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ABSTRACT

As wood is exposed to high temperatures, pyrolysis begins, permanently altering
the material properties as volatiles and char are formed. The rate at which char is
formed is used to predict failure times for timber members and has been shown
to be inversely related to the density of the wood. Because the density is a func-
tion of local exposure temperatures, it is inherently difficult to measure and typi-
cally is simplified to a single bulk value for either unmodified wood or the density
of wood and char. Here, we report the use of two fast, simple density measure-
ment techniques to characterize the changes in density in partially charred
wood. The validation of these techniques will allow for more accurate density
values to be obtained and included when modeling pyrolysis in wood.
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Introduction

Pyrolysis is the thermal degradation of organic materials that results in the release
of volatiles and the formation of char. Char is the solid, carbonaceous material that
remains after the wood has been exposed to high temperatures and, for engineering
analyses, char forms at a temperature of 288°C or 300°C." > The role pyrolysis plays
in the combustion of wood has led to the development of computational models
to predict both pyrolysis and fire resistance of wood assemblies exposed to various
fire conditions.* Over the past four decades, the capabilities of these models have
seen significant advances. As both Sinha* and Janssens® have pointed out, how-
ever, because pyrolysis involves a complex series of reactions, obtaining material
properties is inherently difficult.

Lautenberger, Rein, and Fernandez-Pello noted that at least eight material
properties are needed to simulate pyrolysis in charring materials: thermal conduc-
tivity of the virgin fuel (k,), specific heat of the virgin fuel (c,,), pre-exponential fac-
tor (A), activation energy (E,), heat of pyrolysis (AH,), char thermal conductivity
(ko), char specific heat (c,), and char density (pc).6 Pyrolysis of wood often leads to
combustion and then the processes occur simultaneously. The rate of combustion
has been shown to be a function of density, permeability along the grain, moisture
content, and char thickness, and the formation of decomposition products has been
found to be a function of temperature, wood species, and density.” Of these, density
is the common material property that affects pyrolysis, combustion rates, and
decomposition products. Additionally, it is widely accepted that, with increasing

density, the rate at which a char front propagates into solid wood decreases,® "

whereas the mass loss increases.'*™"®

Wood density is extremely variable between species and can even vary within a
cross-section of a single tree. Additionally, while undergoing pyrolysis, the density
of wood constantly changes as a function of local temperature. Because of the vari-
ability and the difficulty in obtaining density at high temperatures, or while under-
going active combustion, many models are simplified. Some models simplify this by
using a constant that is representative of the wood,” a linear function in the pyroly-
sis region bound by the char and virgin wood values,'** or the bulk density of
specific condensed phase species (i.e., wet wood, dry wood, char, ash).*!

The apparent density is obtained by dividing the oven-dry mass of a specimen
by the gross volume of the specimen determined at atmospheric pressure. For more
accurate measurements of density, known as real density, the oven-dry mass will be
divided by the gross volume obtained through the displacement of a gas or fluid.*?
Neither method, however, can be used to determine the density across the pyrolysis
zone in situ.

More recently, Friquin’ noted that a database of wood properties, including
density, would be a useful tool for fire safety engineers designing timber structures,
and Naser” made a case for the use of artificial intelligence to derive a universal
model that represents how each property changes under elevated temperature.
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More recently, various techniques have been used to evaluate wood properties. X-ray
computerized tomography (XCT) has been used to track changes in specific gravity
due to decay*** and to assess adhesive bondlines,”® and neutron imaging (NI) has
been used to measure densities across tree rings.”’ Ossler et al. revealed that the atten-
uation coefficient of wood using NI decreases during pyrolysis, and this change was
attributed to a loss in the material’s hydrogen content.”® Ossler et al. also showed that
by combining XCT with NI, the spatial resolution could be improved and used to
track changes in the hydrogen content of various lignocellulosic sources as they were
pyrolyzed (from room temperature to 1,000°C).*> Neither XCT nor NI, however,
have been used to measure densities across pyrolysis zones. Here, we apply these two
nontraditional techniques to obtain the density through a gradient of partially charred
wood to determine its applicability for future investigations that then can be applied
to a universal model or database of material properties.

Methods and Materials

MATERIALS

NI was limited to specimens with dimensions less than 35 by 43 cm, whereas XCT
could accommodate much larger specimens (on the order of centimeters to meters).
Thus, given the differences in specimen sizes that could be evaluated by each instru-
ment, different specimens were used (the specimen preparation details for each are
provided next).

The development of the partially charred NI specimen is summarized here and
further details are available in Hasburgh.*® Before charring, Douglas-fir (Pseudot-
suga menziesii) lumber with dimensions of 100 mm 100 mm 20 mm was dried
in an oven at 105°C for 24 hours. The radial-longitudinal surface of the wood was
exposed to a constant heat flux of 50 kW/m? using a cone calorimeter (FTT iCone
Mini, East Grinstead, West Sussex, UK). The thermal profile of the specimen thick-
ness was monitored using six thermocouples. Four duplex 30 AWG (0.25mm
diameter) Type K thermocouples, insulated with Kapton, PFA, Glass Braid Insula-
tion (Omega Engineering, GG-K-30-SLE) were inserted into the holes parallel to
the isotherm. The holes had a diameter of 0.2 mm and a length of 30 mm and were
drilled in the middle of each edge of the specimen at 4mm, 8 mm, 12mm, or
16 mm from the unexposed surface. One additional thermocouple was on the unex-
posed surface and one on the top of the exposed surface of the specimen. To install
the surface thermocouples, shallow notches were made using a straight blade in the
center of each surface with the welded beads of the thermocouples inserted into the
shallow notch. The exposure was terminated when the unexposed surface reached a
temperature of 100°C. A 4-mm-thick slice from the center of the charred Douglas
fir, with a gradient and known temperature profile (fig. 1), was obtained for analysis
with NI

For the XCT scans, the Douglas-fir specimen was constructed from lumber
with a cross-section of approximately 83 mm by 83 mm. To monitor the thermal
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FIG.1 (A) Douglas-fir specimen for NI and (B) the corresponding thermal profile from
measured temperatures.

800

700
600
500 -
400 -
300 -

Temperature (degrees C)

200 - -

100 - . 1

0 T T T
0 5 10 15 20
Distance from exposed surface (mm)

(A) (B)

Char «—  Wood

(exposed surface)

profile (fig. 2) during exposure to the ASTM E119, Standard Test Methods for Fire
Tests of Building Construction and Materials, time-temperature curve, 20 duplex
30 AWG (0.25-mm diameter) type K thermocouples, insulated with Kapton, PFA,
Glass Braid Insulation (Omega GG-K-30-SLE), were installed parallel to the iso-
therm at various depths from the exposed surface.’® To install the surface thermo-
couples, shallow notches were made using a straight blade in the center of each

FIG. 2 (A) Douglas-fir specimen for XCT and (B) the corresponding final thermal
profile showing the measured temperatures.

1000

800 - "
700 -
600 -
500 o
400 A
300 -
200 -
100 { ® Measured temperatures
0 T T T T T T T T
Char «— Wood 0O 10 20 30 40 50 60 70 &0
(exposed surface) Distance from exposed surface (mm)

(A) (B)

Temperature (degrees C)



https://www.astm.org/e0119-20.html

HASBURGH ET AL., DOI: 10.1520/STP164220210104

surface, the welded beads were placed in a shallow notch, and staples were used to
hold the surface thermocouple in place. One thermocouple was installed on the
exposed and unexposed surfaces and three thermocouples at depths of 10, 20, 30,
40, 50, and 60 mm from the exposed surface. After installation of thermocouples, the
lumber was glued with a phenol-resorcinol-formaldehyde (PRF) adhesive (Hexion
Cascophen LT-75 with Cascoset FM-282). The completed specimens had a final
exposed surface dimension of 412mm by 412 mm. Further details on specimen
preparation can be found in Hasburgh et al.’>* In addition to the Douglas-fir speci-
men, a series of reference wood blocks used to relate pixel brightness to specific
gravity”® were also measured.

NEUTRON IMAGING
Douglas-fir specimens were imaged at a neutron beamline located at the Phoenix
Neutron Imaging Center in Fitchburg, WI. All specimens were imaged at ambient
conditions. The specimens were fastened onto aluminum plates and exposed to
neutrons for about 1.5 hours. The attenuated neutron beam was measured using
conventional X-ray films in contact with high-resolution neutron conversion
screens. The films were developed in a dark room and digitized for quantitative
analysis in FIJI, an open-source image processing software package.”” First, the
images were flattened along the z-axis. Then, linear profiles were drawn over several
growth rings (at least five) to obtain the mean gray values across the thermal degra-
dation profile and to calculate the macroscopic neutron attenuation coefficient
based on Beer-Lambert’s law, as in equation (1):
In 17"

Y=, 1
g (1
where:
Ip=the incident beam intensity,
I=the transmitted beam intensity, and

d = the specimen thickness.

Because the attenuation coefficient depends on the number density N, and
microscopic scattering cross-section (o) of the elements present in the specimen,
the measured attenuation coefficient X ¢ can be described as follows:

Zeff :‘{:?Nloi: )
By defining the number density as:
Pi
N; =<—Np,
;A 3)
where:
p = the material apparent density (g/cm”’),

N4 = Avogadro’s constant, and
M = the atomic weight (g/mol).
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Taking into account the elemental composition of dry wood (approximately
50%C, 6%H, and 44%0), and the known ¢ of each element, we calculated the
density wood across the thermal degradation profile as follows:

p= Zef (g/cm®). (1)

Ny 052 404479 40,0621
A . Mc . MO . MH

This approach was used to measure the apparent density across three rings in
sound wood using x-ray densitometry and neutron radiography.>” Even though, the
elemental composition of the lignocellulosic material may vary during pyrolysis, the
content of hydrogen, which is the major contributor to the attenuation in NI, is
relatively constant below 400°C.>* Thus, within the temperature range studied in
this work, we used the elemental composition of dry wood to retrieve the density.

X-RAY COMPUTERIZED TOMOGRAPHY

XCT is a technique commonly used within the field of medicine to provide spatial
representations of relative radiodensity within a substrate. Several two-dimensional
X-ray scans, referred to as slices, are stacked together to construct volumetric
radiodensity intensities. The XCT specimens were scanned using a General Electric
LightSpeed Ultra 8 Slice helical XCT scanner at the University of Wisconsin-Madison,
School of Veterinary Medicine. XCT data consist of pixel intensities in Hounsfield
radiodensity units, which were transformed into density using 24 reference wood
blocks of known density verified for 12% moisture content. The XCT was run with
the specimens exposed to ambient condition.

Results and Discussion

The initial images obtained with both NI and XCT are provided in figure 3A and 3B.
The intensity variations across the thermal degradation profile of individual late-
wood (LW) and earlywood (EW) bands were then evaluated (fig. 3C). With its
enhanced hydrogen sensitivity, NI revealed variations across the charred zone that
are indistinguishable in XCT. This result suggests that combining both techniques
can overall improve the spatial resolution and contrast, allowing us to measure
the change in density across the pyrolysis zone by deconvoluting the effects of
hydrogen loss and density changes on the neutron attenuation.

Using NI, we were able to detect gradual changes in the attenuation that were
not observed in the XCT. Considering that the hydrogen loss below 400°C should
be minimal,****
by local variations in the material density linked to the thermal degradation of the
wood polymers occurring between 200°C and 450°C. Thus, using equation (3), we

changes observed in the attenuation of the image likely are caused

retrieved the apparent density of the wood across the thermal degradation profile.
The results from the intensity variations along designated contours of LW and
EW show a nonlinear decrease in density through the char layer and an abrupt
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|
FIG.3 (A) Digitized neutron radiograph, (B) raw XCT slide and, (C) XCT density
contour map, and (D) measured densities in four LW bands and three EW
bands for a representative specimen of Douglas-fir subjected to ASTM E119
fire exposure.
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change at the transition from sound wood to charred wood (fig. 4). The percent
change in density was calculated as the loss in density between the virgin wood and
the char (table 1). The lesser percentage change observed in NI of EW might be
attributed to its larger content of lignin. The results from both techniques are com-
parable and provide new insights into the density gradient across a pyrolysis-
induced gradient from virgin wood to the char. Considering that the samples were
imaged at ambient conditions in which the less degraded polymers may have had
larger amounts of moisture, it is conceivable that the differences observed with NI
below 150°C are caused by local variations in the moisture content of the wood.
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]
Changes in density as a function of maximum temperature at that location in
LW and EW for both the NI and XCT specimens.

1000
o 4 o NI LW
900
= NI EW
800
o XCT LW
700 4 o
T 600 | _ o XCTEW
) Op
= Og
S 500 - - N
§ 400 - o o
o (]
300 { ¢ . o
200 { o
100 A e L oL
O T T T I.. I- T T T @I

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

|
Calculated density and percent changes for each technique

Density, kg/m? Percent Density Change

XCT NI XCT NI
Latewood 940 50 (V) | 680 0.10 (V
+/ 3 +/ W 59.2% 50.7%
380+/ 80(C) | 3404/ 0.10(C)
Earlywood 290 20 (V) | 190 0.10 (V
y +/ ™) +/ ™ o e
120+/ 40(C) | 120+/ 0.0 (C)

Note: V = virgin wood; C = char; XCT = X-ray computerized tomography; NI = neutron imaging.

The retrieved density values from XCT and NI for sound wood are comparable
to those reported for EQ and LW of black spruce and jack pine, which typically vary
between 550 and 700kg/m’ for black spruce LW, and around 300 to 450 kg/m’
for EW.”® Because large variability has been reported between the densities of dif-
ferent growth rings within a single specimen, the difference observed in the absolute
values measured independently through XCT and NI are likely because different
specimens were measured with each technique.

Because contrast in XCT relies on changes in electronic structure, whereas NI
is susceptible to variations in hydrogen content, by combining these two techniques
we could deconvolute the role of hydrogen content and local density variations in
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the thermal degradation of wood. XCT, however, is much more easily accessible
and capable of determining with great accuracy the overall percent density change
between sound wood and charred wood.

Conclusions

Although techniques such as X-ray densitometry exist as well as other methods that
can allow to determine with ease the density of wood, the two techniques presented
in this manuscript have the advantage of detecting density variations in situ with
minimal specimen preparation. Furthermore, by using contrast variation in NI,
we could further to deconvolute the role of the different wood polymers in the
observed changes in the attenuation.

These results suggest that both NI and XCT can be used to obtain density
changes in charred wood that can then be implemented in pyrolysis models. More-
over, by combining the hydrogen sensitivity of NI with the well-established XCT
densitometry analysis, we can further deconvolute the role of hydrogen loss and
density of the individual polymers on char formation in wood.

Future work could focus on using these techniques to study active pyrolysis of
wood and other model systems below 400°C. Additionally, studying pyrolyzed
model material could help determine the contributions of each one of the wood
polymers to the overall local density variations.
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