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ABSTRACT

Detailed measurements are performed to examine the heterogeneous processes that occur within the
solid fuel during the combustion of biomass. Specifically, the pyrolysis, char oxidation, and volume shrink-
age are examined using X-ray computed tomography (XCT). Simultaneous 3D in-situ measurements of
solid density and gas-phase temperature are acquired at a spatial resolution of 300 wm for 1.6-cm size
samples of birch, douglas fir, oak and walnut. To simultaneously measure the heterogeneous combus-
tion processes and the gas-phase temperature, the flow is doped with Kr, a high X-ray contrast agent. By
varying the molar oxygen concentration from 0% to 21%, regimes of pyrolysis, smoldering, and flaming are
identified for different types of biomass and grain orientations. Results from these multidimensional XCT
measurements provide new insights about the fuel volume reduction, from which shrinkage parameters
are experimentally determined. The simultaneous acquisition of gas-phase temperature measurements
also highlights the direct dependence of flame anchoring upon grain orientation. In addition, the char
oxidation is found to be limited to a narrow region with 2 mm thickness at the smoldering surface, while
the propagation of the pyrolysis front is measured up to 1 cm within the sample. For some biomass ma-
terials, significant density fluctuations are measured at the millimeter scale, indicating non-homogeneous

reaction rates.

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Biomass combustion is encountered in applications involving
energy production and wildfires. Biomass remains the largest
renewable energy source, with solid biomass contributing to about
60% of the total energy production from renewable sources [1].
The combustion of biomass is also relevant in the context of wild-
fires, a growing natural activity that threatens to accelerate climate
change. In particular, because of increasing fire activity, climate
conditions are increasingly unsuitable for forest regeneration [2],
and boreal forest soils are expected to transition from being a
historical sink of carbon to becoming a source of carbon [3]. In
addition, biomass pyrolysis and smoldering is relevant in waste
treatment [4,5], soil remediation [6], and traditional fluidized bed
reactors, for which it remains difficult to provide quantitative pre-
dictions of product yields that are required for process design [7].

To address these environmental and industrial challenges,
numerous studies have investigated the fundamental mechanisms
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of biomass combustion. Specifically, standardized testings of
material properties have been established using cone calorime-
ters [8,9], thermogravimetric analyzers (TGA) [10,11], and custom
reactors [12]. State-of-the-art models of biomass combustion
represent the fuel composition as a mixture of water, cellulose,
hemicellulose, and lignin, and account for thermal and oxidative
pyrolyzates [13,14]. Other studies have investigated the role of
unsteady flame dynamics in wildfire spread [15], the influence of
moisture content on gas and particle emissions [16], the influence
of oxygen concentration [17,18], sample size and shape on burning
rates [19,20], as well as reaction quenching and extinction [21,22].

Besides, several studies have focused on the heterogeneous
processes occurring within the solid fuel, revealing the importance
of the internal dynamics. For instance, one internal mechanism
fundamental to the pyrolysis is the volume shrinkage during
char conversion. Neglecting the shrinkage can almost double
predictions of char yield [23] or underpredict the pyrolysis rate
by as much as 40% for samples large enough to exhibit spatial
temperature variations [24]. In addition,studies have indicated
that using realistic microstructure to model the heat and mass
transfer within biomass samples is important to differentiate
the intraparticle transport for different feedstocks [25]. Recent
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multiscale studies of wood smoldering concluded that chemistry
and heat transfer are both important for the accurate prediction of
the reaction fronts and burning rates [26]. These internal processes
were modeled by considering simple configurations [27,28] and
numerical simulations of biomass samples [13,14,19,26,29].

However, only a limited amount of experiments have reported
detailed measurements of these internal dynamics. Several chal-
lenges can explain this lack of measurements, including the lim-
itations in optical access, the requirements for high spatial and
temporal resolution, and the difficulty in acquiring measurements
inside the fuel while characterizing the gas-phase environment.
Without further measurements, it remains difficult to understand
fundamental internal mechanisms and develop accurate models. To
provide such detailed measurements, in-situ ultrasound was em-
ployed to measure the permeability within a burning foam [30,31].
With 2D arrays of microphones a spatial resolution of 10 mm was
achieved, and results highlighted the role of secondary char oxi-
dation during the transition from smoldering to flaming. Alterna-
tively, X-ray Computed Tomography (XCT) was used to image the
gasification and combustion of coal in-situ [32-34] and the drying
of wood [35]. Synchrotron XCT was also employed to characterize
the cavity and ash formation in biomass pellets [36]. These studies
revealed the potential of using XCT to capture internal combustion
dynamics in dense and optically inaccessible samples.

XCT is a well established diagnostic method that has been ex-
tensively used in biological and material sciences to investigate
solid samples and in medical applications. XCT enables 3D den-
sity field measurements at high spatial resolution, without suf-
fering from optical limitations such as beam steering and limited
depth of field. Even though the time resolution of XCT remains
limited by the tomography rotation, advances in imaging hardware
and reconstruction algorithms enable in-situ 3D measurements at
up to 20 Hz [37], thus closing the gap towards enabling real-time
XCT. Recent studies from different groups reported on using XCT to
study biomass combustion, either to image wood pyrolysis [38] or
water migration in wood vessels during imbibition [39]. Recently,
a technique was proposed that combines XCT with Kr flow dilu-
tion to simultaneously measure the 3D fields of gas temperature
and solid density during combustion [40]. This in-situ method was
demonstrated by measuring the propagation speeds of pyrolysis
and oxidation fronts for oak samples heated by a flame. The tech-
nique was later employed to evaluate the efficacy of fire retardants,
highlighting a large suppression in char oxidation, but only a lim-
ited impact on the heat released during flaming [41].

To analyze the internal dynamics of biomass combustion and
provide further detailed experimental measurements, the present
study investigates the structural changes inside biomass samples
using in-situ XCT with Kr flow dilution. Specifically, the first ob-
jective of this work is to provide fundamental insights and refer-
ence data by characterizing the internal combustion processes for
different types of biomass. In particular, using 3D XCT measure-
ments, the volume shrinkage and the reaction fronts of the pyrol-
ysis and oxidation inside the fuel are examined in detail. A second
objective is to investigate which are the dominant factors that af-
fect fuel consumption at the meso-scale. Specifically, by compar-
ing materials with similar micro-scale composition and chemical
kinetics, this work investigates the impact on the combustion of
the millimeter-scale fuel structure. Finally, a third objective is to
further advance the capabilities of XCT as an in-situ method for
providing reference measurements and guiding the development of
heterogeneous combustion models. The accuracy of the XCT mea-
surements is notably improved by considering the previously ne-
glected attenuation of Kr inside the solid. To achieve these goals,
four different biomass samples are characterized, and heated by a
well-controlled radiation source in flows with 50% Kr dilution. The
experimental setup enables the examination of an extended range
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of operating conditions, with oxygen concentrations ranging from
0% to 21% per volume. Using a laboratory system, in-situ XCT mea-
surements are acquired to simultaneously measure the gas-phase
temperature and the solid density during the transient combustion.
The experimental method is presented in Section 2, and the setup
is described in Section 3. Multidimensional results are reported in
Section 4, along with an analysis of the internal pyrolysis and char
oxidation. Section 5 presents the conclusions of this work.

2. Experimental method
2.1. X-ray absorption of biomass

In this work, X-ray absorption measurements were performed.
X-ray photons interact with electrons on their trajectory, because
of their sub-nanometer wavelengths. When encountering an elec-
tron, an X-ray photon can be scattered, or partially, or entirely
absorbed. At the macroscopic scale, the attenuation of a beam of
X-ray photons through matter is described by the Beer-Lambert
law [42]. This law relates the attenuated intensity I to the incident
intensity I and the local linear attenuation value u:

IZmeG/Mmm). (1)

The linear attenuation is a function of material density, atomic
composition, and photon energy. In the following, the depen-
dence on the photon energy is eliminated by considering energy-
integrated attenuation quantities [43]. As a result, the linear atten-
uation u can be expressed as a function of material density p and
atomic composition only

n=pL, (2)

in which ¢ is the energy-integrated mass attenuation coefficient.
For a given energy spectrum, this coefficient is only a function of
the material composition, and can be expressed as

Na
¢=) Yii. 3)
i=1

in which the summation is performed over the N, atomic elements
composing the specimen, where Y; and ¢; are the mass-fraction and
energy-integrated mass attenuation coefficient of atomic element
i, respectively. The mass attenuation coefficients are a function
of atomic cross-sections, and tabulated values are available [44].
For biomass samples, the material consists mostly of H, C, and O
atoms, whose mass fractions can be measured via ultimate analy-
sis [10]. A theoretical mass attenuation coefficient for biomass ;gh
is therefore determined via Eq. (3), and compared to experimental
measurements.

Biomass also contains minor amounts of N, S and ash. Ash con-
sists of mineral oxides such as NaO,, SiO,, K;0, or Ca0. Because
of the larger cross-sections of inorganic atoms, the mass attenua-
tion coefficients of ash compounds can be up to ten times higher
than those of organic matter. However, because the inorganic con-
tent accounts for less than 1% of the initial mass of the materi-
als considered, its contribution to the X-ray attenuation inside the
sample is neglected. Indeed, accounting for the contributions of the
mineral atoms as well as N and S atoms modifies the value of §,§“
by less than 3% compared to what is obtained by considering H,
C, and O atoms only. This error is thus within the uncertainty of
the measurements. Further details on the attenuation of ashes and
biomass are provided as supplementary material.

2.2. Volume shrinkage under pyrolysis

The combustion of biomass is a combination of the endother-
mic pyrolysis into char, and the exothermic oxidation of this char
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to gaseous combustion products and solid ash. The pyrolysis reac-
tion is associated with a volume shrinkage of the solid, and char-
acterizing this effect is fundamental to accurately predict the reac-
tion rates. This shrinkage can be particularly relevant in fluidized
bed reactors with high mass loss levels, in which a large volume
reduction can alter the effective thermal conductivity of particles
and influence the overall yield [45]. Previous studies have high-
lighted that the volume shrinkage is a function of the effective rate
of pyrolysis, and therefore of the heating rate [23,24,46]. Swelling
of biomass was not observed in the present study, even though it
can occur during pyrolysis because of thermal expansion and pres-
sure increase within closed solid pores due to devolatilization [47].
When undergoing pyrolysis, an initial volume V}, of biomass will
shrink into a volume V. of char. From mass conservation, the ratio
of the two volumes y can be expressed as
Ve Pb

y=y =01, @)
in which Y, is the mass fraction of volatile gases released by the
biomass during pyrolysis. Char shrinkage is frequently character-
ized using the fraction x of bulk density difference between char
and biomass that is converted to gases, written as [13,26,29]

1—ypc/Pp
= JF 5
1~ pc/pp )

In 1D numerical models of pyrolysis and smoldering, the
volume shrinkage is either neglected or modeled using a single
constant value for the volumetric shrinkage ratio [13,29,45,48].
For instance, in a study using the Gpyro open-source code [13], a
choice of y = 1.0 was justified by fitting the numerical results to
measurements. However, detailed experimental measurements of
the present study suggest that a value of y = 0.675, or x = 1.28
is more appropriate to represent the materials considered. Be-
cause XCT measurements enable the full 3D reconstruction of the
sample density field, high-order methods, such as motion vector
fields, could be used to further analyze the shrinkage and validate
different models [49].

In the specific context of wood, the shrinkage across the grain
direction can be four times higher than along the grain, thus ex-
plaining the preferential cracking of wood across the grain [50].
Therefore, it can be useful to represent the volumetric shrinkage
ratio y as a function of the linear shrinkage contribution y; along
the grain, and y, perpendicular to the grain as

y=nri. (6)
2.3. Measurements of solid density

The fundamental property that enables the simultaneous imag-
ing of the gas-phase temperature and the biomass pyrolysis via
XCT is the large separation in attenuation values p between
biomass, char, and Kr diluent. This separation allows a direct
segmentation between the three regions [40]. The gas and solid
phases are separated by thresholding. The solid phase is modeled
as a mixture of virgin biomass and pyrolyzed char. Therefore, us-
ing the char volume fraction X., any intensive solid property ¢;s is
locally given by

¢s = (l —Xc)¢b +Xc¢c s (7)

in which ¢, corresponds to the quantity in the virgin biomass and
¢c is that in the region of pure char. ¢s can be the solid density
ps, the solid porosity €, or the solid linear attenuation .
Because biomass materials feature porosities above 50%, both
the solid material and the Kr within the pores attenuate the X-rays.
However, since the X-ray resolution is only 300 pm, the biomass
pores are not individually resolved. Instead, the attenuation signal
for a given pixel corresponds to the volume-average of the two
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phases, such that the linear attenuation measured within the solid
region can be expressed as

M= Us+ GSMKF(TgesX[Z—) , (8)
in which ps represents the solid contribution to the attenuation,
€ is the porosity, and ui. (T, Xg,) is the attenuation of Kr that is
present within the solid internal pore volume at a gaseous tem-
perature T and volume fraction Xg. In the absence of Kr, the
solid contribution us is the only source of X-ray attenuation. Us-
ing Eq. (7) for the linear attenuation us, the char volume fraction
Xc can be determined as

X, = Kb — s . (9)
b — M

In the presence of Kr in the internal pore volume of the solid, it
is not possible to isolate the solid contribution us from the mea-
sured signal u without further information. However, at the mean
X-ray energy of 42 keV used in this work, the Kr attenuation is
significantly smaller than the attenuation by the solid. Therefore, a
first approach consists in neglecting the inner-pore Kr contribution,
as was done in previous work [40].

An alternative approach is proposed here. By assuming a
homogeneous Kr volume fraction, the temperature of the sub-
merged gas-phase is approximated by a thermocouple reading, and
Eq. (8) is used to determine the solid attenuation ws. Combining
Eq. (7) for the porosity with Egs. (8) and (9) thus results in the
following equation used to determine the solid attenuation by the
porous matrix:

_ Gy — 1he) = Pe (Php€c — [Ac€p) (10)
My — M — (€c — €p) s ’

The char volume fraction and solid density are subsequently deter-
mined using Eqs. (9) and (7). A discussion of the uncertainties pro-
vided as supplementary material estimates errors of up to 10% for
the density measurements. The values for linear attenuation and
density for biomass and char were determined from initial scans
of pristine biomass samples, and final scans of char samples with
complete pyrolysis. To evaluate the density, the total solid vol-
ume Vs was measured by counting the volumetric pixels, or vox-
els, within the solid region. To determine the biomass porosity €,
two scans were acquired at the beginning of each experiment. The
first scan was performed without Kr in the flow, such that us was
directly measured, while in the second scan, Kr was added to the
flow at a known volume fraction. By difference, the Kr attenua-
tion term in Eq. (8) was isolated, from which the porosity was de-
termined. To evaluate the char porosity, the same procedure was
repeated at the end of each experiment with complete pyrolysis.
This technique was previously employed to measure the porosity
of shale rocks [51], and further details about the method and Kr
adsorption are provided in a separate study [52].

s

2.4. Gas-phase temperature measurements

Due to the large density differences between solid and gas
phases, values for the linear attenuation p significantly differ
between the two phases [40]. As a result, segmentation of the
two phases using a global threshold is a robust way to sepa-
rate the gas-phase from the solid material. A threshold value of
e =0.025 cm~! was used in this work, which was obtained as
the average of the values obtained using Otsu’s method across the
different materials.

To obtain adequate contrast in the gas-phase, gaseous N is re-
placed with Kr [43]. By assuming an ideal gas and an isobaric sys-
tem, the Kr attenuation at a given gas-phase temperature Tz and
Kr volume fraction Xg, can then be determined as [40,43]

Tg.ref Xl(r ( 1 )

tie (Ty, Xicr) = Pkl = et
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(a) Schematic of the experimental setup placed inside the X-ray (b) Schematic of the physical processes occurring within and

system. Dimensions are given in millimeters.

around the biomass samples during combustion.

Fig. 1. Schematics of the experimental configuration showing (a) the table-top instrument, and (b) the physical processes.

in which the subscript ‘ref refers to a known reference state. For
a constant Kr volume fraction, T; can thus be inferred from the
measured p-values. Because of the inverse dependence between
ukr and Tg, uncertainties in temperature scale quadratically with
respect to temperature. Therefore, up to 15% uncertainties are es-
timated at 2000 K, even though these uncertainties remain below
2% at 300 K. Besides, the release of volatile gases near the sample
surface reduces Xy, locally. This effect is quantified in the supple-
mentary material, showing that a maximum overall reduction of
3% can be expected.

3. Experimental setup
3.1. Experimental configuration and flow conditions

Multiple cubic wood samples were instrumented inside of a
quartz tube that was ventilated with a mixture of Kr, N, and O,, as
schematically represented in Fig. 1a. Heating was provided to the
flow and the sample using a flat coil heater. The coil heater was
placed 34 mm below the bottom of the unburned sample, had an
outer diameter of 50 mm, and consisted of a flat spiral of nichrome
wire of 0.51 mm diameter (AWG gauge 24). The wire was submit-
ted to a voltage of 26.4 V, for a total dissipated heat of 158 W.
The incident flow was heated by convection to a temperature Ty
of 950 + 100 K right above the heater, as measured by XCT. At this
temperature, a convective heat transfer coefficient of 9.0 W/m2K
was computed from empirical Nusselt correlations for a sphere
of equivalent volume heated in a laminar buoyant flow [52]. This
value increased to 15 W/m2K for a flow temperature of 2000 K,
representative of the flaming conditions.

Figure 1b is a schematic of the physical processes occurring
during combustion. The sample is heated by radiation Q, and con-
vection Q. from the coil heater, and the pyrolysis is sustained by
the additional heat released by char oxidation Q, and flaming Qf.
The convective heating Q. corresponds to 24% of the 158 W power
provided to the heater. This contribution was computed from the
amount of heat required to bring the mixture from 300 K to 950 K.
To compute the radiative heating O, on the sample, a view factor of
1.11% was determined by using the analytic formula for two coaxial
disks of unequal diameter [53]. Assuming no heat loss, the incident
radiation provided to the lower surface of the sample was evalu-
ated as 5.23 kW/m?2. This upper bound corresponds to the value of

the radiation at the initial distance of 34 mm from the disc heater.
Given the 650 K temperature difference measured between the av-
eraged sample thermocouple reading of 550 K and the measured
coil heater temperature of 1200 K, the effective heat transfer coef-
ficient for radiation was evaluated to 8.0 W/m?2K.

The quartz tube in which the sample was placed had an inner
D diameter of 57 mm, an outer diameter of 61 mm, and a height of
300 mm. The gas mixture was supplied 200 mm below the sample
from the bottom of the quartz tube. The mixture of Kr, N, and O,
was supplied from four gas cylinders containing air, pure N,, pure
Kr and a mixture of 21% O, per volume balanced with Kr. Mass
flow controllers from Alicat Scientific were used to provide a con-
stant flow rate of 2.89 & 0.12 liter per minute. The O, mole fraction
Xo, was varied from 0 to 0.21, while keeping a constant Kr mole
fraction of 0.50. The vertical bulk velocity U of the flow within the
quartz tube was kept constant at a value of 1.89 £+ 0.08 cm/s. Over
the range of different O, concentrations, the density was evaluated
as 2.29 + 0.02 kg/m3. The Froude number, Fr = U/@, was equal
to 0.027, indicating an unsteady flow dominated by buoyancy. The
gas-phase temperature measurements reported in this work should
thus be interpreted as time-averaged values. It was verified experi-
mentally via XCT that the surrounding air did not penetrate within
the tube from the top, thus preserving the uniform Kr environ-
ment.

3.2. Biomass samples

The biomass samples investigated were cubes of L=16.0+
0.1 mm side made out of four different wood types. These types
consisted of one softwood, douglas fir, and three hardwoods,
namely birch, walnut, and oak. Pictures of several samples of
birch and douglas fir before and after combustion are presented
in Fig. 2a. Figure 2b presents microscopic images of the different
materials, highlighting the variety in grain structure, pore size, and
regularity. The samples were machined into cubes from commer-
cial lumber, while keeping the wood grain direction parallel to one
of the cube edges. The samples were centered within the quartz
tube and held vertically via a K-type thermocouple. The thermo-
couple was press-fit 2-4 mm deep into a hole of 3 mm diame-
ter drilled in the center of the top surface of the sample. A load
cell held the thermocouple in place, providing instantaneous mass
measurements of the sample with about 50 mg accuracy. The grain
direction was kept parallel to the flow, except for birch, for which



Douglas fir

E. Boigné, N.R. Bennett, A. Wang et al.

7.87% Oz

7.87% O,

15.75% O,

15.75% O,

[m5G;September 18, 2021;19:6]

Combustion and Flame xxx (XxXx) XXX

10 s

h Dbugla ‘ﬁr

(a) Sample pictures: (left) unburned materials, and burned ma- (b) Material surfaces with optical microscopy inset images

terials operated at (center) 7.87% Oz, and (right) 15.75% O2. (10x). Wood grain is perpendicular to the plane of the page.

Fig. 2. Samples: (a) pictures for birch and douglas fir, and (b) close-up images of the material surfaces.

Table 1

Characterization of the different wood samples studied, reporting mass-loss and sample mass after 3-
hour drying at 110°C, Lower Heating Value (LHV), Higher Heating Value (HHV), proximate analysis, and
ultimate analysis after drying. Mean values are reported with inter-sample standard deviation.

Biomass type Birch Walnut Oak Douglas Fir
Softwood | Hardwood Hardwood Hardwood Hardwood Softwood
Mass loss after 110°C drying [wt %]  6.86+0.63 6.04 +£0.90 6.64 +0.64 8.84 +0.95
Sample mass after 110°C drying [g]  2.324+0.23 1.82 £0.07 2.46 £ 0.09 2.24+0.10
Biomass LHV [M]/kg] 16.4 16.9 16.6 16.1
Biomass HHV [M]/kg] 17.8 18.2 17.9 17.5
Biomass proximate analysis [wt %]

Moisture content 3.54+0.01 3.47+0.01 3.31+£0.04 3.214+0.01
Volatile matter 8245+004 78.73+0.16 79.54+0.11 80.89+0.16
Fixed carbon 13.81+£0.03 17.17+0.16 16.87+0.13  15.83+0.20
Ash 0.20+0.02 0.63 £ 0.01 0.28 +0.03 0.08 & 0.050
Biomass ultimate analysis [wt %]

Carbon 47.6 47.8 46.3 48.8
Oxygen 45.6 45.2 471 44.7
Hydrogen 6.34 6.14 6.10 6.35
Nitrogen <0.20 <0.20 <0.20 <0.20
Sulfur 0.10 0.10 0.14 0.09
Theoretical attenuation ¢" [cm?/g] ~ 0.246 0.245 0.247 0.245

both perpendicular (L) and parallel (||) grain orientations were
studied. After machining, the samples were dried for three hours
at 110°C and stored in a desiccator. Table 1 provides results from
different material tests performed after drying. The heating values
and the results of the proximate and ultimate analyses are similar
for the materials considered. The supplementary material reports
the detailed TGA measurements, and histograms of material den-
sity measured via XCT.

3.3. X-ray system and acquisition procedure

The X-ray absorption measurements were performed using a
tabletop laboratory scanner. The cone-beam setup is shown in
Fig. 1a and consists of a X-ray tube, a rotating table on which
the sample instrument is placed, and a flat X-ray detector. Further
details on this setup can be found in previous studies [40,43,54].
The focal spot had a nominal size of 0.3 mm and the detector
had a uniform pixel size of 194 pwm. The distance between the fo-
cal spot and the detector was of 64.2 + 0.3 cm. The rotating table
was placed at a distance of 45.1 +0.2 cm from the source, for a
geometric magnification of 1.42. These distances were measured
via a standardized calibration procedure used for alignment [55].
The tube was operated at 60 kV and 23 mA, chosen as a trade-off

between maximizing signal-to-noise ratio and minimizing thermal
load on the filament. X-ray photons were generated by pulses at
a frequency of 7.5 Hz. Each fluoroscopy pulse lasted 40 ms, which
was synchronized with the detector exposure time.

For each sample, the experiment consisted in the successive
acquisitions of 19-21 XCT scans taken in-situ, while the sample
was burning. One scan corresponded to 225 projection images ac-
quired over a 30-second period, during which the sample was ro-
tated by 360°. The experiments started at time t = 00:00 at which
the sample was placed within the tube, after the flow and heater
had reached steady state. The first in-situ scan was started 15-35 s
later, after which successive scans were acquired every 70-90 s. At
time t = 16:00 + 00:30, after 13-15 scans, the heater was turned
off and successive scans were acquired to image the cooling phase
of the burned sample. Before and after each experiment, the quartz
tube without sample and any flow was imaged, and these calibra-
tion scans were subtracted from each scan to remove the attenu-
ation from the quartz tube and thermocouple. Dark field calibra-
tions were acquired between each scan to reduce after-glow ar-
tifacts, whereas flat field calibrations were performed before and
after each experiment [43].

Each image represents a 2D array of line-integrals [ p(I)dl as
defined in Eq. (1). By collecting the images acquired during one
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Operating conditions reported in this work, indicating for each biomass and oxygen mole
fraction Xo, the nomenclature used and the regime observed corresponding to pure py-
rolysis (P), smoldering without flaming (S), and flaming followed by smoldering (F). The
grain orientation was either parallel (]|) or perpendicular to the vertical flow direction (.L).

erO; [%]

Biomass 0.00 5.25 7.87 10.50 15.75 21.00

Birch || BO (P) B5 (S) B8 (F) B10 (F) B16 (F) B21 (F)

Birch L BOL (P) B5L(S) B8L(S) B10L (F) B16L (F) -

Walnut || WO (P) W5 (P) W8 (S) W10 (F) W16 (F) -

Oak || 00 (P) 05 (P) 08 (P) 010 (F) 016 (F) -

Douglas Fir || DO (P) D5 (P) D8 (F) D10 (F) D16 (F) -

Table 3
Material properties calculated from XCT-data. Mean values are reported with inter-sample standard deviation.
Biomass type Birch Walnut Oak Douglas Fir
Material density p; [kg/m3] 566 + 55 444 4+ 18 601 + 22 546 + 24
Material porosity €, [%] 56.0+0.4 63.4+0.2 46.6 +0.8 51.8+0.8
Material attenuation ¢, [cm?/g] 0.2124+£0.006 0.213+£0.002 0.205+0.003  0.208 + 0.003
Char density p. [kg/m?] 267 +£24 222420 263+ 6 247 +£18
Char porosity €. [%] 788+14 809+2.6 76.6 +£1.1 782+1.6
Char attenuation ¢, [cm?/g] 0.135+0.006 0.131+£0.010 0.163+£0.004  0.153 +0.011
Effective volatile matter Y, [wt %] 67.5 68.1 69.2+3.6 69.7
Volume shrinkage ratio y [%] 689426 63.8+3.0 704 +£1.2 67.0+3.7
Volume shrinkage parameter x 1.28 +£0.13 1.36+£0.13 1.23+£0.04 1.27 £0.09
scan at different angles, the 3D field of linear attenuation u(X) 2.5

was reconstructed for each scan. Tomographic reconstruction was
performed with an isotropic voxel size of 136 um using the Astra
toolbox implementation of the Feldkamp-Davis-Kress (FDK) algo-
rithm [56,57]. Because each acquisition lasted 30 s, the attenua-
tion field corresponds to the average over that 30-second period.
At the maximum burning rate measured of about 0.9 g/min, the
front propagation speed is approximately 7.0 mm/min. Therefore,
material changes occurred over up to 25 voxels within the solid
during the 30-second acquisition, resulting in blurring of the re-
sults for scans with high burning rates.

3.4. Operating conditions

Four different types of biomass samples were examined and
two grain orientations were investigated for the birch. While keep-
ing the flow velocity and Kr concentration constant, the flow oxy-
gen concentration was also varied. The different operating condi-
tions investigated experimentally are summarized in Table 2, de-
tailing the nomenclature and the combustion regimes observed. At
low oxygen content, pure pyrolysis (P) was observed. This regime
corresponds to experiments in which the rate of oxidation mea-
sured with XCT remained lower than 0.01 g/min [40]. At slightly
higher oxygen concentrations, sustained smoldering regimes (S)
were identified from the larger rates of oxidation measured. In
these regimes, gas-phase ignition was not observed. At the high-
est oxygen concentrations, the gas-phase ignited within the first
few minutes of the experiment, resulting in a flaming regime (F).
The flaming lasted for 4 to 6 minutes, and was followed by sus-
tained smoldering. The gas-phase ignition and extinction times
were identified by visually monitoring the presence of a flame
through the transparent quartz tube.

4. Results

Experimental results are presented in this section for selected
operating conditions from Table 2. Values of density, porosity, and
attenuation are reported in Table 3 for each material. Fuel con-
sumption measurements and cross-sections of solid density and

1.5

-« Birch B8 (F)

XCT sample mass [g]

1+ ]
Birch B8.L (S) . - 4
4 Walnut W8 (S) - S
05F & Oak 08 (P) ]
-5 Douglas Fir D8 (F)
0 1 1 1
0 5 10 15 20

Time [min]

Fig. 3. Sample mass inferred from XCT over the duration of the experiment for
different materials at 7.87% O,. Each marker corresponds to one XCT acquisition.

gas temperature are then compared for different materials and
grain orientations. The internal pyrolysis and oxidation reactions
are later analyzed by investigating 1D spatial profiles of solid den-
sity. Finally, measurements of the volume shrinkage are discussed.

4.1. Fuel consumption measurements

The fuel consumption measured by XCT is presented in
Fig. 3 for different materials at an oxygen concentration of 7.87%.
The sample mass was obtained by integrating the solid density
over the sample volume at each timestep. At these conditions,
regimes of flaming were observed for birch and douglas fir, smol-
dering without flaming for walnut, and pure pyrolysis for oak.
These measurements show that materials with similar composi-
tion, as determined by proximate and ultimate analysis, can fea-
ture large variations in their reaction rate. These results thus sug-
gest that models of biomass combustion should account for the
millimeter-scale fuel structure.

Depending on the characteristic times of heat transfer and
reactions, different asymptotic pyrolysis regimes can be identi-
fied [45,58]. In the present configuration, the total external heat
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Fig. 4. XCT measurements showing vertical cross-sections at y = 0 of simultaneous gas temperature and solid density for conditions B8 (F), W8 (

contours indicate the pyrolysis and oxidation fronts.

transfer coefficient ranged from h = 17 W/m2K without flaming, to
h =23 W/m2K during flaming. The Biot number Bi= hL/A is there-
fore evaluated to 1.6 for a mean h-value of 20 W/m2K, and a ther-
mal conductivity A = 0.2 W/mK, typical of birch biomass [59]. This
value for Bi indicates that temperature gradients within the sam-
ple cannot be neglected and that the thermocouple reading at the
top of the sample differs from the temperature at the oxidation
surface.

To discuss the combustion regime, a characteristic pyrolysis
time 7, can be evaluated from the experimental measurement of
the pyrolyzate mass my as t, = mp/mp. For the conditions shown
on Fig. 3, measured 7, values range from 4 min for douglas fir to
15 min for oak [52]. This time can be compared to characteristic
heat transfer times by conduction 7. and external heating 7, de-
fined as
2
= PbC;bL T = pr’f,bL ’ (12)

in which ¢, is the heat capacity of the biomass. With a value
Cpp = 142 ]/gK taken from the literature for birch [59], the char-
acteristic conduction and external heating times are evaluated to
17 and 11 min, respectively. At the fastest conditions investigated
in this work, the pyrolysis therefore tends towards having a nar-
row reaction front whose propagation is governed by the internal
heat transfer [58]. In contrast, at the slowest pyrolysis conditions
observed, the progress of the process tends to be more controlled
by the kinetics, and occur over a broader reaction front.

08:13-08:43

Birch B8 (F)
08:11-08:41

Walnut W8 (S)
07: 10 07:40

Oak 08 (
07:51— 08 21

L e

Douglas Fir D8 (F)

mbG;September 18, 2021;19:6

Combustion and Flame xxx (XxXx) XXX

10:49-11:19 15:42-16:12

x [mm]

S), 08 (P), and D8 (). White

Similar calculations can be performed for the char oxidation re-
action within the sample after pyrolysis. Because of the decrease
in material density, heat conductivity, and heat capacity [59], the
heating times are reduced by factors of 2-4. For this case, the ox-
idation reaction times measured experimentally range between 10
and 60 min, thus indicating regimes more controlled by the ki-
netics. Although these calculations provide insights on the range
of regimes investigated, it is noted that because of the high Biot
number, none of the conditions observed fall within the reported
ranges of asymptotic models [58]. The conditions investigated are
instead more representative of general distributed processes in
which coupled heat transfer and kinetics control the progress of
the reaction.

4.2. 3D measurements of temperature and density

From the XCT measurements, the gas-phase temperature and
solid-phase density are simultaneously retrieved over time. Cross-
sections for center-slices at x = 0 and y = 0 of the sample are pre-
sented in Fig. 4 for different materials, and in Fig. 5 for different
grain orientations. In these figures, the pyrolysis front, shown in
white, is defined using the convex hull of the isocontour of solid
attenuation g5 at values ranging from 0.045 to 0.085 cm™!, de-
pending on the material. Note that the actual pyrolysis front is
thicker than the white curve, and a different choice of the thresh-
old can highlight a fingering of the pyrolysis front [40].
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Fig. 5. XCT measurements showing vertical cross-sections at y = 0 and x = 0 of gas temperature and solid density for (a) parallel grain orientation with porous micro-vessels
aligned along the z-direction, and (b) perpendicular grain orientation with porous micro-vessels aligned along the y-direction. Flaming was observed in both cases: from
03:35 to 06:15 for the parallel grain, and from 04:15 to 09:20 for the perpendicular grain. Ash is delineated with a white line and is visible around the char in the last

column for all cases.

As discussed in Section 2.1, the attenuation of ash is signifi-
cantly higher than that of the organic content. When biomass com-
bustion is completed, the only solid product left is ash. Therefore,
the inorganic content initially distributed across the entire sample
is concentrated in a thin layer at the solid surface as a result of
the heterogeneous combustion. Because of the larger attenuation
of minerals, these thin layers of ash are visible in the XCT mea-
surements for experiments with high rates of char oxidation. This
effect is particularly visible in the last column of Fig. 5, in which
the ash regions are delineated by a white contour.

4.2.1. Influence of material type

The influence of the material type on the combustion behavior
is presented in Fig. 4 for an oxygen concentration of 7.87%. Birch
and walnut both have rather homogeneous density fields at the
millimeter scale which is resolved with the X-ray measurements.
Therefore, the pyrolysis is similar for both materials, despite birch
being denser than walnut. With walnut, a lower pyrolysis rate and
a lower gas-phase temperature are observed, which is explained by
the absence of flaming. In contrast, oak and douglas fir are charac-
terized by large density variations at the millimeter scale across
the wood grain. This grain structure is irregular for oak and reg-

ular for douglas fir, which is characteristic of softwood materials.
For both materials, although the density variations locally affect
the burning rates, the propagation of the pyrolysis front remains
similar to what is observed with birch and walnut.

4.2.2. Influence of grain orientation

For birch, two series of experiments were performed with the
grain direction either vertical or horizontal. Figure 5 presents re-
sults comparing birch samples with vertical grain (B16) and hori-
zontal grain (B16.1) orientations, operated at 15.75% oxygen. Gas-
phase ignition was observed in both cases. Even though the over-
all pyrolysis and oxidation rates remained comparable, flaming oc-
curred earlier at a faster and more intense rate when the grain was
aligned with the flow direction. However, the locations at which
the flame anchored was clearly related to the grain orientation. For
the case with parallel grain orientation, the porous microvessels
of the wood are aligned vertically. When pyrolyzate gases are re-
leased under heat exposure, they are transported along these chan-
nels and thus ejected downward at the sample bottom. This mech-
anism results in the stabilization of the flame at the bottom of the
sample, as is clearly visible on the y =0 slices in Fig. 5. In con-
trast, for conditions in which the grain direction was horizontal,
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Fig. 6. Solid density profiles taken at z= 12.4 mm and y = 0 for different biomass
samples at conditions W8, 08, and D8, from top to bottom. For douglas fir, the pro-
file at time 00:00 is reasonably well represented by a sinusoidal function (dashed
blue lines).

the flammable gas were released on the lateral sides of the sample
at y-values of about 48 mm. The early flaming regime for the per-
pendicular grain orientation consisted of intermittent flames local-
ized on these surfaces. This regime can be seen at x =0 in Fig. 5.
Besides, results from Fig. 3 show that the consumption rates may
increase by a factor of three depending on the grain orientation.
Therefore, the grain orientation is a fundamental property to accu-
rately model biomass combustion and quantitatively predict heat
release rates. In the context of wildfires, these results suggest that
detailed biomass models require the consideration of the porous
micro-structure within the fuel, as done in recent non-reactive
simulations [25].

4.3. Reaction propagation for different materials

To compare the pyrolysis propagation for different materials,
Figure 6 reports line profiles of solid density along the x-direction
taken at z=12.4 mm and y =0 for conditions W8, 08, and D8
with 7.87% 0. In Fig. 6, each line profile corresponds to a different
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Fig. 7. Normalized solid density profiles along the z-direction at centerline x =
0, y =0, for parallel-grain birch with varied oxygen content (BO-B21) at time
08:30+00:30. p? is the initial sample-averaged density for each case, equal to
571 + 53 kg/m3.

XCT scan. After the last scan presented for each case, changes re-
main below 2%, and the subsequent scans are not shown. The vari-
ations in material density is clear when considering unburned pro-
files. Walnut and birch have homogeneous density fields, whereas
oak is characterized by an irregular density field, and results for
douglas fir show regular variations across the grain, that are almost
sinusoidal. For douglas fir, a dashed line indicates the density pro-
file obtained with a sinusoidal function of mean 594 kg/m3, ampli-
tude 258 kg/m?3, and period 2.23 mm.

At this oxygen concentration, flaming was observed with dou-
glas fir, but not with walnut and oak. As shown in the tempera-
ture cross-sections of Fig. 4, the presence of a flame increased the
gas-phase temperature on the lateral sides of the sample, thereby
resulting in further local heating. This added heating enhances the
pyrolysis on the sides of the sample, as measured in the density
profiles for douglas fir reported in Fig. 6. In contrast, for flameless
conditions W8 and 08, the pyrolysis front remained mostly hori-
zontal.

Whereas the pyrolysis occurs within the sample, the char oxi-
dation is limited to a thin region near the surface of the sample.
Figure 7 presents the normalized density along the z-direction ex-
tracted at time 08:30 + 00:30 on the centerline x=0 and y =0
for conditions BO-B21. The density ps is normalized by the initial
sample-averaged density of each individual sample pQ. These re-
sults highlight the variations in thickness values of the pyrolysis
front. Even though conditions BO, B5, and B8 cover three different
combustion modes, similar density profiles are observed at time
08:30. At these conditions, a 10-20% density loss is observed at
z=4 mm, indicating that significant pyrolysis occurs even 1 cm
deep within the sample. The shape of the pyrolysis front, and its
larger spread with increasing O, concentration, are a consequence
of heat conduction and the enhanced heat release at higher oxygen
contents.

The pyrolysis was almost complete at 08:30 for the condition
B10, while it had already completed for conditions B16 and B21. In
the resulting pure char regions of the sample, the density reached
a constant value for each case, except for a peak close to the lower
surface. The formation of these peaks is attributed to the accumu-
lation of more attenuating ash minerals at this location, and their
width of 1-2 mm thus indicate the width of the char oxidation
region.

4.4. Characterization of the volume shrinkage

In Table 3, mean values of the volume shrinkage parameters y
and x are reported for different materials. These values were de-
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Fig. 8. Solid density profiles taken at z= 12.4 mm and y = 0 for birch with parallel
(B8) and perpendicular grain (B8.L). For each case, the density profiles after the
latest CT scan provided did not fluctuate any more than 2%.

termined using Eq. (4), in which the volatile content Y, was mea-
sured from pyrolysis experiments for flow conditions with 0% oxy-
gen. Despite the large structural discrepancies between the mate-
rials, values of 0.675 4 0.04 are measured for all materials consid-
ered.

However, large variations are observed when comparing the
volume reduction occurring along or across the grain. Figure 8
shows horizontal density profiles for birch at 7.87% oxygen, com-
paring the parallel and perpendicular grain orientations. The sam-
ple size reduction along the x-axis may be used to approximate the
linear shrinkage ratio y, for cases with vertical grain, and y; along
the grain for case B8.L. For instance, the width reduction from 16
to 12 mm (B8), and from 16 to 14 mm (B8.L), represents shrink-
age ratios y, of 0.750, and y; of 0.875 for birch. A similar linear
shrinkage along the grain y; of 0.86 can be measured along the
z-axis profiles reported in Fig. 7 for condition B8. However, these
linear shrinkage measurements over-estimate the volume reduc-
tion due to pyrolysis only, as the surface recess was augmented
by the char oxidation at these conditions. Indeed, using the above
values for ¥, and y; would result in a volumetric shrinkage ra-
tio of ¥ =0.492 according to Eq. (6), a value significantly smaller
than the 0.689 measured in pure pyrolysis (Table 3). Nonetheless,
these results highlight that the shrinkage is more important across
than along the grain. This trend is also apparent from Fig. 5, which
presents thin and tall char pieces for parallel grain conditions, and
wider and shorter ones for perpendicular grain orientations.

5. Conclusions

The dynamics of heterogeneous combustion were investigated
for different solid biomass materials using in-situ X-ray Computed
Tomography (XCT). The 3D fields of gas temperature and solid den-
sity were simultaneously measured during combustion for differ-
ent oxygen concentrations. The grain orientation had a primary in-
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fluence on the onset and stabilization of flaming, which increased
the fuel consumption rate by up to a factor of three. Major varia-
tions in burning rates were also observed by varying the material
type, even though thermogravimetric analysis showed that the ma-
terials considered had similar composition and chemical kinetics at
the micro-scale. In contrast, the material physical properties and
density distributions differed widely at the millimeter meso-scale.
This work thus show that the material structure at the meso-scale
is a fundamental factor to predict rates of fuel consumption and
heat release in biomass combustion.

In addition, it was shown that XCT enables the detailed char-
acterization of the volume shrinkage and the propagation of the
pyrolysis and oxidation within the solid fuel. Specifically, the char
oxidation was localized to a region of only 2 mm thickness near
the surface, unlike the pyrolysis which was observed 1.5 cm within
the sample. In the context of modeling and numerical simulations,
these results demonstrate that XCT can thus provide quantitative
information for material properties and detailed data that are re-
solved in space and time. These capabilities make XCT a promis-
ing measurement technique for in-situ characterization of material
properties and combustion process in solid biomass.

For wildfire applications, it is relevant to understand meso-scale
processes in order to better predict macro-scale dynamics. For in-
stance, large-scale phenomena such as fire spotting and rekindle
are governed by millimeter-scale ignitions from wind-borne ember
or residual smoldering fuel [60]. Bench-scale experiments with de-
tailed XCT measurements offer the ability to improve models of
these local dynamics, thereby benefiting the predictive capabili-
ties of overall wildfire spreads. In particular, measurements of the
fuel shrinkage provides fundamental data for modeling, thereby
complementing kinetic parametrisation obtained from TGA. The
millimeter-scale material variations reported in this work also sug-
gest that statistical models could better represent biofuel distribu-
tion in large-scale simulations. Finally, the simultaneous gas and
density measurements highlighted the variability in combustion
dynamics due to grain alignment, thus indicating that different
models should be used to evaluate heat release rates of vertical
tree trunks and leftover smoldering logs.
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