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Abstract Thermal conductivities (k-values) of cellulose
fiber (CF) and wood shavings (WS) mats were measured,
and the density dependence of k-values in the ranges 28—60
and 60—100 kg/m* for CF mats and WS mats, respectively,
was investigated. The k-value of the CF mats tended to
increase with increasing mat density, but that of the WS
mats showed a much weaker relationship. In order to dis-
cuss this density dependence in k-values, the apparent
thermal conductivity (k) of coarse pores in the mats,
which includes the effects of convective and radiant heat
transfer, was calculated. The results revealed that the
density dependence in the k-values of the CF mats derived
only from an increase in the number of heat bridges,
consisting of fibers and their contact points. Also, the
smaller density dependence of the k-values of the WS mats
than that of the CF mats was found to be explicable by the
density dependence of k., in the WS mats, because a lower
ke, at higher mat densities contributes to the lowering of
mat thermal conductivity in a way that balances the
increase in heat bridges as mat density increases.

Keywords Thermal conductivity - Coarse pores -
Cellulose fiber mat - Wood shavings mat - Convective heat
transfer

Parts of this report were presented at the 62nd Annual Meeting of the
Japan Wood Research Society, Sapporo, March 2012.

<1 Noboru Sekino
sekino@iwate-u.ac.jp

Faculty of Agriculture, Iwate University, Morioka 020-8550,
Japan

@ Springer

Introduction

Reducing energy consumption of buildings is required in
order to counteract global warming induced by carbon
dioxide, and thermal insulation of a building is an important
part of this process. One of the development concepts used in
the design of insulation materials is to aim to achieve a low
thermal conductivity (k-value). High-performance products
such as phenol foams and glass wool made of very fine fibers
have become popular lately; their k-values range from 0.020
to 0.040 W/(mK) [1]. Recently initiated work on vacuum
insulation panels (VIPs) is aiming for a much lower k-value.
For instance, Kwon et al. [2] reported a theoretical investi-
gation on the thermal transport mechanisms of VIPs. Tech-
nology that achieves a low k-value is very important because
it makes it possible to make insulation materials that are
thinner than conventional ones, which results in saving
valuable space in a building.

An alternative development concept is to aim to use envi-
ronmentally friendly products. One aspect of being environ-
mentally friendly is effective utilization of unused resources.
Using agricultural wastes, forest product wastes, textile
wastes, and so on, as the raw materials of thermal insulation
products is favorable for working towards a sustainable
society based on resource recycling. For instance, Binici et al.
[3] investigated the k-value of fiber mats made of sunflower
stalks, Zhou et al. [4] reported a k-value for binderless cotton
stalk fiberboards, and Yamauchi et al. [5] published a k-value
for thick insulation panels made from sugi (Cryptomeria
japonica D. Don) bark and used as a floor heating base
material. The k-values of these insulation materials range from
0.050 to 0.073 W/(mK) because their density is more than
150 kg/m>. Although these k-values are greater than (i.e.,
inferior to) that of the glass wool commonly used in buildings,
the materials are nevertheless fully usable, as long as a
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building has space to accommodate thick insulation materials.
The other environmentally friendly aspect to consider is the
energy consumption involved in production of the materials.
Most thermal insulation materials require a heating process in
their manufacturing line. Based on both of these aspects,
cellulose fiber (CF) is an advantageous insulation material
because it is made of waste newspapers and does not require a
heating process.

Similarly, wood shavings (WS) are a potential raw
material for insulation. WS that are created as processing
waste during the production of dry timber are especially
favorable, since they do not require a drying process.
Kawamura et al. [6, 7] reported a manufacturing technol-
ogy for WS binderless insulation panels (WSBIPs) in
which an extruding-type mat-forming method was
employed without a heating process. Sekino et al. [§, 9]
investigated the heat storage capacity and fire resistance of
full-scale thick WSBIPs. The k-value of WSBIPs with a
density of 100 kg/m® ranged from 0.055 to 0.066 W/(mK)
depending on the size and thickness of wood shavings.

Heat transfer in a WS or CF mat occurs via solid con-
duction, gaseous conduction, convection, and radiation. The
extent of solid conduction depends on the quantity of WS or
CF in the mat, since these materials form heat bridges. It also
depends on fiber alignments in the mat, because the k-value
along the longitudinal direction is 2-3 times greater than that
in the transverse direction [10]. Gaseous conduction depends
on pore sizes in the mat. Fine pores like a cell lumen can be
treated as quiescent air with a k-value of 0.024 W/(mK),
while coarse pores between the raw materials in the mat will
be affected by air convection. Thermal radiation depends on
the optical properties of the element surfaces. Although heat
transfer mechanisms in closed-cell foam and fibrous insu-
lation materials have been studied [2], there are few studies
on these mechanisms in CF or WS mats in the literature.

This study investigated the k-value of CF mats and WS
mats as a function of mat density. Mat density dependence
in k-values was also investigated, with special emphasis on
heat transfer in the coarse pores in the mat, by calculating
the apparent k-value, which includes the effects of con-
vection and radiation. The apparent k-value of coarse pores
was determined by applying the rule of mixtures to two
layer-arrangement models in which the layers were arran-
ged parallel to and perpendicular to the direction of heat
flow, respectively.

Materials and methods

Sample preparation

The raw material used for the CF test samples was a
commercial CF material made from recycled newspapers

without any chemical agents. The CF, in its transportation
package state, was passed through a dust collector a few
times for fiberizing, and was adjusted to have a mat bulk
density of approximately 20 kg/m® prior to producing the
test samples. The moisture content of the CF was about
10 %. Figure 1 shows the procedure for producing a test
sample. In Step 1, the required mass of CF was uniformly
sprinkled by hand in a metal forming box with walls 2 mm
thick and an inner size of 316 x 316 x 150 (height) mm,
which was inserted into a rigid glass wool frame measuring
450 x 450 x 50 mm that works as horizontal thermal
insulation during the measurement of k-values. The bottom
of the frame was equipped with a heat flow meter mea-
suring 300 x 300 x 0.7 mm, which worked as a bottom
plate to hold the mat. In Step 2, the mat was compressed a
few times using a drop lid until the height of the mat was
approximately 50 mm. In Step 3, the CF mat test sample
measuring 320 x 320 x 50 mm was finished by carefully
taking out the metal forming box. Test samples with a
density of 28-60 kg/m> were produced; one sample for
every 2 kg/m>, which resulted in 17 levels of density.

The raw material used for the WS test samples was
Douglas fir [Pseudotsuga menziesii (Mirb.) Franco] wood
shavings generated during commercial wood processing as
waste material from the wooden frame members of houses.
The moisture content and mat bulk density of the WS were
11 % and 52 kg/m>, respectively. The average size of 50
randomly selected WS flakes was 13.3 x 14.8 x 0.21 mm.
Test samples with densities of 60-100 kg/m® were produced
in a manner similar to the CF mats, with one sample for every
2 kg/m>, which resulted in 21 levels of density.

Measurement of k-values

The heat flow meter method, as described in ASTM C518
[11], was employed. The sample mat was covered with
another heat flow meter same as used for the bottom of the
mat, then, the test sample sandwiched with two heat flow
meters was inserted between upper and lower heat platens
measuring 450 x 450 mm. The temperature on both sides
of the samples was measured using three sets of thermo-
couples. The temperature of the heat platens was set in one
of two ways: either the upper platen was set at 40 °C and
the lower platen at 20 °C, which generated a downward
heat flow, or the opposite way around, which generated an
upward heat flow.

Two replicate measurements, flipping the sample mat
for each heat flow direction (i.e., four measurements in
total), were conducted for each density level of each
material. After confirming that the magnitude of heat flow
had reached a constant (after 6-10 h depending on mat
density), the k-value of the test sample at 30 °C was cal-
culated, using Eq. (1):
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Step 1
Fig. 1 Procedure for producing a test sample
k= quy x d/AT [W/(mK)], (1)

where ¢, is the average heat flux (W/m?) measured at the
upper and lower sides of the sample, d is the thickness of
the mat sample (50 mm), and AT is the temperature dif-
ference (K) between upper and lower surfaces of the
sample.

Theory

Kollmann [10] proposed a heat transfer model of wood
in which the direction of heat flow was either parallel or
perpendicular to the two layers of the material (cell wall
and cell lumen). Shida and Okuma [12] expanded
Kollmann’s model from two elements to four elements
(cell wall substance, adhesive, absorbed moisture, and
air in the empty spaces) in order to theoretically inves-
tigate the k-value of particleboards. To examine heat
transfer in wood-based mats, the present study replaced
those elements with cell wall, absorbed moisture, fine
pores (cell lumen), and coarse pores between the raw
materials in the mat.

Figure 2 shows a series model and a parallel model
consisting of the above four elements. The k-value of the
series model is minimized (k.,;,) because the element with
minimum thermal resistance is dominant, while that of the
parallel model is maximized (k.,.x) because the total heat
flow is determined by summing the heat flow in each ele-
ment. Theoretically, the k-value of the mat lies between
kmin and knax, as expressed by Eq. (2), with a factor Z that
indicates the relative importance of the parallel model
0O=<z<l.

k=7 % knax + (1=Z) X knnin (2)

The value of ki, and k.« is calculated by Eqgs. (3) and
(4), respectively, on the basis of the rule of mixtures as it
applies to laminated materials:
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Fig. 2 Series and parallel models including the four elements used
for modeling heat transfer in cellulose fiber (CF) and wood shavings

(WS) mats
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where D and d are the length of the series model and of each
element, respectively, Vindicates the volume of the model or
of each element, and F and findicate the width of the parallel
model and of each element, respectively. The suffixes s, m,
fp, and cp represent cell wall, absorbed moisture, fine pores
(cell lumen), and coarse pores, respectively.

Results
Density dependence in k-values

Figure 3 shows the relationships between mat density and
k-values of the two types of mats. The data are plotted
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Fig. 3 Relationships between mat density and thermal conductivity,
CF cellulose fiber, WS wood shavings

separately according to heat flow direction. For CF mats, a
statistically significant correlation (P < 0.01) was found
for both heat flow directions, and the following regression
equations were obtained for upward and downward heat
flux, respectively.

y = 1.81 x 107*x 4 0.0260 (R* = 0.486) (5)
y =164 x 107*x + 0.0263 (R*> = 0.537) (6)

Statistical analysis of the difference between two regres-
sion equations showed that there was no significant dif-
ference between Eqgs. (5) and (6). This indicates that the k-
value of CF mats is not affected by heat flow direction,
according to the best possible measurement accuracy in
this experiment. In contrast, WS mats showed poor corre-
lation between density and k-value. There was a statisti-
cally significant correlation (P < 0.05) in the downward
heat flow (Eq. 7), but not in the upward heat flow.

y=5.35x10"x + 0.042 (R* = 0.118) (7)

A detailed examination of the significance of the differ-
ences between the average k-values for the two heat flow
directions was conducted for two ranges of mat density: the
lower half (60-80 kg/m’) and the upper half (80-100 kg/
m’). The results revealed that there was no significant
difference in the lower half of mat density, but there was a
small difference of 2 % (upward < downward) in the
upper half.

Based on these results, mat density dependence in k-
values can be discussed without considering heat flow
directions. Equations (8) and (9) show the regression

equations obtained when ignoring heat flow direction for
CF mats and WS mats, respectively.

y =173 x107*x + 0.0262 (R*> = 0.502) (8)
y =4.55 x 107x 4 0.0428 (R* = 0.095) (9)

From Eq. (8), the k-value of the CF mat was found to
increase by approximately 5 % with every 10 kg/m?
increase in mat density. This suggests that the number of
heat bridges (which facilitate heat transfer by conduction)
formed by fibers increase with increasing mat density.
Closer examination of Fig. 3, however, reveals for densi-
ties of more than 50 kg/m3, the k-value tended to level off.
Further examination of this issue will require more
experimental data with a greater range of mat densities.

Although a significant correlation (P < 0.01) was also
found for the WS mats, the coefficient of correlation was
very low. The density dependence of the k-values of WS
mats is therefore much lower than that of CF mats; in fact
the slope of the regression equation is approximately four
times greater for CF mats. This can be explained by the
size distribution of coarse pores in WS mats, since lower
density mats tend to have larger coarse pores in which
greater convective heat transfer may occur, resulting in
higher k-values.

Difference in k-values between CF and WS mats

In this experiment, we examined both CF and WS mats
with a density of 60 kg/m’. Figure 4 compares the
appearance of the two kinds of mat at that density. The k-
values obtained from the regression equations for CF and
WS mats with a density of 60 kg/m> are 0.0364 and
0.0456 W/(mK), respectively. Thus the k-value of the WS
mat was 1.25 times higher than that of the CF mat.
Assuming that the CF and WS materials themselves have
the same solid k-value, and therefore that heat transfer via
solid conduction occurs to the same degree when mat
density is equal, the above difference in k-values is pre-
sumably caused by the difference in heat transfer through
coarse pores.

Discussion
Calculation of k-values for coarse pores (kp)

Kollmann [10] indicated that the factor Z in Eq. (2) char-
acterizes the network of heat bridges within the structure of
wood and wood-based materials, and that the value of
Z does not depend upon density when the two elements of
cell wall and cell lumen are used in the model. Shida and
Okuma [12] concluded that Z is a constant value for
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Fig. 4 Surface appearance of a CF mat (leff) and a WS mat (right) with a density of 60 kg/m*

particleboards with densities of 400-900 kg/m®, when the
aforementioned four elements are used in the model. From
these findings, there is a possibility that CF and WS mats
also have constant Z values for certain density ranges. In
the present study, the k-value of coarse pores (k) in CF
and WS mats was determined using the following calcu-

lation steps.

a

Step 1: Calculation of k.,;, and k.

Equations (3) and (4) require the volume of each element
(Vs Vin, Vi, and V) and their total volume (V). They are
calculated by Egs. (10-14), where W and r indicate the
mass and density of a mat with the corresponding moisture
content (MC in %), and W, and r; are the same for the cell
wall and W,,, and r,,, for absorbed moisture, and r, indicates
the apparent air-dry density of CF or WS with the
corresponding moisture content (MC in %).

W Wt Wa W1 +15)

1
v r r r (0)
W
V.=— 11
= (11)
Wi MC 1
== — x— 12
o= T W00 (12)
Wi (1 +35) 1 MC
Vip=——10 _w(—+—— 13
o Ta ) rs_}—lOOxrm (13)
W+ Wn W+ Wy
VCP: r B Fa
_ W+ (1l +15%) (14)
r Fa

When substituting Egs. (10-14) into Egs. (3) and (4),
and plugging in the values shown in Table 1, then, ki,
and k., are expressed as a function of kcp.

Springer

The volume of each element depends on mat density; Vj
and V,, increase linearly with increasing mat density. So
does Vg, unless cell lumens collapse. On the other hand,
Vep decreases with increasing mat density. Table 2 lists
the volume percent of each element for CF and WS mats
with their minimum and maximum mat densities
employed in this experiment.

Step 2: Iterative computation

After completing Step 1, when substituting Egs. (3) and
(4) into Eq. (2), the k-value of the mat is determined by
two parameters, k., and Z. In other words, the value of Z
is calculated from k., and the k-value of the mat. In the
present numerical experiments, an optimum value for k.,
was calculated on the assumption that the mats have a
constant Z value for each half (upper and lower) of the
range of mat densities. The mat k-value used for the
calculation was obtained from the regression equations:
Eq. (8) was used for CF mats, and not Eq. (9) but
Eq. (15) was used for WS mats.

y =2.35x 107%%*~3.31 x 10~*x + 0.0575

(R* = 0.124) (15)

The calculation was implemented for every 2 kg/m” step
in mat density for the lower half the density range
(28-44 kg/m® for CF mats and 60-80 kg/m® for WS
mats) and the upper half (44-60 kg/m> for CF mats and
80-100 kg/m® for WS mats) using a given value for
parameter k., in the range specified below. The mean
value of Z and its coefficient of variance (COV) were
then calculated.

Iterative computation was conducted, changing the
value of k., by 0.001 W/(mK) from 0.022 to 0.030 W/
(mK) for CF mats and from 0.035 to 0.049 W/(mK) for
WS mats. Based on the assumption that the mats have a
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Table 1 Density and k-value of

Elements Properties CF mats WS mats
each element used for
determining Kiin and Kimax Cell wall Density, r, (ke/m?) 1550 1500
k-Value, k, [W/(mK)]* 0.54 0.54
Absorbed moisture Density, rp, (kg/m3 ) 1100 1100
k-Value, k,, [W/(mK)] 0.60 0.60
Fine pores (cell lumen) Density (kg/m3) Negligible Negligible
k-Value, kg, [W/(mK)] 0.025 0.025
Coarse pores Density (kg/m3) Negligible Negligible
k-Value, ke, [W/(mK)] Parameter Parameter
Raw materials Apparent air-dry density, r, (kg/m>) 400 380
Moisture content (%) 10 11
* Average of k-value parallel to and perpendicular to the cell wall longitudinal direction [13]
Table 2 Volume percent of Elements CF mats WS mats
elements composing the mat ) )
30 kg/m® 60 kg/m® 60 kg/m* 100 kg/m®
Cell wall, V, (%) 1.8 35 3.6 6.0
Absorbed moisture, V,, (%) 0.2 0.5 0.5 0.9
Fine pores (cell lumen), Vi, (%) 5.5 11.0 11.6 19.4
Coarse pores, V., (%) 92.5 85.0 84.2 73.7
Mat, V (%) 100.0 100.0 100.0 100.0
0.35 Z. Although the behavior of the COV depended on mat
o O CF mat. 2844 kg/m> o t?/pe and density range, a local mlnln.lal value was .1den-
030 3 tifiable for all four cases. Regression curves with a
@ CF mat: 44-60 kg/m .
e | OWS mat: 60-80 kg/m? completing square were calculated and they are as
N WS mat: 80-100 kg/m’ follows: .
S CF mat (lower half of density range):
& 020 |
“_qc'_, y=1.12 x 104(x— 0.0250)2—1— 0.0017 (R2 = 0.925) (16)
B 015 CF mat (upper half) :
>
S ol y = 3.43 x 10°(x— 0.0253)*+0.0088 (R*> = 0.937) (17)
WS mat (lower half) :
0.05
y =9.96 x 10°(x—0.0441)*+0.0152 (R*> = 0.785) (18)
0.00 WS mat (upper half) :

0.02 0.025 0.03 0.035 0.04 0.045 0.05
Parameter kcp (W/(mK))

Fig. 5 Relationships between the parameter k., and the coefficient of
variance (COV) of factor Z

constant Z value, the optimum value of k., is the one that
yields a local minimum COV for Z.

Comparison of k.,

The results of the iterative computations are shown in
Fig. 5, as the relationships between k., and the COV of

y = 1.48 x 103 (x— 0.0388)°+0.0113 (R = 0.927) (19)

Table 3 lists the optimum k., values obtained from the
experimental plots and regression equations, and the values
of Z. The k., values from the regression equations were
almost the same as or slightly smaller than those from the
experimental plots. For CF mats, the k., value obtained
was 0.025-0.026 W/(mK), which was almost the same as
the k-value of quiescent air [0.024 W/(mK)]. This indicates
that the coarse pores in CF mats within this density range
are small enough to preclude any convective heat transfer
through the air. In contrast, the k., value obtained for WS
mats differed depending on mat density. The k., value for

@ Springer



26

J Wood Sci (2016) 62:20-26

Table 3 Comparisons of k., and Z values for CF mats and WS mats

kep [W/(mK)] z
CF mats

2844 kg/m® 0.026 (0.025) 0.47

44-60 kg/m® 0.026 (0.025) 0.46
WS mats

60-80 kg/m* 0.046 (0.044) 0.22

80-100 kg/m® 0.039 (0.039) 0.31
WSBIP

80-120 kg/m® 0.045 (0.045) 0.61

Values in parenthesis were obtained from regression curves

WSBIP wood shaving binderless insulation panel [14]

the lower half of the density range (60-80 kg/m’) was 1.8
times greater than that of quiescent air. This suggests that
coarse pores between flakes form some continuous gaps
along heat flow direction resulting in convective heat
transfer. However, the value for the upper half (80-100 kg/
m®) was 0.039 W/(mK), smaller than that in the lower half
of the density range. This indicates that the size of the
coarse pores decrease with increasing mat density, which
leads to a coarse pore structure that allows less convective
heat transfer. Also, the fact that the k-values of WS mats
are less density dependent than those of CF mats can be
explained by the difference in k., between the lower and
upper halves of the mat density range, because the decrease
in k., contributes to the lowering of mat thermal conduc-
tivity in a way that balances the increasing number of heat
bridges as mat density increases.

Table 3 also shows reference values for WS binderless
insulation panels (WSBIPs). Sekino and Yamaguchi [14]
reported that the k-value of a WSBIP with a mat density of
100 kg/m3 was 0.066 W/(mK), and its k., was 0.045 W/
(mK). These values are higher than those obtained for WS
mats in the present study. This is because WSBIPs are
manufactured using an extrusion mat-forming method that
tends to face the longitudinal direction of the wood in the
direction of heat flow through the panel thickness: the k-
value of the longitudinal direction of wood is 2-3 times
greater than its perpendicular. The value of Z obtained for
WSBIPs was approximately 2—3 times greater than that for
WS mats. This is consistent with the fact that the factor Z in
Eq. (2) indicates the relative importance of the parallel
model in determining the maximum k-value in the mat.
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