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Abstract

Vacuum insulation panels (VIPs) are regarded as the most promising high-performance thermal insulation products on the market
today. A high and stable vacuum state within VIP enclosure provides a durable service life for VIP. Its core is typically made of laminated
glass fiber (GF) due to its low thermal conductivity, high modulus., high toughness, light weight and non-combustible property.
However, fiber-bridging significantly exist under the low-pressure condition inside VIP, resulting in solid heat conduction intensified
between the layers. Also, the VIP with pure GF core is comparatively soft. In this paper, aluminum foils were orderly arranged in 30
cascading layers of GF core, 10 different new structural VIPs with “1—10GF-+1Al” were got to compare with the pure 30GF core VIP.
The influence of different layers of Al foil on the thermal conductivity and flexural strength of VIPs were discussed. Thermal conductivities
of the as-prepared VIPs with proportion of 490mm > 210mm were evaluated by the heat flow meter thermal conductivity instrumentation
Netzsch HFM 436. Flexural strength was compared between the different samples by electronic universal testing machine. Results showed
that Al foil layers laminated in the core can make a contribution to the flexural strength of VIP. The thermal conductivity of the pure 30GF
core VIP was 2.278 mW/(m « K), while the data of “1— 8GF + 1Al”structure were higher than 2. 278 mW/(m * K). The thermal
conductivity of “9GF+Al” and “10GF+ Al” structure were 2. 330 mW/(m « K) and 2. 146 mW/(m * K) respectively. Theoretical and

experimental analysis showed that the optimum layers of Al foil for 30GF core are 2, and the structure is “10GF-+1Al".

Keywords VIP, glass fiber, Al foil, thermal conductivity, flexural strength

1. Introduction as fiber-powder composites [ 3], polycarbonates [ 4],

Vacuum insulation panels (VIP) are regarded as phenolic foam [5] and ultrafine glass fibers [6].

. . Different core materials have different advantages and
one of the most upcoming high performance thermal

insulation solutions. At delivery, thermal conductivity drawhacks.
for a VIP can be as low as 0. 002~0. 004 W/(m « K)

depending on the core material[1]. The purpose of the

The laminated glass fiber (GF) is a typical core
material of VIP developed in Asia due to its low thermal
conductivity, high modulus, high toughness, light

core material is to provide the VIP’ s insulating and

. . . ight and non-combustible property. Ho r, fiber-
mechanical properties. Hence, there is a lot of focus on weight a ¢ ustible property wever, Hbe

. . ridging significantl xist under the low-pressur
the core material, as this is important for a VIP to attain bridging - significantly e unde ¢ ‘ow-pressure

. . . - ondition inside VIP, resulting in solid heat conduction
the highest possible thermal resistance. To optimize the ¢ Sice » resutting 1 s cat cohdue

conditions of the VIPs, the core needs to fulfil certain intensified between the layers. Also, the VIP with pure

. . . . GF core is comparatively soft. In this paper, aluminum
requirements, These are described in a comprehensive P Y baper.

review by Baetens et al. [2]. Several different materials foil were orderly arranged in 30 cascading layers of GF

are being tested for use as core materials in VIPs, such
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core, 10 different new structural VIPs with “1—10GF—+
1Al” were got to compare with the pure 30GF core VIP.
The influence of different layers of Al foil on the thermal
conductivity and flexural strength of VIPs were
discussed to obtain the optimum layers of Al foil in
30GF core material. These provide a new way of
improving the VIP’ s flexural strength and heat-
insulating property, resulting in a great significance for
exploiting the use level and application market of glass

fiber core VIPs.

2. Experimental details

Raw materials, including core materials, aluminum
foils, envelope materials and getters used in this study
were provided by Suzhou V. 1. P. New Material Co. ,
Ltd. (Taicang City, P. R. China). Glass fiber core
material layers with dimensions of 490mm X 210mm X
0.4mm were fabricated by wet method. The wet
method included the following steps: (DProviding slurry
of glass fibers; @Dewatering the slurry to form a wet-
laid mat; @)Drying the mat; @Cutting the mat to form
the finished glass fiber core material layers [7,8]. VIP
core materials were made up of 30 pieces of as-prepared
glass fiber core material layers and aluminum foils with
dimensions of 490mm X 210mm X 0. 007mm were
orderly added in the 30 cascading GF layers.

The layered core material samples were dried at
150°C for 1 hour. VIPs with core materials which were
structured at different layered conditions (In Tab. 1)
were produced after the same vacuum process. The
barrier membrane with one side aluminum foil and the
other side aluminum plating film were used. The used
getter was smart combo getter from Italy SAES
Company. The initial thermal conductivities of VIP
samples were evaluated by EKO thermal conductivity
detector HC - 120 quickly. And the

measurements of thermal conductivities were evaluated

accurate

by the heat flow meter thermal conductivity
instrumentation Netzsch HFM 436.

Flexural strength was compared between the
different samples by electronic universal testing machine
CTM 2200, according to GB/T 1456 — 2005 standard
[9]. Flexural strength tests were carried out using
rectangular samples with proportion of 490mm X

210mm, while the span and velocity of the machine

grips were 490 mm and 2 mm/min, respectively. Surface
morphology of the core materials was observed by
scanning electron microscopy (SEM, Model SU8010).

Tab. 1 VIPs with core materials which were structured

at different layered conditions

Sample No. | Structural Units | Total GF layers | Total Al layers
1 Pure GF 30 0
2 10GF+1Al 30 2
3 9GF+1Al 30 3
4 8GF+1Al 30 3
5 7GF+1Al 30 4
6 6GF+1Al 30 4
7 5GF+1Al 30 )
8 4GF+1Al 30 7
9 3GF+1Al 30 9
10 2GF+1Al 30 14
11 1GF+1Al 30 29

3. Results and discussions
3.1 Experimental results of thermal conductivity

The EKO thermal conductivity detector HC — 120
was used to quickly eliminate the nonconforming
products. Then, the thermal conductivities of effective
samples 1~11 were evaluated and the data were shown
in Fig. 1. Sample 1 represents the pure 30GF core VIP,
its initial thermal conductivity tested 3 days after
production was 2, 278mW/(m « K). The data of sample
3, 5~11 were much larger, which were 2. 330mW/
(m+ K), 2. 340mW/(m + K), 2. 343mW/(m + K),
2.409mW/(m « K), 2. 667mW/(m » K), 2. 589mW/
(m -+ K), 2.864mW/(m » K) and 3. 908mW/(m « K),
respectively. While sample 2 with the structural unit
“10GF + 1Al” had the lowest thermal conductivity
2.146mW/(m * K), sample 4 with the structural unit
“8GF + 1Al” second, its thermal conductivity was
2.283 mW/(m * K). The curve of the test data 25 days
after production demonstrated the same trend.

Centre of panel thermal conductivity (., of a VIP
core) is a summation of the solid conductivity, gaseous
conductivity and radiative conductivity and can be
expressed using Eq. (1) [10].

Acop =As T AR A6 T Acoup D
Where As is the solid thermal conductivity, Ax is the
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radiative thermal conductivity and A is the gaseous
conductivity. Here A, is the thermal conductivity
caused by a complex interaction between gas and
laminated construction in the composite. This term,
Acowp Tises exponentially at higher pressures. However,
at low pressure this term can be negligible. Solid
conduction takes place through the structure of core
material where heat is transmitted through the physical
contact of fibers of core material. Solid conductivity is a
material property and its value depends upon material
structure, density and external pressure on the core.
Materials with low density are preferred for achieving
low solid conduction. Thermal conductivity in VIP core
can be lowered by restricting the gaseous and radiative

conductivities [ 11].

Thermal conductivities of the samples with time increases
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Fig. 1 Thermal conductivities of the 1~11 samples evaluated
at 3 days and 25 days after production

Glass fiber, owing to its very small aperture size
and low bulk density has a low solid conduction, but
suffers from a lower resistance to radiative heat transfer.
Aluminum foil can be added effectively to restrict the
gaseous and radiative conductivities. Nonetheless,
caution has to be exercised when using aluminum as
these typically have high solid thermal conductivity
which means higher content of aluminum will lead to a
higher solid thermal conductivity offsetting any benefit it
provides by reducing the radiative conductivity; on the
other hand, an insufficient amount of aluminum in a
VIP core will lead to a higher radiative conductivity.
Hence, an optimum mass proportion of a given
aluminum needs to be identified to achieve a minimum
radiative conductivity in VIP cores. Experimental results
showed that the optimum layers of Al foil for 30GF core

are 2, and the structural unit is “10GF-+1Al",

3.2 Microstructure and microstructural model of

core material

The properties of VIP core material are closely
related to their structure, which depends on the

preparation method, the microstructure, chemical
composition, and the phase of VIP core materials [ 12].
The SEM micrographs of VIP core material were shown
in Fig. 2. As seen in Fig. 2(a), fiberglassVIP core
material consisted of a mass of randomly oriented,
super-cooled glossy fibers of varying lengths and
diameters. The average diameter of the fiberglass was
about 2~6 mm [137]. As shown in Fig. 2(b), the VIP
core material was made up of continuous fiber layers
which were parallel to each other. These horizontally
oriented fiber layer faces were perpendicular to the
direction of heat flux. Thus, the thermal conductivity of

VIP core material could decrease [ 14, 15].

Fig. 2 SEM micrograph of VIP core materials
(a)Fibers of varying lengths and diameters;

(b) Horizontal oriented fiber layers
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Fig. 3 Microstructural model of laminated core material

Fig. 3 shows the microstructural model of core

material. Each core material layers consisted of
continuous parallel fibers and aluminum foil laminates.
The real morphology of core material could be described
by a simplified model [16], i. e. » multiphase medium
model [17]. Representative elemental volume [ 18, 19 ]
in the model at microscopic level consisted of solid phase
(i. e. glass fibers), gas phase (i. e. air, water vapor and
other gases), and impurity phase (small water droplets
and specially introduced additions). Gas phase filled in

the voids among solid phases while the impurity phase
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attached to the surface of solid phase.

Aluminum foils have low emissivity and density,
commonly used as the reflector screen in multi-layer
insulation and outer protective structure for thermal
insulation. Hence, adding aluminum foil laminates
artificially to block vertical thermal bridge is an effective
way to restrict the gaseous and radiative conductivities
between GF layers. But the laminates are not the more
the better, there are an optimum laminates of Al foil in
the core as mentioned in 3. 1. This is because vacuum
resistance and solid thermal conductivity increases with
the layer and density, resulting in an increase in thermal
conductivity of residual gas.

3.3 Measured results of flexural strength

According to the charts, the flexure strength of
sample 1, 2 and 11 is 3MPa, 3MPa and 4MPa,
respectively. As shown in Fig. 4 (a), the bending force
increases gradually with displacement, the resistance
distribution is relatively uniform, and is consistent with
the structure characteristics of pure glass fiber core
material. Two obvious turning points (tag in red circle)
can be found in the force-displacement curve of Fig. 4
(b) ,each turn represents the resistance of aluminum foil
layer, which is also consistent with the structural
characteristic of “10GF + 1Al” sample. Due to the
alternating layers of aluminum foil and glass fiber, there
are a lot of twists and turns in the curve of Fig. 4(c),
the first turn (tag in red circle) represents the resistance
of the VIP’s barrier membrane. These suggest that the
core material of aluminum foil may increase the bending

strength of VIP.

4. Conclusions and outlook

Al foil layers properly laminated in the core can
make a contribution to the insulating performance and
{lexural strength of VIP. To balance solid, residual gas
and heat conductivity, there is an optimum number of
laminates of Al foil in the core, for instance, the
optimum Al layers for 30GF core are 2, and the
structure is “10GF+1Al1”. This provides a new way to
increase the stiffness and the service life of GF core
VIP, further promoting GF VIPs’application in the top

field like aerospace and navigation,
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Fig. 4 Force-displacement curve of sample 1, 2 and 11
(a)Force-displacement curve of Sample 1;
(b)Force-displacement curve of Sample 2;

(c)Force-displacement curve of Sample 11
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Abstract

Compared with other types of vacuum insulation panels (VIPs), glass fiber VIPs (GF — VIPs) have better initial thermal insulating
properties and lower price but need a higher vacuum to ensure their durable service life. In this paper, the core materials for GF — VIPs
were made up of 8, 16, 24 and 32 pieces of 1mm-thickness core material layers (CMLs). The microstructure and compression ratio of each
core material was recorded. The interior pressure of the as-prepared GF — VIPs possessing 8 pieces of CMLs rose rapidly from initial 6. 1 Pa
to 10. 2 Pa in 10. 5 hours while that possessing 16 and 24 pieces of CMLs almost grew linearly from original 1. 4 Pa to 10. 2 Pa in 120 hours
and from incipient 1.3 Pa to 10. 4 Pa in 409 hours, respectively. Conversely, GF — VIPs possessing 32 pieces of CMLs had an excellent
pressure holding ability. having maintained at a low interior pressure of less than 5 Pa for 300 hours. Thermal conductivity of GF — VIPs
with 8 pieces of CMLs was at among the highest while that of GF - VIPs with 16, 24 and 32 pieces of CMLs increased with the thickness
of the core. In order to obtain high-quality GF — VIPs with long-term service life and low thermal conductivity, the number of CMLs in a

GF - VIP should be between 16 and 32.

Keywords vacuum insulation panel, core material layers, interior pressure, thermal conductivity

L. Introduction glass fiber core material layers (CMLs). It was reported

In recent decades, energy saving technology has that the thermal conductivity of GF — VIPs greatly

. . . . .. . increases with the interior pressure when the interior
been widely investigated in order to mitigate climate P

change triggered by the increase of CO, emissions [1]. pressure is higher than 10Pa. An extremely low and

. . . stable interi { less than 100Pa is th
A superior thermal insulation system called vacuum stable interior pressure of less than a 15 the

insulation panels (VIPs), which have about 5 to 10 prerequisite for high-quality GF — VIPs with low thermal

. . . . conductivity. Due to the specific characteristics of the
times higher thermal resistance than the conventional Y © P ©

. GF — CM, both the structures of the overlay core
insulators such as polystyrene or polyurethane foams.,

provides alternative solution for the worldwide problem material and the single CML affects the thermal

[2]. Compared with other types of VIPs such as fumed insulation properties of the GF — VIPs. Kim et al. [5]
slica VIPs, glass fiber VIPs (GF — VIPs) exhibits a studied the relationship between pore size of GF - CM

distinguished low thermal conductivity of less than 0. 004 and density and the thermal insulation performance of

W/(m « K) and become an ideal thermal insulation GF — VIPs under variable pressing load and vacuum

materials in refrigeration and cryogenics [3, 47, level. Di et al. [ 6] investigated the dependence of

Generally speaking, the core material for GF — thermal conductivity of two different types of GF — VIPs

VIPs (GF - CM) consist of several or dozens of parallel on gas pressure theoretically and experimentally while Li
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et al. [7] explored the mass transfer within GF — VIP
enclosure in a vacuum and the influence of pressure
holding time of extraction process on thermal
conductivity of the GF — VIPs. Although vacuum-
pumping system can reduce the interior pressure within
VIP enclosure to a minimum, it is difficult to achieve a
high vacuum between all layers in the GF — CM [8].
Moreover, the gases in the surrounding environment
may slowly permeate into the GF — VIPs, resulting in an
increase in interior pressure of GF — VIPs. The gases
within VIP enclosure may desorb on the warm side and
adsorb on the cool side in the closed system and aid on
an increase in thermal conductivity of the GF — VIPs,
Glass fibers may function as a wick and block the
movement of the gases within VIPs and thus suppress
the thermal conductivity. However, to the best of the
authors > knowledge, few literatures analyzed the
dependence of thermal conductivity of GF — VIPs on the
microstructure of core material. Again, there are few
literatures that have analyzed the effect of the number of
CMLs on the thermal conductivity of GF — VIPs,

In this paper, the GF — CMs were composed of
of CMLs. The

morphologies, pore parameters and compression ratios

different numbers cross-sectional
of the GF — CMs were investigated. The changes in the
interior pressure of GF — VIPs with time were recorded
and the thermal conductivity of each GF — VIP was
compared. The aim of this paper is to obtain a high-

vacuum-state and long-term GF — VIPs.

2. Experimental

Raw materials, including GF — CMs, envelope
materials and getters used in this study were provided by
Suzhou V. 1. P. New Material Co. , Ltd. (Taicang, P.
R. China). Among them, GF - CMs, consisting of
70% centrifuged glass wool and 30% flame attenuated
glass wool, were produced by wet method (described in
Ref. [7]). The length, width, and thickness of each
CMLs was 410mm, 290mm, and 1mm, respectively.
The GF — CMs were composed of 8, 16, 24 and 32
pieces of Imm-thickness CMLs. The envelope materials
were made up of four layered film with an overall
thickness of 95 um, i. e. s polyamide film (PA, 15um),
( PET,
aluminum film (Al, 7 pm) and polyethylene film (PE,

polyethylene terephthalate film 12pm ),

55 pm). Firstly, the GF — CMs were dried at 150°C for
60 mins, and then bagged in envelope materials.
Afterwards, the GF — VIPs were produced by vacuum
process.

The cross-sectional morphologies and the pore
parameters of GF — CMs were analyzed by scanning
electron microscopy (SEM, JEOL JSM - 6360) and
mercury injection apparatus ( AutoPore IV 9510),
respectively. The as-prepared GF — VIPs were placed in
a closed room at 35°C and 37% R. H. The interior
pressure and thermal conductivity of each GF - VIP
were measured by convection vacuum gauges (CVM201
Super Bee TM) and heat flow meter (Netzsch HFM
436) , respectively.

3. Results and discussion
3.1 Microstructure

Fig. 1 shows the cross-sectional morphology of the
GF - CMs. At the macroscopic level (see Fig. 1(a)),
the GF — CM was made up of continuous CMLs which
were parallel and in contact with each other. The CMLs
were flat, thin, rough, and flexible, but could not be
coiled beyond a certain limit because of low strength.
space called
At the

microscopic level (see Fig. 1(b)), each CML possesses

There was nearly a straight small

“interlayer interface” between two CMLs.

a stable structure. Glass fibers within each CML were
randomly oriented. There were also some parallel
micro-spaces called “interlaminate interface” existing in
each CML. Actually, each CML was touched at isolated
microcontacts which were interspersed with gaps; and
the real contact area between two CMLs was the sum of
these microcontacts. The limited number and size of the
microcontacts resulted in an actual contact area which

was significantly smaller than the apparent contact area.

o s
Interlaminate interface

(a) Macrostructure (b) Microstructure

Fig. 1 Cross-sectional morphology of the GF — CMs

Fig. 2 shows the pore diameter distribution of the

CMLs. Most of pores diameter concentrated between



Vacuum Insulation Panel: Green Material and Healthy Life

5 pm and 30pm while only a small amount of macro
pores of over 50 um existed in the CMLs. Tab. 1 shows
the pore parameters and bulk density of the CMLs. The
total pore area, average pore diameter, porosity, and
bulk density of the CML were 1. 446 m®/g, 20. 2211
pm, 87.858 4%, and 120. 2 kg/m’ , respectively, while
the total intrusion volume was 7. 311 5 ml./g. The low
density (120. 2 kg/m®) of the CML implied that the
fibrous network delicately provided limited pathways for

solid-to-solid thermal conduction in the GF — CM.
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Fig. 2 Pore diameter distribution of the CMLs

3.2 Changes in interior pressure with time

The thermal conductivity of GF — VIPs remains at
a low and stable value when the interior pressure of the
GF — VIP is lower than 10Pa while that increases
exponentially when the interior pressure of the GF - VIP
is higher than 100 Pa [9]. Hence, in order to behave
best in the thermal insulation performance, the interior
pressure of GF — VIPs should be strictly controlled
below 10 Pa. Fig. 3 shows the development of interior
pressure of GF — VIPs with time. The interior pressure
of the as-prepared GF — VIPs possessing 8 pieces of
CMLs rose rapidly from initial 6. 1 Pa to 10. 2 Pa in 10. 5
hours while that possessing 16 and 24 pieces of CMLs
almost grew linearly from original 1.4 Pa to 10. 2 Pa in
120 hours and from incipient 1. 3 Pa to 10. 4 Pa in 409
hours, respectively. Conversely, GF — VIPs possessing
32 pieces of CMLs had an excellent pressure holding
ability, having maintained at a low interior pressure of
less than 5 Pa for 300 hours. Therefore, GF — VIPs
with more pieces of CMLs had better holding capacity in

the interior pressure.

—a— 8 pieces of CMLs ~ —a— 16 pieces of CMLs
11 —— 24 pieces of CMLs —w— 32 pieces of CMLs

Interior pressure/Pa

0 30 60 90 120150 180210240270 300330360 390420
Time/hour

Fig. 3 Development of interior pressure of GF — VIPs with time

3.3 Compression ratio of GF — CMs

As glass wool was highly porous and soft, they
could be easily deformed when pressing load was
exerted. The thickness of the GF — CM achieved a stable
value after vacuum process as a stable atmospheric
pressure was loaded on the surface of the GF - VIP.
The compression ratio of the GF — CMs « could be
described as following relation:

o do 7d1
w= T (D

where d, and d; are the thickness of GF — CM before
and after vacuum process, respectively. Tab. 1 shows
the thickness and compression ratio of GF — CM. All of
the thickness of the GF — CM reduced greatly after
vacuum process. The o reached a maximum of 39. 9%
when the GF — CM was composed of 8 pieces of CMLs
and decreased with the number of CMLs.

Tab. 1 Thickness and compression ratio of GF — CM

Number of Thickness before Thickness after Compresion
CMLs vacuum process/mm | vacuum process/mm | ratio/ (%)

8 8 4,81 39.9

16 16 10. 20 36.3

24 24 16. 64 30.7

32 32 22.83 28.7

3.4 Thermal conductivity of GF — VIPs

Fig. 4 shows the thermal conductivity of GF —
VIPs possessing 8, 16, 24 and 32 pieces of CMLs with
different interior pressure. The thermal conductivity of
GF — VIPs possessing 8, 16, 24 and 32 pieces of CMLs
was marked as A;» A;» Ay and A, respectively. It was
observed that the thermal conductivity of the GF — VIPs

slightly increased with increasing interior pressure.
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Moreover, at the same interior pressure, thermal
conduction of GF — VIPs slightly increased with the
number of CMLs except for the one with 8 pieces of

CMLs (always maximum), 1. e. , A, <<A;<<A,<<A.

el
)

——8 pieces of CMLs —— 16 pieces of CMLs
——24 pieces of CMLs —— 32 pieces of CMLs

/

e
[=)

[S]
0

(8]
o
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Thermal conductivity, mW/m * K)
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o

2 3 4 5 6 4 8 9 10
Interior pressure, Pa

o
—

Fig. 4 Thermal conductivity of GF — VIPs possessing 8, 16, 24 and
32 pieces of CMLs with different interior pressure

Fig. 5 shows the heat flow transfer mechanism for
vacuum-evacuated fibrous materials. The fiber-to-fiber
solid thermal conduction took up the great mass of heat
transfer through the GF — CMs and was greatly affected
by the solid volume fraction (SVF), fiber diameter
(FD), and fibers’ through-plane orientations (FTO)
[10, 117]. Although there is no difference in the SVF,
FD and FTO among CMLs, the internal microstructures
of the GF - CM were different due to the difference in
the compression ratio of the GF — CM. A mass of glass
fibers was planished under the pressing load of 1
atmosphere and arranged in different behavior compared
with the status without pressing load. Compared with
GF - CMs with low compression ratio, the fibers
parallelism for GF — CMs with high compression ratio
was higher. And the heat transfer path for the GF -
CMs with high compression ratio was much longer than
that with low compression ratio. The heat flow path for
GF - CMs with high compression ratio thus extended.
As a result, fiber-to-fiber solid thermal conduction
decreased. At the same interior pressure of less than
10 Pa, the contribution from the gas was the same.
Therefore, A, <<A; <<A;. The reason for the thermal
conductivity of GF — VIPs with 8 pieces of CMLs was
that the movement of gases, which coustituted the
maximum within the VIP enclosure, was not sufficiently
restricted due to too few numbers of CMLs, The

residual gases might flow relative freely through the
edge of the GF - CM and thus the gas thermal

conductivity increased. In order to obtain high-quality
GF - VIPs with long-term service life and low thermal
conductivity, the number of CMLs in a GF — VIP should
be between 16 and 32.

Hot plate .."' >/
3 4
Cold plate ",

Core material
(a) High compression ratio

Hot plate

& N
Glass fiber
% v
Cold plate *

Core material

(b) Low compression ratio-

Fig. 5 Heat flow transfer mechanism for vacuum-evacuated

fibrous materials

4. Conclusions

GF - VIPs possessing more pieces of CMLs
required a more rigorous vacuum process. GF — VIPs
with high number of CMLs have better ability to
maintain the interior pressure in a low value but
possessed a higher thermal conductivity. In order to
obtain high-quality GF — VIPs with long-term service life
and low thermal conductivity, the number of CMLs in a

GF - VIP should be between 16 and 32.
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Research on the Biological Solubility of Ultra-fine Glass Fibers
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Abstract

Ultra-fine glass fibers have many excellent properties, such as good insulation, low thermal conductivity and high acoustic property,
et al. However, traditional mineral fibers usually form a lot of dusts when they are produced or used. It is easy to be inhaled into human
body, but hardly to be degraded, which must do a great harm to human health. In this paper, we design an experiment putting glass fibers
into continuously updated simulated lung fluid for different cycles. Glass fibers are produced by centrifugal blowing system. Diameters and
the surface morphology of fibers are measured by optical microscope and scanning electron morphology. respectively. The results show
that the simulated lung fluid absorb various metal ions and non-metallic ions when fibers gradually dissolve. The results from inductively
coupled plasma atomic emission spectroscopy test further shows that silicon, boron, calcium and magnesium ions can easily be absorbed,
which consume the hydrogen ion of the simulated lung fluid leading to an increase of the pH value of the fluid. However, it is difficult for
Aluminum ion to dissolve in the fluid. By this experiment, the proportion of different ions can be controlled to obtain fibers with good

biocompatibility.

Keywords glass fiber, gamble solution, biological solubility, fiber diameter

1. Introduction non-polluting environmentally-friendly materials. So it
is significant to study the solubility of ultra-fine glass
fiber.

There are two important indexes that can help
divide the fibers. One is European index (KNB), the
other is KI index.
KNB=[Na, O+K, O+CaO+MgO-+BaO] X100 (1)

The value of metallic oxide represents the mass

Glass fibers have excellent insulation property,
such as low thermal conductivity, good thermal shock
resistance and high mechanical strength. In many
developed countries, glass fibers have been widely used
in high-tech fields, such as military field, cabin and
cockpit of aircraft, man-made earth satellite and
shipbuilding [1 — 3]. In China, glass fibers are widely
used in appliance, house partition and refrigerated percentage of the oxide in the fiber. The larger the value
of KNB is, the less carcinogenicity the fiber may have.

KI=[(Na, O+K, O+CaO+MgO-+BaO-+
B, 05)2X (Al O;) ]X100 (2)

The value of metallic oxide represents the mass

containers. For traditional glass fibers, which are rich in
silicon and aluminum and lack of boron. It is easy to
form lots of dusts when they are produced or used.

Once these dusts are inhaled into the lungs leading to a

series of gradual biochemical reactions with human cells. percentage of the oxide in the fiber. If the value of KL is

It means that the insoluble fibers will endanger human more than 40, the fiber can be considered as safe

body health. Nowadays, people draw great attention to material.

personal health and are devoted to developing and using Part of man-made mineral fibers can be inhaled into

x  Corresponding author, Tel :86 — 25 - 52112909, E-mail: zhaofeng_chen@163. com
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the human lungs, but some can not be inhaled.
Different
structure and different manufacture technology making
the fibers
properties [4 —5]. The effect of fibers on human health

chemical component, different chemical

show different chemical and physical
is decided by many factors. When the fiber diameter is
more than 6 pm, the fiber will not be inhaled into
lungs. When the diameters of fibers are 3~6 pm, the
fibers can be inhaled into nostril and oral cavity but then
they will be filtered by mucus from nostril and oral
cavity. Only when the fiber diameter is less than 3pm,
the fibers will easily be inhaled into lungs and can hardly
be cleared from the lungs. Once mineral fibers enter
human body, macrophages in lungs will start to attack
the foreign material (mineral fiber). Some short fibers
(the length is less than 20pm) can be cleared from lungs
by macrophages. However, for the long fibers (the
length is more than 20 pm), they will be surrounded by
acid medium provided by macrophages and then be
corroded gradually. Long fibers will break into many
short fibers and this process can be called fiber
dissolution.

Bio-soluble fiber is a kind of mineral materials with
high degradability in human lungs, which can be
dissolved in simulated human lung fluid after some
time. Researchers mainly focus on two points to study
the bio-soluble fibers, one is the research on
biocompatibility and biological activity of soluble fibers
and the other is the concrete metabolic mechanism
soluble fibers in human bodies. Experimental methods
mainly include two parts. One is the biological
performance test conducted in the body of laboratory
rats. The other is in-vitro test, during which solutions
with certain pH are chosen to simulate lung fluid, then
fibers are put in the solution. The mass loss, surface
structure, leaching components and phase composition
of the materials are observed. Nowadays in-vitro tests
are widely used in researches on bio-solubility.
Researches are mainly based on biological soluble

ceramic fibers. However, the researches on glass fibers

are limited.

2. Experiment
2.1 Preparation of glass fibers

Plate glass, quartz sand, soda, borax, dolomite
fines, feldspar and limestone are used to prepare glass
fiber. These raw material are mixed according to a
certain proportion and then be sent to glass kiln.
Na, O —CaO — SiO, — B, O, series can be produced by
melting at a high temperature. At last, the glass fibers

are produced by centrifugal blowing system.
Composition of the fibers is shown in Tab. 1.
Tab. 1 Composition of glass fibers
Component SO, K, 05 Na; O CaO
Composition/ (%) 67.1 0.8 15. 44 5.9
Component MgO Al Oy B, O3
Composition/ (%) 2.7 3.13 4.25

2.2 Bio-solubility experiment invitro

Gamble solution is usually used to simulate the
lung fluid in many researches. Metabolism and lung
fluid of human body are gradually updated so that an
electronic peristaltic pump is necessary in our
experiment in order to simulate the renewal of lung fluid
accurately. The glass fibers which we prepare are put in
a certain vessel. The electronic peristaltic pump will
transport some Gamble solution from a beaker with
plastic wrap on the top to the certain vessel at a low
rate. At the same time, redundant solution will return
to the beaker. Glass fibers are dissolved in circulating
solutions rather than a stable solution. The flow rate is
15 milliliters per hour. Composition of the Gamble
solution is shown in Tab. 2.

Tab. 2 Composition of the Gamble solution per litre

Chemical name Weight/g
NaCl 6. 415
NaHCO3 2.703
MgCl, » 6H, O 0.212
Na, HPO, 0.148
CaCl, « 2H, O 0.318
Na; SOy * 2H; O 0.179
Sodium tartrate 0. 180
Sodium citrate 0. 186
Sodium lactate 0.175
Sodium pyruvate 0.172
Glycine 0.118
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In this experiment, four samples (glass fibers)
were prepared. The weight of each sample is 0. 3 g,
which was measured by analytical balance. Then they
were stored in circulating Gamble solutions for 0 day, 1
day, 2 days and 3 days, respectively. Glass fibers were
collected respectively after being dried. Four pieces of
solutions with 30 ml from the beaker were also
collected, respectively. Surface topography of the fibers
were observed by SEM (Scanning Electron Microscope)
and the dissolution rate of different elements were got
from ICP — OES (Inductively Coupled Plasma Optical

Emission Spectroscopy).

3. Results and discussion
3.1 Morphology of glass fibers

The diameters of 100 original fibers are measured
by OM (optics microscope) and the average diameter is
3.0067um. As is shown in Fig. 1(a), all the glass
fibers
direction. Smooth surface of a single fiber can be
observed in Fig. 1(b).

distribute  disorderly in  three-dimensional

Fig. 1 Morphology of glass fibers without dissolving

(a) fiber distribution; (b) surface of glass fiber

!

Fig. 2 Morphology of the glass fibers after dissolving for 1 day
(a) fiber length; (b) surface of glass fiber

Fig. 3 Morphology of the glass fiber after dissolving for 2 days
(a) fiber length; (b) surface of glass fiber

Fig. 4 Morphology of the glass fiber after dissolving for 3 days
(a) fiber length; (b) surface of glass fiber

The average diameters of glass fibers after
dissolving 1 day, 2 days and 3 days are 3. 0147pm,
2.976pm and 2. 968um, respectively. It indicate that the
diameter of glass fibers reduced with the increase of
storing time in Gamble solutions, i. e. , fiber dissolved.
From the Fig. 2(a), Fig. 3(a) and Fig. 4(a), it can be
seen that the original long fibers were gradually broken
into short fibers. The longer the storing time was, the
shorter the fiber lengths were. The surface of the
original fibers were smooth and compact with no spots
and no signs of corrosion. After one day’s dissolution,
the surface of glass fibers were rougher than that
without dissolving. Some little fibrous granular dusts
which came from the fracture corrosion of the extreme
fiber tend to reunite in few area of the fiber surface, as
shown in Fig. 2(b). We can see that the surface became
more and more rougher with the increase of dissolution
time from 1~3 days with the increment of 1, as shown
in Fig. 3(b) and Fig. 4(b). The improvement of the
specific surface area can increase the dissolution rate.
From the Fig. 3(b), it was observed that glass fibers
have been corroded. Some parts of the extreme fiber
even fell off from the surface so that the diameter
reduces gradually, as shown in Fig. 4(b).

3.2 Analysis of the results of ICP — OES test

With the increase of storing time in Gamble
solution, the silicon ion concentration in solutions
increased, this phenomenon can be explained from Tab.
3 and Fig. 5. Usually, silica has three coordination
compounds with different electric charges and the pH
value in Gamble solution is over 7. Once fibers were put
into Gamble solution, the coordination compounds
would hydrolyze and the surface of the fiber became
negative, Positive ions in Gamble solution combined
with the negative charges of the surface to break the
structure of the extreme fiber. The Si — O - Si bond in

13
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the solution also increased so the dissolution rate rose at
the same time. Besides this, the original organic
substances in Gamble solution such as Sodium tartrate,
Sodium citrate, Sodium lactate, Sodium pyruvate and
Glycine interacted with silica to produce hydroxide,
which also results in the dissolution.

Tab. 3 The content of microelements in the series of experiments

o Si Ca Mg B AL
‘| mg/L mg/L mg/L mg/L mg/L
0 0 81. 55 33.28 0 0
1 3.22 82. 88 33.36 0.12 0
2 6.7 82.72 34,57 0.2 0
3 9.42 83. 65 34.78 0. 24 0

The Calcium ion concentration in solutions rose
slowly with the increase of dissolving time. Calcium
silicate in fibers is amorphous which has great instability
leading to Calcium silicate to dissolve. However,
Magnesium ion concentration in solutions rises more
slowly. Magnesium silicate of vitreous state is a single
link structure, which has a certain solubility in Gamble
solutions. As for boron, it can only leach a little in the

solution and the Aluminum can hardly leach in the

solution.

90

20 —a8——a——18
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60 ——Si(mg/L)
50 ——Ca(mg/L)
40 Mg(mg/L)
30 B(mg/L)
s Al(mg/L)

20

10 /’_‘/4__0
0 ¢

»*
0

1 (24h) 2 (48h) 3 (72h)

Fig. 5 The content of microelements in different storing times

in Gamble solution

4, Conclusions

Glass fiber of Na, O — CaO - SiO, — B, O; series will
dissolve in continually circulating Gamble solutions,
starting from the surface. The surface will become more
and more rougher due to the dissolution time increases.
Silicon ion, Calcium ion, Magnesium ion and Boron ion
can be leached in the solution at different rates,
however, aluminum can hardly leach in the solution.
Controlling the proportion of different ions according to
the dissolution rates, we can obtain biological soluble

glass fiber.
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Abstract

Vacuum insulation panel (VIP) is a high performance thermal insulation material composed of an evacuated core
material encapsulated in an envelope and supplemented with a desiccant. In this paper, dry process, structure, fiber
arrangement and thermal conductivity of VIP were discussed. Core material was fabricated by centrifugal-spinneret-
blow, and swing cylinder was designed as a uniform process with non-uniformity being less than 5%. The uniformity
and fiber orientation had an important effect on the thermal insulation performance of VIP, and the thermal
conductivity of core material with fibers being in 2D distribution was better than that in 3D distribution. Most fibers
with two-dimensional distribution laid in the same plane, and directional fiber was superior to the random fiber. VIP
produced by wet process with thermal conductivity 21~23mW/(m « K) was compared with that by dry process, with
thermal conductivity within the range of 17 ~19mW/(m « K). Lastly, the heat-transfer mechanism of VIPs by

different processes was explained.

Keywords vacuum insulation panel (VIP), dry process, glass fiber core material

% Corresponding author, Tel :86 — 25— 52112909, E — mail: zhaofeng_chen@163. com



Vacuum Insulation Panel: Green Material and Healthy Life

New Organic Fiber-Based Core Material for Vacuum Thermal Insulation
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Abstract

Today , inorganic fibers are applied as the fibrous core in vacuum thermal insulation panels exclusively as none of
the organic candidates could match required physical and chemical properties. Our recent studies reveal that melamine-
formaldehyde fibers with high thermal stability and small fiber diameter below 5um may well compete with glass
fibers. The fibers were synthesized from a meltable pre-polymer of etherified melamine-formaldehyde in a form of a
low density fleece, subsequently cured at 200°C and post-heated at 260°C.

Two most crucial core properties, thermal conductivity and outgassing rate, were investigated in thin-walled
stainless steel envelopes in the shape of vacuum panels, enabling thermal processing combined with a pump-out

1

procedure and subsequent testing. A base thermal conductivity of ~ 2. 3 mW « m ' « K ' was achieved with

3

randomly oriented fibers at a density of ~ 250 kg « m °. The long-term pressure-rise measurements revealed

extremely low outgassing rates, ¢==10 " mbar L ¢« s ' + cm ?. These low values could be measured, as the
background outgassing of the stainless steel envelope was previously substantially reduced. Additional measurements
of thermal conductivity in a wide pressure range indicate that these fibers could be the first organic candidates applied
as the core material in vacuum insulating panels with an adequate service lifetime. Their performance is comparable to

selected inorganic core materials like glass fibers.

Keywords vacuum insulation panel (VIP), novel core material for VIP, melamine-formaldehyde fibers, extremely

low outgassing rate
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Abstract

Basalt fiber is an important high-powered material which draws much attention just as carbon fiber and glass fiber. The basalt fiber

was processed at high temperature in 100 ~ 700 °‘C temperature range. The thermal conductivity of the fiber processed in different

temperature were measured and compared with measurement at normal temperature. The results indicate that the thermal conductivity of

basalt fiber increases as the temperature, especially when it’s over 500°C.

Keywords basalt fiber, high temperature, thermal conductivity

1. Introduction

Basalt belongs to the volcanic rock, one of the most
widely distributed minerals [1]. The broken basalt was
added to furnace and melted between 1450 °C and 1500
°C, and made to basalt fiber through platinum rhodium
wire-drawing bushing. Basalt fiber belongs to silicon
aluminate system, and SiO, is the most major
component of it [2— 3].

The structure and performance of basalt fiber is
similar to the glass fiber, but basalt fiber has better high
temperature resistance, corrosion resistance, heat and
sound insulation [4 — 57]. The working temperature of
basalt fiber can reach 600~700 °C, while the glass fiber
doesn” t exceed 400 “C in the same conditions. The
thermal conductivity of basalt fiber is very low even at
high temperature. Besides, it will not release toxic
substances in air and water, and becomes a soil parent
material after degradation, so it’s pretty friendly to the
environment. It is usually applied in friction materials,

heat insulators, filtration materials and cement base

composite materials, etc [ 6 —8].

2. Experiment
The samples used in the experiment are super fine
basalt fibers, which are manufactured in the form of

layered wool. For measurements, pieces of wool were

cut into flat rectangular felt in the size of 10 cm X 10
cm. Then one of the samples was placed in thermal
conductivity measuring instrument, and its thermal
conductivity at room temperature was measured. The
other samples were put into electric oven and heated for
an hour at temperature from 100 ‘C to 700 ‘C. The
thermal conductivity of the samples processed in
different temperature were measured and compared with
the measurement at normal temperature. The relation
curve of thermal conductivity of basalt fibers changing
with temperature was made. The crystal structure of

every sample was analyzed by X — ray diffraction.

3. Results and Discussions

The effect of temperature on the thermal
conductivity of basalt fiber is shown in Fig. 1.
Apparently, as the treatment temperature

increases, the thermal conductivity of the samples
becomes higher and higher. When the temperature is
below 500°C , the thermal conductivity increases slightly
and keeps in a pretty low level. The relationship
between temperature and thermal conductivity is linear.
However, when the temperature exceeds 500 “C, the
thermal conductivity increases abruptly and even reach

over five times of that at normal temperature.

x  Corresponding author, Tel: 86 — 25— 52112909, E-mail: zhaofeng_chen@163. com
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The increase of thermal conductivity of basalt fiber
is mainly caused by thermal radiation. The capacity of
heat transmission is proportional to radiation coefficient
of the fibers, temperature difference between fibers and
the third power of absolute temperature. Besides, as the
temperature rises, the thermal motion of molecule is
more severe and the amount of heat conducted becomes
more. As a result, the thermal conductivity becomes

higher accordingly.
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Fig. 1 Effect of temperature on the thermal conductivity

of basalt fiber

In general, the thermal conductivity of crystal
materials is higher than that of amorphous materials.
There is no obvious diffraction peak in X — ray diffraction
pattern of basalt fiber at normal temperature, which
indicates that the bulk structure of the fiber is non-
crystal with short range order structure. The diffraction
peak of samples gradually becomes sharp with the
increase of heat treatment temperature. It shows that
the degree of crystallization has improved, which can

also improve the thermal conductivity of basalt fibers.

4. Conclusions

The following conclusions are made from the
study:

1) The thermal conductivity of basalt fiber
increases as the temperature, especially when it” s

over 500°C.

2) The increase of thermal conductivity of basalt
fiber is because of thermal radiation, thermal motion of

molecule and the improvement of degree of

crystallization.
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Abstract

There are few alternatives as core materials for vacuum insulation panels. Developing new or hybrid core materials are important to
invent new vacuum insulation applications. It calls for experimental works about some other materials which exist and are available for
application. Some minerals with high porosities look promising as an alternative. In this study, sepiolite powder and asbestos like natural
fibers are used as core material additives to invent a new hybrid core materials. Investigations were performed to improve existing core
material with sepiolite addition and also find out the possibilities of using natural mineral fibers as core materials. Sepiolite is a Magnesium
Hydroxyl Silicate mineral with fiber like structure and inner porosities. It sustains a low solid conductivity as glass fiber and it has good
water absorption properties. These properties make it a good candidate for producing new hybrid core materials. Micro size fiber sepiolite
can be used as core materials and nano size sepiolite can be used as filler or additives for glass fiber and fume silica core materials. Sepiolite
is also available to produce insulation boards. This paper gives a basic method to produce hybrid core material with sepiolite mineral and

it”s insulation and ageing performance.

Keywords vacuum insulation panels, sepiolite, fiber, clay, thermal insulation, desiccant

1. Introduction Turkey show few nanometer size fibrous with

Sepiolite is a fibrous clay mineral which consist of agglomerated as particles, on the other hand, some

. - . . - s s in China show few micro and millimeter lon
Magnesium Silicate and Hydroxide lattices. Sepiolite has sources in China show few micro a eter ong

structural tunnels along the fibrous with 0.4 nm® cross- fibers. Also, texture of agglomerated fibers or bundles

sectional area [1,2]. can be varied depending on its source [3,4]. Texture
affects porosity of sepiolite samples. There are so many
methods that can change this texture of agglomerated
particles and bundled fibers. There are acid, base,
amine and thermal treatments. But some of the
treatments also change structural porosity. Especially

some strong acids can damage structural tunnels. On

the other hand, these strong acids can get rid of some

Fig. 1 Lattice of sepiolite crystal structure in cross-sectional calcium ions from surface. Defibering of sepiolite
sectional views along sepiolite fiber bundles can be performed with some special heat

Sepiolite has high surface area and fibrous structure treatments without any other structural damages

It shows many micropores and mesopores at different [4 —7]. Chinese sepiolite, within millimetre size fibrous
structure levels. And it’s fibrous structure can exhibit structure can be called asbestos-like clay mineral. But
different variables due to the source. Some sources in this cannot be likened to the same carcinogenic effect on

x  Corresponding author, Tel: 86 — 25— 52112909, Fax: 86 — 25 - 52112626, E - mail: zhaofeng_chen@163. com, deerisen(@anadolu. edu. tr
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mammals’ biology [8].

fiber structured materials are usually used as
insulation materials [ 9 — 11]. There are still potentials
to invent new core material using locally available fibers
or powders which are available for insulating [ 127].
Sepiolite is used in many insulation applications and it has
recent researches in literature [1,137. So, it should be an
interesting area to investigate using sepiolite in vacuum
insulation applications. This study is the initial work for
vacuum insulation application of sepiolite,

In addition, absorption of moisture which has
permeated into core material is important thing.
Moisture can easily be diffused through envelope to enter
core material during ageing. Sepiolite can absorb this
moisture as well. Therefore it can play a role as a
desiccant [ 14 - 16].

2. Material and methods

Different kinds of sepiolite fiber samples found at
different sources; one is ESKISEHIR (ESK) region in
Turkey. Another one is from HENAN (HEN) region in
China. Observation and Scanning Electron Microscope
images show that each of them possess different
properties. Sepiolite ESK has more short and nano sized
fibers, they are agglomerated as fine powders. It is
observed like powder samples at beginning without SEM
images. But SEM images of the ESK sepiolite shows
that it has nano size fibers which mostly agglomerated.
These fibers
conditions. Sepiolite HEN have long fibers, they stick

are also short because of grinding
them together as micron and millimetre size bundles. It
looks like microns size fibers at beginning without SEM
images. But SEM images of the HEN sepiolite show
that it has nanometer thickness and micron and
millimeter long fibers which constituent 9 microns size

thickness fiber bundles.

R

Fig. 2 X20k SEM images (above) of the ESK (left) and HEN
(right) sepiolite. 2.0 pm scales; ESK is just pictured
as some small agglomerates and thick fiber bundles;

20 HEN is pictured as long fibers

Fig. 3 X200k SEM images(above) of the ESK(left) and HEN(right)
sepiolites. 500nm scales; ESK is pictured as nanosized
and short fibers and bundles; HEN is pictured as big

bundles which constituent nano size thickness fibers

-75 75-63 63-43  43-30.8

30.8-25 25-

Fig. 4 Graph particle size distribution of ESK sepiolite sample

To prepare hybrid core material; layered with
powder and glass fiber core material method is opted. It
is a simplified method to understand sepiolite-glass fiber
core materials abstracted details. ESK sepiolite powders
which are dried at 100°C and Suzhou VIP New Materials
Co. ’s glass fiber nonwovens are used. With various
sepiolite addition to 24 layer nonwovens ; 250mm X
250mm panels are prepared. [Illustration 1] And they
dried at 250°C oven as 3 hours then evacuated at
production line of Suzhou VIP New Materials Co.

GF nonwoven
~ Sepiolite powder

Fig. 5 Illustration of model structure of powder and nonwoven

composite core material

Measuring first thermal conductivity values (k,) of
panels were done by Netzsch HFM 436 and inner
pressure test was done by Superbee test kit at Suzhou
VIP. Other tests were done by Hanita Israel ~s

laboratories.
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3. Results and discussions
The first

measured. High sepiolite content show worse insulation

thermal conduction values

were
properties. A control specimen without sepiolite addition
was showing 2. 165 mW « m™' « K*'. When 32 gr

sepiolite added specimen show 2.8 mW e m™' « K™,

00%.., 27 46%

2500%
20.73%

22.81%
2.04
I i I
r - . I =

75-63 63-43  43-30.8 30.8-25 25-

D0%--

9 -
1500%
1000%
5.00% . 4.47% |
0.00% . . ]
75

Fig. 6 Graph of conductivity versus sepiolite content

The result can be accounted for considenring two
causes, One of them is sepiolite addition as pristine clay
with small particle size would increase the density of
core material. ESK sepiolite have very small fiber size,
it can agglomerate easily and can role as any clay
powder. This density increase can make bridging inside
core material. On the other hand, lack of drying
conditions can affect the insulation properties negatively.
Because sepiolite is tended to absorb water molecule
inside with many mechanisms (chemical and physical) ,

this can increase conductivity of core material.

33F

o
=)
pa |

R
3
—

N
S
T

thermal conduction mwm™1k
N
-

-

L " L

.
0 5 10 15 20 25

sepiolite per mass %
Fig. 7 Graph of thermal conduction values of panels at several

inner pressure conditions

All work show sepiolite addition changes critical
inner pressure of core material. This outcome can be

negligible because addition of any silicate powder will fill

big pores and can decrease convection at lower vacuum
conditions. Due to result of Hanita Israel Laboratories.
A control specimen without sepiolite addition have
shown 5. 4mbar critical pressure, when 32 gr sepiolite

added specimen was showing 5. 7 mbar critical pressure.

—

A\

Fig. 8 Illustration of glass fiber structure with empty spaces

Fig. 9 Illustration of glass fiber structure with filled by nano
sepiolite fiber or rode agglomerates

Fig. 10 Ilustration of glass fiber structure with fine distributed

nano sepiolite fibers or rods

As show in Fig. 2~4, glass fiber nonwoven core
material has big pores, that is why it has satisfied
insulation properties just at high vacuum conditions.
These pores can be filled by any powders. But this will
increase the density of core materials. Hence, it will
decrease insulation properties at high vacuum. As the

21
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last illustration, this pores can be filled by more small
fibers. So this will increase insulation properties both at

high vacuum and low vacuum.

4. Conclusions and outlook
from ESKISEHIR

(Turkey ) is used for this study, any raw operation

Pristine  sepiolite region
except drying is not applied on material. The basic
method to produce hybrid core material is chosen,
layering powder on glass nonwovens.

It is arduous to see yet advantages about insulation
properties via adding sepiolite particle inside core
material. Results are observed as it just increases critical
inner pressure due to filling bigger pores of glass fiber
nonwovens,

Reason of some failures can be abstracted as lack of
pre-treatment of sepiolite; doubtfulness on process of
panels in the view of drying and absorbing conditions of
sepiolite; using less fiber-like sepiolite samples; using
the basic processes to create hybrid core material.

Further study can be performed on some treatment
on sepiolite to distribute sepiolite fibers and increase
density of powder. Therefore sepiolite can be used in
wet-laid processes of nonwovens. Moreover, variation of
sepiolite clay should be examined by repeating the same
methods.

On the other hand, ageing with thermal conduction
evaluation test could not apply on this work. To
understand humidity control mechanism of sepiolite in

VIP, ageing test can be applied at further study.
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Abstract

Vacuum insulation panels (VIPs) have outstanding insulation performance. It is about 5 to 10 times higher than that of the
conventional insulators such as polyurethane foam and glass wool. The filler material of VIP has a great effect on this insulation
performance, and it is known that its thermal conductivity is roughly proportional to the density [1]. Thus, if the external pressure on the
filler material is released, insulation performance can be enhanced. A pillar-supported core structure proposed in this paper consists of a
support structure and a filler material to achieve this object. The support structure sustains the atmospheric pressure instead of the filler
material and it is composed of the top and bottom cover plates with pillars inserted between them. For this reason, the support structure
is designed considering the mechanical stability and the heat transfer mechanism. A specimen is fabricated using cover plates made of
stainless steels, pillars with multi-path supports (MPS) and a filler material. The MPS has a relatively long heat conduction path and the
filler material is multi-layered with glass wool sheets and Al-metallized radiation shields. The thermal conductivity measured with a vacuum

guarded hot plate (VGHP) is 1. 18 mW/(m « K), which is about half of the current VIP thermal conductivities.

Keywords vacuum insulation panels, insulation performance, support structure, filler material, pillar

L. Introduction mostly used as the filler materials due to their low

Vacuum insulation panels (VIPs) are one of the thermal conductivity and excellent productivity. Their

.. . . - . thermal conductivities are about 2 mW/(m « K) and
most promising solutions to improve energy efficiency in

buildings and refrigerators. Their insulation performance 4 mW/(m « K> respectively at the atmospheric

is about 5 to 10 times higher than that of the pressure. For better insulation performance, parallel

. . arrangement of glass fiber and addition of opacifier t
conventional insulators such as polyurethane foam, glass g ol 8 b on o op 0

wool and expanded polystyrene because the air, which is fumed silica are applied.

main cause of heat transfer, is evacuated [2]. A VIP is Meanwhile, Kim and Song found that the thermal

o . conductivity of the filler material depends on the external
generally composed of an envelope to maintain the inner

vacuum level and a filler material to sustain the pressing load [1]. Their results show that the thermal

. .. . conductivities of the glass wool and fumed silica increase
atmospheric pressure. Because the inside of VIP is g

highly evacuated, the filler material has a great effect on with the density. This means that the insulation

the initial insulation performance of VIP. For this performance can be enhanced by releasing the external

. . pressure on the filler material. However, because the
reason, there are many researches for the various filler

materials  such  as  glass  wool, fumed silica. general VIPs are always compressed by the atmospheric

polycarbonate staggered beam and phenolic foam [ 3 — pressure, the performance of VIP is limited.

5]. Among them, glass wool and fumed silica are In this study. a pillar-supported core structure is

x  Corresponding author, Tel :82 —42 - 350 — 3032, Fax:82 - 42 - 350 — 3210,E — mail . thsong@XKaist. ac. kr
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proposed as a new type ofcore material. It is composed
of a support structure and multi-layered filler material.
The better insulation performance can be achieved
because the support structure sustains the atmospheric

pressure instead of the multi-layered filler material.

2. Pillar-supported core structure
The pillar-supported core structure is composed of

two cover plates, pillars and a filler material as shown in
Fig. 1.

A Envelope

Fig. 1 Schematic of VIP with pillar-supported core structure

The cover plates and pillars are the support
structure. When the atmospheric pressure is exerted on
the cover plates, the pillars arranged with uniform span
W, withstand the compression force between the two
plates. Therefore, not only heat conduction but also
mechanical stability has to be considered in designing the
support structure. The maximum deflection of cover
plates and the permanent deformation of the pillar are

main criteria. The maximum deflection §,,, occurs at

the center of the plates and it is given by [6]

P,..W; E.z
O = 0.005 81 -2, (r= m) o))
where
P,..,=atmospheric pressure,
W, = span size of pillars,
y= flexural rigidity of cover plate,

E. = Young’s modulus of cover plate,
t,= thickness of cover plate,

v = Poisson’s ratio.

For the simple cylindrical pillar, the permanent
deformation can be prevented by the following condition
[7]

P..W; <ovs %dé @))
where

oys =yield strength of pillar,

d,= diameter of pillar.

From Egs. (1) and (2), it is better to use thick

24

cover plates and pillars for mechanical stability. On the
other hand, it results in poor insulation performance
because more heat is transferred through thicker pillars.
Therefore, optimal dimension is required by considering
heat conduction through this structure. The effective

thermal conductivity of the pillar-supported core

structure k. can be obtained using electrical analogy as

(8]

_ hy 2,
Wi

2ty
koW

h,

ko *
(3)
where
h,= height of pillar,
ki, = thermal conductivity of filler material,
k., = thermal conductivity of cover plate,
k,= thermal conductivity of pillar.

The span size is much larger than the diameter of pillar,
iLe ,W; —%dﬁ ~W? . Also, substituting Eq. (3) into

Eq. (2) leads to

h, + 2t
h

kg = €Y)

(kfm + kp P?‘m‘ )

p oys

As shown in Eq. (4), material properties of the
pillar have large influence in k.. The ratio of the
thermal conductivity to the yield strength of pillar has to
better Polymers are

be small for performance.

poly-

carbonate has a small thermal conductivity and a large

appropriate for this condition. Especially,
yield strength compared with other polymers. Besides

selecting the proper material of pillar, its heat
conduction can be further reduced by modifying the
shape. In the simple cylindrical pillar, heat is
transferred directly from hot to cold. Multi-path support
(MPS), in the meanwhile, has a complicate heat
transfer path as its cross-section shown in Fig. 2.

The MPS has 3 parts; innercircular rod, cup-
shaped holder and outer hollow rod. Inner and outer
rods are made of polycarbonate. The middle holder is
made of stainless steels because relatively high stress is
concentrated at the holder. Although total height of
MPS, h,, is equal to that of the simple cylindrical
pillar, the effective heat transfer path of MPS, & wps s
is about 2 times longer. As a result, the second term at

the right-had side of Eq. 4 is reduced to the ratio of
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hy/hei ves. The effective heat transfer path of the MPS
is obtained by numerical simulation using the well-
known commercial software FLUENT®, Radiation as
well as conduction is simulated together which occurs
among the surfaces of the two rods and the holder.

Inner circular rod
/' cup-shaped holder

L_—>Outer hollow rod | |

Fig. 2 Cross-section of multi-path support

From Eq. (4), it is found that the thermal
conductivity of filler material also has an effect on the
insulation performance. Its thermal conductivity is
smaller than that of the general VIP filler material. It
can be further reduced by using a multi-layered filler
material. Multi-layered filler material is made using the
glass wool sheets inserting the several radiation shields
with high reflectivity. The radiative thermal conductivity
k. of the filler material is also affected by the number of
radiation shields N as

po— 46T 1 hy
TEmE )

€RS

6!

where

o = Stefan-Boltzmann’s constant,

T,, mean temperature,

B=extinction coefficient of filler material,

ers —emissivity of radiation shield.

Fig. 3 shows the schematic of the MPS/multi-layer
VIP.

3. Experiments
MPS-supported VIP (Fig. 3) was fabricated to test

its performance. First, thermal conductivity of the

pillar-supported core structure is measured by vacuum
guarded hot plate (VGHP); a GHP is installed in a
vacuum chamber with components to control inner

Thus, the

conductivity can be measured in variable surrounding

pressure and pressing load. thermal
pressure and external pressing load. The uncertainty of
this apparatus mainly comes from supplied electric
power and this error increases with decreasing power. In
other words, the smaller the thermal conductivity of
sample is, the bigger the uncertainty. For the thermal
conductivity of 1 mW/(m + K), the uncertainty is
approximately 8%.

Fig. 3 Schematic of VIP with MPS-supported core structure

Tab. 1 shows the specifications of pillar-supported
core structure sample. The total height of the structure
is 15 mm. The cover plates are made of stainless steel to
reduce the maximum deflection with a small thickness.
Al-metallized film is used as the radiation shield, whose
emissivity is equal to 0. 11. The glass wool has an

1

extinction coefficient of 8565 m™ ' when it is un-pressed.

Tab. 1 Specifications of pillar-supported core structure

polycarbonate

material
Pillar stainless steel
(MPS) height 12. 6 mm
arrangement 4X 4
material stainless steel
thickness 1.2 mm
Cover plate area 280X 280 mm?
span of pillar 70 mm
maximum deflection 0.5 mm
glass wool

Multi-layered material

Al-metallized film

filler material

number of layers 16 layers
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4. Results and discussions
The effective thermal conductivity of pillar-
supported core structure is measured and compared
withthe estimated value from Eq. (4). The measured
value using the aforementioned multi-layered filler is
1.18 mW/(m « K). When only glass wool is used as
the filler material without pillars, the measured value is
2. 08 mW/(m + K). The thermal conductivity of
proposed structure is thus about half of current glass

wool-based VIP. The
increased by 76%. This result shows that the pillar-

insulation performance is

supported core structure exhibits a high insulation
performance although its production cost may be more
expensive.,

The estimated value of effective thermal
conductivity of pillar-supported core structure is obtained
from Eq. 4. It is sum of the thermal conductivity of
multi-layered filler material and support structure. The
first one is estimated to be 0. 61 mW/(m + K). The
second one is 0. 47 mW/(m + K) with the simple
cylindrical pillar, whereas it is 0. 39 mW/(m « K) with
the MPS. The ratio h,/h. wes calculated by numerical
simulation is equal to 0. 84. The total effective thermal
conductivity of pillar-supported core structure with MPS
is estimated to be 1.0 mW/(m « K). The relative error
between measured and calculated values is 15.2%. This
error results from uncertainty of material properties and
measuring equipment.

The insulation performance of support structure
can be further enhanced by reducing radiation in MPS,
Polycarbonate generally has the emissivity of around
0.8. However, if the surface of the polycarbonate is
coated using the metal with low emissivity, the
insulation performance can be improved by 35%. Also,
if thinner glass wool sheets are prepared, it is possible
to stack more layers to reduce the thermal conductivity

of filler material.

5. Conclusions and outlook
Vacuum insulation panel with pillar-supported core
structure is proposed and investigated. The pillar-

supported core structure is composed of two cover

26

plates, pillars and multi-layered filler material. The
support structure made of cover plates and pillars
sustains the atmospheric pressure instead of the filler
material. Thus, thermal conductivity of this un-pressed
filler material can be decreased. Multi-layered filler
material is glass wool sheets with interlayered radiation
shields of low emissivity to decrease radiation. The
pillar-supported core structure is designed by considering
mechanical stability and heat transfer. After a sample is
fabricated, its thermal conductivity is measured using
VGHP. The measured value is 1. 18 mW/(m + K).
This thermal conductivity is about half compared with

commercial glass wool VIP.
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Abstract

The rice husk ash (RHA) contains over 70% of silica in an amorphous form and a lot of applications is being developed for it all over
the world. Mixtures with different kinds of powders and fibers can be fabricated into wet-laid mat by wet method and the properties of
suspension influences the performance of the resulting wet-laid mat. In this paper, 10wt % , 20wt %, 30wt% , 40wt% and 50wt % addition
of RHA were mixed with glass wool with 30% centrifugal glass wool (CGW) and 70% flame attenuated glass wool (FAGW) in cylindrical
container and were beaten by 5000 revolutions for uniform distribution. Among them, RAH was used as filler material since it contributes
significantly to the reduction of production cost of the VIPs and help to save energy and protect the environment. Beating degree, drainage
time and physical stability of the suspension were investigated. In order to evaluate the physical stability of the hybrid suspension,
sedimentation of RHA in the suspension was also observed. Experimental results show that the beating degree of hybrid suspension
decreased dramatically with the mass {raction of RHA. The addition of RHA resulted in a highly unstable state of the suspension. Physical

properties of the wet-laid mat and thermal conductivity of the as-prepared VIP will be analyzed in the coming days.

Keywords rice husk ash, vacuum insulation panel, core materials, thermal conductivity, beating degree

1. Introduction associated to VIP production drove much research
towards the study of supplementary materials used

in VIP.
Rice husk ash (RHA) is one of the promising

For several decades, thermal insulation has been
the preferred way to improve buildings energy

efficiency, and the thermal insulation requirements have

. . . . materials that can be blended with cement for the
increased steadily. As a new insulation method, vacuum

. . . . duction of durabl te and the reduction of th
insulation panel (VIP) is actively researched recently, as production of durable concrete an ¢ reduction of the

it has very low thermal conductivity reaching to 0. 002~ environmental impact of the cement industry.
0.004W/(m « K) at center of panel[1]. It is generally

composed of an envelope and a core. Insulation

Commercially available RHA contains 3% or more
graphitic carbon which determines the dark pigmentation
performance and service-life of VIPs are heavily of the material. Recent studies have led to the
production of carbon neutral rice ash named OWRHA
(Off-White Rice Husk Ash), with no graphitic carbon,

no crystalline SiO, and toxic metals, so legitimately

dependent on the core material. Porous materials are
frequently adopted because they can be evacuated easily.

Glass wool and fumed silica are typical examples in these

days. Insulation foams such as polystyrene and considered environmental friendly[ 3]. The RHA in turn

. contains around 85% ~90% amorphous silica and it is a
polyurethane foam have been used since the early stage % % P

thanks to their low price but they have relatively poor great environment threat causing damage to the land and

insulation performance and large pore size[2]. Though the surrounding area in which it is dumped(4,5]. In

. . . . . fact, in th ient Chi “hines le h Iread
VIP is a high performance thermal insulation material, acts ¢ ancient China, Chinese people have already

it is very expensive, The need of reducing the cost tried to mix RHA with clay in the building to keep the

x  Corresponding author, Tel: 86 — 25— 52112909, Fax: 86 — 25 — 52112626, E-mail: zhaofeng_chen@163. com
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room warm. Now, RHA is added to glass wool to
create the novel core materials.

In this paper, 10wt%, 20wt%, 30wt%, 40wt%
and 50wt% addition of RHA were mixed with glass
wool with 30% centrifugal glass wool (CGW) and 70%
flame attenuated glass wool (FAGW). DBeating degree
stability of the

and physical suspension  were

investigated.

2. Experimental

CGW and FAGW were provided by Suzhou VIP
New Material Co. , Ltd. (Taicang, PR China). Fig. 1
shows the overview of GBJ — A prototype fiber
dissociation device. The fiber dissociation device was
primarily made up of one main body, one cylindrical
tank, one bar, and three rotational impellers. A total of
2. 00 g of glass wool and RHA were mixed in a
cylindrical tank for 30 min containing 1000 ml of water
and then dispersed by the rotational impellers within the
rotation

prototype fiber dissociation device. The

' while

frequency of the impellers was 48.3 £ 1.65 s~
the beating revolutions were 5000r [ 6]. The addition of
RHA were 10wt%, 20wt%, 30wt%., 40wt% and
50wt% , respectively. While the glass wool consisted of
30% CGW and 70% FAGW. 20 ml of the mixture
suspension containing RHA and glass wool was fed into a
transparent glass bottle. Drainage resistance and drainage
time of the mixture suspension was measured by beating

freeness tester (PNSDJ100), according to ES ISO 5267 —
1. 2012 standard. Fiber and RHA distribution of the

mixture suspension was observed after Omin, 30min,
90min, 150min, 5h, 10h and 24h, respectively.
Bar

otational impellers

Cylindrical tank

Fig. 1 The overview of GBJ — A prototype fiber dissociation device
28

3. Results and discussion
3.1 Drainage resistance and drainage time of the
mixture suspension

In general, papermaking process is a rapid water
removal operation. One of the most important factors
characterizing the performance of fiber suspension
filtration is its drain ability, because it determines the
filtration rate of water in the fiber suspension. The
drainage resistance of glass wool suspension depends on
the fiber aspect ratio and concentration of the suspension
[7]. Fig. 2 shows the drainage resistance and drainage
time of the mixture suspension after beaten with
additional RHA of 10wt% ., 20wt%, 30wt% ., 40wt%
and 50wt%. The drainage time-RHA content curve
could be divided into there stages. At stage I, from 0 to
10wt%, the drainage time of the mixture suspension
sharply decreased from 29s (with no RHA) to 27. 57s
(with 10wt%). At stage II, from 10wt% to 40wt%s,
the drainage time of the suspension gradually decreased
to 26. 7s (with 40wt%). At stage III, from 40wt% to
50wt%, the drainage time of the suspension sharply
decreased to 25. 6s. It was also found that the drainage
resistance gradually decreased from 27 °SR (with no
RHA) to 17 °SR (with 50wt%). The drain ability of
suspensions is mainly affected by fibers. RHA can’t
attach to fibers, they can’t block the channels made by
fibers. The addition of RHA resulted in the reduction of
glass fiber content, which finally caused the decrease of

drainage time and drainage resistance.
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Fig. 2 Change in the drainage resistance and drainage time of
the mixture suspension with addition of RHA
3.2 Fiber and RHA distribution in the mixture
suspension

Glass fiber distribution under wet condition was
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affected by both the flow characteristics of the fiber
suspension and the interactions with neighboring fibers
[8]. Fig. 3 shows fiber and RHA distribution of the
mixture suspension after Omin, 30min, 90min, 150min,
5h, 10h and 24h. After the beating process ( see
Fig. 3 (a)), the layer was obvious, most RHA were at
the top of the beaker, while fibers were mainly at the
bottom of the beaker and tried to aggregate into fiber
clumps. After 30 min (see Fig.3 (b)), there was no
obvious change compared with 0 min situation. But it
seemed the fiber clumps at the bottom become bigger.
After 90 min (see Fig. 3 (c¢)), the RHA and sparse
glass fibers settled down slowly and RHA tended to
distribute uniformly in the fibers. After 150 min (see
Fig. 3 (d)), it was interesting that fiber clumps with
some RHA occurred at the top of the beaker and sparse
fibers with few RHA remained at the bottom. After 5 h
(see Fig. 3 (e)), fibers and RHA aggregated slowly at
the top of the beaker. After 10 h (see Fig. 3 (f)), the
clumps became bigger and muddy. After 24 h (see Fig.
3 (g)), the fiber clumps became compact (compared to
Fig. 3 (f)) and RHA distributed evenly. The central
part of the beaker were nearly clear water, while at the
bottom of the beaker, were few fibers and RHA. The
changes of fiber and RHA distribution in the mixture
suspension reflected a highly unstable state of the
suspension. And it still needs further investigations to

know how the RHA affects the suspension.

(®)

(2)
Fig. 3 Fiber and RHA (with 30wt%) distribution in suspension
(a) 0 min; (b) 30 min; (c) 90 min; (d) 150 min;
(e)5h; (D 10h; (g 24h

4. Conclusions

Experimental results showed that the drainage
resistance and drainage time of hybrid suspension
decreased dramatically with the mass fraction of RHA.
The addition of RHA resulted in a highly unstable state
of the suspension. Further research work is needed to
study the influence mechanism of RHA. Also, physical
properties of the wet-laid mat and thermal conductivity
of the as-prepared VIP are needed to be analyzed in the

coming days.
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Abstract

This study proposes the assembly of robust nano insulation materials (NIM) based on hollow silica nanospheres (HNSN). A special

focus is given on fiber reinforced HSNS composites, which can be achieved by mixing the fiber reinforcements with core-shell typed

polystyrene-silica nanospheres followed by an annealing treatment to remove the organics. The as-prepared composites show potential as

high performance thermal insulation materials, e. g. as core materials for vacuum insulation panels.

Keywords nanomaterial, thermal insulation, hollow silica nanosphere, fiber, reinforcement

1. Introduction

In most European countries, buildings account for
approximately 40% of the total energy use and 30% of
the greenhouse gas emissions; thus highlighting the
importance of improving the energy efficiency in the
building sector [1]. In this respect, the application of
thermal insulation is very important, which has been
regarded as one of the most cost-effective measures to
achieve energy efficient buildings [ 2 ]. Traditional
thermal insulation materials such as cork, mineral wool,
cellulose, and polystyrene are capable of preserving
energy to certain extents, However, to obtain a desired
insulation level would require thicker or multiple layers
of these materials due to their relatively large thermal
conductivities  ( typical  values around 30 ~
40 mW/(m + K)). Very thick building envelopes are
not feasible with respect to building weight and
dimensions, material economy, transport volumes,
architectural design, etc. Hence, developing new, high
performance thermal insulation materials is a crucial

need for the insulation market [2, 3].

% Corresponding author, Tel :47 — 99895405, E-mail; tao. gao@ntnu. no

Vacuum insulation panels (VIP) and silica aerogels
represent probably the best thermal insulation solutions
today with respect to their very low thermal conductivity
values, 1. e. ~ 4 and 15 mW/(m « K) for VIP and
silica aerogels, respectively [4, 5]. However, both VIP
and silica acrogels are very costly solutions compared to
other insulation materials and have also various
drawbacks [ 3]. Several attempts have recently been
made to develop novel materials to meet the
requirements of super insulation™, and the application of
nanotechnology is indeed promising [ 6 — 8]. The author
has reported the synthesis of nano insulation materials
(NIM) by using hollow silica nanospheres (HSNS), as
shown in Fig. 1 [6]. The properties of HSNS NIM can
be controlled by e. g. tuning the sizes of HSNS (i. e.
sphere diameter D and shell thickness 1.); typical
thermal conductivities ranging from 20 to 40 mW/(m -
K) can be obtained.

Although promising, it remains a great challenge

to turn the conceptual HSNS NIM into a practical

%»  Super Insulation Materials (SIM) should have a thermal conductivity below 25 mW/(m « K) if air-filled, below 20 mW/(m « K) if gas-filled, and

below 15 mW/(m ¢« K) if evacuated.
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building material, and substantial research efforts are
obviously required. The objective of this work is to
discuss the possibilities of making high performance
thermal insulation materials based on HSNS. Monolithic
HSNS NIM and HSNS composites are proposed, with
emphasis being given to fiber reinforced HSNS
composites, which can be used as a mechanically robust

thermal insulation material or for other applications.,

e. g. as core materials for VIP.

Fig. 1 Schematic drawing and transmission electron

microscopy image of a HSNS NIM [6]

2. Monolithic HSNS NIM
Monolithic HSNS NIM can be prepared by binding
HSNS together, see for

However, the intrinsic spherical

properly the individual
example, Fig. 2.
arrangement (see Fig. 1) endows monolithic HSNS NIM
a weak mechanical strength that is not suitable for many
practical Therefore,
enhancement of monolithic HSNS NIM needs to be

considered. In this respect, the application of binding

applications. structural

media such as crosslink organic molecules seems very

promising [9].

Fig. 2 Monolithic HSNS NIM (scale-bar 30 pm to left
and 5 pm to right)

3. HSNS composites

Previous study has indicated that the manufacture
cost of HSNS NIM is relatively high [10]. In this
forming HSNS

interesting alternatives for their practical applications.

regard, composites may provide

32

Depending on the performance requirements, the HSNS
can be used either as the main phase or as additives of
the resulting composites. It is worth noting that forming
HSNS composites may also help to reduce the overall
thermal conductivities, in particular the radiative
thermal transfer by adding thermal absorbers such as

TiO, or carbon black [11].

Fibrous materials are ideal for structural
reinforcement of granular aggregations [ 12 ]. Glass
wools, for example, have widely been used for thermal
insulation purposes; these mineral fibers may also be
used as a structural reinforcement for HSNS NIM, see
Fig. 3. A preliminary experimental investigation has
indicated that the synthesis of glass fiber reinforced
HSNS composites is rather straight forward, which can
be performed by (1) mixing the fiber reinforcements
with core-shell typed polystyrene-silica nanospheres and
(2) an annealing treatment at around 550°C to remove
the organics. By varying the dimensions of glass fibers
(length and diameter) as well as their concentration, it
is possible to assemble a mechanical robust porous

material for thermal insulation applications. This is

currently an on-going research work.

Fig. 3 Schematic drawing of the synthesis of a fiber
reinforced HSNS composite

4. Conclusions and outlook

Hollow silica nanospheres (HSNS) can be used to
assemble high performance thermal insulation materials,
and forming mechanical robust composites such as fiber
reinforced HSNS, represents promising alternatives for

their practical applications.
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Abstract

Glass fiber felts are getting more and more popular on the market as thermal reduction in the field of building engineering due to the

advantages of low thermal conductivity, good insulation properties, stable chemical properties, etc. In this paper, glass fiber felt was

produced by flame blowing process, thermal conductivity of different cross-sectional morphology of glass fiber felts such as micro-layer and

random was considered. The thermal conductivity were determined by heat flow meter thermal conductivity instrumentation (Netzsch

HEFM 436), cross-sectional morphology of glass fiber were observed by optical microscope. The results showed that thermal conductivity

coefficient of glass fiber felt with similar areal density and thickness was random > micro-layered, and the mean thermal conductivity were

31mW/ (m « K) and 36mW/(m * K), respectively. Lastly, the conclusion that using the heat transfer mechanism of the fibrous materialst

to explain this phenomenon had also been drawn by experiment.

Keywords glass fiber felt, cross-sectional structure, thermal conductivity, heat transfer mechanism

1. Introduction
Glass fiber felts are used widely as insulations and
building

applications. Generally, insulation materials are divided

sections in commercial and industrial
into several types, these being organic, inorganic,
combined, and other types, depending on the chemical
structures. Organic insulation material are mainly
polyurethane foam, polystyrene board, phenolic foam,
etc. Inorganic insulation material mainly concentrate on
the aerogel felt, glass wool, rock wool, micro-nano
insulation board, etc [1].

Glass fiber felts have excellent thermal insulation
and sound absorption performance, light weight and
stable chemical performance, recognized as the most
superior thermal insulation and acoustic materials. Most
building insulation projects use glass fiber felts, and

they are also used for other applications, such as,

aviation, aerospace, thermal insulation and cold areas

[2-4]. Thermal conductivity is measured to assess the
ability of the heat transfer of materials, one of the main
thermal physical properties of thermal insulation
materials. The smaller the coefficient of thermal
conductivity, the better the performance of thermal
insulation material. Generally, thermal properties of a
fibrous material depend on: thermal properties of each
phase (fiber and air), fiber volume fraction, and fiber
size, orientation and mass distribution [ 5]. The value of
the thermal conductivity of heat-insulating materials is
affected by their density and kind, the size and location
of pores, the chemical composition and molecular
structure of hard constituents, the emissivity of surfaces
bounding the pores, and the kind and pressure of the gas
filling the pores [6].

In this paper, cross-sectional morphologies of glass

fiber felts are measured. Effect of cross-sectional

morphology of glass fiber felt on thermal conductivity

% Corresponding author. Tel :86 — 18952018969, E — mail: zhaofeng_chen@163. com
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are explored, and the heat-transfer mechanism is

explained. The paper is structured as follows:
fabrication approaches and experimental approaches are
introduced in Sec. 2. Cross-sectional morphology and
experimental results on the thermal conductivity are

presented in Sec. 3. Section. 4 concludes the paper.

2. Experiment
2.1 Glass fiber felt preparation

For this study, glass fiber felts were produced by
flame blowing process. The preparation process is
showed in Fig. 1, and this method include following
steps: raw materials; raw materials melting; wire
drawing; flame blowing; spray binder; glass fiber felt

forming,

Spray birde r Flans hlowdog.

£oun e BU

Fig. 1 The processing of glass fiber felt

2.2 Thermal conductivity and morphology measurement

Cross-sectional morphology and thermal
conductivities are measured by optical microscope (BD —
200) and heat flow meter (Netzsch HFM 436),

respectively, as shown in Fig. 2.

Fig. 2 Experimental device

(a) Photo of optical microscope;

(b) Photo of the coefficient of thermal conductivity test instrument

3. Results and discussion

3.1 Glass fiber felt structure description
Cross-sectional morphologies of glass fiber felts

measured by optical microscope are shown in Fig. 3. It

was showed that cross-sections of samples exhibited

micro-layer and random structure, respectively. For
micro-layer structure, the axes of fibers were located on
planes parallel to each other with random positions and
orientations on these planes. However, random
structure provided lots of fibers in 3D structures which
were randomly positioned and oriented in space. The
internal structure of all samples were investigated in
Fig. 4. It indicated that the internal structure of samples

were all disordered.

Fig. 3 Cross-sectional morphology of glass fiber felts

(a) micro-layered; (b) random

Fig. 4 Internal morphology of glass fiber felts with

different cross-section
(a) internal structure of micro-layer;

(b) internal structure of random

3.2 Effect of the cross-sectional morphology of glass
fiber felts on thermal conductivity

Thermal conductivities of glass fiber felts with
different cross-sectional structure are shown in Fig. 5.
For the same density and thickness, thermal
conductivity of glass fiber felts was random > micro-
layered. It also indicated that with the increase of the
density, thermal conductivity of samples would be
increased.

This phenomenon would be explained as: firstly,
with the increase of layers, thermal resistance of glass
fiber felts with micro-layer increased leading to lower
thermal conductivity.  Compared to  micro-layer
structure, the axis of fibers in 3D structures were
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36

randomly positioned and oriented in space. 3D
distribution led to abundance of interconnected fibers
through the thermal-flow direction. The heat

conductivity increased leading to the increase of the
coefficient of thermal conductivity. Secondly, with the
density increasing, thermal conductance through the
solid was increased, the pore size and porosity were
decreased, both radiation and convection through the
pores were in the absence of main factors. Therefore,
the results of coefficient of thermal conductivity was

increased.

w
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Fig. 5 Thermal conductivity of glass fiber felts with

different cross-sectional structure

4. Conclusions

Glass fiber felts were successfully fabricated by
flame blowing process. Thermal conductivity of glass
fiber felts with similar areal density and thickness.
However, different structure were random > micro-
layered , and the mean thermal conductivity were
31mW/(m + K) and 36mW/(m * K), respectively.
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Abstract

Ultra-fine glass wool felt has been used in cryogenic industry such as refrigerators and building field for many years while rarely used
under high temperature according to the reported literatures. In this paper, effective thermal conductivity and heat transfer mechanism of
ultra-fine glass wool felt under high temperature were investigated. Thermal conductivity was measured by DRS — II under the temperature
ranged from 100°C up to 500°C with the variation of density from 0. 09 g/cm’ to 0. 126 g/cm’. The results indicated that the thermal
conductivity of ultra-fine glass wool felt decreased with the increase of its density under the same high temperature, while when the density
was the same, thermal conductivity did not increase with increasing temperature, it initially decreased and then increased because of the
heat radiation. Three heat transfer mechanism of ultra-fine glass wool felt were theoretically investigated with special emphasis on the solid
conduction due to high temperature. It was concluded in the present paper that using the heat transfer mechanism of the ultra-fine glass

wool felt explained this phenomenon had also been drawn by experiment.

Keywords ultra-fine glass wool felt, high temperature, thermal conductivity, heat transfer mechanism

1. Introduction insulation [1].

. . . I nt s, thermal insulations h th
As modern materials, glass fibers play vital roles n recent years, thermal insulations have been the

both in industrial applications and in everyday life. For subject of great interest and importance to thermal

. . . ngineers to th 1 lopment of heat transf
example, they are widely used in national defense, engineers and 1o the carly development of heat transfer

military industry, airline and ships, chemical, oil, technologies and decades of developments in heat

. . . . transfer and use of thermal insulations in emergin
electric power, smelting, gold and other industrial ansierand use o erma Hato emerging

. . . . h ies h h f icati
sectors. It is also the ideal material for the production of technologies have extended the range of applications

. . . . from ic temperatures to high temperatures
sealed lead-acid battery glass fiber adsorption partition or rom cryogenic temperatures to high temperatures under

filter paper and the preferred internal filling material of re-entry conditions into planetary atmospheres. Metallic

. . . thermal tection systems (TPS ttracti
VIP (vacuum insulation panel). There are two different ermal protection systems (TPS) are an attractive

: . . . h h h iti ff
types of glass fibers: continuous and discontinuous technology to help meet the ambitious goals of future

fibers. The former, produced by continuously drawing a space transportation systems, Its thermal performance is

fiber from melts, are often wused for optical of critical concern. There are many design options that
o o

S . . . have the potential to improve the thermal performance
communication and reinforcement of materials ranging

from plastics to cement, while the latter, obtained by of metallic TPS. An obvious way to improve the

. . . : . thermal perform: { metallic TPS is to develop m
stretching short discontinuous fibers from melts using ermal performance of metallic TPS is to develop more

. . efficient non-load-bearing insulation. Ultra-fine glass
centrifugal processes, are used for thermal and acoustic £ g

x  Corresponding author, Tel :86 — 18952018969, E — mail: zhaofeng_chen@163. com
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wool felt becomes the insulation candidate being
considered for use in the metallic TPS on reusable
launch vehicles, because Ultra-fine glass wool felt is a
light qualitative thermal insulation material with small
thermal conductivity, good heat and cold resistance,
chemical stability [2-37 .

For efficient insulation and structural applications,
Ultra-fine glass wool felt should possess qualified heat
insulation properties especially under high temperatures
[4]. To obtain qualified heat insulation properties, one
of the most important things is to test the coefficient of
thermal conductivity under high temperature. The
present paper focuses on the effective of density and
thickness of ultra-fine glass wool felt” s thermal

conductivity under high temperature.

2. Experiment
2.1 The Ultra-fine glass wool felt preparation

The Ultra-fine glass wool felt used in this study
was provided by Suzhou V. 1. P. New Material Co. ,
Ltd. (Taicang, PR China). Among them, Single-layer
glass wool blanket were produced by wet method
including following steps: preparing glass fiber slurry;
dewatering the slurry to form a wet-laid mat; drying the
mat; and cutting the mat to form finished CMLs. The
length and width of the Ultra-fine glass wool felt were
both 200 mm, while the thickness was 25 mm, 30 mm,
35 mm, respectively. The Single-layer glass wool
blanket were horizontally put together to form the
Table 1 lists the test

Ultra-fine glass wool felt.

specimens of  fibrous materials acquired for
measurements, with their given reference code, density
and nominal thickness.

Tab. 1 List of test samples ordered by type,

code, and mass densities

Material type Sample code Dcnislti ‘A\Iommal
g°cm thickness/ mm
fiberglass FG-1 0.126 25
fiberglass FG-2 0. 105 30
fiberglass FG-3 0. 090 35

2.2  Water flow plate method
The coefficient of thermal conductivity under high
temperature of the Ultra-fine glass wool felt was

evaluated by water flow tablet tester (DRS-II), as

38

shown in Fig. 1.

Fig. 1 Schematic of the thermal conductivity apparatus
1—-ceramic wool; 2— Ultra-fine glass wool felt;
3—hot side; 4—heating equipment; 5—cold side;

6— Water copper plate

3. Results and discussion
3.1 Test result

The effective thermal conductivity of the Ultra-fine
glass wool felt as a function of temperature difference
across the samples for an environmental pressure is
shown in Fig. 2. There were three different heat
transfer mechanism: solid conduction through fibers,
gas conduction in the void spaces between fibers, and
radiation interchange through participating media in the
fibrous insulation and at this pressure, gas conduction
was negligible [ 5], therefore, the effective thermal
conductivity comprised of contributions from solid
conduction and radiation heat transfer. It was observed
that the effective thermal conductivity varied nonlinearly
with temperature difference across the sample,
increasing rapidly with increasing temperature caused by
the nonlinear radiation heat transfer. This effect was
more pronounced with the lower density insulation,
where radiation heat transfer was more dominant. But at
room temperature, effective thermal conductivity
decreased with the increase of thickness. This means
that the radiation heat transfer was negligible at this
temperature and the effective thermal conductivity did
due to the solid conduction contribution, which was
associated with the density of material. As the density
increased, the solid conduction contribution increased.,
but the radiation heat transfer did not increase
obviously, resulting in a gentle decrease in the effective
thermal conductivity. Furthermore, the effective thermal
conductivity did not appear to vary with sample thickness.
But when at high temperature, the radiation heat transfer
increased rapidly which was in proportion to the
thermal  conductivity

temperature, so the effective

increased rapidly as temperature increased. It also showed
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that the Ultra-fine glass wool felt with lower density had a
larger the effective thermal conductivity [6].

—=— h=35mm
—e— h=30mm
010 F —4— h=25mm

008 |-

0.06 |-

Thermal conducliviiy(Whﬁ")

s s L L L s
0 100 200 300 400 500 600
Temperature (Degree)

Fig. 2 Thermal conductivity of Ultra-fine glass wool

felt with different density and temperature

3.2 The scanning photos of the Ultra-fine glass
wool felt

The fiber morphology of the Ultra-fine glass wool
felt observed by scanning electron microscope are
showed in Fig. 3. The Ultra-fine glass wool felt are
made up of a number of single fiber bundle, the
diameter of which varies between 5~ 10 microns, and
each single fiber bundle overlaps each other. There are
many pores between fibers, the diameter of which varies
between 56 ~ 65 microns, and the pore size of fiber is
normally distributed, these two reasons account for the
reason why the coefficient of thermal conductivity of the
Ultra-fine glass wool felt is so small. On the one hand,
the diameter of fiber is very small. When single fiber
bundle overlaps each other by a point contact, the
thermal resistance increases greatly because the contact
area is very small, which reduces the coefficient of
On the other hand,

because of the increase of porosity of Ultra-fine glass

thermal conductivity rapidly.

wool felt, the proportion of solid conduction reduces

greatly making the effective thermal conductivity

decrease at the same time.

4. Conclusions

The effective thermal conductivity of the Ultra-fine
glass wool felt increased with in creasing temperature
and there were three different heat transfer mechanism,
under low temperature, the solid conduction accounted
for the main body which meant the Ultra-fine glass wool
felt of lower density had small effective thermal

conductivity while at high temperature radiation heat

transfer was the most important and the higher one had

small effective thermal conductivity.

(a)

Fig. 3 The fiber morphology of the Ultra-fine glass

wool felt measured by scanning

electron microscope

Acknowledgements

The author would like to thank the financial
support from Jiangsu Project BA201397 and National
Project 2015DFI53000.

References

[1] Stark, C. and ]J. Fricke, Improved heat-transfer models for
fibrous insulations. International Journal of Heat and Mass
Transfer , 1993. 36(3): p. 617 — 625.

[2] Yang, C. - L., S. — H. Sheu, and K. - T. Yu, The
reliability analysis of a thin-edge blade wear in the glass fiber

Journal of  Materials

cutting  process.

Technology , 2009. 209(4): p. 1789 — 1795.

Processing

[3] Lonnroth, N., et al. , Nanoindentation of glass wool fibers.
Journal of Non-Crystalline Solids, 2008. 354(32): p. 3887 —
3895.

[4] Lee, S. — C. and G. R. Cunnington, Conduction and
Radiation Heat Transfer in High-Porosity Fiber Thermal
Insulation. Journal of Thermophysics and Heat Transfer,
2000. 14(2). p. 121 -136.

[5] Yuen, W. W. and L. W. Wong, Heat Transfer by
Conduction and Radiation in a One-Dimensional Absorbing.
Emitting and Anisotropically-Scattering Medium. Journal of
Heat Transfer, 1980. 102(2). p. 303 - 307.

[6] Daryabeigi, K., Heat Transfer in High-Temperature
Fibrous Insulation. Journal of Thermophysics and Heat

Transfer , 2003. 17(1): p. 10 - 20.

39



Vacuum Insulation Panel: Green Material and Healthy Life

Effect of Large Pores in Silica Aerogels on the Gaseous Thermal

Conductivity of Vacuum Insulation Panels

Yang Hailong™ , Hu Zijun, Li Junning, Sun Chencheng, Wu Wenjun

Aerospace Research Institute of Materials &. Processing Technology , Beijing, 100076, P. R. China

Abstract

The pore structure of core material has a significant effect on the thermal insulation properties of vacuum insulation panels (VIPs).

Silica aerogels are the most promising core material due to their very small pores less than 100 nm. However, this material also consists of

many pores larger than 100 nm, and these large pores certainly affect the thermal insulation performance of VIPs. The information on

pores less than 100nm of a silica aerogel with a density of 0. 15g/cm® was derived from nitrogen sorption, and then the effects of size and

percentage of large pores in this silica aerogel on the gaseous thermal conductivity and tolerable internal gas pressure of VIPs were

quantitatively described by using Kaganer model. The results indicated that the volume of large pores occupied 58% in the total pore

volume of the prepared silica aerogel. With decreasing size or percentage of large pores in silica aerogel, the gaseous thermal conductivity of

VIPs decreases while the tolerable internal gas pressure increases. Moreover, there is a linear relationship between the tolerable internal gas

pressure and the size of large pores in log-log coordinate.

Keywords vacuum insulation panels, silica aerogels, large pore, gaseous thermal conductivity

1. Introduction

It is well known that vacuum insulation panels
(VIPs) are one of the most promising high performance
thermal insulation materials on the market today. Their
thermal resistance is 5 ~ 8 times higher than that of
conventional thermal insulation materials, so they have
great potential applications in many areas. For example,
VIPs have been used to reduce energy usage in hot-
water applications, cold applications [ 1] and building
applications [2—5]. In principle, VIPs can be described
as an evacuated open porous material placed inside a
multilayer envelope and their main components are core
material, barrier envelope, getters and desiccants. The
core material is important for a VIP to attain the highest
possible thermal resistant and mechanical properties.
Generally, the porous materials such as open porous
foams, powders and fibers are used as core material.
Previous studies [ 2, 4] indicate that the pore structure

of core material has an important effect on the gaseous

thermal conductivity, tolerable internal gas pressure,
and the useful life time of a VIP. Now, it is clear that
the requirement to sufficiently suppress gaseous thermal
conductivity can be fulfilled at a comparatively higher
internal gas pressure and the useful life time of VIPs can
be extended if the material with small pores is used as
core material [2, 5].

Silica aerogels with small pores less than 100 nm
are very suitable to be used as core material for VIPs
[4, 6. Unfortunately, the test results of nitrogen
sorption reveal that many pores larger than 100 nm may
exist in this material because the pore volume
determined by this method is commonly less than that
calculated by its bulk density and skeletal density [7 —
15]. These large pores certainly affect the thermal
insulation performance of VIPs.

In this paper, the information on pores less than
100 nm for a prepared silica aerogel has been obtained by

nitrogen sorption, and then the effect of large pores on

% Corresponding author, Tel :86 — 10 — 68755517, E - mail: yhl20032003@126. com

40



IVIS2015  Proceedings of 12th International Vacuum Insulation Symposium

the gaseous thermal conductivity and tolerable internal

gas pressure of VIPs has been discussed.

2. Experiments
2.1 Silica aerogel spreparation

A silica aerogel was prepared using a two-step acid-
base catalyzed sol-gel process followed by supercritical
drying. Tetraethoxysilance (TEOS), ethanol (EtOH),
water and HCl were mixed under constant stirring
conditions for 40 min at room temperature, which was
followed by the addition of remaining water and
( NH,OH)
stirring. The following molar ratio was used : TEOS:
EtOH : H,O: HCl : NH,OH=1:10:4: 6X10 * :
1.8X10 %, Pure water was used to prepare the desired
concentrations of HCl and NH, OH -catalysts (1. 2

mol/L. and 1. 4 mol/L). The as-prepared sol was cast

ammonium hydroxide under vigorous

into plastic cylinder molds with inner diameter of 11mm
and allowed to gel. After 7 days of aging, silica wet gel
was supercritically dried using EtOH as drying solvent
in a stainless autoclave.
2.2 Character methods

The texture properties of the obtained silica aerogel
were studied by adsorption of nitrogen at 77K with
automatic instrument (NOVA 4200e, Quantachrome)
over a wide relative pressure range from about 1. 84 X
107% to 0. 98. Prior to the measurement, the sample
was degassed at 423K for 5h under vacuum to ensure
that the sample was clean and free of moisture. The
total pore volume was obtained by converting the
amount of nitrogen adsorbed at a relative pressure of 0.
98 to the volume of liquid adsorbed. The density of
nitrogen employed for adsorption at 77K was 0. 808g/
em®. Pore size distribution was derived from the
desorption isotherm according to BJH method.

The bulk density of samples was determined by
their dimensions and mass measured after heated

treatment at 150 °C for at least 4h.

3. Results and discussions

Fig. 1 (a) depicts the nitrogen adsorption/
desorption isotherm of the investigated silica aerogel,
and Fig. 1(b) shows the pore size distribution of it. It is
obvious that all the pores in the material are less than

100 nm. Moreover, the test result shows that the

average pore size is only 15. 79 nm. However, it can be
concluded that the information on the pore structures
obtained by this method is not reliable if we compare the

measured pore volume and the calculated value.
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Fig. 1 (a) nitrogen adsorption/desorption

isotherm of the investigated silica
aerogel and (b) pore size distribution

of it

The pore volume determined by nitrogen sorption
is 2. 59 cm’/g, while the pore volume -calculated
according to equation (1) is 6. 21 g/cm®. Therefore, the
volume of pores which are not detected by nitrogen
sorption is 3. 62 em®/g. This means that the volume of
pores larger than 100 nm is 3. 62 cm®/g.

1 1

- D
oo

V=

Where

v=pore volume,

p=bulk density of the sample. For the investigated

silica aerogel, p=0. 15g/cm’,

p. = skeletal density of the material under
investigation, For silica aerogel, o, = 2. 2
g/cm®.

In order to quantitatively describe the influence of
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large pores on the gaseous thermal conductivity and
tolerable internal gas pressure of VIPs, Kaganer model
[16] established on Knudsen Number is used. In this
model, the relationship between the gaseous thermal

conductivity and the pore size of materials is described as

P
“ 128K,

(2)
Where
Ago = thermal conductivity of the free gas at
atmospheric pressure,
B=a constant including the interaction between gas
molecules and the pore walls. For air, g=1.5,
K, =Knudsen Number,
K, is expressed as follows.
1,
D

K, = 3

Where
[, =mean free path of gas molecules,
D=pore size of porous materials.
The mean free path of gas molecules is a function

of the temperature and gas pressure according to
= el @
V2nd, P,
Where

K =DBoltzmann constant,

T=thermodynamic temperature,

d, =average size of gas molecules,

P, =pressure of the gas filled in pores.

It should be mentioned that formula (2) is derived
for the gas transport in a gap between parallel walls, so
the porosity of porous material must be considered when
it is applied to this material. In this case, the formula

should be expressed as

_ P
Ag T 26K, (6))

Where

$=the porosity of the porous material.

In case of a porous material with two different pore
size Dy, D,, and two contributions to the total porosity
€1» &, that act with respect to the heat transfer as
parallel paths, the total gaseous thermal conductivity

can be written as a superposition of two terms [ 17]

_ € gﬂg,o ) #g,o
AT ToeK, 1+ 26K,, (6
For the investigated silica aerogel sample, &, and e, are
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41.71% and 58. 29% respectively. For simplicity, the
measured averaged pore size (15. 79nm) is used as D, ,
and the assumed size of large pores is used as D, , the
calculated gaseous thermal conductivities at various
internal gas pressures are shown in Fig. 2. It can be
seen that the gaseous thermal conductivity at all gas
pressures significantly decreases with decreasing size of
large pores. That is to say, the tolerable internal gas
pressures can be increased with decreasing size of large
pores. Fig. 3 shows the tolerable internal gas pressures
required to suppress the gaseous thermal conductivity to
0.003 W/(m + K), 0.002 W/(m « K), 0.001 W/(m -
K) and 0. 0005 W/(m « K) as a function of the size of
large pores. It is more intuitive to see that reducing size
of large pores has a positive influence on the tolerable
internal gas pressure. Moreover, there is a liner
relationship between the tolerable internal gas pressure
and the size of large pores in log-log coordinate as shown

in Fig. 4.
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—o— Large pores size=200nm
0.0124 —&— Large pores size=300nm
—v— Large pores size=400nm
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Gaseous thermal conductivity/[W/(m- K)]
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Fig. 2 Calculated gaseous thermal conductivity of
VIPs, whose core material is silica aerogels
with different large pores, as a function of

internal gas pressure
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Fig. 3  Relationship between the tolerable gas

pressure of VIPs and the size of large

pores in silica aerogels
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The percentage of large pores in the total pore
volume of silica aerogels also has a significant influence
on the thermal insulation performance of VIPs. Fig. 5
shows the calculated gaseous thermal conductivities of
VIPs at different internal gas pressures. In these
calculations, the sizes of large pores in silica aerogels are
assumed as 100nm, 500nm and 2000nm respectively,
and the percentages of them vary from 58% to 0. It is
obvious that the gaseous thermal conductivity decreases
with decreasing percentage of large pores. The variation
of tolerable internal gas pressure, at which the gaseous
thermal conductivity can be reduced to 0. 003 W/(m -
K), 0.002 W/(m + K), 0.001 W/(m « K) and 0. 0005
W/(m * K), is described in Fig. 6. It is noted that the
required gaseous thermal conductivity can be reached
even at ambient pressure when the percentage of large
pores is sufficient low. For example, the calculated
gaseous thermal conductivity shown in Fig. 5 (a) is
below 0. 02 W/(m « K) at ambient pressure when there
is no large pores in the investigated silica aerogel, so the
requirement to reduce gaseous thermal conductivity to
0.002 W/(m « K) and 0. 003 W/(m + K) can be
fulfilled at ambient pressure as shown in Fig. 6 (a).
From Fig. 6, we also can see that the internal gas
pressure needed increases when the percentage of large

pores decreases.
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Fig. 4 Relationship between the tolerable gas pressure of VIPs
and the size of large pores in silica aerogels in log-

log coordinate
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Fig. 5 Calculated gaseous thermal conductivity of VIPs, whose
core material is silica aerogels with different percentage
of large pores, as a function of internal gas pressure.
The size of large pores are assumed as 100nm (a),
500nm (b) and 2000nm (c)

4. Conclusions and outlook

Nitrogen sorption measurement indicates that the
volume of large pores occupies more than 50% in the
total pore volume of the investigated silica aerogels.
Calculations using Kaganer model shows that with
decreasing size or percentage of large pores in silica
aerogel, the gaseous thermal conductivity of VIPs
decreases while the tolerable internal gas pressure
increases. Moreover, there is a linear relationship
between the tolerable internal gas pressure and the size

of large pores in log-log coordinate.
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With the improving of VIPs technology, this

material will become a more trusted choice for thermal

insulation in more and more projects.
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Abstract

The optimization of VIP core for durable performance is still a challenging topic. A characterization bottleneck needs however to be

passed: can we get true 3D imaging of the raw nanostructured material at the micro and mesoscopic scale. A specific protocol was

successfully built, so as to allow electronic transmission tomography (AET) of raw nanostructured silica, with a pixel size of less than 0.

2nm. Statistical size distribution analysis were then performed focused on: (i) secondary silica particle (ii) silica aggregates (iii) pore

thickness. Fumed and precipitated silica, aged or not, are characterized by very specific and different aggregate architecture. Such silica

morphologies explained differences in functional properties, and ageing and open opportunities to tune new microstructure.

Keywords nanostructured silica, characterization, 3D TEM, statistical analysis, pore, particle

1. Introduction

Design of efficient long term performance
superinsulating materials (SIM) remains a challenging
topic [ 1]. Most of the SIM are highly architecture
composites, including more than 6 compounds, but their
price efficiency ratio is driven by silica, which stand as
the highest volume fraction component. Moreover
knowledge of silica ageing has recently been pointed out
as the weak scientific point in durability prediction [2].

To improve SIM design, and pass the durability
bottleneck, a specific protocol was designed to image
silica at the micro and mesoscale. The aim is to get
qualitative information on silica morphologies and to
gather statistical information on pore size distribution at
the tiniest scale. 3D imaging without damaging
nanostructured silica require both a specific sample
preparation and an advanced imaging protocol [ 3 — 4].
Two parameters were evaluated with this protocol, (1)
the silica nature, two native raw material are compared,

(ii) the ageing consequences, two accelerated ageing

x  Corresponding author, E-mail: Genevieve. foray@insa-lyon. fr

material were analysed.

2. Experimental techniques and materials
2.1 Advanced electronic tomography

AET was performed employing a JEOL 2100F
transmission electron microscope including a post-
column GATAN Tridiem energy filter and a FEG. Silica
samples were dry sprayed on a microscopy grid
previously normalized with colloidal gold particles as
fiducially markers. Each tilt series, in low dose bright
filed mode, were recorded in an angular range starting
from —71° to +71° with an increment of 2.5 in Saxton
scheme[ 5] resulting in 81 images of 2048 X 2048 pixels
with a pixel size about 0. 2 nm. The area of interest was
barely exposed and in any case less than 0. 5 s/
projection. Such protocol allows the three dimensional
(3D) analyses of very beam sensitive samples, such as
high specific surface silica or worse aged silica. The
volume imaged are about 300 300X 300 nm® in size,;
other scale are already well described by complementary

equipment such as X — ray tomography [6] .
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The volumes computations were performed
employing 15 iterations of algebraic reconstruction
technique algorithm (ART) [7] implemented in
TOMOJ/EFTET]. The 3D visualization,

rendering, pores size and silica particles quantification

surface

were performed combining different tools implemented
in the software ImageJ, 3D Slicer and Chimera.
2.2  Other microstructure analysis tools

A regular transmission electron microscopy (TEM)
Jeol 2010 with a field emission gun (FEG) was used for
the first transmission electron observation and provided
zenithal 2D images.

Helium  picnometry is performed on a
Micromeretics Accupyc 1330 apparatus; the measured
value is the mean of three determinations twenty cycles
each. BET measurements were done with an ASAP
Belsorp Max, using nitrogen as absorptive so as to
determine specific surface. BJH calculation gave a first
insight of pore volume.

Mercury porosimetry was performed with a
Micromeretics Autopore III, 110 measurement points
are taken, while the sample is submitted to increasing/
decreasing pressure path [0.001 - 413 — 0. 01MPa]. The
pore volumes measured are associated to either
compression of the powder skeleton, or intrusion of
mercury or extrusion of mercury.

Conductivity measurements are performed on a

HLC K202 Hesto guarded hot plate on 300 X 300 X 40

mm’® sample under a temperature gradient of 10°C.

2.3 Materials studied

Sample 1 and 2 differ mainly by their production
processes, the first is a fumed silica while the second is a
precipitated silica.

Sample 3 and 4 are both fumed silica, after 280
days ageing under 48°C 65% RH for sample 3, and 50°
90%RH for sample 4.

3. Results

3.1 Silica type compared
For both silica aggregates showing different

thickness are depicted by regular TEM, but morphology

is beyond acquisition mode.
2D zenith TEM (Fig.

communicating open pore with a parallel orientation w/r

1) only depicted fully
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to TEM column, these are scarce and less than 30nm in
size for precipitated silica. These viewed in fumed silica

are smaller.

Fig. 1 S 2_p, aggregates and pores viewed by TEM

Precipitated silica studied here had slightly lower
skeleton density, and specific surface compared to
fumed silica. Mercury did not succeed in measuring all
the porosity but the analysed content was more than
twice less for precipitated silica (6 cm® « g7')
compared to (14, 9 cm® « g ') precipitated silica.
Volumes measured while lowering the pressure were
equal for both (Tab. 1).

Tab. 1 Microstructure features for non-aged silica

He. Picno N; Pysisorption Hg Porosimetry
Sample os Spe. Surf. | Pore size | Pore vol. Rev. vol
kg em m? gfl nm cm® . g—l omd . g—l
1.f 2000 192 14+3 14.9 0.9
2.p 1930 165 13+3 6.0 1.2

In Fig. 2 (a) the darker gray pixel represents the
silica particles and the lighter grey characterizes the pores

distribution within a fumed silica sample.
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3D TEM revealed first with orthogonal slice within
the reconstructed volume that aggregates are hollow
aggregation of particles (Fig. 2(a)) composed of a skin
with a given thickness (30nm) and a texture. , Beyond this
skin an intra-aggregate pore is delimited a few tens of
namoter in size. The particle delimited pores observed
within the skin are less than 10nm in size (Fig. 2(a)), the
inter-aggregates pores are less than 50nm.

The 3D volume (Fig. 2 (b)) gave access to how
aggregates are organized in the space: a grape fruit
arrangement of aggregates for fumed silica, whereas a

sphere arrangement occurred for precipitated silica.

0,05+

0,044

0,034

fraction

0,024

0,014

0,004

5 0 5 10 15 20 25 30 35 40 45 50 55 60 65
pore size (nm)
©
Fig. 2 (a) Cross sections parallel to the XY plans extracted from
the volume computed for S1 _f.; (b) reconstructed
volume, silica particle viewed only in green for S1_f. ;
(¢) Porous network characterization issued from the
reconstructed volume, Continuous line stand for S1_f,

green dot line stand for S2_p

Tab. 2 3D quantifications provided by AET, silica particles length
(L) and width (w), the average pores size formed between
the silica particles (small) and between the aggregates (big) ,
the porosity within the 300x300x300 nn* volume within a
sample, the pore network tortuosity.

Particle
) Poressizes e
Sample|  Size/nm 1% Tortu-osity
w L Small/nm Big/nm ’
1f 10 20 5~10 35~45 63 1.59
2p | 15 | 33 10 50~60 66 155

Previously F. Despetit [ 8] published reconstructed
aerogel, showing that basic synthesis produced neck less
morphologies, whereas colloidal synthesis gave spheroid
arrangements. But the volume imaged were too small
(less than 100nm size and 4 particles layer) to get
quantitative information and rather focused on particle
analysis.

Quantitative analysis of pore (Fig. 2(b)) and particle
the bimodal
distribution are both smaller for the precipitated silica
studied here (Tab. 2).

Considering a cubic volume, with a 200nm edge size,

confirmed that porosity and particle

the overall porosity measured was equal for both samples,

such as the pore network tortuosities.

16 T
+ S1 fumed Lo oF i
B4 L ’_‘f
s * S2_precipitated =
S 12 =
S0
5 8 .
” &
26 £ 5925
£ 006050
= = © © 000090000009 /A
e 4 Ioo® 1
> x T \
0 . | | -
0,001 0,01 0.1 | 10 100 1000
Pressure (MPa)

Fig. 3 Mercury porosimetry cumulated volume variation

under pressure

AET results are consistent with mercury data, (i)
the smaller pore size for fumed silica are intruded at higher
pressure compared to precipitated silica (ii) the grape fruit
morphology produce less compact arrangement than the
spheroidal one, thus mercury volume measured by
compression and buckling of the silica skeleton was more

than twice less (Fig. 3).
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3.2 Ageing scenario compared

The first results have confirmed that ageing produced
an increased specific surface values and did modify the
particle morphology. As the non-aged silica is not
available for analysis, the comparison was focused on how
relative humidity impaired ageing. The image and
quantitative analysis will be depicted in detail in the

conference.

4. Conclusions and perspectives
A protocol was successfully designed to get 3D AET
observation of  nanostructured  silica used in
superinsulation, very sensitive to beam damage.
Qualitative information were gathered at the scale of
particles and aggregates, moreover, the volume studied
were fair enough to compute statistical size distribution.
Combining 3D AET observations, with X — ray

Tomography and regular pore size characterization tools,

one can get a full pore size distribution for a SIM material.
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Synthesis route and ageing scenario may be

associated to morphology change at the particle

andaggregate size. Such information provided by 3D AET
analysis could help to develop new raw silica and price

efficient SIM materials.

References

[1] M. Alam, H. Singh, MC imbachiya, Applied Energy, 2011.

[2] S. Brunner, K. Ghasi Wakil, Vaccum, 2014, 100, 4.

[3] G. M. Pajonk, A. Wenkastevara rao, N. Parvathy, E.
Alaoui, J. of Mat. Sci, 1996, 31, 5683.

[4] 1 Florea, L. Roiban, C. Iliman et al,Adv. Eng. Mat. 2011,
13, 123.

[5] W. Saxton, W. Baumeister, M. Hahn, Ultramicroscopy,
1984,13, 57 - 70.

[6] E. Maire, J. Adrien, C. Petit, CR physique, 2014, 15, 674.

[7] C. Messaoudi, T. Boudier, C. O. S. Sorzano. S. Marco,
BMC Bioinformatics, 2007, 8, 288.

[8] F. Despetit N. Bengourma, B. Lartigue, JNCS, 2012,
358, 1180.



IVIS2015  Proceedings of 12th International Vacuum Insulation Symposium

Low Thermal Conductivity of High-Silica Glass Fiber Felt
by Nano-modification

Wang Zhenpeng*” , Zhang Qi* s Guo Renxian®, Shang Lei”, Zu Qun®, Liu Songliang®
ChenYang®, Zhang Yan*, Xu Yan®, Zhao Xiaoru®

a. Sinoma Science &. Technology Co. Ltd, Nanjing, Jiangsu, 211112, P.R. China
b. AVIC Shenyang Aircraft Design &. Research Institute, 110035, P.R. China
c. Naval Representative Office in Shenyang, 110031, P.R. China

Abstract

A large number of small pores were formed in raw high-silica fiber after acid treatment process, these holes exist to improve fiber porosity

and reduce thermal conductivity. Nano-modified high-silica glass fiber felts possess excellent water resistant in comparison to the traditional

high-silica glass fiber felts, resulting in properties of lower thermal conductivity and better thermal insulation property. It can replace traditional

thermal insulation materials such as rock wool felts, silicate felts that which be widely applied as functional structure interlayer, filling layer and

composite layer for thermal preservation and insulation, for example parts and equipments for molten metal. high-temperature filters, fireproof

and protective materials. In this research, the influence of component, fiber diameter, acid treatment, silicon value, sintering and forming

process was also investigated. The effect of processing parameters on the quality of the resultant were discussed.

Keywords high-silica, glass fiber, low thermal conductivity, nano-modification, water resistant

1. Introduction

With the progress of science and technology and the
development of aerospace technology. the demand for high
temperature insulation material is also rising. The
traditional high temperature insulated material such as
asbestos, mineral wool cannot meet the requirements
because of their high thermal conductivity [1]. High silica
glass fiber is a kind of high-temperature-resistant inorganic
fibers which have the high softening point and can be used
on the condition of 900°C for a long time. Meanwhile
there are some other benefits that high silica fiber can be
used for thermal insulation materials such as good thermal
insulation  performance, small thermal expansion
coefficient, light quality, etc [2]. To compare with quartz
fiber and high-temperature-resistance silicate aluminum
fiber, one of most important benefits of high silica fiber is

that the fiber contains a lot of closed and semi-closed pore

% Corresponding author, E-mail: wzp811230@126. com

after dealing with acid treatment and sintering [3]. On
one hand these pores increase the porosity of high silica
fiber felt, on the other hand, the pore maintains the felt’s
hydroscopicity [4]. High silica fiber felt with hydrophobic
treatment can be used to improve its performance, in
order to decrease felt”s hydroscopicity and improve its
high-temperature-resistant heat insulation. It is well
known that most of water repellents are organic materials
which cannot resist high temperatures and emit lots of
harmful gases when it is heated.

In this paper, a new method was introduced to solve
the problem of the felt” s lower hydroscopicity and to
develop the benefits of felt’s higher porosity, in order to

increase its heat insulating property.

2. The main factor affecting thermal conductivity
There are lot of pores in the fibers of the felt after

dealing with acid treatment. The capillary effect of the
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pores made the felt absorb moisture. The thermal
conductivity (A) of water is 0. 580W/ (m « K) much higher
the conductivity — of
0.026W/(m+ K) [5]. Hence, the moisture that was

absorbed by the felt may increase the thermal conductivity

than thermal air which is

of felt and decrease the felt”s heat insulating property.
Felt property variation from before drying to after drying
condition is shown in Tab. 1.

Tab. 1 Density and thermal conductivity of the felt drying in the air

Before drying After drying

Sample Density A Density A
kgem ! W/m+« K kg em ! W/m -+ K
felt 153 0.035 1 142 0.033 0

The felt’s water percentage was 7. 75%, thermal
conductivity increased to 0. 002 W/m « K by ratio of
6.1%. This indicates that the existed water that could
increase the heat conductivity and decrease the heat-

insulated performance.

3. Nano-modification
3.1 Technological process of nano-modified high silica
fiber felt

Nano-modification  is

the

nanopartricles are used to cover a felt’s surface in order to

processes  where by
provide the felt with the nano-modified property [6]. In
this test, nano-silicon dioxide was used as modified
ingredients, First, the hydrophobic nano-silicon dioxide
was dissolved in the water, and then the solution was
added to the slurry in proportion. The nano-silicon dioxide
should was accumulated on the felt surface during the
process of sheeting, so that, this process can provided the
felt with the nano-modified property.

The main process is showed on Fig. 1.

| nano-silicon dioxide slurry |

|high-silica fiber feltsl——l weighing |—>| beating |—>| pulp mixed

——I sheeting I——I drying I

Fig. 1 Technological process of Nano-modified high silica fiber felt

3.2 Hydrophobicity test of nano-modified high silica
fiber felt

High silica fiber felt is almost water resistant after

the nano-modification. Fig. 2 shows the test process that
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dripping some water on the surface of high-silica glass
fiber felt in order to verify the hydrophobicity of the felt.
From the test, it can be seen that the nano-modification
efficiently improved the hydrophobicity of the felt because
the infiltrating angle of the water drop was greater than 90

degrees.

Fig. 2 'Test of hydrophobicity

3.3 The heat-insulated performance of nano-modified felt

There are more pores in high silica fiber felt than
other heat insulated felt because high silica fiber felt
contained a lot of pores which were produced by the acid
treatments. Meanwhile, the pores should increase the
felt’s heat-insulated property for the macro level pore is
small enough to move thus it prevent the thermal
transmission. By the nano-modified process, while the
capillary effect was almost eliminated, the heat insulated
Heat

conductivity coefficient of felt after nano-modification is

advantages can be greatly put into practice.

shown in table 2, thermal conductivity decreased by 15%

compared to original felt.

Tab. 2 Thermal conductivity of felt after nano-modification
. density A(25°C)
Sample kg/m W/m - K
High silica fiber felt 140 0.029 6

3.4 High-temperature-resistant performance of nano-
modified felt
TG-test is a method to measure the changed weight
of the felt during the heating, so as to reflect chemical
stabilization. The less weight changed, the better chemical
stabilization of the samples and vice versa. It can be
concluded Fig. 3 shows the TG-test chart of high silica
felt, we can conclude that weight loss ratio almost

unchanged between 714°C and 900°C which remained 88.
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7%. Tt illustrated that the high silica felt was provided
with the high-temperature-resistance property.

DTG A%Amin)

'

Fig. 3 The TG testing result of nano-modified felt

In order to test the variation of the thermal
conductivity of high silica felt after nano-modification, the
felt was placed in a high temperature furnace while the
temperature increased to 800°C at the rate of 10°C/min,
and kept for 1000 seconds. The felt was placed under the
normal room temperature for 48 hours in order to test the
hydroscopicity and thermal conductivity. The detailed data
is showed on Tab. 3.

Tab. 3 Variation performance of nano-modified felts

parameter Before treatment After treatment
hydroscopicity 2.97% 0.61%

A/ (W/(m « K)) 0.029 64 0.029 09

Tab. 3 shows the variation of hydroscopicity and
thermal conductivity that decreased after the nano-
modification. The test illustrated that after going through
with high temperature condition, the excellent properties

of the felt still remained.

4. Conclusions

The high silica felt is provided with higher heat-
insulted property after the nano-modified process. It can
be used as high-temperature material repeatedly. It can
meet various shaped equipments because of its soft
property. There are great engineering values such as its
convenient process, short production process and easy to

industrialization.
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Abstract

Vacuum insulation panels (VIPs) with both high efficiency in thermal insulation and long lifetime were desired in their engineering

design and application. Core material is the kernel part of VIPs and greatly influences the thermal insulating performance of VIPs, In this

papers 1%, 3%, 5% and 10% of NCB was evenly blended with fumed silica, chopped polyester fibers. and titanium dioxide powder to

form the hybrid core materials (HCM) for VIPs. The influence of the additive amount of NCB on the microstructure, BET specific surface

area and thermal conductivity of the as-prepared VIPs was investigated. In order to achieve the optimal thermal insulating performance

with low thermal conductivity and long service life, the additive amount of NCB should be 3%.

Keywords hybrid core material, vacuum insulation panel, carbon black, thermal conductivity, ageing mechanism

1. Introduction

In the recent decades, the thermal insulation
market is booming due to the explosion of energy costs
in the building sector, domestic appliances, aeronautics
and astronautics[ 1, 2. In order to reduce the energy
consumption therein, the design and development of
highly energy-efficient materials have received a lot of
attention, Vacuum insulation panels ( VIPs) offer
extremely low thermal conductivity of less than 8 mW/
(m « K) which is between 5 to 10 times lower than the
traditional thermal insulation materials like mineral wool
and polystyrene products [3]. Also, a lot of living space
can be saved through installing the VIPs in the places
where acquired.

A VIP consists of a porous core material
encapsulated in a nearly impermeable envelope material.
The envelope materials consist of several layers of thin
metallic foil or metallized polymer film with a low

emission coefficient for long-wave radiation. The core

materials are packed with fine powders and/or fibers
which are evacuated to pressures of 0. 1 ~ 3 mbar.
Mixtures of fumed silica powders (FSP), organic fibers
and infrared opacifier are proved to be a good filling
materials for VIPs[4]. Three modes contribute to the
thermal conductivity of the VIPs, namely the solid
conduction, gaseous conduction and radiation. Alam et
al. quantified the opacifying properties of expanded
perlite and measured the radiative conductivity of the
( HCMs )

constituents. Yamada et al. proposed a method for

hybrid core materials with  different
determining the radiative characteristics of a single fiber
and evaluated the radiative transfer in media of fibers
with a large size parameter. Cheheb et al. [ 7] studied
the radiative and conductive properties of semi-
transparent materials using the theoretical and
experimental method. Although a mass of work have
been contributed to analyze the mechanism within the

radiative thermal conductivity, few literature concerns

% Corresponding author, Tel:86 —550 —3075556, Fax:86 —550 — 3075556, E-mail:peter. huang@yxelectric. com
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the effect of the amount of opacifiers on the thermal
conductivity of the VIP,

In this paper, different addition of nano carbon
black powders (NCB) were blended with a certain
content of FSP, chopped polyester fibers (CPF) and
TiO, powders. The effect of the additive amount of
NCB on the thermal conductivity and aging effect of
VIPs was investigated. The objective of this paper was
to develop high-efficiency and low-cost VIPs with long

service life.

2. Experimental

Filling materials, including FSP, CPF, TiO,
powders and NCB, and envelope materials used in this
study were provided by YinXing Electric Co. ., Ltd.
(Chuzhou, P.R. China). The five kinds of HCMs with
length of 350 mm and width of 190 mm were fabricated
by dry method. The recipe of the HCMs was listed in
the Table 1. Firstly, a given mass of FS powders, PF
and TiO, powders were mixed in a chamber (within a
closed mixer) and then stirred by a rotational impeller
for 10 min. Then, a certain amount of NCB powders
were added into the chamber and rapidly agitated by the
rotational impeller for 15 min, forming uniformly
Afterwards, the hybrid
materials were bagged in a non-woven bag and then
dried at 140°C for 50 min. Thereafter, the dried HCMs

were bagged in the envelope material. VIPs with the

dispersed hybrid materials.

corresponding HCM were produced after vacuum
process. Finally, the VIPs were flatten by a rolling stick
and slightly compressed by a pressing machine, forming
smooth VIPs with fixed dimensions.

The surface morphologies of the HCMs were
performed on the field emission scanning electron
microscopy (FE — SEM, Hitachi S — 4800). Nitrogen
adsorption — desorption isotherms were measured using a
specific surface area SSA — 4300 instrument (BUILDER,
Beijing, China). Thermal conductivity of the VIPs were
evaluated by heat flow meter (Netzsch HFM 436). In
order to investigate the ageing effect of the as-prepared
VIPs, the VIPs were placed in a closed chamber with
temperature of 80°C and relative humidity of 80% for 28
days. Thermal conductivity of the VIPs was recorded
every 7 days.

3. Results and discussion
3.1 Microstructure

Fig. 1 shows the SEM micrographs of HCMs. As
shown in Fig. 1(a), the CPF were randomly oriented in
the HCMs while the FSP, TiO, . and NCB constituted a
continuum, forming the matrix for the HCMs. As
shown in Fig. 1(b), the matrix of the HCMs, i.e. the
filling powders, were fragile. Many cracks in the HCMs
were found in the matrix. Meanwhile, some powders
were packed together, forming a cluster which was
independent from the neighboring powders and clusters.
The long CPF helped to integrate the powders, lapping
the skeleton for the HCMs. Hence, the load-carrying
ability of the HCMs was reinforced.

Fig. 1

SEM micrographs of HCMs: (a) X100; (b) X600

(enlarged images of red zone in (a))

3.2 BET specific surface area
For BET adsorption with finite layer molecule, it
has following form[ 87:

— QngDI:l — (7’1 + 1)90” + ngD”—H]
T A=+~ De—']

where g, is the first layer adsorption amount with all the

D

inner surface of the adsorbent is covered by the
adsorbate molecule, mg/g, n is the maximum number
of layers of adsorbed molecules, ¢ is the BET constant

and can be calculated by:

21 *Ez) (2)

c= exp( RT
where E, (J/mol) is the heat of adsorption of the gas in
the first adsorbed later, E, (J/mol) is the heat of
liquefaction of the gas, R, (8. 314 15 J/(mol » K)) is the
gas constant and T(K) is temperature.

The specific surface area reflected the interactions
between the material and the surrounding gases and
liquids. In this paper, the surface adsorption of the
filling materials occurred via two mechanisms:
physisorption, and chemisorption. NCB provided two
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special functions: (a) absorbing and reflecting ultraviolet
rays; (b) absorbing gases within VIP enclosure. Fig. 2
shows the nitrogen adsorption and desorption isotherms
of HCMs. The sorption isotherms of HCMs were
evaluated in the relative pressure (P/P,) ranged from 0
to 1. The adsorption isotherms matched pretty well with
the desorption isotherms. The volume of nitrogen
adsorption progressively increased with the rise in the
relative pressure until the P/P, was 0. 8. After that,
the volume of nitrogen adsorption dramatically increase
to a maximum of 456. 951 cm’/g when the P/P,
was 0. 98908.

== Adsorption isotherm
== Desorption isotherm

Volume, cm’/g
o
-
(=}

0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0
Relative pressure, P/P

Fig. 2 Nitrogen adsorption and desorption isotherms of HCMs
Tab. 1

parameters of the HCMs from the N, sorption method.

shows the microstructural geometric

The total pore volume V was estimated on the basis of
the amount adsorbed at P/P, &= 0. 99. As shown in
Table 1, all of the specific surface areas ranged from 120
m’/g to 210 m’/g. Also, the specific surface areas
increased with the addition of the NCB and reached a
maximum of 204. 736 m®/g when the addition of NCB
was 10%. This was mainly because of the nanostructure
of the NCB. The BET mean pore radius r of the HCMs
ranged between 7 nm and 12 nm and reached a
minimum value of 7. 11 nm when the NCB addition was
3%. Thus, the packing pattern of the filling materials
with 3% addition of NCB was optimal because the HCM
not only had small pores but also relatively large BET
surface area.
3.3 Thermal conductivity of VIPs

Tab. 2 shows the density of the HCMs and the
corresponding VIPs. Both the density of the HCMs and
VIPs increased with the additive amount of the NCB.
When the addition of NCB was equal and less than the
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3%, the VIPs possessed a low density of between 170
kg/m® and 190 kg/m’. By contrast, the density of the
VIPs increased significantly above 210 kg/m’ when the
additive amount of NCB was equal and above 5%. The
high density of the VIPs might limit the development of
the VIPs in building sectors.

Tab. 1  Microstructural geometric parameters of the HCMs

from the N, sorption method

BET BET
Pore

suface mean

Sample Constituent volume V|

area S pore radius

/(cm3 /@)
/(m?/g) r/nm
1 91 % FS+8%PF+1%TiOz 120.592 |0.710558|  11.78

2 90 % FS+8%PF+1%TiO2 +1%NCB | 126. 871 |0. 825837 13.02

3 88 % FS+8%PF+1%TiO2 +3%NCB | 136. 681 |0.486109|  7.11

4 86 % FS+8%PF+1%TiO2 +5%NCB | 137. 688 | 0. 654736 9.51

81 % FS+8%PF+1%TiOz +10%NCB | 204. 736 | 0. 814524 7.96

Tab. 2 Density of the HCMs and the corresponding VIPs

Density/ (kg/m?®)
Sample Core material
VIP
Before vacuum process| After vacuum process
1 91. 38 140. 68 171. 15
2 97. 34 152.18 184. 48
3 100. 11 155.57 188. 46
4 102. 48 181. 71 217. 86
5 104. 82 202.72 244.01

Fig. 3 shows the thermal conductivity of the HCM
and VIP. The profile of the additive amount of NCB
versus both thermal conductivity of VIP and HCM was
like a concave parabola. Both the thermal conductivity of
the VIP and HCM reached a minimum of 4. 556 mW/
(m « K) and 22. 860 mW/(m « K) respectively when
the additive amount of NCB was 3%. This was because
the addition of the NCB might pose two very different
roles on the total thermal conductivity of the VIPs. On
the one hand, a certain amount of NCB might suppress
the radiation thermal conductivity and thus decreased the
total thermal conductivity. But with the growth of the
additive amount of NCB, on the other hand, NCB had
few contribution on further decreasing the radiation
thermal conductivity. Thus, excessive NCB made the
HCMs thermal

denser and increased the solid
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conductivity of the VIPs. Hence, in terms of decrease
the thermal conductivity, the optimum additive amount
of the NCB was 3%.

(=)
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Thermal conductivity of VIP, mW/(m - K)

s
[

OF - WA\ W WD H Jo £1apanpuod [ ursoyf,

0 1 3 5 10
Additive amount of NCB, %

Fig. 3 Thermal conductivity of the HCM and VIP

3.4 Ageing of VIPs

The ageing effects influencing the thermal
conductivity and service life of VIPs are (1) the rise of
the internal pressure; and (2) moisture accumulation in
the core material[ 9]. The moisture content in normal
indoor conditions of 23 °C and 50% R. H. is about 4 %
(mass percent). Also, the water vapor transmission
rate (WVTR) is 10° up to 10° times the values of
(OTR) or

transmission rate (NTR) in equivalent units [ 9. In this

oxygen transmission rates nitrogen
paper, a high temperature of 80 °C and high relative
humidity of 80% not only accelerated the ageing of the
envelop materials but also increased the penetration rate
of the gases and moisture through the envelope
material. The penetrated gases and moisture might
accumulate in the core material, leading to an increase of
thermal conductivity of VIPs.

The ageing of VIPs closely bounded up with the
composition and microstructure of the HCMs, Fig. 4
shows the ageing curve of VIPs with different additive
amount of NCB. The profile of the five curves of ageing
time versus thermal conductivity was quite different.
The thermal conductivity of the VIP without addition of
NCB increased roughly linearly with the ageing time. As
for the other four kinds of VIPs, all of the thermal
conductivities of the VIPs increased dramatically at the
first 7 days and then slightly increased with the
following 21 days of ageing time. Also, the growth of
the thermal conductivity of VIPs with NCB addition of

3%, 5% and 10% was not so much as that of 0% and
1%. This was because the nanoscale structure of the
NCB absorbed massive moisture and gases within the
VIP enclosure during the ageing of the VIPs. The
negative effects of the water moisture and the gases on
the thermal insulating performance of the VIPs were

thus suppressed to a minimum.

—— ()0 w——] 0 b= 3%

g 7.0 - ——50 w—ge=10%
E 65t
z
£ sof
g
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E 45
-
3
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= 4ol '
0 7 14 21 28
Time, day
Fig. 4  Ageing curve of VIPs with different additive

amount of NCB

Compared with other VIPs, the VIPs with additive
amount of 3% NCB had not only the lowest initial
thermal conductivity but also the most excellent ability
in maintaining the thermal conductivity. Thus, additive
amount of NCB of equal and less than 3% helped to
increase the thermal insulating performance of the VIPs
while an excess of additive amount of NCB of greater
than 5% might
performance of the resulting VIPs.
additive amount of NCB was 3%.

weaken the thermal insulating

The optimum

4. Conclusions

The addition of NCB moidified the microstructure
and density of the HCMs. In order to decrease the
thermal conductivity and extend the service life of the

VIPs, the optimum additive amount of NCB was 3%.
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Abstract

Fume silica as core materials of vacuum insulation panel (VIP — FS) has been successfully prepared by using core pre-loading, drying,

and vacuum packing. The drying is one of the most important steps which affect performance of core material and production costs of

panel. Hot flue dryer (HFD) was used as traditional drying method to remove humidity, however it has been restricted because of high

energy consumption. Microwave drying (MD) technology seems like good alternative because of many advantages like lower processing

time, uniformity and energy saving. The method of combing with HFD and MD was adopted to accelerate drying. MD at 140°C in 15min

and then HFD at 140°C in 15min have the same dehydration with HFD at 140°C in 60min and the tests show it can remove about 1. 24 %

water. Further experiments indicated that MD+ HFD exhibits optimum performance of 0. 0049W/(m « K). The cost and efficiency has

also been investigated, which MD-+HFD can save 0. 28 dollar/m® and improve nearly doubled producing efficiency. The new-style drying
method, MD-+HFD, offered a new way for mass production of VIP - FS,

Keywords fumed silica, vacuum insulation panel, microwave, thermal conductivity, drying, cost

1. Introduction

Vacuum insulation panel (VIP) has gained widely
attention because of its low thermal conductivity,
thermo-stability and non-pollution [1]. Generally, fume
silica is porous and has large specific surface area with
adsorbing permeability gas which make it become the
main core materials of VIP [27]. VIP - FS was prepared
by many steps: materials mixing, molding, loading in
non-woven bag, drying, vacuum and sealing, etc.
Drying plays an important role in performance and cost.
The thermal conductivity of VIP — FS is measured and
showed a significant increase of heat transfer through
powder boards of fumed silica with an increasing water
content [3]. Many researchers have tried lots of
approaches to prepare lower water content in core
materials. The traditional drying method, hot flue dryer

(HFD), has been applied into many fields. However,

its inefficient, long time drying and energy-wasting have
limited further application,

A major aim for researching and production is to
develop a high-efficient, inexpensive drying method.
Under this condition, the microwave drying (MD) has
been proposed. Microwave is a novel drying technology,
generated by alternating current. The microwave drying
would offer a number of advantages over conventional
heating: rapid heating, heating from the interior of the
core materials , energy transfer instead of heat transfer,
higher level of safety and so on [4]. Due to its many
advantages, microwave drying were used in various
areas to dry kinds of materials. Among them, porous
silica is generally very suitable for microwave drying.
However, the enclosed type of MD go against moisture
loss such that it will influences drying effect.

To solve these problems, efforts have been made to

x  Corresponding author, Tel :86 — 550 — 3075556, Fax:86 — 550 — 3075556, E — mail: peter. huang(@ yxelectric. com

57



Vacuum Insulation Panel: Green Material and Healthy Life

develop a new-type drying method of combing
microwave drying with hot flue drying. In this paper,
the production efficiency, cost and thermal performance
was investigated by using comparative ways for three

drying styles: HFD, MD, MD+HFD and we’ll discuss
why we chose MD+HFD heating way.

2. Experiment

The samples were produced by using an advanced
powder technology. It has smooth surface and regular
corner (Fig. 1(a)). To prevent the core materials from
being broken in the subsequent processing, it is
necessary to load it into non-woven bags (Fig. 1(b)). It
should be pointed out that its drying temperature was
limited (<C150°C), because there are polyester fiber in
the core materials and the non-woven is unable to bear
high temperature. Here, three drying methods were
used to heat fume silica core material. The first way is
traditional drying method, HFD, at 140°C in 60mins,
the second is MD at 140°C in 30mins and the last is MD
at 140°C in 15 mins after HFD at 140°C in 15min.
Then, three dried core materials were bagged in barrier
film, including PA, PET, AL and PE. Finally, they
were vacuum compressed to 0. 1Pa to form VIP - FS,
The rate of water of core materials were measured by
moisture meter ( YuDa FD - Gl) and thermal
performance of VIP — FS which was determined by heat
conductivity  instrumentation

flow meter thermal

(Netzsch HFM 436).

Fig. 1 Picture of fume silica core material

(a) core material; (b) core material loaded into non-woven

3. Results and discussions
3.1 Performance analysis

It was found that MD + HFD had better
dehydration rate than the other from table 1 and its
VIP - FS  exhibited

dehydration influence and thermal performance of MD

optimum performance.  The

was the worst among them. The core material was put

into firing instrument, heat up to preset temperature
58

(140°C), and then its heating curves of upper, middle
and bottom surface was measured and recorded by
temperature collector (mini LOGGER GL220) to
explain above discoveries.

Tab. 1 Parameters of three samples

Core y Drying Dehydrating Kovalue
; e Rate mW/(m * K)
materials method )
Fume silica+ 350X HFD 1.20 5.0
polyester fiber+ | 190X MD 1.01 5.3
opacifier 10mm | MD+HFD| 1,24 4.9

The heating curves of core material in HFD was
shown in Fig. 2 (a). The heating rate is upper >
bottom >> middle. It needs about 2000s to increase the
temperature from middle of core materials to 140°C,
which is of great influence on drying effect and consume
a lot of energy. It could be proved from HFD heating
principle, which hot-blast air was created from electric
and make it disperse on uniformly in oven with
convective mixing technology. This is a time-consuming
way to transfer heat slowly from surface to inner of core
material. The heating time should be prolonged to
satisfy dehydration needs.

The MD attracted our attention for its rapid heating
and Fig. 2 (b) show its heating curves. The speed of
middle temperature rising is also slower than sides,
while only 900s could rise up to 140°C and it is much
faster than HFD. However, dehydration rate tests show
its effect was worst and only removed 1. 01% water. It
may be caused by its confined space, which will prevent
water vapor from volatilizing and damaging drying
effect.

A high-efficient preparation method is critical to
the long-term future of VIP. The method proposed was
that the interior temperature of core material was rapidly
increased with MD and then put it into Hot flue to
accelerate elimination of water vapor which will remove
moisture of core materials and reduce drying time.
According to the discussions MD could increase the
temperature to 140°C for 900s. The core materials was
placed in microwave for 900s and then put into hot flue
immediately for drying 900s. The results were shown in

table 1 and found this method can evaporate maximum
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water. When VIP — FS was prepared with this core
material, it has an excellent thermal performance

of 0.0049mW/ (m « K).

(a) (b)

e — - w0

g
2 B

Upper
- Middle
— ~Botiom

[} 4 Upper
g - - -Middle
= =Botom

Temperature(C)
Temperature( T

o 50 7000 1500 2000 o 20 o o0 0 100 120
Time(s) Time(s)

Fig. 2 Picture of heating curves of core materials in HFD (a)
and MD(b)
3.2 Cost analysis
Generally, VIP — FS has excellent heat insulation
effect and thermal insulation performance. However,
high price has limited its development and application in

many areas [5]. So, the price has drawn more and more

attention of manufacturers and applications.

From the conclusion, the optimal VIP - FS could
be produced by MD -+ HFD method. Meanwhile, the
cost of three drying method as shown in Tab. 2 was also
investigated. The energy consumption make it also the
most innovative drying method. A more plausible way
would be proposed by comparing the effect of drying
method on fabricating cost. Per square metre drying cost
of core materials was calculated (commercial electric
utilization was calculated by 0. 16 dollar/ (kW * h). The
cost of MD-+HFD was cut by 0. 28 dollar/m’ compared
with HED or MD. The savings due to this new drying
method would be about $ 280,000 annually for VIP
manufacturers, when its sales is 1 million square
metres. Moreover, the production efficiency would be

doubled as its drying time shorten to 30min from 60min.

Tab. 2 The cost analysis of three samples

Drying method i’\;)/wc; Effeclrinvze area Dryi;lirntimc Energ}lr{ ;N C(.)n;uming DDrglilr;iizil
HFD 90 10 60 90 1. 45
MD 144 8 30 72 1. 45
MD-+HFD — 8 (15415 58.5 1.17

4. Conclusions and outlook

The VIP — FS has been produced by new-style
drying method, which combined MD with HFD. The
novel drying technology shows an excellent heating
properties that can enhance insulation performance,
provide savings in energy consumptions and improve
production efficiency. A low cost producing way to
manufacture VIP — FS on a larger scale has been
provided by this technology. It is worth mentioning that
production processes and equipment maintenance were
more strictly than before,

Further optimization is towards continuous
production line and ongoing aim with more energy

saving method.
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Abstract

Heat transfer through vacuum insulation panels (VIPs) is usually contributed to by solid heat conduction of core material, gas heat

conduction, heat radiation and so on. Under vacuum state, heat radiation is the main factor on affecting the thermal conductivity

performance of products. In this paper, the core materials doped with different kinds of sunscreen agents were prepared by wet method and

the thermal conductivity was also studied. It was found that sunscreen particles on the surface of glass fiber by scanning electron

microscopy can effectively absorb infrared light. The influence of different amount of TiO, additive on the thermal insulation performance

of VIPs was further evaluated. Consequently, it turned out that the thermal conductivity of VIP reached the lowest value of

0.00168 W/( m * K) when the amount of TiO, additive was 5% and the internal pressure was 0. 1Pa. Moreover, the addition of

nanoparticles can increase the specific surface area of core material, which can also prolong the service life of the VIPs.

Keywords sunscreen, heat radiation, vacuum insulation panel, thermal insulation performance, service life

1. Introduction

As one of the main raw materials of vacuum
insulation panel, glass fiber core material, has played an
important role for their heat conduction performance.
Recently, two approaches, wet method and dry method
were usually adopted to prepare glass fiber core material ,
and the former was widely employed in China [1].
Conventional glass fiber has been used for core material
for its unique advantages such as light quality, low
coefficient of thermal conductivity and so on. However,
some disadvantages such as low stability caused by
deformation at high temperature, serious deformation of
products after air leakage and so on have placed restriction
on their actual utilization to some extent.

The introduction of nano-sunscreen with thermal
barrier effect can not only decrease heat conductivity
coefficient, but also reduce the rebound resilience of core
materials. Besides. large specific surface area of

nanoparticles provided their excellent adsorption.

=

Furthermore, the air pressure inside the vacuum
insulation panel can retain a long period of time for the
reduced pore of composite core materials caused by the
introduction of nanoparticles, thus increasing the service
life. In this area, Depps new materials co., LTD of
Suzhou developed the vacuum insulated panel with initial
coefficient of thermal conductivity in 0. 004~0. 008 W/
(m « K), flat surface, weak rebound resilience, good
use effect for architecture applications through mixing
glass fiber and various insulating particles [2]. In this
study, a series of composite core materials were
prepared using wet method by the addition of different
amount of sunscreen (Ti0),), and their heat conductivity

coefficient and service life were also investigated.

2. Experimental description
SiC, Si;N, and TiO, are selected as sunscreens in

the early experiments which show that TiO, has the

% Corresponding author, Tel : 86 — 550 — 3075556 , Fax:86 — 550 — 3075556, E — mail : peter. huang(@ yxelectric. com
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most distinct effects on the thermal conductivity.
Therefore, this paper takes TiO, as the object of study
to investigate its impacts on the thermal performance
and service life of the VIP. The experiment is conducted
in the acidic environment. Fiberglass and different
proportions of nano-scale TiO, particles that have
shading functions are fully blended, stirred and dried to
produce the glass fiber/titanium dioxide nanocomposite.
The detailed experimental process is as follows:

First, an appropriate amount of concentrated
sulfuric acid was added to a 0. 67m’ water slurry pool to
make a solution with a pH value of 3. 0. Then, 600g
Alkali-free glass wool was added to the solution and
soaked for 30 minutes. Next, TiO, with mass fractions
of 0%, 1%, 5% and 10% are added respectively. After
30 minutes of mechanical stirring, the molded materials
were dried at the temperature of 230°C to get composites

After

cutting, drying, evacuation and packaging, the VIP was

with different proportions of nano-particles.

produced finally. The product thermal conductivity was
detected by the Netzsch HFM 436, and the BET and
SEM of the nano particles and composite core materials
were detected by the Gemini V2380 automatic specific
surface area and porosity analyzer and the Hitachi S —
4800 respectively.

Three VIP samples were made with a size of
290mm X 410mm X 12mm, and then put in the oven
with a temperature of 80°C and a humidity of 80 RH%.
The samples were taken out to test their thermal
conductivities every week, and the thermal conductivity
values are recorded for 28 days. Next, a chart was made
using the time as the abscissa and the thermal
conductivity value as the vertical coordinate. The slope
of the line was the evaluation criteria of the service life.
The larger the slope, the shorter the service life tends to
be.

3. Results and discussion

Fig. 1 shows the SEM of the composite core
materials produced by adding TiO, of different
proportions. The figure shows that the diameters of the
glass fiber range from 3 to Sum, the distribution being
relatively even. By amplifying the figure, it can be found

that a small amount of particulate matters deposited on

the fiber surface. The matters prove to be TiO, by EDS
(Fig. 2), demonstrating that some TiQ, successfully
deposit on the fiber surface to complete the composition

of the glass fiber and the nano particles.

Fig. 1 SEM and EDS images of TiO, (a) and GF/TiO,
(b~d: @rio, =1% ,5% ,10%)
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Fig. 2 EDS spectra of GF/TiO, (a)m2 =10%)

Fig. 3 is a comparison of the thermal conductivities
of the VIP produced at 0. 1Pa with the composite core
materials generated with additive TiO,. The result
shows that along with the increasing content of TiO,,
the VIP thermal conductivity value K tends to fall down
first and then rise. The thermal conductivity value
appears the lowest point when the additive amount is
5%. Regarding the reasons, as shown in the Fig. 1
(a)~(d) , with the increase of the additive amount of
TiO, , the content of TiO, increases significantly on the
composite, and the

glass fiber surface of the

agglomeration  becomes  more  apparent. The
agglomeration of the particles reduces the contacts
between the fiberglass and the nano particles, making

the TiO, unable to effectively scatter in the fiberglass
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interspaces. Also, when the TiO, content increases to a
certain extent, the conductivity of the internal solids of
the core materials also increases, thereby affecting the
thermal conductivity of the VIP.

Fig. 4 is the accelerated aging test curve of the
composite materials containing different proportions of
TiO,. According to the analysis of the curve, with the
increase of the additive amount of TiO, , the slope of the
aging curve decreases. The K value of the VIP product
at the fourth week with 10% additive amount is
0.71mW/(m « K) lower than that with no TiO,, which
means that after the composite core materials are made
into the VIP product, adding TiO, can prevent the

materials from aging.

3.0
25

g 2.0 /'/'

z . P

g e e ot

] —— .
154
10— 7 5 10

aT107

Fig. 3 K - value of samples with different samples

As it is well known, nano-scale TiO, is widely
applied to various fields due to its large specific surface
area and strong adsorption capacity [3—-5]. Good
adsorption capacity provides a guarantee for maintaining
the stable pressure in the vacuum environment inside the
VIP, which is the key factor to prolong the service life
of the VIP board. In addition. there is also a small
amount of nano particles in the glass fiber interspaces.,
which to some extent reduces the porosities of the
material and increases the service life of the material in a
Tab. 1

material’s specific surface area and pore size when with

vacuum environment. compares the core
and without TiO, Based on the data analyses, with the
increase of the TiO, content, the core material’s specific
surface area increases gradually and the pore diameter
decreases. It exactly testifies the authenticity of the
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above argument.

Tab. 1 Surface areas of samples

GF/TiO; | GF/TiO, | GF/TiO,

Samples TiO, GF
(1% TiO) | (5% TiOy) [(10%TiOy)

Surface

l
a

86.40 | 1.12 1. 2.55 3.68

areas/ (m?/g)

a(0%) y=0.083x+1.85 []
40 b(1%) y=0.085x+1.75
c(5%) y=0.077x+1.70

d(10%

/=0.060x+215

3.5

3.6

K(mw/m-K)

2.5
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Fig. 4 Aging results of GF/TiO, after four weeks

4. Conclusion and outlook

This paper, taking TiO, as sunscreens, studies the
effects of different additive amounts on thermal
conductivity and service life of the VIP. The results
show that the thermal conductivity reaches the lowest
point at 0. 00168 W/( m *+ K) when the additive amount
of TIO, is 5 %; the service life increases with the
increase of TiO, contents. Good insulation performance
and long service life provides a guideline for developing
new nano-composite core materials. But the stability of
the materials needs further researches. Therefore, the
materials cannot be used for mass production at present.
Further research is needed to find a more suitable mix of

nano particles and glass fibers.
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Abstract

Vacuum insulation panel (VIP) is a high performance thermal insulator consisting of evacuated core material with
getters encapsulated by a high barrier envelope material. Fiberglass core material is widely used for its light weight
and high temperature durability. In this paper, Ultrafine fiberglass core material is prepared by centrifugal-spinneret-
blow (CSB) process. The diameter and microstructure of fiberglass core material have been investigated by scanning
electron microscopy (SEM) and vertical optical microscope (VOM). The thermal conductivity of fiberglass core
material and VIPs was determined by heat flow meter thermal conductivity instrumentation. The results indicated that
the diameter of fiberglass core material prepared by CSB process can reach the ultrafine grade (d=1~4pm). The
thermal conductivity of core material was 0. 0298W/(m + K) when the diameter was 3um and the density was
62kg/m®. The thermal conductivity of ultrafine fiberglass core material decreased with the reduction of fiber diameter
when the density of glass fiber sample is constant. The lifetime of VIP of ultrafine fiberglass core material improved
with the reduction of fiber diameter. In this paper, it is also concluded that the aging curves of VIPs of ultrafine

fiberglass with different fiber diameter under different environment.

Keywords vacuum insulation panel, core material, ultrafine fiberglass, centrifugal-spinneret-blow process
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Abstract
A mechanical structure for a vacuum insulation panel (VIP) core would have superior thermal performance to a fumed silica or
fiberglass core as long as it could maintain a higher ratio of mechanical stress to thermal conductivity. The thermal conduction component

k& Osup

of the heat transfer across a VIP is reduced with a mechanical structure like periodic supports by the factor, ( r o
sup LM

) . It has been

demonstrated that supports fabricated from 25um thick 304 stainless steel could support up to a 965 MPa load (oy,,). Assuming thermal
conductivities of 16 and 0. 0025 W/ (m « K) for stainless steel (kss) and fumed silica (k) respectively. A fumed silica core would have up

to a 50% higher thermal conduction than a mechanical structure. The ratio of the mass of a fumed silica core to a mechanical structure is

Oss . . - . . . .
(‘0‘7;\> » and can be 180 times higher for fumed silica assuming a density of 0. 15 (p.) and 8. 0 (py) gm/cm’ respectively. The
Ossatm
reduction in thermal conduction and mass increase if a titanium alloy with a lower thermal conductivity and density is used instead of
stainless steel. Glass columns would be another potential replacement since they could support a compressive stress of 50MPa and have a
thermal conductivity of 1. 1 W/(m « K). This research work did not evaluate commercially available filaments as tensile support

structures.

Keywords vacuum insulation panels, mechanical core

1. Introduction Gun Ay = atmi’ D

Vacuum insulation panels ( VIPs) offer the where

. . . . Ay, =load bearing area of support
opportunity to greatly increase the thermal insulation sup g pport,

. . . < atm=atmospheric pressure, 0. 101 MPa.
that can be achieved when space is constrained. Current p p ’

VIPs utilize a fumed silica or fiber glass core which has a The thermal conduction component of the heat flow

in each period is given by equation (2).

kapAay VT (2

very low effective thermal conductivity as long as the

pressure inside the VIP is maintained below 1. 3 Pa.

. . . where
Replacing the current cores with a mechanical structure

. . kg = thermal conductivity of support
offers the opportunity to improve the thermal sup ermal conductivity ol support,

performance and reduce the weight of the VIPs. VI =temperature gradient across VIP.

The thermal conduction component of heat flow
2. Mechanical load

In order to support an atmospheric load a

across a comparable VIP area with a fumed silica core is
given by equation (3).
kA VT 3

mechanical structure with a periodicity of A has to

withstand a stress o, across a support given by equation

(D.
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where
ki, =thermal conductivity of fumed silica.
The ratio of these terms is given by equation 4 once

the load bearing area of the support is eliminated.

This ratio is 1. 5 when 965 MPa is supported by

stainless steel.

3. Periodicity choice and VIP mass
The number of supports/area is inversely
proportional to the square of the period, so the larger
the period the faster the mechanical support can be
assembled. The VIP envelope contributes significantly
to its cost, and when using stainless steel foil [ 1], the
cheapest material/area is 0. 05Imm thick. Thinner
stainless steel foil is commercially available but at a
higher cost/kg which can eliminate any savings. An
array of columns carrying a 50 MPa load with a 25. 4
mm period would require the stainless steel foil
supporting a tensile stress of at least ~ 320 MPa as
given by equation 5.
Cenetdpleny = atmA* (5
where

ouw =18 the stress in envelope,

d, =1s the diameter of a cylindrical support,

t.w =1s the envelope thickness.

The lowest ultimate tensile strength that austenitic
stainless steel can support is ~ 515MPa [ 2] so the
period could potentially be increased. Changing the
shape of the load bearing area of the mechanical support
from a circle to an annulus would lower the stress on the
envelope.

The mass for one period of a VIP of a mechanical
structure and fumed silica is given by equations 6 and 7
respectively.

PspAsptvie 1 20 len A (6)
(ostvie 1 2penvtens ) A? (D
where

psp —mass density of support,

tyip = VIP thickness,

e —mass density of envelopet,

t..w —envelope thickness.

A 25.4 mm thick fumed silica VIP with a density
of 0.15 gm/cm’ inside a 0. 13mm thick LDPE envelope

with a density of 0. 92 gm/cm’ would weight 4. 8 times
as much as the same thickness VIP with stainless steel
supports carrying 965 MPa in a 0. 051mm thick stainless

steel envelope.

4. Mechanical testing

In order to evaluate the mechanical strength of an
array of 3X3 supports with a 25. 4 mm period required
loading them with ~60kg. Instead of using weights as
shown in Fig. 1, or a volunteer to supply this load, a
compact system was constructed and is shown in Fig. 2.
The load is generated with a pancake air cylinder
pushing on a load cell (Omega 1.C305 — 300). The load
cell supports a plate that slides vertically on four linear
bearings. The top plate can be replaced with one that
has a large hole in the center to install ~50 kg weight to
calibrate the load cell. This arrangement would let us

safely measure forces up to ~2000 N (200 kg load) with

our particular load cell.

Fig. 1 Columns can be loaded by adding progressively more
mass. A towering stack of weights is a hazard

Fig. 2 Columns can be loaded by increasing the air pressure

supplying the pancake cylinder in a compact tester
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5. Mechanical results

The mechanical testing results are summarized in
Tab. 1. It is assumed that grade 9 titanium (3% Al,
2.5% V) can carry the same load as the stainless steel
foil. Annealed titanium was evaluated and it supported
comparable stress as annealed stainless steel, 300 MPa.
The full hard stainless supported 965 MPa. Data on
filaments reported to have high tensile strength and low
thermal conductivity (Nextel, 3M) are not reported

since they broke at the point where they were clamped.

Tab. 1
Glass SS Ti3 —2.5
osup/ Pa 50106 965X10° 965<10°
kap/(W/(m + K)) 1.1 16 7.8
osup/ (kg/m*) 2230 8000 4510
Gsup/ Fesup 4,5X107 6.0X107 1.2X108
Gsup/ Rsup 2.2X10" 1.2X10° 2.1X10°
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6. Conclusions and outlook

The mechanical properties of glass, stainless steel,
and titanium foil structures have been evaluated. Arrays
of these structures can lower the weight and increase the

thermal performance of VIPs.
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Abstract

To ensure superior thermal insulation performance and long service life, Vacuum Insulation Panels (VIPs) must have as low internal

gas pressure as possible, especially for glass fiber core matetials thermal conductivity of which is sensitive to pressure increase. It is

essential to add getter into VIPs with glass fiber core materials. The room temperature non-evaporable barium matrix composite getter is

investigated in this paper, including chemical composition. preparation process and structure design, sorption capacity of which for

nitrogen, oxygen and hydrogen are measured by constant volume method using a dedicated apparatus and for water vapor by weight

method. Sorption process and soprtion mechanism are also discussed. Thermal conductivity change with time are tracking measured by

thermal conductivity meter for VIPs with and without composite getter.

Keywords vacuum insulation panels, thermal conductivity, getter, sorption capacity, service life

1. Introduction

Vaccum insulation panels (VIPs) with glass fiber
core materials have already been used widely in the fields
of the refrigerator, automatic vending machine and
water heater, because of distinguished low thermal
conductivity < 2. 5 mW/(m + K), even to
1.0 mW/(m « K) and low production cost [1,2]. Tt is
estimated that in 2014 the production capacity of VIPs
exceeded 5 million square meters in China. Twenty-five
percent of energy can be saved without reducing the
effective capacity of refrigerator when VIPs substitutes
partial polyurethane rigid foams as insulation layer [3].
However, the thermal conductivity is sensitive to
pressure increase owing to large pore size of glass fiber
core materials and short service life in industrial
application [4]. Thus, the getter or desiccant is essential
to sorb residual gases released from glass fiber core
materials and permeated by gas barrier film and heat
seal layer [4,5]. By adding getter or desiccant into core

materials, the low internal pressure of VIPs would be

maintained, the thermal insulation performance would be
improved and the service life would be prolonged [6].
Conventional getter materials must be activated or
evaporated by heating to more than 450°C, while gas
barrier film with plastics cannot be heated at
higher than 150°C. Therefore, the

conventional getter materials can not be applied to VIPs,

temperature

and the getter that does not require high temperature
thermal activation is essential. It is indicated that Ba-Li
(Barium-Lithium) alloy can sorb active gases such as
oxygen (QO,), nitrogen (N,), carbon dioxide (CQO,),
carbon monoxide (CO), water vapor (H, O) and
hydrogen (H,) at room temperature without requiring
thermal activation [ 7 ]. The major permeation gases
through the barrier film are H,, H, O, N,, O, and
CO,, and the main residual gases, released from the
glass fiber core materials and inner surface of barrier
film, are H,O and H,[8]. In addition, Lithium belongs
to alkali metals and Barium belongs to alkaline earth

metals, alloy of which reacts with water to form alkali
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and give off hydrogen. The chemical reaction of Ba-Li
alloy with hydrogen, in essence, is that hydrogen
dissolves into alloy to form solid solution that is an
unstable compound. The hydrogen can be released from
solid solution at a certain temperature and pressure. The
thermal conductivity of hydrogen is seven times as high
as that of air, which is extremely harmful to thermal
insulation property of VIPs. Therefore, the Ba-Li alloy
cannot be used alone as getter material for VIPs.

The room temperature non-evaporable barium
matrix composite getter consisting of Ba-Li alloy,
calcium oxide (CaO) and copper oxide (CuQO) is
investigated in  this paper, including chemical
composition, preparation process and structure design.
The Ba-Li alloy sorbs O,, N,, CO, and CO and CaO
sorbs H, O and CuO sorbs H,. The Sorption capacity
for N,, O,, H, and H, O are measured and sorption
process and mechanism are also discussed. The effect of

composite getter on VIPs service life is also studied.

2. Experimental Sections
2.1 Composite getter preparation
2.1.1 The preparation of Ba-Li alloy

According to Ba-Li alloy binary phase diagram, as
shown in Fig. 1, one intermediate phase with
composition corresponding to Bali, is formed by
peritectic reaction which melts incongruently at 156°C.
A eutectic reaction at 10, 5 at. % Ba occurs at 143°C. In
this paper, the intermetallics Bal.i, was prepared by
vacuum median frequency smelting and the alloy was
crushed and ground into powder with grain size less than

45 mesh under argon atmsphere.
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Fig. 1 The Ba-Li alloy binary phase diagram
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2.1.2 The composite getter structure design

In order to avoid chemical reaction of Ba-Li alloy
with water vapor, the principle of structure design is
“first desiccation, then sorption gas”, as shown in Fig.
2 [7]. The composite getter consists of CaO for sorption
water vapor, CuO for sorption hydrogen and Bal.i, alloy

for sorption dry gases.

Balis

Fig. 2 The sketch drawing of composite getter

2.2 Preparation of VIP test specimens

Two kinds of VIPs were manufactured with a four-
layer structure high gas barrier laminate which contains
three layers of aluminum-coated polyethylene
terephthalate (MPET) and one layer of low-density
polyethylene (LDPE) and glass fiber as core material,
half of which the composite getter were added into core
materials for performance comparison. All VIPs were
stored in air with constant temperature and humidity
(25°C/50% RH) and measured regularly throughout an
overall period of 2 years.

2.3 Testing apparatus

The thermal conductivity was measured by thermal
conductivity meter (EKO HC - 072 — 200). The surface
morphology and specific area of CaO and CuO powder
were analyzed by SEM and BET. The chemical
composition and crystal structure were studied by XRD.
The water absorption of CaO was measured by weight
method. The sorption capacity of composite getter for
N,, O,, H, were measured by constant volume method
using a dedicated apparatus whose schematic diagram is
shown in Fig. 3, leakage rate <{1.5X10 "Pa * L./s and
base pressure <1, 0X10 'Pa.

The testing procedure is as follows:

(1) The sample chamber and vacuum globe valve
were detached and put into glove box under argon
atmsphere,

(2) The getter sample was put into sample
chamber then the vacuum globe valve was closed in

glove box.

(3) The sample chamber and vacuum globe valve
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were taken out from glove box then connected with test
apparatus.

(4) Turned on the fore vacuum pump (double step
rotary vane vacuum pump), when pressure <50 Pa,
turned on turbomolecular pump ( TMP ), when
pressure<_1. 0 X 10~ Pa, shut off goggle valve and
TMP, then filled high purity argon into vacuum
chamber until 1 atm.,

(5) Turned on vacuum globe valve and goggle
valve, when pressure<50 Pa, turned on TMP, when
pressure<C 1. 0 X 10™* Pa, goggle valve and vacuum
system were shut off, then filled test gas into vacuum
chamber,

(6) The pressure decrease with time was obtained.

Therefore, the test sample is not exposed to air in

sample installation process.

A
8
3 9

i

|—@>

Fig. 3 The schematic diagram of sorption capacity
test apparatus
1—Vacuum chamber; 2— Vacuum gauge;
3,4—Gas dosing value; 5— Vacuum globe valve;

6—Sample chamber; 7—Goggle valve;

8— Turbomolecular pump; 9— Fore vacuum pump

3. Results and discussions
3.1 Physical and
getter materials
3.1.1 Bali, alloy
The powder of Bali, alloy, shown in Fig. 4, reacts

chemical properties of

with water to give off hydrogen and lots of heat in

humid air, and then spontaneous combustion and

explosion, which is difficult to properties test. Only
XRD was used for chemical composition and crystal
structure analysis in this paper. To prevent chemical
reaction during exposure in the diffractometer, the
powder sample was mixed with Vaseline and then
produced a paste which was stable during exposures of

less than one half hour [9].

Fig. 4 The BalLi, alloy powder

BalLi4
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Fig. 5 The XRD test result of BaLi, alloy

a—standard diffraction pattern;

b—diffraction pattern of Bali, sample

The Bal.i, alloy, test result shown in Fig. 5,
belongs to hexagonal cell with low impurity content and
no segregation phase, which indicates that the alloy
sample is not contaminated during smelting, grinding
and testing, and the alloy with high purity is obtained.
3.1.2 Active calcium oxide

To sorb thoroughly a little water vapor in VIPs,
the high active CaO is investigated in this paper. The
surface morphology of unactivated CaO and activated
CaO powder are shown in Fig. 6., which shows that the

unactivated large particles become activated nano-sized
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particles agglomerate. The BET surface area increases

from 1.5 m*/g to 16.5 m’/g, approximately one order

of magnitude.

The XRD test results shown in Fig. 7 indicate that
the crystal structure of CaO is not changed in the

activation treatment, both of which are NaCl crystal

type. Compared with unactivated pattern C,

diffraction peak of activated pattern B become wider,
indicating that the crystal defects increase and the

Therefore,

specific surface area become larger.

activation process only changes the physical state of CaO

and increases the activity.

Fig. 6 The SEM images of CaO powder

(a) Theunactivated CaO powder;
(b) The activated CaO powder
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Fig. 7 The XRD test results of activated CaO and unactivated CaO

a—standard diffraction pattern;

b—diffraction pattern of activated CaOj;

c—diffraction pattern of unactivated CaO
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3.1.3 Active copper oxide

Similarly, to sorb trace amounts of hydrogen, the
high active CuQ is also investigated in this paper. Fig. 8
and Fig. 9 show separately the surface morphology and
XRD test results of unactivated and activated CuO
powder. The unactivated large particles of CuO powder
become activated nano-sized particles agglomerate and
the BET surface area increases from 0. 7 m’/g to
7.8 m*/g. The diffraction peak of activated pattern C
become wider, which indicates crystal defects, specific

surface area and activity increase.

Fig. 8 The SEM images of CuO powder
(a) Theunactivated CuO powder;
(b) The activated CuO powder

CuO
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Fig. 9 The XRD test results of activated CuO and
unactivated CuO
a—standard diffraction pattern;
b—diffraction pattern of unactivated CuQ;

c—diffraction pattern of activated CuO
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3.2 The sorption capacity of composite getter

The Sorption curves of composite getter for N, , O,
and H, are shown in Fig. 10~12. Taking sorption N,
for example, the adsorption process is explained. From
Fig. 10, the curve can be divided into three stages:

(1) The getter has great adsorption rate for N, in
the initial 300 minutes. Bali, powder is compacted into
porous materials with great specific surface area, which
can physically adsorb a large amount of N, , at the same
time, along with the beginning of the chemical reaction.

(2) From 300 minutes to 4000 minutes, the
adsorption reaches an equilibrium state. The physical
adsorption gas diffuses continuously into getter by bulk
diffusion and then occurs chemical absorption.
Compared with 1st stage, the adsorption rate becomes
slow. The slope of fitting line (0. 01515Pa + s ')
indicates pressure decrease rate with time, which
multiplies by the volume of vacuum chamber (6. 731.)
and then obtains the average sorption velocity, equaling
t0 1.70X10 * Pa+Le«s '

(3)4000 minutes later, the adsorption rate decreases
sharply. The reason is that gas molecules collided with the
getter surface in unit time reducing with gas pressure
decrease. In addition, the getter is consumed partly.
Similarly, the average sorption velocity is obtained,
equaling to 1,03X10 " Pa+L s ',

The sorption capacity of getter equals to the
product of pressure difference (88Pa) and the volume of

vacuum chamber (6. 73L.), equaling to 592.2 Pa « L.

—-— The sorption curve of getter for N,
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Fig. 10 The sorption capacity of getter for N,
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Fig. 12 The sorption capacity of getter for H,

The water absorption of CaO was tested by weight
method at a constant temperature and relative humidity
(25°C/23% RH). Figure 13 shows the water absorption
change of CaO with time. The nano-sized high active
CaO that absorbs water vapor by hydration reaction has
great water adsorption rate in the initial stage, which is
essential to absorb thoroughly a little water vapor within

VIPs.

1.4 - —— The sorption curve of CaO for H O
1.2 4
1.0 H
0.8 4
0.6 4

0.4+

Water adsorption mass Am/g

0.2 1

T T T T
0 1000 2000 3000 4000
Time #/min

Fig. 13 The sorption capacity of CaO for H,O
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3.3 The effect of composite getter on VIPs service life

The tracking test results of thermal conductivity
change with time for VIPs with and without composite
getter are shown in Fig. 14. The thermal conductivity
of VIP without composite getter increases by 3. 2 mW/
(m « K) after 2 years, but for VIP with composite
getter, it only increases by 0.4 mW/(m * K). For VIP
with getter, the anticipate service life exceeds 30 years,
the thermal conductivity about 11. 3 mW/(m + K) based
on linear extrapolation.

Therefore, the composite getter can effectively
absorb the residual gases and maintain low pressure in
VIPs, the thermal insulation performance of which

would be improved and service life would be prolonged.

5.0

—=— without composite getter
459 —— with composite getter
404  — Linear Fit of with getter

354 200x300x10 mm’

3.094 25°C/50% RH
y=1.50+0.000892x

Thermal conductivity J/10°xW/m-K

2.5 5
R™=0.94
2.0
1.54
l~0 T T T T T T T
0 100 200 300 400 500 600
Time #/day

Fig. 14 Test results of thermal conductivity change with time

for VIPs with and without composite getter

4. Conclusions and outlook

Despite excellent sorption property, the composite
getter is not widely used in VIPs due to Bali, alloy high
chemical activity with the danger of spontaneous
combustion and explosion. The alloy modification and

new alloy will be investigated in the further work.

Acknowledgements

The authors appreciate the support of Research &
Fujian Super Tech Advanced
Material Co. , Ltd, and College of Material Science and

Development Center,

Technology , Nanjing University of Aeronautics and

Astronautics.

72

References

(1]

[2]

[3]

[4]

[6]

[7]

(8]

[9]

K. Araki, D. Kamoto, S. I Matsuoka, Optimization
about multilayer laminated film and getter device materials
of vacuum insulation panel for using at high temperature,
Journal of Materials  Processing  Technology 209
(2009) 271 — 282.

X. B. Di, Y. G. Gao, C. G. Bao, S. Q. Ma, Thermal
insulation property and service life of vacuum insulation
panels with glass fiber chopped strand as core materials.,
Energy and Buildings 73 (2014) 176 - 183.

C.G. Yang, Y.]. Li, X. Gao, L. Xu, A review of vacuum
degradation research and the experimental outgassing
research of the core material - PU foam on vacuum,Physics
Procedia 32 (2012) 239 — 244.

X.B. Di, Y. G Gao, C. G. Bao, Y. N. Hu, Z. G. Xie,
Optimization of glass fiber based core materials for vacuum
insulation panels with laminated aluminum foils asenvelopes,
Vacuum 97 (2013) 55 - 59.

H. Schwab, U. Heinemann, A. Beck, H. P. Ebert, J.
Fricke, Dependence of thermal conductivity on water content
in vacuum insulation panels with fumed silica kernels,
Journal of Thermal Envelope and Building Science 28 (2005)
319 - 326.

X.B. Di, Y. M. Gao, C.G. Bao, On getters for vacuum
insulation panels, in: The 10th International Vacuum
Insulation Symposium, 2011, pp. 205 — 207.

P. Manini, F.B. Arluno, Device for Maintaining a Vacuum
in a Thermally Insulating Jacket and Method of Making
Such Device, US Patent No. 5544490 (1996).

H. Jung. C. H. Jang, 1. S. Yeo, H. T. H. Song,
Investigation of gas permeation through Al-metallized film
for vacuum insulation panels, International Journal of
Heatand Mass Transfer 52 (2013) 4436 — 4462.

V. Douglas, J. Keller, F. A. Kanda, A.J. King. Barium-
Lithium equilibrium system. Journal of Physics Chemical 62

(1958) 732 - 733.



IVIS2015  Proceedings of 12th International Vacuum Insulation Symposium

Thermal Radiation Reduction Materials in the Application of the Glass

Fiber Core Material for Vacuum Insulation Panel (VIP)

Yang Shengli”

Fujian Super Tech Advanced Material Co. , Ltd. , Xiamen, P. R. China

Abstract

This paper introduces the application background, the purpose and function of thermal radiation reduction
materials in glass fiber core material for vacuum insulation panel (VIP). The thermal insulation mechanism of thermal
radiation reduction materials to improve glass fiber core material for vacuum insulation panel (VIP) were analyzed.
The kinds, shape, dispersion form, distribution effect of thermal radiation reduction material were compared. Also, a
study of thermal radiation reduction materials in glass fiber core material for vacuum insulation panel in addition
amount and the differences on thermal insulation effect was performed. Differences in thermal insulation effect can be
measured through testing the thermal conductivity; the larger thermal conductivity, the poorer thermal insulation
effect, whereas, the better thermal insulation effect. This paper also expounds the application prospect and the good
benefit of thermal radiation reduction materials in the field of high efficient thermal insulation, but also points out the

existing problems and the improvement of thermal radiation reduction materials.

Keywords thermal radiation, thermal radiation reduction materials, vacuum insulation panel (VIP), glass fiber,

glass fiber core material, thermal insulation
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The Technology and Application of the Free Activation

Combinations-getters in VIP

Ai Xueming, Zhong Xiang"

Nanjing Thanko Vacuum Electronics Co. Ltd. . Nanjing, 210016, P. R. China

Abstract

This paper describes the technology of combinations-getters used as key materials in VIPs. Gas molecules can spread through the

barrier membrane of VIP, and amounts of gases are contained in the core material, so the pressure inside VIP increases with time. In the

field of room temperature and the pressure is between 10 ° Pa to 10° Pa, getters are necessary for VIPs. The combinations-getters

introduced in this paper can absorb active gases such as H, O, O,, N, CO, CO, in large quantities, particularly H,. What is more

important is the combinations-getters can be used without activating and exposed in dry air temporarily; they will be widely used in VIP’s

or other fields.

Keywords free activation, getter, getters, vacuum insulation, VIP, STP

1. Introduction

Vacuum insulation panel (VIP) is a new and
efficient thermal insulation material, which is based on
the principle of vacuum insulation and researched in
recent years. In order to achieve the ideal adiabatic effect
of thermal insulation and purpose of energy saving,
maximizing vacuum degree within the plate and filling in
core layer insulation material were used to isolate the
heat conduction [ 17]. Compared to the traditional
thermal insulation materials such as polyurethane foam
or fiberglass, the thermal conductivity of VIP is 1/10 of
theirs, or even lower. Ozone Depleting Substance
(ODS) was never used in the process of VIP’s
production and application, and the thickness of VIP is
only 1/7 of the ordinary insulation, so VIP has dual
advantages of environmental protection and energy
saving.

The present market situation is that getters only
used in VIPs when they are required to have a longer
service life and lower thermal conductivity, most of the
products  with

VIP manufacturers produce their

desiccants, but they only absorb humidity. Especially in
the field of construction, the VIP products also called as
STP even without any getters material. Usually, the
life-span requirement for home appliance is 5~10 years,
and the service life of construction requires at least more
than 30 years. If getters material was not used or used
incorrectly, the service life will be no guarantee. Only in
pursuit of short-term benefits will damage the VIP’ s
industry reputation and long-term healthy development.

This paper’ s structure is as follows: part 2
introduces several kinds of commonly used VIPs, and
the experimental data shows that the heat preservation
performance of VIP has improved largely after using the
getters; part 3 summarizes the advantages and
disadvantages of international getters, puts forward a
new type of free activation composite getters; part 4
gives the aging experiment data of VIPs with the
getters, it shows that the coefficient of thermal
conductivity is lower and performance is superior to the
desiccant VIPs; part 5 summarizes the full text and puts

forward the improvement direction.
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2. The analysis of VIP’s common manufacturing form

A common form of VIP manufacturing: (Dthermal
insulation core material +barrier envelope + getter;
@thermal insulation core material +barrier envelope +
desiccant; (@) thermal insulation core material +barrier
envelope. The following is a simple analysis of these
VIP materials.

2.1 The core material of VIP

Now the core material of VIP is mainly divided into
three categories: (D) Chopped glass fiber (Size: 6 ~11
microns, length: 8 ~12 mm); @ Glass wool (Size:
0.5~4 microns, length: 1~8 mm); @ Silica powder.
In normal conditions, the initial value of coefficient of

thermal conductivity of these three core material is

different.
‘;‘ 35
E o —+— Chopped glass fiber
E. ~&Glass wool /
g - & Silica powder ‘//
3 |=» ;
é B // /'
il 7 7
., . L w A
0 T T T T
0.001 0.01 0.1 1 10 100 1000
Pressure [mbar]
Fig. 1 The comparison chart of coefficient of thermal

conductivity of three Kkinds of core material

The initial value of the thermal conductivity can be
found in Fig. 1. the value of chopped glass fiber is
1.5~2.5 mW/(m * K); the value of glass wool is
2.5~3.5 mW/(m ¢« K); the value of silica powder is
4,0~6.0 mW/(m * K). At low pressure, chopped silk
has a minimum thermal conductivity, glass wool
second, silica is highest. But as the vacuum pressure
increases, the rise change rule of the coefficient of
thermal conductivity become, silica powder changes
most slow and chopped silk changes the fastest.

2.2 The barrier membrane of VIP

At present, the barrier membrane of VIP mainly has
@D Aluminum foil
@ Aluminum plating film.

two  categories: membrane;

Using aluminum foil membrane is based on the fact

that aluminum foil membrane has a good barrier

properties and the price is relatively cheap, and the use
of aluminum plating film is based on the reduced heat

transfer of VIP marginal effect.

20
18 =+=0rdinary aluminum plating film /
£ F i
= |16
) -2-MEVOH aluminum plating film /
| 14
= .
B | 12 1 ==Atuminum foit membrane / /
8| 10
a

#

50 60

Temperature [C]
Fig. 2 The Comparison chart of permeability rate between
Aluminum foil membrane and Aluminum plating film

(2]

As seen in Fig. 2, aluminum foil membrane is
superior to aluminum plating film for the air blocking.
And as temperature rises, the air through rate of
blocking film also rises greatly., The actual
manufacturing process of VIP usually includes the frilled
edge handling of barrier bag, the aluminum layer of
membrane will damage in different degrees at the hem
and sharp corners, resulting in the air transmittance of
membrane material increases further.

2.3 The getters for VIP

Look from the present market, the main used
getter material is “getters”, “desiccant + molecular
sieve” and “desiccant”.

Getters is able to adsorb all reactive gases (H, and
N,, O,, CO, CO,, H,O) and some organic gases in
the air; desiccant is able to absorb water vapor; the
selective adsorption of certain gases and water vapor can
be done by molecular sieve.

We analyzed the above three kinds of typical
materials of VIP by means of the influence factors such
as their respective behavior characteristics and prices:

A. Core material; Chopped silk has the minimum
thermal conductivity, glass wool takes the second place,
and the highest data belongs to silica. Silica is most

expensive, glass wool is second, and chopped silk has

the minimum cost.
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B. Barrier membrane: Aluminum foil membranes
perform better than the aluminum plating films, and the
costing of aluminum foil membrane is lower than the
aluminum plating film.

C. Getter material:In terms of sorption properties,
getters have a more excellent performance, but they are
also expensive than desiccants and molecular sieves.

Of course, the requirement is different in different
applications or occasions. So the choice of targeted
material combination needs to meet the application
requirement.

Undoubtedly, to create the product with better
heat insulation performance, longer life assurance and
the lower price is the development trend of VIP
industry.

For these reasons and more, the initial thermal
conductivity of VIP is mainly decided by the core
material, shown as Fig. 1. The change of the vacuum
degree within the VIP is mainly decided by the barrier
membrane, as shown in Fig. 2. We assume that the
degassing treatment of the core material and curing
processing of the barrier membrane are both sufficient,
and air content of the material itself is negligible. The
key factor that results in the change of vacuum degree
within the VIP is air penetration through the barrier
membrane, and the air penetration is inevitable. VIP
still absorbs residual gas after sealed, and it also will
absorb the infiltration and the released gases from the
core material. In order to maintain the vacuum degree
inside VIP, the getters material is essential.

Once the inner pressure reaches to 10Pa, coefficient
of thermal conductivity of VIP will rise rapidly.
However, the pressure from 10 % Pa or less to 10* Pa
belongs to the work scope of getters.

A new kind of free activation combinations-getters
for VIPs is introduced in this paper. This product not
only can absorb the water molecule, but also can absorb
the active gases such as O,, N,, CO, CO, in large
quantities, particularly H,. What is more important is
that the combinations-getters can be used without active
and exposed in dry air temporarily, and it is suitable for

large scale production.
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3. The free activation combinations-getters TK107

On the present market, the mainly used getter
material has three categories: (D desiccant; (2 desiccant
~+molecular sieve; @ getters.

Most desiccants are alkaline-earth metal oxides,
such as calcium oxide, barium oxide and magnesium
oxide, etc., which is the main water absorbing
material. But due to factors like cost, safety
considerations, calcium oxide was mainly adopted as
SAP. Chemical absorption of CO, lets calcium oxide
change to stable CaCO,. Calcium oxide can also adsorb
some reactive gases physically, but it is unstable.
Because the physical adsorption process is reversible, the
gases will release again along with the change of
temperature. In addition to temperature, the inhalation
rate of calcium oxide is related to the specific surface
area and loose intensity.

Reaction equation and the adsorption quantity are
as follows:

CaO+CO,=CaCO; (405 mbar * I./g)

CaO+H,O=Ca(OH),

Water regain of calcium oxide is generally about
32% of its weight. Processing of Calcium oxide not only
needs the purity of more than 95% of the calcium oxide
ingredients, but also needs the high specific surface
area. Then, the calcium oxide powder after the specific
process will have a strong capacity of water absorption
and absorption rate. The product model for TK205
desiccant of Nanjing Thanko Vacuum Electronics Co.
Itd. and the product model for SMART desiccant from
Italy SAES company were tested under 80°C, 80%
humidity and 24 hours, respectively. Measured bibulous
rate of both has reached 45% of the weight of the
product itself.

In addition to H, O and CO,, the adsorption
quantity of other reactive gases is very less, which limits
the use of the desiccant in the VIP.

Molecular sieve has the function of selective
absorption; different molecular sieve structure can
absorb different gas molecules. Generally, the osmotic
gas through the barrier membrane is multifarious, only
a few species of osmotic gases can be adsorbed with a

few kinds of molecular sieve used as the getters
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material. If loading all the molecular sieve material to
absorb all gas in the getters, this certainly will increase
the manufacturing difficulty and cost of the getters.
Moreover, the absorption of gas through molecular sieve
is physical mostly, and the process is reversible. When
the temperature rises, the adsorption gas overflows.
This is unfavorable in the use of some particular
situations like buildings and water heater industry, etc.
Now this getters combination is unusual, only a handful
of manufacturers do a little development and application.

The best getters material at current industry is the
free activation composite getters. Due to the limitation
of using conditions, the getters used in VIPs cannot
contain any high temperature activation getters material.
Here, therefore, the new kind of getters are called free
activation combinations-getters. The ability of absorbing
all the reactive gas in the air is required.

Barium lithium alloy Balli, is one of the major
components of composite getters.,  Firstly, an
introduction of the two metallic elements: barium and
lithium will be made. Barium is one of the most widely
used getters material. Its chemical activity is very big,
and it is the most active alkaline earth metal in the
second group of the periodic table, only after lithium,
cesium, potassium, sodium and Rb in the first group.
Because of radioactivity, radium in the second group and
francium in the first group are not considered. Barium is
a body centered cubic crystal type. Another metal,
lithium elements can react with a large number of
inorganic and organic reagents, especially there will be
an intense reaction with water. It is the only alkali metal
that can generate stable hydride but enough to melt
without decomposition. Lithium can combine with
oxygen, nitrogen, sulfur and others, is the only alkali
metal which can react with nitrogen at room
temperature to generate lithium nitride (Li; N). Tt is
also a body centered cubic crystal type.

Barium and lithium can form a binary alloy Bal.i,.
The alloy has the structure of hexagonal close packed
lattice; its characteristic is a little hard and brittle. It is
easy to mill, so it is very beneficial for large-scale
industrial production. The reactive gas is easy to diffuse

to internal crystal structure of the alloy; eventually,

barium and lithium react with each other to generate a

more solid compound. The reaction equation and
inspiratory capacity are as follows:

3Ba+N,=Ba; N, (55 mbar L./g)

Ba-+H, =BaH, (165 mbar L./g)

2Ba+0,=2Ba0 (83 mbar 1./g)

3Ba-+2CO=RBaC, +2Ba0O (110 mbar L./ g)

5Ba+2C0, =BaC, +4Ba0O (66 mbar [./g)

2Ba+H, O=BaH, +BaO (83 mbar L./g)

411+ 0, =2Li0O (817 mbar L./g)

6Li+N,=2Li;N (545 mbar L./g)

4Li+CO, =2Li, O+C (817 mbar L./g)

Besides reacting with inorganic active gas, lithium
can also react with part of the organic gas to play a good
role on absorption.

While barium lithium alloy has a strong suction
performance, however, its first reaction is to generate
H, with water vapor. And generating hydrogen gas has
a great influence on thermal conductivity in the VIP,

Ba+2H, O=Ba(OH), +H, 4

2Li+2H, O=2LiOH-+H, 4

Tab. 1 Coefficient of thermal conductivity of gases

Coefficient of
Gases Temperature / C thermal
conductivity/ (mW/(m « K))

air 0 24
air 100 31
hydrogen 0 170
nitrogen 0 24
oxygen 0 24
carbon dioxide 0 15
water vapor 100 25

It can be seen from the Tab. 1; the coefficient of
thermal conductivity of hydrogen is 7 times of the
amount of nitrogen. Such tests have been performed by
putting lithium barium alloy into the bottom of the
metal carrier, covered it with calcium oxide in the
above, and then packed them into VIP to do the high
After

testing, it was found that thermal conductivity of the

temperature and high humidity aging test.

VIPs rises quickly, even worse than these VIPs” which
not involve any getters material. Therefore, the first
important problem needed to resolve is barium lithium
alloy is preferred to generate hydrogen by reacting with
77
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water. At present, two main kinds of technologies are
known:

(1)Barium lithium alloy+ Precious metal oxides—+
Desiccant. Such a technology is proposed by an Italian
company SAES in the patent literature ZI. 95193987. 4
of China [3]:

35
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Fig. 3 Product schematic diagram of SAES Company

In these getters, barium lithium alloy is the main
getter material, precious metal oxides such as cobalt
oxide, palladium oxide, copper oxide is the catalyst.
Constant hydrogen combines with oxygen to form
water, and then the water molecules will be absorbed by
calcium oxide. In addition to being able to absorb water
molecules, calcium oxide also can cut off the gas in a
short time. Getter is vacuum packed before use, but it
must be put into VIP in a very short time (generally
within 15 minutes ) to keep a vacuum station,
Otherwise, excessive exposure to the atmospheric
environment will lead to the loss of gas absorption
efficiency and even the getters will be disabled.

(2)Barium lithium alloy+ Non evapotranspiration
getters alloy + Desiccant. This technology is proposed
by Nanjing THANKO Vacuum Electronics Co. Ltd. in

the patent literature ZI. 201220671837. 5 of China [4];
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Fig. 4 Product schematic diagram of Nanjing Thanko Vacuum

Electronics co. Itd

In this getters, barium lithium alloy is the main

getter material, non evapotranspiration getters such as
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zirconium vanadium iron and aluminum zirconium alloy
is the hydrogen absorbing material. The type of non
evapotranspiration getters material has a strong ability of
hydrogen adsorption; the hydrogen absorption capacity
of each mg of zirconium vanadium iron alloy is about
13Pa - L.

In the zirconium vanadium iron alloy getters, the
content of zirconium, vanadium and iron is 70%,
24.6% and 5. 4%, respectively. It can be the active in
10 minutes when the pressure is lower than 10 ' Pa and
the temperature is 400°C , and maintain a strong ability
of absorbing hydrogen in a wide temperature range. The
inhaling steps of non evapotranspiration getters device
into three parts: First, the reactive gas molecules get to
the surface of a getters and decompose; Second, reactive
gas and getters produce chemical adsorption on the
surface; Third, the reactive gas molecules diffuse into
the depth of the getters under a certain temperature.
When the getters worked for a period of time or exposed
to atmosphere, a passivation layer composed of oxides
and carbide would form on the surface of the getters
particles. While heating can make the gas molecular of
the surface diffuse into the body, then the fresh surface
can be exposed to restore the getters’ inspiratory
capacity. This process is called active [5].

The balance pressure of hydrogen absorption for
zirconium vanadium iron alloy getters is very low, so a
large amount of hydrogen gas can be absorbed. But its
application difficulty lies in the activation temperature is
at 400°C, such a high temperature is not allowed in the
process of the use of VIP. Therefore, manufacturers
need to activate it beforehand, and then it can be used
directly without activation.,

The getters contains about 1 gram of zirconium
vanadium iron alloy. In the process of manufacturing the
getters, non evapotranspiration getters alloy is activated
before loading. In hydrogen absorption tests, the actual
absorption of hydrogen is more than 10000Pa * L. The
direct adsorption of hydrogen technology is adopted to
solve the problem that the barium lithium react with
water to generate hydrogen. Meanwhile, non
evapotranspiration getters material not only has strong
adsorption ability for hydrogen, but also has the

absorption ability for other reactive gas, and can assist
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the barium lithium alloy for gas adsorption. The upper
covered calcium oxide can be used as a material to
absorb water molecules, and have the effect of

obstruction for a short time.

4. Examples of application

The same getters ( barium lithium alloy +
zirconium vanadium iron alloy + calcium oxide), same
barrier membrane (aluminum foil membrane) and two
different kinds of core material (chopped silk and glass
wool) were used to manufacture two categories of VIPs
to do the accelerated aging test. Experimental
comparison is as follows:

Experimental conditions: Temperature 70°C;
Humidity 80%

Test conditions:
Humidity (50+10) %

Equipment conditions: Hot side (35 + 0. 5)°C;

Cold side (5+0.5)°C

(23 + 2)C;

Temperature

4

35

3
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Fig. 5 Changes of thermal conductivity of the two kinds of
VIPs with different core material in the accelerated

aging tests

The Fig. 5 shows that the thermal conductivity of
glass wool VIP is about 3. 3mW/(m ¢« K) and the data
of chopped silk VIP is about 2. 3mW/(m * K) 7 weeks
later in the accelerated aging test. This indicates the
chopped silk is more suitable to be the core material
of VIP.

Three kinds of VIPs were produced to do the
accelerated aging test. These VIPs involved the same
core material (chopped silk) and same barrier membrane
But one kind of VIP

activation

(aluminum foil membrane).

contained the free combinations-getters

(barium lithium alloy—+zirconium vanadium iron alloy—+
calcium oxide), another on contained the desiccant
(calcium oxide), and the last kind didn’t include any

getters material. Experimental comparison is as follows:

Experimental conditions: Temperature 70°C;
Humidity 80%
Test conditions: Temperature (23 + 2)C;

Humidity (50+ 10) %
Equipment conditions; Hot side (35 + 0. 5)°C;
Cold side (5+0.5)°C
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Fig. 6 Changes of thermal conductivity of the three kinds of
VIPs with different getters material in the accelerated

aging tests

The Fig. 6 shows that the thermal conductivity of
the VIP containing getters, Cao and no getters material
was about 2. 3SmW/(m « K), 2. 9mW/(m « K) and
3.6mW/(m * K),

involved the free activation combined getters is lowest.

respectively. The data of VIP

With the passage of time, the gap value of the
thermal conductivity of the three VIPS in Fig. 6 will
further expand. This indicates that the advantage of

using getters is very obvious for VIPs.

5. Conclusions

It is easy to find thatgetters material is the most
important guarantee for VIP to maintain its low inner
pressure and long service life after analyzed the
characteristics of all component materials. In numerous
getters materials, free activation combinations-getters
have the most superior performance. Except the water
absorbed, the

combinations-getters can also absorb some parts of

vapor and reactive gases can be

organic gases. Therefore, the correct use of free
activation combinations-getters is the most reliable
guarantee for VIP’s low thermal conductivity and long
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service life. It is the future development trend and the
goal of continuous efforts for insiders to make the VIP
products more adiabatic, cheap and to extend its
application  field to substitute traditional heat
preservation materials.

The current cost of manufacturing free activation
combinations-getters is relatively high. Therefore, to
improve the efficiency of the product’s mass production
to reduce the cost is the direction and goal of the field

that should strive to.
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Low Cost Vacuum Insulation Panel (VIP) Using Farm Materials as Core

Pang Yi~

Marvel Technologies, LLC, Rockville, MD 20850, USA

Abstract

Farm materials are usually inexpensive to obtain. More importantly they are friendlier to the environment.
Materials obtained from farm crops are biodegradable. Some farm materials may also have the characteristics which
are desirable for vacuum insulation panel (VIP) core application. Clay contains a variety of hydrated silicates,
alumina, alkali metal oxides and alkaline earth metal oxide. The particles of clay are often in fine colloidal size. Rice
husk ash (RHA) contains over than 70% of silica in amorphous fine particle form. Straw contains mainly cellulose
fiber and has fine structure. An innovative new application of clay or RHA particles and straw combination as core
material for VIP has the potential to achieve very high thermal insulation and significant cost reduction over other
types of VIPs. In this paper, straw mixed with various amount of clay and /or RHA particles as VIP core materials
is studied, and experimental will be conducted in the following days. In the previous experiments, the thermal
conductivity of the VIP with mainly straw core was measured at 3. 8 mW/(m * K), comparable to that of a typical

fiber glass VIP. We are expecting a better result than that of the straw VIP and with significant longer life.

Keywords VIP, farm materials, core materials
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Thermal Conductivity of VIP Silica Core at Different Levels

of Vacuum and External Pressure

Kjartan Gudmundsson” , Peyman Karami

Department of Civil and Architectural Engineering, KTH — Royal Institute of technology, Stockholm, Sweden

Abstract

The thermal conductivity of low-density nanoporous silica used as VIP core material is known to vary with the levels of gaseous
pressure and external loads. This study shows how a new self-designed device, with two cylindrical cavities, that is connected to a TPS
instrument can be used to carry out thermal tests on powders at different levels of vacuum and external mechanical pressure. The materials
used in this study are a commercially available silica aerogel and two newly developed precipitated silica “powders”. The materials are
evacuated from atmospheric pressure down to 0. 1 mbar while applying different levels of external pressure up to 4 bars. The use of the
TPS technique is validated by comparing measurement values with available data for commercial silica as well as through independent
stationary measurements with a hot plate apparatus and with the THB method. The different materials illustrate clear but different trends
for the thermal conductivity as a function of the level of vacuum and external pressure. The analysis of experimental results suggests that

the utilization of the transient method is less suitable for low-density silica aerogels, probably due to the presence of radiation heat transfer.

Keywords vacuum insulation panels, core material, thermal conductivity, transient and stationary methods, TPS and THB

1. Introduction precipitated silica offer some of lowest thermal

A VIP consists of an impermeable envelope conductivity ranges owing to low density, large surface

. . . area and small pores in Nanoscale range [ 2,3 ]. Silica
enclosing a porous core from which the air has been p ge [2.3]

evacuated. A typical VIP panel, as known today, is aerogel material has therefore been suggested as VIP

. .. core material.
made out of a multilayer envelope of aluminium and

polyester film and a core of fumed silica. There are Aerogel for example, has a large surface area
(~1600 m*/g) and pores in the range between 5 and
100 nm [4]. These pores occupy about 80 to 99. 8% of

their total bulk volume. A bulk density as low as 0. 003

however many possibilities of combining alternative core
materials and envelopes in different typologies as

described in previous work [17]. The mechanisms of

thermal transfer across the VIP core materials include g/cm’ has been reported, while for typical application

. ) . .
gaseous and solid conductions as well as radiation, with aerogel with values of about 0.07~0.15 g/em’ is used.

negligible gaseous convection due to extremely small A low thermal conductivity of 17~21 mW/(m « K) at

pore sizes and low pressure. Radiative heat exchange ambient pressure has been established [3.4]. Fumed

between the interior surfaces is reduced by the use of silica on the other hand has porosity greater than 9075

. . — 3
opacifiers. Conduction through the collision of gas and a bulk density in the range of 0. 06~0. 22 g/cm’.

o . . . The material also has a specific surface area in the range
molecules can be diminished by using core material with P g

pore size less than the mean free path of the gas of 100~400 m*/g which varies with the particle size and

. a maximum pore size value of about 300 nm has been
molecules.  Nanoporous materials make excellent

s ..
candidates for core material. Aerogel, fumed silica and reported by Gun’ko [5]. A thermal conductivity of

% Corresponding author, Tel ,46 — 7906590, E-mail: kjartan. gudmundsson@byv. kth. se
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about 20 mW/(m ¢+ K) at atmospheric pressure has been
proven [ 6,7].

A good insulation material is the one where the
sum of the contributions from radiation and solid
conduction is at a minimum. This in addition to the gas
(air) conduction 26 mW/(m « K) for conventional
insulation gives a total thermal conduction down to a
minimum around 0. 030 W/(m « K). For nanoporous
material such as aerogel or fumed silica the gas
conduction may be reduced to 15 mW/(m « K) or
below, even at atmospheric pressure owing to their
nanoscale pores. Despite their obvious technical
advantages, their utilization in building industry is
limited due to their high market price [3 — 6]. The
current manufacturing processes of silica aerogel thermal
insulating materials is laborious and uneconomical [5,
8]. New and economical methods for producing aerogels
with properties comparable to these of fumed silica are

therefore being pursued.

2. Compression and thermal measurements

The influence of particle packing on total thermal
transport properties of granular samples, including
silica, has been shown in several studies [9 — 11]. Silica
materials do often show exceptional thermal
performance, but the thermal properties depend on both
particle packing and compression. In general, granular
materials of similar size show a variation in fundamental
mechanical properties in terms of their plasticity and
elasticity, fracture strength and brittleness. Particle
shapes and material actual density will obviously change
with increased compression loads which will then
influence the thermal performance of low-density
insulation. The influence of the mechanical properties of
granular materials on particle packing or compression is
an important aspect in the field of powder technology.
The problem has been discussed theoretically and
experimentally in several studies [12 — 157]. Recently,
Neugebauer et al. [ 16 ] applied a technique for
compacting a bed of granular silica aerogel, achieving a
reduction of thermal conductivity from 24 mW/(m « K)
to 13 mW/(m + K) with compaction. The authors
concluded that there is an optimum level of compaction

that minimizes the thermal conductivity; at higher levels

of compaction, the contact area between the granules

increases and the granules density, increasing conduction
through the solid. One of the aims of our study is to
examine the potential effect of factors such as bulk
density, particle shapes and area of contact surfaces on
the thermal properties of the materials.

Thermal conductivity measurements can be carried
out with steady-state or transient methods. Suitable
methods for the measurement of heat transfer through
silica core materials include long-term measurements
with a Guarded Hot-Plate (GHP) or a Heat Flow Meter
(HFM) apparatus (see, e. g. [17]). Recently, the
GHP method is commonly used for measuring the
thermal conductivity of commercial products [17 — 18].
Several methods have also been developed for transient
measurements of thermal conductivity as well as thermal
as thermal diffusivity of low conductive materials, such
as the Transient Hot Bridge ( THB) method, the
Transient Line Source (TLS) method as well as the
Transient Plane Source (TPS) method. The TPS
method has previously been demonstrated in a study by
Gustafsson [ 20 | and actions for improving the technique
can be found [21 — 257]. The TPS method is relatively
fast, simple and the test can be conducted on samples of
any shape and with relatively small sizes. The method is
based on Fourier’s second law of conduction that puts
some restrictions on its use [ 26 ]. The technique is, for
instance, not theoretically applicable to materials where
the term of radiative heat transfer constitutes a
significant share of the total heat transfer, such as low-
density thermal insulators. The radiative heat
contribution is governed by the Radiative Transfer
Equation (RTE) which takes into account the emission,
the absorption and the scattering of the radiation by the
participating medium [ 26 ]. Several studies on low-
density silica have also shown that parameters such as
the density of the testing sample and the physical
properties of the probe, such as the length and the
thermal inertia of the wire and the heating power or the
thermal contact resistance, have a significant influence
on accuracy of transient methods [ 26 — 317]. Longer
measuring time and smaller thickness of testing samples
are important factors influencing possible radiation
inaccuracies. Measurements of total heat transfer
through a coupled conduction — radiation mechanism in a
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so-called “semi-transparent media” can be seen [ 28 —
297]. The conclusion was that transient methods may be
applied when the extinction coefficient (defined as the
sum of the absorption coefficient and the scattering
coefficient ) exceeds a certain minimum value. A
methodology to adapt a transient method to measure the
intrinsic diffusivity of a so-mentioned “semi-transparent
media” was proposed [ 30]. Coquard et al. [26] includes
theoretical and experimental investigations that show the
method could be generalized to so-called “ semi-
transparent media” at certain conditions regarding the
dimensions of the apparatus as well as the density of the

itself. An

significantly higher values in temperature rise can be

sample important conclusion is that
shown near the probe (wire) when the sample is too
transparent to behave as an “optically thick” material.
The analysis of experimental results of [ 27 ] confirmed
that the utilization of the transient method is not
sufficient in cases for low-density silica aerogels with
large thermal inertia. Cohen [31], on the validity of the

transient hot-wire method for low-density silica aerogel,

showed a radiative heat transfer of about 17 %.

3. Methods

The current work involves the assessment of the
thermal transport properties of silica materials as a
function of gaseous pressure and mechanical loads, the
latter incorporating the impact of particle packing and
compression. Our previous study [ 32 ] included a
comprehensive theoretical discussion of methods that
applied in this work. A hot plate apparatus used in the
experiments (Fig. 1) consisting of two independent flat
tanks of stainless steel. The warmer tank was connected
to a temperature controlled liquid vessel (LLauda K4R)
where the temperature is kept constant with an accuracy
of 20. 2°C, while the colder tank was connected to a
temperature control unit (Kebo-Grave) that kept the
temperature constant with an accuracy of == 1°C. To
minimize the surrounding effects, the samples were
placed in a cylindrical void in the center of a low
conductive hard polyurethane sheet with a size of 400X
400X 20 mm®. Two Heat Flow Meters (PU 43) and six
copper-constantan thermocouples are mounted in sheets
of polymethylmetacrylate, one mounted above and the

other below the sample, while the temperature was
84

recorded every 15th seconds through the use of a Mitec
data logger. Prior to the measurements, a standard
reference material® ( SRM  1450d )  was used for

calibrating the HFM sensors.

Fig. 1 The Hot plate apparatus (left) and the self-designed

device applied with TPS method (right)

The THB method is based on the theory of
transient temperature increase over a flat surface that
also serves as a heat source (DIN EN 993 — 14, DIN EN
993 — 15). The measuring procedure of the TPS is
similar to that of the THB method but a difference can
be observed between the measurement sensors. The
TPS probe (TPS 25008 — ISO/DIS 22007 - 2. 2) consists
of a 10 pym thick double metal spiral which is fitted
between two layers of 25 pm thick Kapton. Heat
generates in the coil due to supplying a constant current
to the prob. This causes the temperature to rise and an
increase in the resistance of the spiral while the heat is
being absorbed by the test sample.

The voltage across the “meander spiral” is then
registered. The rate of increase in temperature is due to
the thermal transport properties of the samples
surrounded the probe. The rate of change in the
registered voltage corresponds to the resistance variation
of the metal spiral when the electric power is held
constant. The short time interval makes it possible to
neglect the end effects of the finite size of metal strip
and the temperature distribution around and in the coil is
identical to that of an infinitely long plane heat source.

The TPS sensor was connected to a self-designed
cylindrical device (Fig. 1) for holding the powder in place
and is capable of performing thermal tests from
atmospheric pressure down to 0. 1 mbar vacuum conditions

combined with different external loads up to 4 bars. The
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device composes of two 15 mm thick Plexiglas cylindrical
voids with 60 mm interior diameter, while two Plexiglas
pistons with outer diameter of 59. 1 mm were placed into
the vessels to keep the powder in place. The gap between
the cylinders and pistons was sealed with 2 mm thick
sealing rubber rings. It must be noted that the “thermal
penetration depth” or “thermal wave” generated in a
thermal experiment must not reach the outside boundaries
of the test sample pieces during a transient test. The self-
designed device was connected to a VALUE 2 stages
vacuum pump (VE215N) with a gas flow rate of 421/min
that results in an ultimate total vacuum pressure of 15
micron, corresponding to 2 Pa. The pump was sealed to
the upper cylindrical void with two 1/4” SAE hoses while
an analogical vacuum gauge in line with the hoses and with
a vacuum resolution of 10 mbar, was used for monitoring
the gas pressure inside the samples.

Prior to the thermal conductivity test, the
deformation of the specimen height as a function of an
increasing load was monitored in a separate experiment,
resulting in a curve showing the load-displacement of a
defined quantity of the samples (volume and mass).
This was done with a cylindrical void and piston
designed for the TPS measurements. The powders were
placed in a cylindrical vessel of Plexiglas, with a
compression fixture consisting of two pistons. The
lower piston was stationary and sealed to the vessel
while the upper piston can be lowered in order to
accomplish a load on the sample. Consequently, the
displacement in the void and piston fixture can be used
to calculate the load on a sample. After performing the
load-displacement measurements for each sample the
vessel and the pistons were removed from the
compression machine and connected to the TPS sensor
and the vacuum pump. The thermal transport properties
were then measured as a function of gaseous pressure

and external compression loads.

4. Results and discussions
4.1 Test at atmospheric pressure, without loads

The transient measurements were carried out with
a sample temperature of 25°C while the hot plate
measurements had an average plate temperature of
25°C. The duration of the transient measurements were

in the range of 45~60 s for the THB and the TPS had a

measurement time of 160 s, while an initial time of up
to 20 min is needed for the sample to achieve the desired
test temperature. The steady-state measurements lasted
for 12 h. The materials used in this comparative study
are granular materials consisting of nanoporous grains
(sample A), and two precipitated silica “powders”
(samples B and O).

Sample A is a commercially available silica aerogel
material (Cabot Aerogel P100) consisting of visually
translucent spherical aggregates with a particle size of
0.01~4. 0 mm and a pore diameter of about 20 nm.
Samples B and C are new types of nanoporous silica
powders consisting of opaque particles, developed as
described in a previous study [33]. The powders of
these two materials consist of spherical particles with
sizes ranging between 1. 0 and 100 pm (0. 001 and 0. 1
mm) and have a pore diameter of 5~ 12 nm. The
material properties of samples are listed in Tab. 1.

Tab. 1 Material properties

Sample | SPET | PS Vi o Porosity
D (m?/g) nm | (cm®/g) | (g/cm®) 20
A 686 26 3.5 0. 085 96. 1
B 241 12 0.5 0. 08 96. 4
C 427 5 0.8 0. 054 97.6

SBET - BET specific surface area, PS— Pore size centred on maxima
peaks in DFT pore size distribution, Vtot — total volume of pores between
Inm and 100 nm, o, — tapped density, porosity is calculated on the basis of
a skeletal density of 2.2 g/cm?.

The commercial material (sample A) has already
been characterized [ 31]. Our previous study [ 33 ] also
includes a description of a preparation method for newly
developed nanoporous silica powders and their physical
and porosity properties. The powder A has an actual
density of 0. 074 g/cm’ and consists of comparatively
bigger grains while samples B and C have higher actual
densities of 0. 077 and 0. 09 g/cm’, respectively. The
samples were prepared by drying at 105°C during 24 h.
The samples were measured immediately after drying,
so that there was very little hygroscopic moisture in the
material at the time of measurement. When it comes to
the TPS measurements, the temperature increase in the
material near to the sensor is not more than 3~5°C,
and the measuring time is no longer than 160 s it is
reasonable to assume that impact of the sorption and
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transfer of moisture has a negligible effect. The
stationary measurements were carried out with plate
temperatures and an indoor climate that provided a
relative humidity of about 30% or less in order to reduce
the effects of sorption and heat transfer by mass
transport. The thermal transport properties of the
samples were first studied at atmospheric pressure and

without external loads (Tab. 2).

Tab. 2 the data measured at atmospheric pressure and without
external loads
Samples . Thermal Thermal
Measuring
Procedure Conductivity Di[[usivity PrecisionAccuracy
mW/(m + K) mm?/s
A(P - 100) Hot Plate 19.5 — - -
THB 23.5 0.1183 1% | 5%
TPS 29.1 0.216 1% 5%
Hot Plate 36 — — —
B THB 36.4 0. 2509 1% | 5%
TPS 38.7 0. 328 1% | 5%
Hot Plate 34.2 — — —
C THB 38.5 0.2071 1% | 5%
TPS 38.8 0. 249 1% | 5%

“ Typical values for TPS under reproducibility conditions,

In the case of aerogel materials, a thermal
conductivity of 17 ~ 21 mW/(m + K) at ambient
pressure has been established [ 3, 4 ]. The thermal
conductivity measured for the commercially available
sample A from previous work [31] is 19. 7 mW/(m -
K), at ambient pressure. By assuming an approximate
lambda value of 19. 7 mW/(m « K) for sample A with
an actual density of 0. 074 g/cm®, our methods show the
greatest difference for material A with the hot plate
method being much closer to the data from [ 317,
showing a difference of only 1% while the THB and
TPS method differ by more than 16% and 32%
respectively, from the data of the manufacturer and
[31]. The noticeable fact is that in the case of
precipitated silica structure, samples B and C show very
similar results from the stationary and transient
measurements. All the transient experiments in this
study were conducted with an adequate probe in terms of
wire thickness and length. The heating power was kept
at same level for all measurements (0. 005 W) while the
measuring time was set to 160 s. A time lapse of 20 min
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between each reading was employed. The foregoing
phenomena can be explained as follows. Material A has
a comparatively low actual density of 0. 074 g/cm’® and
consists of comparatively bigger grains (0. 01~4, 0 mm)
while materials B and C are relatively more compact,
with particle size of 1. 0~100 pm (0. 001 ~0. 1 mm)
and actual densities of 0. 077 and 0. 09 g/cm’,
respectively. The report of IEA/ECBS Annex 39 [ 34 ]
illustrates a descending radiative contribution and an
increase in solid conduction with increasing density.
This suggests that the comparatively greater differences
in the results for powder A are due to greater radiative
contribution. It is therefore possible that a relatively
larger contribution of the radiative heat transfer in the
sample A may affect the accuracy of transient methods
as described in previous section. The impact of radiation
distribution on accuracy of transient method has been
pointed. Previously [26 — 31]. The magnitude of the
extinction coefficient of the materials has not been
measured in this study, but the results indicate that
material A is not an optically thick material.
4.2 ‘Test at vacuum conditions with external loads
The purpose of performing tests on granular silica
materials with different mechanical properties was to
examine the trend of the thermal conductivity versus
external compression as well as to see the effect of
particle packing on density of the heat flux through the
powder when particle volume varies due to mechanical
load. The mass and initial volume of the samples was
the same as for measurements at atmospheric pressure.
The samples A, B and C had measured actual densities
of 0.074, and 0. 077 and 0. 09 g/cm’, respectively. The
results of load-displacement curves, acquired from more
than 250, 000 measurements, were then converted to
stress — strain curves by using the cross-sectional area of
the specimens (28. 8 cm®) and the original heights of the
specimens. The thermal conductivity of the test samples
is shown as a function of gaseous pressure (bar) and
mechanical external pressure (bar) in Figs. 2 — 4. The
most notable result is the obvious trends between
thermal conductivity and both different gaseous pressure

through the samples and mechanical compressions.
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The thermal conductivity of samples, A

different levels of gaseous and compression. High

resolution graphs are available in [32]

The measured thermal conductivity of sample A, at
atmospheric pressure and without application of external
compression loads, was 29. 1 mW/(m « K) at actual
density of 0.074 g/cm’, and then decreases as the air is
evacuated as well as when the sample is compressed up
to 1 bar (Fig. 2). It can also be noted that it increases
slightly again when the mechanical load is increased at
each level up to 4 bars. The lowest thermal conductivity
of 14 mW/(m * K) is obtained at an actual density of
0.13 g/cm’, when the granules are compressed with 1
bar pressure at 0. 1 mbar gaseous pressure (vacuum
condition). On the contrary, the thermal conductivities
of the precipitated silica structure powders B and C
(Figs. 3 ~4) are low at atmospheric pressure and
without external pressure application and then slightly
increase with mechanical load. But it is obvious that the
thermal conductivity decreases as the air is evacuated
independent of the applied external pressure. The
thermal conductivity of the sample B, at atmospheric
pressure and without external loads, is 38. 7 mW/(m
K) at an actual density of 0. 077 g/cm’ while the lowest
thermal conductivity of 20. 5 mW/(m ¢« K) is obtained

at an actual density of 0. 124 g/cm®, when the powder is

compressed with 0.5 bar external pressure at 0. 1 mbar
vacuum pressures. In the case of the sample C, the
thermal conductivity at atmospheric pressure and
without applications of external compression, is 38. 8
mW/(m + K) at an actual density of 0. 09 g/cm®, while
the lowest thermal conductivity of 17 mW/(m « K) is
obtained at the same density (without any external load)
at 0. 001 bar vacuum pressures. The foregoing
phenomena are most likely due to the impact of particle
packing and compression loads on total thermal trans-
port properties of the testing samples as shown in
previous works [ 35 — 37]. Recent work of Coquard
et al. [ 38] shows variation in thermal conductivity
values of nano-structured porous silica materials versus
compression, while it has been found out that the
contact resistances and contact areas between the sample
grains have notable effect on the thermal conductive
properties when the particles volume is diminished by
mechanical compression load. Our work illustrates how
the thermal transport properties of the granular powder
samples vary with the mechanical compression load.
This may be explained by the decrease in porosity with
com-action but can also depend on the shape and size of
particles and the effect on the grain-to-grain geometric
and contact resistances. It’s reasonable to assume that
gradual compressing of the, relatively small spherical
particles of the precipitated silica powders B and C, will

Mechanical

compression may also lead to an increase of the mean

reduce the gap between the particles.

number of contacts between particles and thus to an

increased heat conduction in the solid matrix.
Densification, or the collapse of the microstructure,
would also lead to an increased conductivity. In the case
of sample A, where the particles are comparatively
bigger spherical aggregates, the application of
mechanical compression loads reduces the gap between
the particles but the results suggest that the contact area
between the particles does not increase as much with the
load as is the case for samples B and C. The density of
the heat flux of the powder will therefore be governed
by the space between the conducting particles that will
enhance heat flow through conduction and convection.
Evacuating the air from sample particles does therefore
have a comparatively strong influence on the heat
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transfer via convection and conduction in the gas. The
different effects of compaction can be explained by the
effect of pore size on gas conduction in the pores. The
relationship between gas conduction and free air
conduction can be calculated from the Knudsen number
that describes the ratio between the mean free path of air
molecules and the characteristic size of pores, as
described in previous work [397]. This means that the
contribution of gas conduction is low or negligible in the
mesoporous range (2~ 50 nm) while mounting to a
value of about 10 mW/(m « K) with a characteristic
pore size in the macroporous range (150 nm).
Therefore, the thermal conductivity of material A
decreases with an increase in density, as depicted in Fig.
2, because of the effect of initial compaction on the
macro pores while the mesopores of materials B and C
do not show this behaviour. The decrease in the
resulting thermal conductivity of sample A continues
until the heat transfer through the material becomes
almost entirely due to conduction in the solid skeleton
that will increase with density. The very low pore
volume of the particles of materials B and C, as shown
in Tab. 2, give a reason to argue that the thermal
conductivity increases as the intraparticle voids are
reduced with compaction.

Our previous study Twumasi et al. [33] includes
the SEM images of new developed samples in different
tapped densities. The trends shown in Fig. 1 are similar
to these of our study. It is obvious that material A,
with a lower actual density (0.074 g * cm °) is a better
thermal insulator than the newly produced precipitated
silica structure powders B and C with relatively higher
actual densities of 0. 077 g « ecm ® and 0. 09 g » cm™*
respectively. Fig. 8 shows that the lowest thermal
conductivity is obtained when the sample A is loaded
somewhere between 0. 5 and 1 bar while the range of
thermal conductivity slightly increases again with greater
load. The notable fact is the very similar tends of the
total thermal conductivity versus density (Figs. 1 and
8). The densities of samples B and C are higher than the
limit, at which the heat transfer through pure
conduction in solid becomes dominant in comparison
with radiative heat transfer, and the measured thermal

conductivity increases continuously with the density. It

88

is therefore reasonable to assume that the relatively
higher thermal conductivity of materials B and C is due
to a high contribution of solid conduction. To
summarize, the results illustrate the influence of
material density on thermal conductivity. Furthermore,
it has been explained how this effect can be related to
the influence of the different mechanisms of heat
transfer and how they depend on the porosity, the pore
size, particle geometry, the opacity and possibly the

contact area between particles,

5. Conclusions and outlook

A new self-designed device has been used together
with a TPS instrument to conduct measurements of the
thermal conductivity of granular VIP core materials at
different levels of gaseous pressure and different external
compression loads. The principal conclusions from all
thermal experiments of this work are:

+  With

measurement time is relatively short (minutes) while

transient techniques, the required
the steady-state measurement requires Comparatively
long measuring times Chours — days). The probe and
measuring equipment of transient technique are
physically small, simple and easy to use. The size of the
test samples required is relatively small and the
measurement could be performed on samples of any
shapes, whereas the stationary method with plate
apparatus requires of large and standard dimensions of
the testing samples which can make it difficult to test

Both the

thermal conductivity and the thermal diffusivity can be

materials with high manufacturing cost.

acquired simultaneously with the transient methods
while two measurements are generally required when
using stationary hot plate apparatus. At current, the
cost of acquiring the equipment for the transient
measurements is also much higher.

+ The transient method is less suitable for
measuring the thermal transport properties of low-
density transparent porous media since the technique is
based on Fourier’ s law of thermal diffusion. This
technique is therefore less applicable to materials where
the term of radiative heat transfer is not negligible. It
can be observed in Tab. 2 of our study that the methods
show the greatest difference for material A which
includes and has

relatively ~greater particle size
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comparatively lower actual density (0. 074 g/cm®) while
the sample is too transparent to behave as an optically
thick material. In this case, the stationary hot plate
closer to the data from the

method is much

manufacturer and previous work [ 30 ], showing a
difference of only 1% while the THB and TPS method
(transient methods) differ by more than 16% and 32%,
respectively. The notable fact is the much closer results
of the stationary and transient methods in the case of
samples B and C that are compact materials with
relatively lower particle size having higher actual
densities (0. 077 and 0. 09 g/cm®, respectively).
Consequently, the transient method is less adapted to
nanoporous silica materials when the density is lower
than a limit where the radiative heat transfer becomes
dominant compared to conduction in the solid matrix.
The deviation in results, due to radiative distribution,
was significant for the sample with an actual density of
0. 074 g/cm’ whereas in the case for more compact
samples with actual densities of 0. 077 and 0.09 g/cm’,
it was found to be negligible.

+ Granular materials of similar size show a great
variation in fundamental mechanical properties in terms
of their plasticity and elasticity, fracture strength and
brittleness. The thermal properties are also related to
the particle packing and compaction. The results of this
study show different trends for the thermal transport
properties of three silica samples with varying gaseous
pressure and external compression loads. The thermal
conductivity measurements give the lowest thermal
conductivity at an actual density of 0. 130 g/cm® for
silica aerogel sample A with relatively bigger spherical
On the other hand,
precipitated silica samples B and C have the lowest
of 0. 124 g/em’
0.09 g/cm’, respectively. This effect must be related to

grains. the newly developed

values at actual densities and
the morphology of the material, the effects of which
have been discussed. This is an important aspect in the
development of vacuum insulation panels and further

investigations of the matter will be a part of future

work.
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Abstract

A major part of vacuum insulations consists of core inorganic insulation materials based either on pyrogenic silica (aerogels) or on

glass fiber materials. The paper describes the results of the research-oriented use of fibrous insulation materials based on organic (natural

and synthetic fibers), which could be used as core insulation for vacuum insulation production. The paper focuses on the one hand on the

selection of suitable fibers and the manufacture of insulating materials and on the other on studying their thermal insulation properties under

low pressure.

Keywords vacuum insulation panels, fiberd core insulation materials, thermal conductivity, organic insulation materials, low pressure

1. Introduction

The society” s requirements on the reduction of
CO, emission and energy consumption bring the need for
changes in the energy efficiency of buildings [1]. In
many countries, energy consumed on heating and
cooling of buildings exceeds 50 % of total energy
consumption. For this reason civil engineering has been
dealing for several years with near zero energy and
passive buildings which meet the new, modern energy
requirements, However, many existing and historical
buildings do not meet these requirements. One of the
solutions to this is the addition of building envelope
insulation [ 2 ]. Currently, and in FEurope especially,
mineral wool and expanded polystyrene are mostly used
for building insulation; their advantage is a low price and
properties  with  thermal

good thermal insulation

conductivity A; ranging from 0. 034~0, 040 W « m ' -
K™'. Nevertheless, in terms of thermal insulation
properties, a much better choice seems to be the use of

vacuum insulated panels which are, however, still at

early stages of development. Despite the first patent
having been granted as early as 1930, the first practical
implementation of such insulation materials was
performed at the end of the 20" century, in 1999 [3].
Based on the surveys performed, outcomes of extensive
research by a number of European experts were found,
especially from Sweden, Denmark, Switzerland,
Germany, Slovenia, Greece but also from Canada,
China, the Republic of Korea, etc. , all of whom dealing
mainly with the development, production and application
of these materials.

In many countries, practical

implementations with  subsequent research were
performed with the purpose to determine heat and
moisture transport in these materials [1 - 11]. Vacuum
insulated materials (VIP) exhibit 5 to 10 times greater
thermal resistance in comparison with conventional
materials [1, 2, 6. Thanks to this property, it is possible
to significantly reduce the thickness of the wall insulation
which is meaningful especially in case of protected

historical buildings where thermal insulation properties can

% Corresponding author, Tel : 420 — 541 — 147 — 525, E-mail: hroudova. j@f{ce. vutbr. cz
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thus be improved without excessive increase in wall
thickness.

A disadvantage of these materials is their high price
and their precise design for a specific structure. What is
also necessary is the training needed for the workers
who would manipulate with the materials and fit them
onto the structure, The sensitivity to breaching the
vacuum inside these materials is one of other possible
disadvantages which can then have a negative impact on
the final thermal insulation of the structure. It is also
necessary to note that VIP are not vapour-permeable.
Such materials act as a vapour barrier which could
entrap moisture in the construction on the interior of the
VIP. However, many studies have proven that the VIP
did not increase the moisture content in the wall after
retrofittings [ 2].

Common core materials of VIP are fumed and
precipitated silica, open-cell polyurethane and several
types of fiberglass. Some research suggests [12] that
natural fibers (of both plant and animal origin) can be
successfully used for the production of a core VIP
insulator as well. An advantage of these fibers is the fact
that they are vascular fibers which are often composed of
clusters of very fine fibers (a few microns thick) which
must be only be defiberd, their length adjusted and
again joined into mats of optimal bulk density. An
advantage of these insulators is the low energy cost of
their production and the use of easily renewable sources
of secondary raw materials provided the fibers used are
agricultural crop leftovers, waste fabric, etc. Research
performed on this type insulator at normal pressure
suggests that in order to attain the best possible thermal
insulation properties, it is necessary to use fibers with
the lowest possible thickness [ 137]. For this reason,
cotton fibers appear especially suitable as they have
primary fiber thickness of around 10 microns depending
on the species of cotton and time of growth [ 14 ]. When
organic insulators are used in the production of VIP,
they are vacuum sealed in a vapour proof film. For this
reason, the properties of the insulator cannot degrade
and the insulator does not become contaminated nor
exposed to biotic attack. Natural fibers therefore need
not be further adapted to be used in VIP which makes

manufacturing simpler and reduces the price and energy

consumption, contrary to conventional  thermal
insulation made from natural fibers. After vacuum
sealing, thermal conductivity is significantly reduced.
Compared with an insulator at normal pressure and
humidity, thermal conductivity can be reduced ten
times. Unfortunately, this is a very new area of
application of these materials and there is only little
knowledge available. The goal of the research being
conducted at Brno University of Technology is to find
alternative core materials based on natural fibers which
are easy to recycle and do not put strain on the

environment.

2. Specimens

In order to determine the possibilities of using
insulators based on organic (textile and bast), specimens
of thermal insulation mats were designed and made to be
used in experiments. The following types of fibers were
used:

(1)Pure flax fibers (flax fibers with low content of
shives up to 5 %) ;

(2)Raw flax fibers (flax fibers with high content of
shives up to 40 %);

(3) Cleaned cotton fibers from defiberd waste
textile (high content of cotton over 96 %)

(4) Raw cotton fibers from defiberd waste textile —
selected jeans textile (high content of cotton over 95 %)

(5)Recycled PES fibers from waste carpets.

Fig. 1

Photograph of raw fibers (top left — flax

fibers; top right — cleaned cotton fibers;
bottom left — PET fibers; bottom right — raw
cotton fibers)

Five types of specimens were made from the fibers
described above. They had high bulk density of 70~130
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kg * m? according to the type of fibers. The aim was to
achieve higher bulk density to ensure the insulators’
minimum mechanical properties necessary for vacuum
sealing [15]. At lower values of mechanical properties,
the vacuum sealing would significantly affect the shape
of the material and thus also its properties.

The specimens were made using bicomponent
binding on a production line using the technology of
making an air-lay mat. Thermo fixation was performed
at+145°C. In order to bind the specimens, 15%~20%
of synthetic bicomponent fibers were used.

Tab. 1 Overview of the composition of the specimens

Specimen no. Flax 1| Flax 2| Cotton 1| Cotton 2| PES | BiCo
1 80 20
2 80 20
3 40 40 20
4 80 20
5 45 40 15

3. Test methods

In the initial phase, the properties of the fibers
were determined — their structure was microscopically
analysed and subsequently their thickness measured.

The insulation mats were cut into specimens sized
200mm X 200mm. Physical, mechanical and thermal
insulation properties were determined for these
specimens

« determination of thickness in accordance with EN

823 [16],
* determination of density in accordance with EN
1602 [17],

conductivity in
accordance with EN 12667, ISO 8301 depending on
volume weight [187], [19],

* determination of thermal

+ determination of mechanical properties —
Determination of compression behaviour according to EN
826 [20].

The key
determined using FOX 200 Vacuum at

thermal insulation properties were
medium
temperature + 10°C and temperature gradient 10 K at
normal pressure and at reduced pressure down to

vacuum (p < 0. ImBar).
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4. Test results

Microscopic analysis of the fibers was performed
and it was found that in none of the cases defibration
down to primary fibers took place during basic
processing. The thickness of the fiber clusters was
determined. The values are in the following table:

Tab. 2 Overview of the thickness of raw fibers

Specimen no. 1 2 3 4 5
Type Flax 1 | Flax 2 |Cotton 1| PES |Cotton 2
Thickness/ um 19.8 120. 1 25.9 21.1 20.1

First, the specimens were measured for thickness,
bulk density and compressive stress at 10 % strain. The
measurement was performed for the maximum holding
pressure enabled by the equipment for determining
thermal conductivity. Holding pressure was 1. 5 Pa.

The results are in Tab. 3.

Tab. 3 Overview of physical and mechanical properties of
the specimens
Specimen no. 1 2 3 4 5
Thickness
22.49 19. 52 20.08 23.09 38.32
/mm
Density
. 98. 3 123.8 119.7 101.5 128.6
/(kg+*m™?)
Tension
2.9 12. 8 4.2 2.9 3.7
at 10% /kPa

The results indicate that the mechanical properties
of the insulators are relatively low and thus the
specimens will be partly deformed during the vacuum
sealing itself.

Next, thermal conductivity was determined with
the specimens at normal pressure and at reduced
pressure near vacuum (p <C 0. ImBar). The results are
in the table below.

Tab. 4 Overview of thermal insulation properties at normal

pressure and vacuum

Specimen

no.

ANormal

J(Wem 'K

0.0352 | 0. 0386 | 0. 0354 | 0.0360 | 0.0373

AVacuum

/(Wem 1K)

0. 0078 | 0.0094 | 0. 0051 | 0. 0058 | 0. 0051
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After the determination of thermal conductivity at
extremely reduced pressure near vacuum, the tests
continued by measuring thermal conductivity in
dependence on pressure which was increased prior to
each measurement up to 500 mBar. The results are in

Fig. 2 below.
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Fig. 2 Dependence of thermal conductivity of the specimens on

pressure (1000 mBar is normal pressure)
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Fig. 3 Dependence thermal conductivity of the specimens on
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5. Discussion

The measurements show that fibrous insulators
based on organic waste fibers see a reduction of thermal
conductivity at reduced pressure down to a value which
is in most cases suitable for the production of VIP. The
thermal conductivity of the materials was reduced by
76% ~ 86% down to 0. 0051 W « m ' « K (in
specimens no. 3 and 5).

Core insulation specimens based on cotton appear
to be the most promising as their thermal insulation
properties degrade the slowest during increasing pressure
and it can be assumed that with better fiber processing
and higher bulk density, these materials could be a

potential core insulator for the production of VIP.
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Fig. 4 Overview of percentage decrease of thermal conductivity

6. Conclusions and outlook

In this paper, the development of core insulation
based on organic fibers was investigated. They were
organic fibers from easily renewable raw material
sources (flax fibers) and next fibers from recycled
clothing and technical fabric (cotton and PES fibers).
The initial experiments show the materials to be very
promising, especially materials based on cotton appear
interesting; it is, however, necessary to achieve greater
fineness of the fibers and greater bulk density.
However, the advantages are that the initial raw
material is widely available (waste textile with a high
portion of cotton is essentially available worldwide) ,
that secondary raw materials are used and that the

production is energy and cost efficient.
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Abstract

In this paper, comparative centre of panel thermal conductivity (K., ) analysis was performed on 3 distinctly different samples of
Vacuum Insulation Panel (VIP) core materials made from glass fibers. The first sample consisted of fibers produced from centrifugal
spinneret blow system (C — fiber sample), second sample was from chopped strand fibers (Chopped strand sample) and the final one was
from a mixture of Centrifugal and flame attenuated fibers (Centrifugal-Flame mix fiber composite). Measured with Netzsch HFM 436 hot
plate device, the K, of C-fiber core structure with fiber diameter (d) of 3~5um, pore size (¢) 58um was around 1. 5~1. 8mW/(m « K)
in average at evacuated conditions. Similarly, K, of the Chopped strand sample (d=5~6um/$=70um) was measured as 1~1. 2mW/
(m « K) in average, which is perhaps the lowest possible thermal conductivity measured from a VIP core sample till date. The Centrifugal
—Flame mix fiber composite core material sample, which had the smallest pore size (¢=45um), provided intermediate level thermal
conductivity of 1. 8 ~2. 2mW/(m + K) between the 3 samples. Ultilizing real-time measurements of K., and corresponding dynamic
internal pressure, effective gaseous thermal conductivity (K,) was deduced, from which the average pore size of the core structures was
determined using suitable mathematical relationship. The results from this experiment suggest that effective thermal conductivity at
evacuated state (K, +K,) remain unchanged for all these 3 samples at higher pressure, since the fiber orientation angle at x — z direction
was close to 10 degrees in average. Further, such comparative analysis for different glass fiber type core materials is vital for preparing

VIPs for projects that require specific constraints on factors related to thermal insulation, service life and cost.

Keywords glass fiber, VIP, pore size, centrifugal glass fiber, composite fiber; chopped strand fibers

1. Introduction technology of Vacuum Insulation Panels (VIP) enables

. . approximately 5~8 times higher thermal resistance than
Increased ecological concerns and energy issues

. conventional thermal insulation at similar thickness.
have prompted policy makers around the world to set

. . . Hence, equipped with super insulation characteristics
stringent standards in order to improve energy » equipp P

performance of buildings and appliances. Since effective and space saving attributes, VIPs are widely recognized

. . . as a promising solution for achieving enhanced ener
thermal insulation can reduce energy consumption rates P g g &y

and inevitably reduce CO, emissions dramatically, there efficiency requirements set by policy makers [1].

is a need to develop materials with enhanced thermal Basic structure of VIP consists of highly open

insulation characteristics. The evacuated insulation

x  Corresponding author, Tel :86 — 18952018969, E — mail: zhaofeng_chen@163. com
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porous core structure with very low thermal
conductivity, encapsulated within an envelope material
under vacuum. The envelope material would have higher
thermal conductivity than the core material, and
moisture/air absorbers such as getters/desicants can be
present within the core material. Types of core material
differ depending on the type of insulative application.
Normally, VIPs with core material from powder type
silica, are normally used in building insulation, due to
long service life ( == 25 years) [2]. With proper getter,
fibrous core materials such as glass fibers, are
traditionally used in refrigeration insulation due to its
cheap cost and wultra low thermal conductivity at
evacuated conditions compared to powder or foam type
materials [ 3].

Although this technology is still quite new, several
critical publications have been reported on silica core
VIPs, depicting long term effective thermal insulation
performance, service life and cost reduction possibilities
[2, 4 - 6. Published information regarding glass fiber
core VIPs however, seem to be inadequate and
outdated. Most of these papers provide suitable
theoretical analysis through mathematical relationships
that has the potential to optimize and improve
performance of glass fiber VIPs [3, 7, 8]. Only a
handful of publications related to glass fiber VIPs have
delved into validating their practical performance data
through these relationships [9, 10]. Then again, critical
practical data on aspects such as effect of pore size on
internal pressure, effect of fiber length and orientation
angle at x — z direction on solid conductivity were
unfortunately nonexistent in these papers.

The aim of this paper is not only to provide
practical comparative analysis on effective thermal
performance between VIPs made from different fibers,
but also will wvalidate such results using the said
theoretical models. The data will also include
information regarding structural pore size and fiber
orientation angle. By utilizing the feedback from
validated results, optimized fiber manufacturing enabled
increased performance of the VIP core materials. This
thermal

resulted in measurement of the lowest

conductivity for glass fibers at evacuated state till date.
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2. Theoretical study on the performance of Glass

Fiber VIPs

Effective thermal transport in VIP occurs via solid
(K,), gaseous (K,) and radiative (K,) conductivity. A
theoretical study on separate heat transfer mechanism
ensures possible improvement of thermal performance of
VIP, by effectively identifying crucial optimization
parameters.
2.1 Radiative thermal conductivity

The mechanism for gaseous and radiative
conductivity is similar for all 3 major types of core
materials, i. e. powder, fiber and foam. Radiative
conductivity, K, for an optically thick specimen with
mean temperature 1, is determined by the following
mathematical relationship [3]:
167°6T%,
3ER (T

where n is the index of refraction, ¢ is the Stefan-

K, = (D

Boltzmann constant. The Rosseland mean extinction
coefficient (Ey) is calculated by:

Ex(T,) = e(T,)p )
with e (T,,) being the mass specific extinction and p
being the density. This consequently presents K, as
inversely proportional to bulk density of the core
material. Therefore core structures produced from glass
fibers generally consist of negligible thermal radiative
values due to high density. This aspect was thoroughly
explained by Jongmin and Song [ 8] through a graph
which portrayed glass fiber core samples of densities
beyond 200 kg/m’

0.7mW/(m * K). In contrast to silica core samples,

having K, of less than

which normally consist of densities less than 100 kg/m®
and K, between 1~1. 5mW/(m « K), such values of K,
for glass fiber core materials could be deemed negligible.
2.2 Gaseous thermal conductivity

Since VIP core material structure consists of open
porous cell, the pockets of air within the structure
become one of the primary sources of thermal transfer.
Therefore, evacuation of the core structure within the
envelope ensures negligible thermal conductivity.
However, vacuum is slowly lost after long period due to
permeation of air through the heat sealing, deemed as
one of the primary aspects of VIP aging. Internal

pressure rises with permeation of air and hence pore size
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of the core structure becomes crucial.

Silica cores structures consist of nanometer range
pore sizes which is why heat transfer of gas molecules
are effectively hindered by numerous collisions with the
solid structure. The reason for this is primary due to the
pore size being very close to mean free path of the
molecules, therefore effectively blocking the movement
of molecules.

However, traditionally the pore sizes of glass fiber
core material have been often beyond 70~80m. On top
of that, since the orientation of the fibers (due to short
fiber length) has been random, resulting in highly
random pore sizes. Fig. 1 shows the effect of pore size
has on gaseous conductivity of core materials.
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Fig. 1 Gas conductivity with internal pressure for different

pore sizes

The graph demonstrates that micrometer pore size
structures have excessive sensitivity towards internal
pressure increase which leads to massive increase of
gaseous conductivity after long term permeation. Hence
glass fiber core VIPs normally have lower service life
compared to silica core VIPs. However, to maximize
the effective service life, optimization of envelope
material , improved getter material and most importantly
reduction of pore size can be undertaken to reduce the
effect of long term gas permeation. The relation
between gaseous conductivity (K,) and pore size (¢) is

given as;

— Kgo
0. 032
1+ Py

where, K, is the thermal conductivity of air at room

K, (3)

temperature and P is the internal pressure. This relation
is critical as it enables us to determine pore size as well
as deduce service life of VIPs by observing the

corresponding effect of gaseous conductivity at different

pressure levels [11].

3. Arrangement of fiber in core material and pore size

Fig. 2 shows the arrangement of fiber in core
material. The fiber in centrifugal core material arranges
in CD/MD direction and in the pore. In chopped, fiber
arranges only in CD/MD direction. In composite core
material, flame fiber arranges in the pore , and

centrifugal fiber in the CD/MD direction.

Fig. 2 arrangement of fiber in core material

a— Centrifugal fiber (front); b— Centrifugal fiber (section) ;
¢—Chopped (front) ;  d—Chopped (section) ;

e—composite fiber (front); {—composite fiber (section)

Tab. 1 Fiber physical state of different core material

Compositionof Thickness diameter Pore
core per layer /length size
centrifugal
1. Omm 3. 5pm/30mm 58um
fiber
chopped 1. Omm 5. 5pm/ 30mm 70pm
composite fiber 1. Omm 2. 5pm/20mm 45pm

Tab. 1 shows the physical state of different core

material with different pore size in VIP.

4. The K., and ALT
Tab. 2 shows the K., of VIP with different core

material.
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Tab. 2 K., of VIP with different core material(VIP size is 290mm
X290mm X 12mm, measured by Netzsch HFM 436)

Composition of core material | Thickness per layer Kcop(mW/(m « K))

centrifugal fiber 1. Omm 1. 500
chopped 1. Omm 1.015
composite fiber 1. Omm 1. 700

Fig. 3 shows different core material VIP ALT dates.
K., of chopped VIP increased value is about 2 times than
composite fiber VIP,1.5 times than centrifugal fiber. The
ALT test environment is 50°C 80%RH.
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Fig. 3 ALT dates of different core material VIP

3. Conclusions

The K., of CHiber core structure with fiber
diameter (d) of 3 ~ 5um, pore size ($) 58um was
around 1. 5~1. 8mW/(m ¢« K) in average at evacuated
conditions. Similarly, K., of the Chopped strand sample
(d =5 — 6um/¢$ = 70pm) was measured as 1~
1.2mW/(m « K) in average, which is perhaps the
lowest possible thermal conductivity measured from a
VIP core sample till date. The Centrifugal — Flame mix
fiber composite core material sample, which had the
smallest pore size ($=45ym), provided intermediate
level thermal conductivity of 1. 8 ~2. 2mW/(m + K)
between the 3  samples.  Utilizing real-time
measurements of K., and corresponding dynamic
internal pressure, effective gaseous thermal conductivity

K., of chopped VIP increased value is about 2
times than composite fiber VIP, 1. 5 times than

centrifugal fiber.
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