Fire Safety Journal 126 (2021) 103476

Contents lists available at ScienceDirect FIRE

SAFETY
JOURNAL

Fire Safety Journal

journal homepage: www.elsevier.com/locate/firesaf

ELSEVIER

Check for

Quantitative X-ray computed tomography: Prospects for detailed in-situ e
imaging in bench-scale fire measurements

Emeric Boigné® ", N. Robert Bennett ", Adam Wang ", Matthias Thme *

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

ARTICLE INFO ABSTRACT

Keywords: This paper examines how X-ray Computed Tomography (XCT) can provide detailed and quantitative in-situ

PY"OIYSi? measurements in bench-scale fire experiments. The method is illustrated by employing a tabletop X-ray system to

‘S/\‘,‘_’l‘:ilgermg image the combustion of different biomass samples heated by convection and radiation. The XCT measurements
1 res

are utilized to evaluate the gas temperature and quantify the burning rates. In particular, quantitative mea-
surements of the pyrolysis and char oxidation rates are obtained for different types of biomass. Simultaneous 3D
gas temperature measurements are enabled by doping the flow with Kr, an inert X-ray contrast gas. To assess the
capabilities of XCT as a quantitative and non-intrusive measurement technique, the accuracy of the method is
evaluated through repeatability studies, whereas the invasive impact of the XCT method on the combustion is
characterized experimentally and theoretically. Finally, the adsorption of Kr on the char during cooling is evi-
denced, and its impact on the measurements is discussed. This analysis highlights that the XCT solid measure-
ments are entirely non-intrusive and are repeatable within 5% uncertainties, while using Kr for gas temperature
measurements results in only a 15% lower heat transfer by natural convection.

X-ray computed tomography
Bench-scale experiments
Quantitative measurements

1. Introduction

Laboratory fire experiments are widely used to certify flammability
requirements, examine fire dynamics, and create reference test data
[1-6]. Such measurements provide a characterization of the composi-
tion, thermochemical properties, and reaction rates of solid fuels [7,8].
Several commercially available instruments are commonly employed to
acquire reference data [9,10], including thermo-gravimetry analyzers
(TGA), differential thermal analyzers (DTA), and differential scanning
calorimeters (DSC). Radiative heaters such as cone calorimeters are also
used in bench-scale experiments, notably to evaluate heat release rates
[11-13]. Several research apparatuses have been developed to examine
material pyrolysis and fire dynamics under well-controlled conditions.
For instance, the Controlled Atmosphere Pyrolysis Apparatus (CAPA)
has been employed to acquire pyrolysis data [14,15]. To validate
detailed combustion models, burning rates were measured for different
materials using the FM Global Fire Propagation Apparatus [13,16,17].
At NIST, the ignition from firebrand showers was investigated with
bench-scale tests on the Lofting and Ignition Research (LAIR) facility
[18], and at larger scale in the NIST dragon facility [19]. Bench-scale
tests have also been performed to investigate novel flame-retardant
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materials [20] and fire extinguishing solutions [21].

In bench-scale experiments, thermocouples, scales, and gas analyzers
are commonly employed to provide measurements of pointwise tem-
perature, overall mass loss, emissions, and heat release rate. Heat release
rate is arguably the most important variable in fire hazards [11], and the
oxygen consumption method is frequently used to determine it from the
smoke composition, as specified in standard procedures such as ISO
5660-1 or ASTM E1354 [5,11-13]. Although these rather non-intrusive
techniques are affordable, they are limited to probe or global mea-
surements. To obtain more detailed measurements, several imaging
techniques have been employed to investigate fire dynamics in multi-
dimensional configurations. For instance, cameras can provide mea-
surements of pyrolysis propagation rate, flame heights, and fire spread
[3,22]. High-speed cameras have been used to study the impact of water
droplets on burning wood surfaces [23], showing that water acts not
only as a heat sink, but also prevents the transport of volatile flammable
gases to the reaction zone. In addition, laser imaging techniques have
been employed to characterize the release of gaseous alkali during py-
rolysis via induced fragmentation fluorescence [24], and to measure the
effect of fuel type on particle generation via absorption [25]. Infrared
imaging has been used to measure the reacting surface temperature and
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image smoldering spread [26,27] and wood ignition [28]. Surface
temperature measurements of burning biomass have also been acquired
using phosphor thermometry [29].

However, resolving the multiphase dynamics of fire remains chal-
lenging, in part because of the formation of smoke and tar and the dif-
ficulty in probing the heterogeneous combustion processes within the
solid matrix. X-ray Computed Tomography (XCT) was recently demon-
strated as in-situ diagnostic technique for enabling simultaneous mea-
surements of gas temperature and solid density in biomass smoldering
experiments [30]. XCT is a well established imaging technique,
commonly used in material and biological sciences, as well as in medical
CAT scans to reconstruct the 3D structure of solid samples, bones, or
organs. The wide-spread use of these systems makes XCT a widely
available, affordable, and easy to operate solution for quantitative
measurements of fire dynamics. By diluting the ambient flow with Kr,
XCT also simultaneously provides measurements of the gas temperature
in combustion systems without optical access [31,32]. The present study
aims at further exploring the prospects of using XCT to acquire quanti-
tative multiphase measurements in bench-scale fire experiments. In
particular, this article aims to demonstrate how rates of pyrolysis and
char oxidation can be simultaneously determined via XCT. To this end,
the simultaneous rates of flaming and char oxidation are analyzed in-situ
for four different materials and at varied oxygen concentrations. In
addition, this work also evaluates the repeatability of the method and
provides a discussion of the invasive impact of the technique on the
combustion and flow physics. A description of the experimental method
is provided in Sec. 2. Section 3 presents experimental results, and the
capabilities of the XCT technique are discussed in Sec. 4. Section 5 closes
the manuscript with the conclusions of this study.

2. Experimental methods
2.1. X-ray computed tomography

In XCT, a beam of X-ray photons is targeted towards a sample, and a
detector captures the photons transmitted through the sample. Using a
rotation stage, multiple transmission images are acquired at different
view angles of the object. After tomographic reconstruction, XCT pro-
vides 3D measurements of the field of linear attenuation y = p¢, which is
the product of the local density p and the energy-averaged mass atten-
uation coefficient {. This coefficient is only a function of the atomic
composition of the material, and values can be measured for the three
phases of interests: unburned biomass material, charred material, and Kr
gas-phase.

The gas-phase density measurements were calibrated by experi-
mentally evaluating the attenuation of a flow of 50% Kr at a pressure of
1 bar and a temperature of 300 K [31]. In the solid phase, calibration
values for the biomass density p) and mass-attenuation coefficient (J
were obtained from XCT acquisitions acquired in the absence of Kr for
each type of material studied. Porosity values for each type of biomass
were also obtained by comparing scans with and without Kr before
combustion [33]. Similar calibration values were obtained for each type
of char by repeating this procedure at the end of pure-pyrolysis exper-
iments acquired in flows without oxygen. These values are reported in a
separate study [33], showing that up to 27% density variations were
observed across the different materials surveyed.

Because the gas-phase density is significantly smaller than the solid
density, segmentation in the attenuation measured via XCT with a global
threshold enables separation of the two phases [30]. Note that in the gas
mixtures considered, only Kr attenuates the X-rays sufficiently to pro-
vide a measurable absorption [31]. In this work, a 50% Kr dilution per
volume is employed to achieve sufficient signal-to-noise ratio in the
gas-phase density measurements. The density measurement in the
gas-phase is used to determine the 3D temperature field by assuming an
ideal gas, a homogeneous Kr concentration, and an isobaric system
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[30-32]. Uncertainties in the temperature measurements were esti-
mated to about 15% at 2000 K and 2% at 300 K. These uncertainties
were evaluated from a previous study in which the same XCT system was
employed to measure the gas temperature of laminar premixed flames
[31]. Besides, the impact of the released gaseous pyrolyzate on the
gas-phase measurements by dilution of the Kr flow was neglected, as it
was evaluated to result in a reduction of only 3% in the Kr volume
fraction [33].

In contrast, inside the solid sample, both the solid material and the Kr
atoms localized within the material pores contribute to the attenuation.
To isolate the contribution of the solid material only, the attenuation
from the gaseous Kr within the fuel pores was estimated by using the
solid porosity values measured by calibration, assuming a homogeneous
Kr concentration equal to the free-stream value and a gas-temperature
determined by thermocouple reading. By subtracting this attenuation
from the inner-pore Kr atoms, the solid attenuation term was isolated,
thus yielding measurements of the solid density field p;. Therefore, the
XCT acquisitions can be used to provide simultaneous measurements of
the 3D field of solid density of the sample imaged, and its surrounding
gas-phase temperature [30,31]. For further details on the method, the
reader is referred to a separate study [33].

2.2. Experimental setup and acquisition method

A bench-scale combustion apparatus was operated inside a labora-
tory XCT scanner, as shown in Fig. 1. The scanner consists of a X-ray
source, a rotation stage on which the experimental apparatus is placed,
and a X-ray detector. This XCT system was used in previous studies
[30-32]. The experimental apparatus consists of a vertical quartz tube of
57 mm inner diameter in which a mixture of Kr, N», and O, is flown at a
constant flow rate of 2.89 + 0.12 L per minute. The Kr concentration is
kept at 50% per volume, while the ratio of Ny and O3 is varied to achieve
O, concentrations ranging from 0 to 21% per volume. Cubic samples of
1.6 cm size of different biomass materials are instrumented at the center
of the tube, with the grain orientation parallel to the vertical flow. A
K-type thermocouple is press-fit into a center hole at the upper surface of
each sample, holding them 34 mm above a flat coil heater. The coil
heater provides a radiation of about 5.23 kW/m? at the lower surface of
the sample [33]. A load cell measuring the total mass-loss of the sample
is used to validate the X-ray density measurements [30].

To measure the solid density and gas temperature in-situ, successive
XCT scans were acquired during combustion of the biomass samples.
The flow and radiant heater were first stabilized, and at time t = 00:00,
the sample was placed inside the quartz tube. Between 13 and 15 scans
were acquired over the 16-min duration of each experiment. At time
16:00, the radiant heater was turned off and an additional 3-5 scans
were acquired to image the cooling phase of the burned sample. Each
scan consists of 225 projection images acquired during the 360° rotation
of the apparatus. The 2048 x 1536 images were acquired at a rate of 7.5
fps, with an exposure time of 40 ms per image. The detector pixel size is
194 um, while the temporal resolution of about 90 s corresponds to the
time delay between two scans. Note that the buoyant flow dynamics of
the diffusion flame around the sample are not resolved. In fact, the 3D
density and temperature measurements correspond to the temporal
average over the 30-s duration of each scan acquisition. In the solid
phase, a consumption rate of 0.4 g/min corresponds to a vertical
displacement of the reaction front over about 10 voxels during one scan.
Therefore, a broadening of the reaction fronts is expected in both the gas
and solid phases.

2.3. Global combustion kinetics of biomass

To analyze biomass combustion using XCT, a simplified framework
describing the global chemical kinetics is considered. To this end, the
biomass combustion is modeled as a three-reaction process involving (I)
endothermic pyrolysis, (II) exothermic char oxidation or smoldering,
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and (III) gas-phase oxidation or flaming. The corresponding reactions
are written as [10]:

AHg >0 0]
Biomass(s) —  Char(s) + Pyrolyzate(g)

AHg <0 (I
Char(s) + O(g) —  Ash(s) + Combustion products(g)

sHy <0 am
Pyrolyzate(g) + O.(g) — Combustion products(g)

This mechanism is adequate to describe the global combustion dy-
namics that are experimentally observed in this work. Specifically, when
1 kg of biomass is pyrolyzed via reaction (1), it yields a mass of 12 kg of
char and vg kg of volatile pyrolyzate gases, where the volatile content
Yy =1-1?2 is determined from pyrolysis experiments in an inert flow
without oxygen [33].

2.4. Measuring pyrolysis and smoldering reaction rates

When only measuring the total mass of a solid sample undergoing
combustion, it is impossible to differentiate between the mass loss due to
pyrolysis and the mass loss due to char oxidation. As a result, global load
measurements cannot determine the individual contributions from the
pyrolysis and the char oxidation. In contrast, XCT can simultaneously
measure the total solid volume V; and infer the averaged solid density p;.
The total solid volume is computed by counting solid voxels, while the
averaged density is obtained by integrating over the sample volume the
solid density field obtained as described in Sec. 2.1. Using these two
independent measurements, it is therefore possible to decouple the
mass-loss contributions due to pyrolysis and smoldering. To achieve
this, the averaged char volume fraction X, is first evaluated as

o —
v _ PPy
X, = g_ 2,

Py =P

(€Y

in which p9 is the unburned biomass density, and p? is the char density,
both obtained from calibration for each type of biomass material. The
separate volumes of biomass Vj, = (1 —X,)V; and char V, = X, V; are then
computed. Note that the volume fraction of ash is therefore neglected,
even though its attenuation contribution is accounted for in the cali-
brated mass-attenuation coefficients of char and biomass. This approach
is validated by results from proximate analysis, indicating that ash ac-
count for less than 1% of the mass of the unburned materials [33]. As the
pyrolysis reaction (I) is the only reaction consuming biomass, the mass
rate of pyrolysis in units of kg of pyrolyzate gases generated per second
is directly given by

. . dv,
m, = fy;jmb = ﬂ/fngd—tb. 2

Load cell

Thermocouple

X-ray Coil heater
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Fig. 1. Schematic of the X-ray system, experimental apparatus, and oak samples with dimensions in mm.

In contrast, the mass balance of char involves both its formation by
the pyrolysis reaction (I) and its consumption by oxidation as per re-
action (I). Therefore, the char oxidation rate in units of kg of char
consumed per second is expressed as

. dv, dv,
o = = (1= ) = g )

In this work, the mass rates of pyrolysis 11, and smoldering i, ob-
tained from the XCT results using Egs. (2) and (3) are reported for

different operating conditions. Note that in the present formulation, the
0dV,

¢ dt?
only the mass losses due to surface ablation are attributed to char
oxidation. Any variations in the density field within the sample volume
are attributed to the pyrolysis through Eq. (1), even if these changes
could be due to oxidation within the sample. However, as described in
Sec. 3.2.3, the limited variations observed within the density field after
pyrolysis suggest that this assumption is reasonable for the conditions
studied. In the few complete-pyrolysis cases where the mean density p,
reached values slightly below p°, the mean char volume fraction X, was
clipped to 1. In addition, changes in density due to thermal expansion
are neglected in this work, but these could compromise solid-phase
measurements. However, the largest volume variations due to thermal
expansion remained lower than 2%, which were measured for char
samples cooling back to ambient temperature once the radiant heater
was turned off.

The measurements of pyrolysis and char oxidation rates could be
used to estimate the heat release rate contributions from reactions (I)
and (II), given proper calibration of the heats of combustion. Specif-

variations in the char mass £ are approximated as p meaning that

ically, the total heat release rate Q can be expressed as the sum of the
positive contributions Q; and Q, from the flaming and smoldering re-
actions, and the negative contribution Qp from the pyrolysis reaction:

0 =0+ 0, + 0, = O +1it, AH) + iy, AH). )

With a priori calibration at the conditions investigated, the two last
terms on the right-hand side could thus be inferred from XCT mea-
surements. Besides, the XCT measurements of the gas temperature could
also be used to construct a global heat balance. Therefore, an energy
balance that includes the radiation terms could be derived to evaluate
the total heat release rate, as done in the oxygen consumption method
[5,11-13]. This approach would have the benefit of separating the three
individual heat contributions from the pyrolysis, smoldering, and
flaming reactions.

3. Results
3.1. 3D measurements of gas temperature and solid density

Fig. 2 presents cross sections of gas temperature and solid density
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Fig. 2. XCT measurements showing vertical cross sections at y = 0 of gas temperature and solid density for birch with oxygen contents of (a) 0%, (b) 5.25%, (c)

10.50, and (d) 21% per volume. White contours indicate the pyrolysis front.

measured for birch biomass with oxygen concentrations ranging from
0 to 21% per volume. For the 0% oxygen concentration, the solid density
results highlight that an internal pyrolysis propagated within the sam-
ple, whereas the gas-phase temperature remained unchanged. For the
case Xo, = 5.25%, a faster pyrolysis propagation was observed, with
low rates of smoldering and a slightly higher gas temperature. For the
remaining cases with oxygen contents above 10%, gas-phase ignition
and subsequent flaming were visually observed. At 10.50% O, ignition
was seen at 05:10 with an intermittent flame that extinguished at 07:10.
Comparing the results between 5.25 and 10.50% oxygen showed that
higher rates of pyrolysis were achieved when additional heat was
released by gas-phase combustion. Besides, the recess of the lower sur-
face by smoldering was clearly visible after flaming for the case with
10.50% Os. At 21% O, intense flaming was observed, starting at 04:30
and ending at 07:35. The heat release by combustion in the gas-phase
enhanced the char conversion, before extinction once the pyrolysis
was complete and no more flammable gases were released from the
pyrolysis. Because of the intense char oxidation after flaming, layers of
ash formed around the sample. The ash locally attenuated the X-ray and
thus appears as a low-temperature region in Fig. 2d.

3.2. Measurements of solid temperature, pyrolysis, and oxidation rates

As described in Sec. 2.4, XCT enables decoupled measurements of the
mass losses due to pyrolysis and char oxidation. Fig. 3 reports temporal
profiles of pyrolysis and oxidation rates determined from XCT mea-
surements, along with thermocouple measurements for different oper-
ating conditions. Four materials were considered with a vertical grain
orientation, parallel to the flow direction. For birch, both parallel and
perpendicular grain orientations were studied. Depending on the oxygen

concentration, material type, and grain orientation, different combus-
tion regimes were observed. The pyrolysis (P) regime indicate cases for
which the measured char oxidation rate remained below 0.01 g/min.
Smoldering (S) corresponds to cases where char oxidation rates above
0.01 g/min were measured, but no flaming was observed. In flaming (F)
regimes, gas-phase ignition was visually observed through the trans-
parent quartz tube. For all materials and combustion regimes, the ex-
pected monotonic increase of solid temperature, pyrolysis, and
oxidation rates with increasing O, concentration was retrieved in Fig. 3.

3.2.1. Thermocouple measurements

By examining the thermocouple measurements for the cases with
flaming, a sharp change in slope was observed due to the increased heat
release after gas-phase ignition. The temperature peaked at the point of
maximum flaming intensity, before decreasing as flaming weakened and
finally extinguished. In contrast, for conditions belonging to the pyrol-
ysis and smoldering regimes, the thermocouple temperature increased
continuously until the heater was turned off at 16:00 + 01:00. Overall,
once accounting for the varying combustion regimes, the thermocouple
measurements were comparable for the different materials considered.
However, minor variations in the flaming ignition times were visible
from the thermocouple measurements. These variations were explained
by the 5% deviations in initial sample mass. In particular, faster heating
and ignition correlated with slightly lighter samples, while heavier
samples had slightly delayed ignitions.

Only the perpendicular grain condition with flaming birch featured a
significantly different temperature profile, with a varying flaming in-
tensity and delayed peak temperature. When the grain was perpendic-
ular to the flow, the flame base attached to the sides of the sample,
whereas it would anchor below the sample when the grain was aligned



Fire Safety Journal 126 (2021) 103476

E. Boigné et al.
800
700
= 600
& 500
400
300£
800
700 5.25% (S) y
7.87% (S) = B
iz 600 ————10.50% (F) g
. ————15.75% (F) 2 006
& 500 N
£
400 o
300 0
800 0.8 0.12
700 06 ——5.25% (P) __0.09
E ————7.87% (S) g
= 600
= £ 10.50% (F) g
o5 0.4 5 0.06
& 500 /”—_’ \ 5 — ) o
400 02 o
300 0 2% 0
0.12
———5.25% (P)
0.09
— - 7.87% (P) =
10.50% (F) | | &
e 15.75% (F) | 1 .530-06
£ 0.03
— «5.25% (P)
————7.87% (F)
— = 10.50% (F)
— = 15.75% (F)

Time [min)]

Time [min]

10 15 20 ST 10 15 2
Time [min]

Fig. 3. Temporal evolution of (left) thermocouple temperature and X-ray measurements of (center) pyrolysis rates and (right) oxidations rates for different types of
biomass. The grain orientation is parallel to the flow, except for birch for which it is either parallel (||) or perpendicular (_L). Each data point for the rates is con-
structed by comparing two successive X-ray acquisitions. In the legends, both the O, concentration in the flow and the combustion regime are indicated: (P) pyrolysis,

(S) smoldering, or (F) flaming.

with the flow. This difference in the flaming mode explained the large
differences reported in the thermocouple readings. Besides, comparing
smoldering conditions at 5.25% O, with perpendicular and parallel
grain for birch highlighted that higher temperature measurements are
observed with the parallel grain orientation. This result correlated with
the higher heat conductivity of wood along the grain, up to twice the
value measured across the grain [9].

For birch with parallel grain, a higher temperature was measured for
the smoldering case at 5.25% O, compared to the pyrolysis case without
oxygen. This increase was explained by the larger heat release due to
char oxidation. A similar increase in temperature was observed with
walnut for pyrolysis conditions with 5.25% Oz and smoldering at 7.87%
0,. However, in this case, the char oxidation rate was zero before 6:00,
and smoldering failed to explain the temperature increase. Instead, the

exothermic formation of oxidative pyrolyzate, not decoupled from the
thermal pyrolyzate here, could explain this result [34].

3.2.2. Pyrolysis rate measurements

Across all conditions, the pyrolysis rates peaked at minute 3-6 of the
experiment. Slightly higher pyrolysis rates were observed with smol-
dering compared to pyrolysis conditions, whereas significantly higher
rates were measured for all flaming cases. For the flaming cases, the
samples charred entirely within the first 10 min, after which the py-
rolysis rates dropped to zero. Comparing the pyrolysis rate measure-
ments across different materials, there was a direct correlation between
higher pyrolysis rates and larger solid temperature values. In particular,
slight variations in pyrolysis rates were captured, as was well illustrated
by the results for walnut at 5.25 and 7.87% O, featuring only a 20 K
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difference in solid temperature. Besides, for flaming cases with complete
pyrolysis, the time at which the pyrolysis rate dropped to zero was a
good indicator of the time of flame extinction.

3.2.3. Oxidation rate measurements

Comparing the oxidation rates for the different materials after
flaming showed that constant solid temperatures may not directly
correlate with constant smoldering rates. In fact, even though the
thermocouple reading remained constant, the solid temperature at the
smoldering front locally decreased, especially as the surface recessed
and moved further away from the radiant heat source.

The measurements of oxidation rate can be used to determine
whether heat is simultaneously released from the solid and gas oxida-
tion. During flaming, gaseous oxygen was consumed while heat was
released, thus increasing the char and gas temperatures at the surface.
This temperature increase tended to enhance the rate of oxidation
through smoldering, whereas the reduced amount of O, tended to
inhibit smoldering. Therefore, there was a competition for Oy between
the two oxidation reactions, making it challenging to assess which re-
action dominated, especially in the poorly ventilated configuration
investigated here. The simultaneous flaming and smoldering is indicated
in Fig. 3 by measurements of significant oxidation before the pyrolysis
was completed and the flaming terminated. Simultaneous oxidation was
thus observed for douglas fir and birch. In contrast, for oak, and even
more clearly for walnut, there was no or only a limited amount of char
oxidation occurring during the flaming phase. With these materials, the
heat release was either dominated by gas-phase oxidation or heteroge-
neous char oxidation.

The competition between heat release by flaming and char oxidation
is best illustrated in Fig. 3 with the birch measurements comparing the
parallel and perpendicular grain orientations. For the perpendicular
grain orientation, the flame was anchored on the sides of the sample,
and Oy was available at the lower surface of the sample where large
smoldering rates were achieved during flaming [33]. Furthermore,
because the flames were localized downstream of the smoldering front
for this case, the oxygen available at the flame location was limited
compared to the amount available at the smoldering front. These dy-
namics explained the significant amount of char oxidation measured
during flaming for birch cases with perpendicular grain orientation. In
contrast, with the parallel grain orientation, results from Fig. 2 showed
that the flame anchored right below the bottom surface of the sample
where smoldering occurred. However, significant amounts of char
oxidation were still measured during flaming, despite the limited
amount of Oy penetrating through the flame front. In fact, the buoyant
flow around the sample was unsteady, and even though the sample was
fully engulfed by the flame, the flame fluctuated around that position,
allowing O to reach the high-temperature char surface. The XCT mea-
surements were averaged over 30-s periods, and were thus not able to
capture these dynamics that occurred at times on the order of 1 s.

As described in Sec. 2.4, the char oxidation rate measurements only
accounted for the mass losses by ablation at the smoldering surface. To
discuss this assumption, Fig. 4 presents profiles of density measured by
XCT at different times for an oak sample operated at 15.75% oxygen.
The large density-changes due to pyrolysis were apparent when
comparing the first three time-profiles. However, after flaming ended at
time 7:00, significant ablation of the char was measured at the smol-
dering surface, while only minor density changes were measured within
the sample volume. These minor changes are indicated by a black arrow
in Fig. 4. As per Eq. (1), they were interpreted as mass losses due to
further pyrolysis of incompletely transformed biomass driven by the
smoldering heat. However, note that it is unclear whether these changes
were actually due to pyrolysis or in-depth char oxidation. Because they
would represent less than 5% of the mass losses due to ablation,
neglecting them in the oxidation rate calculations remained a reasonable
assumption. The fact that char oxidation was mainly observed near the
smoldering surface can be explained by the limited availability of
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Fig. 4. Profiles of cross-sectional averages p; of the solid density over time for
oak at 15.75% O,. The dashed line indicates the calibrated char density p) =
263 kg/m> for oak. The first 3 mm at the top of the sample are greyed-out
because of X-ray artifacts originated from the metallic thermocouple tip.

oxygen deep within the sample, especially when the grain was aligned to
the vertical flow. Besides, characteristic ember red-glow was visually
observed on the lower smoldering surface during the experiments. This
visible radiation suggested surface temperature reaching 900-1000 K,
whereas thermocouple readings of only 600 K were recorded at the top
of the sample. These values indicated strong temperature gradients
across the height of the sample, and therefore reduced temperature
away from the smoldering surface to drive the char oxidation.

3.3. Repeatability of the experiments and influence of Kr

To assess the experimental repeatability and quantify measurement
uncertainties, we repeated measurements for one operating condition at
10.50% Os. This study was done using oak samples with initial mass of
2.46, 2.47, and 2.49 g, for which flaming regimes were observed. Oak
was chosen as it presented the largest irregularities in grain structures
among all the materials considered. In the experiments reported so far, a
fast acquisition rate was prioritized to the detriment of temporal
repeatability of each acquisition. For this specific analysis, successive CT
acquisitions were instead started as repeatedly as possible for all runs.
Specifically, the time delay between each triplet of scans from the three
runs remained lower than 9 s.

Fig. 5 presents the temporal evolution of thermocouple temperature
and XCT measurements of pyrolysis and oxidation rates for these three
runs. The horizontal cross-section averages of the linear attenuation u
were reported for the first eight scans of each run in Fig. 6. The
remaining scans were not shown, since only minor changes in attenua-
tion were observed. The comparison of results for theses cases provided
a quantification of experimental variability. Specifically, only minor
discrepancies were observed in thermocouple temperature, pyrolysis
rates, and linear attenuation profiles. The largest difference was
observed in the oxidation rates, although it remained below +0.01 g/
min. Note that this condition was on the lower range of oxidation rates
compared to the other conditions reported in Fig. 3, and errors of the
order of 0.01 g/min remain small.

Figs. 5 and 6 also include results for a condition acquired by
replacing Kr with Nj. For the two different flow mixtures, flaming was
observed. The results highlight that replacing N, with Kr only had a
limited impact on the combustion. The later ignition and slightly lower
oxidation rates observed experimentally with Kr were explained by the
reduction in heating by natural convection, primarily due to the lower
thermal conductivity of Kr. This point is further analyzed in Sec. 4.2.

4. Discussion of X-ray diagnostic method

In this section, the X-ray diagnostic method for quantitative in-situ
combustion measurements of biomass is further discussed. Specifically,
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Fig. 5. Temporal evolution of (left) thermocouple temperature, and X-ray measurements of (center) pyrolysis and (right) oxidation rates comparing three identical

runs with Kr and one run with N, all acquired at 10.50% O, with oak samples.
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Fig. 6. Profiles of cross-sectional averages fi of the linear attenuation yu over
time for four repeated runs at 10.50% O, with oak: three runs in identical Kr
flow, and one with N instead of Kr. The first 3 mm at the top of the sample are
greyed-out because of X-ray artifacts originated from the metallic thermo-
couple tip.

the intrusive impact of XCT with Kr dilution on the flow and combustion
physics is analyzed. To this end, we theoretically and experimentally
examine the effects of the X-ray absorption and the replacement of N by
Kr. The adsorption of Kr onto the char observed post-combustion during
cooling is also discussed.

4.1. Influence of X-ray photons on combustion physics

The impact of directing X-ray photons on the sample consists in the
accumulation of interaction events between photons and electrons of
solid biomass and gaseous Kr atoms. These isolated events may leave the
atoms in ionized or excited states, that can trigger fluorescence or
heating. However, because the number of X-ray photons is significantly
smaller than the number of solid and gaseous atoms considered, only a
tiny fraction of atoms will interact with X-ray photons. Specifically,
using spectral modeling tools, the photon fluence for the present
configuration is computed to about 3.4 x 102 photons per steradian per
second [35]. This estimation was obtained for a tube voltage of 60 kV, a
7 mm Al-equivalent filtration, and a tube current of 23 mA [30]. The flux
of X-ray photons corresponding to one detector pixel is thus of the order
of 3 x 10° photons per second, or a power of 2 x 10~° W. This number is
to be compared with the collision frequency of gas molecules of about
102* collisions per second inside each voxel. It is therefore concluded
that the interaction of X-ray photons with the biomass and Kr atoms does
not have any significant influence on the combustion process, and XCT
in itself is entirely non-invasive. Even with photon flux 1 0° times higher,
as characteristic of bending magnets used in synchrotron tomography
beamlines [36], the impact of the X-ray remains limited.

4.2. Influence of Kr dilution on combustion physics

Replacing Ny in the gas phase with Kr to measure the gas

temperature changes the thermodynamic properties of the flow. The
influence of Kr dilution on the gas phase combustion has been further
detailed in a previous study [31], and the present analysis focuses on the
impact of Kr on the heat transfer to the solid. To evaluate the impact of
Kr dilution on burning rates, another experiment was performed without
any Kr in the flow, as reported in Sec. 3.3. The N»/O, mixture used is
compared to the Kr/O2 mixture in Table 1. This comparison highlights
that replacing Ny with 50% Kr increases the molecular weight and
density, and decreases the kinematic viscosity, heat capacity, thermal
conductivity and diffusivity. Note that these properties differ only by a
few percent when the oxygen concentration is varied from 0 to 21%. The
flow velocity was kept constant to preserve the flow rate of oxygen to the
sample.

The experimental results from Fig. 5 show that gas-phase ignition
occurred about a minute earlier with No, and was followed by a stronger
oxidation with slightly higher solid temperatures, but a comparable rate
of pyrolysis. At the conditions considered, the cooler sample is heated in
a hot flow dominantly by natural convection and radiation, and forced
convection can be neglected. Indeed, the Richardson number for the
thermal mixing, given by

LT T,

Ri = :
V2T,

()

is on the order of 200 for both flows. This value was computed with a
flow velocity V of 1.9 cm/s, a characteristic lengthscale L of 1.6 cm, a
free-stream flow temperature T, of 950 K, a solid temperature T of 600
K, and a film temperature Ty given by Ty = (Te, + T5)/2 = 775 K. The
temperature values were determined from XCT measurements and
thermocouple reading. Because the heating by radiation is the same for
both flows, the primarily difference is the intensity of the heat transport

Table 1

Comparison of the thermodynamic properties at ambient pressure and film
temperature Ty of 775 K for flow mixtures of N»/O2 and Kr/O,. The following
values were used to compute the non-dimensional numbers: a flow velocity V of
1.90 cm/s, a characteristic length-scale L of 1.60 cm, a quiescent flow temper-
ature T,, of 950 K, and a solid temperature of T; = 600 K.

Flow conditions N2/O4 Kr/0,

0, mole fraction Xo, [%] 10.5 10.5

N, mole fraction Xy, [%] 89.5 39.5

Kr mole fraction Xg,[%] 0.0 50.0

Mean molecular weight [g/mol] 28.4 56.3
Density p [g/m°] 447 886

Heat capacity c, [J/kgK] 1106 466
Thermal conductivity 2 [W/mK] 5.61-1072 3.43.1072
Thermal diffusivity a [m?/s] 11.3-107° 8.32.107°
Kinematic viscosity v [m?/s] 7.98 -107° 5.51-107°
0, diffusivity Do, [m?/s] 10.5-107° 9.53.107°
Prandtl number Pr = v/a 0.70 0.66
Reynolds number Re = VL/v 3.81 5.52
Richardson number Ri 196 196
Rayleigh number Ra 2005 3961




E. Boigné et al.

by natural convection.

The convective heat transfer from the flow of quiescent temperature
T to the sample of temperature T is proportional to the temperature
difference and to the convective heat transfer coefficient h of the flow,
which is related to the Nusselt number via

Nu=— 6)

where 1 is the thermal conductivity of the flow. In flows driven by
natural convection, the Nusselt number is commonly determined from
empirical correlations as [37]

Nu = f(Pr)Ra", @
involving an empirical function f(Pr) of the Prandtl number Pr, and a

power dependence to the Rayleigh number Ra, with 1/5 < n < 1/4 for
laminar flows. For an ideal gas the Rayleigh number is defined as

_ sl T - T,
Tva T

Ra ®

where the kinematic viscosity v and thermal diffusivity a are evaluated
at the film temperature Ty. Rayleigh values for both flow mixtures are
below 10°. The thermal boundary layer thus remains laminar and Eq. (7)
can be used [37]. As reported in Table 1, the Rayleigh number is larger
by a factor of two for the Kr flow. However, because of the weak power
dependence, Kr dilution results in a Nusselt number only 20% higher.
Instead, a larger difference in h comes from the 40% reduction in the
heat conductivity for the Kr flow. The heat transfer rate from the flow to
the sample is therefore higher without Kr in the flow, thereby explaining
the earlier ignition and higher oxidation rates observed experimentally.

Note that the oxidation rate is a function of the transport of both heat
and oxygen. The oxygen transport can be characterized using an oxygen-
specific Richardson number, emphasizing that natural convection also
dominates forced convection. Because both mixtures have similar
mixture-averaged diffusivities Do,, the transport of Oy is therefore
comparable in both cases. Therefore, despite the relatively important
changes in flow properties between the No/O5 and Kr/O mixtures, it is
concluded that the impact of using Kr on the combustion physics re-
mains limited.

4.3. Kr adsorption onto cold char

Finally, the adsorption of Kr onto the carbon-activated char is dis-
cussed. After the heater was turned off at time 16:00, the sample cooled
down in a flow of 50% Kr and an increase in attenuation y was measured
within the sample, near the lower surface. This added attenuation
exceeded the amount expected from the gaseous Kr atoms located within
the solid matrix pores. It was therefore concluded that additional Kr was
stored within the char material via adsorption. Note that adsorption was
only observed at ambient temperature, and therefore does not affect
previous measurements. Indeed, adsorption is an exothermic reaction,
and the thermodynamic equilibrium predicts that less adsorption occurs
at higher temperature [38,39]. In the remainder of this section, the Kr
adsorption observed during the cooling phase is quantified. The results
indicate that Kr adsorption could be used to provide further character-
ization of the char sample a posteriori, including measurements of spe-
cific surface area and permeability.

The adsorption of Kr onto different substrates, including shale rocks,
coal, and biochar is well understood [38-45]. Kr adsorption consists
primarily of physisorption, which is well characterized with the
Lennard-Jones potential constant, the polarizability, and the van der
Waals radii. The values of these properties differ by only 5% between Kr
and CH4, indicating that these two gases will similarly adsorb [41]. As a
result, studies of the adsorption of CH4 onto coal [42,45], or cellulose
and lignin [44], can be used to understand the adsorption of Kr onto
charred materials. One study suggests adsorption of the order of 0.2
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mmol of CHy4 per gram of charred substrate at ambient conditions [44], a
value comparable to what is measured here.

In the present experiments, Kr atoms within the solid char are either
gaseous atoms located within the solid pores, or atoms adsorbed onto
the char surface. The storage, defined as the ratio of the stored Kr density
pxr to the Kr gas density outside the solid p?, is written as [41].

ad A
s=Pt_ g 4P 2K ©
Pxr Pxr ke

in which & is the solid porosity, p& is the density of adsorbed Kr, and the
last equality relates the storage to measurable X-ray quantities: the
difference in attenuation Ay comparing scans with and without Kr
within the char, and the ambient gas-phase attenuation u9 of Kr.
Because adsorption occurs at specific sites along the surface of the
substrate, the adsorption amount is often expressed on a mole-specific
basis, over the mass of substrate [42,45].
ad 0
armolfg] = 37 2 = P (s ) 10)

in which gg; is called the loading or uptake of Kr, Mk, is the molecular
weight of Kr.

Fig. 7 presents spatial profiles of storage S and loading gk, measured
along the vertical z-direction for different birch samples after cooling.
These measurements were acquired using a first scan with Kr started
once the thermocouple reading reached 310 K, and a second scan
without Kr taken after flushing the tube with air for 2 min. The storage
and loading were then computed using Egs. (9) and (10) from cross-
section averages of u. At a concentration of 0% oxygen, the biomass
sample had not charred significantly, and the least amount of adsorption
was measured. With oxygen concentrations of 5.25, 7.87, and 15.75%,
the storage peaked at a value of S = 2.5, far exceeding the porosity
contribution of 0.5-0.8. The decay of the adsorption along the z-axis is
likely due to the slow diffusion of Kr within the biochar pores, which can
take hours to equilibrate [40,43].

5. Conclusions

This work investigated the capabilities of X-ray Computed Tomog-
raphy (XCT) to provide quantitative in-situ measurements of both the
solid and gas phases in bench-scale fire experiments. The XCT solid
measurements were used to infer the rates of pyrolysis and char oxida-
tion, and evaluate when smoldering occur. Specifically, comparisons
between different materials highlighted that concurrent heat release by
smoldering and flaming only occur for certain types of biomass, and
largely depends upon grain orientation. In addition, uncertainties in the
solid XCT measurements were shown to remain below 5% through
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Fig. 7. Profiles of Kr storage S and loading gy, along the height z for parallel-
grain birch at different oxygen concentrations. Results were computed from
cross-section averages of y. The two horizontal dashed lines indicate the mean
biomass and char values of porosity for birch on the storage axis.
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repeatability studies, while the intrusive nature of the diagnostic
method on the combustion dynamics was examined. This analysis sup-
ports that XCT in itself has negligible impact on the combustion physics,
and that the 3D solid density measurements are entirely non-invasive. In
contrast, the Kr dilution required to simultaneously measure the 3D gas
temperature affects the heterogeneous combustion. However, through
experimental and theoretical analysis, it was shown that even a 50% Kr
dilution only slightly alters the burning rates. Indeed, the buoyant
laminar flow regime was preserved, and the Kr dilution only induced a
15% decrease in sample heating by natural convection. Therefore, XCT
is demonstrated as a robust diagnostic method for quantitative in-situ
measurements with only limited invasive impact to image bench-scale
fire experiments.

In the context of fire imaging, XCT offers several opportunities. First,
XCT has been extensively used in medical, biological and material sci-
ences, and a versatile range of XCT systems are therefore both readily
available and affordable to operate. XCT systems thus represent a rela-
tively low-cost solution for material characterization and quantitative
in-situ measurements for fire experiments. Second, the capabilities of
XCT to resolve in-situ the 3D multiphase dynamics of heterogeneous
combustion are unique, thereby making it a promising technique to
provide detailed quantitative datasets important for model development
and validation. In particular, the temporal resolution in this study was
limited to 30 s to achieve sufficient photon counts to enable Kr tem-
perature measurements. However, faster solid-phase dynamics could be
resolved by performing only the solid-phase measurements over shorter
scan durations. Third, with proper calibration, XCT measurements could
estimate the heat contributions due to pyrolysis and char oxidation. By
complementing the oxygen consumption method used to determine
global heat release rates [5,11-13], XCT could also be employed for
in-situ evaluation of the heat release due to flaming. This combined
approach would enable the detailed spatio-temporal characterization of
the heat release contributions due to pyrolysis, char oxidation, and
flaming. Fourth, the 3D solid measurements enable the detailed analysis
of several processes, including the 3D volume shrinkage from pyrolysis
[33,46,47], the interaction between chemistry and thermomechanical
stress [48], as well as the fire suppression from fire retardants [49].
Fifth, the field of view of modern laboratory X-ray scanners is relatively
large, thus providing the ability to image even larger systems, such as
entire logs or parts of a tree [50]. Inversely, at the micrometer scale,
high-resolution synchrotron sources could be used to analyze the
transport of hot O, gases within solid micro-pores. Finally, the 3D solid
surface obtained by XCT could enable the in-situ reconstruction of the
solid surface temperature simultaneously measured with an infrared
camera. Combining XCT and infrared imaging could therefore provide
further detailed reference datasets with solid density, gas, and surface
temperature measurements.
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