows the same behaviour of I, discussed in the previous section. In fact, 211 

results showed in Figure 5 have been obtained using values of intensity reported in Figure 4. The void 212 

fraction of the expanded bed at minimum fluidization is 0.47, as showed in the graphs, and it reaches 213 

its maximum of 0.78, which corresponds to the highest concentration of volatile matter at the centre 214 

of the bubble. Similar trends can be observed for both Figure 5-a and Figure 5-b. However, the void 215 

fraction in the wake phase (Figure 5-b) along the vertical axis is noticeably lower than that in the 216 

cloud region, indicating a relatively higher concentration of solids travelling behind the rising bubble. 217 

The wake zone in endogenous bubbles may be responsible for the establishment of a drag effect 218 

exerted on the reacting fuel particle, which existence has been observed by other researchers [13–219 

16,21]. According to Solimene et al., a fully-formed endogenous bubble transfers momentum to the 220 

gas-emitting particle [21]. X-ray measurements conducted by Rowe et al. showed that the upward 221 

movement of solid particles is associated to that of the wake of rising bubbles [37]. From these 222 

observations, it can be then assumed that the induced endogenous bubbles lift effect is due to the 223 

presence of a wake phase.  224 

 225 

3.2 Assessment of bubbles structure 226 

3.2.1 Wake region 227 

From the images collected it was also possible to measure the volumes of each zone of the 228 

endogenous bubbles. Figure 6 shows an endogenous bubble and the method used to measure the 229 

volume of its wake region. 230 

 231 
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 232 

Figure 6: X-ray visualization of an endogenous bubble (a) and measurement criterion of its wake region 233 
(b). 234 

 235 

The volume of wake can be considered as the sum of two spherical caps with volumes V1 and V2, 236 

having the same radius a, and height h and b, respectively (Figure 6-b). These volumes are given by 237 

the following equations: 238 

 𝑉1 =
𝜋

6
ℎ(3𝑎2 + ℎ2) (4) 

 239 

 𝑉2 =
𝜋

6
𝑏(3𝑎2 + 𝑏2) (5) 

The second volume can be also expressed in terms of the bubble radius and wake angle as: 240 

 
𝑉2 =

𝜋

3
𝑟𝑏

3 (2 − 3 sin
𝜃𝑤

2
+ sin3

𝜃𝑤

2
) 

(6) 

 241 

Each bubble was assumed to be spherical and the equivalent circle in each X-ray frame to represent 242 

the cross-sectional area of the bubble itself. After measurement of all the physical parameters rb, h, 243 

and θw, it was possible to calculate the volume of wake region as: 244 

 
𝑉𝑤 =

𝜋

6
ℎ(3𝑎2 + ℎ2) +

𝜋

3
𝑟𝑏

3 (2 − 3 sin
𝜃𝑤

2
+ sin3

𝜃𝑤

2
) 

(7) 

 245 

The fraction of the endogenous bubble occupied by the wake is given by the following equation: 246 

 
𝑓𝑤 =

3 𝑉𝑤

4 𝜋 𝑟𝑏
3 

(8) 



13 
 

Measurements of the parameters rb, a, b, h and θw were conducted as explained in Figure 6-b, using 247 

ImageJ software on each postprocessed X-ray frame. 248 

Table 2 shows the results obtained from X-ray measurements of 18 different endogenous bubbles 249 

at the same height within the bed of 17 cm from the distributor plate, where the bubbles were clearly 250 

visible and developed. 251 

 252 

Table 2: Results obtained from X-ray measurements of the wake phase. 253 

Bubble (#) rb (cm) θw (deg) fw  

1 1.33 130 0.240 

2 1.36 129 0.264 

3 1.57 114 0.267 

4 1.38 118 0.217 

5 1.64 116 0.194 

6 0.889 104 0.289 

7 0.931 116 0.221 

8 1.13 129 0.218 

9 1.07 115 0.217 

10 1.01 116 0.405 

11 1.37 129 0.170 

12 0.909 116 0.266 

13 1.30 127 0.273 

14 1.51 105 0.165 

15 1.27 127 0.244 

16 1.09 114 0.366 

17 1.19 129 0.271 

18 0.919 118 0.269 

 254 

 255 

The value of wake fraction fw measured in this study is 0.253 ± 0.0603 and is in line with values 256 

for exogenous bubbles found in literature. Rowe and Partridge measured fw for different types of bed 257 

material using X-ray imaging techniques and obtained values between 0.21 and 0.26 for natural sand 258 

[50]. 259 

 260 
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3.2.2 Cloud region 261 

Figure 7 shows the shape of the cloud region of endogenous bubbles assumed for the calculations. 262 

The fitted circle was chosen according to the values of intensity/void fraction in each frame. The area 263 

of the images where the intensity (or void fraction) reaches an almost constant value, which lower 264 

than the one measured for the void region and higher than that of the emulsion phase (Figure 4 and 265 

5), has been assumed to be occupied by the bubble’s cloud. 266 

 267 

 268 

Figure 7: X-ray visualization of an endogenous bubble (a) and measurement criterion of its cloud region 269 
(b). 270 

 271 

According to Figure 7-b, the volume of the actual cloud region (Vc) has been calculated by 272 

subtracting two spherical caps with volumes V3 and V4 from a fitted sphere (Vfit) surrounding the 273 

bubble and its cloud. The two volumes represented in Figure 7 can be calculated following the same 274 

procedure used for V1 and V2 discussed in the previous section, as follows: 275 

 𝑉3 =
𝜋

6
𝑒(3𝑓2 + 𝑒2) (9) 

 276 

 𝑉4 =
𝜋

6
𝑑(3𝑓2 + 𝑑2) (10) 

 277 

For ease of measurements, the cloud region has been assumed to have the same boundary (or same 278 

fitted arc) of the wake phase. The volume of the cloud region can be calculated as follows: 279 

 𝑉𝑐 = 𝑉𝑓𝑖𝑡 −
𝜋

6
𝑒(3𝑓2 + 𝑒2) −

𝜋

6
𝑑(3𝑓2 + 𝑑2) (11) 
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 280 

Eq. 11 can be written in terms of the radius of the cloud region, as follows: 281 

 
𝑉𝑐 =

4 𝜋

3
𝑟𝑐

3 −
𝜋

6
𝑒(3𝑓2 + 𝑒2) −

𝜋

3
𝑑2(3𝑟𝑐 − 𝑑) 

(12) 

 282 

where rc is the radius of the cloud. Measurements of the bubble’s physical parameters in Figure 7 283 

were conducted in ImageJ software, as for the wake region assessment explained in previous section. 284 

It is interesting to compare the experimental cloud size with the calculated values from the most 285 

well-known theoretical models for three-dimensional bubbles by Davidson and Murray. 286 

Davidson’s equation: 287 

 𝑟𝑐

𝑟𝑏
= (

𝛼 + 2

𝛼 − 1
)

1/3

 
(13) 

 288 

Murray’s equation: 289 

 
(𝛼 − 1) (

𝑟𝑐

𝑟𝑏
)

4

− 𝛼
𝑟𝑐

𝑟𝑏
− 4 cos 𝜔 = 0 

(14) 

where α = εmf Ubr/Umf is the relative bubble velocity. In this context, εmf represents the void fraction 290 

of the bed at minimum fluidization condition. The cloud forms as the emulsion gas passes through 291 

the bubble from bottom to top. According to Davidson, when a bubble travels faster than the 292 

interstitial fluidizing medium, the gas starts recirculating around the bubble after leaving its upper 293 

part, hence generating the cloud region [32]. In the present case, however, the fuel particle releases 294 

continuously volatile matter below each generated endogenous bubble. A part of this gas percolates 295 

through the emulsion phase and does not form any bubble. It is then possible to make the following 296 

assumptions to describe the mechanism of cloud formation: 297 

• Only the fraction of volatile matter that percolates through the emulsion behind a rising 298 

endogenous bubble is responsible for the generation of its cloud. 299 

• The interstitial velocity of volatile matter in the emulsion phase is given by the kinetic of 300 

devolatilization of the fuel particle. 301 

The first assumption is in line with previous research studies, where several authors observed that 302 

the gas in the dense bed does not interact with the endogenous bubbles [16,22]. 303 

The volume of the bubble measured via X-ray imaging depends on the flow rate of volatile matter 304 

released during the devolatilization and can be calculated as follows: 305 

 306 
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𝑉𝑏 = 𝛾 

𝑄

𝑛𝑏
 

(15) 

 307 

where nb is the frequency of bubbles formation obtained from experiment. The measured value from 308 

X-ray images is 7.53 ± 0.72 s-1, which is very close to the one obtained by Kunii and Levenspiel of 309 

about 7 s-1 for the formation of bubbles from an orifice [32]. The parameter γ depends on the 310 

temperature at which the devolatilization occurs [22]. However, Eq. 15 can be also written in terms 311 

of visible to actual gas flow ratio as: 312 

 
𝑉𝑏 = (1 − 𝛽) 𝜅 

𝑄

𝑛𝑏
 

(16) 

 313 

where β indicates the amount of volatile matter that percolates through the emulsion phase, whereas 314 

κ takes into account the correction on the kinetic of devolatilization, which was assumed to follow a 315 

pseudo-first order rate law for ease of discussion. The volumetric flow rate of volatiles released by 316 

the particle can be expressed by the following equation [13–15,66]: 317 

 𝑄 =
𝑚𝑝0 𝑤

𝜌𝑣𝑚
𝑘𝑒−𝑘𝑡 

(17) 

 318 

The density of volatile matter ρvm was calculated assuming phenol as ideal gaseous pseudo-319 

component [23], which is equal to 1.14 kg/m3 in the present case. Typical value of volatile content w 320 

for beech wood is 0.85 [56,57]. The reaction rate constant k is 0.0226 s-1 and was calculated by means 321 

of the Arrhenius-type equation with values of pre-exponential factor and activation energy of 0.0807 322 

s-1 and 10.6 kJ/mol, respectively [22]. 323 

Since the residence time of the biomass particle within the bed is relatively low compared to the 324 

characteristic devolatilization time, exponential term approaches to unity (kt approaches to zero) and 325 

Eq. 17 becomes: 326 

 𝑄 =
𝑚𝑝0 𝑤

𝜌𝑣𝑚
𝑘 

(18) 

 327 

The superficial velocity of volatiles released that percolate through the emulsion phase can be 328 

calculated as: 329 

 
𝑈𝑣𝑚 = 𝛽

𝑄

𝑆𝑝0
 

(19) 

 330 
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where Sp0 is the maximum cross-sectional area of the biomass particle. Finally, it is possible to define 331 

the relative endogenous bubble velocity as follows: 332 

 
𝛼∗ =

𝑈𝑏𝑟 𝜀𝑚𝑓

𝑈𝑣𝑚
 

(20) 

 333 

Table 3 shows the results obtained from measurements on X-ray images. 334 

 335 

Table 3: Results obtained from X-ray measurements for the assessment of cloud phase properties. 336 

Bubble (#) 
ubr,exp 

(cm/s) 

ubr,calc 

(cm/s) 
β κ γ Uvm (cm/s) α* rc/rb 

1 23.2 36.3 0.547 14.7 6.67 5.70 1.92 1.33 

2 26.5 36.8 0.665 21.0 7.04 6.93 1.81 1.30 

3 23.2 39.4 0.684 32.6 10.3 7.12 1.54 1.18 

4 53.0 36.9 0.165 8.35 6.96 1.72 14.5 1.30 

5 30.9 40.3 0.514 24.3 11.79 5.36 2.73 1.18 

6 36.4 29.7 0.341 3.66 2.41 3.55 4.85 1.32 

7 34.2 30.4 0.299 3.90 2.73 3.11 5.19 1.33 

8 27.6 33.5 0.344 6.56 4.30 3.58 3.64 1.26 

9 25.9 32.5 0.600 8.00 3.20 6.25 1.96 1.72 

10 39.3 31.7 0.438 5.62 3.16 4.56 4.08 1.88 

11 47.7 39.9 0.170 8.30 6.88 1.77 12.7 1.05 

12 29.7 30.0 0.580 4.20 1.76 6.04 2.33 1.89 

13 34.7 35.9 0.710 21.5 6.23 7.39 2.22 1.47 

14 30.2 30.7 0.0375 9.63 9.26 0.390 36.5 0.834 

15 31.5 35.5 0.260 7.40 5.48 2.71 5.50 1.52 

16 46.1 32.8 0.380 6.20 3.84 3.96 5.50 1.66 

17 41.3 34.3 0.290 7.10 5.04 3.02 6.45 1.21 

18 26.8 30.2 0.747 10.6 2.70 7.78 1.63 1.92 

 337 

Values of α* higher than unity in all the cases investigated confirm the presence of a cloud around 338 

the rising endogenous bubbles, in agreement with hydrodynamic theories [32]. It can be noted that 339 

the average value of beta is 0.432, meaning that about 43% of the gas released by the biomass particle 340 

percolates through the emulsion and the remaining 57% generates the endogenous bubble. It is 341 

interesting to note that this result is in good agreement with the behaviour observed for an isolated 342 
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bubble in a bed at minimum fluidization, after being injected through an orifice. According to Nguyen 343 

and Leung, the leakage of gas into the emulsion phase for a bed of alumina particles accounted for 344 

47% [67]. Rowe et al. found that the visible bubble flow was approximately 50% of the gas injected 345 

into the bed for different types of bed materials, using X-ray cinematography [68]. Furthermore, the 346 

parameter γ has an average value of 5.54, which follows the trend obtained in a previous study [22]. 347 

Table 3 also shows a comparison between experimental and calculated velocity for endogenous 348 

bubbles. The experimental velocity ubr,exp was measured considering the distance covered by a bubble 349 

between two consecutive X-ray frames. For the calculation, the following well-known correlation 350 

was used [32]: 351 

 352 

 𝑢𝑏𝑟,𝑐𝑎𝑙𝑐 = 0.711√𝑔 𝑑𝑏 (21) 

 353 

It is interesting to note that there are inconsistencies between the measured and calculated values of 354 

velocity, as observed in Table 3. This appears to be in contrast with previous observations, that is 355 

endogenous and exogenous bubbles behave in a similar way. However, Rowe and Partridge 356 

investigated exogenous bubbles velocity for different bed materials and fitted their values assuming 357 

a generic coefficient for Eq. 21, as follows [50]: 358 

 359 

 𝑢𝑏𝑟 = 𝜙√𝑔 𝑑𝑏 (22) 

 360 

The authors obtained a great scattering for the coefficient Φ in Eq. 22, which varied in the range of 361 

0.590 – 0.856 according to the particle size of the bed material. Therefore, they observed that there is 362 

no specific experimental reason for choosing this type of equation. Figure 8 shows the experimental 363 

values of rising bubble velocity obtained in this work, along with the best fitting curve (Eq. 22). 364 

 365 
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 366 

Figure 8: Experimental values of rising bubble’s velocity as a function of the right-hand side of Eq. 22. 367 

 368 

The coefficient obtained from the fitting procedure is 0.688 (R2 = 0.93), which is similar to the value 369 

obtained by Rowe and Partridge. They found values of Φ in the range of 0.651 – 0.706 for bed 370 

materials with an average particle size between 220 and 240 µm, that is very close to the one used in 371 

this study (250 µm). It is then possible to conclude that the analogy between endogenous and 372 

exogenous bubbles is still verified. 373 

Figure 9 shows theoretical and experimental rc to rb ratios as a function of α*. The Murray’s 374 

equation has been solved assuming different values of ω, due to the difficulty in determining this 375 

parameter from experiments. 376 

 377 
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 378 

Figure 9: Ratio between cloud and bubble radius as a function of the relative endogenous bubble’s 379 
velocity. 380 

 381 

Most of the experimental values are uniformly distributed around the theoretical curves, 382 

suggesting an effective recirculation of volatile matter within the bubble to form the cloud region. 383 

However, there are few points scattered above the curves. In these cases, the observed endogenous 384 

bubbles developed a relatively large cloud region compared to the predicted one. This might indicate 385 

that these bubbles and their associated clouds had not reached the steady state required by the 386 

hydrodynamic theories, even if they were nearly at the surface of the bed. This result is in agreement 387 

with an X-ray investigation conducted by Rowe and Yacono, who found large differences between 388 

the visible bubble volumes and those expected by the two-phase theory [69]. Furthermore, it is 389 

important to note that the particle’s devolatilization at the conditions studied follows a multiple 390 

bubble segregation pattern [14,15,22], which may result in the occurrence of coalescence of two or 391 

more bubbles before their eruption at the surface of the bed. This observation implies that the 392 

endogenous bubbles released were not necessarily fully developed before bursting at the surface of 393 

the bed, explaining the deviation from theoretical values. 394 

 395 
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4. Conclusions 396 

This work focused on the investigation of structure and properties of endogenous bubbles released 397 

by a biomass particle during devolatilization at 730 °C. During each experimental run, a single 12-398 

mm sphere of beech wood was injected from the bottom of the bed fluidized by nitrogen. The bed 399 

was operated at minimum fluidization condition, in order to visualize the endogenous bubbles without 400 

any disruption arising from exogenous bubbles. A non-intrusive X-ray imaging technique has been 401 

used for the investigation, showing good reliability and precision in defining the structure of the 402 

bubbles observed. Void fraction distribution obtained from the Beer-Lambert law was consistent with 403 

the expected values. Void fraction varied in a range of 0.47 to 0.78, corresponding to emulsion phase 404 

of the expanded bed at minimum fluidization and centre of the bubbles, respectively. 405 

A comprehensive assessment of the bubble’s shape has shown the presence of a wake, cloud and 406 

a region rich in gas, resembling the structure of an exogenous bubble. Values of wake fraction of 0.25 407 

found in this study are in good agreement with results obtained from other researchers for natural 408 

sand as bed material. However, the mechanism of cloud formation is more complex and required a 409 

closer investigation. It was assumed that the volatiles percolating through the bed emulsion and 410 

traveling behind a rising bubble are the only responsible for the generation of the cloud region. Results 411 

confirmed the establishment of fast clouded bubbles regime, since the measured endogenous bubbles 412 

velocities were always higher than the velocity of the volatile matter percolating through the emulsion 413 

phase, in agreement with the Davidson’s theory. However, the cloud to bubble size ratio was not 414 

always in agreement with the hydrodynamic theories. The differences observed have been attributed 415 

to the occurrence of coalescence between multiple endogenous bubbles after being released, which 416 

can cause delay in the development of the bubbles themselves before reaching the surface of the bed. 417 

The results obtained in this work highlight the strong similarity between exogenous bubbles, 418 

whose structure has been extensively investigated in the past by several researchers, and endogenous 419 

bubbles released during devolatilization of a highly volatile solid feedstock. These findings have 420 
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important implications for the modelling of continuous thermochemical operations in bubbling 421 

fluidized bed reactors, since the large amount of volatile matter released by biomass feedstock may 422 

have a significant effect on the hydrodynamic of the bed. However, further investigations need to be 423 

conducted to better understand how the coalescence phenomena between multiple endogenous 424 

bubbles (and endogenous and exogenous bubbles) can affect the mixing between volatiles and 425 

fluidizing gas within the bed and, ultimately, the performance of the entire thermochemical process. 426 

 427 
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Nomenclature 432 

Symbols  

c [-] Concentration of bed solids  

d [m] Diameter 

fw [-] 
Fraction of wake of endogenous 

bubble 

I [-] 
Transmitted intensity of the X-ray 

beam 

I0 [-] 
Incident intensity of the X-ray 

beam 

k [s-1] Reaction rate constant 

L [m] Path length of X-ray beam 

m [kg] Mass 

Q [m3/s] Volumetric flow rate of volatiles 

r [m] Radius 

S [m2] Maximum cross-sectional area 

U [m/s] Superficial velocity 

V [m3] Volume 

w [-] 
Mass composition of volatile 

matter in feedstock 

Greek letters  

𝛼∗ [-] 
Relative endogenous bubble 

velocity 
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𝛽 [-] 
Fraction of volatile matter 

percolating through the emulsion 

𝛾 [-] Proportional constant in Eq. 15 

𝜀 [-] Void fraction 

𝜃𝑤 [deg] Wake angle 

𝜅 [-] Kinetic parameter in Eq. 16 

𝜇 [m-1] Linear attenuation coefficient 

𝜌 [kg/m3] Density 

𝜙 [-] Coefficient in Eq. 22 

𝜔 [deg] Physical parameter in Eq. 14 

Subscripts  

0 Initial 

b Endogenous bubble 

br Rising endogenous bubble 

c Cloud region 

mf Minimum fluidization 

p Biomass particle 

vm Volatile matter 

w Wake region 

Acronyms   

BW Beech wood 

 433 
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