
Available online at www.sciencedirect.com 

Proceedings of the Combustion Institute 38 (2021) 3899–3907 
www.elsevier.com/locate/proci 

Simultaneous in-situ measurements of gas temperature 

and pyrolysis of biomass smoldering via X-ray 

computed tomography 

Emeric Boigné a , ∗, N. Robert Bennett b , Adam Wang b , Khadijeh Mohri c , 
Matthias Ihme a 

a Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, United States 
b Department of Radiology, Stanford University, Stanford, CA 94305, United States 

c Institute for Combustion and Gas Dynamics, University of Duisburg-Essen, Duisburg 47057, Germany 

Received 7 November 2019; accepted 28 June 2020 
Available online 17 September 2020 

Abstract 

In-situ X-ray computed tomography (XCT) imaging is employed to investigate the smoldering dynamics of 
biomass at the sub-millimeter scale. This technique provides simultaneous and spatially-resolved informa- 
tion about the gas temperature and the biomass density, thereby enabling tracking of the pyrolysis and char 
oxidation fronts. To achieve well-controlled heating and flow conditioning, oak biomass samples are instru- 
mented above a diffusion flame inside a tube, with total oxygen concentrations of 6% and 11% per volume. 
Experiments are performed on a laboratory XCT system. The flow is diluted with Kr to increase X-ray atten- 
uation in the gas phase thus allowing for simultaneous 3D measurements of sample density and surrounding 
temperature. XCT scans are acquired every 90 s at a spatial resolution of 135 μm. The high spatial resolution 
enables the volumetric visualization of the smoldering process that is associated with pyrolysis and char ox- 
idation. These measurements show how the grain structure affects flame stabilization and induces fingering 
of the pyrolysis front, while crack formation accelerates the char oxidation locally. Evaluations of the sam- 
ple mass via XCT are compared with load cell measurements, showing good agreement. A low-order model 
is developed to evaluate the propagation speeds of pyrolysis and oxidation fronts from the X-ray data over 
time, and comparisons are made with the surface recess speed. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Smoldering is estimated to contribute to more 
than 50% of the biomass consumed in wildfires [1] . 
Smoldering plays a key role in peat fires, repre- 
senting an equivalent of about 15% of the total 
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nthropogenic greenhouse-gas emissions [2] . In the
ontext of wood fires, the transport of ember can
ccelerate fire spread, while larger logs can smolder
or many days after flaming, and potentially restart
res [3] . Apart from its direct relevance to fire
afety and wildland fires, combustion of biomass is
lso relevant for energy production, as it represents
 low-carbon feedstock [4] . 
Smoldering depends strongly on the heat

xchange with the surrounding environment,
mbient oxygen concentration, permeability, and
ensity, as well as the content of moisture and
norganic material in the fuel [1,5] . Kinetic models
or biomass smoldering have been developed [6] , in
hich the exothermic smoldering is described by
eaction mechanisms consisting of (I) an endother-
ic pyrolysis step, that is followed by (II) the
eterogeneous and exothermic char oxidation [1] : 

Biomass(s) 
+ Heat −→ Char(s) + Pyrolyzate(g) , (I)

har(s) + O 2 (g) −→ 

−Heat 
Ash(s) + Products(g) . (II)

hile the primary reaction pathways are well
nderstood, establishing reliable data for pyrolysis
nd oxidation rates as well as the description of 
aming and extinction events remain a focus of 
ctive research [1,7,8] . Experiments have been
onducted to obtain global information, typically
y measuring mass loss rates, or using 1D arrays
f thermocouples [7] . The multiphase nature of 
moldering processes introduces limitations on
ptical access, and achieving volumetrically re-
olved measurements remains a challenge. Optical
ameras have been used to monitor exterior surface
ronts and image smoldering instabilities in narrow
hannels [9] . In addition, infrared techniques have
een employed to capture the oxidation front
uring the smoldering of peat [10] . By using 2D
rrays of microphones and speakers, ultrasound
easurements were conducted to examine the
veraged permeability of polyurethane foams dur-
ng smoldering [11,12] . Although this technique
rovides valuable information about the dynamics
f smoldering, it is limited by its spatial resolution
10 mm), low dynamic range, and the restriction to
ighly permeable media. 
One-dimensional simulations have been per-

ormed to model the kinetics of smoldering [6,7] ,
nd 2D simulations of experiments have been per-
ormed. The transition to flaming was success-
ully captured for cellulosic insulation via sim-
lations [13] . By simulating the smoldering of 
olyurethane foams, Scott et al. [14] demonstrated
he importance of accurately representing the
ulti-dimensional heat exchange, mass and mo-
entum transfers, in addition to the chemical ki-
etics. 
X-ray computed tomography (XCT) is a tech-

ique that allows for the penetration of dense ma-
erials in order to image their 3D structures. Com-
mon XCT systems include (i) laboratory systems
with sub-millimeter resolution and fast acquisition
times [15] , (ii) micro-CT systems providing microm-
eter resolution but slow acquisition times (at least
several hours) [16] , and (iii) synchrotron sources al-
lowing for both sub-micrometer resolution and fast
acquisition times, at the expense of a limited field
of view [17] . In the past, the structure of coal has
been examined by XCT [16,18] . Synchrotron XCT
was applied to image biochar after pyrolysis, show-
ing the effect of the pyrolysis temperature on the
char structure [19] . However, these 3D XCT stud-
ies have only focused on characterizing the solid
structures pre- and post-combustion. So far, in-
situ measurements of smoldering via X-ray imag-
ing only considered radiography measurements of 
polyurethane foam [20] . 

Recent advances in X-ray systems offer op-
portunities for probing the dynamics of multi-
phase processes at high spatial and temporal res-
olutions [21] . Combined with recent developments
of quantitative gas phase temperature measure-
ments in the form of X-ray absorption [15,22] ,
and X-ray fluorescence [17] , XCT provides oppor-
tunities for simultaneous and time-resolved in-situ
measurements of biomass smoldering. Therefore,
the objective of the present work is to develop and
employ XCT for in-situ 3D imaging of smoldering.
For this, XCT absorption measurements are ac-
quired using a X-ray laboratory system. The exper-
imental method is presented in Section 2 , and the
setup is described in Section 3 . Quantitative mea-
surements of gas phase temperature and solid den-
sity during the smoldering process are performed
and results are presented in Section 4 . Conclusions
are presented in Section 5 . 

2. Experimental method 

2.1. X-ray computed tomography 

In this work, X-ray absorption tomography is
employed. In this technique, the absorbed beam
intensity is related to the incident intensity via
the Beer–Lambert law [23] . In XCT, measurements
are acquired over numerous angles, enabling a 3D
reconstruction of the linear attenuation field. At
a location x and time t , the linear attenuation
μ is related to the local density ρ via μ( x , t) =
ζ ( x , t) ρ( x , t) , where ζ is the mass attenuation coef-
ficient which depends upon the local atomic com-
position and can be evaluated from tables [23] . 

2.2. Solid density measurements 

Differences in the linear attenuation μ between
oak biomass, char, and gases can be employed
to distinguish between different combustion states,
and separate the reaction fronts associated with py-
rolysis and oxidation. This is illustrated in Fig. 1 ,
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Fig. 1. Histogram of X-ray attenuation μ for 18,000 voxels in gas phase, char and oak biomass regions showing contrast 
for the selective detection of material density. The figure also includes (top) an illustration of a burnt sample highlighting 
the grain direction, and (bottom) a schematic of the propagation of pyrolysis and oxidation within a cross-section of the 
sample, with pyrolysis speed S p , char oxidation speed S o , and speed of surface recess S SR . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

showing a histogram of attenuation μ for three
distinct regions. The X-ray attenuation in the gas
phase can be related to the temperature, while the
reduction in the attenuation from oak biomass to
char is explained by the reduction in density. Oak
biomass has a wider distribution due to density
variations from grain structures. In the present
work, gas and solid phases are segmented using a
global threshold equal to 0.036 cm 

−1 , while local
fluctuations in linear attenuation are tracked over
time to localize the pyrolysis front separating oak
biomass and char. 

Calibration experiments are first performed to
evaluate the mass attenuation coefficients ζ of the
different materials in order to enable measure-
ments of density ρ. For this, XCT measurements of 
known mass of oak biomass and char are acquired.
Their volumes are evaluated using segmentation
from the X-ray reconstructions, yielding mean den-
sities ρb = 617 ± 30 kg/m 

3 for the oak biomass and
ρc = 204 ± 10 kg/m 

3 for the oak char. By deter-
mining the linear attenuation from separate XCT
measurements, the resulting mass attenuation co-
efficients are obtained as ζb = 0 . 242 ± 0 . 015 cm 

2 /g
for the oak biomass and ζc = 0 . 254 ± 0 . 016 cm 

2 /g
for the char. Given the small difference between the
two materials, a mean value is used to infer the den-
sity from linear attenuation. 

2.3. Gas phase temperature measurements 

To obtain quantitative information about the
gas phase temperature, simultaneous Kr-gas XCT
measurements are performed. Because of their low
atomic number, the X-ray absorption by ambient 
gas molecules such as N 2 and O 2 is negligible at 
the energy-levels accessible with the system used. 
In contrast, with a molecular weight of 83.8 g/mol, 
Kr attenuates X-rays approximately 100 times more 
than air at the energy levels considered. This signal 
is sufficient to be captured with the present system. 
The flow is therefore diluted with Kr, allowing the 
local gas phase temperature T g to be determined 
from the linear attenuation as [15,22] : 

T g ( x ) = T g, ref 
X Kr ( x ) 
X Kr , ref 

μref 

μ( x ) 
, (1) 

where X Kr is the mole fraction of Kr, and the sub- 
script ‘ref’ denotes a reference state. Quantitative 
evaluations of temperature require a homogeneous 
Kr mole fraction X Kr ( x ) in the flow. In the present 
work, the reactant streams were diluted with Kr 
at a mole fraction of X Kr = 0 . 50 to obtain suffi- 
cient signal intensity. Even with large concentra- 
tions of Kr, the gas attenuation remains small com- 
pared to attenuation in the solid phase, as seen from 

Fig. 1 . This introduces uncertainties in the temper- 
ature measurements of ± 15% at T = 2000 K and 
± 5% at ambient temperature [15] . Improvement in 
signal-to-noise ratios can be achieved by increas- 
ing exposure time, using lower X-ray energies as 
in mammography or dental XCT systems, or using 
synchrotron sources with higher photon counts. Al- 
ternatively, with X-ray fluorescence similar gas tem- 
perature uncertainties can be achieved at lower Kr 
concentrations [17,24] . 

In addition, Kr dilution introduces further 
errors in the temperature measured locally around 
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Fig. 2. (a) Schematic of the experimental setup with dimensions in centimeters, and (b) XCT cross section showing center- 
plane sample density ρs and gas temperature T g during smoldering at time 6:10 [MM:SS] for 6% O 2 . The pyrolysis front 
is shown by a white contour in (b). 
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he sample. Because of the release of volatile
ases at the sample surface, the Kr mole fraction
s locally reduced by dilution. Specifically, at the
aximum consumption rate of 0.7 g/min observed

n this work, and assuming a molar weight of 
olatile gases equal to that of CO 2 , a relative 10%
ilution can be estimated. This corresponds to a
inimum Kr mole fraction of X Kr = 0 . 45 , and a
emperature overestimation of up to 10% near the
ample. Although compromising high-fidelity gas
emperature measurements, these errors remain of 
econd order, and in the following a constant value
f X Kr = 0 . 50 is used. 

.4. Pyrolysis, oxidation and surface recess speeds 

From the in-situ XCT measurements, propaga-
ion speeds of pyrolysis S p and char oxidation S o
re evaluated. They are defined with respect to the
lobal mass flow rates of pyrolyzate gases ˙ m p and
xidation gases ˙ m o as 

˙  p = (ρb − ρc ) A p S p , (2a)

˙  o = ρc A o S o , (2b)

n which ρb and ρc are the densities of oak biomass
nd char, and A p and A o are the surface areas of 
he pyrolysis and char oxidation fronts. The sur-
ace recess speed S SR of the sample is also deter-
ined from XCT measurements. A 3D image of 
hese quantities is shown in Fig. 1 . The pyrolysis
nd surface recess speeds measure the displacement
f the pyrolysis and oxidation interfaces in the lab-
ratory frame of reference. Surface recess speed is
easured locally by computing the recess between
XCT scans of the sample surface along the local
surface normal direction. Due to shrinkage of the
sample during pyrolysis, the char oxidation speed
S o cannot be directly evaluated from XCT measure-
ments. A volumetric model to evaluate oxidation
and pyrolysis speeds is thus developed. This model
is discussed in Section 4.3 . 

3. Experimental setup 

3.1. Experimental apparatus 

Figure 2 a provides a schematic illustration of 
the experimental apparatus, consisting of a sample
confined in a quartz tube that is placed on a rotating
table in a laboratory X-ray system. Figure 2 b is a
cross-section of XCT measurements and represents
the oak biomass sample placed above the oxygen-
diluted flame. The oak biomass sample is instru-
mented with a K-type thermocouple press-fit into
it. The thermocouple, colored in black in Fig. 2 b,
is embedded 2 mm within the sample and provides
an averaged solid temperature. A beam load cell
is used to measure the mass of the sample dur-
ing the experiment, with an uncertainty of 50 mg.
The experiments are also continuously filmed with
a DSLR camera. The presence of a visible flame in
these images is used to distinguish between flaming
and smoldering regimes. 

To stabilize the smoldering and achieve well
controlled conditions, a diffusion flame is used as
a constant heat source. The sample is placed at a
height h = 7 . 0 cm above the burner. An equimolar
mixture of CH 4 and Kr is supplied through the
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burner orifice of 2 mm diameter, at a mass flow
rate of 0.48 g/min, corresponding to a firing rate
of 71 W. The oxidizer is supplied by a coflow sur-
rounding the burner with a mixture of Kr, O 2 and
N 2 , for a mass flow rate of 6.24 g/min. The area of 
the coflow is 25.4 cm 

2 . The Kr-mole fractions in
both streams are identical at X Kr = 0 . 50 . The pro-
portions of O 2 and N 2 are varied to control the ox-
idation rate while keeping the mass flow constant.
The oxygen mole fraction at the sample height X O 2 
is varied from 6% to 11%. The gases are supplied
from gas cylinders and metered through mass flow
controllers (Alicat Scientific). Uncertainties for all
flow rates are evaluated to be less than 5%. 

3.2. Oak biomass samples 

The biomass samples consist of square cuboids
of dried oak. Oak is a ring-porous hardwood, with
distinct grain structures at the sub-millimeter scale.
The heights of the samples are 19.0 ± 0.1 mm and
the squared horizontal cross sections have a length
of 16.0 ± 0.1 mm. A burnt sample is presented in
Fig. 1 , showing that the grain direction is aligned
along the vertical flow direction. After machining,
all samples are dried for fiv e hours in an oven at
110 ◦C and kept in a desiccator to preserve their
low moisture content. The average mass loss dur-
ing drying is 6.1 ± 0.3%. A proximate analysis was
performed after dying, which provides the follow-
ing sample characterization: 83.4% volatile con-
tent, 11.5% fixed carbon, 4.23% moisture content,
and 0.87% ashes. 

We note that, without prior drying, the varia-
tion in X-ray attenuation is found to be sufficient to
capture the primary propagation of a drying front
before pyrolysis. However, this occurs at a rate of 
about 1 cm/min, which is too fast to be adequately
resolved over time. 

3.3. X-ray system and acquisition procedure 

XCT measurements are performed on a table-
top laboratory X-ray system, consisting of an X-
ray tube, a collimator, a rotating table and a de-
tector [15,22] . The X-ray tube is operated at 57 kV
and 80 mA, chosen to reduce noise. The X-ray cone
beam has a 12 ◦ half angle. The center of rotation
of the object is placed at a distance of 48 cm away
from the source focal spot, having a nominal size
of 300 μm. The detector is placed at a distance of 
69 cm from the source, for a geometric magnifica-
tion of 1.44. The detector pixel size is 194 μm. 

For each experiment, the flame is first stabi-
lized inside the tube. At time 00:00 (MM:SS), the
sample is placed in the tube, above the flame. Suc-
cessive XCT scans are acquired approximately ev-
ery 90 s. Each XCT scan lasts 30 s and consists
of 225 images of 2048 × 1536 pixels acquired at
7.5 Hz, over a 360 ◦ rotation of the sample. The
projection images are then used as input to a XCT
reconstruction algorithm, to reconstruct the 3D 

field of solid density ρs and gas temperature T g 

with an isotropic voxel size of 135 μm. Volume re- 
constructions are performed used the Feldkamp–
Davis–Kress (FDK) algorithm, a standard direct 
method based on Fourier transforms for cone- 
beam XCT [25] . Further details on the XCT re- 
construction procedure can be found in previous 
work [15] . 

A finite focal spot size and X-ray scattering lead 
to blurring by up to 7 voxels. To properly resolve the 
thermal boundary layer around the sample, nor- 
malization is performed by using calibration scans 
acquired without any Kr, reducing the blurring 
to 2–3 voxels. Additional blurring originates from 

the density changes in the sample due to on-going 
smoldering over the 30-s duration of each 360 ◦ ro- 
tation. Ideally, the X-ray acquisition should be per- 
formed simultaneously at all angles, for instance via 
multi-angle XCT systems [26] . However, such sys- 
tems remain limited and only sequential acquisition 
is performed. A rotation rate of 12 ◦/s is chosen to 
diminish the sample changes while providing suffi- 
cient photon counts. The propagation speeds of the 
reaction front measured in this work remains be- 
low 1.2 mm/min, corresponding to a maximum mo- 
tion of 4.5 voxels over one rotation. Consequently 
the rotation speed is fast enough to reduce major 
changes of the sample over the duration of one CT 

acquisition, thereby preventing significantly larger 
artifacts. 

4. Results and discussion 

4.1. Sample mass and temperature 

Sample temperature and mass are measured 
using a thermocouple and a load cell. Results are 
reported in Fig. 3 for 6% and 11% O 2 . For both 
conditions, transition to flaming is observed within 
the first two minutes. For 6% O 2 , the flaming is 
intermittent, and stable for only 3 min and 30 s. 
Stable smoldering is observed afterwards, with a 
monotonic increase in sample temperature. For 
11% O 2 , the flaming is significantly stronger and 
leads to complete pyrolysis within 5 min and 20 s. 
Once outgasing of flammable pyrolysis gases is 
completed, flaming ends and a smoldering regime 
follows, decaying in intensity as the solid temper- 
ature decreases. Both experiments are terminated 
at time 15:15 by manually stopping the fuel supply. 
After the experiments, the burnt sample consists 
of 45% char per volume for the 6% O 2 case, and 
pure char for the 11% O 2 case. The total mass 
of the sample is also evaluated by integrating the 
XCT density field over the sample. Comparisons 
of the mass inferred from the X-ray measurements, 
m XCT , and load-cell measurements, m LC , are also 
presented in Fig. 3 , showing good agreement. 
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Fig. 3. Thermocouple temperature T TC and total sample mass measured via load cell, m LC , and inferred from XCT, m XCT , 
over the duration of two experiments with different O 2 concentrations. Vertical lines delineate the flaming periods high- 
lighted in red. 
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.2. 3D solid density and gas temperature 

The solid density and gas phase temperature of 
he smoldering oak samples are measured simul-
aneously via XCT. A representative cross-section
cquired during smoldering is shown in Fig. 2 b
or 6% O 2 at time 6:10. The characteristic temper-
ture field of a diffusion flame is well retrieved.
he fresh gas region in the first two centimeters
bove the burner is not well captured because of 
CT artifacts from the metallic burner. The sam-
les are slightly offset from the center of the diffu-
ion flame, leading to enhanced flaming on one side
nd a tilting of the propagation front, shown by the
hite contour in Fig. 2 b. Repeatability of position
s achieved to within 300 μm, evaluated from the
CT. The grain structure along the vertical direc-
ion within the sample is visible both upstream and
ownstream of the pyrolysis, with up to 50% den-
ity variations. 
Figure 4 presents the surface recess speed S SR 

f the sample, and zoomed views of cross-sections
t different times for 6% and 11% O 2 . The com-
lex multidimensional surface recession during the
moldering is visible. First, in both cases, the pyrol-
sis begins at the bottom corners of the sample due
o the locally larger surface exposed to the heat and
xygen environment. Second, small-scale structural
ariations within the biomass samples result in fin-
ering of the pyrolysis front, which is clearly seen
or 6% O 2 in Fig. 4 (white contour in the cross sec-
ions). Third, for 11% O 2 , the formation of a crack
ithin the brittle char is visible at 12:00. This crack
nhances the oxidation by increasing the surface
rea and enabling transport of O 2 at 650 ± 50 K
ithin the char. Fourth, transition to flaming oc-
urs in both cases on the side for x < 0. Note that
he temperature corresponds to the mean field over
 30-s acquisition window, averaged over the buoy-
nt instabilities that are characteristic of flaming.
or 6% O 2 , flaming is intermittent between 1:40
nd 5:10 and only a slightly higher gas tempera-
ture is seen in Fig. 4 a (for the side x < 0 at 4:50).
This is sufficient to result in a tilting of the pyrol-
ysis front (7:30–14:30). For 11% O 2 , strong flam-
ing occurs between 2:00 and 7:20, first on the x < 0
side of the sample (4:50), until the flame stabilizes
below the sample (7:30). There, pyrolysis gases are
transported downwards via the open vertical wood
vessels, supplying the second flame with flammable
gas. Experiments performed with horizontal grain
orientations (not reported here) have no such flame
stabilization below the sample. Instead, flames an-
chor around the two vertical faces oriented along
the vessels, confirming the current interpretation. 

4.3. Measurements of pyrolysis and oxidation 

Volume-averaged measurements of pyrolysis
and oxidation speeds are computed from the den-
sity field of the sample at each XCT scan. For this,
the mass of the biomass and that of the char are
evaluated by integrating the density field over the
respective volumes. The corresponding mass rates
of biomass and char, ˙ m b and ˙ m c , are then obtained
by differentiation in time. It is then assumed that
the pyrolysis of 1 kg of biomass results in (1 −
α) kg of char and α kg of gases, where α is the mass
fraction of volatile content in the biomass, assumed
to be homogeneous over the sample. Mass rates of 
the pyrolysis ˙ m p and oxidation ˙ m o are then obtained
as 

˙ m p = −α ˙ m b , (3a)

˙ m o = −(1 − α) ̇  m b − ˙ m c . (3b)

To determine α from Eq. (3b) , ˙ m b and ˙ m c

are measured at pyrolysis conditions, for which
˙ m o = 0 . This is achieved by placing samples fur-
ther downstream of the burner, at a height above
the burner of h = 10 cm, thereby reducing the heat
flux to the samples. For these reduced heating con-
ditions, neither smoldering nor flaming is visually
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Fig. 4. X-ray measurements showing 3D solid contours with color coding of local surface recess speed S SR and vertical 
cross-sections at y = 0 of simultaneous gas temperature and solid density for (a) 6% O 2 and (b) 11% O 2 . The y = 0 plane 
is shown in red in the 3D figures. 

 

 

 

 

 

 

 

 

 

 

 

 

observed, and pure pyrolysis conditions are estab-
lished. The volatile mass fraction is evaluated at
these conditions as α = 0 . 81 ± 0 . 03 , a value which
is used to infer rates of pyrolysis and oxidation over
time. This result is in reasonable agreement with
the volatile content of 83.4 % measured by prox-
imate analysis. Propagation speeds of the pyrol-
ysis and oxidation fronts are then obtained from
Eqs. (2a) and (2b) , by using measurements of py-
rolysis and oxidation areas from XCT surface seg-
mentation. An inorganic content of 0.88% is mea-
sured by proximate analysis, and the contribution
of ash is consequently neglected in this analysis. 
Figure 5 shows the propagation speeds of the 
oxidation S o , pyrolysis S p , and mean surface recess 
S SR as a function of time for 6% and 11% O 2 . The 
mean surface recess speed S SR is obtained as the 
surface average of the local surface recess speed re- 
ported in Fig. 4 . Results show the capabilities of us- 
ing XCT to measure simultaneous pyrolysis and ox- 
idation rates and capture strong variations between 
flaming and smoldering regimes. 

For 6% O 2 , the pyrolysis speeds obtained dur- 
ing flaming are up to 2.5 times larger than those 
obtained during smoldering. The speeds are up to 
3 times higher for 11% O 2 with a maximum of 
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Fig. 5. Propagation speeds for oxidation S o , pyrolysis S p , and surface recess S SR , and thermocouple temperature T TC over 
the duration of two experiments with different O 2 concentrations. Vertical error bars are derived from the sensitivity to 
the segmentation step. 
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.15 mm/min for pyrolysis. In both cases, no signif-
cant char oxidation is observed during flaming, as
he gas phase reaction deprives the sample surface
f O 2 . Pyrolysis speeds are up to three times larger
han surface recess speeds, in agreement with the
rop in density by a factor of three from biomass
o char. For 11% O 2 , a lower speed is seen at 4:50,
hich corresponds to the time at which the flame
oved from the sample side and anchored below
he sample. This is associated with a drop in the
eat flux, confirmed by the thermocouple measure-
ents. For 11% O 2 , the surface recess is only driven
y char oxidation after flaming. This is well cap-
ured by the near equality measured in the two cor-
esponding speed values. For 6% O 2 , the surface re-
ess speed is higher than the char oxidation speed
fter flaming, as the sample is still shrinking from
he on-going pyrolysis. 

. Conclusions 

This work reports in-situ 3D X-ray computed
omography measurements of smoldering. Solid
ensity and gas phase temperature were simulta-
eously measured during the smoldering of oak
iomass samples operated at different oxidation
onditions. Sub-millimeter spatial resolution and
emporal resolution of 90 s were achieved, enabling
o capture the unsteady 3D dynamics of smolder-
ng. These experiments revealed effects of biomass
rain structures on flaming stabilization and py-
olysis fingering, and the role of crack forma-
ion in char oxidation. Mass evaluations via XCT
ere quantitatively compared with load cell mea-
urements, showing good agreement. A volumet-
ic model was developed to determine the propa-
ation speeds of pyrolysis and char oxidation from
CT measurements, and comparisons with surface
ecess speed were performed to further analyze the
oupled kinematics inherent to smoldering. 
Due to the low rates of pyrolysis and oxida-
tion, X-ray diagnostics offer opportunities for in-
vestigating smoldering. The penetrating nature of 
X-rays enables the application to a broad range of 
solid fuels from porous foam to denser materials
such as wood or peat. The reduced photon counts
and the slow acquisition rates remain key limita-
tions towards extending XCT to biomass combus-
tion. However, recent progress on the development
of high intensity synchrotron sources [21] and fast
X-ray acquisition systems [26] offer opportunities
for extending the range of operating conditions. 
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