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11 Abstract
12 A non-intrusive X-ray imaging technique has been used to investigate the behaviour of solid 

13 feedstock particles in a lab-scale fluidized bed reactor operated at temperatures up to 650 °C. Beech 

14 wood and polypropylene particles of different sizes have been chosen to represent the main 

15 constituents of typical thermochemical processes feedstock. The experiments were conducted 

16 under either oxidizing or inert conditions. The presence of oxygen showed a strong effect on the 

17 overall devolatilization time, which was found to be in the range of 30-112 seconds and 40-174 

18 seconds for beech wood and polypropylene, respectively. Surprisingly, the oxidizing nature of the 

19 fluidizing medium appears to have no influence on the volatiles release within the bed in form of 

20 the so-called endogenous bubbles. These volatiles bubbles are responsible for a lift force acting on 

21 the feedstock particle itself, which ultimately encourages the segregation towards the bed surface. 

22 A one-dimensional physical model has been developed to predict particle axial location over time, 
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23 taking into account both dynamic and thermal conversion behaviour of a single feedstock particle. 

24 A revised version of the model has been proposed due to new knowledge of endogenous bubbles 

25 size provided by a novel X-ray imaging approach. Results showed very accurate predictions of the 

26 1D model for biomass particles, which segregate towards the bed surface according to the multiple 

27 bubble segregation pattern. However, the model fails in describing plastics behaviour, possibly 

28 due to different mechanisms of reactions. The observations reported in this work show the 

29 importance of investigation at single particle level and may serve to promote new methods to gain 

30 a better understanding of plastics thermal decomposition in fluidized beds, whose mechanism is 

31 still uncertain.

32

33 Keywords
34 Devolatilization; Fluidized bed; Thermal conversion; Endogenous bubbles; X-ray imaging

35 1. Introduction
36 Further to struggling with the effects of global warming, our society needs to face another great 

37 challenge: to develop economic and environmentally acceptable solutions for managing the ever-

38 increasing volumes of municipal solid waste (MSW) that are generated worldwide. Although 

39 recycling clearly has a critical role to play in reducing the amount of waste, there is further opportunity 

40 and environmental benefit in recovering energy from what might previously have been seen as 

41 materials destined for landfill [1–3]. In particular, advanced thermochemical technologies, like 

42 pyrolysis or gasification, have an important role to play in converting waste into clean energy or fuels, 

43 hence promoting the green energy transition [4–8]. When needed for thermochemical conversions, 

44 MSW is typically transformed to refuse derived fuel (RDF), which is the recovered non-recyclable 

45 fraction of MSW, after mechanical treatment, partial drying and removal of recyclable materials. 

46 Among all available technologies, fluidized bed reactors are the most promising ones and remain the 
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47 main focus for research and future exploitation of bioenergy systems [9], due to their favourable 

48 mixing features, good operating flexibility, and enhanced heat and mass transfer [10–13]. In addition, 

49 fluidized beds are extensively employed for both biomass and waste treatment, as they are capable to 

50 process a broad range of particle size [14]. However, there are still unsolved challenges when 

51 operating with highly volatile and heterogeneous feedstock (e.g. RDF), which are mainly related to 

52 poor mixing of solid and gas phases within the fluidized bed [15–20]. Waste feedstock is usually less 

53 dense than the bed material used for thermochemical applications, and therefore it is prone to axial 

54 segregation, tending to stratify along the bed height causing complications in the hydrodynamics of 

55 the bed. As a consequence, the whole volatile matter produced during the thermal decomposition 

56 segregates from the solid fuel and is mostly released into the freeboard of the reactor [10,21–23]. This 

57 phenomenon is even more evident for over-bed fuel feeding systems, which are the most commonly 

58 used industrially [24]. This has undesirable effects on the chemical reactions in the reactor, as the fuel 

59 does not take advantage of the bed-to-fuel transfer phenomena, which are essential for high product 

60 yields and quality [25,26]. The same issue is also experienced in other rector configurations, such as  

61 circulating fluidized beds, especially in dense regions that form in the bottom section of the riser [24]. 

62 All these aspects are integral part of the design of industrial fluidized bed units and relevant to all 

63 thermochemical conversions, since the evolution of volatiles is the first and common stage in 

64 pyrolysis, gasification and combustion operations. In particular, in presence of oxygen, the volatile 

65 matter ignites in the freeboard creating flames, leading to difficult temperature control. This problem 

66 is strictly connected to dimensioning and location of heat exchange surfaces and feeding points [24]. 

67 The establishment of flaming combustion in the freeboard also leads to the generation of undesired 

68 pollutants, such as NOx [10,27] and SOx [28]. Furthermore, several studies have shown that the 

69 volatiles released within the bed evolve in form of endogenous bubbles, which further enhance 

70 segregation of the feedstock [21–23,29,30]. Fiorentino et al. [23] developed a comprehensive 

71 mathematical model which takes into account the evolution of endogenous bubbles, while Solimene 

72 et al. [30] quantified this bubble induced effect through a lift force, which is proved to be effective to 
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73 build less intricate mathematical models [31,32]. In the past two decades, different non-invasive 

74 techniques have been developed to gain a deeper understanding of the interaction between fluidized 

75 bed and a relatively large freely moving particle. The most common methods are particle image 

76 velocimetry (PIV) [33,34], pressure signal analysis [22,35], radioactive particle tracking (RPT) [36–

77 39], magnetic particle tracking (MPT) [15,32,40,41] and Lagrangian sensor system [42]. Most of 

78 these studies were carried out at ambient conditions using sensors or tracers to mimic the behaviour 

79 of a moving feedstock particle within the fluidized bed or investigating the hydrodynamic behaviour 

80 of the bed itself. On the other hand, the methodology developed by Bruni et al. [21] is capable to 

81 provide an online visualization of flow patterns of solids and gas phases within a bed at high 

82 temperatures with high precision. The authors used the X-ray imaging technique to investigate the 

83 axial segregation of a biomass particle during devolatilization and observed for the first time the 

84 generation of endogenous bubbles by direct visualization in a 3-dimensional bed operated at 

85 minimum fluidization condition. The advantage of this technique lies in the possibility to provide a 

86 quantitative assessment of the volatiles effect on the particle during real devolatilization conditions.

87 From the available literature, it is clear that the single particle approach has the advantage to 

88 provide a deeper insight regarding the behaviour of solid feedstock during thermochemical 

89 conversions in fluidized bed reactors. At present, however, most of the available studies focus on 

90 biomass particles and there is still scarce knowledge about waste feedstock of different kinds, such 

91 as mixed plastics and RDF.

92 The aim of this work is to provide a better understanding of the devolatilization behaviour and 

93 bed-fuel interaction in real fluidized bed reactors. This is done by investigating the main cellulosic 

94 and non-cellulosic components of RDF, separately. Beech wood and polypropylene particles were 

95 chosen to simulate the biomass and plastic fraction of waste, respectively [43]. In particular, 

96 polypropylene was chosen because of its availability and ease of sample preparation. Moreover, it 

97 represents one of the major non-recyclable constituents in solid waste [44]. This approach of 

98 separating biomass and plastic allows to avoid complications that would arise by assessing the 
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99 devolatilization behaviour of waste feedstock as a whole, because of its highly heterogeneous nature. 

100 The experiments were conducted in a fluidized bed operated at different temperatures ranging from 

101 500 to 650 °C, which fall in the typical range of pyrolysis conditions [45]. A single particle of each 

102 material investigated was fed to the bottom of the fluidized bed by means of a purposely designed 

103 piston feeder. Minimum fluidization condition was used in order to obtain both qualitative and 

104 quantitative assessment of the volatile matter release by means of the X-ray imaging technique, and 

105 under either inert (pyrolysis) or oxidizing (gasification/combustion) condition. A comprehensive one-

106 dimensional mathematical model was developed and used to validate experimental results, taking into 

107 account both kinetic of devolatilization and motion of the feedstock particle. Kinetic information was 

108 obtained by means of a gas analyser specifically assembled to match the strict requirements of 

109 accuracy and precision that should be considered to investigate the devolatilization of relatively small 

110 particles at high temperatures. The imaging approach used in this work provides new knowledge 

111 regarding the release of volatile matter within the fluidized bed under real thermal conversion. This 

112 assisted the development of a revised version of the model with the attempt to gain a better estimate 

113 of the endogenous bubbles lift effect.

114

115 2. Materials and methods

116 2.1 Model description
117 The model is based on the thermochemical conversion mechanism for a single feedstock particle, 

118 coupled with the equation of motion in a fluidized bed reactor. The decomposition mechanism is 

119 considered according to the nature of feedstock, namely charring and non-charring material to 

120 represent biomass and plastic, respectively. In order to simplify the computational load, particle 

121 physical properties are assumed to change along the radial direction and its position along the height 
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122 of the bed. Figure 1 shows an overview of the phenomena for the most complex case of biomass 

123 devolatilization under oxidizing condition.

124

125
126

127 Figure 1: Schematic representation of decomposition and motion for a single biomass particle in fluidized 

128 bed under oxidizing condition.

129

130 The fluidized bed is considered as a homogeneous and continuous medium. Heating up of the 

131 particle surface occurs from the instant the particle is injected into the bed until the start of 

132 devolatilization. During this time the particle motion is not affected by the evolution of the volatiles. 

133 Since the content of moisture in the feedstock used is generally much lower than that of volatile matter 

134 [43,46–49], the drying stage has been assumed to have not a significant effect on the evolution of 

135 endogenous bubbles and change in particle density. As the surface temperature reaches the 

136 devolatilization temperature, volatile matter is released from the particle and the equation of motion 

137 is solved with a varying time step according to the time elapsed between two consecutive generated 

138 endogenous bubbles. The minimum temperature at which the devolatilization occurs has been 

139 assumed to be 390 °C [50] and 363 °C [51] for beech wood and polypropylene, respectively. These 

140 values have been used to define the onset of devolatilization, which takes place after initial heating 

141 of the particle. For the biomass particle, the char oxidation starts as soon as the first layer of carbon 



7

142 forms on its outer surface. It is important to consider decomposition and particle motion to occur 

143 simultaneously, as the change in particle properties (i.e., size and density) affects the dynamic 

144 behaviour itself. Each stage of particle heating up and conversion is described in detail in the 

145 following sections. Further details about the computational procedure are reported in Supplementary 

146 material.

147

148 2.1.1 Heating up of the particle

149 The heating up stage for a spherical feedstock particle follows the heat equation, along with the 

150 initial (IC) and boundary (BC) conditions:

151

∂𝑇
∂𝑡 =

𝛼
𝑟2

∂
∂𝑟(𝑟2∂𝑇

∂𝑟) (1)

IC 𝑇(𝑡 = 0) = 25 °𝐶         , 0 ≤ 𝑟 ≤ 𝑅

BCs ―𝜆
∂𝑇
∂𝑟|𝑟 = 0 = 0   , 𝑡 > 0

―𝜆
∂𝑇
∂𝑟|𝑟 = 𝑅 = ℎ(𝑇 ― 𝑇𝑏𝑒𝑑) +  𝜎𝜖𝑒𝑓𝑓(𝑇4 ― 𝑇4

𝑏𝑒𝑑 )   , 𝑡 > 0

152 During this stage all the particle properties are constant since the drying stage has been assumed 

153 to have negligible effects on the evolution of endogenous bubbles and change in particle density 

154 [52,53]. This is specifically true in this study due to the relatively low content of moisture in materials 

155 used. The meaning of symbols is reported in the nomenclature section at the end.

156
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157 2.1.2 Particle devolatilization

158 In this work, the devolatilization stage has been considered as a heat-neutral phenomenon, 

159 assuming that the exothermic and endothermic steps of thermal degradation balance each other 

160 [54,55]. This assumption is common in literature, where several authors neglected the contribution 

161 of heat of drying and devolatilization in their models [52,53].

162 The apparent kinetic of devolatilization for a solid feedstock particle can be described by the 

163 following pseudo-first order rate law:

𝑑𝑋
𝑑𝑡 = 𝑘 (1 ― 𝑋) = 𝐴𝑖𝑒

― 
𝐸𝑎

𝑅𝑇(1 ― 𝑋)
(2)

164 where X is the solid mass conversion. The devolatilization time for a single particle is usually 

165 expressed as a function of its initial size by a power law [56,57]. In the present case, the dependence 

166 on the particle size is included in the pre-exponential factor, as suggested by Jand and Foscolo [54]:

𝐴𝑖 = 𝐴𝑟(𝑑𝑝0,𝑟

𝑑𝑝0,𝑖)
𝜓 (3)

167 where Ar and dp0,r are the reference pre-exponential factor and initial particle diameter, respectively. 

168 The integration of the Eqn. 2 and 3 from t = 0 to the end of devolatilization t = td, gives the following 

169 expression:

𝑙𝑛 𝑡𝑑 = 𝑙𝑛 [ ― 𝑙𝑛 (1 ― 𝑋𝑑)] ― 𝜓 𝑙𝑛 𝐴𝑟(𝑑𝑝0,𝑟

𝑑𝑝0,𝑖) +  
𝐸𝑎

𝑅𝑇
(4)

170

171 The high heat transfer coefficient of fluidized beds [37,54,58,59] ensures high heating rates. We 

172 can then assume devolatilization to occur at the constant bed temperature.

173 The pre-exponential factor, activation energy and parameter ψ, have been obtained experimentally 

174 and are discussed in the results section. From the rate law, the volumetric volatiles flow rate can be 

175 written as:
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𝑄 =
𝑚𝑝0 𝑤

𝜌𝑣𝑚

𝑑𝑋
𝑑𝑡 =

𝑚𝑝0 𝑤
𝜌𝑣𝑚

𝑘𝑒 ―𝑘(𝑡 ― 𝑡𝑖𝑛) (5)

176

177 where tin is the induction time calculated from the heating up stage, which varies between 0.3% and 

178 0.7% of the whole devolatilization time, according to the nature and size of the feedstock particle. 

179 Phenol [60] was chosen as ideal gaseous pseudo-component for the calculation of ρvm for beech wood 

180 particle. For the volatiles emitted from polypropylene, naphthalene [61] was assumed as lumped 

181 component, due to the near-zero concentration of oxygen in the raw polymer molecule [46,47]. In this 

182 context, knowledge about the rate of volatile production is important for the estimation of the lift 

183 force induced by the endogenous bubbles.

184 During this stage, the particle size decreases according to the rate law:

185

𝑑𝑑𝑣

𝑑𝑡 = ― 
𝑘 𝑑𝑣

3
(6)

186

187 2.1.3 Char burnout

188 The char burnout stage is considered in the case of biomass (charring material) under oxidizing 

189 conditions. Oxygen diffuses from the surrounding to the surface of char, causing particle shrinkage 

190 [58]. Therefore, the decomposition of char is assumed to be controlled by the external mass transfer 

191 of oxygen, and follows the shrinking core model:

192

𝑑𝑑𝑐

𝑑𝑡 = ―
2 𝛽 𝑘𝑔 𝑀𝑐 𝑦𝑜 𝜌𝑓

𝜌𝑐 𝑀𝑓

(7)

193

194 where the subscripts v and c indicate the virgin core and char of the particle, respectively, as shown 

195 in Figure 1. The above assumption ensures that the oxygen is consumed at the boundary of the char 

196 layer and the heat of combustion is not released inside the particle.
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197 The overall density of the particle can be calculated as a function of the varying size of virgin core 

198 and char layer by the following equation:

199

𝜌𝑝 =
𝜌𝑣𝑑3

𝑣 + 𝜌𝑐𝑑3
𝑐 + 6 𝑚𝑡/𝜋

𝑑3
𝑐

(8)

200

201 where mt is the mass of the lead tracer used to track the particle during the experiments. It is important 

202 to note that equations 7 and 8 describe the most complex case of a decomposing biomass particle 

203 under oxidizing condition. On the other hand, for the polymer particle the char layer does not form 

204 (non-charring material), and the overall particle density can be calculated as follows:

205

𝜌𝑝 =
𝜌𝑣𝑑3

𝑣 + 6 𝑚𝑡/𝜋

𝑑3
𝑣

(9)

206

207 2.1.4 Particle motion and criterion for endogenous bubbles 
208 detachment

209 The motion of a relatively large object immersed in a fluid can be described by the sum of the 

210 forces acting on it:

𝐹𝑡𝑜𝑡 + 𝐹𝑚 = 𝐹𝑔 + 𝐹𝑏 + 𝐹𝑑 + 𝐹𝑙𝑖𝑓𝑡 (10)

211 The volatile bubbles generated during devolatilization induce a lift effect on the particle through 

212 Flift. However, it is assumed that the momentum transferred to the particle takes place when the bubble 

213 is at the edge of detachment [30]. Assuming the bubbles evolution to occur with the same mechanism 

214 of bubble formation through an orifice, diameter and time for the j-th endogenous bubble at the 

215 detachment are given by the following equations [58]:

𝑑𝑏0,𝑗 = 1.259
𝑄𝑗

0.4

𝑔0.2

(11)
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216

𝑡0,𝑗 =
𝑉𝑏0,𝑗

𝑄𝑗
+ 𝑡0,𝑗 ― 1

(12)

217

218 where t0,j-1 is the detachment time of the bubble j-1, which is assumed to be equal to the formation 

219 time of the bubble j. For the first iteration, t0,j-1 is equal to the induction time tin. According to this 

220 criterion, the lift force acts on the particle every time that t = t0,j during the devolatilization period. 

221 The approach of time discretization described above offers the advantage of reducing significantly 

222 the time of computation, although preserving the accuracy in predictions.

223 Table 1 and 2 show the equations and physical parameters used for the computation, respectively.

224
225 Table 1: Equations assumed for the modelling of particle decomposition and motion [24].

Name Equation

Heating up of particle surface

Effective bed emissivity
𝜖𝑒𝑓𝑓 = ( 1

𝜖𝑝
+

1
𝜖𝑏𝑒𝑑

― 1) ―1

(13)

Bed emulsion emissivity 𝜖𝑏𝑒𝑑 = 𝜖0.485
𝑠 (14)

Particle decomposition

Diffusivity of oxygen in 
nitrogen, [m2/s] [62] 𝐷𝑜𝑁 =

[10 ―3 𝑇1.75 (1 𝑀𝑜 + 1 𝑀𝑁)0.5]

𝑃(𝜈𝑜

1
3 + 𝜈𝑁

1
3)

2 (15)

Particle Reynolds number at 

Umf

𝑅𝑒𝑚𝑓 =
𝜌𝑓 𝑈𝑚𝑓 𝑑𝑐

𝜇𝑓 (16)

Schmidt number
𝑆𝑐 =

𝜇𝑓

𝜌𝑓 𝐷𝑜𝑁
(17)

Fluid density, [kg/m3]
𝜌𝑓 =

𝑃 𝑀𝑓

𝑅 𝑇
(18)
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Fluid viscosity, [Pa s] [63]
𝜇𝑓 =

𝐶1 𝑇𝐶2

1 +
𝐶3

𝑇 +
𝐶4

𝑇2

(19)

Fluid molecular weight, 

[kg/mol]

𝑀𝑓 = 𝑦𝑜 𝑀𝑜 + (1 ― 𝑦𝑜) 𝑀𝑁
(20)

Sherwood number
𝑆ℎ =

𝑘𝑔 𝑑𝑐

𝐷𝑜𝑁
= 2𝜀𝑚𝑓 + 0.69(𝑅𝑒𝑚𝑓

𝜀𝑚𝑓 )0.5

𝑆𝑐
1
3 (21)

Particle motion

Overall external force on the     
feedstock particle, [N] 𝐹𝑡𝑜𝑡 =

𝜋
6 𝜌𝑝 𝑑3

𝑐  
𝑑2𝑧𝑝

𝑑𝑡2 (22)

Added mass force, [N]
𝐹𝑚 =

𝜋
12 𝜌𝑒 𝑑3

𝑐  
𝑑2𝑧𝑝

𝑑𝑡2 (23)

Gravitational force, [N] 𝐹𝑔 = ―
𝜋
6 𝜌𝑝 𝑑3

𝑐  𝑔 (24)

Buoyancy force, [N] 𝐹𝑏 =
𝜋
6 𝜌𝑒 𝑑3

𝑐  𝑔 (25)

Drag force, [N] 𝐹𝑑 =
𝜋
8 𝜌𝑒 𝐶𝐷 𝑑2

𝑐( 𝑢𝑒 ― 𝑣𝑝) | 𝑢𝑒 ― 𝑣𝑝| (26)

Lift force, [N] [30] 𝐹𝑙𝑖𝑓𝑡 = 0.372 𝑔0.6 𝜌𝑒 𝑑𝑣 𝑄0.8 (27)

Drag coefficient [32] 𝐶𝐷 =
24
𝑅𝑒(1 + 0.15 𝑅𝑒0.687) (28)

Particle Reynolds number
𝑅𝑒 =

𝜌𝑒 | 𝑢𝑒 ― 𝑣𝑝| 𝑑𝑐

𝜇𝑒
(29)

Density of bed emulsion, 

[kg/m3]
 𝜌𝑒 =

4 𝑚𝑏𝑒𝑑

𝜋 𝑑2
𝑏𝑒𝑑 𝐻𝑏𝑒𝑑

(30)

Interstitial velocity of 
emulsion gas, [m/s] [58] 𝑢𝑒 =

𝑈𝑚𝑓

𝜀𝑚𝑓
(31)

Bed void fraction at Umf 𝜀𝑚𝑓 = 1 ―
𝜌𝑒

𝜌𝑠
(32)

226
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227
228 Table 2: Physical parameters used for the computation.

Name Value Ref.

Stefan-Boltzmann constant, [W/m2 K4] σ = 5.67 x 10-8 

Feedstock emissivity ϵp = 0.8 (BW)

ϵp = 0.9 (PP)

[54,63]

Bed particle emissivity ϵs = 0.8 [54]

Feedstock thermal conductivity, [W/m K] λ = 0.29 (BW)

λ = 0.15 (PP)

[64,65]

Heat transfer coefficient, [W/m2 K] h = 335 [54]

Pore volume per unit mass of char, [m3/kg] Vpore = 0.23 x 10-3 [66]

Viscosity of bed emulsion, [Pa s] µe = 0.15 [22]

229

230

231 2.2 Experimental apparatus

232 2.2.1 Feedstock

233 Beech wood and polypropylene spheres with 3 different diameters (8, 10 and 12 mm) have been 

234 chosen to resemble the biomass and synthetic polymer fraction of RDF, respectively. All the samples 

235 were half-drilled in order to insert a small tracer of lead ranging from 1.5 to 2 mm to make the particle 

236 visible upon X-ray exposure during the experiments. Figure 2 shows the particles used for the 

237 experiments. Typical physical and chemical properties of the materials investigated are listed in Table 

238 3.

239
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240

241 Figure 2: Particles of beech wood and polypropylene used for the experiments (left) and simple 

242 representation of the sample with a small lead tracer in its centre (right).

243 Table 3: Typical physical and chemical properties of beech wood and polypropylene.

BW PP
Ref. [43] [48] [49] [46] [47]
Ultimate analysis, (wt%) db daf db ar daf
C 48.1 49.2 49.1 86.42 84.62
H 5.9 6.0 5.7 12.28 15.23
O 45.4 44.1 44.5 - 0
N 0.2 0.5 0.15 0.72 0.14
S - 0.02 0.045 0.17 0.01
Proximate analysis, (wt%) wb db db db db
Volatiles 74.8 85.3 84.3 99.3 99.79
Fixed carbon 15.7 14.3 15.2 - 0.13
Ash 0.7 0.4 0.5 0.7 0.08
Moisture 8.8 0 8.7ar - -
Heating value db, [MJ/kg] 15.0 - - 44.7 45.8

Physical properties (this work)
Diameter, [mm] 8, 10, 12
Density, [kg/m3] (raw sample) 774 ± 0.012 697 ± 0.011
Density, [kg/m3] (with lead 
tracer) 900

ar: as received, daf: dry ash free, db: dry basis, wb: wet basis
244

245 Beech wood particles have been acquired with an existing hole within, while polypropylene 

246 particles were designed in SolidWorks® as half-drilled spheres and 3D printed using a natural 

247 polypropylene filament and an Ultimaker 3. The diameter of the hole was between 2 mm (10 and 12 
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248 mm particles) and 1.5 mm (8 mm particle). The initial density of particle including the lead tracer 

249 was measured to be 900 kg/m3 for both samples, which falls within typical ranges of density for 

250 pelletized RDF feedstock (665 – 1200 kg/m3) [67–70]. The density changes with time during thermal 

251 conversion were estimated according to equations 8 and 9. 

252

253 2.2.2 Fluidized bed reactor

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

255 stainless-steel distributor plate and is operated at atmospheric pressure and temperatures of 500, 600 

256 and 650 °C. The temperature levels used in this work are high enough to provide devolatilization of 

257 the feedstock (above minimum devolatilization temperature mentioned above) and they fall in the 

258 typical range of pyrolysis operations [71]. The vessel was filled with a Geldart group B quartz sand 

259 (particle density 2650 kg/m3 and average particle size 250 µm) up to a fixed bed height of 13 cm at 

260 ambient temperature. This allows sufficient volume in the freeboard to homogenize and cool down 

261 the released gas before the sampling point of the gas analyser. Either air or nitrogen were used as 

262 fluidizing media to operate under oxidizing and inert conditions, respectively. Figure 3 shows a 

263 simple scheme of the whole experimental apparatus. 
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264

265 Figure 3: Experimental apparatus. F: freeboard, H: electric heater, B: fluidized bed, W: windbox.

266 The system is equipped with a purposely designed single fuel particle injector located at 2.5 cm 

267 above the distributor plate to simulate the under bed feeding modality of the feedstock. It consists of 

268 a 28 cm piston rod enclosed in a 50 cm stainless steel tube, which can be driven by a pneumatic 

269 actuator into the reactor. At rest, the piston is retracted to allow the placement of the feedstock particle 

270 into the tube through a threaded hole, which is then closed with a bolt to isolate the entire system 

271 from the environment. Subsequently, nitrogen is fed through the tube to remove residual air and 

272 prevent heating and reaction before the particle injection. A single particle of either beech wood or 

273 polypropylene was fed into the reactor during each experimental run. The bed was operated at 

274 minimum fluidization for all the experiments to enable observation of volatiles without possibilities 

275 of confusion arising from the fluidizing gas bubbles. The evolution of gas from a relatively small 

276 particle in fluidized beds is a fast phenomenon, due to the high heating rates the feedstock experiences 

277 in this type of reactors. For this reason, specific gas sensors have been chosen according to their high 

278 sensitivity and low response time in order to minimize the error associated with the estimations of 
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279 devolatilization. CO2 measurements were carried out with a GSS SprintIR-WF-20®, while CO and 

280 CH4, including also other hydrocarbon species, were collected with CO2METER® sensors. The gas 

281 detectors were placed in parallel to allow each gas species to be measured simultaneously, as shown 

282 in Figure 3. The sampling gas flow rate was set at 1 lpm. The measured concentrations have been 

283 corrected taking into account the dispersion phenomena along the reactor and sampling line to the 

284 measurement point. An extensive explanation of the determination of true gas concentrations in 

285 similar systems is reported in literature [72–75]. Figure 4 shows a typical trend of measured volatiles 

286 evolution as a function of time, raw data along with the true profile obtained after correction. In 

287 Supplementary material, concentration vs time in the reactor freeboard is reported for each measured 

288 volatile species.

289

290

291 Figure 4: Typical gas evolution profile vs time from devolatilization of a single particle.

292 From the collected data it was possible to determine the kinetic of devolatilization, as discussed in 

293 the results section.

294
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295 2.2.3 X-ray facility and imaging techniques

296 The non-invasive X-ray technique provides frame-by-frame imaging with extremely high time 

297 resolution (36 frames per second). The system was operated for cine exposure recording 

298 (cineradiography). The collected raw images need to be post-processed in order to perform any 

299 quantitative analysis. For this purpose, different algorithms for image analysis were developed and 

300 implemented in MATLAB® [76]. The main steps to be considered are:

301  Correction of pincushion distortion due to the intrinsic curvature of the image intensifier 

302 and diverging conical shape of the X-ray beam, as shown in Figure 3. The visual effect that 

303 these features generate is a distortion of the image boundaries, which appear to be bowed 

304 inwards towards the centre. The pincushion distortion can be reduced by increasing the 

305 source-to-intensifier distance (SID) and decreasing the object-to-intensifier distance 

306 (OID). In this case, the object is the fluidized bed reactor. The optimal values of SID and 

307 OID used in this work to minimize this effect are 99 cm and 26 cm, respectively.

308  Determination of the magnification factor that provides the conversion from pixels to SI 

309 units. This is achieved by placing a square lead marker of given dimensions (1 cm × 1 cm) 

310 on the external surface of the insulation of the reactor at a distance from the distributor 

311 greater than the height of the expanded bed, so that its presence in the images does not 

312 disrupt subsequent measurements and particle tracking.

313  Selection of a region of interest (ROI) for each image in order to remove all the regions 

314 that are not important for any subsequent analysis, such as the area of the freeboard and 

315 lead marker.

316  Application of filtering functions to improve the contrast between lead tracer in the 

317 feedstock particle and background (bed emulsion). This step is crucial to automate the 

318 process of particle tracking.
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319  Particle tracking based on the Kalman filter algorithm to determine the location of the 

320 feedstock particle within the bed. 

321 The height of the expanded bed was estimated by different frames recorded in time series. From 

322 the measured values it is possible to calculate both density and void fraction of the bed using equations 

323 30 and 32 reported in Table 1. Moreover, the images acquired were also used for the determination 

324 of the endogenous bubbles size. The high difference in attenuation of X-ray beams between solid and 

325 gas phases allows to visualize the volatiles bubbles and distinguish them from the bed material very 

326 clearly. Each released bubble was assumed to be spherical and the equivalent circle in each frame to 

327 represent the cross-sectional area of the bubble itself. Observation of endogenous bubble is shown in 

328 Figure 5. This information has been proved extremely useful to obtain a better quantitative assessment 

329 of the lift effect induced by the volatiles on the particle during devolatilization.

330

331

332 Figure 5: From left to right: formation, detachment and eruption of an endogenous bubble from a biomass 

333 particle (8 mm diameter) at 650 °C in a selected ROI.
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334 Furthermore, from the images acquired it was possible to determine the frequency of endogenous 

335 bubbles formation. Comparison between observations and model prediction is discussed in the next 

336 section.

337

338 3. Results and discussion

339 3.1 Kinetic of devolatilization
340 The kinetic parameters have been found following the fitting procedure reported by Jand and 

341 Foscolo [54]. The smallest particle diameter was chosen as a reference (d0i = d0r = 8 mm) for the 

342 determination of Ar and apparent activation Ea with a first linear regression on the experimental data. 

343 The devolatilization time data for the biggest particle (12 mm) was used to evaluate the exponent ψ 

344 with a second fitting step. The final mass conversion Xd has been assumed according to the volatile 

345 matter content of the material. Typical values from proximate analysis are 0.85 [48,49] and 0.99 

346 [46,47] (w/w dry basis) for beech wood and polypropylene, respectively. 

347 Figure 6 shows experimental and predicted devolatilization time under both oxidizing and 

348 reducing conditions; the kinetic parameters are listed in Table 4. As mentioned above, further details 

349 about the measured concentration profiles of volatile species are reported in Supplementary material.

350
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351

352 Figure 6: Experimental and calculated devolatilization time for beech wood (a) and polypropylene (b) 

353 particles as a function of initial particle size and bed temperature.

354
355 Table 4: Kinetic parameters obtained by linear regression with Eqn. 4.

356

357

358

359

360

361

362 In general, the devolatilization time is shorter under oxidizing conditions. As observed by Bu et 

363 al. [77], the transfer of oxygen from the surrounding to the surface of the particle provides the ignition 

364 of the char formed during the last devolatilization stage of the biomass. The heat released by the char 

Fluidizing gas Ar (s-1) Ea (kJ/mol)       ψ

BW PP BW PP BW PP

Air 0.64 7.5 18.3 32.0 0.82 0.80

Nitrogen 0.12 3.3 10.6 27.5 0.98 0.87
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365 combustion enhances the heating rate of the particle, promoting the endothermic decomposition of 

366 the solid biomass. This effect can be observed from the higher pre-exponential factor when air is used 

367 as fluidizing medium, which shows more than 100% increase for both materials when oxygen is 

368 present. However, the presence of oxygen also leads to an increase of the apparent activation energy 

369 needed for the devolatilization. The same behaviour has been reported by several TGA 

370 (thermogravimetric analysis) studies [78,79], which show that the activation energy increases when 

371 operating in oxidizing conditions. This reduction of the overall reactivity can be attributed to the 

372 additional resistance to mass transfer caused by oxygen and combustion products at the particle 

373 surface, which may hinder the transport of volatiles from the porous matrix of char to the surrounding. 

374 Furthermore, the heat released by the combustion of oxygen may increase the temperature on the 

375 surface of the char, leading to sintering phenomena and subsequent occlusion of the pores of its 

376 external layer [80,81]. This reduction of porosity might further increase the resistance to mass transfer 

377 of volatiles to the exterior of the particle and explain the higher activation energy. The same trend of 

378 kinetic parameters can be observed for polypropylene. However, for this material the values shown 

379 in Table 4 are higher than those obtained from beech wood. The greater activation energy can be 

380 attributed to the formation of molten layers which obstruct the evolution of volatiles [82]. This 

381 observation can be also supported by X-ray visualizations and is better discussed in the next section. 

382 In addition, the greater pre-exponential factors may be due to the linear structure of polypropylene 

383 molecules, whose thermal cracking is encouraged and more frequent than the more complex 

384 constituents of biomass (i.e., cellulose, hemicellulose and lignin).

385 The results of devolatilization time for beech wood obtained in this work are in line with the 

386 findings present in literature, as shown in Table 5. As can be seen, obtaining a comprehensive 

387 comparison for polypropylene is not straightforward, due to the lack of data.

388
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389 Table 5: Devolatilization time data for beech wood and polypropylene in fluidized bed.

Bed 
Temperature 
(°C)

Particle size 
range (mm)

Fluidizing 
gas

Devolatilization time 
range (s)

Material Ref.

439 - 834 2 - 10 Nitrogen 7.4 - 86 BW [83]

770 6 Air 21.5 BW [84]

560 - 740 5 - 20 Nitrogen 33 - 201 BW [54]

500 - 650 8 - 12 Air

Nitrogen

30 – 70

60 – 112

BW This 

work

850 4 N.A. 10 PP [10]

500 - 650 8 - 12 Air

Nitrogen

40 – 150

50 – 174

PP This 

work

390

391

392 3.2 Assessment of volatile matter release within the bed
393 Several authors observed the release of volatiles from a fuel particle in form of bubbles, which 

394 contribute to the axial segregation of the particle itself towards the bed surface [21–23,85]. The 

395 following sections report a qualitative and quantitative assessment of the effect of operating 

396 conditions and feedstock properties on the release of endogenous bubbles.

397

398 3.2.1 Effect of temperature and feedstock properties

399 The lift force induced by the endogenous bubbles on the fuel particle has been quantitatively 

400 assessed by Solimene et al.[30], who assumed that the volume of the endogenous bubble at the 

401 detachment time is equal to that of the particle. However, experimental observations from this work 

402 show that the volume of the endogenous bubbles at the edge of detachment depends on both bed 

403 temperature and reacting material. Figure 7 shows the endogenous bubbles diameter at the 
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404 detachment time measured from X-ray images at the operating conditions studied. In all the 

405 experimental runs the polypropylene particle did not rise up to the surface. Thus, for a consistent 

406 comparison between the two materials, the measures of the bubble diameter have been carried out 

407 according to the greatest residence time obtained from the beech wood experiments (2.3 seconds).

408

409 Figure 7: Measured diameter of endogenous bubble at the detachment time as a function of the initial 

410 particle size and temperature for beech wood (a) and polypropylene (b).

411 The endogenous bubble diameter increases with both initial particle size and temperature. For the 

412 beech wood particle (Figure 7-a), the bubble diameter is always smaller than the particle diameter at 

413 500 °C, while it becomes bigger at the highest temperatures considered. This can be due to the 

414 increasing devolatilization rate at high temperatures, which results in a more vigorous release of 

415 bubbles. In these conditions the evolution of volatiles can be fast enough to allow coalescence of 

416 different endogenous bubbles just above the particle. This phenomenon can be considered similar to 

417 the vertical coalescence of different bubbles from an orifice, where the extent of coalescence increases 

418 with the gas flowrate [58]. Moreover, the occurrence of bubble coalescence is naturally random 

419 [86,87], which explains the higher variability obtained from the measures at 600 and 650 °C. 

420 Interestingly, the plastic particle shows a very different behaviour (Figure 7-b). The evolution of 

421 volatiles is not visible at 500 °C. The same observation is reported by Fiorentino et al. [22] about the 
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422 pyrolysis of TDF (tyre derived fuel) at temperature below 700 °C.  According to the authors, this can 

423 be due to the slow devolatilization rate, which is unable to generate bubbles and all the volatiles 

424 released percolate through the emulsion phase. The formation of endogenous bubbles can be observed 

425 at 600 and 650 °C and their size at the detachment time is always smaller than that of the particle. 

426 The reason of such behaviour may be due to an additional melting step of polymeric materials. 

427 Different authors have already observed the formation of wet aggregates of molten plastic and sand 

428 in fluidized beds [73,88]. This layer of unfluidized sand may generate a resistance to transport 

429 phenomena and hinder the rapid evolution of volatiles. Similarly, Biagini et al. [82] observed that 

430 melting and devolatilization can occur simultaneously at high heating rates and the volatiles are 

431 released from the inner of the particle into its outer molten and viscous regions. This results in a 

432 further limitation of mass transfer rate. In general, the endogenous bubbles released from 

433 polypropylene are always smaller than those obtained from devolatilization of beech wood. This 

434 result is in line with the assumption of naphthalene and phenol as lumped components representing 

435 the volatiles released from PP and BW, respectively. Assuming that the mass flow rate of 

436 devolatilization is similar for both materials, the higher molecular weight of naphthalene leads to a 

437 lower volumetric flow rate, hence a smaller endogenous bubble size. Due to the scarcity of 

438 information in the present literature, however, the behaviour of polymeric materials in fluidized beds 

439 during thermal decomposition requires a deeper investigation.

440

441 3.2.2 Effect of fluidizing medium

442 Figure 7 also shows a surprising result. The size of the endogenous bubbles at the detachment time 

443 is independent of the fluidizing medium used for both materials. Under oxidizing condition, the fast 

444 homogeneous chemical reaction between the bulk oxygen and volatiles should increase the number 

445 of moles of gas released, and therefore the volume of endogenous bubbles. This would result in a 

446 greater momentum transferred to the particle [30]. However, according to the experimental 

447 observations, the oxidation of volatiles either occurs at a later stage, after the volatile species have 
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448 been released from the fuel particle and formed endogenous bubbles or is not significant within the 

449 dense bed. A possible explanation of this behaviour is proposed in the following discussion. As 

450 already mentioned, the release of an endogenous bubble from a decomposing solid particle can be 

451 assumed as the same of a volatile matter bubble just above an orifice in a bed at minimum fluidization. 

452 According to the gas interchange theory [58], the oxidation of the volatile molecules takes place after 

453 the transfer of oxygen from the bed emulsion to the bubble cloud and, ultimately, from the cloud to 

454 the bubble. Figure 8 shows a schematic of the interchange phenomenon.

455

456

457 Figure 8: Oxygen transfer between emulsion and endogenous bubbles along the bed height.

458

459 The concentration gradient of oxygen from the emulsion to the bubble phase along the axial 

460 position z is given by:

𝑢𝑏𝑟
𝑑𝑐𝑜𝑏

𝑑𝑧 = 𝐾𝑏𝑒(𝑐𝑜𝑒 ― 𝑐𝑜𝑏) (33)

461

462 where ubr is the bubble velocity, while cob and coe are the concentration of oxygen in the bubble and 

463 emulsion, respectively. All the equations used for the discussion are reported in Supplementary 
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464 material. The integration of Eqn. 33 for the jth bubble from its initial position z = zj to the detachment 

465 position z = z0,j, leads to:

𝑐𝑜𝑏,𝑗 = 𝑐𝑜𝑒(1 ― 𝑒
― 𝐾𝑏𝑒,𝑗

(𝑧0,𝑗 ― 𝑧𝑗)
𝑢𝑏𝑟,𝑗 ) = 𝑐𝑜𝑒(1 ― 𝑒 ― 𝐾𝑏𝑒,𝑗 ∆𝑡0,𝑗)

(34)

466 For the integration it was assumed that the concentration of oxygen in the bubble as soon as it forms 

467 is zero. The ratio between displacement and velocity is equal to the elapsed time needed by the bubble 

468 to detach from the particle, defined as:

∆𝑡0,𝑗 = 𝑡0,𝑗 ― 𝑡0,𝑗 ― 1 (35)

469 where t0,j-1 is the detachment time of the bubble j-1, which is assumed to be equal to the formation 

470 time of the bubble j.

471 It is possible to compare the time scale of the phase interchange with that of volatiles oxidation by 

472 the investigation of the following Damköhler number for each bubble released:

473

𝐷𝑎0,𝑗 =
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑂2 ― 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒

𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒 𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 ― 𝑏𝑢𝑏𝑏𝑙𝑒 =
𝑉𝑏0,𝑗 𝑘𝑣𝑚 𝑐𝑜𝑏,𝑗 𝑐𝑣𝑚,𝑗 

𝑆𝑏𝑒,𝑗 𝑘𝑏𝑒,𝑗 ( 𝑐𝑜𝑒 ―  𝑐𝑜𝑏,𝑗)
(36

)

474 Eqn. 36 can be manipulated to obtain:

𝐷𝑎0,𝑗 =
𝑘𝑣𝑚 𝑐𝑣𝑚,𝑗 (𝑒𝐾𝑏𝑒,𝑗 ∆𝑡0,𝑗 ― 1)

𝐾𝑏𝑒,𝑗

(37)

475

476 The assessment of the Damköhler number allows to distinguish between two extreme regimes:

477 1. Da << 1: The time needed for the oxidation of the volatiles bubble is much higher than the 

478 transfer time of O2 from the emulsion to the bubble. The chemical reaction is the controlling 

479 mechanism.
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480 2. Da >> 1: The time needed for the oxidation of the volatiles bubble is much lower than the 

481 transfer time of O2 from the emulsion to the bubble. The convective mass transfer is the 

482 controlling mechanism.

483 Eqn. 37 was solved iteratively for each endogenous bubble released at the detachment position 

484 from the induction time to the end of devolatilization for all the conditions studied. Figure 9 shows 

485 the results obtained from the computation for both beech wood and polypropylene particles. The 

486 Damköhler number reported in the graph is averaged for all the bubbles produced along the highest 

487 residence time obtained from the biomass experiments (2.3 seconds) for a consistent comparison. 

488

489

490 Figure 9: Averaged Damköhler number of endogenous bubbles at the detachment time as a function of 

491 initial particle size for beech wood (a) and polypropylene (b).

492 Very small values of Da0m suggest that the phenomenon is controlled by the oxidation reaction 

493 (Da0m << 1). This demonstrates the behaviour observed in Figure 7, where each endogenous bubble 

494 released from the particle is unable to react with the oxygen from the emulsion phase. Furthermore, 

495 the present observations can be extended along the whole height of the bed, considering the growth 

496 of the bubble as a function of the axial position. Figure 10 shows the values of the Damköhler number 
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497 Daz for the last released bubble from the smallest particle at the highest temperature studied. This 

498 choice is justified from the trend in Figure 9, where Da0m increases with temperature and with 

499 decreasing particle size. This means that if the condition Daz << 1 is true in this limiting case, then it 

500 is also true in all the other conditions considered in this study.

501

502

503 Figure 10: Damköhler number along the bed height in a pilot scale fluidized bed and for a particle of 8 

504 mm at 650 °C, for beech wood (a) and polypropylene (b).

505

506 The fluidized bed used in the experiments is relatively shallow, but the simulation in Figure 10 has 

507 been carried out for a bed height of 110 cm and bed diameter of 25 cm, to closely mirror industrial 
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508 applications [61]. It can be noted from the graph that the chemical reaction controlling regime is still 

509 verified, as the transfer rate is always greater than the reaction rate along the whole bed height. Daz 

510 increases up to a maximum value at 3 cm from the bottom for both BW and PP. This is due to the 

511 faster increase of the reaction rate near the bottom of the bed because of the small endogenous bubble 

512 volume. After this point, the reaction rate starts decreasing to a nearly constant value, while the 

513 continuous increase of the interchange transfer rate takes place due to the expansion of the bubbles 

514 along the height of the bed. This finding is very important as it confirms that the volatile matter 

515 bypasses the fluidized solids regardless of the oxidizing nature of the surrounding and reacts into the 

516 freeboard of the reactor, as reported by Salatino and Solimene [10]. In addition, when more particles 

517 are present, the coalescence between more frequent endogenous bubbles and fluidizing agent might 

518 become important and further increase the extent of volatile bypass. However, these results must be 

519 considered with caution in the case of improved mixing (e.g., vigorous bubbling/slugging regime, 

520 circulating fluidized beds) and higher temperatures, when faster oxidation takes place. The 

521 investigation of the Damköhler number might be helpful to find an optimal combination of operating 

522 conditions, in order to design more efficient operations for thermochemical conversions of biomass 

523 and waste in fluidized bed reactors.

524

525 3.2.3 Determination of the endogenous bubbles lift effect

526 In the following section a correlation is proposed for a more accurate estimate of the endogenous 

527 bubble size at the detachment time. Equations 11 and 12 significantly underestimates the measured 

528 bubbles diameter, as they do not take into account the vertical coalescence that can occur between 

529 two or more bubbles as the gas flowrate through the orifice increases [58]. Nguyen and Leung [89] 

530 noted that the actual volume of the bubbles can be estimated by considering a proportionality constant 

531 obtained from experimental data. Thus, Eqn. 12 for a single bubble can be rewritten as follows:

𝑉𝑏0 = 𝛾 𝑄 𝑡0
(38)
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532 From a force balance on the bubble, the criterion for the detachment is [90]:

1
2 𝑔 𝑡2

0 =
𝑑𝑏0

2
(39)

533

534 which means that the bubble detaches when the displacement is equal to its radius. The solution of 

535 the two equations leads to:

𝑑𝑏0 = 1.259 𝛾0.4𝑄0.4

𝑔0.2

(40)

536

537 The above equation makes sense as long as the particle is immersed within the bed, because the 

538 volatiles are not released anymore in form of bubbles when it reaches the surface. Thus, Eqn. 40 

539 becomes:

𝑑𝑏0 = 1.259 𝛾0.4
(𝑚𝑝0 𝑤

𝜌𝑣𝑚
𝑘𝑒 ―𝑘𝑡𝑠)0.4

𝑔0.2

(41)

540

541 For highly volatile feedstock in fluidized bed reactors, the residence time (or axial segregation 

542 time) ts of the particles is relatively low compared to the whole devolatilization stage. As a 

543 consequence, the term e-kts approaches to 1 and the bubble diameter only depends on the temperature 

544 and feedstock properties. It is important to note that this assumption cannot be applied to 

545 polypropylene in the range of operating conditions studied, since the particles remained within the 

546 bed for the whole decomposition period. This behaviour will be better discussed in the next section. 

547 In addition, this approximation might lead to inconsistencies in vigorous bubbling and circulating 

548 fluidized beds, when the mixing between bed material and solid fuel is promoted.

549 Manipulation of Eqn. 41 gives:

𝑑𝑏0 𝜏0.4 = 1.259 
𝛾0.4

𝑔0.2(𝜋 𝜌𝑝0 𝑤 𝑅 𝑇
6 𝑃 𝑀𝑣𝑚 )0.4

𝑑1.2
𝑝0

(42)

550
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551 where τ = 1/k is the devolatilization time constant. From a linear regression on the experimental data 

552 of db0 and τ, it is possible to obtain the values of γ at each temperature considered. Figure 11 shows 

553 experimental data along with the fitting curves from Eqn. 42.

554

555

556 Figure 11: Experimental and calculated LHS of Eqn. 42 as a function of dp0
1.2.

557

558 The predictions are in good agreement with the experimental observations (R2 = 0.88). A more 

559 accurate estimate of the endogenous bubble size can be useful from a practical point of view, in order 

560 to improve mixing and segregation models in fluidized beds during thermochemical conversions. 

561 Solimene et al. [30] proposed the following correlation for the computation of the lift force:

562

𝐹𝑙𝑖𝑓𝑡 = 0.586 𝜔 𝜌𝑒 𝑔0.6 𝑑𝑝 𝑄0.8 = 0.372 𝜌𝑒 𝑔0.6 𝑑𝑝 𝑄0.8 (43)

563 Following the same procedure described by the authors, and using Eqn. 42 and the correlation for 

564 the rise velocity of a single bubble [58], it is possible to write:

565
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𝐹′ = 0.798 𝜔 𝜌𝑒 𝑔0.4 𝛾1.2 𝑄1.2 (44)

566 Dividing Eqn. 44 by Eqn. 43, the modified lift force is:

𝐹′ = 1.36 
𝛾1.2 𝑄0.4

𝑑𝑝 𝑔0.2  𝐹𝑙𝑖𝑓𝑡
(45)

567 In the following sections, the model described in section 2 and corrected with equations 42 and 45 

568 is referred as revised model.

569

570 3.3 Validation of segregation model
571 The computation results reported below were obtained using the kinetic parameters from 

572 experiments in inert condition, since the release of volatiles within the bed is not affected by the 

573 properties of the fluidizing medium as previously discussed.

574

575 3.3.1 Biomass particle

576 Figure 12 compares experimental and calculated particle segregation profiles and instantaneous 

577 velocity for beech wood particle. The values 0 and 1 on the y-axis in Figure 12-a correspond to the 

578 dimensionless feeding point and surface of the bed, respectively.

579
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580

581 Figure 12: Experimental and calculated axial segregation profile (a) and instantaneous velocity (b) at 600 

582 °C and for a 10 mm diameter beech wood particle.

583

584 The significant difference in predictions between the 2 models depends on the expression of the 

585 lift force and the detachment criterion for the endogenous bubbles (Figure 12-a). The revised model 

586 offers a better estimate of the particle axial trajectory within the bed as it takes into account the bigger 

587 size of the bubbles estimated with Eqn. 42, which gives a greater lift effect compared with the first 

588 model. The experimental velocity profile shows multiple fluctuations around a mean value (Figure 

589 12-b). This behaviour was observed for the first time by Fiorentino et al. [22,23] and represents the 

590 effect of different endogenous bubbles generated by the particle, which increases its velocity in a 

591 stepwise fashion during the whole rising time. The velocity increases as the bubble detaches due to 

592 the lift effect and decreases while a new bubble is forming. The authors identified this pattern as MBS 

593 (Multiple Bubble Segregation), which depends on several factors, including physical properties of 

594 both fluidized bed and feedstock. 

595 Further confirmation of the establishment of pattern MBS can be observed in Figure 13, which 

596 shows the endogenous bubbles frequency for all the conditions investigated. The value of fb has been 
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597 calculated as the ratio between the number of released volatile bubbles and the residence time of the 

598 feedstock particle within the bed.

599

600

601 Figure 13: Experimental and calculated endogenous bubbles frequency as a function of initial size of 

602 beech wood particle.

603 The bubble frequency is always higher than unity, confirming the evolution of multiple bubbles 

604 during the in-bed particle devolatilization. In general, the values calculated with the model follow a 

605 decreasing trend with both initial particle diameter and bed temperature. As previously discussed, 

606 endogenous bubbles size increases as these physical parameters increase. As a consequence, 

607 according to the detachment criterion described for the computation, a big bubble takes longer to 

608 detach from the particle than in case of a small bubble. This results in more endogenous bubbles 

609 produced for small particles at low temperatures, and therefore a greater frequency. However, at a 

610 given temperature, the fluidizing medium does not affect the bubble frequency for each particle size 

611 investigated. This result further confirms the lack of correlation between endogenous bubbles size 

612 and nature of fluidizing media used in this work.

613
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614 3.3.2 Plastic particle

615 Figure 14 shows the segregation profiles for a polypropylene particle. It is worth noting that the 

616 revised model was not used in this case. As discussed previously, the proposed correlation for the 

617 endogenous bubble size (Eqn. 42) makes sense as long as the particle releases its volatile content 

618 mostly into the freeboard (as in the case of biomass particles).

619

620

621 Figure 14: Experimental and calculated axial segregation profile at 600 °C and for a 10 mm diameter 

622 polypropylene particle.

623 In this case the particle was never observed to rise, for all conditions investigated, and the model 

624 fails in the prediction of the particle motion. Similar behaviour is reported by Fiorentino et al. [23] 

625 for TDF at temperatures below 700 °C. According to the authors, the kinetics of devolatilization is 

626 not fast enough to generate endogenous bubbles capable to lift the particle up to the surface of the 

627 bed. However, this is an unexpected behaviour. Since all the particles investigated in this study are 

628 buoyant, they should rise regardless of the effect of devolatilization, as predicted by the model. 

629 Similar observations are shown by Baron et al. [88], who reported that polymer pellets sink quickly 

630 after over-bed feeding. The authors concluded that the unfluidized sand present on the upper surface 
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631 of the polymer particle increases its density, which can exceed that of the emulsion phase. 

632 Nevertheless, more effort is needed to better understand thermal and dynamic behaviour of plastic 

633 materials in fluidized bed reactors. This may support the development of more effective technologies 

634 for the exploitation of plastic waste.

635 4. Conclusions
636 This work investigated the devolatilization behaviour of a single feedstock particle in a lab-scale 

637 fluidized bed reactor at high temperatures by means of a non-invasive X-ray imaging technique. The 

638 highly volatile materials used in the study were chosen in order to resemble the main constituents of 

639 RDF feedstock, namely biomass and plastic. A single particle of either beech wood or polypropylene 

640 was fed into the reactor and both dynamic behaviour and kinetics of devolatilization were 

641 characterized. Results did show that these two features are closely connected. The use of gas analyser 

642 measurements provided a comprehensive assessment of the devolatilization behaviour, which was 

643 found to be highly affected by the fluidizing medium for both materials investigated. Pre-exponential 

644 factor and activation energy appeared to be very sensitive to the presence of oxygen, and were 

645 generally higher when air was used as fluidizing gas. The overall devolatilization time was found to 

646 be in the range of 30-112 seconds and 40-174 seconds for beech wood and polypropylene, 

647 respectively.  Interestingly, the in-bed release of volatiles appeared to be independent of the presence 

648 of oxygen in the fluidizing medium. This finding was supported by visual evidence provided by X-

649 ray images, which showed that endogenous bubbles size and frequency are independent of fluidizing 

650 gas properties. This behaviour was attributed to the controlling oxidation mechanisms of the volatile 

651 matter released, as demonstrated by the investigation of the Damköhler number from the interchange 

652 phase theory of oxygen between emulsion phase and endogenous bubbles.

653  A one-dimensional model was developed to predict the dynamic behaviour of the reacting particle 

654 within the bed. The model takes into account both motion and thermal degradation of the particle in 

655 order to provide a comprehensive description of the phenomenon. The assumption of endogenous 
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656 bubble formation and detachment from a single orifice was proven extremely effective to compute 

657 the lift effect acting on the particle, due to its ease of implementation. Because of the knowledge 

658 about endogenous bubbles size provided by the X-ray imaging technique, a revised version of the 

659 model was proposed. Model results were in good agreement with experimental observations for the 

660 biomass feedstock, which follows the MBS segregation pattern at the conditions investigated. The 

661 main limitation of the model was its failure to predict the behaviour of the plastic particles. The 

662 peculiar behaviour observed for this material was associated with its completely different mechanism 

663 of degradation, where the melting step was believed to have a great impact on both volatiles release 

664 and particle motion within the bed. The change in particle physical properties and formation of dense 

665 plastic-sand agglomerates might be responsible for the behaviour of this material. However, further 

666 investigation is needed to better understand the mechanism of plastic decomposition in fluidized beds.

667 This work confirmed the importance of developing systematic methodologies for the investigation 

668 of single particle devolatilization which, at present, appears to be the most effective approach to gain 

669 deeper insight on the interaction between feedstock and fluidized bed during thermochemical 

670 conversions. This is a central aspect for future development and exploitation of novel technologies, 

671 as well as improvement of existing ones, for thermal treatments of waste feedstock.

672
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677 Nomenclature
Symbols
A Pre-exponential factor
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c [mol/m3] Molar concentration
Da Damköhler number
d [m] Diameter
Ea [J/mol] Activation energy
Fʹ [N] Revised lift force
f [s-1] Frequency
g [m/s2] Gravitational acceleration
Hbed,e [m] Height of expanded bed
h [W/m3 K] Heat transfer coefficient

Kbe [s-1] Interchange coefficient bubble-
emulsion

k [s-1] Reaction rate constant

kg [m/s] Mass transfer coefficient in gas 
phase

kbe [m/s] Mass transfer coefficient bubble-
emulsion

M [kg/mol] Molecular weight
m [kg] Mass
P [Pa] Pressure
Q [m3/s] Volumetric flow rate of volatiles
r [m] Radius
R [J/mol K] Universal gas constant

Sbe [m2] Exchange surface bubble-
emulsion

T [K] temperature

w Mass composition of volatile 
matter in feedstock

X Mass conversion of solid feedstock
u [m/s] Velocity
ubr [m/s] Rise velocity of a single bubble
V [m3] Volume
y Molar fraction
z [m] Axial position
Greek letters

 [m2/s]𝛼 Thermal diffusivity of solid 
feedstock

 𝛽 Stoichiometric coefficient of char 
combustion

 𝛾 Proportional constant in Eqn. 38
 𝜀 Void fraction
 𝜖 Emissivity

 [W/m K]𝜆 Thermal conductivity of solid 
feedstock

 [kg/m3]𝜌 Density
 [W/m2 K4]𝜎 Stefan-Boltzmann constant
 [s]𝜏 Devolatilization time constant
 𝜓 Exponent in Eqn. 3
 𝜔 Proportional constant in Eqn. 43

Subscripts
0 Initial or detachment time of endogenous bubble
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b Endogenous bubble
c Char of feedstock particle
d Devolatilization
e Emulsion phase
eff Effective 
f Fluidizing gas
g Gas phase
i Number of feedstock particle sizes
in Induction
j Endogenous bubble number
m Averaged
mf Minimum fluidization
o Oxygen
p Particle
r Reference value of particle size
s Segregation or residence
t Lead tracer
v Virgin core of feedstock particle
vm Volatile matter
Acronyms 
BW Beech wood
EC Electrochemical
IR Infrared
LHS Left hand side
MBS Multiple Bubble Segregation
MSW Municipal solid waste
PP Polypropylene
RDF Refuse derived fuel
ROI Region of interest
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