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ARTICLE INFO ABSTRACT

Keywords: Reliable devolatilisation kinetics of primary wood chars are essential to describe the secondary release
Devolatilisation of volatiles in entrained flow gasification processes but have not been derived yet. Therefore, this study
Wood char ) ) developed devolatilisation kinetics of a commercially available beech wood char using thermogravimetric
Thermogravimetric analyses and drop-tube reactor experiments for design of entrained flow gasification processes. The ther-
gﬁ;it;sbe mogravimetric analyses were performed at low heating rates (2/5/10/30/50K/min) up to 1273 K, whereas

the drop-tube reactor experiments were conducted at high heating rates (~ 10*K/s), high temperatures
(1273/1373/1473/1573/1673/1873K) and short residence times (200/400 ms). Thermogravimetric kinetics
were subsequently obtained based on multi first-order reaction logistic distributed activation energy models,
while kinetics based on single first-order reaction Arrhenius law and modified Yamamoto models were derived
from the drop-tube reactor experiments and corresponding CFD predictions. Finally, single-particle simulations
were carried out to compare the kinetics from both kind of experiments at high-heating-rate conditions. The
comparisons demonstrate that the thermogravimetric kinetics are in reasonable agreement with the drop-tube
reactor kinetics but provide lower devolatilisation rates. Furthermore, gas species concentrations measurements
from the drop-tube reactor experiments were used to estimate an average volatiles composition. The results
indicate that the volatiles composition at high-temperature conditions can likely be described using the gas
species concentrations at high-temperature equilibrium conditions.

network devolatilisation models for raw biomass (see bioFlashchain [7-
10], bio-CPD [11], bio-FG DVC [12] or FG-BioMass [13]). In particular,
several studies addressed the heterogeneous gasification of chars that
were produced using secondary pyrolysis of primary chars (in analogy
to the process step in entrained flow gasification) and are also referred
as secondary chars. For example, Stosser et al. [14,15] and Schneider
et al. [16,17] developed intrinsic secondary wood char kinetics for
reactions with carbon dioxide and water vapour.

Furthermore, Simone et al. [18], Niemela et al. [19] and Johansen
et al. [20-22] applied combined experimental and numerical research

1. Introduction

Primary wood chars are the solid residues of the thermal decom-
position of woody biomass under inert conditions using moderate
temperatures of up to 900 K. Such chars can be mixed with pyrolysis
oils to energy-rich slurries to obtain feedstocks for the production
of liquid fuels and chemicals in closed carbon cycle economies [2].
Specifically, primary wood chars can be converted via several physical
and thermo-chemical process steps to synthesis gas in entrained flow
gasification processes with typical process temperatures above 1500 K.
These process steps include drying, devolatilisation due to incom-

plete primary pyrolysis, fragmentation, heterogeneous gasification and
mineral matter transformation, where devolatilisation and heteroge-
neous gasification are typically considered as consecutive process steps
(see [3-5]) and described using separate kinetics. As such kinetics are
essential for the numerical design and scale-up of gasification processes,
numerous studies already focussed on heterogeneous gasification kinet-
ics of biomass chars (see [6]), pyrolysis of raw biomass (see Table S1) or

* Corresponding author.
1 ORCID: http://orcid.org/0000-0002-2851-7787.

https://doi.org/10.1016/j.fuel.2024.131967

to derive devolatilisation kinetics of raw biomass. Simone et al. [18]
determined two-stage (low-temperature and medium-temperature) sin-
gle first-order devolatilisation kinetics for biomass, based on inert
DTR experiments between 673K and 1073 K and based on correspond-
ing CFD simulations. The experimental conversion was obtained using
the ash-tracer method, while the CFD simulations relied on assumed
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Nomenclature

Latin symbols

Y

o

T ¥ s mEsQw

X ® Y YS 22z ¥ I

)
©

NoxoRrR % g E <NT X

Greek symbols

Q A>T T >

Biot number

coefficient

diameter

molar activation energy
molar activation energy vector
probability density function
modification factor

rate constant
pre-exponential factor
pre-exponential factor vector
mass

mass flow rate

molar mass

number of parallel reactions
number flow rate

pressure

centre distance

volume fraction

reaction rate

residual

coefficient of determination
molar gas constant

time

temperature

volume flow rate

mass fraction

mass fraction vector

mole fraction

mole fraction vector
conversion

distance from dosing tube inlet

heating rate

expectation

expectation vector
density

standard deviation
standard deviation vector

Subscripts and superscripts

asr on as-received basis

bal balanced

calc calculated

cg of the carrier gas stream

comb of the combustibles/fixed carbon
d on dry basis

dev devolatilisation

dry gas,out of the dry gas stream at outlet

E, of the logistic distribution for the molar
activation energy

eq at equilibrium conditions

eqd equilibrium-derived

eqd,C equilibrium-derived, based on carbon bal-
ancing

eqd,H equilibrium-derived, based on hydrogen
balancing

eqd,O equilibrium-derived, based on oxygen bal-
ancing

gas gas

gas,in of the gas stream at inlet

i of reaction i, of element i

iwe of the intermediate wood char

Jj of element j

max maximum

meas measured

min,dev minimum after complete devolatilisation

MYM of the modified Yamamoto model

op operating

part particle

pwc of the primary wood char

res residence

Is of the remaining sample

rlv of the released volatiles

v of the remaining volatiles

SFORALM of the single first-order reaction Arrhenius
law model

sg of the secondary gas stream

sim simulated

STP at standard conditions according to
ISO 10780:1994 [1]

swc of the secondary wood char

tot total

vol of/in the volatiles

0 initial

Acronyms

CFD computational fluid dynamics

DTG differential thermogravimetric

DTR drop-tube reactor

HHV higher heating value

LHV lower heating value

MFORLDAEM multi first-order reaction logistic distributed
activation energy model

MYM modified Yamamoto model

RD relative deviation

SFORALM single first-order reaction Arrhenius law
model

STP at standard conditions according to
ISO 10780:1994 [1]

TG thermogravimetric

wall temperatures as boundary conditions for the solution of the en-
ergy equation. Niemeld et al. [19] carried out DTR experiments at
873K and 1173 K under inert atmosphere to obtain single-first order
devolatilisation kinetics for three particle size fractions of biomass
between 93um and 1358 pm. Particle mass loss, wall temperature,

particle velocity and particle density measurements were performed to
determine the experimental conversion, the wall boundary conditions,
the particle shape factor (the ratio of the surface area of a spherical
volume-equivalent particle to the real surface area) and the effective
particle density, respectively. Finally, a CFD based optimisation was
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performed using the measured particle size distributions and neglecting
the internal particle temperature gradients. Johansen et al. [20-22]
applied devolatilisation experiments in a laminar entrained flow reactor
with peak temperatures between 1405K and 1667 K and a CFD based
optimisation, similar to Niemeld et al. [19], to obtain single first-
order devolatilisation Kkinetics for biomass. In a first iteration, the
particle size distribution was approximated using the Rosin-Rammler
distribution, and internal temperature gradients were neglected. In a
second iteration, the influence of internal particle temperature gradi-
ents on both kinetics and conversion were investigated to determine
temperature corrected devolatilisation kinetics for CFD simulations.
The developed method avoided overestimation of conversion times by
80-90% compared to the initial results.

Finally, two studies [15,23] only investigated devolatilisation ki-
netics of primary wood chars. Branca and Di Blasi [23] developed
devolatilisation kinetics for several chars at thermogravimetric (TG)
combustion conditions with temperatures of up to 873 K using multi-
reaction Arrhenius law models. Stosser [15] performed inert high-
temperature drop-tube reactor (DTR) experiments with fir char (con-
taining more than 25% volatiles) and established devolatilisation ki-
netics based on a single first-order reaction Arrhenius law model.
However, the devolatilisation kinetics of both studies have significant
deficiencies for the numerical design and scale-up of entrained flow
gasifiers, as Branca and Di Blasi [23] performed their experiments
in oxidative atmosphere to describe both char devolatilisation and
char oxidation and Stosser [15] neglected the impact of the particle
size distribution and the strongly changing gas conditions. Reliable
devolatilisation kinetics have thus not been developed yet for wood
chars to the best knowledge of the authors. However, such kinetics,
together with heterogeneous gasification kinetics, are decisive for the
numerical design and scale-up of entrained flow gasification processes,
as both devolatilisation and heterogeneous gasification strongly affect
the conversion and the far-flame process conditions (see [5]). There-
fore, this study is focussed on the development of devolatilisation
kinetics for beech wood char at atmospheric high-temperature con-
ditions using data from TG analyses and DTR experiments. Firstly,
TG analyses were performed at inert atmospheric conditions to deter-
mine devolatilisation kinetics for low-heating rate conditions. Secondly,
secondary pyrolysis experiments were carried out at various operating
temperatures and various operating residence times in a drop-tube
reactor to establish devolatilisation kinetics for high-heating rate condi-
tions. Following previous studies [18-23], combined experimental and
numerical approaches were used to derive and compare the kinetics.
The experimental and mathematical methods are described in Section 2
while the results of the TG analyses and DTR experiments are presented
in Section 3 and are discussed in Section 4. The conclusions are given
in Section 5.

2. Methods

This section describes the experimental and mathematical methods
that were used to derive devolatilisation kinetics of primary beech
wood char from thermogravimetric analyses (TG kinetics) and drop-
tube reactor experiments (DTR kinetics).

2.1. Preparation

Beech wood char, originally produced by Holzkohlenverarbeitung
Schiitte [24] at moderate temperatures of 800-900 K, was previously
applied as feedstock for atmospheric and high-pressure entrained flow
gasification experiments [5,25]. Sample material from this feedstock
was sieved to 50-150 pm using an oscillating screening machine (GKM
Siebtechnik), as another intention was to investigate the reactivity
of the secondary wood chars with particle sizes ranging from 50 pm
to 100 um in subsequent studies [17,26] anticipating fragmentation in
the course of secondary pyrolysis experiments. Specifically, the sieving
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was carried out to remove the smaller particles possibly characterised
by higher ash contents and the larger particles typically affected by
higher temperature gradients during the heat-up [26]. In order to avoid
agglomeration, the sample material was dried for at least 12h at 378K
and sieved batchwise covering the sieves with thin layers of particles.
The dried sieved sample material was applied in both the TG analyses
and the DTR experiments.

2.2. Chemical analyses

Proximate, ultimate and heating value analyses of the unsieved sam-
ples and the samples used in the TG analyses were performed based on
DIN 51732:2007 [27], DIN 51724-3:2012 [28], DIN 51719:1997 [29],
DIN 51718:2002 [30], DIN 51720:2001 [31] and DIN 51900-2:2003
[32] at the laboratory of Eurofins [33].

Proximate and ultimate analyses of the samples used or collected in
the DTR experiments were carried out according to DIN EN 15104:2011
[34], DIN EN 15289:2011 [35], DIN 51719:1997 [29], DIN 51718:2002
[30] and DIN 51720:2001 [31] at the laboratory of Engler-Bunte-
Institute of Karlsruhe Institute of Technology.

Oxygen contents of the samples were determined by difference,
while equilibrium elemental, equilibrium fixed carbon and equilibrium
volatiles contents of the dry samples were calculated with Python and
Cantera [36] using the minimisation of the Gibbs energy at 1873 K and
1bar and accounting for C(gr), CH,, CO, CO,, H, H,0, O, and N, as
possible species.

Furthermore, devolatilisation conversions were derived for the sam-
ples collected in the DTR experiments from the measured carbon,
hydrogen and oxygen contents using equilibrium calculations and bal-
ancing. The devolatilisation conversions are hereinafter referred as
(mean) equilibrium-derived devolatilisation conversions Xgeyeqqa and
were determined in three steps. Firstly, it is assumed that, on dry
basis, the elemental content of a collected secondary wood char sample
approximately corresponds to the equilibrium-derived elemental con-
tent of the wood char sample at a specific devolatilisation conversion.
Specifically, w;swed ® Wiiwedeq (Xdev,eqd) 15 assumed for element i,
where w; g 4 is the elemental mass fraction in the collected secondary
wood char on dry basis, w;jycdeq IS the equilibrium elemental mass
fraction in the intermediate wood char on dry basis and Xgey eqd,; iS
the corresponding equilibrium-derived devolatilisation conversion. The
equilibrium elemental mass fractions in the intermediate wood char on
dry basis Wiye deq = (Wiiwedeq) are given by

wi,pwc,d,eq - wi,vol,eq wvol,pwc,d,eq Xdev,eqd,i

, €8]

w,

iiwe,d,eq =
z:j wj,PWc,d,eq - wj,vol,eq wvol,pwc,d,eq Xdev,eqd,i

where w; yo1eq a0d W) yo1eq are the equilibrium mass fractions of ele-
ment i and j, respectively, in the volatiles and w; pye d,eq> W) pwe,d,eq @0
Wyolpwe,d,eq are the equilibrium mass fractions of element i, element j
and the volatiles, respectively, in the primary wood char on dry basis.
The equilibrium mass fractions of the elements in the volatiles are given

by

WcH, vol,e Wco,vol,e Wco,,vol,e
We vol,eq = Mc ]\44 1 M, 2 + ]\42 a > 2
CH, co co,
WcH,,vol,eq WH, vol,eq WH,0,vol,eq
WH,vol,eq = My| 4- +2- +2- > 3
Mcy, My, My,o
Wco,vol,eq Wco,,vol,eq WH,0,vol,eq
Wo,vol,eq = Mg M +2- M + ; , 4
co co, H,0
WN,,vol,e
2,vol,eq
WNvoleq = MN <2 e ) 5)
N,

where WcH, voleqr Wcovoleqs WCO,,vol,eq> WH,,voleqs  WH,0,vol,eq and
WN,voleq are the equilibrium mass fractions of the species in the
volatiles and M¢, Mcy,, Mco, Mco,» My, My,, My,0, Mo, My and
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My, are molar masses. Secondly, the equilibrium-derived devolatilisa-
tions conversions based on carbon balancing Xgey eqd,c, based on hy-
drogen balancing Xgey, eqq,n and based on oxygen balancing Xgey,eqd,0
were calculated by

Xdev,eqd,C € [O~ 1] such that wC,swc,d ~ wC,pwc,d,eq (Xdev,eqd,C) ’ (6)
Xdev,eqd,H €10,1] such that WH swe,d ® wH,pwc,d,eq (Xdev,eqd,H) s @
Xdev,eqd,O €1[0,1] such that Wo swe,d ~ wO,pwc,d,eq (Xdev,eqd,O) . (8)
Thirdly, (mean) equilibrium-derived devolatilisation conversions
X dev,eqd Were determined by
1
Xdev,eqd = 5 Z Xdev,eqd,i . (C)]
i=CH,0

2.3. Particle size distribution measurements

Particle size distributions were measured using laser diffraction
(Sympatec HELOS H0309) at the Institute of Mechanical Process En-
gineering and Mechanics of Karlsruhe Institute of Technology. Mass-
based probability density functions ¢; and cumulative distribution func-
tions Q5 were determined twice and averaged.

2.4. TG analyses

TG analyses were carried out using a commercial device (Netzsch
TG 209 F1) at Engler-Bunte-Institute, Fuel Technology of Karlsruhe
Institute of Technology (see [15,37]). First, dried wood char samples of
4.2-5.5 mg were filled into the Al,0; crucibles of the device and flushed
with nitrogen. Then, the samples were heated up at heating rates
of 2K /min, 5K /min, 10 K/min, 30 K/min and 50 K /min up to a temper-
ature of 1273 K. Nitrogen was used as inert gas applying volume flow
rates (STP) of 351/min. The mass loss (TG) curves were continuously
measured during the thermal treatment with a scanning frequency of
1 min~!, while the DTG curves were obtained using derivation of the
TG curves and subsequent cubic smoothing spline interpolation with
the csaps method of Matlab [38]. The curves were determined twice
for the heating rates of 2 K/min, 5K/min, 10 K/min and 30 K/min and
three times for the heating rate of 50 K/min and were subsequently av-
eraged. The averaged TG curves provide the measured mass fraction of
the remaining sample wy e, (also referred as the solid mass fraction).
Furthermore, the TG curves were used to determine the measured mass
fraction of the remaining volatiles wyy me,s. Firstly, the curves were
normalised with respect to the equilibrium-derived volatiles content of
the primary wood char (batch TG) on dry basis w1 pwc,d,eq- The curves
were obtained by
Wy meas = 1 1 Wrs meas ) 10)

Wyol,pwe,d,eq

Secondly, the normalised curves were cut-off below a mass fraction
of 12%, as the measurement data below this mass fraction could
significantly overestimate the reactions rates (see Sections 3.3 and S4).
It is assumed that the impact is significantly larger below the cut-
off fraction than above the cut-off fraction. Moreover, the normalised
curves can be used to derive the curves of the measured mass fraction
of the released volatiles wyy ne,s (see [39]) given by

Wrly,meas = 1- Wry,meas an

2.5. DTR experiments

DTR experiments were performed using the drop-tube reactor of
Engler-Bunte-Institute, Fuel Technology of Karlsruhe Institute of Tech-
nology (see [14,15,26]) shown in Fig. 1 and described in Section S2.
First, dried wood char particles were evacuated, flushed with nitrogen
and fed to an argon stream using a speed-controlled scale and a hopper.
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Fig. 1. Sketch of the DTR. Temperature measurement points and regions are marked
with red colour.

Then, the carrier gas stream with the particles was supplied to the
reactor through a dosing tube while a secondary gas stream containing
nitrogen was fed to the reactor through an annular gap between dosing
tube and reaction tube (see Fig. 1). Both gas streams were controlled
using pre-calibrated mass flow controllers (Bronkhorst EL-Flow). At
the outlet of the reaction tube, gas samples were extracted from the
gas stream and were subsequently filtered, quenched and transferred
to a micro gas chromatograph (Agilent Technologies 490 Micro GC),
previously calibrated using reference gases. After the sample extraction,
the gas stream was quenched to temperatures below 673 K by a cooler
and nitrogen [26]. Finally, the gas stream successively passed a cyclone
separator [26], a cooler and a candle filter (HEPA). The particles
separated at the cyclone separator were collected in a nitrogen-flushed
lock [26].

Furthermore, various temperature measurements were conducted.
Near the outer surfaces of the heating tube, temperatures were contin-
uously measured using type C thermocouples at three fixed positions.
Moreover, single temperature measurements were performed using a
type B thermocouple at the outer surface of the reaction tube and
the dosing tube. Finally, in the absence of the fuel stream and the
carrier gas stream, temperatures inside the reactor were determined
by introducing a type B thermocouple through the dosing tube in-
let into the reactor [26]. The latter measurements were previously
used for the calibration of the three heating zones and the design
of experiments [15]. However, the previous calibration approach led
to strong non-isothermal gas flows with strongly changing axial gas
velocities in the second heating zone. Therefore, in this study, the
experiments were designed using CFD simulations (see Section 2.7.1)
and using simultaneous changes of both the carrier gas stream and
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Table 1

Conditions of the DTR experiments: the operating temperatures 7, the operating
residence times #,,, the operating mass flow rates of the primary wood char rityc ops
the operating gas volume flow rates (STP) of the carrier gas stream lcg,op,STP and the
operating gas volume flow rates (STP) of the secondary gas stream Vg ., crp-

V. Vs

T, t

. op res,op mpwc,op ¢g,0p,STP sg,0p,STP
Experiment K “ms g/min 1/min 1/min
P1000-200-MS 1273 200 1.517 0.76 17.44
P1100-200-MS 1373 200 1.450 0.70 16.17
P1200-200-MS 1473 200 1.197 0.66 15.07
P1300-200-MS 1573 200 1.182 0.61 14.11
P1400-200-MS 1673 200 1.225 0.58 13.27
P1600-200-MS 1873 200 1.023 0.52 11.85
P1000-400-MS 1273 400 0.758 0.38 8.72
P1200-400-MS 1473 400 0.554 0.33 7.54
P1400-400-MS 1673 400 0.555 0.29 6.64
P1600-400-MS 1873 400 0.401 0.26 5.93

the secondary gas stream to provide more homogeneous gas veloc-
ity and gas temperature conditions inside the drop-tube reactor. The
experimental settings are summarised in Table 1. The experiments
accordingly targeted operating temperatures 7,,, between 1273K and
1873K [26] and operating residence times 7, o, of 200ms [26] and
400 ms, each for the second heating zone. The experiments were carried
out in a two-stage approach. Firstly, the experiments were performed
without supplying wood char particles to determine the dry gas species
concentrations at the outlet under inert conditions and to test the set
flow rates of both the carrier gas stream and the secondary gas stream,
as both flow rates strongly affect the balancing data (through the gas
species concentration of argon at outlet, see Eq. (14)). Secondly, wood
char particles were fed to the carrier gas steam to carry out the actual
devolatilisation experiments.

During the experiments, the mass flow rates of the primary wood
char Hpwes the gas volume flow rates (STP) of the carrier gas stream
ch,STP and the gas volume flow rates (STP) of the secondary gas
stream ng,STP were continuously recorded, while gas samples for the
dry gas species concentrations measurements were taken about ev-
ery 2min. After the experimental campaign, periods of approximately
30 min with stationary conditions were defined for both the flow ex-
periments without particles and the devolatilisation experiments with
particles. Averages and corrected sample standard deviations of the
recorded quantities were determined for each period. The standard
deviations were usually small. However, the accuracy of the gas mass
flow controller of the carrier gas stream was not sufficient for the
experiments with operating residence times of 400 ms when the mass
flow rate of the carrier gas stream was below 0.51/min (STP). In
order not to affect the calculation of the balanced devolatilisation
conversion Xgeypa (see Eq. (15)), the gas volume flow rate (STP) of
the carrier gas stream ch,STP was determined by
Vegstp = Veasinste — Vagstp » 12)
where Vyysin stp is the gas volume flow rate (STP) at inlet and Vi, grp
is the gas volume flow rate (STP) of the secondary gas stream. The gas
volume flow rate (STP) of the secondary gas stream ng,STP was obtained
from the measurement data, while the gas volume flow rate (STP) at
inlet Vi in sTp Was calculated by

Vs
. g,STP
Vgas,in,STP = 13)

I'N,.dry gas,out,0 ’
where ry, dry gasouto iS the initial dry gas volume fraction of nitro-
gen at outlet. Similarly, the dry gas volume flow rate (STP) at out-
let Vgry gas outsTp Was determined by

Ve
. g.STP
Vdry gas,out,STP = 14

)
T'Ar,dry gas,out

Fuel 375 (2024) 131967

where 7. dry gasour iS the dry gas volume fraction of argon at outlet.
Finally, the balanced devolatilisation conversion X yey 5 Was calculated
as the ratio of carbon detected in the gas to carbon fed as solid by

mC,dry gas,out

Xdev,pal = - s (15)
’ W vol,0 Wyol pwe,0 Mpwe

where

. Pstp Vdry gas,out,STP

Mc dry gas,out = Mc Tidry gas,out (16)

i=CH,,C0,CO, RTgrp

is the carbon mass flow rate in the dry gas at outlet, wcyo1 is the
initial mass fraction of carbon in the volatiles of the dried primary
wood char and wyejpwep is the initial mass fraction of the volatiles
in the dried primary wood char. Moreover, M is the molar mass of
carbon, r; 4ry gas.our 1S the volume fraction of species i in the dry gas at
outlet, pgrp = 1.01325 bar is the standard pressure (STP), R is the molar
gas constant and Tgpp = 273.15K is the standard temperature (STP).
The initial mass fraction of the volatiles in the dried primary wood
char wy, part o and the initial mass fraction of carbon in the volatiles of
the dried primary wood char wc .o were obtained from the equilib-
rium results (see Section 2.2). Specifically, (i) the equilibrium-derived
volatiles mass fraction of the sieved primary char (batch DTR) on dry
basis was used as mass fraction wyopweo and (ii) the equilibrium-
derived mass fraction of carbon in the volatiles of the sieved primary
char (batch DTR) on dry basis was applied as mass fraction wc o ¢-

2.6. TG kinetics

TG kinetics were derived from the experimental TG and DTG
curves using distributed activation energy models [39-41]. Such mod-
els are considered as appropriate for the extrapolation to high heating
rates (for example, see [42]) and can be derived using distribution-free
methods [42,43] or distribution-fitting methods. The latter methods are
typically combined with single first-order reaction Gauss distributed ac-
tivation energy models but have also been coupled with multi-reaction
Gauss distributed activation energy models as well as analogous models
based on double-Gauss, Weibull or logistic distributions (see [39]).

In this study, the TG analyses were performed at approximately
constant heating rates. Therefore, the heating rates were assumed to
be constant for the regression. The temperature 7" during the heat-up
was calculated by

Tax — 1t
Ty + Bt, if 0<t<%0
T= a7
T —_ El
Tmax, if t>maxTO

where Ty, is the initial temperature, g is the (constant) heating rate, ¢
is the time and T, is the maximum temperature.

Assuming pseudo-species and parallel reactions, the calculated mass
fraction of the remaining volatiles wy .., the time derivative of the
calculated mass fraction of the remaining volatiles diwyy co1c/d? and the
temperature derivative of the calculated mass fraction of the remaining
volatiles dwyy ¢, /dT were determined by

N N
wrv,calc =1- 21 wrv,calc,i,O + 21 wrv,calc,i ’ (18)
= =
dw, N odw i
;v,calc _ Z r(\:fl,calc,z . (19)
t = t
dwrv,calc _ i dwrv,calc,i (20)
dar  ~ ar -’

i=1
where N is the number of parallel reactions, wy ¢, is the calculated
mass fraction of the remaining volatiles for reaction i and wyy c4ic; 0
is the initial calculated mass fraction of the remaining volatiles for
reaction i. The latter is defined by

Wry cale,i0 = Wry,calc,i =0 = Wryy,calc,i =1 21)
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while the calculated mass fraction of the remaining volatiles wyy ca1c ;>
the time derivative of the calculated mass fraction of the remaining
volatiles duwyy ¢4 ;/df and the temperature derivative of the calculated
mass fraction of the remaining volatiles duwyy ¢, ;/dT were calculated
according to [39] by

0 T k,- <Ea,f) - _ _
Wry calc,i =/) exp _/T TdT fi (Ea) dEav (22)
0
dwrv calc,i dwrv calc,i
sealed scale, 2
dr b ar ° (23)
dwrv,calc,i
dr
o ki (FaT) v (BaT) |
=] — L exp|-] ——24a7|s(E,)dE,. (24
/0 5 P /T . 5 fi ( a) a

where k; is the rate constant and f; is the probability density function,
each of reaction i. The former is given by

_ E,,
k; (Ea, T) =k exp | —=2 ), (25)
RT

where k; is the pre-exponential factor of reaction i, E,; is the molar
activation energy of reaction i and R is the molar gas constant.

Preliminary tests showed that four first-order reactions and logistic
distributions are most appropriate for the regression in the course of
this study. Therefore, the probability density function of reaction i f;
is described by

exp (—y)

— 1
(E,) = - ———— (26)
g ( ) S (1+exp(-y)*
where
E, - HE,.i

>

\/E/ﬂo-fa,[
s = \/g/n' afa»' .

1
ug ; and of , are the expectation and the standard deviation of the lo-
a as

gistic distribution for the molar activation energy E, and the reaction i.

In order to determine approximations for the pre-exponential factors
ko = (ko;), the expectations HE, = ”fa,i)’ the standard deviations
of, = (Ufa,i> and the initial calculated mass fractions of the remaining
volatiles wyy ca1c (Wry caleio), regressions were performed using
Egs. (18)—(26) and the trapz, quadgk, fminsearch and fmincon SPQ meth-
ods of Matlab [38]. The trapz (trapezoidal quadrature) method with
60 equally spaced intervals and the quadgk (Gauss-Konrad quadrature)
method were applied to the outer integrals and the inner integrals,
respectively. The percentiles at 0.0001 and 0.9999 of the logistic distri-
butions were used as limits of the outer integrals. The fminsearch was
used to obtain appropriate initial parameters for the final optimisation
using the fmincon SPQ method. In the final optimisation, constraints
were applied to ensure that the calculated mass fraction of the re-
maining volatiles wy, ., is appropriately described for T — oo, i.e.

w - 0.

Tv,calc

2.7. DTR kinetics

DTR kinetics were obtained using several iterations of sequential
CFD simulations and numerical optimisations. The CFD simulations
provided profiles of the axial gas velocity, the axial gas temperature
and the axial gas species concentrations as input for the numerical
optimisation. The first CFD simulations were performed with appropri-
ate initial guesses for the kinetic parameters, whereas the subsequent
CFD simulations were carried out using improved kinetic parameters
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obtained in the preceding numerical optimisation. The CFD simulations
are focussed in Section 2.7.1 while the numerical optimisation methods
are presented in Section 2.7.2.

2.7.1. CFD simulations

The CFD simulations of the DTR experiments were carried out using
the CFD model described in Section S3. The model pays specific atten-
tion to the wall temperatures, the particle injections and the particle
devolatilisation rates.

The wall temperatures are described using approximations based
on sigmoid functions. The approximations were obtained using the
measured temperatures and least-squares regressions and are shown as
solid continuous lines in Figs. S1-S10.

The particle injections are defined (i) using the gas condition of the
carrier gas stream, (ii) using the measured particle size distribution of
the sieved wood char batch (see Sections 2.3 and 3.2) and (iii) assuming
spherical particle shapes and an uniform mass flux distribution.

The particle devolatilisation rates are described by either a single
first-order reaction Arrhenius law model (SFORALM) with two model
parameters or a modified Yamamoto model (MYM) [44,45] with five
model parameters, i.e. with an increased number of model parame-
ters in comparison with the single first-order reaction Arrhenius law
model. The reaction rate of the single first-order reaction Arrhenius
law model Rgroparm and the reaction rate of the modified Yamamoto
model Ry are given by

E,
RSFORALM = kO eXp\ —= (mpart - mpart,min,dev) s @7
Tpart
E,
Ryym = F ko exp| —= (mpart - mpart,rnin,dev) > (28)
part

where k, is the pre-exponential factor, E, is the molar activation
energy, R is the molar gas constant, Tpare is the particle temperature,
Myare is the particle mass, My mindev = (1= Wyolparto) Mparto iS the
particle mass after complete devolatilisation, wyg)parto is the initial
volatiles mass fraction of the particle, my, is the initial particle mass
and F is a modification factor. The factor F was introduced to describe
the pre-exponential factor as function of the devolatilisation conver-
sion X, without significantly increasing the computing time [44] and
was slightly adapted in this study through replacing the polynomial of
fourth order by a polynomial of second order. The factor F used in this
study is given by
3
F= 26 Xy 29)
iz
where C;, C, and C; are coefficients. The devolatilisation conver-
sion X, is defined by

Mpart,0 — Mpart
Xgoy = ————— P (30)

mpart,() - mpart,min,dev

The model in particular assumes that the particles are isothermal,
have equivalent diameters and do not show fragmentation. These as-
sumptions are strong simplifications considering the observed particle
sizes and particles shapes (see Section 3.2) and previous findings for the
effects of particle shapes [19] and uncorrected kinetics [21]. However,
in the absence of sufficiently detailed experimental data of particle mor-
phology, particle break-up, particle thermal conductivity and particle
velocity for model development and validation, the simplified ap-
proach is considered as a good compromise between model complexity,
computational requirements and applicability for design and scale-up.
Furthermore, the wood char particles applied in the DTR experiments
have mainly equivalent diameters below 100pum, in particular after
fragmentation, and likely higher aspect ratios in the case of particles
above 150 pm (see Section 3.2). Not only the small but most of the par-
ticles should therefore satisfy the common criterion Bi < 1 assuming



M. Dammann et al.

effective particle thermal conductivities of 0.1-0.2W/(mK) [21,46]. In
summary, the isothermal approach is justified as a first approximation.
Future studies may increase the model complexity using additional data
to derive improved kinetics. Such studies may also increase the extent
of validation. As the reactor has small dimensions and limited access
possibilities, only temperature measurements could be carried out to
generate validation data (see Sections 2.5 and 3.5), while measure-
ments of axial gas velocities, axial particle velocities, axial gas species
concentrations were impeded in this study. However, it is expected that
the gas phase modelling provides reasonable predictions due to the
laminar flow and the calibrated wall boundary conditions while the
particle modelling could have larger uncertainties due to the impact
of particle morphology on particle flow and particle heat and mass
transfer.

2.7.2. Numerical optimisation methods

The numerical optimisations were conducted using an in-house
software that uses the profiles of the axial gas velocity, the axial
gas temperature and the axial gas species concentrations as input
and performs zero-dimensional single-particle simulations similar to
the particle tracking simulations in the CFD simulations. The initial
particle properties are defined using the measured particle size dis-
tributions, while the particle equations are subsequently integrated
using the LSODA (Adams/BDF) method [47,48], that is implemented
in the solve ivp method of SciPy [49,50]. The simulated devolatilisation
conversion Xgey sim is defined by

mpart,O - Zi Npart,i mpart,i

(31

Xdev,sim = ’
Mpart,0 — (1 - wvol,part,o) Mpart,0

where i,  is the initial particle mass flow rate, Ny, ; is the particle
number flow rate with respect to particle injection i and mpq,; is the
particle mass with respect to particle injection i. The particle number
flow rate with respect to particle injection i Npart,i is given by
Mpart 0,i
— ;’)[ar : 1 , (32)
4 part g dpart,().i

. m art,0,i
N %

part,i mpart.O,i
where mp,(; is the initial particle mass with respect to particle in-
jection i, pya is the particle density and dp,; is the initial particle
diameter with respect to particle injection i.

For the optimisation of the devolatilisation kinetic parameters using
the least squares method of SciPy [49,50], the residual R was defined
using the simulated devolatilisation conversions X4y ¢im and the bal-
anced devolatilisation conversions X4, pa Of all DTR experiments. The
residual R is given by

R= Z Xdev,bal.j - Xdev,sim,j ’ (33)
JjeJ

where J is the set of all DTR experiments.
3. Results

This section presents (i) the results of the chemical analyses, the par-
ticle size distribution measurements, the TG analyses and the DTR ex-
periments and (ii) the derived TG and DTR kinetics.

3.1. Chemical analyses

Elemental and proximate compositions of the sieved and the un-
sieved wood-chars are summarised in Tables S3 and S4, while lower
heating values (LHV) and higher heating values (HHV) of the unsieved
and the sieved wood-chars, that were used to derive the devolatilisation
enthalpy complying with the energy balance (see [5]), are given in Ta-
ble S5. Slight deviations in the carbon, hydrogen, oxygen and nitrogen
contents of the sieved and the unsieved wood-chars are most likely due
to sieving, sampling and the analysis methods and need to be accepted.
The deviations in the water contents can be attributed to different
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Table 2

Equilibrium-derived devolatilisation conversions based on carbon balancing Xgey,eqa,c)
based on hydrogen balancing Xgeyeqqn and based on oxygen balancing Xgeyeqq0 and
mean equilibrium-derived devolatilisation conversions Xgeycqq Of the samples collected
in the DTR experiments.

Sample Xdev,eqd,c Xdev,eqd i Xdev,eqd,0 Xdev,eqd
Secondary char, P1000-200-MS 0.44 0.49 0.45 0.46
Secondary char, P1100-200-MS 0.69 0.72 0.72 0.71
Secondary char, P1200-200-MS 0.65 0.86 0.62 0.71
Secondary char, P1300-200-MS 0.72 0.90 0.69 0.77
Secondary char, P1400-200-MS 0.80 0.93 0.80 0.84
Secondary char, P1600-200-MS 0.97 0.93 0.97 0.96
Secondary char, P1000-400-MS 0.64 0.64 0.65 0.64
Secondary char, P1200-400-MS 0.73 0.90 0.71 0.78
Secondary char, P1400-400-MS 0.81 0.93 0.82 0.85
Secondary char, P1600-400-MS 0.94 0.93 0.93 0.93

humidities, while the deviations in the measured fixed carbon and
volatiles contents could be caused by the fuel variability and the analy-
sis methods. However, measured water contents were only determined
for the sake of completeness, as dried samples were applied in both
DTR experiments and TG analyses. Furthermore, measured fixed carbon
and volatiles contents were not used for subsequent calculations, as
some volatiles are typically not released during the analyses due to too
low temperatures and too short residence times (see Tables S3 and S4).
Instead, equilibrium-derived fixed carbon and volatiles contents (see
Section 2.2) were applied in this study. These contents are given in
Table S6 and enable a consistent mathematical description of the parti-
cle composition during devolatilisation and heterogeneous gasification
(see [5]). The equilibrium-derived devolatilisation conversions based
on carbon balancing Xgey eqq,c, ased on hydrogen balancing Xgey eqd,z
and based on oxygen balancing Xgeyeqq,0 @and the mean equilibrium-
derived devolatilisation conversions Xgeyeqqa are given in Table 2.
Accordingly, the deviations between the equilibrium-derived devolatil-
isation conversions Xgey,eqd,c> Xdev,eqd,q @0d Xgev,eqd,0 are mainly low
which justifies simple arithmetic averaging.

3.2. Particle size distribution measurements

The particle size distributions of the unsieved primary wood char
and the sieved primary wood char are shown in Fig. 2. Thus, the par-
ticle size distribution of the sample material strongly changed during
sieving (50-150 pm). Firstly, approximately 75% and 2.5% of the origi-
nal sample material were below 50 pm and above 150 pm, respectively.
Thus, approximately 27.5% of the original sample material only was
retrieved in the sieved sample material. Secondly, particles larger than
50 pm accounted for more than 76% after sieving compared to 25%
before sieving. Thus, sieving successfully reduced the small fractions.
Thirdly, approximately 23% of the sieved sample material is smaller
than 50 pm, as wood char particles are porous and fragile when exposed
to mechanical stress (see Figs. S11-S15). Fourthly, approximately 11%
of the sieved sample material is larger than 150 pm, as (i) the particle
shapes (elongated to nearly cubic, see also Fig. S11) affected the
fractionation by sieving and (ii) the particle size measurements were
affected by the alignment of the particles relative to the laser beam
(as laser diffraction provides equivalent diameters). Furthermore, the
particle size distribution of the particles extracted in the DTR experi-
ment P1400-200-MS is shown in Fig. 2. This distribution matches the
distribution of the primary unsieved wood char by coincidence and
demonstrates significant particle size changes in the DTR experiment.
The particles most likely experienced fragmentation and broke up at
inner positions.

3.3. TG analyses

The averaged experimental TG curves are shown in Fig. 3. Firstly,
the curves demonstrate that the TG data for 5K/min overlaps the
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Fig. 2. Particle size distributions of the unsieved primary wood char, the sieved
primary wood char and the secondary wood char obtained in the DTR experiment
P1400-200-MS.

other data between 300K and 800 K. Despite good repeatability, fuel
property fluctuations caused by the small sample material could have
strongly affected the TG analyses at this heating rate. Therefore, the
TG data for 5K/min was discarded for the subsequent approximations.
Secondly, the curves show (i) that the mass decrease mainly occurs
above 800K, (ii) that the remaining sample mass at the maximum
temperature decreases with decreasing heating rate and (iii) that the
remaining sample masses at the maximum temperature for heating
rates of 2K/min and 5K/min were below the masses that are ex-
pected corresponding to the equilibrium calculations (see Sections 2.2
and 3.1). Furthermore, experimental TG curves of long-term anal-
yses at 1273K after heating-up with 50K/min shown in Fig. S24
demonstrate a continuing mass decrease for more than 1100 min. The
remaining sample mass after 1440 min was approximately 7% of the ini-
tial sample mass and thus well below the mass expected corresponding
to the equilibrium calculations. Thus, devolatilisation was interfered
by combustion due to the presence of oxygen. However, recalling that
typical conversion times are less than 10 min at 21273 Pa O, and 1123K
and approximately 100 min at 5065Pa O, and 673K [51], only tiny
partial pressures of oxygen are expected. Specifically, for a measured
mean reaction rate of 1.5 - 107°s~! at a temperature of 1273K (see
Fig. S25), available kinetics [52] (derived for 2.25%-36% O, and 573-
773 K) provide rough estimates for the partial pressure of oxygen well
below 1Pa. Furthermore, the impact was likely larger for 2K/min
and 5 K /min than for 30 K /min and 50 K /min due to the longer analysis
times. Moreover, the release of the volatiles could have mainly impeded
oxygen adsorption during the main devolatilisation stages. Therefore,
the averaged TG curves (reflecting the measured mass fraction of the
remaining sample wy m.,;) were modified using the cut-off approach
(see Sections 2.4 and S4). The modified TG curves (providing the
measured mass fraction of the remaining volatiles wyy ne,s) for 2K /min,
5K/min, 30 K/min and 50 K /min are depicted in Fig. 4 (left), while the
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Fig. 3. TG curves: measurement data as function of temperature for various heating
rates.

corresponding DTG curves are shown in Fig. 4 (right). All DTG curves
are characterised by strong peaks below 400K and between 900K
and 1000K. In addition, rather flat peaks of the DTG curves are
observed between 500K and 800K for 30 K/min and 50 K/min. The
gas release below 400 K and the corresponding peaks can be explained
by the release of enclosed humidity in the inner pores of the sample
material. The comparability of TG and DTR kinetics, however, should
not be affected as the same drying procedures were applied for both
the TG analyses and the DTR experiments.

3.4. TG kinetics

The results of the numerical optimisation, that relied on the ex-
perimental results for 2K /min, 5K /min, 30 K/min and 50 K/min only,
are shown in Fig. 4. Accordingly, the calculated TG and DTG curves
based on multi first-order reaction logistic distributed activation energy
models provide good estimates for the conversion. The parameters of
the curves are given in Table 3.

3.5. DTR experiments

The measured N,-Ar free and dry gas species mole fractions
xNz-Ar free and dry gas,out = (xi,Nz-Ar free and dry gas,out) are shown in Fig' 5
and are given in Table S7. Furthermore, the volatiles mole fractions
at atmospheric conditions based on equilibrium calculations (see Sec-
tion 2.2) are shown for comparison in Fig. 6. In this context, it
should be emphasised that the equilibrium amounts do not reflect
typical non-equilibrium observations and are strongly affected by the
water-gas shift equilibrium, leading to high contents of water and
methane at equilibrium temperatures below 1000K and tiny contents
at equilibrium temperatures above 1200 K. In contrast, significant mole
fractions of CH, were detected for the DTR experiments P1000-200-MS
and P1200-200-MS. The mole fractions of H, (mainly between 0.708
and 0.735), however, are in agreement with the equilibrium mole
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Fig. 4. TG curves (left) and DTG curves (right): modified measurement data and approximations based on the multi first-order reaction logistic distributed activation energy model,

each as function of temperature for various heating rates.

Table 3

Parameters for the calculation of the mass fraction of the remaining volatiles w,, and the derivative of the mass fraction of the remaining
volatiles dw,,/dr based on the multi first-order reaction logistic distributed activation energy model using Eqgs. (18)-(26).

; ko HE,i OF,i Wry cale,i0
1/s J/mol J/mol ) K 10 X 30 X 50 K
min min min min
1 2.038 - 10° 5.950 - 10* 1.070 - 10! 21291072 42421072 4.746 - 1072 4.128 - 1072
2 4727 - 10° 9.179 - 10* 2.704 - 10* 3.750 - 107! 3.425-107! 4.246 - 107! 4.530- 107!
3 7916 - 10° 1.985-10° 6.838 - 107 0 1.377- 107! 1.340- 107! 1.224- 107!
4 2.789 - 10° 1.495 - 10° 1.310- 10* 6.037 - 107! 4773 107! 3.939- 107! 3.833- 107!

fractions of H, above temperatures of 1273 K (approximately between
0.703 and 0.710). Furthermore, the mole fraction of CO, (up to 0.082)
decreases with increasing operating temperature and increasing op-
erating residence time for the second heating zone, while the mole
fraction of CO (between 0.214 and 0.290) increases with both operating
parameters. The findings are to be expected as the gas species concen-
trations at outlet shift towards equilibrium with increasing operating
temperature and increasing operating residence time.

The measured gas temperatures are compared with the CFD pre-
dicted gas and particle temperatures in Figs. 7-8 and S16-S23. The
predicted gas temperatures are accordingly in good agreement with
the measured data for the first two heating zones as, in particular,
the axial gas temperature decrease at the end of the dosing tube is
clearly reflected. In contrast, large deviations can be found for the
third heating zone, most likely due to the uncertainties in the axial
positioning of the thermocouple. The particle temperatures are shown
for particles close to the reactor axis with particle diameters of 0.95 pm
(bin 0), 55.77 pm (bin 20), 133.46 pm (bin 25) and 320.78 pm (bin 30).
0.95pm and 320.78 pm are the minimum particle diameter and the
maximum particle diameter of the injected particles. Small particles
with diameters of up to 30-40 pm thus experience temperatures similar

to the gas temperatures while particle temperatures of large particles
strongly deviate from the predicted gas temperatures confirming the
need of advanced approaches for the development of DTR kinetics.

The balanced devolatilisation conversions X4y pa (see Eq. (15)) are
given in Table 4 and are in agreement with the expected trends. The
balanced devolatilisation conversion Xge, s thus increases with in-
creasing operating temperature and increasing operating residence time
for the second heating zone. Furthermore, the balanced devolatilisation
conversions Xgey b, are compared with the mean equilibrium-derived
devolatilisation conversions Xgey eqq (Se€ Eq. (9)) in Fig. 9 showing that
the equilibrium-derived devolatilisation conversions Xgey eqq are signif-
icantly larger than the balanced devolatilisation conversions X gey pal-
Following the preceding study [15], the balanced devolatilisation con-
versions Xgey 1,1 Were applied to derive the DTR kinetics as the gas
species concentrations measurements are considered as more meaning-
ful than the chemical analysis results.

The uncertainties due to the gas species concentrations measure-
ments are reflected in Fig. 9. The uncertainty bars were defined using
the Gaussian propagation of uncertainty for the balanced devolatilisa-
tion conversions. Thus, the balanced devolatilisation conversions for
operating residence times of 400 ms are significantly stronger affected
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by uncertainties than balanced devolatilisation conversions for oper-
ating residence times of 200 ms. This demonstrates the challenges in
this study to operate the mass flow controller of the carrier gas stream
below 0.51/min (STP) (see Section 2.5).

10
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Table 4
Balanced devolatilisation conversions X, of the
DTR experiments.

Experiment X dev,bal
P1000-200-MS 0.41
P1100-200-MS 0.42
P1200-200-MS 0.54
P1300-200-MS 0.59
P1400-200-MS 0.68
P1600-200-MS 0.76
P1000-400-MS 0.41
P1200-400-MS 0.57
P1400-400-MS 0.84
P1600-400-MS 0.88

3.6. DTR kinetics

The results of the numerical optimisation are given in Table 5
and are demonstrated for the single first-order reaction Arrhenius law
model (SFORALM) in Fig. 10 and for the modified Yamamoto model
(MYM) in Fig. 11. The simulated devolatilisation conversions X gey sim
are accordingly in good agreement with the balanced devolatilisation
conversions Xgey pa for both kinetics, while the modified Yamamoto
model provides slightly superior results in comparison with the single
first-order reaction Arrhenius law model. However, the accuracy of the
kinetics is restricted by the targeted experiments, by the accuracy of the
measured gas species concentrations and by the model assumptions:

1. Operating residence times of approximately 200 ms and 400 ms
were used for the design of the experiments (see Section 2.5).
Thus, the devolatilisation kinetics could provide significantly
deviating predictions of the devolatilisation conversion Xge,
outside this range.

2. The particle sizes were assumed to be constant in the single-
particle simulations (see Section 2.7.1) as implementation of
fragmentation is an elaborative venture. However, particle size
changes, that typically accompany devolatilisation (for exam-
ple, see [18,53]), were found for the DTR experiments (see
Section 3.2). Therefore, numerical optimisation of the DTR ki-
netics based on the single first-order reaction Arrhenius law
model was also performed using the particle size distributions
of the particles obtained after the extraction (see Section 3.2).
The optimisation results demonstrated that quite similar kinetic
parameters can be obtained for the single first-order reaction
Arrhenius law model while the simulated devolatilisation con-
versions in the DTR experiments increase approximately up
to 10%. Therefore, it is expected that fragmentation has only a
minor impact on the accuracy of the DTR kinetics.

3. The small dimensions of the dosing tube with an inner diameter
of 4mm challenged the axial dosing of the particles in the
DTR experiments. Therefore, some particles likely moved in
the wall boundary layer and experienced temperature histories
and residence times that strongly deviate from the temperature
histories and residence times of particles moving along the axis.
Moreover, the dosing tube slightly bent during the DTR ex-
periments, which likely caused particles to collide with the
inner surface of the dosing tube. This probably led to abrasion
and faster heat-up and consequently to intensified devolatili-
sation and fragmentation. Although uncertainty quantification
is hardly possible, it is expected that the uncertainties of both
impacts are similar to those estimated for fragmentation.

Finally, the simulated devolatilisation conversions at various dis-
tances from the dosing tube inlet are compared in Table 6. The de-
volatilisation conversions at the end of the first heating zone (the
end of the dosing tube) are up to 40% and are higher for longer
operating residence times and smaller particles. The devolatilisation
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Fig. 7. Measured temperatures and predicted gas and particle temperatures for the DTR experiment P1000-200-MS. Measurements were performed using type B and type C
thermocouples (see Section 2.5), while predictions were obtained for initial conditions without particles (0) and using the modified Yamamoto model (MYM). Predicted gas
temperatures are shown for centre distances of 0 mm, 2.98 mm, 6.5mm and 9.98 mm, while predicted particle temperatures are shown for particles close to the reactor axis with
particle diameters of 0.95um (bin 0), 55.77 pm (bin 20), 133.46 pm (bin 25) and 320.78 um (bin 30).
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Fig. 8. Measured temperatures and predicted gas and particle temperatures for the DTR experiment P1000-400-MS. Measurements were performed using type B and type C
thermocouples (see Section 2.5), while predictions were obtained for initial conditions without particles (0) and using the modified Yamamoto model (MYM). Predicted gas
temperatures are shown for centre distances of 0 mm, 2.98 mm, 6.5mm and 9.98 mm, while predicted particle temperatures are shown for particles close to the reactor axis with
particle diameters of 0.95pm (bin 0), 55.77 pm (bin 20), 133.46 pm (bin 25) and 320.78 pm (bin 30).
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Table 5

Parameters and coefficients of determination R for the devolatilisation kinetics based
on the single first-order reaction Arrhenius law model (SFORALM), the modified
Yamamoto model (MYM) and the single first-order reaction Arrhenius law model
(SFORALM) of Stosser [15] alongside the ranges of relative deviations (RD) between
balanced and simulated devolatilisation conversions.

ko E, ) RD
Model s T/mol C, G, G, R -
SFORALM 266 48232 - - - 0.891 -30.2...109
MYM 4511 64724 1.010 -10.623 9.065 0.939 -11.2...10.5
SFORALM [15] 6400 72000 - - - - -

conversions after the end of the second heating zone are also significant
for larger particles that do no achieve the maximum possible conversion
in the second heating zone. Thus, devolatilisation before and after the
iso-thermal zones of drop-tube reactors should be accounted in the
analysis.

4. Discussion

This section is focussed on the comparison of the TG and the
DTR kinetics and links the measured gas species concentrations with
the volatiles composition.

4.1. Comparison of TG kinetics and DTR kinetics

Zero-dimensional single-particle simulations were performed using
an in-house software in Python and considering three test cases to
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Table 6
Simulated devolatilisation conversions X, Of the DTR experiments at various
distances from the dosing tube inlet.

Experiment Xgevsim (SFORALM) Xgevsim (MYM)
810mm  1730mm  2750mm  810mm 1730mm 2750 mm
P1000-200-MS 0.00 0.14 0.29 0.01 0.27 0.37
P1100-200-MS 0.01 0.23 0.42 0.03 0.35 0.45
P1200-200-MS 0.01 0.31 0.53 0.06 0.41 0.53
P1300-200-MS 0.02 0.41 0.63 0.08 0.48 0.60
P1400-200-MS 0.03 0.50 0.72 0.12 0.55 0.68
P1600-200-MS 0.06 0.66 0.85 0.19 0.68 0.84
P1000-400-MS 0.03 0.29 0.42 0.08 0.33 0.45
P1200-400-MS 0.06 0.50 0.60 0.17 0.46 0.58
P1400-400-MS 0.13 0.69 0.80 0.27 0.67 0.78
P1600-400-MS 0.26 0.73 0.83 0.39 0.75 0.85
Table 7

Initial particle diameters d,., initial particle tem-
peratures T,,o and gas temperatures T, of the test
cases.

Test case dp“i't'o @ Toas
pm K K

! 150 300 1673

2 50 300 1673

3 150 300 1273

compare the TG kinetics with the DTR kinetics. Differential parti-
cle transport equations were solved using the models and methods
that were already used for the preceding single-particle simulations
(see Section 2.7.1), using a constant specific particle heat capacity of
2000J/(kgK) and a constant time step of 10~*s. In test case 1, an ini-
tially non-moving spherical particle with an initial particle temperature
of 300K and an initial particle diameter of 150 pm is considered in a
stationary non-moving gas consisting of nitrogen with a gas tempera-
ture of 1673 K at a constant pressure of 1 bar. In test case 2, the initial
particle diameter is reduced to 50 pm. In test case 3, the gas temper-
ature is decreased to 1273 K. The initial particle diameters dyar o, the
initial particle temperatures T}, and the gas temperatures T, of the
test cases are summarised in Table 7.

The predicted devolatilisation conversions X, are shown in Fig. 12.
Accordingly, both DTR kinetics provide similar predictions for 1673 K
although larger deviations can be found for shorter residence times due
to the numerical optimisation in the absence of experimental data for
such conditions (see Section 3.6). Significant deviations can also be
found for the predictions based on the TG kinetics. At 800 ms, devolatil-
isation based on the DTR kinetics is almost finished for the test cases 1
and 2 while approximately 20% of the volatiles have still to be released
according to the predictions based on the TG kinetics. Furthermore,
the deviations strongly increase for lower gas temperatures. In test
case 3, devolatilisation has progressed at 800 ms twice as fast if it is
based on the DTR Kkinetics rather than on the TG kinetics. Thus, the
TG kinetics provide lower devolatilisation conversion estimates, which
could be connected with the experimental and numerical approach
(i. e. measurements at low heating rates, approximation using the multi
first-order reaction logistic distributed activation energy model and
extrapolation to high-heating rates). In particular, the extrapolation
could be afflicted with uncertainties. However, this needs further
investigation. Meanwhile, the TG kinetics based on multi first-order
reaction logistic distribution activation energy models are able to
provide meaningful minimum devolatilisation conversion predictions.
In contrast, TG kinetics based on multi first-order reaction Arrhenius
law models provide less reliable and inferior extrapolation results as
they do not account for distributed activation energies. Furthermore,
the predictions based on the TG kinetics also show an increased gas
release at the beginning of the conversion. This gas release reflects the
humidity that was evaporated in the first stages of the TG analyses.
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4.2. Comparison of beech wood char kinetics and fir char kinetics

Devolatilisation kinetics based on a single first-order reaction Ar-
rhenius law model (SFORALM) were previously [15] developed for fir
char using DTR experiments and are the only devolatilisation kinetics
for biogenic chars at high-temperature conditions available to the best
knowledge of the authors. The kinetic parameters are reproduced in
Table 4 and strongly deviate from the parameters of the single first-
order reaction Arrhenius law model for beech wood char. This is
connected with the natural origin, the different pre-treatment methods
and the assumptions used for the derivation of the kinetics. Specifically,
the fir char differs in morphology and oxygen and volatiles contents
compared to beech wood char. For example, the oxygen and volatiles
mass fractions are twice as high. Furthermore, the kinetics were de-
rived using simplified gas and particle conditions. As conversion before
and after the second heating zone was neglected, the kinetics could
overestimate the reaction rates.

For further analysis, zero-dimensional single-particle simulations
were performed using the DTR kinetics for fir char and considering the
three test cases from Section 4.1. The kinetics only were changed while
using the same constant physical particle properties in order not affect
the particle temperature predictions. The predicted devolatilisation
conversions Xg,, are shown in Fig. 12. The devolatilisation based on
the DTR kinetics for fir char is approximately five-times faster than
based on the DTR kinetics for beech wood char. This demonstrates
the impact of the model assumptions and the chemical and physical
properties. Therefore, customised devolatilsation kinetics should be de-
veloped for different wood chars using the most appropriate modelling
approaches for DTR experiments. TG analyses may be used as a first
approximation to compare the reaction rates of different wood chars.

4.3. Average volatiles composition

Gas species concentrations of the volatiles are an essential input for
devolatilisation models in both combustion and gasification. Previous
studies on coal entrained flow gasification [54-56] assumed that the-
oretical oxygenated and nitrogenated hydrocarbons C,H,0,N,, either
decompose or react with O, and H,O to CH,, CO, CO,, H,, H,0 and N,
while the volatiles composition was defined using elemental balances.
Other studies applied not further specified equilibrium calculations [57,
58] or more detailed break-up approaches, for example, for black liquor
decomposition [59-61] and for coal decomposition [62-64].

In addition to numerical estimates, gas species concentrations mea-
surements are available from biomass pyrolysis experiments. Recently,
Ontyd et al. [65] compared gas species concentrations measurements
from fluidised-bed reactor and drop-tube reactor experiments with the
predictions of the empirical model of Neves et al. [66]. At temperatures
between 623 K and 1300 K, the fractions of H,O and CO, generally de-
creased with increasing temperature while the fractions of CO and CH,
increased [66]. H,O was the major product at lower temperatures
while CO was mainly found at higher temperatures [66], which is in
agreement with typical equilibrium trends.

The dry gas species concentrations that were obtained in the DTR ex-
periments are unfortunately affected by secondary gas reactions and
do not reflect the instantaneous volatiles concentrations. Therefore,
several attempts were made to determine an average volatiles com-
position using plug-flow-reactor simulations. Firstly, axial profiles of
gas temperature and devolatilisation conversion were taken from the
CFD simulations to provide the basis for reactive plug-flow reactor
simulations with the GRI mechanism (version 3.0) [67] and with
instantaneous mixing of carrier gas stream and secondary gas stream
at the beginning of the second heating zone. Subsequently, a numer-
ical optimisation was performed using an in-house software based on
Python and Cantera [36] to determine an average volatiles composition
that complies with the elemental balances. For the optimisation, the
residuals were defined using the predicted and the measured dry gas
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Table 8
Volatiles compositions in mass fractions w,, and in

mole fractions x,.

i Wi vol Xivol
CH, 0-0.02 0-0.01
Cco 0.75-0.81 0.26-0.27
CO, 0-0.06 0-0.01
H, 0.14-0.15 0.70-0.71
H,0 0 0

N, 0.02 0.01

species concentrations at the outlet of the DTR. Furthermore, the
mass fractions of two volatiles species were regarded as independent
parameters, while the mass fractions of the other volatiles species were
fixed by the elemental composition of the primary wood char and
the elemental balances. The predicted and measured dry gas species
concentrations are compared in Fig. 13, demonstrating that the opti-
misation was able to provide meaningful results for the dry gas species
concentrations at the outlet despite strong model simplifications. The
estimated ranges for the average volatiles compositions in mole and
mass fractions are given in Table 8. The predicted values indicate
that the average volatiles composition at high-heating-rate and high-
temperature conditions is close to the equilibrium volatiles composition
at high temperatures. Thus, the latter can be a good estimate in the
absence of experimental data.

5. Conclusions

Thermogravimetric analyses and drop-tube reactor experiments were
performed with primary beech wood char (commercially produced at
800-900K) under inert conditions to derive devolatilisation kinetics
for the design and scale-up of entrained flow gasification processes.
Kinetics based on a single first-order reaction Arrhenius law model,
a modified Yamamoto model and a multi first-order reaction logistic
distribution activation energy model were established and subsequently
compared using single-particle simulations. The results demonstrated
that the predictions based on the drop-tube reactor kinetics are in good
agreement with each other within the validity limits, while deviations
were found outside the limits at short residence times. The results
also showed that predictions based on the thermogravimetric kinetics
underpredict the conversion at high-heating-rate and high-temperature
conditions. However, the thermogravimetric kinetics based on a dis-
tributed activation energy model are able to provide good estimates
in the absence of elaborative drop-tube reactor kinetics. This assumes
that the thermogravimetric analysis data can be reproduced with
good accuracy when facing fluctuating fuel properties and applying
small sample sizes. Furthermore, the dry gas species concentrations
from the drop-tube reactor experiments were used to estimate an
average volatiles composition. The optimisation results indicated that
the average volatiles composition is close to the equilibrium volatiles
composition at high temperature conditions.
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