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Analytical Equations for Predicting Effective Thermal
Conductivity in Laminated Wood Composites
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This paper presents an analytical modeling approach to predict the
effective in-plane and out-of-plane thermal conductivities of laminated
wood composite products such as Cross-Laminated Timber (CLT).
Considering wood'’s orthotropic nature, having models that could be used
to estimate the effective thermal conductivity properties of laminated wood
products in various directions becomes essential for understanding the
coupling between mechanical and thermal properties, as well as predicting
the dimensional stability of large wood composite panels. For this purpose,
analytical thermal conductivity equations were derived in three orthogonal
directions, considering different properties of wood along its orthotropic
directions, following Fourier's Law. The derived equations were then
applied to different CLT panel products and results were compared to
assess their accuracy. As CLT panels may be produced without edge
gluing, two scenarios were investigated to understand the effect of edge
gluing on thermal conductivity of such panels. First, the presence of
adhesive between timber layers was ignored (i.e. not edge-glued panels);
second, adhesive and its thickness were included. Results demonstrated
the reasonable accuracy of the proposed approach in predicting the
thermal conductivity of CLT panels made with different gluing methods.
The modeling of imperfect bonds and air gaps is also briefly discussed.
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INTRODUCTION

In the past two decades, the global timber market has experienced remarkable
growth, resulting in a heightened utilization of wood as a primary construction material
across a range of projects including residential and commercial buildings (Saavedra et al.
2015). Advancements in mass timber engineering have sparked a renewed sense of purpose
and expanded the versatility of wood as a building material. As environmental concerns
continue to rise, the significance of wood-based structures is becoming increasingly
apparent compared to traditional materials such as steel and concrete. This growing
recognition is expected to drive further progress towards sustainable construction solutions
and greener materials.

Wood is known for its heterogeneous and orthotropic nature, characterized by a
complex structure spanning multiple length scales (Malek and Gibson 2017). To represent
this complexity accurately, researchers have been developing multiscale models utilizing
finite element simulations and computational homogenization techniques to analyze the
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mechanical properties of wood and its composites (Malekmohammadi et al. 2015; Malek
and Gibson 2017). In mass timber construction, a key design concept for building
insulation materials is to target a low thermal conductivity (k-value) for laminated wall and
floor panels. CLT, a mass timber laminated product, is commonly produced by bonding
multiple softwood or hardwood wood layers using a small amount of adhesive, which is
often ignored in analysis of such products (Afshari and Malek 2022).

Although the thermal conductivity of wood and fiber-based composites is well
investigated in the literature, effective thermal conductivity of laminated wood composites
is less explored in the literature. For instance, extensive research, both numerical and
experimental, has been conducted to study elastic and thermomechanical properties of
wood-concrete composite made with wood chips. Taoukil et al. (2013) explored the impact
of moisture content on the thermal conductivity and diffusivity of wood-concrete
composites. Additionally, Akkaoui et al. (2017) explored modelling such composites and
comparing testing data with analytical homogenization and modelling predictions based on
classical micromechanics schemes such as Mori-Tanaka or self-consistent models
assuming spherical or ellipsoidal inclusions.

It should be noted that although classical micromechanical may be used for
composite with low to moderate volume fractions of fibers (Vs < 75%), such approaches
are not applicable to highly-filled composites with orthotropic fibers, such as strand-based
wood composites and CLT, due to the key assumptions made in their development (see
Malekmohammadi et al. (2015) and Malek et al. (2019)). Despite extensive research on
wood composite materials, specific models for predicting the orthotropic thermal
conductivity of laminated wood composites such as CLT, Laminated Veneer Lumber
(LVL), and Parallel Strand Lumber (PSL) are still missing. Existing models are either too
simplistic (ignoring the presence of adhesives or mismatching properties in different
directions) or overly complex (e.g., requiring detailed 3D numerical finite element models
(Afshari and Malek 2022)). Simple models typically assume that wood is an isotropic
material and fail to account for the unique layered structure and bonding characteristics of
CLT. This gap in the literature highlights the need for a relatively simple but also an
accurate approach that can be implemented by panel producers to optimize the performance
of their products.

To address the above research gap, a general analytical modeling approach is
presented to study the thermal behavior of laminated wood composites. Some key
assumptions are made in deriving analytical equations to estimate the effective thermal
conductivities of such composites in 3 orthogonal directions: First, conduction is assumed
to be the main mechanism of heat transfer. Second, moisture content is assumed to be
constant within the entire panel. Third, resin diffusion into the wood pores is ignored.
Unlike previous studies, the resin layer is idealized as a perfect adhesive layer with constant
layer thickness bonding the wood surfaces. In other words, the resin is treated as a
continuous, thin isotropic situated between thicker orthotropic wood layers. Furthermore,
it is assumed that all wood planks have identical properties (e.g., density and moisture
content). It should be noted that although these assumptions seem very basic and ideal,
they could be released, and applicability of the model be extended. To model the air gaps
that may occur in real panels, the interface may be idealized as voids with negligible
thermal conductivity representing air’s thermal conductivity.

Through physics-based analytical modeling as presented in the paper and validated
against experimental measurements, researchers could understand the importance of
various design parameters such as the thickness or thermal conductivity of resin compared
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to wood properties and hence optimize the design and efficacy of wood-based composites,
fostering sustainability and efficiency across a spectrum of engineering applications. As
research on green wood composites progresses, continued exploration of
thermomechanical properties, in addition to mechanical properties, will yield further
insights into their performance under extreme environmental conditions (Chiniforush et al.
2022), advancing sustainable materials and green construction methodologies.

The paper is structured into four main sections. In the modeling approach section,
the theoretical foundations of thermal conductivity are described, followed by the
development of specific mathematical equations for calculating thermal conductivity. The
comparison of these equations with the Halpin-Tsai model is explored, and suggestions are
made to tailor them for CLT panels in the results section. Subsequently, the validity of the
formulated equations is confirmed through their comparison with experimental results.

MODELING APPROACH

In 1822, Fourier introduced the theory of thermal conductivity, which states that
heat flow within a homogeneous medium is directly proportional to the negative
temperature gradient. This principle forms the basis of one-dimensional (1-D) steady-state
heat transfer analysis, where heat flow is typically assumed to occur exclusively in the x-
direction. Mathematically, this theory can be expressed as:

ar
x = _kan (1)
where g, denotes the steady-state heat flux crossing the assumed differential boundary,
and k, represents the material thermal conductivity. In the above equation, A is the cross-

sectional area and % is the temperature gradient in the x-direction (see Fig. 1). Rearranging
the terms in Eq. 1, the thermal conductivity in the x-direction can be written as:

« AL
ke = =S50 0

It should be noted that k, is the thermal conductivity in W/mK, q, is the heat flux
in W/m?, and AT is the temperature difference in K. AL is the distance in m. Hence, the
thermal conductivity of a material can be defined as the measure of its efficiency in
conducting heat across a specific unit area when subjected to a temperature gradient along
its cross-sectional area (A).
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Fig. 1. Schematic of steady state heat conduction in 1-D according to Fourier’s law
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Effective Thermal Conductivity in 1-D

In 1-D heat transfer under the assumption of no internal energy generation and
constant material properties, a parameter can be defined called the material’s thermal
resistance (R;). This parameter signifies the material’s resistance to the flow of heat across

its cross-section and can be expressed as:
AT

Ry = — 3)
Ax
For materials composed of multiple layers, such as two-layered materials (or multi-layered
configurations in general), the heat flow through distinct materials can be represented using
thermal circuits (refer to Fig. 2 for heat flow through a two-layered material). For this
purpose, Eg. 2 can be rearranged and written as:

AT _ L
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Fig. 2. Heat flow through a two-layered material, consisting of wood and resin, represented using
thermal circuits. Front and side views are shown in top left and right, respectively

In Fig. 2, L and W denote the length and width of the wood and resin layer,
respectively. Therefore, the cross-sectional area available for heat conduction from the
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outside through the resin layer becomes W X t,sin, and the cross-sectional area available
for heat conduction through the wood becomes W X t., 004 (Where t represents the material
thickness). The total heat flowing through this orientation will be the sum of heat passing
through the resin layer (g esin) and the wood (qyo04), respectively:

dx = Qwood T Yresin (6)

Applying Fourier law, one can write:

T>,—T-
Gwood = —Kwood (Wtwood) ZL : and,

-1y
L

Qresin = —Kresin (Wtresin)

Hence,
T,—Ty T,-Ty
Gx = —(kresinWtresin T Kwood W twood) ( L ) = _keff,x (Wtresin + Wtwood)T (7)
where kg represent the effective thermal conductivity of the layered composite system
along its longitudinal direction. Simplifying the above and rearranging for k., this leads
to:

Kresin-tresintk .t
keff,x — Xresin-tresin™*wood-twood (8)

tresinttwood

The same equation can be derived using thermal resistance (Eq. 5). Assuming
similar temperature difference across the wood and resin layer, Eq. 6 can be expressed as:

T -1, — T T, T —T; (9)
Reff Rresin Rwood
— = —— 4 — (10)

Refr Rresin Rwood

This may be referred to as the parallel model for simplicity.

keff,x(Awood‘l'Aresin) — KresinAresin + kwoodAwood (11)
L L L
_ Kresin-tresintkwood-twood
Ketex = (12)

tresinttwood

Note that Apegin 1S Wtresin, and Ayood 1S Witwood -

Equation 12 is similar to Eq. 8, indicating that the thermal resistance analogy
accurately estimates the effective thermal conductivity. It is also demonstrable that the
thermal conductivity along the longitudinal (x-) direction can be approximated using the
equation derived from the rule of mixtures. This equation is formulated based on the
assumption that, when a heat flux is applied along the fiber (reinforcement) direction of a
composite system, the composite constituents (i.e., fiber and matrix) can be substituted
with an equivalent system of homogeneous blocks. These blocks have volumes
proportional to their relative volume in the composite. Analogous to the thermal resistance
and employing a mechanical analogy, the thermal conductivity of a two-layered material
in the longitudinal direction can be estimated as follows,

keff,x = kaf + (1 - Vf)kresin (13)

where V; is the fiber volume fraction and k; and ks, are the thermal conductivities of
fiber (here wood) and resin, respectively. Knowing the wood and resin volume to be
LXW X tyooq and L X W X tyesin, respectively, V; becomes:
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V — LWtwood — twood (14)
f LWtresintLWtwood tresinttwood

Substituting V¢ from the above equation in Eg. 13:

Kresin-tresin Kk .t
keff,x — Xresin-"resin wood-‘*wood (15)

tresinttwood

The above equation is identical to Eg. 8, which was derived using Fourier's Law.
Therefore, reducing the model to an analogous parallel model and employing the rule of
mixture equation yield the same equations for estimating the effective thermal conductivity
of a two-layered composite material in the longitudinal direction of fibers (here, wood
grain).

T
T,

T,

L.y
L, Ly
kA kgA
— 0—— 0" MAO"VWA-O——0
4 1 T, T, T, T,

Fig. 3. Equivalent thermal circuit for the transverse direction of the two-layer wood composite

In the transverse y-direction, as shown in Fig. 3, it is possible to derive the
expression for k¢ using Fourier law’s equations, similar to the way in which it was derived
for the longitudinal direction. Because there is temperature gradient across the material,
Fourier’s Law at surface A and B can be written as:

Qy = —ky (TZL_ATl) = —kg (T3L;T2) = ~kerty (LT;Z) (16)

Solving for Tz:

kpLAT3+kALBT:
Tz — BLAL3 AtBl1 (17)
kaLp+kpgLg
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Considering the second part of the Eqg. 16 and substituting the value of T2 :

kakpg(La+L
keffy — A B( A B) (18)
’ kaLp+kpLy

After rearranging, this leads to:

L (i—:+£—z) (19)

keff,y Lp+Ly

Assuming that the surface A and B in Fig. 3 represent the cross-sectional area of resin and
wood with thicknesses t,. and t,, and with thermal conductivities of k&, and
k., respectively, then kg, will be:

krkw (Er+tw)
Kyt +koty

keff,y = (20)

Now, deriving the same equation using the thermal resistance as defined in Eq. 5,
Reff = Rresin + RWOOd Wlth

twoodttresin _ tresin twood (21)
keff,yA Kresin4 kwood4

Through factoring, the above can be rearranged for k., and written as:

! (tresin +twooa) (22)

keff,y twoodt+tresin \Kresin Kwood

It can be shown that Eq. 22 is the same as Eq. 20 using Fourier Law, demonstrating
that the thermal resistance analogy can be applied in the transverse direction.

Halpin-Tsai Model

The Halpin-Tsai model (Ashton et al. (1969)) consists of a set of mathematical
equations originally proposed to predict the elastic moduli of short-fiber composite
materials. The model considers the geometry and orientation of the reinforcing constituents
(fibers, particles) within a matrix, as well as the elastic properties of both the reinforcement
and the surrounding matrix.

In the Halpin and Tsai approach which is based on Hill's self-consistent model for
predicting the elastic moduli, mechanical stresses and strains are represented by their
averaged values in individual constituents. By drawing an analogy between thermal stress
and mechanical stress in the composite constituents under thermal loading, the same form
of equations could be used to estimate the effective thermal conductivity of the composite
(k.), analogous to effective elastic moduli of the composite (E.), in a specific direction as
follows:

1+dnVv
ke = Kresin (T‘/}f) (23)
o
n = (24)
+{

where ({is the empirical geometric shape parameter used to accommodate the
discontinuous arrangement of fibers in a general short fiber composite. Halpin and Tsai
used their approach to analytically derive a solution, with the inclusion of the experimental
shape parameter ¢ to account for different shapes of reinforcements (fibers).
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For a better understanding of the parameter ¢, its effect on the Halpin-Tsai equations is
shown below. Note that the extreme (upper and lower bound) cases for { are { = 0 and
{ = o

a) For{ — oo,

lim ke _ lim (—(kf+Zkresin+(kaf—§karesin)) (25)
(> Kresn {—oo (_kf_fkresin+kaf_karesin)

Applying L-Hopital’s rule:

6(—(kf+ zkresin+<kaf‘<karesin))

. ke FI4
}l—l}(}o kresn - 6(‘kf_fkresin+kaf_karesin) (26)
a¢
Leads to:
ke = veks + (1 - Vf)kresin {Same as Eq. 13}

Thus, for { — oo the Halpin-Tsai equation reduces to the longitudinal equation Eq. 15.

b) Similarly, for { = 0,

1 1
ke = Kresin (1—77Vf> = <ﬁ+ 1—Vf> (27)

kf kresin

Or, 1= (V—f + ﬂ) which is similar to Eq.22 by substituting V; = ttL"d Thus,

kc kf resin woodttresin

for { = 0, the Halpin-Tsai equation reduces to the transverse model we obtained here.
This demonstrates that the analogy for Halpin and Tsai equations could lead to similar
equations for estimating the effective thermal conductivity of wood composites.

Comparison with Halpin-Tsai Model

The comparison of the derived equations with the Halpin-Tsai equations reveals a
close match for estimating the thermal conductivity of composites. Inspecting the role of
the shape parameter ¢ shows that the derived equations effectively capture the influence of
fiber geometry and distribution within the composite material. When (—o0, the Halpin-
Tsai is reduced to the longitudinal thermal conductivity model obtained in this paper. On
the other hand, when (=0, the Halpin-Tsai equation is reduced to the transverse thermal
conductivity model.

Effective Thermal Conductivity in 3-D
Using the same approach and above equations (Egs. 8 and 22), it is possible to
generalize the effective thermal conductivity in three dimensions as,
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_ Kresin-tresintKwood-I-twood
Kyx = , (28)
tresinttwood
Kresink _t(tresintt )
kyy — lresin wood—t\lresin Ttwood (29)

Kresintwood *Kwood-ttresin

Kresin-tresintk .t
kzz — Clresin-“resin wood-r-‘wood (30)

tresinttwood

where kyood—1r Kwood—r» Kwood—¢ are the thermal conductivities of wood along its
longitudinal (1), radial (r), and tangential (t) directions, respectively.
Applying Fourier’s Law, the above equations can be expressed in tensorial notation,

q = —kvT (31)

where q is the conduction heat flux vector and k is the thermal conductivity tensor with
kyx, kyy, and k,, components. Given the continuous nature of the matrix in the composite,
it is logical to consider both the fiber and matrix as constituents of a composite unit cell.
In this context, the unit cell is defined as the smallest repeating unit of the microstructure
in the composite (specifically, wood and resin in this study) consisting of its two main
constituents: the fiber and matrix. Consequently, the effective conductivity of the unit cell
is linked to the macroscopic flux and temperature gradients within the composite laminate.
These macroscopic parameters are characterized as surface averages of their corresponding
microscopic counterparts, as outlined in Temizer and Wriggers et al. (2010). Hence, they
can be expressed as follows,

= (q)=:/.q.dS (32)
VT = (VI) =< [,VT.dS (33)

where (.) denotes the average quantity, S is the surface of integration, g is the microscopic
heat flux, and VT is the microscopic thermal gradient. It can be seen that the effective
thermal conductivity is related to the surface averaged thermal quantities as

Kett = — == (34)
where k¢ is the effective thermal conductivity vector.

Utilizing Eq. 32 and Eq. 33, Eq. 34 can be expressed in three dimensions as follows:

oT
) fsqx.ds ) kxx 0 0 [fsg'ds]l
Hiayds|= -1l 0 Ky 55.d5| (35)
2-dS 0 0 ks oT
Jsa L2 as]

where S is the surface of integration, k,,, k,,, and k,, are conductivities of the elements in
the x, y and z directions respectively, and q,, g, and q, denote the heat fluxes in the x, y

and z directions respectively. Hence, the effective thermal conductivity tensor can be
written as:

J;q.ds

kess = — J.(nvT).ds

(36)

where n denotes the normal vector to each element boundary of the unit cell.
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Generalization of 3-D Equations for Multiple Layers

The above analysis for a two-layered material can be generalized to n-layered
materials. Assuming an n-layer wood composite with wood layer thicknesses of
twir twzs twss - twp @nd  n— 1 layers of resin with thicknesses t,q, 2, trs, ..., tr(n-1)
between the wood layers, Eq. 8 can be generalized as:

_ kresin-(tr1+ tTZ+"'+tT(n—l))-I-kWOOd(l)'(th'l' [:W2+...+twn)

kyx = 37
xx (w1t tw2+"'+twn)+(tr1+ tr2+"'+tr(n—1)) ( )
Also, in the transverse direction, Eq. 22 can be generalized as:

L — 1 (tr1+ brat - +trm-1) + tw1t tw2+"'+twn)

kyy (tw1+ tw2+"'+twn)+(tr1+ tr2+"'+tr(n—1)) kresin kwood(r)

(38)
Similarly, from Eq. 8, it is possible to derive:
kresin-(tr1+ tra +'"+tr(n—1))+kwood(t)-(tw1+ tw2+"'+twn)
k,, = (39)
(tw1t tw2+“'+twn)+(tr1+ tr2+"'+tr(n—1))

RESULTS

The derived equations (Eqgs. 37, 38, and 39) offer a framework for establishing a
system of equations to calculate the effective orthotropic thermal conductivity of CLT
panels, taking based on the layup configuration (i.e. layer thicknesses) and thermal
conductivity of wood and resin layers. To understand the role of adhesives and demonstrate
the capability of the approach in capturing the role of each constituent, first it is assumed
that there is no adhesive between the wood layers within each layer (i.e. no edge-gluing
within the plane). In other words, the wood planks in each layer are perfectly contacting
the neighboring wood planks. The resulting equations under this assumption are presented
as Case 1 in this paper. Then, in Case 2, we consider the presence of adhesive layer within
each CLT layer that was initially disregarded, to estimate the effective thermal conductivity
of edge-glued panels.

Case 1 - CLT panels without edge-gluing

Consider a 3-ply CLT panel as the simplest example of a CLT product, with wood
thicknesses donated by t,,,t,, andt,; and resin thicknesses, through the panel
thickness, denoted by t,., and t,, along the panel’s x-direction (see Fig. 4). Assuming the
thermal conductivity of wood along its longitudinal, radial and tangential directions be
denoted by kyood(r): Kwoodr) Kwood(r), respectively, the orthotropic nature of wood is
considered in those derivations. It should be noted that the resin’s thermal conductivity
kresin May represent either pure resin or resin with voids (imperfect glue lines)
characteristics. If the variation of resin thermal conductivity with moisture content has been
experimentally determined, this can also be incorporated into the model by modifying the
properties accordingly (i.e. kpodified resin)- 1 NiS modified thermal conductivity of the resin,
as measured, could replace k.., in the equations as similar to the modified elastic
modulus of resin in Malek et al. (2019). Then, the effective thermal conductivities of the
composite in all three directions can be expressed in terms of the geometry parameters and
thermal conductivity values of the constituents as follows:

Pal & Malek (2025). “Wood thermal conductivity,” BioResources 20(1), 2150-2170. 2159



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

1 1 (tr1+ tra + twittws + tw2 ) (40)
Kxx (w1t twattws)+(Er1+ tr2) \ Kresin kwood(‘r) kwood(t)
k _ kresin-(tr1+ trz)"'kwood(l)-(twl"' tw3)+kwood(t)-tw2 (41)
Yy (tw1+ tw2+tw3)+(tr1+ trz)
kresin-(tr1+ tr2) +kwood(t)-(tw1+ twz) +Rwood(1)-tw2
kzz = (42)

(tw1+ twattwsz)+(tr1t tr2)

y

A

K

X

Fig. 4. CLT panel with 3-layers. The three orthotropic directions (I, r, and t) of wood are
highlighted with respect to panel directions. The CLT panel is not edge-glued.

Case 2 - CLT panels with edge-gluing

Let the width of resin between the wood planks be denoted as w’ (see Fig. 5), and
the thermal conductivity of the resin as k.. The other terms remain the same as in
Case 1.
Now, in x-direction:

5kwood(r)-W+4Kresin-W/

ki ettx) = P (43)
_ Skwood(t)-W+4Kresin- W/
k2 eff) = P (44)
__ Skwood(r)Wt4kresin W/
k3,eff(x) - W Awr (45)
hence,
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1 1 ( t N t N t n Ztresin) (46)

kl,eff(x) kz,eff(x) k3,eff(x) Kresin

Kxx 3t+2tyesin

Fig. 5. Dimensions of wood planks and resin layers in a CLT panel with 3 layers. The CLT panel
is edge-glued.

and in the y-direction:

5kwood()-W+4Kresin-W/

kl,eff(y) = Swaw! (47)
__ SKwood(r)WH4KresinW!
kZ,eff(y) - WA (48)
__ 5Kwood(t)-W+4Kresin-W/
k3'3ff(Y) - Sw+4wrs (49)
hence,
ke = Kresin-(tr1+ tr2) +t.(Kq effiy) + Kz efi(y) s efi(y)) (50)
Yy 3()+(tr1t tr2)
Similarly, in z-direction:
_ Skwood(t)-W+4Kresin- W/
ki ety = P (51)
__ Skwood(t)-Wt4kresin-W/
kz,eff(z) - WA (52)
__ Skwood(t)-Wt4Kresin-W/
k3,eff(z) - Wt Awr (53)
and
kresin-(tr1+ tr2)+t-(k1,eff(z)+ kz,eff(z)+k3,eff(z))
k,, = (54)

3t+(tr1+ tr2)
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Input Parameters

The thermal conductivity of wood is the most important input parameter in the
above equations. It should be noted that this parameter is affected by several factors such
as its density, moisture content, grain direction, and temperature, along with structural
irregularities due to checks and knots. Thermal conductivity increases as density, moisture
content, and temperature of the wood increases (Griffiths and Kaye 1923; Wangaard et al.
1940; MacLean 1941; Narayanamurti and Ranganathan 1941; Kihlmann 1962). For wood
with a density between 400 and 700 kg m™, the conductivity perpendicular to the grain is
between 0.10 and 0.18 Wm™ K (Niemz and Sonderegger 2017) and axial thermal
conductivity is approximately 2 to 3 times higher (Ratcliffe 1964; Steinhagen et al. 1977).
There are numerous studies on thermal conductivity of wood at different scales (Buc¢ar and
Straze et al. 2008; Sonderegger et al. 2011; Vay et al. 2013; Vay et al. 2021), to examine
the thermal conductivity of wood at micro or macro-scale (Diaz et al. 2019; Eitelberger
and Hofstetter 2011) or wood modification to enhance its thermal properties (Czajkowski
et al. 2020). Recently, Li et al. (2018) reported reduced transverse thermal conductivity of
basswood, i.e., 0.03 Wm™ K due to removal of hemicelluloses and lignin and subsequent
freeze drying. According to Wood Handbook (2010) thermal conductivity is nearly the
same in the radial and tangential directions (i.e. transverse directions). However,
conductivity along the wood grain has been reported to be greater than its conductivity
across the grain by a factor of 1.5 to 2.8, with an average of about 1.8. The thermal
conductivities of different softwood species of pine and spruce are tabulated in Table 1
along with their specific gravities.

Table 1. Thermal Conductivities of Selected Softwood Species as Reported in
Wood Handbook at MC of 12%

Species Specific Gravity Conductivity* (Wm1K?)
Pine
Eastern White 0.37 0.11
Jack 0.45 0.13
Loblolly 0.54 0.15
Lodgepole 0.43 0.12
Longleaf 0.62 0.17
Pitch 0.53 0.15
Ponderosa 0.42 0.12
Red 0.46 0.13
Shortleaf 0.54 0.15
Slash 0.61 0.17
Sugar 0.37 0.11
Western White 0.4 0.12
Spruce

Black 0.43 0.12
Engelmann 0.37 0.11
Red 0.42 0.12
Sitka 0.42 0.12
White 0.37 0.11

*Actual conductivities may vary by up to 20%
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The thermal conductivities are provided at 12% moisture content. These values are
calculated using Eq. 55 from Wood Handbook (2010),

k= G(B+C.MC)+A (55)

where G is the specific gravity based on ovendry mass and volume, MC is the moisture
content (%), and A, B, and C are constants. It should be emphasized that moisture content
of the wood is an important parameter which affect its thermal conductivity. In this study,
the moisture content of wood has been assumed to be 12%. It could be shown that this
parameter (within its typical variation range of 5 to 15%) has a negligible impact on the
calculation of effective thermal conductivity for CLT panels (indoor applications),
compared to other parameters such as panel lay-up, board dimensions, and orthotropic
conductivity values considered for wood. It should be noted that beyond G > 0.3, and at
temperatures around 24 °C and MC < 25%, the A, B, and C coefficients are reported to
be constant: A = 0.01864, B = 0.1941, C = 0.004064 with k expressed in Wm™ K2,

Comparison with Experimental Data
Softwood CLT - Case 1
In the experiment conducted by Oztiirk et al. (2020), spruce (Picea orientalis L.)
was used to determine the thermal conductivity of a 3-layered CLT panel. Each wood plank
had dimensions of 100 mm x 85 mm x 16 mm and was glued together using polyurethane
adhesive at a level of 160 g/m?. No glue was applied at the edges (not edge-glued). The
moisture content was assumed to be 12% in their study. Density and thermal conductivity
of polyurethane resin was 1.47 g/cm?® and 0.513 W/mK respectively (Azemati et al. 2018).
The average specific gravity of oriental spruce wood was 0.416 g/cm?® (Aytin et al. 2022).
Using Eq. 55, the thermal conductivity of wood in its longitudinal direction can be
calculated as:

kwood) = 0.416(0.1941 + 0.004064 X 12) + 0.01864
kwood(l) = 0.1197 W/(mK)

Assuming the conductivity along the grain was 1.8 times (on average) larger than
conductivity across the grain, the radial and tangential thermal conductivities can be
estimated as:

kwood(t) = kwood(r) = 0.0665 W/mK

The thickness of the resin between two layers (i.e. within the panel thickness) was
calculated using the density and resin spread level, assuming that the surface area where
glue was applied to be 100 mm x 85 mm = 8500 x 10 m?2 The mass of glue on each
surface becomes 85 x 10 x 160 g = 1.36 g. Therefore, thickness of resin (t,) can be

. 1.36 _ — — — —
calculated: ———"-——-=0109mm. Therefore, ty; = ty,; = tyz = ty = 16 mm,

tyy = tp = t. = 0.109 mm, and Kresin = 0.513 W/mK. Substituting the above values in
Egs. 40, 41 and 42, the effective thermal conductivity can be calculated:

k —00667W k —01038W k —00862W
xx ' m K e m K 2z ' m K
As the y-direction is equivalent to longitudinal direction, the thermal conductivity
value matched the experimental value of 0.1032 W/mK (Ozturk et al. 2020) with an error
of 0.58%.
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Softwood CLT - Case 2

For this case, the thickness of resin between the wood planks is calculated similar
to the way that the thickness of resin between CLT layers was calculated earlier. The area
of wood surface where the adhesive is applied to can be calculated as 100 mm x 16 mm =

1600 x 10® m2. Hence, the mass of adhesive on each surface will be 16 x 10* x 160 g =

0.256 g. Therefore, thickness of adhesive is w' = 0'256_2 = 0.1088 mm.
100X16X107=%x1.47

In the experiment, a CLT panel with 4 wood layers was used. Therefore, the width
of each wood plank can be calculated as w = 84—5 = 21.25 mm.

Now in the x-direction,

4kwood(r).w+3kr.w1

kl,eff(x) = awA3wr =0.0682 W/mK = kZ,eff(x) = k3,eff(x) (56)

hence,
1

P 14.607, k,, = 0.0685 W /mK (57)
Similarly, in the y-direction:

kl,eff(y) = 0121, kZ,eff(y) = 0.0682 and k3,eff(y) =0.121 (58)
Hence:

w

For the z-direction:

kl,eff(z) = 0.0682,k2,eff(z) = 0.121 and k3,eff(z) = 0.0682 (60)
And,

w
k,, = 0.0877ﬁ (61)

The predicted value of 0.1053 for the y-direction shows a difference of 2.03%
compared to the experimental value, i.e., kgg = 0.1032% (Ozturk et al. 2020).

Comparing the results of the two cases shows that edge-gluing does not have a significant
effect on the effective thermal conductivity across the panel thickness, if the wood boards
are tightly placed.

Hardwood CLT - Case 1

In the experiment conducted by Srivaro et al. (2021), coconut wood was used to
determine the thermal conductivity of a 3-layered CLT panel. Each board had dimensions
of 400 mm (width) x 20 mm (thickness) x 400 mm (length) and was glued together with
melamine urea-formaldehyde adhesive at a spread rate of 250 g/m?. The moisture content
is assumed to be 12% in the article. The average density of the coconut wood is assumed
to be 0.655 g/cm?. Density and thermal conductivity of melamine urea-formaldehyde resin
is 1.22 g/cm® (Aytin et al. 2022) and 0.1944 W/mK (Qiao and Mao et al. 2017; Claucherty
and Sakaue et al. 2018), respectively.

Using Eqg. 55, the thermal conductivity of wood in longitudinal direction can be
obtained as:

Kwoody = 0-655(0.1941 + 0.004064 x 12) + 0.01864
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kWOOd(l) = 0.1777 W/mK

Assuming the conductivity along the grain is 1.8 times (on average) larger than
conductivity across the grain the radial and tangential thermal conductivity can be
estimated to be:

kwood(t) = kwood(r) = 0.0987 W /mK

The thickness of the resin between two layers (within the plane) is calculated using
the density and resin spread rate considering the surface area where adhesive is applied to
be 400 mm x 400 mm = 16 x 102 m2. The mass of glue on each of the surfaces becomes
16 x 102 x 250 g = 40 g. Therefore, thickness of resin (t,) can be calculated:

40
400Xx400x1072x1.22 0.205mm. Therefore, t,; = ty, = tyz = ty =20mm, t, =

t,, = t, = 0.205mm, and k.., = 0.1944 W /mK. Substituting the above values in
Eqgs. 40, 41 and 42, the effective thermal conductivity can be calculated:

w w w
kxx = 00991m kyy = 01517ﬁ kZZ = 01255H
According to Srivaro et al. (2021), the average thermal conductivity of CLT panels
falls within the range of 0.153 to 0.264 W/mK and the estimates using equations (Egs. 40,
41, and 42) is close to the range. Note that the y-direction is assumed to be the grain
direction.

Hardwood CLT - Case 2

For this case, the thickness of adhesive between the wood layers needs to be
calculated using the same way that the thickness was calculated for the adhesive between
CLT layers. The wood layers were glued together using a different adhesive, which is
polyvinyl acetate with a spread level of 100 g/m?. The density of the resin was 1.1 g/cm?
(Kol and Altun 2009), and the thermal conductivity was assumed as 0.2 W/mK (Qiao and
Mao et al. 2017; Claucherty and Sakaue et al. 2018). Assuming the surface area where the
adhesive was applied = 400 mm x 20 mm = 8 x 10 m?, the mass of adhesive on each
surface becomes 8 x 10 x 100 g = 0.8 g. Therefore, the thickness of adhesive was

. _ 0.8 _ . . .
approximately w'= TR 0.09 mm. In the experiment of4§:LT comprising 5

wood layers here, the width of each wood could be calculated as w = TO = 80 mm.
Now, in the x-direction:

5kwood(r).w+4kr.w1

Rietto = ey = 0.0988 WIMK = ky ety = K3 effx) (62)
hence,
kixx =10.0877 - k,, = 0.0992 W /mK (63)
Similarly, in the y-direction:
kl,eff(y) = 01777, kZ,eff(y) = 0.0988 and k3,eff(y) =0.1777 (64)
and,
w

In the z-direction:
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kl,eff(z) = 00988, kZ,eff(z) = 0.1777 and k3,eff(z) = (0.0988

hence,

w
kZZ == 01256ﬁ

(66)

(67)

The above estimated value is close to the range specified in Srivaro et al. (2021).
The estimated values for each case are listed in Table 2. This table demonstrates the
accuracy of the derived equations in estimating thermal conductivity. The results closely
aligned with experimental measurements for the CLT panels, underscoring the reliability
of the generalized equations. Based on the results presented in Table 2 for both softwood
and hardwood specimens, edge-gluing does not have a significant impact on the effective
thermal conductivity of CLT panels (less than 2%) if the boards are tightly placed next to

each other.

Table 2. Comparison of Predicted Thermal Conductivity ( -— ) with Experimental
Values (Refer to Fig. 4 for the X, y, and zCLT Directions)

Softwood CLT

Case 1 - Not Edge Glued CLT

‘ kxx kyy kzz
Spruce (Picea orientalis L.) 0.0661 0.1196 0.0661
Polyurethane - 0.513 -
Model 0.0667 0.1038 0.0862
Spruce CLT Experimental - 0.1032 -
Error 0.58%
Case 2 - Edge Glued CLT
Spruce (Picea orientalis L.) 0.0661 0.1196 0.0661
Polyurethane - 0.513 -
Model 0.06846 0.1053 0.0877
Spruce CLT Experimental - 0.1032 -
Error 2.03%
Hardwood CLT
Case 1 - Not Edge Glued CLT
Coconut Wood 0.0987 0.1777 0.0987
Melamine Urea-Formaldehyde - 0.1944 -
Model 0.0991 0.1517 0.1255
Coconut Wood CLT Experimental - 0.153 -
Error - 0.86% -
Case 2 - Edge Glued CLT
Coconut Wood 0.0987 0.1777 0.0987
Polyvinyl Acetate - 0.2 -
Melamine Urea-Formaldehyde - 0.1944 -
Model 0.0992 0.1517 0.1256
Coconut Wood CLT Experimental - 0.153 -
Error - 0.86% -

CONCLUSIONS

Investigating the effective thermal conductivity properties of wood becomes
essential for understanding the coupling between mechanical and thermal properties, and
the dimensional stability of large wood composite panels in three orthogonal directions.
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This study introduced an analytical modeling approach based on the basic principles of
micromechanics to study the orthotropic thermal conductivity of laminated wood
composites. Some of the main findings are highlighted below.

1. Initially tailored for a three-layer cross-laminated timber (CLT) panel, the derived
equations exhibited remarkable flexibility, easily adapting to accommodate CLT
panels with more wood layers. This versatility ensures the equations maintain their
predictive ability, making them highly practical for a wide range of CLT panel designs
with a range of wood species and adhesive types.

2. Anintriguing aspect of this study is the alignment between the Halpin-Tsai model and
the series and parallel models used in the formation of the generalized equations. This
alignment demonstrates the relevance of the derived equations in establishing a solid
foundation for predicting not only the effective thermal conductivities of CLT panels
but estimating their effective elastic moduli with various mixed species.

3. The proposed simplified model treats the resin as a continuous, isotropic solid.
Imperfect glue lines or air gaps could be considered as alterative resin layers with
modified properties; reduced values for imperfect glue lines or very low values
representing the thermal conductivity of air may be assumed using the same approach.
Voids within the resin-wood interface often exists and could be treated as a
homogenized solid with a reduced or negligible thermal conductivity compared to
resin.

The analytical-based micromechanical modeling approach presented here, along with its
flexible generalized equations, provides valuable insights into thermal behavior of CLT
panels. Results illustrated the high effectiveness of the derived equations in estimating
thermal conductivities of various softwood and hardwood panels, closely matching
experimental measurements, and highlighting the reliability and accuracy of the
generalized equations.
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