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a b s t r a c t 

Our earlier study showed significant differences in average particle velocity between simulation and ex- 

perimental results for devolatilizing biomass particles in an idealised entrained flow reactor [N. Guo et 

al., Fuel, 2020]. This indicates that the simulations do not accurately describe the physicochemical trans- 

formations and fluid dynamic processes during devolatilization. This article investigates the reasons for 

these discrepancies using time-resolved analyses of the experimental data and complementary modelling 

work. The experiments were conducted in a downdraft drop-tube furnace with optical access, which 

uses a fuel-rich flat flame (CH 4 –O 2 –CO 2 ) to heat the particles. Gas flow was characterized using par- 

ticle image velocimetry, equilibrium calculations and thermocouple measurements. High-speed images 

of devolatilizing Norway spruce ( Picea Abies ) particles were captured and analysed using time-resolved 

particle tracking velocimetry methods. The data were used to estimate the balance of forces and fuel 

conversion. Thrust and “rocket-like” motions were frequently observed, followed by quick entrainment in 

the gas flow. Rocketing particles were, on average, smaller, more spherical and converted faster than their 

non-rocketing counterparts. These differences in conversion behaviour could be captured by a particle- 

size dependent, 0-D devolatilization model, corrected for non-isothermal effects. The results from this 

investigation can provide a basis for future modelling and simulation work relevant for pulverized firing 

technologies. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

l

d

f

t

i

t

t  

e

t

c

m

t

v

v

s

r

t

d

t

[

b

s

i

w

u

p

f

t

w

h

0

(

. Introduction 

The benefits of biomass as a CO 2 -neutral energy source [1] have 

ed to a renewed interest in industrial applications during the last 

ecades to mitigate the global warming problem [ 2 , 3 ]. Biomass 

uels are compatible with existing large-scale energy conversion 

echnologies, such as pulverized suspension firing. Suspension fir- 

ng is also relevant in biofuel production technologies, such as en- 

rained flow gasification, and technologies for CO 2 emission reduc- 

ion, such as oxy-fuel combustion [ 4 , 5 ]. However, the unique prop-

rties of biomass, e.g. much higher reactivity, non-spherical par- 

icle morphology, and different ash composition than fossil fuels, 

reate a need for further investigation before they can be imple- 

ented on a global scale [6] . 

During suspension firing, particles undergo a rapid conversion 

hat can be separated into the following three stages: drying, de- 
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olatilization, and char gasification/combustion [7] . The conver- 

ion behaviour depends on the heating rate, peak temperature, 

esidence time at high temperature and the local gas concentra- 

ion around the particle. During devolatilization, the particles un- 

ergo significant morphological transformations and release more 

han 70% of their initial mass in the form of vapour and gases 

8] . This is an intensely heat-driven process, which is promoted 

y high heating rates [9] . However, the apparent rate can be re- 

tricted by blowing [10] , evaporative cooling [11] , endothermic- 

ty of reactions [12] and internal convective flow of volatiles [13] , 

hich takes place preferentially in the direction of the pores [14] , 

sually aligned with the longest dimension. In addition, biomass 

articles tend to be elongated rather than spherical, which af- 

ects heat transfer [14] . All these heat transfer resistances make 

he particles non-isothermal during the devolatilization stage for a 

ide range of fuel size fractions under industrially realistic condi- 

ions for suspension firing. However, computational fluid dynamics 

CFD) simulations generally consider particles to be thermally thin, 

uch as below 100 μm of equivalent spherical diameter [15] and 

specially at very high heating rates [11] . Apparent devolatiliza- 
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Nomenclature 

A : area, m 

2 

AR : aspect ratio, max./min. Dimension, - 

B : blowing coefficient, - 

C : specific heat, J • kg −1 • K 

−1 

C d : drag coefficient, - 

d : diameter, m 

e : unit vector 

E r : energy emitted by radiation, J 

F : force, N 

L v : latent heat of vaporization, J • kg −1 

m : mass, kg 

Nu : Nusselt number, - 

Pr : Prandtl number, - 

q : yield, kg • s −1 

Re : Reynolds number, - 

T : temperature, K 

t : time, s 

v : velocity, m • s −1 

V : volume, m 

3 

Greek letters 

α: Absorptivity 

�H : endothermic heat of reaction, J • kg −1 

ε: Emissivity, - 

μ: dynamic viscosity, Pa • s 
ν: kinematic viscosity, m 

2 • s −1 

ρ: density, kg • m 

−3 

σ SB : Boltzmann constant, 5.6703 • 10 −8 , W • m 

−2 • K 

−4 

�: Solid angle, sr 

Subscripts 

B : Basset force, N 

D : drag force, N 

eff: effective 

eq : equivalent for a sphere with the same volume 

f : film 

g : gas 

L : lift force, N 

p : particle 

P : pressure, Pa 

r : ratio 

sf : Stefan 

T : thrust force, N 

VM : virtual mass, kg 

vol : volatiles 
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ion kinetics models for high heating rates must account for non- 

sothermal particles, such as in the model developed by Johansen 

t al. [ 9 , 15 , 16 ], which simplifies the non-isothermal problem by

roviding apparent devolatilization kinetics parameters for differ- 

nt size fractions. 

The advection of devolatilization products from the particle also 

ffects the gas velocity field and viscosity around the particle, po- 

entially influencing viscous and pressure forces [17] . Momentum 

xchange can also cause thrust if blowing is directional. In fact, 

udden acceleration has been observed during the fast devolatiliza- 

ion of biomass due to directional gas ejection [18] . This has been 

elated to heterogeneous heating and preferential gas advection 

hrough the anisotropic pore structures of the particle [19] . Fol- 

owing this line of thought, Elfasakhany et al. [18] and our previous 

ork [20] modelled this phenomenon as a thrust force caused by a 

eterogeneous release of volatiles, in a phenomenon referred here 
2 
s “rocketing”. An alternative explanation, based on experimental 

bservations of cellulose particles undergoing reactive boiling [21] , 

ould be the presence of an intermediate molten phase that forms 

 bubble with a high internal pressure that suddenly bursts and 

eleases the enclosed pyrolysis products. Under this assumption, 

he devolatilization model developed by Montoya et al. [22] in- 

ludes bubble formation, coalescence, and rising in the molten 

hase to explain these bursts of gas. Further evidence for this lat- 

er mechanism is supported by the inspection of particles that had 

ndergone devolatilization. Fig. 1 shows SEM images of Norway 

pruce particles and their char, obtained in a drop tube furnace 

nder pyrolysis conditions at 1200 °C. Fig. 1 b depicts that parti- 

les formed spherical, hollow char structures (cenospheres) with 

istinct holes on the surface due to melting [ 23 , 24 ]. The presence

f these holes in the molten char structures is common for vari- 

us biomass species [ 24 , 25 ] and indicates the violent bubbling and

oiling processes during the melting process. It is possible that if 

elting occurred, volatile gases could have escaped through these 

oles, causing thrust. Additionally, experiments performed by Riaza 

t al. [26] showed that elongated particles tend to heat up hetero- 

eneously, more intensely in the edges. Under such circumstances, 

ocalised melting could close the pores and produce microexplo- 

ions under very high heating rates ( > 10 5 K/s). 

Despite the pile of evidence, volatile-driven momentum ex- 

hange between particles and bulk gas flow is usually disregarded 

n simulation models since it is assumed to occur homogeneously 

n all directions, therefore cancelling out thrust forces. In addi- 

ion, not much has been investigated experimentally about the 

elevance, mechanisms and implications of the “rocketing” phe- 

omenon under industrially realistic conditions, using in-situ mea- 

urements. Disregarding these forces can potentially lead to in- 

ccurate estimations of particle residence time, which is cru- 

ial when modelling industrial burners. Furthermore, the non- 

sothermal behaviour, blowing effects on heat transfer, unsteady 

orces, morphological and density changes, etc., are often disre- 

arded in CFD simulations to reduce computational time and re- 

uce model complexity without significant experimental evidence. 

There is a lack of experimental measurements of the “rocketing”

henomenon for streams of biomass particles under devolatiliza- 

ion, especially with respect to its relevance, predictability, and 

elationship to the heterogeneous blowing. In this work, we de- 

cribe the “rocketing” phenomenon during biomass devolatilization 

nd investigate its relevance by estimating its frequency within a 

tream of devolatilizing particles. We provide a simple statistical 

redictive model based on particle size and shape, valid for the 

tudied experimental conditions. In addition, we estimate the mass 

nd magnitude of the forces on a “rocketing” particle during de- 

olatilization with the aid of existing models which capture the 

omplex heat and mass transfer effects and the thrust force from 

xperimental data. 

. Methodology 

A schematic of the experimental apparatus can be seen in 

ig. 2 . The reactor is a drop-tube setup with optical access. A 

upporting flame supplies the heat and reaction environment to 

he devolatilizing particles. The combustion products of the sup- 

orting flame were chosen to achieve a similar composition to 

he one found in the near-burner zone of entrained-flow gasi- 

ers and oxy-fuel burners. The supporting flat flame was produced 

y the fuel-rich combustion of CH 4 /CO 2 /O 2 , whose products were 

ainly H 2 /CO 2 /CO/H 2 O and free of oxygen. Compositions of post- 

ombustion gas were measured using gas chromatography and de- 

ailed in Table S2 in the supplementary material. The biomass par- 

icles were injected from a central tube with a stream of CO 2 gas 

t a feeding rate of approximately 10 g • h 

−1 . The feedstock used 
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Fig. 1. SEM images of Norwegian Spruce char particles from high temperature (1200 °C) pyrolysis experiments in a drop tube furnace, (a) typical particles before heating, 

highlighted in brown, (b) cenospheres formed during heating, highlighted in blue. Notice the holes in the cenospheres. Adopted from [26] with permission from ACS. 

Fig. 2. Schematic representation of the reactor setup, all measurements are in mm. 

Reprinted from [28] , with permission from Elsevier. 
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as Norwegian spruce particles ( Picea Abies ) produced by a ham- 

er mill followed by sieving with a sieve size of 200–250 μm. The 

esulting particles had a high aspect ratio (AR = 3.9 ± 2.9, defined 

s the ratio of longest to shortest diameter). Fuel properties and 

eaction conditions for the supporting flame and carrier gases can 

e seen in Tables S1 and S2 in the supplementary material. Imag- 

ng was performed by two high-speed cameras, which collected 

he scattered light of a pulsed-laser sheet that shone across the 

tream of particles and the reactor’s axis. Images were sampled at 

00 Hz with an exposure time of 625 μs during 3.75 s, for a field

f view of 20 × 74 mm. The cylindrical lens for the laser optics was

laced approximately 1.5 m from the reactor’s axis, well below the 

at flame burner. This arrangement was made in order to take ad- 

antage of the dispersion angle of the laser, so as to illuminate the 

articles entering the reactor (See Section 1 of the supplementary 

aterial for further schematics). The minimum spatial resolution 

f the imaging system was 53.9 μm. Dynamic Studio 6.8 from Dan- 

ec Dynamics and Matlab were used to collect and post-process the 

mages in order to obtain time-resolved measurements of velocity, 

osition and dimensions of the particles. The reader is referred to 

 27 , 28 ] for more details about the experimental conditions, setup 

escription and methodology used for image processing. 

Gas velocity without particles was measured using particle im- 

ge velocimetry (PIV), seeding the carrier gas flow with titanium 

ioxide particles. The same arrangement and software used for 
3 
article tracking velocimetry (PTV) were also used for the PIV mea- 

urements. In this study, the particle slip velocity is defined as 

he difference between the velocity of the gas flow at the particle 

osition measured without particles and the instantaneous parti- 

le velocity. This approximation seems adequate since the volume 

raction is below 10 −4 , and therefore the flow can be considered 

ilute, with negligible effects of the particles on the gas velocity 

eld [29] . Additionally, measurements of gas flow velocity without 

articles indicate that the gas flow is laminar, and time oscillations 

an be disregarded (see Section 4 of the supplementary material). 

here are methods to perform simultaneous measurements of gas 

nd particle velocity, with a combination of PIV and PTV, such as 

he one described by Khalitov and Longmire [30] . However, such 

ethods were not considered in this study because the simultane- 

us measurement of gas and particle velocity would have required 

dditional seeding particles, possibly obstructing the performance 

f the current methodology for volatile cloud edge detection. Ad- 

itionally, gas seeding would have affected the radiative properties 

f the gas due to the incandescence of the seeding particles, as 

ell as acting as a heat ballast. Statistics for gas measurements 

ithout particles are provided in Section 4 of the supplementary 

aterial. 

A flow scheme with the methodology for data analysis and 

odelling for this work is presented in Fig. 3 . In this chart, the 

entral sequence of data treatment corresponds to retrieving infor- 

ation from TR-PTV data. This information was used to deduce a 

ime-averaged, statistical regression model to predict the probabil- 

ty of “rocketing” (sequence to the right). Additionally, modelling 

as carried out using the experimental data of selected particles 

sequence to the left). Further explanation of the models used can 

e found in subsequent sections. 

It should be noted that this experimental study cannot track 

article rotation since it is not based on volumetric imaging. With 

his setup, only the projected area of the particle can be accounted 

or. Rotation produces oscillatory effects in the minimum and max- 

mum dimensions of the projected area. If the number of samples 

s high enough, and the sampling rate is higher than the particle 

otation, the average measurements of minimum and maximum 

imensions should correspond to the real ones. This procedure is 

imilar to the one applied by commercially available tools, such as 

hadowgraph particle-size analysers. 

However, time-resolved measurements can be biased by parti- 

le rotation. Fortunately, these oscillations can be compensated by 

ltering to capture the general trends. For the time-resolved study 

ncluded in this work, particles showing small oscillations due to 

otation were selected. Other more sophisticated techniques, such 

s machine learning can be used to predict 3D rotation from planar 

easurements. 
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Fig. 3. Flow chart with the process for data analysis performed in this work. 
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.1. Estimation of particle mass during devolatilization from 

xperimental measurements and estimated forces 

The particle mass was estimated from experimental data based 

n momentum conservation during devolatilization. The objective 

s to provide an estimate of the mass loss during “rocketing”, 

long with the thrust force which could explain this phenomenon. 

q. (1) expresses the transient motion of a devolatilizing particle 

mmersed in a gas flow [29] : 

 

 B + 

�
 F D + 

�
 F L + 

�
 F P + 

�
 F V M 

+ m p g � j + 

�
 F T = m p 

d � v p 
dt 

(1) 

The unit vector � j represents the direction of gravity. The origin 

f coordinates can be seen in Fig. 4 , and particle movement is as-

umed to occur within the plane defined by the x and y -axis, with-

ut out-of-plane movements. This was possible since there was a 

ufficient number of particles not exhibiting out of plane move- 

ents (around 80% of the incoming particles). More information 

bout out-of-plane movements can be found in Section 6 of the 

upplementary material. A schematic representation of the domi- 

ant forces on the particle (drag, weight, inertia and thrust) is de- 

icted in Fig. 4 . The forces are estimated from available models in 

he literature ( Table 1 ), using the spatial field of gas properties at

ach particle position and time-resolved particle properties (veloc- 

ty, diameter, etc.). Thrust force is dependent on the mass loss and 

equires the estimation of the Stefan flow from the particle sur- 

ace. Fig. 4 also shows a schematic representation of a cloud of 

olatile products being expelled from the particle with a hetero- 

eneous Stefan flow, in this case with a higher velocity of the ex- 

elled gases in the leeward direction. The local Stefan flow velocity 

f devolatilization products at the particle surface is identified as 

  s f . Due to the heterogeneity of the Stefan flow field, its integral 

cross a surface enclosing the particle is non-zero and equivalent 

o a resultant velocity. This consequent velocity has been named 

hereafter “effective velocity”, � v e f f , as it is commonly referred to 

n propulsion theory: 

  e f f = 

∮ 
�
 v s f 

r 2 
· d � S = 

∮ 
�
 v s f · d� (2) 
4 
This effective velocity is assumed to be the cause for the thrust 

orce F T : 

 

 T = 

d m p 

dt 
�
 v e f f (3) 

Propagation of uncertainty in the calculation of the solution for 

(t) can be minimized by projecting all terms of Eq. (1) in the 

irection of the acceleration. This is because the horizontal com- 

onent of particle velocity is usually close to zero and, therefore, 

ts differentiation carries high experimental uncertainty. Including 

he definition of thrust force from Eq. (3) into Eq. (1) , and multi-

lying by the unit vector parallel to the acceleration, the resulting 

quation becomes: 

�
 F B + 

�
 F D + 

�
 F L + 

�
 F P + 

�
 F V M 

+ m p g � j + 

d m p 

dt 
�
 v e f f 

)
· � e a = m p 

d � v p 
dt 

· � e a 

(4) 

here � e a = 

d � v p 
dt 

/ | d � v p 
dt 

| is the unit vector in the direction of the ac-

eleration. Eq. (4) is a first-order ordinary differential equation for 

he particle mass, which can be solved numerically under the con- 

ition that all the forces and other unknowns can be estimated 

rom the experimental data. The particle mass was calculated nu- 

erically, using a variable-step, variable-order (VSVO) solver, suit- 

ble for stiff ODEs, using the Matlab function “ode15s” for version 

2021a [31] . The initial density of the particle was assumed to be 

40 kg/m 

3 [32] . Tsiolkovski’s “Ideal rocket” equation [33] was used 

o check whether the mass loss during “rocketing” can explain the 

bserved change of momentum that is unaccounted for by the rest 

f the forces (see Section 2.1.2 ). 

.1.1. Estimation of the Stefan velocity and the effective velocity from 

ecorded images 

The Stefan flow field emanating from the surface of the parti- 

le can be estimated from the expansion of the cloud of incandes- 

ent matter that surrounds the particle under pyrolysis conditions. 

he camera sensor was able to capture the light from the incan- 

escent sooty cloud in the absence of laser illumination, indicating 

hat it resulted from the combination of integrated emission along 

he optical path and cross-sectional scattering from the laser sheet. 

his estimation can only be accurate as long as the particle moves 
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Fig. 4. Representation of the main forces on the particle. 

Table 1 

Summary of models used to calculate forces. 

Equation Description References 

�
 F D = 

1 
2 
ρg C d C d,r A p | � v slip | � v slip 

With: 

C d = 

24 
Re 

( 1 + 0 . 15 R e 0 . 687 ) 

And: 

C d,r = 

c̄ 
6 πd eq 

c̄ = 

6 πd eq 

√ 

A R 2 −1 

ln ( AR + 
√ 

A R 2 −1 ) 

Drag force 

Drag coefficient according to 

Schiller-Naumann correlation 

Drag ratio for a prolate spheroid with random 

orientation: Clift correction. 

[29] 

[29] 

[32] 

F B = 

9 
d eq 

αd 

√ 

ρg μg 

π

t 

∫ 
0 

d v slip 
dt 

t−τs 
dt

With: 

τs = 

ρp d 
2 
eq 

18 μg 

Basset force [33] 

�
 F V M = 

M f 
2 

( 
D � v g 
Dt 

− d � v p 
dt 

) 

M f is the mass of fluid displaced by the particle, calculated 

using the equivalent diameter, d eq and the local gas density 

ρg 

Virtual mass force [33] 

�
 F P = −V eq · � ∇ p

V eq is the displaced volume of gas by the particle, calculated 

using the equivalent diameter, d eq . 

Pressure-gradient force [34] 

�
 F L = 

�
 F S = 1 . 61 μg d eq | v slip | ( 

√ 

R e G,x ·� i + 

√ 

R e G,y · � j ) 
With: 

R e G,x = 

d 2 eq ·( 
d v g,x 

dx 
+ d � v g,y 

dx 
) 

νg 

R e G,y = 

d 2 eq ·( 
d � v g,x 

dy 
+ d � v g,y 

dy 
) 

νg 

Saffman lift force [35] 

w

u
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�v

n

ithin a 2D plane, turbulence is low and volatile matter is heated 

p enough to become incandescent. Consequently, this method is 

nly applicable to those particles that do not move out of the thin 

aser sheet used for particle detection. The method consists of ap- 

lying an edge filter to raw images to detect the edge of the cloud 

f volatiles. Afterwards, the Stefan flow velocity can be calculated 

rom the expansion of the edge, relative to the particle centroid, 

etween consecutive frames. A scheme of such a process is shown 

n Fig. 5 . 

If the Stefan flow velocity is assumed to emanate radially from 

he particle centroid, its local value can be expressed as a function 
t

5 
f θ , which is the angle formed with the vertical axis: 

  s f ( θ ) = 

L 

�t 

1 

θ
�
 e θ (5) 

Using Eq. (2) , � v s f (θ ) can be used to calculate � v e f f , as in Eq. (6) :

  e f f = 

∮ 
�
 v s f ( θ ) · � e θ dθ (6) 

The methodology here presented is only applicable under lami- 

ar conditions for small particle Reynolds numbers. These condi- 

ions differ significantly from those found under realistic indus- 
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Fig. 5. Estimation of Stefan flow velocity from edge detection of the incandescent cloud of volatiles around the particle. Green crosses identify the particle centroid. These 

images and edges have been obtained from real experimental data, with �t = 3 ms between t1 and t2, using a Sobel filter for edge detection. Contrast has been adjusted for 

easier visualization. 
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rial pulverized burners, such as entrained-flow gasification. How- 

ver, the applicability for industrially-realistic conditions would be 

ore plausible with a similar methodology to the one proposed, 

nvolving stereoscopic measurements on an electrodynamic ther- 

ogravimetric analyser. This would enable very high heating rate, 

ontrolled atmosphere and simultaneous visualisation, such as in 

he work by E. Bar-Ziv et al. [34] and the more recent by Biagini et

l. [35] , in combination with powerful tools for the measurement 

f volatile gas velocity out of the particle, such as interferometry, 

s it was performed by Lycksam et al. [36] or LIF (Laser Induced 

luorescence). 

.1.2. The ideal rocket equation 

To check whether the velocity changes experienced by a par- 

icle can be explained by the mass estimated as described above, 

he equation for the movement of an ideal rocket without drag is 

sed for comparison. This equation was described by Tsiolkovski 

33] , and relates the change of velocity of the ideal rocket with the 

effective velocity” of the propelled gases and the change of mass 

uring this process: 

v p = v e f f · ln 

(
m 0 

m f 

)
(15) 

here �v p is the increase in velocity of the rocket (in this case, 

he particle), v e f f is the effective velocity of the gases propelled 

ut of the rocket (volatiles) and 

m 0 
m f 

is the ratio of initial to final 

ass of the rocket. 

.2. Estimation of particle conversion from experimental data and 

on-isothermal devolatilization models 

Conversion of a biomass particle during devolatilization was 

stimated, considering the effect of changes in particle size and 

hape as well as gas temperature on heat transfer. Non-isothermal 

eating and blowing effects were also taken into account. The 

im was to find out which model reproduces the estimated 

ass loss obtained from momentum conservation more accurately 

 Section 2.1 ), and to provide an estimate of the heating rate and

roduct composition during conversion of a “rocketing” particle. 

he spatial field of gas properties and time-resolved particle di- 

ensions were used to estimate the time-dependent heat transfer 

ate by convection and radiation from available models, using the 

nergy conservation equation. The obtained particle temperature 

s then used to update the kinetic parameters of a 0D conversion 

odel, taking into account non-isothermal heating. 
6 
Particle temperature is calculated for each experimental point 

rom the energy conservation equation: 

 p C p 
d T p 

dt 
= −h A p ( T p − T g ) − E r + q v ol �H v ol (16) 

In this equation, particle mass and particle temperature can be 

btained from the simultaneous solution of the chemical kinetics 

f Table 2 and Eq. (16) . Thermochemical gas properties were ob- 

ained from interpolation from temperature measurements from 

he NIST Chemical Kinetics Database [37] . The heat of devolatiliza- 

ion, �H vol , was obtained from [10] . Initial density of the particle 

as assumed as 440 kg/m 

3 [32] and the initial temperature of the 

article was assumed to be 300 K. 

External convective heat transport is usually modelled using 

eat transfer correlations for spheres using a Nusselt number 

orrelation ( Nu = hD/ λ). One common correlation is that of Ranz- 

arshall [38] : 

u = 2 + 0 . 6 R e 
1 
2 P r 

1 
3 (17) 

here thermochemical properties at film condition are used to cal- 

ulate Reynolds and Prandtl numbers. However, the presence of an 

utflow of devolatilization products from the particle surface must 

e taken into account with a correction to the estimation of the 

lm temperature, using the 1/3 rule, as suggested by Yuen and 

hen [17] : 

 f = T p + 

T g − T p 

3 

(18) 

To account for blowing effects, several authors suggest a Nus- 

elt number correction based on a blowing coefficient (also called 

ass transfer ratio or Spalding heat transfer number) [ 10 , 38 , 39 ].

he Nusselt number correction from the heat transfer number can 

e obtained from the model developed by Renksizbulut & Yuen, 

orrecting the Ranz-Marshall correlation from Eq. (17) : 

 u r = 

Nu 

( 1 + B ) 
0 . 7 

(19) 

here B is the blowing coefficient, calculated as: 

 = 

C p ( T p − T g ) 

L v 
(20) 

here L v is the latent heat of vaporization of a liquid droplet, 

hich can be approximated by using Trouton’s rule for the boil- 

ng temperature of the molten phase: 

L v 

T boiling 

≈ 85 − 88 

J 

Kmol 
(21) 

In this work, the boiling temperature of the molten phase has 

een taken as that of Levoglucosan (384 °C) [40] . Gas radiation is 
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Table 2 

Devolatilization kinetics parameters. 

Parameter Unit Constant References 

Small size fractions ( < 112 μm): High-temperature kinetics, one-step reaction mechanism 

A 1 s −1 8.56 × 10 10 [16] 

Ea 1 KJ •mol −1 171.8 

Medium size fractions (112–616 μm): High-temperature kinetics, one-step reaction mechanism 

A 2 s −1 3.99 × 10 9 [16] 

Ea 2 KJ •mol −1 162.3 

Large size fractions (616–2000 μm): High-temperature kinetics, one-step reaction mechanism 

A 3 s −1 2.62 × 10 6 [16] 

Ea 3 KJ •mol −1 118.7 

Kinetic parameters for the two-step reaction mechanism, valid for low heating rates. 

A V s −1 1.11 × 10 11 [41] 

Ea V KJ •mol −1 177 

A T s −1 9.28 × 10 9 [41] 

Ea T KJ •mol −1 149 

A V,2 s −1 4.28 × 10 6 [42] 

Ea V,2 KJ •mol −1 108 

Fig. 6. Reaction models (a) One-step reaction mechanism, used at high temperatures and heating rates (b) Two-step reaction mechanism, based on the Broido-Shafizadeh 

scheme, valid for low heating rates and lower temperatures. 
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Fig. 7. Sequence of images of a particle (black) exhibiting the jet effect caused by 

the sudden release of volatile matter (grey area). Arrows represent particle velocity 

and its length correlates to velocity magnitude, indicated with the reference vector 

in the upper left image. 
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specially important in environments with high partial pressures 

f radiating gases (CO 2 and H 2 O) and can be obtained from the 

ottel correlations for mixtures of CO 2 and H 2 O, corrected for mu- 

ual radiation [41] . Back-radiation from incandescent particles and 

ooty clouds can be disregarded under very dilute flows, although 

hey can contribute to maintaining particle temperature. Particle 

missivity was assumed as 0.3 [42] . Finally, the energy exchange 

y radiation between gas and particles can be obtained from: 

 r = −σsb 

(
ε g T 

4 
g − ε p αg T 

4 
p 

)
(22) 

here E r is the energy transferred to the particle by radiation. 

The estimated temperature from the energy balance for each 

xperimental point is used to determine the kinetic coefficients of 

 devolatilization model in order to calculate the conversion. The 

iomass particles during the devolatilization stage under indus- 

rially realistic conditions for suspension firing is non-isothermal. 

herefore, it is necessary to consider a non-isothermal correction 

nd the use of kinetic parameters optimized for high temperatures 

nd heating. The kinetic parameters for a zero-dimensional, single 

rst-order reaction (0D SFOR) model ( Fig. 6 a) by Johanssen et al. 

16] were used in this study. Kinetic parameters were optimized 

ith the results of an experimentally validated model for single 

articles, where local conversion is solved over particle radius, and 

ntermediate species are considered using the reaction model of 

ig. 6 b. Kinetic parameters are provided for three different size 

ractions: small (below 100 μm), medium (100 to 600 μm), and big 

above 600 μm) particles, as shown in Table 2 . 

Particle temperature and conversion products are calculated nu- 

erically using the Runge-Kutta method. Char gasification reac- 

ions have not been included to avoid making further assump- 

ions since the aim of the article is to study devolatilisation reac- 

ions. This assumption seems safe, since gasification reactions have 

 much higher characteristic time than pyrolysis for the studied 

ases: 
t pyrolisis 

t gasi f ication 
≈ 10 3 − 10 4 for particle sizes from 50 to 10 0 0 μm 
7 
43] . Oxidation reactions are very unlikely since the atmosphere 

round the particles is heavily reducing due to the fuel-rich com- 

ustion products from the flat flame. No assumptions on homo- 

eneous chemistry have been made since only devolatilisation is 

onsidered, and it would exceed the assumptions for this article. 

. Results and discussions 

.1. Introduction to the “Rocketing” phenomenon 

Figure 7 illustrates the aforementioned “rocketing” phe- 

omenon with a sequence of images of a biomass particle under- 

oing devolatilization. The particle velocity vectors that are super- 

mposed on the images have been determined with PTV and indi- 

ate the velocity magnitude. The raw images have been inverted 

o enhance contrast, and thus, all radiating matter in the visible 
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Fig. 8. Particle trajectories for: (a) all time-resolved particles (b) “non-rocketing”

particles (c) “rocketing” particles. 
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pectra appears darker than the background. The timestep on top 

f the images indicates the residence time of the particle from its 

ntrance to the reactor. The particle exhibited lateral motion in a 

imilar manner to that of a rocket, apparently caused by a fast re- 

ease of volatile matter. This phenomenon began after 23.0 ms of 

esidence time for this particle, when a small cloud of incandes- 

ent matter emerged behind the particle. The appearance of this 

loud was accompanied by a sudden deflection of the particle tra- 

ectory in the opposite direction to the release of volatiles. Judging 

y the wedge shape of the volatile cloud near the particle, the re- 

ease of volatiles seemed to come from a narrow gap at the surface 

f the particle. This effect, which we refer to as “rocketing”, has 

een observed repeatedly, for a significant fraction of the particles, 

n all the experiments performed for this work. The direction of 

he deflection was random, sometimes directing the particle up- 

tream. The residence time at which the phenomenon took place 

aried from particle to particle. 

.2. The collective behaviour of “rocketing” versus “non-rocketing”

articles 

.2.1. Categorization of behaviour and parametric analysis 

The “rocketing” phenomenon was easily recognizable from di- 

ect observation of the time-resolved particle trajectories and com- 

arison with the recorded experimental images, as it was seen 

n Section 3.1. However, not all the detected particles remained 

ithin the thickness of the laser sheet, and the trajectories were 

arely complete. Therefore, velocity and properties of “rocketing”

nd “non-rocketing” particles have been extracted from a statisti- 

ally significant number of particles, which remained within the 

aser sheet throughout the field of view. Then, these properties 

ave been averaged at each residence time for each category. 

ig. 8 presents the trajectories for the particles which remained 

ithin the thickness of the laser sheet along the field of view. 

rajectories in red and blue correspond to “rocketing and “non- 

ocketing” particles, respectively. Within the ones exhibiting “rock- 

ting”, it is possible to see large motion deflections, presumably 

ue to the ejection of a narrow jet of gas from the particle surface 

hat gives rise to a net thrust. It can be also noted that there is

igration towards negative radii for all trajectories. This can be ex- 

lained by the non-axysimmetry of the gas flow, caused by a mis- 

lignment in the carrier gas injection line. Flow inhomogeneities 

ausing lift can be disregarded, as it is further discussed in section 
8 
.3.2 of this manuscript. Further discussion on this topic can be 

ound in Section 4 of the supplementary material. 

Figure 9 depicts time-averaged properties for “rocketing” and 

non-rocketing” particles, namely: acceleration ( Fig. 9 a), slip ve- 

ocity ( Fig. 9 b), particle velocity ( Fig. 9 c), and particle dimensions

 Fig. 9 d to f), including volume, minimum diameter and aspect ra- 

io. Continuous lines represent mean values, and shaded areas in- 

icate standard deviation around the mean. Graphs with the raw 

ata used for these graphs can be found in the supplementary ma- 

erial (Figure S1). 

Figure 9 a represents average acceleration versus residence time 

nd reveals intense fluctuations in the acceleration of “rocketing”

articles. Meanwhile, the average acceleration of “non-rocketing”

articles changed smoothly with a small standard deviation. These 

uctuations are caused by the sudden accelerations accompanying 

he “rocketing” phenomenon. The average acceleration of all tra- 

ectories at the entrance to the reactor was slightly lower than the 

cceleration of gravity and with higher dispersion for the “rocket- 

ng” particles. This could be attributed to the smaller size of the 

rocketing” particles, therefore presenting less gravimetric force, as 

t is discussed in further sections. 

Figure 9 b represents average slip velocity as a function of resi- 

ence time. Average slip velocity at the entrance to the reactor was 

ery similar and had an analogous standard deviation for both cat- 

gories of particles. As residence time increased, the average slip 

elocity for “rocketing” particles tended towards zero, indicating 

hat “rocketing” particles were entrained in the gas flow faster than 

he “non-rocketing” ones. The differences in average slip velocities 

etween “rocketing” and “non-rocketing” particles started appear- 

ng after approximately 20 ms of residence time. 

Figure 9 c represents average particle velocity versus residence 

ime. Here, it can be seen that the “rocketing” particles travelled 

t a significantly lower velocity, compared to the “non-rocketing”

nes, already from the entrance of the reactor. This interesting re- 

ult indicates that, from a time-averaged perspective, the tendency 

owards particle entrainment in the gas flow is a more relevant 

actor to represent the motion of the “rocketing” particles, rather 

han the short but intense velocity fluctuations that help identify 

t. 

Regarding morphology presented in Fig. 9 d–f, particles that ex- 

ibited “rocketing” motions were on average slightly smaller and 

onsistently less elongated when they entered the reactor. Dur- 

ng conversion, intense shrinking was noticeable for both “rock- 

ting” and “non-rocketing” particles. Additionally, later entrain- 

ent of “rocketing” particles in the gas flow was accompanied 

y spheroidization. This is indicated by a decrease in particle as- 

ect ratio and a simultaneous increase of the minimum diame- 

er. It is unknown whether “non-rocketing” particles also tended 

o spheroidize, since they did not remain long enough within the 

eld of view. 

As summarized above, already at the entrance to the reactor, 

he “rocketing” particles were smaller, rounder and travelled on 

verage slower than the “non-rocketing” counterparts. This result 

as been used to develop a predictive model of the “rocketing” ef- 

ect based on the original size and shape of the feedstock, which 

an be found in subsequent sections. Moreover, as conversion pro- 

eeded, “rocketing” particles got entrained in the gas flow as they 

hrank and spheroidized. In contrast, for “non-rocketing” particles, 

as flow entrainment did not happen within the field of view of 

he camera. Therefore, from a time-averaged perspective, the “rock- 

ting” phenomenon affects the response time of the particles in a 

uid, allowing them to get entrained faster in the gas flow. 

.2.2. Frequency of “rocketing”

Results from Section 3.2.1. indicate that particles exhibiting the 

rocketing” effect had a smaller minimum diameter and a lower 
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Fig. 9. Time-averaged properties of “rocketing” and “non-rocketing” trajectories. 

Fig. 10. (a) Scatter plot of with all particles detected in the experiment, colorscale based on minimum diameter (b) Projection of a Loess fit of the points defined by velocity, 

distance from burner outlet and minimum diameter. Overlayed on top of this graph: data from Fig. 9 c. 
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spect ratio than the non-rocketing ones. The results from the av- 

raged properties of these trajectories can only represent qualita- 

ively the differences between each behaviour. To draw quantita- 

ive information on the differences between behaviours, it is neces- 

ary to analyse a larger number of particles, using a time-averaged 

pproach. However, not all particles could be followed for the en- 

ire field-of-view due to: (1) out-of-plane motions (see Section 6 

f the supplementary material), (2) hindered particle recognition 

n regions with high light intensity, (3) particles moving close to 

ach other causing failure in track reconstruction and (4) the sud- 

en motions of “rocketing” particles preventing track reconstruc- 

ion. Instead, all samples detected from the experiment have been 

aken into account, including all repeated samples from each par- 

icle. 

Figure 10 shows (a) the scatter plot with all samples detected 

uring the experiment, with the colour scale indicating particle 

ize, and (b) the 2D projection of the surface fit for the z -axis. 

verlayed on top of graph (b), the averages of time-resolved parti- 

le velocity versus distance from the burner outlet for “rocketing”

nd “non-rocketing” behaviours can be found. To allow compari- 

on with qualitative time-resolved data from section 3.2.1, velocity 
9 
ontours for averaged time-resolved data from Fig. 9 have been in- 

egrated to be represented against distance from the burner outlet. 

The scatter plot in Fig. 10 a shows two distinct velocity be- 

aviours diverging from 20 mm from the burner outlet. Figure 

0 b indicates that the upper branch corresponds to the behaviour 

f “non-rocketing” particles, while the lower branch corresponds 

o the “rocketing” ones. A significant amount of samples were 

etected during the experiment exhibiting the “rocketing” phe- 

omenon. Therefore, the particles belonging to these samples were 

esponsible for the discrepancies with our previous simulation 

ork [27] due to their tendency towards getting entrained in the 

as flow. Further information can be found in Section 7 of the sup- 

lementary material. 

The clear velocity branching caused by “rocketing” particles, 

een after 20 mm from the burner outlet in the scatter plot of 

ig. 10 a, and the high number of detected samples throughout the 

xperiment, allows a statistically significant quantification of the 

requency of the two behaviours. The categorization has been done 

y histograms of normalized particle velocity from 0 to 5 mm from 

he burner outlet and from 40 to 45 mm from the burner outlet. 

ll velocities used for these histograms were translated to the ini- 
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Fig. 11. Histograms and tri-normal fits of particle velocity at (a) 0–5 mm from the burner outlet and (b) 40–45 mm from the burner outlet. Dashed lines indicate average 

velocity from time-resolved measurements at the beginning of each range of distances from the burner outlet. Np stands for number of particles. 

t

s

s

i

r

b

l

(

o

m

f

t

t

w

t

c

b

a

a

t

b

l

T

a

r

 

4

p

a

e

5

q

n

“

f

t

m

p

t

t

i

T

F

f

o

t

3

t

a

m

s

t

t

f

l

c

e

p

a

a

t

i

t

w

t

e

w

m

n

p

r

f

n

g

o

t

t

m

s

t

d

f

b

s

ial value of the range. To avoid the inclusion of repeated mea- 

urements of the same particle trajectory in the frequency analy- 

is, multiple histograms were obtained and averaged for the min- 

mum displacement possible, given the velocities observed. Fig. 11 

epresents the histograms of particle velocity for 5 mm below the 

urner outlet and 40 to 45 mm below the burner outlet. The ve- 

ocity obtained from the limited number of the complete trajectory 

section 3.2.1) is also represented with dashed lines. The histogram 

f velocities at 40 –45 mm from the burner outlet presented a bi- 

odal distribution. To estimate the frequency of the “rocketing” ef- 

ect with the consideration of the overlap between the two modes, 

he histogram was deconvoluted to a trinomial distribution, forcing 

he modes to be the closest to the average time-resolved velocities 

hile maximizing the R 2 . The areas under these curves were used 

o obtain the fractions of “rocketing”, “non-rocketing”, and parti- 

les with unclear behaviour due to overlap. The trinomial distri- 

ution was fit to the histogram data using the “fit” function with 

 fitting equation in Matlab. An iterative seek was performed so 

s two Gaussians had means as close as possible to the average 

ime-resolved velocities while maximising the R 2 . This was made 

y changing the options for the Matlab fitting function (upper and 

ower limits of the function “fit”). No other thresholds were used. 

he resulting Gaussians were classified into “rocketing”, “unclear”

nd “non-rocketing” based on their distances to the average time- 

esolved velocities. 

As it can be seen from the data presented in Fig. 11 , at around

0 –45 mm from the burner outlet, the percentage of “rocketing”

articles was at least 37%. Many of these particles also exhibited 

n intense deceleration, as it can be attested by comparing the av- 

rage time-resolved velocity. The bimodal distribution from 0 to 

 mm from the burner outlet does not allow enough accuracy for 

uantifying the frequency of the “rocketing” phenomena, given the 

umber of unclear particles. However, the fitted distributions of 

rocketing” and “non-rocketing” particles are sufficiently separated 

rom each other to assign probabilities of “rocketing” based on par- 

icle velocity. Probability plots can be found in the supplementary 

aterial. 

The probability of “rocketing”, obtained from Fig. 11 a, was ex- 

ressed as a function of minimum diameter and aspect ratio for all 

he particles used for the histogram in Fig. 11 a. The same transla- 

ion to coincide with the initial value of the range was performed 

n the same way as with velocities for the previous histograms. 

he function was expressed as the sum of two logistic regressions. 

igure 12 represents the results of this estimation, indicating that 

or a spherical particle with 200 μm of diameter, the probability 
S

10 
f rocketing is approximately p ≈ 20 + 15 = 35%. More information on 

he surface fit can be seen in the supplementary material. 

.2.3. Discrepancies between the estimated and measured velocity at 

he entrance to the reactor 

The cause for the different velocities at the entrance to the re- 

ctor for “rocketing” and “non-rocketing” particles is intriguing. It 

ust be examined whether it can be explained solely based on 

ize and shape differences or if other phenomena such as addi- 

ional forces could be involved. This study must consider the sharp 

emperature gradient at the entrance to the reactor, which will af- 

ect drag forces in its immediate surroundings. For this, the ve- 

ocity of the particles from the feeding mechanism, through the 

onveying tube until the entrance to the reactor ( y = 0), has been 

stimated from the geometrical data, carrier gas velocity and tem- 

erature profile, assuming only drag and weight as the only forces 

cting on the particles. 

Figure 13 a represents the drag force to weight ratio before and 

fter entering the reactor from the feeding tube. It indicates a dras- 

ic reduction of the drag force compared to the weight upon the 

njection from the feeding line to the burner. It was caused by 

he change in carrier gas properties while heating up. Therefore, 

eight was most probably the main contributing force to momen- 

um at the entrance to the reactor, which explains why the av- 

rage acceleration of the particles at the entrance to the reactor 

as close to gravity. Fig. 13 b shows the comparison between esti- 

ated particle velocity and measured one at the origin of coordi- 

ates. Calculation of the balance between drag and weight fails to 

redict the velocity of “rocketing” particles at the entrance of the 

eactor based on their size and shape. 

Potential reasons for this discrepancy are either: (1) drag 

orce is greatly underestimated or (2) an additional force or phe- 

omenon is present. Given the intense changes in temperature and 

as properties, this discrepancy could be explained by the effect 

f devolatilization products, such as changes in the gas proper- 

ies or the momentum exchange between volatiles, gas and par- 

icles during conversion. Scenario (1) is not very plausible since 

ost models correcting for Stefan flow (gas emanating from the 

urface of the particle) predict a lubricating layer around the par- 

icle, causing a decrease in the drag coefficient and, therefore, the 

rag force [44] . Only one model predicts an increase in the drag 

orce due to Stefan flow, but it is expected to occur under com- 

ustion [45] . For scenario (2), additional forces such as those de- 

cribed in the theory section could be related to this phenomenon. 

ubsequent sections will investigate the estimated forces on two 
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Fig. 12. Stochastic model for “rocketing” probability as a function of (a) Minimum diameter and (b) aspect ratio. 

Fig. 13. (a) Estimated drag-weight ratio before and after entering the reactor (b) Estimated versus measured particle velocity at the entrance to the reactor. For the measured 

values, errorbars indicate standard deviation. For the estimation, errorbars indicate the minimum and maximum values obtained taking into account the dispersion of the 

raw data. 
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dashed lines. 
articles exhibiting “rocketing” and “non-rocketing” phenomena 

nd try to distinguish which force could be related to such an 

vent. 

.3. Behaviour of individual “rocketing” particles 

.3.1. Particle motion of a “rocketing” and a “non-rocketing” particle 

Two particles have been chosen as representative examples of 

he “rocketing” and “non-rocketing” behaviours. Fig. 14 contains a 

eries of snapshots of these two particles at different residence 

imes. In these images, particles always appear white due to the 

cattered light from the laser. Therefore their pixel intensity is 

ot related to temperature. As devolatilization proceeds, volatile 

atter is released, which eventually becomes incandescent and 

ppears in the images as diffused grey areas. The pixel inten- 

ity of these clouds is a combination of Mie scattering and radi- 

tion in the visible spectrum. Underneath each image, it is indi- 

ated whether the particles were accelerating, “rocketing”, or de- 

elerating. Their behaviour is identified as “rocketing” and “non- 

ocketing”. At their entrance into the reactor, the “non-rocketing”

article was substantially more elongated and bigger in volume 

han the “rocketing” one. For the “rocketing” particle, the cloud of 

ncandescent volatiles appeared at around 15 ms (not included in 

he set of images). This cloud followed the particle as it moved 

ownstream, stretching vertically. After 40 ms, the particle began 

o escape the cloud in the direction of gravity, “rocketing” violently 
11 
ut of it at around 54 ms. The particle can be seen escaping the 

loud of volatiles from the bottom in the image at 63.8 ms. After 

ocketing, the particle moved downstream without a visible cloud 

f volatile gases surrounding it and appeared slightly swollen com- 

ared to the size during rocketing. For the “non-rocketing” particle, 

he cloud of incandescent volatiles also appeared at around 15 ms. 

owever, it was less intense (figure not included in this set of im- 

ges), either from volatiles being released in lesser amounts or by 

eing at a colder temperature. The cloud of the “non-rocketing”

article achieved its maximum size at around 40 ms. Eventually, 

imilar to the “rocketing” particle, the “non-rocketing” one also es- 

aped the cloud of volatiles and did not show more signs of a 

loud around it. 

Figure 15 shows the particle velocity and effective velocity 

gainst residence time for these two particles. Coloured back- 

rounds indicate deceleration, acceleration and “rocketing” stages, 

nd average acceleration during these stages is characterised by 

ext on the graph. For the particle velocity plots, a piecewise poly- 

omial fit with 95% confidence intervals is added to the graph for 

asier interpretation of the results. Additionally, the gas velocity 

easured without particles is included after being converted to 

he particle frame of reference. For the effective velocity, there is 

 lack of experimental points before 15 ms of residence time for 

he “rocketing” particle. These points have been obtained by linear 

xtrapolation of subsequent data and are indicated in the plot by 
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Fig. 14. Snapshots of the particles studied during the different stages. 

Fig. 15. Different stages of particle motion for a rocketing and a non-rocketing particle. The particle velocity is positive for motion in the direction of gravity. 
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The “rocketing” particle decelerated immediately after entering 

he reactor. Given that gas and particle are in co-flow, it would be 

xpected that the gas aided particle motion at the entrance. Such 

eceleration could also be attributed to thrusting due to drying, 

tarting near the burner outlet. The effective velocity of these gases 

ould not be detected by the method previously explained since it 

equires an incandescent cloud of volatiles. 

Afterwards, the particle continued almost at free fall. A possible 

xplanation for this is the presence of the Stefan flow from the par- 

icle surface due to devolatilization. This could have caused drag 

eduction by creating a thickened lubricating layer, and if the Ste- 

an flow is heterogeneous, thrust/drag compensation. Both possibil- 

ties are plausible since there is a small effective velocity present 

uring this stage, as can be seen in Fig. 15 . Eventually, “rocketing”

as observed with a sudden increase in the magnitude of accel- 

ration, explained by the thrust caused by the release of volatile 

ases. 

Later on, the “rocketing” particle decelerated suddenly and fol- 

owed the stream of gas. By contrast, the “non-rocketing” parti- 

le decelerated only slightly towards the end of its trajectory. The 
m

12 
Rocketing” particle was accompanied by a noticeable increase in 

he effective velocity, which caused a net thrust force. Interest- 

ngly, in the case of this specific particle, thrust initially opposed 

he particle’s motion, due to volatiles being released in the same 

irection as particle velocity, temporarily slowing it down. After 

his, the direction of the effective velocity quickly changed, and 

he particle was propelled diagonally. This indicates that for suf- 

ciently high effective velocities, the particle could have been pro- 

elled upstream. Particle rotation can explain the general tendency 

f particles for being propelled diagonally. By contrast, the effec- 

ive velocity observed in the “non-rocketing” particle is substan- 

ially lower. 

.3.2. Estimated mass loss during “rocketing” from estimated forces 

Figure 16 presents the estimated particle mass during conver- 

ion for the same “rocketing” particle from Section 3.3.1. A sensi- 

ivity analysis to the model applied in this section, and an uncer- 

ainty analysis to all derived parameters can be found in Section 3 

f the supplementary material. This result was obtained using the 

ethodology described in Section 2.1 . Note that the vertical axis 
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Fig. 16. Comparison of mass obtained from equilibrium of forces for a “rocket- 

ing” particle. Overlayed to this plot, the estimated mass loss required for the ideal 

rocket equation (blue) and the final calculated mass from experimental measure- 

ments without considering thrust force. 
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s on a logarithmic scale. For comparison, a graph with the esti- 

ated mass loss during rocketing, calculated using the ideal rocket 

quation from Section 2.1.4, has been overlayed with blue dashed 

ines. The solution to the ideal rocket equation used as initial mass 

s given by the estimation right before “rocketing”. This is shown 

ith blue dashed lines in Fig. 16 . In addition, a direct solution 

f Eq. (4) without thrust force has been obtained after rocket- 

ng (represented with red dashed lines). This was done to check 

hether particle motion after rocketing could be explained with- 

ut the need for a thrust force. 

Figure 16 indicates that the mass of the particle during the 

ocketing phenomenon is very small compared to its original value 

t the entrance. Therefore, the “rocketing” phenomenon took place 

or this particle at an advanced stage of conversion where the mass 

f the particle had lost more than 90% of its original value. How- 

ver, during “rocketing”, the particle loses 80% of the remaining 

ass while being quickly propelled away. Fig. 16 also indicates that 

he ideal rocket assumption is in agreement with the increase of 

omentum experienced by the particle due to the amount of mass 
Fig. 17. Estimated forces on the particles. Background colours indi

13 
eleased and that no more thrust needed to be assumed after rock- 

ting for the estimation of the particle mass. 

Figure 17 shows the forces on the particle during conversion 

hat were obtained from the solution for the mass, using the 

ethodology presented in Section 2.1 . The initial deceleration re- 

uires an initial thrust force on the “rocketing” particle. This force 

ould be present even at very small effective velocities, and it is 

lmost not present for the “non-rocketing” particle. Thrust force 

lso explains the sudden acceleration during the “rocketing” effect. 

ther forces, such as Saffman and Basset force are relevant only 

hen the slip velocity becomes zero. Although these forces are 

rrelevant during most of the residence time, they might become 

mportant to avoid integration errors from the solution of Eq. (4) , 

ue to the instantaneous zero value of the drag force at the zero- 

rossing. However, they cannot be the only cause for the sudden 

ateral displacements or the lateral deviation of the trajectories. 

The rocketing particle began thrusting towards its windward 

ide when slip velocity was already low, decelerating the particle 

o the point of almost zero drag before eventually being propelled 

iagonally. Once the particle begins to gain velocity due to its in- 

reased momentum, drag increases again, slowing down the parti- 

le. 

.3.3. Estimated particle temperature, composition and density 

uring “rocketing” for different devolatilization models 

Figure 18 shows the calculated mass and temperature using the 

ethodology from Section 2.2 . for the same “rocketing” and “non- 

ocketing” particles studied in Section 3.3.1 and 3.3.2. A sensitiv- 

ty analysis of the model used in this section and an uncertainty 

nalysis to all derived parameters can be found in Section 3 of 

he supplementary material. Apparent devolatilization kinetics for 

mall particles agrees best with the “rocketing” particle, while con- 

ersion of the “non-rocketing” one is better approximated by the 

inetics model for medium particle size. Particle temperature esti- 

ations using the kinetics model for small particles show a much 

aster rise than other models and follow gas temperature. 

Figure 19 represents the estimated yield of products and parti- 

le density for the “rocketing” and “non-rocketing” particles. These 

ere obtained using the kinetic models that agree best with the 

ass in Fig. 18 . Modelling results of product yield and density 

hown in Fig. 19 indicate that most of the mass was lost at a 

ore or less constant density initially. This result is in accordance 

ith Holmgren et al. [46] . During the subsequent “rocketing” stage, 

he “rocketing” particle became very dense and turned fluffy (with 

ery low density) after thrusting. Rocketing could be possible due 

o some unconverted material or gas trapped in the particle’s core 

ue to the non-isothermal heating or by bubble formation caused 
cate the regions of acceleration, deceleration and rocketing. 
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Fig. 18. From left to right and top to bottom: (a,b) Estimated mass from equilibrium of forces and thermochemical models for a “rocketing” and “non-rocketing” particle 

(c,d) Estimated particle and gas temperature from thermochemical models and experimental measurements, respectively. 

Fig. 19. From left to right and top to bottom: (a,b) Estimated yield of devolatilization products, using the models best fitting to particle conversion (c,d) Estimated particle 

density from kinetic models and balance of forces. 
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y a metaplastic stage. However, the latter is hard to predict with 

he available kinetic parameters for metaplast formation, which 

ave been measured at much slower heating rates. The product 

omposition shown in Fig. 19 does not indicate any yield of meta- 

last for the “rocketing” particle. However, the modelling results 

or the “non-rocketing” particle indicated a significant formation 

f metaplast. 
14 
. Conclusions 

This study provides experimental evidence of the sudden accel- 

ration of fuel particles, referred to as “rocketing”, during biomass 

evolatilization. The feedstock studied was Norwegian Spruce par- 

icles under suspension firing conditions, with an atmosphere sim- 

lar to that encountered under entrained flow gasification. The 
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Rocketing” phenomenon takes place at a high degree of conver- 

ion, and it is probably caused by gas trapped inside a highly dense 

article, which likely underwent a metaplastic stage. “Rocketing”

articles presented faster apparent devolatilization kinetics than 

he “non-rocketing” ones. 

Particles exhibiting “rocketing” phenomena were frequent 

ithin the stream of devolatilization particles, with around 37% of 

he particles exhibiting this effect. This has important implications 

or the time-averaged velocity of the stream of particles since par- 

icles showing the “rocketing” effect turn fluffy and spherical after 

rocketing”, and have a higher tendency to get entrained in the gas 

ow. 

The probability of exhibiting “rocketing” phenomena during 

onversion is related to the size and aspect ratio of the original 

eedstock. This work provides a simple statistical model for its pre- 

iction under the studied conditions, which can be easily imple- 

ented as a stochastic model in CFD simulations. 

Estimation of forces based on theoretical modelling using ex- 

erimental results indicates that, under the experimental con- 

itions studied here, a drag force calculated with the Schiller- 

aumann correlation with Clift’s correction for spheroid particles 

an explain the transient motion of “non-rocketing” particles. How- 

ver, for particles exhibiting the “rocketing” effect, these estima- 

ions alone cannot explain the transient motion of these particles, 

nd this discrepancy is presumably related to the presence of an 

dditional thrust force caused by directional blowing during fast 

evolatilization. 
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