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Study on Performance of Anisotropic Materials of Thermal Conductivity
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Abstract: The advantage and shortcoming of anisotropic material of thermal conductivity using as building envelope
were analyzed in this paper. The thermal performance of anisotropic material of thermal conductivity was presented by ro-
tating the original rectangular axes so as to determine the principal axes and make the cross-derivative terms disappear.
The results indicated that the heat flux vector is commonly not perpendicular to the isothermal surface in anisotropic ma-
terial. Double skin facade has been successfully applied in many building designs. The application of laminated composite
with anisotropic thermal conductivity in double skin envelope was proposed to avoid its disadvantage. The interior enve-
lope in double skin system may be made of laminated glaze or other laminated materials. Basing on the combination of
anisotropic material and double skin envelope, the indoor cooling and heating load decrease in summer and winter respec-
tively while the anisotropic material was used as interior building envelope. Especially in summer, the effect of energy
saving is obvious since the partial magnitude of conductive heat in the interior envelope could be brought out from the

cavity by natural ventilation through it.
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1. INTRODUCTION

Thermal conductivity of a material & has great influence
on its thermal performance. It is a measure of how fast heat
will flow in that material. In heat transfer analysis, a material
is normally assumed to be isotropic. It has uniform proper-
ties in all directions. Therefore, it is common practice to
evaluate the thermal conductivity k at the average tempera-
ture and treat it as a constant in calculations [1]. This as-
sumption is realistic for most materials, but some materials,
such as laminated composite materials and wood, they are
anisotropic and exhibit different structural characteristics in
different directions. For example, the thermal conductivity of
wood across the grain is different than that parallel to the
grain. In such cases the thermal conductivity & should be
expressed as a tensor quantity to account for the variation
with direction. Shiah and Tan [2-3] developed an exact trans-
formation approach that can be applied to numerically treat
the two-dimensional and even three-dimensional anisotropic
problems in field theory by the boundary element method
(BEM). The thermal conductive theory of anisotropic mate-
rials plays an important role in many areas of science and
technology. But works about it are still limited and relatively
few reported.

Double skin envelope or double skin facade (DSF) is
widely applied in building and architecture area. Experimen-
tal and analytical studies have been carried out on the ther-
mal characteristics of DSF [4-6]. Pasquay [7] presented the
advantages and disadvantages of DSF on the basis of actual
measurements of high-rise buildings. Ding ef al. [8] finished
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reduced-scale model experiments and a computational fluid
dynamics analysis to evaluate the natural ventilation per-
formance in the prototype of an eight-storey building with
DSF in the south. Wong et al. [9] reported that DSF used on
the eastern and western walls of building can effectively
conserve cooling energy by shielding buildings from solar
radiation and reducing the heat by natural ventilation.
Nowadays studies about DSF are undertaken in different
climatic conditions such as hot and humid; moderate; cold
and hot arid climates [10-13]. Moreover, detailed informa-
tion on the thermal distribution in DSF is necessary for
building envelope so as to not only provide comfortable in-
door environment but also save energy.

The purpose of this paper is to analyze the thermal con-
ductive characteristics of anisotropic materials, and to dis-
cuss the application of anisotropic material of thermal con-
ductivity in double skin envelope system so as to make use
of its advantage and avoid its disadvantage.

2. CONDUCTIVE MECHANISM OF ANISOTROPIC
MATERIALS OF THERMAL CONDUCTIVITY

Comparing with isotropic material, the conductive proc-
ess of anisotropic material has two important differences.
One is that the thermal conductivity of anisotropic material
is different in different directions. The other is that the mag-
nitude of heat transfer rate of anisotropic material in one
direction is not only relevant to the temperature gradient in
this direction, but also relevant to the temperature gradient
which is normal to the direction [14]. In rectangular coordi-
nates (xj, x;) for two-dimensional conduction, the magni-
tudes of heat flux gy, and gx, in x; and x, directions can be
determined from Fourier’s law as
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where ¢ represents the temperature in the anisotropic ma-
terial, and kjj, (i, /=1, 2) are the thermal conductivities, where
from thermodynamic principles and Onsagar’s reciprocity
relation, the coefficients must satisfy the following relations:
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To solve the anisotropic problem is evidently a more
complicated process since kj; are invariant coefficients with
respect to x;— and x,—axes in rectangular coordinate system.
A commonly adopted approach to treat the anisotropic prob-
lem is to determine the principal axes (§;, &,) by rotating the
original rectangular axes so that the cross-derivative terms
will disappear. In other words, in rectangular coordinates (&,
&,) for two-dimensional conduction, the magnitude of heat
flux in the &; (i=1, 2) direction is relevant to the temperature
gradient in this direction, but is not relevant to the tempera-
ture gradient in orthogonal axis. The magnitudes of heat flux
can also be expressed from Fourier’s law as
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=—k — 4

qél 1 agl ( )
ot

1, =k, % )

where k; and k; represent the principal thermal conductivities.

Fig. (1) shows the two-dimensional steady-state conduc-
tion of an anisotropic material. There is a laminated compos-
ite plate with anisotropic conductivity. The inclined lines in
the figure express laminated surfaces. The directions along
the laminated surface and its normal are thermal conductivity
principal axes &; and &,. The thermal conductivities along the
principal axes &; and &, are k; and k,. The x; axis represents
the direction of isothermal surface. Rectangular coordinates
(x1, x2) are inconsistent with the principal axes &; and &,. B
represents the anisotropic angle in the figure.
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qx &

0 q)CI _)a

Fig. (1). Two-dimensional steady-state conduction of the anisotropic
material.
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Since temperature gradient and heat flux are not relevant
to coordinate system in the same object, the following may
be obtained:

q, =4 cos B — q, sin 8 (6)

q, =4, sin B+ 9, cos 3 (7)
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From Eq. (6) to Eq. (9), the following may be deduced:
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If the two surfaces of the laminated composite plate
maintain constant temperatures of #,; and t,. There will be
one- dimensional temperature field in the plate, and
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where O represents thickness of the laminated composite
plate.

So that
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Equations (14) and (15) indicate, for anisotropic material,
the temperature gradient in one direction develops magnitude
of heat transfer rate in orthogonal direction.

3. ADVANTAGE OF ANISOTROPIC MATERIALS OF
THERMAL CONDUCTIVITY

Basing on above analysis, it can be concluded that the
heat flux vector is commonly not perpendicular to the iso-
thermal surface in anisotropic material. For thermal conduc-
tion in a plate as Fig. (1) shows, the plate conductive heat
flux g,, is more concerned. The apparent thermal conductiv-
ity is defined
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k" =k sin® B+k,cos’ B (16)
Therefore,
t . —t
= w2 wl 17
q,, 5 (17)

For thermal conduction in the plate made of isotropic
material, the conductive heat flux across it is expressed as

Y k ZLw2 ~wl 18
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If k;=k, , then the apparent thermal conductivity K~ = kl .

The thermal conductive material becomes isotropic. Ordinar-
ily, 0< k< k;. Table 1 shows the apparent thermal conduc-
tivity k* varies with the anisotropic angle . For special
case, while k; =0, k" =k, sin® B < ki; while p=0°, k" =k, .

Since the value of &, is more lower than that of ki, the ther-
mal conductive material becomes a poor heat conductor or
insulator; while p=90°, k" =k, . The thermal conductive

performance is very good for this material, or this material is
a good heat conductor, but the insulating effect is consequen-
tially worse for it.

The results of Table 1 show that generally the apparent
thermal conductivity k* <k,. There fore, q,, < q;z . In

other words, if the thermal conductivity of isotropic material
in thickness direction is equal to that of anisotropic material
in laminated direction, the magnitude of heat flux across the
plate made of anisotropic material is less than that made of
isotropic material.

This advantage of anisotropic material can be made use
in building envelope. Fig. (2) shows the conduction of build-
ing envelope made of anisotropic material in summer while
the outdoor temperature is higher than that of indoor. The
heat transfer rate vector ¢ is not perpendicular to the building
wall. It will develop partial magnitude paralleling to the
wall. Then the real heat flux across the building envelope
from outdoor to indoor decreases when the wall temperatures
of two sides maintain constant respectively. If 0< k< &y, it
can easily come true by laying out laminated composite ma-
terial in reasonable direction, the partial magnitude of heat
transfer rate will flow upwards. Finally, it will spread to the
ambient on the roof of the single-storey building by thermal
convection with the around air. Therefore, the indoor cooling
load in summer decreases while the anisotropic material is
used as building envelope.

Fig. (3) shows the conduction of building envelope made
of anisotropic material in winter while the indoor tempera-
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ture is higher than outdoor. The real heat flux across the
building envelope from indoor to outdoor decreases when
the wall temperatures of two sides maintain constant respec-
tively. The heat transfer rate vector ¢ will develop partial
magnitude paralleling to the wall. If 0< k< k, the partial
magnitude of heat transfer rate will flow downwards. It can
partially spread to the indoor air by thermal convection.
Then, the indoor heating load in winter may decrease a little
while the anisotropic material is used as building envelope.
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Fig. (2). Conduction of the anisotropic material in summer.
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Fig. (3). Conduction of the anisotropic material in winter.

4. DOUBLE SKIN ENVELOPE SYSTEM AND LAMI-
NATED COMPOSITE ANISOTROPIC MATERIALS

Although the anisotropic material of thermal conductivity
made of laminated composite has its advantage used in

Table 1. The Apparent Thermal Conductivities Varying with the Anisotropic Angles
B 0° 30° 45° 60° 90°
i f k, +3k, k, +k, 3k, +k, i

2 4
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building envelope, it is still imperfect when it used in multi-
storey building or high-rise building. Since partial magnitude
of heat transfer rate will flow upwards in laminated compos-
ite material in summer, for single-storey building, this part of
heat will spread to the ambient on the roof of the building by
thermal convection with the around air; but for multi-storey
building or high-rise building, it may spread to the indoor of
upper storey by thermal convection with the indoor air when
it flows upwards in the building envelop. In order to avoid
this shortcoming, it could be related to double skin facade in
building.

The technique of double skin facade has been success-
fully applied in many building designs. Double skin facade
using as the building envelope consists of an outer glazed
skin and an inner glazed or partially glazed one. The two
skins together with top and bottom dividing plates form a
cavity. This air layer works as a thermal buffer zone. And
this kind of building envelope is proposed not only to reduce
noise from outdoors, but most importantly, to decrease in-
door heating load in winter by increasing outside tempera-
ture of the inner facade, using solar incidence, and decrease
indoor cooling load in summer by lowering the temperature
via ventilation in the cavity.

Fig. (4) shows schematic diagram of this double skin
envelope in summer. The top and bottom dividing plates are
open in summer, and outdoor air is induced into the cavity
and naturally ventilated through it by buoyancy arising from
the outside and inside temperature difference of the cavity.
Heat in the cavity and from the two skins spread out in this
convection process. Fig. (5) shows schematic diagram of this

Air ouktlet ‘\\)\\\\\\\\e\\ \

Dividing ‘
plate Floor

Outside

‘ Interior envelope Z

Exterior
glass

Dividing ‘ Ind
ndoor

plate

Fig. (4). Schematic diagram of double skin envelope in summer.
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double skin envelope in winter. The top and bottom dividing
plates are close. Heat from sunshine stores in the cavity and
then transfers to indoor through the interior envelope. This
building envelope system is considered to be an environ-
ment-friendly design since it utilizes natural ventilation and
sunshine so that comfort can be achieved with less energy
consumption [15]. Double skin envelope used in summer
could avoid the disadvantage of anisotropic material of
thermal conductivity by ventilation in its cavity. Ventilation
in the cavity of this double skin building envelope system
can be natural, mechanical or a combination of both [16].
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Fig. (5). Schematic diagram of double skin envelope in winter.

5. APPLICATION OF LAMINATED COMPOSITE WITH
ANISOTROPIC THERMAL CONDUCTIVITY IN DOUBLE
SKIN ENVELOPE

The selection of building material has important effect to
the design of building thermal performance and energy sav-
ing. According to above analysis, laminated composite with
anisotropic thermal conductivity could be applied in double
skin envelope. As Fig. (2) shows, the partial magnitude of
heat transfer rate in the building envelope with anisotropic
material will flow upwards in summer. It will spread to out-
side on the roof of the single-storey building by thermal con-
vection with the around air. But in multi-storey or high-rise
building, this partial magnitude of heat transfer rate will flow
upstairs to the interior envelope of higher floor. It may trans-
fer to indoor of higher floor by convection between the inte-
rior envelope surface and indoor air of the higher floor. Thus
the indoor cooling load of the higher floor will increase.

To avoid this disadvantage, the laminated composite with
anisotropic thermal conductivity could be used as the mate-
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rial of interior envelope in double skin envelope. The interior
envelope may be made of laminated glaze or other laminated
material as Fig. (2) or Fig. (3) shows. The top and bottom
dividing plates of the double skin envelope will be open in
summer. The heat in the surface of interior envelope will be
brought out by flowing air through the cavity. And in winter,
the dividing plates will be close. In this case, the heat in the
surface of interior envelope can only transfer to the air in the
close cavity. But this heat transfer is limited. In fact, the cav-
ity is warmer than outside. And with solar incidence on the
facade of exterior envelope, its temperature increases. Com-
paring with outside temperature in winter, the higher cavity
temperature has a significant role in reducing heat loss from
the building. It can be concluded that this combined double
skin envelope system, while the interior envelope is made of
laminated composite with anisotropic thermal conductivity,
will lower indoor cooling load in summer as well as indoor
heating load in winter. The effect of energy saving is obvi-
ous in summer since the partial magnitude of conductive
heat in the interior envelope could be brought out from the
cavity by natural ventilation through it.

6. CONCLUSIONS

The thermal performance of conductivity anisotropic
material was analyzed in this paper. The characteristics in
anisotropic materials are different from those in isotropic
materials. The heat flux vector is commonly not perpendicu-
lar to the isothermal surface in anisotropic material. The
magnitude of heat transfer rate of anisotropic material in one
direction is not only relevant to the temperature gradient in
this direction, but also relevant to the temperature gradient
which is normal to the direction.

The double skin facade in winter preheats the interior
space of the envelope and decreases the heating load. And in
summer, the ventilation of the cavity can effectively lower
the cooling load. The interior envelope in double skin system
may be made of laminated glaze or other laminated material
with anisotropy. Basing on the combination of anisotropic
material and double skin envelope, the indoor cooling and
heating load decrease in summer and winter respectively
while the anisotropic material was used as interior building
envelope.
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