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h i g h l i g h t s

" Drop tube pyrolysis was tested at 800 !C and 950 !C on 350 to 800 lm wood particles.
" Solid size impacts pyrolysis time and char structure but not final products yields.
" Temperature significantly changes individual gas species yields.
" Particle shrinkage can be observed along pyrolysis under all conditions tested.
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a b s t r a c t

Pyrolysis experiments were performed between 800 !C and 950 !C on wood particles with diameters
from 350 to 800 lm in a lab-scale drop tube reactor to reproduce surface heat flux representative of gas-
ifiers conditions. It was shown that particle size affected the required pyrolysis time but changed neither
gas/tar/char mass yields nor composition of the products at the end of pyrolysis. The initial particle size
also affected the resulting char morphology: the larger the biomass particles, the more fibrous the char.
Temperature had influence neither on gas/tar/char mass yields nor on gas and solid elemental composi-
tion at the end of pyrolysis, but significantly changed the yields of individual gas species. Whatever the
conditions tested, a significant shrinkage could be observed on particles during pyrolysis. These experi-
mental results confirm the strong coupling between chemical reactions, particle geometrical properties
and heat transfers during pyrolysis under these conditions.

1. Introduction

In recent years, there has been a growing interest worldwide in
gasification of lignocellulosic biomass such as forestry and agricul-
tural residues into syngas (H2, CO). This syngas can then be trans-
formed into various end-use products such as liquid fuels
(Biomass-to-Liquid process) or gaseous fuels (Synthetic Natural
Gas). The development of the gasification process requires models
that are able to predict products yields and kinetics versus operat-
ing conditions. In particular, the first step of gasification, namely
pyrolysis, is of great importance since more than 80% of initial
sample mass can be converted into volatiles during this step. It is
well-known that the kinetic rate and product distribution of pyro-
lysis vary drastically with the operating conditions, notably tem-

perature, external heat flux transferred to solid, initial particle
size, and solid/gas residence time.

As shown in the very complete review made by Di Blasi [1],
modeling of the pyrolysis of a biomass particle has been the sub-
ject of very extensive literature since the fifties. Very complex
models have been developed to describe this system. However,
at the moment, they still suffer from limitations. Those are mainly
related to the lack of experimental input/output data under
conditions representative of industrial gasifiers (temperature
higher than 800 !C; high heat flux at solid surface in the range
105–106 W m!2) regarding the evolution of solid properties during
conversion and the kinetic parameters and heat of the chemical
reactions, as well as products yields. Thermogravimetric Analysis
(TGA) has been widely used for studying the kinetic and product
yields of biomass pyrolysis, and numerous examples are available
in the literature [2,3]. However, the applicability of the TGA results
obtained at low heating rate to high temperatures and heat fluxes
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typical of gasifiers is questionable. Lab-scale Drop Tube Reactor
(DTR), sometimes also called free fall reactor or entrained flow
reactor, is a good apparatus to reproduce the heat fluxes encoun-
tered in industrial gasifiers such as fluidized-bed or entrained flow
reactors. In recent years, it has been used by some researchers for
studying biomass pyrolysis behavior. Most researches were fo-
cused on final mass yields of total gas and solid [4–10]; few on
tar yields [8,11]. Char morphology evolution [8,9,12,13] has also
been investigated sometimes, as well as pyrolysis kinetics [12].
None of these works has made an extensive study of the particle
size influence.

The purpose of this work is to complete the existing set of
experimental data on fast pyrolysis for further use in gasification
models. Hence, pyrolysis experiments were performed on wood
particles of various sizes (350–800 lm) at high temperature
(800 !C and 950 !C) in a drop-tube furnace to get information on
products yields and char morphology along time under high heat
flux representative of gasifiers.

2. Materials and methods

2.1. Biomass feedstock

Particles of beech were sieved to obtain four samples with rel-
atively uniform particle sizes covering the range 350–800 lm (Ta-
ble 1). Due to the fiber-rich structure of wood, the wood and char
particles are flake-like or cylinder-like rather than near-spherical.
Thus their size can only be roughly characterized by sieving. For
a better approximation of the particle size, the three dimensions
– length, width and thickness – were measured in order to calcu-
late the equivalent spherical diameter des through the following
equation:

des ¼
6 L W T

p

! "1=3

ð1Þ

For the particle length and width (defined as the two largest
dimensions), measurements were performed through images of
25 particles sampled among each size range. The uncertainty was
estimated to be of about ±50 lm. The particle thickness was mea-
sured by a vernier caliper. It was found to be in the range
of ±50 lm around the average value. The equivalent diameter
was then calculated as the average of the results obtained for all
the particles sampled. As shown in Table 1, the standard deviation
was found to be smaller than 40 lm, which indicated a relatively
narrow distribution of equivalent diameters inside the same
sample.

Regarding the proximate and ultimate analyses, no significant
differences could be observed between the four samples with
different sizes. Hence, only one set of values is given for all
samples in Table 2. The particle density was measured as
710 ± 35 kg m!3.

2.2. Drop tube experiments

The Drop Tube Reactor (DTR) used in this work is depicted in
Fig. 1. It was described in detail and characterized in several previ-
ous studies, in particular [14,15]. Briefly, it consists of an alumina
tube of 2000 % 75 mm (length % internal diameter), inserted in a
vertical electrical heater with three independent heating zones;
the isothermal reaction zone is 1 m long.

Wood particles were continuously fed by a controlled weighing
system at a flow rate of 0.5 g min!1 and injected into the reactor
with a 2 L min!1 (at STP) transport nitrogen stream through a
water-cooled feeding tube. A dispersion dome was placed at the
outlet of the feeding tube to distribute the solid particles homoge-
neously over the reactor cross section. Another main nitrogen
stream passed through a pre-heater to reach the reactor tempera-
ture and then met the mixture of cold wood particles and transport
nitrogen stream at the dispersion dome. The total nitrogen flow
rates were 18.8 L min!1 and 16.5 L min!1 (STP) for the experiments
at 800 !C and 950 !C respectively, in order to keep the same gas
velocity. A water-cooled sampling probe was inserted from the
bottom of reactor to collect gas and particles. The residence length,
which is the distance between the bottom of the feeding tube and
the top of the sampling probe, could be changed so as to change the
residence time of solid and gas. A representative fraction of the ex-
haust gas was sucked in the sampling probe to pass through a solid
collection pot and a filter. Then a part of the gas was analyzed by
several gas analyzers (IR, FTIR, micro-GC, FID, mirror hygrometer,
TCD). Each main gaseous component (except water vapor) was

Nomenclature

w% mass percent
wmf% mass percent on moisture-free basis
wmaf% mass percent on moisture–ash-free basis

Acronym
DTR Drop Tube Reactor
FID Flame Ionization Detector

GC Gas Chromatograph
IR Infra Red
SEM Scanning Electron Microscopy
STP Standard Temperature and Pressure
TCD Thermal Conductivity Detector
TGA Thermogravimetric Analysis

Table 1
Beech sample size classification.

Sample
name (lm)

Particle size (sieve
classification) (lm)

Average equivalent diameter
(standard deviation) (lm)

350 100–313 340 (±40)
500 400–500 520 (±30)
700 630–710 690 (±30)
800 800–900 790 (±40)

Table 2
Proximate and ultimate analyses of the beech sample.

Proximate analysis Ultimate analysis

Moisture (w%) Volatile matter (wmf%) Fixed carbon (wmf%) Ash (wmf%) C (wmaf%) H (wmaf%) N (wmaf%) S (wmaf%) O (wmaf%)

6.9 85.3 14.3 0.4 49.2 6.0 0.5 0.02 44.3



measured by at least two different analyzers and it was found that
the relative differences among the results given by different
analyzers were lower than 5%. Moreover, the repeatability of the
results was checked by performing the same test three times on
different days. The relative differences among the three tests were
always smaller than 5% for all product yields except for water va-
por. The high uncertainty of the value given by mirror hygrometer
(up to 20% of the absolute value) might be due to the fact that the
mirror surface could be contaminated by the condensed compo-
nents in the released gas.

Several analyses were conducted on the particles recovered in
the solid collection pot:

& Ultimate analysis to determine the elemental composition in C,
H and O.
& Ash content measurement: the ash tracer method was used to

calculate the solid mass yields as detailed in [16].
& Observation of structure through a Scanning Electron Micros-

copy (SEM) device.

Due to the lack of direct measurement, the tar yield was de-
duced from the difference between the injected virgin wood
mass and the sum of the masses of collected gas and solid
residue.

3. Results

3.1. Solid, total gas and tar yields

The yields of solid residue, gas and tar versus residence length
are shown in Fig. 2. Note that the term ‘‘solid residue’’ in the pres-
ent work corresponds to the sum of unreacted wood and produced
char. The relative uncertainty is estimated to be of 10% for the gas
yield and of 10–20% for the solid residue yield. The uncertainty is
not plotted for figure clarity.

Firstly, as shown in Fig. 2a, at 800 !C, when the residence length
increases from 0.3 to 0.9 m, three different pyrolysis progress lev-
els could be observed for the different particle sizes:

& For the sample of 350 lm, the yields of solid residue, gas, and
tar almost remain constant. This indicates that the pyrolysis is
already finished within a residence length of 0.3 m.
& For the sample of 500 lm, the yield of solid residue slightly

decreases from 10 to 6 w%. The yield of gas significantly
increases from 63 to 83 w% and the deduced yield of tar signif-
icantly decreases from 27 to 11 w%. This indicates that wood
devolatilization is almost finished at a residence length of
0.3 m, while cracking reactions of primary tar produced by
wood devolatilization are still in progress with the increase of
residence length from 0.3 to 0.9 m.
& For the samples of 700 and 800 lm, the yields of solid residue

significantly decrease from 36 to 10 w% and from 50 to 21 w%
respectively. The yields of gas significantly increase from 42
to 71 w% and from 37 to 59 w% respectively. This indicates that
wood devolatilization is still in progress with the increase of
residence length from 0.3 to 0.9 m.

These results show the influence of particle size on the apparent
pyrolysis kinetics under the explored conditions of temperature
and external heat flux. The decrease of pyrolysis progress with
the increase of solid initial size illustrates that heat transfer plays
an important role on the apparent pyrolysis rate for wood particles
between 500 and 800 lm.

Secondly, the influence of particle size on the mass yields of so-
lid residue, total gas and tar at the end of pyrolysis can be analyzed
from the results at 950 !C, as given in Fig. 2b. Indeed, it can be seen
that at 950 !C and at a residence length of 0.9 m, solid, gas and tar
yields are almost the same for all samples. This indicates that pyro-
lysis is almost finished for all the samples at 950 !C when passing
0.9 m in DTR, and also that particle size does not have any signifi-
cant influence on the final yields of solid, gas and tar at the end of
pyrolysis.

Finally, the comparison between Fig. 2a and b shows the influ-
ence of temperature on both pyrolysis apparent kinetics and the
yields of solid residue, gas and tar at the end of pyrolysis.

& The comparison of the results obtained with the sample of
350 lm shows that under the conditions explored, the increase
of temperature from 800 !C to 950 !C has very little influence on
the final yields of solid, gas and tar.
& The comparison of the results obtained with the samples of 700

and 800 lm shows that under the conditions explored, the
increase of temperature from 800 !C to 950 !C logically
increases the apparent pyrolysis rate.

3.2. Solid size evolution and morphology

It can be seen in Fig. 3a and b that with the pyrolysis progress,
the average equivalent spherical diameter decreases for all sam-
ples at both 800 !C and 950 !C. Moreover, the solid size evolution
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is qualitatively in accordance with the evolution of the solid mass
yield shown in Fig. 2a and b:

& For the samples of 350 and 500 lm, there is no more decrease of
the particle size after a residence length of 0.3 m, as the devol-
atilization is already finished.
& For the samples of 700 and 800 lm, the decrease of the particle

size is still in progress with the increase of the residence length
from 0.3 to 0.9 m, as the devolatilization is in progress.

The previous pyrolysis results showed that at 950 !C and at a
residence length of 0.9 m, the solid devolatilization was almost fin-
ished for all the samples. The equivalent spherical diameter of solid
residues obtained under these conditions corresponds therefore to
the char equivalent diameter at the end of pyrolysis.

The shrinkage factor SF is defined as the ratio between the
equivalent spherical diameter of char at the end of pyrolysis and
that of wood before pyrolysis. Based on Fig. 3b, it can be estimated
as about 0.75 for the sample of 350 lm and as about 0.6 for the
samples of 500, 700, and 800 lm under the conditions explored.
This indicates that shrinkage does not only happen in a significant
way during fast pyrolysis on particles larger than 10 mm [17,18],
but also on sub-millimetric particles.

Besides, as can be seen in Fig. 4, the initial particle size has a sig-
nificant influence on char structure at the end of pyrolysis. The

char from the sample of 350 lm is mainly constituted of exploded
porous spheres and to a less extent of fibrous particles. On the con-
trary, the char from the sample 800 lm is only formed of fibrous
particles, whose structure is quite similar to that of initial wood,
and for the intermediate samples (500 and 700 lm), the situation
is intermediate, with mainly fibrous particles. These results tend to
confirm the role of heat transfer during pyrolysis for wood parti-
cles between 500 and 800 lm. Indeed, for the largest particles
studied, the internal heat transfer limitation must slow down the
reaction; the volatiles are then released more slowly and can es-
cape without destroying the solid structure.

3.3. Elemental composition of solid and dry gas

As shown in Fig. 2c, before pyrolysis, the molar fractions of C, H
and O of virgin wood are of 32%, 47% and 21% respectively. At the
end of pyrolysis, the corresponding points are located at the left
bottom in the diagram, giving almost the same value of C, H and
O – 67%, 21% and 12% respectively – whatever the initial sample
size and pyrolysis temperature. This means that under the condi-
tions studied, at the end of pyrolysis, neither temperature nor par-
ticle size has a significant influence on the final solid elemental
composition. In average, the chemical formula of the char may be
written as C6H1.8O1.0.

(a) Evolution of mass yields of solid 
residue, gas and tar during pyrolysis at 

800°C 

(b) Evolution of mass yields of solid 
residue, gas and tar during pyrolysis at 

950°C 

(c) Evolution of elemental composition of 
solid residue 

(d) Evolution of elemental composition of 
produced gas 

Fig. 2. Evolution of products mass yields and elemental compositions during pyrolysis.



Besides, it can be seen that all the points representing the solid
elemental composition along pyrolysis are found in the same
straight line which connects the solid composition before pyrolysis
(virgin wood) and the solid composition when pyrolysis is finished.
Since the solid mass loss is equal to the mass of produced volatiles,
a linear evolution in the elemental composition of solid residue
indicates that the released volatiles keep the same elemental com-
position all along pyrolysis progress, whatever the initial particle
size and reaction temperature.

Volatiles are composed of gas and tar; it is interesting to inves-
tigate the evolution of gas elemental composition during pyrolysis
in order to indirectly investigate the evolution of tar elemental

composition. The elemental composition of gas is shown in
Fig. 2d. It is based on the yields of individual gaseous species
including the contribution of water vapor. Note that the trend is
similar for the dry gas composition: the gas elemental composition
remains almost constant along pyrolysis whatever the initial sam-
ple size and the temperature under the conditions explored. The
previous results on gas yield showed that at 800 !C, for the samples
larger than 350 lm, the cracking reactions took place when the
residence length increased from 0.3 to 0.9 m. This means that at
800 !C, for these samples, the tar cracking reactions contribute to
increase the gas amount but let the gas elemental composition
unchanged.

0

200

400

600

800

1000

Residence length (m)

Eq
ui

va
le

nt
 s

ph
er

ic
al

 d
ia

m
et

er
 (µ

m
)

800 µm 700 µm
500 µm 350 µm

T = 800 °C

0

200

400

600

800

1000

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Residence length (m)

Eq
ui

va
le

nt
 s

ph
er

ic
al

 d
ia

m
et

er
 (µ

m
)

800 µm 700 µm
500 µm 350 µm

T = 950 °C

(b)(a)

Fig. 3. Measured size of wood and residue samples obtained at (a) 800 !C and (b) 950 !C.

Fig. 4. SEM observations of chars obtained at 950 !C after 0.9 m for particles of: (a) 350 lm, (b) 500 lm, (c) 700 lm and (d) 800 lm.



3.4. Gas composition

It is interesting to investigate whether the constant elemental
composition of the produced gas results from a constant composi-
tion of the gaseous species. The evolution of gas composition of the
sample of 700 lm at 800 !C is given in Fig. 5 as an example to
investigate the gas composition versus residence length. It can be
seen that with the increase of the residence length from 0.3 to
0.9 m, the dry gas composition remains almost constant along
pyrolysis. This observation is also valid for the other samples at
the two temperatures, except for the sample of 800 lm at 800 !C,
which exhibits slight differences at the very beginning of pyrolysis.
As can be seen in Fig. 6, more oxygen-containing species (such as
CO and CO2) are produced at the very early stage of the pyrolysis,
and at the later stages more hydrogen-containing species, such as
H2 and CH4, are produced.

At 950 !C and for a residence length of 0.9 m, the pyrolysis can
be considered as nearly finished. It can be seen in Fig. 7 that under
these conditions the initial particle size does not have any influ-
ence on gas composition.

Comparing the results corresponding to a residence length of
0.9 m obtained on the sample of 700 lm at 800 !C (Fig. 5) and at
950 !C (Fig. 7) shows that the increase of temperature mainly in-
creases the proportion of H2 and C2H2 in gas. The effect of temper-
ature is found to be the same for all the samples, and is in

agreement with previous results [4,19,20]. This increase of H2

and C2H2 amounts is supposed to mainly come from the cracking
reactions of tar and other C2 species, namely C2H4 and C2H6.

4. Conclusions

The pyrolysis progress of free-falling wood particles of different
sizes was experimentally studied along a 1 m-height zone at tem-
peratures of 800 !C and 950 !C.

The smallest particles (350 lm) appear to be completely pyro-
lyzed after 0.1 m of fall while the conversion is still on-going after
0.9 m for the largest particles (800 lm). The structure of the small-
est particles seems to suffer drastic changes while the largest ones
remain fibrous. Whatever their initial diameter, the particles un-
dergo significant shrinkage. Their final char, gas and tar yields re-
main the same and are only slightly influenced by the increase of
temperature from 800 !C to 950 !C. Char, gas and tar mass yields
go toward about 5 w%, 83 w% and 12 w% respectively. Along pyro-
lysis, the elemental composition of the released gas remains
constant.

These results confirm that it is necessary to describe the cou-
pled phenomena of heat transfers, chemical reactions and particle
properties evolution to predict the time conversion of particles be-
tween 350 and 800 lm under the conditions of temperature
explored.
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Fig. 5. Evolution of gas composition for sample of 700 lm at 800 !C.
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Fig. 6. Evolution of gas composition for sample of 800 lm at 800 !C.

Fig. 7. Gas composition at 950 !C and 0.9 m versus particle size.


