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The characterization of volatile matter (VM) release from solid fuel particles during
fluidized-bed combustion/gasification is relevant to the assessment of the reactor per-
formance, as devolatilization rate affects in-bed axial fuel segregation and VM distri-
bution across the reactor. An experimental technique for the characterization of the
devolatilization rate of solid fuels in fluidized beds is proposed. It is based on the anal-
ysis of the time series of pressure measured in a bench-scale fluidized-bed reactor as
VM is released from a batch of fuel particles. A remarkable feature of the technique is
the possibility to follow fast devolatilization with excellent time-resolution. A mathe-
matical model of the experiment has been developed to determine the time-resolved
devolatilization rate, the devolatilization time and the volume-based mean molecular
weight of the emitted volatile compounds. Devolatilization kinetics has been character-
ized for different solid fuels over a broad range of particle sizes. VVC 2011 American Insti-

tute of Chemical Engineers AIChE J, 58: 632–645, 2012
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Introduction

The growing interest for the fluidized bed combustion/gas-
ification of nonfossil solid fuels (biomass, peat, municipal,
agricultural and industrial wastes) and low-rank coal empha-
sizes the importance of a better understanding of the kinetics
of fuel devolatilization in fluidized beds. Despite extensive
literature that has been published on this subject,1 the mech-
anisms controlling the release of volatile matter under fluid-
ized-bed processing conditions and its relevance to the reac-
tor performance have not been fully clarified and are still the
subject of experimental and theoretical investigation.

Uneven axial and radial distribution of volatile matter in
the fluidized-bed combustor is commonly experienced in
industrial units and is reflected by uneven profiles of heat

release and enhanced pollutant formation/emission. In-bed
emission of volatile matter is responsible for the formation
of ‘‘endogenous’’ volatile bubbles2–3 as a consequence of the
hydrodynamic interaction between gas-emitting particles and
the fluidized suspension. Endogenous bubbles enhance axial
segregation of fuel particles at the bed surface and favor the
establishment of ‘‘stratified’’ combustion.2–10 On the other
hand, the competition between fuel devolatilization and ra-
dial solids mixing crucially affects the radial distribution of
volatile matter across the reactor and emphasizes the rele-
vance of the devolatilization kinetics to volatile matter segre-
gation. Short devolatilization times promote the release of
volatile matter above the bed and close to the fuel feeding
points,11–13 when mixing with the fluidizing gas eventually
takes place along the freeboard (in bubbling fluidized-bed
reactors), or the riser (in circulating fluidized-bed reactors).

The complex phenomena associated with thermal degrada-
tion of a solid fuel, involving pyrolytic reactions, intrapar-
ticle heat and mass transfer and particle fragmentation, have
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been largely scrutinized.14–36 Devolatilization of fine par-
ticles is typically controlled by the intrinsic kinetics of pyro-
lytic reactions, often represented by multiple-parallel-reac-
tion models with a continuous distribution of activation ener-
gies (DAEM).37–39 An alternative approach to model the
kinetics of pyrolytic reactions is based on the use of a single
nth order reaction rate equation with Arrhenius-type tempera-
ture dependence.40 Unsteady heat conduction into the parti-
cle, in a thermally thick regime, or diffusion of volatile spe-
cies toward the external surface may become the dominant
mechanism for coarse particles. The transition between the
two regimes depends on the effectiveness of heat transfer in
the particle boundary layer and inside the particle itself.
Under this respect it is worth recalling that external heat
transfer is very efficient in fluidized-bed reactors, yielding
particle heating rates as high as 104 K/s under typical com-
bustion/gasification conditions.

Different experimental techniques have been used to mea-
sure the devolatilization rate of fuel particles. Thermogravi-
metric analysis, in both vertical and horizontal tube furna-
ces,41–43 or drop-tube furnaces are valuable tools for the
study of devolatilization at, respectively, moderate tempera-
ture/small heating rate and high-temperature/large heating
rate. However, these types of experiments do not reflect con-
ditions typical of fluidized-bed processing of fuel particles.42

Experiments based on ‘‘in situ’’ diagnostics of devolatiliza-
tion in fluidized beds better reproduce the key features of
devolatilization during practical fluidized-bed combustion or
gasification. Two such techniques—the flame period and
flame extinction time methods—are based on the detection
of volatile flames around the devolatilizing fuel particles by
either visual observation7,35,42,44–47 or detection of UV emis-
sion.48 The flame period is the time interval during which
volatile flames are visible above the bed surface, whereas
the flame extinction time is defined as the time elapsed from
injection of the particle into the bed until the volatile flame
ultimately vanishes. Both techniques, based on the detection
of the presence of flames, involve a certain level of inaccur-
acy mostly associated with the precise detection of the be-
ginning and of the end of devolatilization. On the other
hand, devolatilization of coarse fuel particles, of size larger
than a few millimeters, can also be directly characterized by
periodic sampling of fuel particles from the fluidized bed at
regular time intervals, followed by the analytical determina-
tion of the residual volatile matter in the samples.16,32,49

Techniques based on the analysis of the time-resolved con-
centration of gases released during devolatilization30,42,50–57

are almost as simple as the flame methods. When pyrolysis
occurs in inert conditions, devolatilization times correspond-
ing to either 50 or 95% conversion degrees are usually cal-
culated by the analysis of the time-resolved methane concen-
tration measured at the exhaust.50–51 When pyrolysis is car-
ried out under oxidizing conditions, the devolatilization rate
and time may be assessed by consideration of the time series
of carbon dioxide and oxygen concentrations at the
exhaust.30,42,52–56 The time/temperature history of the fuel
particle can be further analyzed since its injection in the flu-
idized bed to assess the progress of drying, devolatilization
and char burn-out.26–27,46,58–60 Ross et al.59 proposed to take
the time interval between fuel particle injection and the time
at which the center of the particle reaches the bed tempera-

ture as a measure of the devolatilization time. The possibility
to correlate the progress of devolatilization with the pressure
increase measured in a fluidized-bed reactor was also investi-
gated with reference to a biomass fuel.28,54,61

Devolatilization is closely correlated with the size of the
fuel particle. The correlation is usually expressed according
to a power-law dependence whose exponent reflects the
devolatilization-controlling mechanism. The large variability
of fuel particle sizes in the feedings of fluidized-bed com-
bustors and gasifiers emphasizes the need for a reliable char-
acterization of the devolatilization rate and mechanisms over
a broad range of particle sizes, in particular in the \1 mm
size range for which data are definitely lacking.

In this study, a novel diagnostic technique for ‘‘in situ’’
characterization of coal devolatilization in gas-fluidized beds
is proposed. It is based on the analysis of the pressure time-
series measured in a bench-scale fluidized bed equipped with
a calibrated flow restriction at the exhaust. The concept
underlying the experimental method is that devolatilization
rate can be correlated with the pressure level in the reactor
as it is modified by the incremental flow of volatile matter
issuing from the reactor during devolatilization of a batch of
fuel particles. Compared with alternative methods, this ex-
perimental technique is characterized by an inherently fine
time-resolution. This feature enables accurate characteriza-
tion of the devolatilization kinetics even when devolatiliza-
tion is extremely fast, as is the case for fuel particles in the
0.1–1 mm size range.

Experimental

Experimental apparatus

The experimental apparatus (Figure 1) consists of a stain-
less steel fluidized-bed reactor 0.5 m high, 0.017 m ID. The
top flange of the reactor bears two holes. One hole is used
to host a movable pressure tap in the column. A high-preci-
sion (accuracy better than 0.06 mbar) piezo-resistive elec-
tronic pressure transducer with small-time response (smaller
than 1 ms), and 70 mbar full-scale was connected to the
pressure probe to measure the time-resolved gas pressure in
the reactor. The pressure signal was acquired by means of a
data acquisition unit consisting of an A/D converter
(National Instruments PCI 6034E) and a personal computer.
The other hole is used to host a probe 0.49 m long bearing a
thermocouple (K-type) to measure the temperature in the flu-
idized bed about 0.01 m above the distributor plate. An
exhaust duct and a fuel particle feeding duct are also welded
to the column. The former (0.006 m OD) is perpendicular to
the column axis at a level of 0.026 m from the top flange
and is connected to a vent. The latter (0.0095 m ID, 0.014 m
OD and 0.13 m long) is welded to the column with an incli-
nation of about 45� with respect to the column axis, 0.08 m
below the top flange. The feeding duct is equipped with a
double-valve system in order to inject batches of fuel par-
ticles over bed with minimal perturbation of the reactor
overpressure.

The fluidizing gas was metered through a wind box filled
with a packing and a high-pressure-drop porous gas distribu-
tor made of sintered steel. The wind box packing makes pre-
heating of the fluidizing gas more effective and, together
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with the distributor plate, makes the gas flow to be evenly
distributed across the bed.

Fluidizing gas was technical nitrogen from cylinders. The
fluidizing gas-flow rate was established by setting the
upstream pressure of a critical orifice located along the gas
feeding line. The orifice (0.187 mm dia.) was typically oper-
ated in critical flow conditions. The upstream relative pres-
sure varied between 1 and 3.5 bar.

The reactor was operated at a pressure slightly larger than
atmospheric pressure by means of a calibrated flow restric-
tion at the exhaust consisting of an orifice with an adjustable
cross section. This restriction was periodically cleaned to
remove tar deposits generated during fuel pyrolysis.

The reactor could be steadily operated at temperatures up
to 900�C by means of a cylindrical oven (Heraeus 1 kW)
0.4 m high equipped with a PID temperature control system.
The parts of the column lying outside the oven were insu-
lated to prevent heat loss.

Materials

Bed material was silica sand in the 355–400 lm size
range. The bed inventory was 13 g corresponding to a static
bed height of about 0.04 m and, correspondingly, to an as-
pect ratio of about 2.35. These operating conditions were
selected so as to limit the occurrence of slugging.62 The in-
cipient fluidization velocity measured at 1,123 K was about
0.065 m/s, in good agreement with Wen and Yu.63

Samples consisted of different fossil and nonfossil solid
fuels whose properties are reported in Table 1. Two coals
were tested: a South-African coal characterized by finely dis-
persed ash in the carbon matrix, and a Polish coal which

instead presents frequent occurrence of coherent ash skele-
tons. Granulated sewage sludge and wood chips were also
investigated. The initial particle size was varied between 0.1
and 6 mm, compatible with the cross sections of the column
and of the feeding duct. Based on previous experience, the
occurrence of primary fragmentation was unlikely for all the
fuels in the particle-size range investigated20,22,56,64–65 with
the exception of wood chips which displayed moderate frag-
mentation of particles coarser than about 5 mm size.66

Experimental procedure

Pressure was continuously monitored in the fluidized-bed
reactor during the experiments. Gas pressure inside the reac-
tor increases during devolatilization as the incremental flow
rate due to volatile matter emission flows across the cali-
brated flow restriction. The selection of the steady-state
overpressure in the reactor, dictated by the flow rate of fluid-
izing gas and by the calibrated flow restriction at the
exhaust, determines the time evolution of the phenomena.
Very high overpressures emphasize the inherent dynamics of
the vessel associated with the flow rate increase. On the
other hand, small overpressures make detection of volatile
matter emission less precise and reliable. After careful opti-
mization, the best trade-off was found as an overpressure of
about 9�10 mbar was established.

The temperature in the fluidized bed was kept constant at
about 1,123 K. The fluidizing gas was nitrogen to rule out
the influence of volatile matter and char combustion on the
recorded pressure profiles. The upstream pressure at the criti-
cal orifice was kept at a constant value of about 2.5 bars.
Correspondingly, the fluidizing gas velocity was 2.5 times
the incipient fluidization velocity. At this velocity, the occur-
rence of slugging was prevented62 and the background noise
of pressure signals associated with fluctuations induced by
bubbling was very limited.

The mass of each batch of fuel particles (with the excep-
tion of wood chips) was varied between 10 and 80 mg
depending on the volatile matter content of the tested fuel,
so that the amount of volatile matter was nearly constant
(ca. 25 mg) in each experiment, regardless of the fuel type.
The amount of volatile matter cumulatively emitted over the
test was a trade-off between the establishment of an appreci-
able overpressure as a consequence of volatile matter emis-
sion and the need to prevent plugging of the calibrated flow

Table 1. Properties of the Tested Fuels

Fuel

South
African
coal

Polish
coal

Granulated
Sewage
sludge

Wood
chips

Proximate Analysis, %w (as received)
Moisture 7.4 3.0 10.8 14.4
Volatile Matter 21.8 27.7 51.8 68.4
Ash 12.9 5.9 32.7 0.4
Fixed Carbon 57.9 63.4 4.6 16.7

Ultimate Analysis, %w (dry basis)
Carbon 66.5 77.8 30.6 50.2
Hydrogen 4.4 4.5 4.6 6.2
Nitrogen 1.2 1.2 4.2 0.2
Sulphur 0.6 0.5 1.1 0.1
Ash 13.9 6.1 36.6 0.4
Oxygen (by difference) 13.3 9.9 22.9 42.9

Figure 1. The experimental apparatus.
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restriction by tar deposits. Wood chips were fed as single
particles of mass comprised between 2.5 and 25 mg.

The tests consisted of the injection of a batch of fuel par-
ticles in the fluidized bed followed by complete devolatiliza-
tion. For each test the initial mass and size of the fuel par-
ticles were recorded. The pressure signal was continuously
logged during the experiments at a sampling rate of 1,000
Hz by means of a purposely developed LabView program.
Pressure time-series were eventually analyzed in the light of
a model of the experiment (see following section) in order
to determine the volatile emission rate as a function of time.
The time for 95% devolatilization degree and the mean mo-
lecular weight of the emitted volatile compounds were com-
puted from the raw data. For two fuels (South African coal
and wood chips), the influence of the moisture content was
also investigated by carrying out additional tests using
batches of pre-dried samples.

Setup of the Data Post-Processing Procedure

The raw data consisting of the pressure time series were
worked out to yield the devolatilization rates according to a
model of the experiment, based on the flow diagram of Fig-
ure 2. Model equations consist of the transient mass balance
on the reactor referred to two species: the fluidizing gas and
the volatile matter.

Model assumptions

The following assumptions were made:
1. The mass flow rate of gas fed to the reactor is inde-

pendent of the pressure inside the reactor. This assumption
is justified by the consideration that the fluidizing gas supply
line is equipped with an orifice operated at critical condi-
tions. Accordingly, the mass-flow rate is dependent on the
regulated upstream pressure only, regardless of the pressure
establishing in the reactor;

2. The differential pressure between the reactor and the
atmosphere is dominated by the calibrated flow restriction at
the exhaust of the reactor, other sources of pressure drop
being negligible;

3. Volatile matter behaves as a single compound having
an average molecular mass that is taken constant along with
devolatilization;

4. The gas phase is well-mixed inside the reactor;
5. The temperature of the fluidized bed is constant during

devolatilization and not influenced by fuel particle injection
and volatile matter emission;

6. The volumetric flow rate of gases at the exhaust is
proportional to the difference between the reactor (P) and
the atmospheric (Patm) pressures

QOUT ¼ KpðP� PatmÞ (1)

where Kp is a proportionality constant;
7 The perfect gas-law holds for both the fluidizing gas

and the volatile compounds

P ¼ qgasRgTR

Mgas

þ qvolRgTR

Mvol

(2)

where qgas, qvol, TR, Rg, Mgas and Mvol, are, respectively, the
density of fluidizing gas and volatile matter, the reactor tem-
perature, the gas-law constant and the molecular weights of
fluidizing gas and volatile matter. The validity of this
assumption with specific reference to the volatile compounds
will be further reconsidered in the Discussion section in the
light of the experimental results.

Model equations

The transient mass balance on the two species reads

VR
dqgas
dt

¼ _m0 � qgasðtÞQOUTðtÞ
VR

dqvol
dt

¼ _mvðtÞ � qvolðtÞQOUTðtÞ

(
(3)

I:C: :
qgasðt ¼ 0Þ ¼ qIN ¼ qgass
qvolðt ¼ 0Þ ¼ 0 ¼ qvols

�
(4)

where VR is the reactor volume, _m0 is the mass-flow rate of the
fluidizing gas, and _mv(t) is the mass-flow rate of emitted
volatiles.

The system of nonlinear equations (Eq. 3) can be rear-
ranged by taking into account Eq. 2 to yield a single nonlinear
ordinary differential equation in terms of the reactor pressure

VR
dP
dt
þ KpPðP� PatmÞ ¼ RgTR

_m0

Mgas
þ _mvðtÞ

Mvol

� �
Pðt ¼ 0Þ ¼ P0

(
(5)

where P0 is the pressure established in the reactor at steady
state, i.e., before feeding the fuel batch. This is also the final
value of the reactor pressure once devolatilization is complete.
Equation 5 can be simplified once the nonlinear term P(P �
Patm) is linearized around the initial condition (P0)

PðP� PatmÞ ffi Pð2P0 � PatmÞ � P20 (6)

Accordingly, Eq. 5 can be rearranged into the linearized
model

Figure 2. Schematic representation of the reactor.

Table 2. Model Input Variables

Geometrical features of the reactor and operating conditions
Reactor volume, VR, m

3 1.135�10�4

Reactor temperature, TR, K 1123
Initial reactor pressure, P0, mbar 1023
Proportionality constant of

Equation (1), Kp, m
3/(s mbar)

3.691�10�6

Devolatilization process
Volatile matter mass, mv, mg 18
Characteristic time constant, s, s 0.1, 0.5, 1
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sf dPdt þ P ¼ P0 þ RgTR _mvðtÞ
MvolKpð2P0�PatmÞ

Pðt ¼ 0Þ ¼ P0

(
(7)

where the time constant sf is

sf ¼ VR

Kpð2P0 � PatmÞ (8)

It is worth noting that, with a proper choice of the base-
line reactor pressure P0, the time constant sf can be made
much smaller than the reactor space-time VR

QOUTO
ffi VR

KpðP0�PatmÞ,
a feature that is important in view of the possibility to fol-
low rapid devolatilization.

If the time constant sf is small with respect to the time
scale of particle devolatilization, the quasi-steady state
approximation leads to a simplified version of Eq. 7 accord-
ing to which the molar flow rate of emitted volatiles can be
linearly correlated with the instantaneous value of the reac-
tor overpressure

_mvðtÞ
Mvol

¼ Kpð2P0 � PatmÞ
RgTR

ðPðtÞ � P0Þ (9)

The mean molecular weight (Mvol) of the volatile com-
pounds can be calculated as

Mvol ¼ mv0R tf
ti

_mv tð Þ
Mvol

dt
¼ mv0R tf

ti

Kpð2P0�PatmÞ
RgTR

ðPðtÞ � P0Þdt
(10)

where mv0 is the mass of volatile matter in the fuel sample,
and ti and tf are the times at which fuel injection and leveling
off of reactor pressure take place, respectively. The value of tf
was taken as the time at which departure of P with respect to
P0 was less than 1%.
A characteristic devolatilization time tD95 corresponding to

95% volatile matter emission is calculated from the condition

0:95

Z tf

ti

_mv tð Þ
Mvol

dt ¼
Z tD95

ti

_mv tð Þ
Mvol

dt ,

0:95

Z tf

ti

Kpð2P0 � PatmÞ
RgTR

ðPðtÞ � P0Þdt

¼
Z tD95

ti

Kpð2P0 � PatmÞ
RgTR

ðPðtÞ � P0Þdt ð11Þ

Assessment of the postprocessing procedure

The mathematical model of the experiment has been used
to verify:

Figure 3. Model results: time-resolved relative pressure
for different values of the devolatilization time
constant.

Solid line: nonlinear model (Eq. 5); dotted line: linearized
model (Eq. 7); dashed line: quasi-steady state approximation
(Eq. 9). A: s ¼ 0.1 s; B: s ¼ 0.5 s; C: s ¼ 1 s.

Figure 4. Typical time-resolved relative pressure profile
measured in the reactor during the devolatili-
zation of a batch of South-African coal par-
ticles (total mass of the batch: 82.4 mg; parti-
cle-size range: 1.18–1.40 mm).
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• the possibility to compute the devolatilization rate from
deconvolution of time-resolved pressure profiles, getting rid
from the inherent dynamics of the reactor, especially when
devolatilization is fast;
• the limits within which the pseudo-steady state version

of the model (Eq. 9) can be used in place of the more gen-
eral solution of the differential Eq. 5.

To this end, the reactor geometrical parameters and oper-
ating conditions described in the Experimental section were
adopted. The selected value of the baseline reactor over-
pressure (P0 � Patm ¼ 9 � 10 mbar) introduces an error
related to linearization of the differential Eq. 5, which is
less than 1 mbar for overpressures in the reactor of about
40 mbar. On the other hand, the time constant sf appearing
in Eq. 7 is of the order of 0.03 s. These figures indicate
that for small deviations of the reactor overpressure with
respect to the baseline and for devolatilization processes
longer than 1 s, the inherent dynamics of devolatilization
can be effectively deconvoluted from the dynamic response
of the reactor and data post processing can be based on the
linearized Eq. 9.

The data postprocessing procedure has been tested by
applying it to a simulated devolatilization process. To this
end the devolatilization rate has been simulated according to
the simple expression

_mVðtÞ ¼ mv0t

s2
exp � t

s

� �
(12)

where s has the meaning of a characteristic devolatilization
time scale, which provides a reasonable simulated devolatili-
zation profile.64 The nonlinear differential Eq. 5 has been
solved to obtain P(t), with _mv (t) given by Eq. 12. A fourth-
order Runge-Kutta algorithm with adaptive integration step
size was implemented in the MathCadVR environment. The
model input variables adopted are shown in Table 2. Figure 3
reports the pressure time series computed according to Eq. 5
for different values of the characteristic devolatilization time s.
The same figure reports the pressure time series computed
according to the linearized model (Eq. 7) and the profiles
computed according to the quasi-steady state approximation
(Eq. 9). The comparison suggests that: (1) the nonlinear and

Figure 5. Devolatilization rate as a function of time for batches of South-African coal: influence of initial particle
size.
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linearized models yield similar predictions, except for some
departures of the maximum overpressure for time scales s of
0.1 s and smaller; and (2) the quasi-steady state approximation
(Eq. 9) is only justified for devolatilization time scales much
larger than sf (say, s �10 sf).

Results of these computations have been taken into
account to optimize the postprocessing procedure of the
experimental data reported in the following. In particular:
• for devolatilization time scales of 0.5 s and longer, the

quasi-steady state approximation applied to the linearized
model is adopted (Eq. 9);
• for devolatilization time scales smaller than 0.5 s,

deconvolution of pressure time series to get rid of the inher-
ent dynamics of the fluidized-bed reactor is necessary.

Experimental Results

Bituminous coals

Figure 4 reports the typical pattern of the time-resolved

reactor overpressure recorded during the devolatilization of a
batch of a South African bituminous coal. The mass of

the batch is of about 80 mg of coal particles sieved in the

1.4–1.7 mm size range. The reactor overpressure, initially

equal to the preset baseline value (ca. 10 mbar), abruptly

decreases as the fuel sample is fed to the reactor to increase,

thereafter, up to a maximum of about 18 mbar in about 0.8

s. A pronounced shoulder is displayed just after the maxi-

mum (ca. 16 mbar), then the reactor overpressure decays to

the baseline value over about 5 s. The pressure decrease that

immediately follows sample feeding is related to the pertur-

bation of the steady overpressure due to particle injection

and to some cooling of the bed in contact with the fuel par-

ticles at ambient temperature. For the case considered in Fig-

ure 4, the dynamics of devolatilization is slow enough to

make the quasi-steady state approximation applicable (devo-

latization time scale longer than 0.5 s). Accordingly, Eq. 9

could be used to work out the pressure time series.

Figure 5 compares the devolatilization rates, expressed as
1
mv0

dmv

dt
, worked out from data recorded in tests with batches

of South African coal particles of different sizes according
to the postprocessing procedure described previously. The
mass of each batch was kept constant at about 80 mg. As
the size of the fuel particles is changed, the following fea-
tures can be recognized:

Figure 6. Devolatilization rate as a function of time for batches of Polish coal: influence of initial particle size.
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1. The sudden pressure drop associated with parti-
cle feeding becomes more pronounced as the particle
size is decreased, as a consequence of faster heat
transfer between the ‘‘cold’’ fuel particles and the
hot bed;

2. The rise of the devolatilization rate becomes steeper
as the particle size decreases. Again this is interpreted as a

consequence of the faster heating of smaller particles charac-
terized by smaller Biot number;

3 The decay of the devolatilization rate toward the base-
line is faster, the smaller the fuel particles;

4 The shoulder observed in Figure 4 is delayed as the
particle size increases, eventually yielding a second maxi-
mum for fuel particles coarser than 2.3 mm. On the contrary,

Figure 7. Devolatilization rate as a function of time for batches of granulated sewage sludge: influence of initial
particle size.

Figure 8. Devolatilization rate as a function of time for batches of wood chips: influence of initial particle size.
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the shoulder merges with the devolatilization rate peak and
vanishes as the particle size is decreased below about 1 mm.

The time-resolved devolatilization rates measured during
experiments carried out with batches of Polish bituminous coal
particles are reported in Figure 6. The mass of each batch was
about 70 mg in this case. The general features of the devolatili-
zation rates recorded with the Polish coal closely reproduce
those observed with the South African coal. For dp\ 0.5 mm,
the duration of devolatilization is nearly the same, the maxi-
mum overpressure being slightly larger for the Polish coal. In
the coarse of particle-size range (1 mm\dp\5.5 mm), devo-
latilization takes a slightly longer time to be completed as
compared with the South African coal sample. Distinct max-
ima are observed also in this case. For the coarsest particle
sizes (dp[ 2 mm), Polish coal is characterized by a more uni-
form and steady emission of volatile matter with respect to the
South African coal. This feature can be related to the finding
that Polish coal, unlike South African coal, is characterized by
frequent occurrence of coherent ash skeletons, possibly affect-
ing transient heat transfer within the particle.

It can be speculated that the existence of distinct maxima
in the devolatilization profiles of coarse particles of the two
coals tested, merging into a shoulder as one moves toward
finer particles, may be related to the existence of multiple
sequential stages of gas emission. Such occurrence has been
already reported in the literature and related to the coexis-
tence in the coal structure of ‘‘loose’’ and ‘‘tight’’ fragments
released at different stages along devolatilization.39,67,68

Granulated sewage sludge

Figure 7 reports the time-resolved devolatilization rate
measured during devolatilization of batches of granulated
sewage sludge. Batches of about 45 mg of particles belong-
ing to different size ranges were tested. Instantaneous feed-
ing of sludge particles smaller than about 1 mm could not
be accomplished, due to their filamentous nature which pro-
moted particle agglomeration and plugging of the feeding
duct. So, only particles coarser than 1 mm were tested.

The devolatilization patterns of granulated sewage sludge
have some distinctive features when compared with the phe-
nomenology reported for the bituminous coals. The abrupt
pressure drop associated with fuel injection is less pro-
nounced in this case, and the eventual pressure rise slower. It
might be speculated that the large ash content and the coher-
ent nature of the ash skeleton which establish within the par-
ticle already during devolatilization negatively affect intrapar-
ticle heat transfer. A remarkable feature of the devolatiliza-
tion profiles is represented by the shoulder (at dp ¼ 2 mm)
which extends to become a prolonged plateau (ca. 2 s for a 3
mm particle, 15 s for a 5 mm particle) in the late stage of
particle devolatilization. Again, this peculiar devolatilization
pattern could be explained by considering the presence of a
coherent ash skeleton across which affect conductive heat
transfer and flow of volatile matter in coarse particles.

Wood chips

Figure 8 shows the time-resolved devolatilization rates
measured in the reactor during the pyrolysis of single wood

Figure 9. Devolatilization time and mean molecular
weight as a function of the initial fuel particle
size.

Fuel: South African coal; close circles: raw fuel; open
circles: pre-dried fuel.

Figure 10. Devolatilization time andmeanmolecular weight
as a function of the initial fuel particle size.

Fuel: Polish coal.
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chips of different size and mass (between about 2.5 and 25
mg). The initial pressure rise is steeper, when compared with
the other tested fuels, and the overall duration of the devola-
tilization process is shorter. A very small shoulder can be
detected in profiles referred to the coarsest sample, possibly
related to multiple sequential pyrolysis stages. Unlike the bi-
tuminous coals, no multiple peaks show up in this case.

Discussion

Devolatilization time vs. particle size

The time-resolved devolatilization rates have been worked
out according to the postprocessing procedure (Eqs. 10 and
11) to estimate: (1) the time interval (tD95) corresponding to
95% volatile matter release; and (2) the mean molecular
weight (Mvol) of the emitted volatiles. The values are
reported in Figures 9–12 as a function of the initial mean
size of the fuel particles. For two fuels (South African coal
and wood chips) data obtained with both raw and pre-dried
fuel batches are reported.

As expected, the devolatilization time increases as the par-
ticle size increases for all the fuels tested, though differences
can be recognized in the various cases. Pre-drying of fuel
batches moderately affects the devolatilization time, which
becomes shorter by 10–20% after predrying over the entire
range of particle sizes.

Data points referring to the South African bituminous coal
samples display a double-asymptotic pattern of the plot of
tD95 vs. dp (Figure 9):

1. For fine particles the devolatilization rate is controlled
by intrinsic kinetics of pyrolytic reactions and the devolatili-
zation time does not depend on particle size;

2. For coarse particles the devolatilization rate is con-
trolled by intraparticle heat transfer in the ‘‘thermally thick’’
regime. The devolatilization time scales with particle size to
a power of n ¼ 2.

Accordingly, data points for this coal were well correlated
by the equation

tD95 ¼ tc þ Ad2p (13)

where tc is a characteristic time related to the intrinsic
devolatilization kinetics, and A is a proportionality constant
embodying the effects of transient heat (and mass) transfer
within the particle, as well as devolatilization kinetics.
Regression analysis over all the data points yielded the best
fit values of tc and A reported in Table 3.

The double-asymptotic pattern of Figure 9 cannot be rec-
ognized in plots relative to the Polish bituminous coal, the
granulated sludge and the wood chips. In particular, the lim-
iting asymptote corresponding to small particle sizes (tD95 !
tc) is not observed or is only partly approached within the
range of particle size tested. It can be speculated that this
limiting regime would be established with particles even

Figure 12. Devolatilization time and mean molecular
weight as a function of the initial fuel parti-
cle size.

Fuel: wood chips; close circles/solid line: raw fuel; open
circles/dashed line: pre-dried fuel.

Figure 11. Devolatilization time and mean molecular
weight as a function of the initial fuel parti-
cle size.

Fuel: granulated sewage sludge. The open circle is a data
point obtained with the same material and the diagnostic
technique based on CO2.
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finer than the minimum size tested in this campaign. For
these fuels data points have been correlated by the equation

tD95 ¼ Adnp (14)

yielding the best fit values of A and n reported in Table 3.
Figure 13 collectively reports tD95 vs. dp data points for

all the fuels tested. Data points obtained in a previous
study56 with a different technique (analysis of CO2 emis-
sions at the exhaust) for pelletized biogenous fuels in the
7–10 mm size range are also shown. Moreover, the Figure
reports plots of selected published correlations for the
devolatilization time of coal and biomass particles.42,59–60

Comparison of the data points suggests that the average
devolatilization rate decreases in the order: wood chips [
granulated sewage sludge [ South African coal [ Polish
coal. Devolatilization times tD95 as short as 1.5 s could be
measured with excellent confidence and reproducibility.
This was possible due to a remarkable feature of the pro-
posed technique: the inherently good time resolution of the
method based on the dynamical analysis of the pressure
time series. For the very same reason, the analysis of the
devolatilization kinetics in a fluidized bed could effectively
be accomplished with particles sizes as small as 0.2 mm.
This is well below the minimum particle size, typically 1–3
mm, for which the devolatilization rate can be confidently
measured using alternative methods. It has been reported
that techniques based on the analysis of the time-resolved
concentration profile of gaseous species released during
devolatilization present significant measurement errors due
to gas transport and diffusion in the sampling lines for fuel
particle sizes smaller than 3 mm.42 The span of the litera-
ture correlations reported in Figure 13 (2 mm \ dp \ 15
mm) reflects the typical particle-size range within which al-
ternative methods for the characterization of the devolatili-
zation rate have been employed.

Data in Figure 13 are helpful to assess the relevance of
segregation of volatile matter in industrial-scale fluidized
bed combustors/gasifiers. Axial segregation of gas-emitting
fuel particles and ‘‘stratified’’ combustion are promoted by
devolatilization and formation of ‘‘endogenous’’ bubbles of
volatile matter.2–10 Poor lateral dispersion of volatile mat-
ter from the fuel feeding ports arises from the combina-
tion of short devolatilization times and long time scales of
fuel particle lateral spreading.11 The effectiveness of lat-
eral dispersion of volatile matter across the combustor is
assessed by comparing the characteristic time of solids-lat-
eral mixing (tmix) with the characteristic devolatilization
time. The former, i.e., the time necessary for particles to
spread across the reactor from the feeding port, depends
on the lateral sizes (Lx, Ly) of the reaction chamber
according to12

tmix ffi LxLy

4Dr

(15)

where Dr is a lateral fuel particle dispersion coefficient. Values
of Dr for coarse fuel particles in the bottom bed of large-scale
combustors have been estimated by Niklasson et al.12 Dr is in
the order of 0.1m2/s12–13 when dispersion of light fuel particles
is promoted by ‘‘surface’’ migration due to bubble bursting.
Smaller values of Dr are measured for particles fully immersed
in the fluidized suspension.

A different approach must be followed to assess the lateral
spreading of fuel particles that are fine enough to be readily
entrained by the fluidizing gas on feeding. In this case the radial
dispersion coefficient Dr is associated with turbulence inherent
to the gas stream and expressed by the radial Peclet number11

Pe ¼ UL

Dr

(16)

Values of Pe reported in the literature for dispersion of
gases in the freeboard/riser of fluidized beds may be used to
express the radial dispersion of very fine particles (Stokes
number � 1). If one takes Pe % 300,11 it is

Dr ffi UL

300
¼ 0:16m2=s (17)

Computation of tmix according to Eq. 15, assuming Lx %
Ly % 8 m as the typical lateral size of a large-scale combus-
tion chamber and Dr % 0.1 m2/s, yields tmix % 102 s, both
for fine and coarse fuel particles.

The comparison between the fuel lateral mixing time
(tmix) for large-scale combustors/gasifiers and the devolatili-
zation times (tD95) is reported in Figure 13. The lateral mix-
ing time tmix is larger than tD95 for all the fuels investigated
and for any particle size smaller than about 1 cm. This find-
ing emphasizes the criticality of a proper matching of lateral

Table 3. Fitting Constants of Equations (13 and 14)

Fuel tc, s A, s/mmn n, -

South-African coal 1.67 0.98 2
Polish coal - 3.98 1.25
Sewage sludge - 1.77 1.41
Wet wood chips - 1.92 1
Dry wood chips - 0.94 1.56

Figure 13. Devolatilization time as a function of the ini-
tial fuel particle size for all the fuels tested.-
Lines refer to literature correlations.

The likely range of lateral fuel mixing times in large-scale
fluidized-bed combustors is reported for comparison.
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mixing times with devolatilization times as a prerequisite for
achieving even release of volatile matter across the combus-
tor. Fuel feedings should be kept relatively coarse (in the
mm to cm range) to ensure that devolatilization times are of
the same order as the lateral spreading times. On the other
hand, convective transport of fuel particles, e.g., by pur-
posely inducing net bulk flow of the fluidized suspension
away from the fuel feeding point or by establishment of
large-scale recirculation of the emulsion phase (‘‘Gulf
Stream’’69) might be promoted to achieve even release of
volatile matter across the combustor cross section.

The average molecular mass of emitted volatiles

The computed values of the mean molecular weight (Mvol)
of the emitted volatile compounds are reported in Figures 9–
12. It is recalled here that the procedure followed to com-
pute Mvol from the raw pressure data yields a volume-aver-
aged, rather than mass-averaged, molecular mass. This pro-
cedure emphasizes the contribution to Mvol of small molecu-
lar mass compounds (e.g., permanent gases, and in particular
hydrogen, water, carbon mono- and dioxide and methane),
as compared with large molecular mass compounds (e.g.,
tars). So, it is not surprising that the average molecular mass
obtained for all the fuels tested are relatively small, falling
in the range 10\Mvol \ 30.

Data obtained with both raw and predried fuel batches are
reported in Figures 9 and 12 for the South African coal and
the wood chips, respectively. The influence of fuel pre-dry-
ing on the average molecular weight of the emitted volatiles
is rather erratic and within the error limits.

No clear trend can be recognized in the Mvol vs. dp plots
for the bituminous coals (Figures 9 and 10), and the sludge
pellets (Figure 11). Data referred to the wood chips (Figure
12) exhibit a moderately increasing trend of the average mo-
lecular mass of emitted volatiles vs. particle size. It might be
inferred that the shift toward larger molecular mass could be
related to enhanced effects of secondary pyrolysis as the fuel
particle size increases.

Conclusions

A simple and reliable technique has been presented to
measure the devolatilization rate of solid fuels of different
nature at conditions relevant to fluidized-bed processing
(combustion/gasification). The method is based on the analy-
sis of overpressures induced by volatile matter release from
a batch of fuel particles in a bench-scale fluidized-bed reac-
tor, continuously vented to the atmosphere through a cali-
brated flow restriction. The operating conditions of the test
procedure have been optimized, with the support of a mathe-
matical model of the experiment, to determine the time-
resolved devolatilization rate, the devolatilization time (tD95),
and the volume-based mean molecular weight (Mvol) of the
emitted volatile compounds. An important and distinctive
feature of the proposed method, as compared with alternative
methods, is its inherently fine time-resolution that makes it
possible to effectively follow also the fast devolatilization of
fine (0.1 mm \ dp \ 1 mm) fuel particles. The test protocol
has been applied to different fuels (coals, granulated sewage
sludge, wood chips) characterized by different initial particle
sizes in the range 0.150–6 mm.

Experimental results confirm that devolatilization rate of
mm-sized particles takes place in the thermally thick regime,
and is controlled by heat transfer inside the fuel particle.
Devolatilization of finer particles (dp \ 1 mm) is controlled
to an increased extent by the intrinsic kinetics of pyrolytic
processes.

The devolatilization time scales have been compared with
the characteristic time scales of lateral spreading of fuel par-
ticles from the fuel feeding port in large-scale fluidized-bed
combustors. The comparison underlines the criticality of lat-
eral mixing of fuel particles, as a prerequisite for achieving
even release of volatile matter across the reactor. A combi-
nation of relatively coarse fuel feedings (in the mm to cm
size range) and measures for enhanced convective transport
of fuel particles (e.g., net flow or Gulf stream of the fluid-
ized suspension) may be effective to achieve this goal.
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Notation

A ¼ constant of Eqs. 13 and 14, s/mmn

dp ¼ particle size, mm
Dr ¼ radial dispersion coefficient, m2/s
Kp ¼ proportionality constant of Eq. 1, m3/s bar
L ¼ characteristic length scale, m
Lx ¼ lateral size of combustor chamber along x direction, m
Ly ¼ lateral size of combustor chamber along y direction, m
ms ¼ fuel batch mass, g
mv ¼ mass of volatile matter, g
mv0 ¼ initial mass of volatile matter, g
_m0 ¼ fluidizing gas mass flow rate, g/s
_mv ¼ volatile matter mass flow rate, g/s

Mgas ¼ molecular weight of the fluidizing gas, g/mol
Mvol ¼ mean molecular weight of the volatile matter, g/mol

n ¼ constant of Eq. 14, �
P ¼ reactor pressure, bar
P0 ¼ steady-state reactor pressure, bar

Patm ¼ atmospheric pressure, bar
Qout ¼ exhaust flow rate, m3/s
Qout0 ¼ steady-state exhaust flow rate, m3/s

Rg ¼ gas constant, J/mol K
t ¼ time, s
tc ¼ constant of Eq. 13, s

tD95 ¼ characteristic devolatilization time,s
ti ¼ integration initial time, s
tf ¼ integration final time, s

TR ¼ reactor temperature, K
U ¼ fluidization velocity, m/s
VR ¼ reactor volume, m3

Greek letters

qgas ¼ mass concentration of fluidizing gas, kg/m3

qgass ¼ steady-state mass concentration of fluidizing gas, kg/m3

qIN ¼ density of fluidizing gas, kg/m3

qvol ¼ mass concentration of volatile matter, kg/m3

qvols ¼ steady-state mass concentration of volatile matter, kg/m3

s ¼ time constant of Eq. 12, s
sf ¼ time constant of differential Eq. 7, s

Dimensionless numbers

Pe ¼ Peclet number

AIChE Journal February 2012 Vol. 58, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 643



Literature Cited

1. Saxena SC. Devolatilization and combustion characteristics of coal
particles. Prog Energy Combust Sci. 1990;16:55–94.

2. Fiorentino M, Marzocchella A, Salatino P. Segregation of fuel par-
ticles and volatile matter during devolatilition in a fluidized bed re-
actor. Chem Eng Sci. 1997;52:1893–1908.

3. Fiorentino M, Marzocchella A, Salatino P. Segregation of fuel par-
ticles and volatile matter during devolatilition in a fluidized bed re-
actor. Chem Eng Sci. 1997;52:1909–1922.

4. Nienow AW, Rowe PN. Fluidised Bed Mixing Segregation and
Incineration in Solid Refuse Treatment. In: Proc. 1st International
Symposium on Mater Energy Refuse, Antwerp, Belgium. 1976.

5. Yates JG, Macgillivray M, Cheesman, DJ. Coal devolatilization in
fluidized bed combustors. Chem Eng Sci. 1980;35:2360–2361.

6. Atimtay A. Combustion of volatile matter in fluidized beds. In: Grace
RJ, Matsen M, eds. Fluidization. New York: Plenum Press; 1980.

7. Pillai KK. The influence of coal type on devolatilization and com-
bustion in fluidized beds. J Inst Energy. 1981;54:142–150.

8. Pillai KK. A schematic for coal devolatilization in fluidized bed
combustors. J Inst Energy. 1982;55(424):132–133.

9. Bruni G, Solimene R, Marzocchella A, Salatino P, Yates JG, Lettieri
P, Fiorentino M. Self-segregation of high-volatile fuel particles dur-
ing devolatilization in a fluidized bed reactor. Powder Technol.
2002;128:11–21.

10. Solimene R, Marzocchella A, Salatino P. Hydrodynamic interaction
between a coarser gas-emitting particle and a gas fluidized bed of
finer solids. Powder Technol. 2003;133:79–90.

11. Luecke K, Hartge E-U, Werther J. A 3D model of combustion in
large-scale circulating fluidized bed boilers. Int J Chem Reactor
Eng. 2004;2:article A11:1–49.

12. Niklasson F, Thunman H, Johnsson F, Leckner B. Estimation of sol-
ids mixing in a fluidized-bed combustor. Ind Eng Chem Res.
2002;41:4663–4673.

13. Chirone R, Miccio F, Scala F. On the relevance of axial and trans-
versal fuel segregation during the fluidized-bed combustion of a bio-
mass. Energy Fuels. 2004;18(4):1108–1117.

14. LaNauze RD. Coal devolatilization in fluidized-bed combustors.
Fuel. 1982;61:771–774.

15. Agarwal PK, Genetti WE, Lee YY. Model for devolatilization of
coal particles in fluidized beds. Fuel. 1984;63:1157–1165.

16. Agarwal PK, Genetti WE, Lee YY. Devolatilization of large coal
particles in fluidized beds. Fuel. 1984;63:1748–1752.

17. Agarwal PK, Genetti WE, Lee YY, Prasad SN. Model for drying
during fluidized-bed combustion of wet low-rank coals. Fuel.
1984;63(7):1020–1027.

18. Agarwal PK. A single particle model for the evolution and combus-
tion of coal volatiles. Fuel. 1986;65:803–810.

19. Devanathan N, Saxena SC. A model for the devolatilization of large
coal particle. Chem Eng Sci. 1986;41:2442–2446.

20. Chirone R. [PhD Thesis]. Primary fragmentation of coal during flu-
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Federico II, Napoli, Italy, 1998.

62. Broadhurst TE, Becker HA. Onset of fluidization and slugging in
beds of uniform particles. AIChE J. 1975;21:238–247.

63. Wen CY, Yu YH. A generalized method for predicting the mini-
mum fluidization velocity. AIChE J. 1966;12:610–612.

64. Chirone R, Massimilla L. The application of Weibull theory to pri-
mary fragmentation of a coal during devolatilization. Power Tech-
nol. 1989;57:197–212.

65. Salatino P. Work-package 2 Fuel characterization of biomass and
waste materials. In: Synergy Effects of Co-processing of Biomass with
Coal and Non-Toxic Wastes for Heat and Power Generation. EU
Contract no. SES6-CT-2004–503806, final technical report; 2006.

66. Scala F, Chirone R, Salatino P. Combustion and attrition of biomass
chars in a fluidized bed. Energy Fuels. 2006;20:91–102.

67. Niksa S, Russel WB, Saville DA. Time-resolved weight loss
kinetics for the rapid devolatilization of a bituminous coal. In: Pro-
ceedings of Symposium International on Combustion, Haifa, Israel.
1982;19:1151–1157.

68. Solomon PR, Serio MA, Suuberg EM. Coal pyrolysis: experiments, ki-
netic rates and mechanisms. Prog Energy Comb Sci. 1992;18:133–220.

69. Merry JMD, Davidson JF. ‘‘Gulf Stream’’ circulation in shallow flui-
dised beds. Trans Inst Chem Eng. 1973;51:361–368.

Manuscript received Aug. 10, 2010, and revision received Feb. 4, 2011.

AIChE Journal February 2012 Vol. 58, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 645


