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Abstract
The rate of heat gain or heat loss from the windows of existing buildings represents a large portion

of building energy consumption in harsh hot or cold regions, respectively. Therefore, several thermal
insulation technologies have been applied in new buildings. However, these technologies are difficult to
implement in existing buildings. Therefore, this study proposes a new, low-cost insulation method using
slim, transparent panels with structured cores, for the windows of existing buildings. To do this, five new
distinct designs of vacuum insulation panels (VIPs) are proposed to retrofit insulation for the windows of
existing buildings. The VIPs comprise a hollow-frame structured-core material encapsulated in a
transparent multi-layered polymeric envelope. The effective thermal conductivity of VIPs with different
spacers, namely, peek, modified peek, mesh, silica aerogel, and frame, are evaluated at different pressure
levels. The spacers are 3D-printed and experimentally-examined. A 3D thermal model is developed and
validated using the experimental results of the present work and results from the literature. First, the
influences of spacer structure and vacuum pressure on the centre-of-panel thermal conductivity, light
transparency, and VIP production costs are evaluated. Second, three different trial manufacturing methods
for these VIPs are proposed and compared. Finally, the annual building heat gain and heat loss in two
different harsh hot and cold regions, respectively, in Japan are estimated while applying these new proposed
VIP designs to the existing windows. The results indicate that VIPs with frame and mesh spacers
accomplish better insulation performance, with a centre-of-panel thermal conductivity of 7x10° W/m.K at
a pressure of 1 Pa. Further, the VIP with the peek spacer accomplishes the highest light transparency (0.88).
Furthermore, using a frame-type VIP with a total thickness of 3 mm attached to an existing window as a
curtain decreases the space heat loss by approximately 69.5%, whereas the light transparency decreases to
75 %. In that regard, using a frame-type VIP attached to 3 mm-glass windows decreases window insulation
costs by 72 % compared with vacuum glazing thermal insulation.
Keywords: Vacuum insulation panel; structured-core and transparent; retrofitting insulation; surface-to-
surface radiation; 3D modelling
Highlights

* Five distinct structured-core and transparent vacuum insulation panels are analysed.

* A 3D model is used to predict the insulation ability.

* VIPs with mesh and frame spacers achieve better insulation performance.
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* The proposed VIPs are cost-effective when compared with silica aerogels and vacuum glazing.

* VIPs with pillar spacers provide the highest light transparency.
1. Introduction

Environmental problems and energy exhaustion have become major global issues. The annual
energy consumption is increasing every year, and the amount of environmental pollution is accelerating. In
this regard, many energy-saving technologies for building applications have been installed in new buildings.
Meanwhile, old buildings are often protected for their aesthetical and historical contributions to society.
However, the aforementioned energy-saving technologies are rarely installed in such existing buildings.
The insulation ability of the existing buildings is poor; therefore, it is vital to improving their insulation
performance. Vacuum insulation panels (VVIPs) are panels characterised by very low thermal conductivity
as compared to traditional insulating materials (Fricke et al., 2008). For this reason, they represent a
promising solution for improving the thermal behaviour of buildings, especially in the case of energy
retrofitting (where higher performance and smaller thicknesses are desirable) (Boafo et al., 2019). Further,
it is essential to decrease the summer heat gain or winter heat loss in the windows of the existing buildings.
At the same time, keeping the transparency of the window as high as possible is essential for decreasing
the lighting energy consumption during the daytime (Yang et al., 2017).

The research on VIPs has been applied in some fields to improve insulation performance. For
example, in some buildings, it can attain 5 times higher insulation values than traditional building insulating
materials (Fantucci et al., 2019). It has also been widely applied in vacuum cups and refrigerators (Thiessen
et al., 2018). A vacuum pipe has been applied in evacuated-tube solar collectors (Farid Arya et al., 2018).
The study of vacuum insulation technology, as applied to buildings, began in the 1990s. The VIP apparent
thermal conductivity ranges from 10 to 20% of that of conventional insulation materials such as glass wool,
expanded polystyrene, and polyurethane foam (Choi et al., 2016). The VIP consists of filler material and a
gas barrier envelope. The filler material has a porous structure with an open cell. This filler facilitates the
inner air evacuation. Different types of filler materials have been examined and tested in recent years (Choi
et al., 2016; Lee and Song, 2019; Liang et al., 2017; Paneri et al., 2019). For instance, (Kim et al., 2012b)
used phenolic foam as a filler material for a VIP. They concluded that the effective total thermal
conductivity of the VIP was approximately 5x10=° W/m.K at a vacuum of 0.02 Pa, with 5% uncertainty in
the measurement. Moreover, the same research group experimentally evaluated the insulation ability of a
VIP with glass wool with a minimum centre-of-panel thermal conductivity of 1.2x10° W/m.K, and that of
opacified fumed silica with a minimum centre-of-panel thermal conductivity of 2.5 x10° W/m.K, as fillers
at different pressing loads and pressure levels in (Kim and Song, 2013). Owing to the permeable open
structure of these types of fillers, they concluded that the VIP volume changes by the evacuation. In addition,
by applying the pressing load, the filler solid conduction increases, but the radiative thermal conductivity
decreases. Glass fibre is also used as the core material in a VVIP for high-temperature applications in (Araki
et al., 2009). (Choi et al., 2016) proposed a new VIP consisting of two stainless steel plates, with pillar
support to sustain the atmospheric pressure. In their work, heat transfer and mechanical stability were
analysed together in the design stage. Then, to further decrease the conduction heat transfer through the
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pillar, a multi-pass support (MPS) pillar with a cup-shaped holder was suggested and investigated. They
concluded that they attained a VIP with a very low effective thermal conductivity, i.e. approximately
1.18x10° W/m.K. In the recent investigations, the manufactured VIPs are proposed for insulating walls in
a building. These structures of VIPs are the most common, and provide an opaque view. Therefore, the light
transparency through the VIP was not a main concern. These structures consist of a metallized film barrier,
i.e. an "aluminium envelope placed inside the structure of a building wall".

Silica powder has been applied for the trial manufacture of VIPs. A silica aerogel with a thermal
conductivity of 2x102 W/m.K is usually used to make transparent VVIPs (Buratti et al., 2017). It has been
found that using such material in smart windows decreases the U-values by 63% as compared to
conventional glass windows. In addition, a significant reduction in the light transmittance (by
approximately 30%) has been measured (Buratti et al., 2017). Moreover, the industrial production cost of a
VIP using silica aerogel remains very high. Hence, there is a need to search for another economically
competitive material.

Several trials for different filler materials have recently been investigated. Polyethylene
terephthalate (PET) film is applied via aluminium vapour deposition as a core material for analysis, and is
considered the core material of the metallic multilayer and overlapping fibre (Kim et al., 2012a). An
analysis of a heat transfer model for a nonporous silica vacuum insulation material was reported by
(Bougquerel et al., 2012a). Recently, Paneri et al., 2019 published a comprehensive review paper regarding
the materials used in transparent insulation panels. Based on this review, the authors concluded that an
aerogel quasi-homogeneous geometrical structure is an effective insulation material, achieving a centre-of-
panel U-value of 0.25 W/(m?K) with a thickness of 70 mm. However, the insulation cost of using silica
aerogels remains a challenging problem. Kwon et al., 2009 proposed powder-type, foam-type, and fibre-
type fillers, and then described a heat transfer model of the core material with a staggered beam. They
concluded that the fibre and staggered-beam thermal conductivities were lower than those of powder and
foam, owing to the longer thermal path. Johansson et al., 2012, proposed a short-term in situ performance
measurement of VIPs, and its accuracy is being verified. An outgassing problem from the VIP core material
and envelope was investigated in (Kwon et al., 2011) and reviewed in (Bouquerel et al., 2012b; Fricke et
al., 2008). The polymer fibre was also examined to analyse the reason for outgassing, as proposed by (Kwon
et al., 2011). In addition, the gas invasion from the film is described as a mass transfer model inside of the
film by (Bouquerel et al., 2012b).

Many numerical models and experimental methods have been used over the past several years to
evaluate the apparent thermal conductivity of VIPs with different core materials. Some of these consider
one-dimensional models (Baetens et al., 2010; Choi et al., 2016; Jung et al., 2014; Kwon et al., 2009), some
used two-dimensional models (Jang et al., 2011; Kim et al., 2012a; Lorenzati et al., 2016; Spagnol et al.,
2007), and a few other studies used 3D models (Fang et al., 2007; Johansson et al., 2012). Among these
investigations, pillar-supported VIPs are the most commonly investigated (F. Arya et al., 2018; Choi et al.,
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2016), and these VIPs were applied for the walls of buildings. Therefore, they were not transparent VIPs.
Furthermore, the effects of changing the support structure are rarely addressed in the literature. In addition,
in most of the modelling methods, each component of the VIP effective thermal conductivity is determined
separately, and then the components are summed together. However, the coupling of the gas conduction,
vacuum region radiation, and the support structure conduction is very limited (Spagnol et al., 2007).
Therefore, the literature rarely discusses proposing different VVIP core structures for transparent VIPs with
low thermal conductivity and competitive prices, as compared to silica aerogel panels and traditional
vacuum glazing insulations.

Based on the previous literature survey, this work aims to propose a new slim structured-core and
transparent insulation method for windows of existing buildings, with a lower cost than vacuum glazing
technology. Therefore, the originality of the present study is based on four main aspects. First, five distinct
designs for VIP spacer structures to retrofit the existing windows are conceived, manufactured, and
examined. The proposed VIPs are translucent and slim, and can be closely-fitted to the windows of existing
buildings by direct attachment. Second, new experimental methods that simultaneously evacuate and
measure the VIP thermal conductivity are used. Third, a 3D heat-transfer model is developed. This model
simultaneously solves all mechanisms of heat transfer existing in the VIP, including spacer bridge
conduction, vacuum gas conduction, and surface-to-surface radiation. This model allows us to evaluate the
contributions of all of the existing heat transfer mechanisms, which is essential for evaluating the conditions
at which each part could be the controlling parameter. Finally, annual estimations of building heat gain and
loss in two different hot and cold regions in Japan are respectively analysed for the five proposed VIP
designs. The types of VIPs investigated in this manuscript are very different from well-known conventional
VIPs, which have a solid core material structure and opaque aluminium foil or a metallized film barrier
envelope. The VIPs addressed in this manuscript have a hollow-frame structured-core material encapsulated
in a transparent multi-layered polymeric envelope; neither material is commonly used.

2. Physical problem

As mentioned above, a metallized film barrier envelope is commonly used in VIPs with solid core
materials for building insulations. This film is opaque, meaning that it cannot be applied to existing
windows. The appearance of vacuum glazing has generally solved this issue. However, these film barrier
envelopes have a relatively high cost and contribute less to retrofitting in buildings, owing to their single
purpose and very heavy weight. Therefore, this paper proposes five new designs of VIPs to be attached to
existing windows. A concept diagram of the proposed VIPs is shown in Fig. 1. The steps for the
manufacturing of the VIP are shown on the left side. The manufacturing steps start with the preparation of
the VIP core structure, low-emissivity (L-e) sheet, and transparent envelope. In this work, the heat sealing
of the envelope is a four-sided seal type. In addition, the L-e film is coated on one face for a measured
emissivity of 0.28, whereas the other face has a larger emissivity of 0.77. This type of L-e film is used
because for the same area, the single-face-coated L-e film has a lower price as compared to the two-sided
coated film. Therefore, it contributes to lowering the total cost of the VIP. In this work, the L-e side is
directed to the vacuum space. This structure decreases the contribution of the radiation heat transfer, which
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is the dominant factor at very low-pressure levels (as will be discussed later). The core structure and the L-
e film are inserted in a transparent gas barrier envelope. The transparent envelope facilitates the
applicability of these VIPs to existing windows where light transparency is indispensable. The full structure
is evacuated and sealed in a vacuum sealing machine after reaching the vacuum design pressure. The real
photos, schematic representation, and the field applications of the VIPs are depicted in Fig. 1 from the left
to the right of the figure. The proposed VIPs could assist in enhancing the insulation ability of existing
windows, with light transparency. In addition, the proposed VIPs can be considered as thermal-insulating
transparent curtains.

= T I| T
( ) ELF ) \ma Il'-
Preparation of core structure ‘=2 Frame type & . .
|/~ ———— % o Inside [TT] Outside
A28 [LL
Preparation of multilayer | X Existing
envelop and L-e sheet v -y ind -
windows
[Corc material and the L-e sheet ) > ’
insertion inside the envelop Frame type VIP Gas barrier envelope Attached
L ny ST : VIP
ABE Ui o
VIP evacuation and heat seali ,__] e Gas barrier ‘Luw emissivity film f
S [Tenvelope
. — — 11
Final product of the VIP for A [ 1T
further testing and application \Heat sealed edges \lwl’a"
- b —
[T1
[T1]
Manufacturing steps of VIP Real images Schematic description Field application

Fig. 1 Manufacturing steps, real images, schematic description, and the proposed real field application of
the structured-core and transparent vacuum insulation panel (VIP) for existing windows.

The current VIPs are carefully designed for light transparency requirements. For instance, a transparent
gas barrier film is applied as a covering envelope for the structured core. This envelope is favourable for
sealing and transparency. The detailed structure and dimensions of the gas barrier envelope are depicted in
Fig. 2.

Outside
b —1——— PET
100 pm
L SE-PF
L 3 r AR Oxygen transmission rate (OTR) < 0.1 cc/(mz.arm.day) {25 °C, 80% RH)
12 pm : * Moisture transmission rate {MTR) < 0.1 g/(ml.day) (40 °C, 80% RII)
T ! 12 pm Puncture resistance (PR) and gas transmission rate (GTR)} are unknown
I 40 pm I_ PA Heat seal strength (HSS) = Zkg 1 /( width 15 mm)
Inside cPP
L . C

PET : Polycthylenc terephthalate
SE-PET : Silica Evaporated PET
PA : Polyamide

crre : Cast Poly Polypropylene

Fig. 2 Detailed structure of the transparent gas barrier envelope used in the present work with properties
essential for VIP life cycle analysis.

In this study, the insulation performance is implemented for five different designs of structured-core and
transparent VIPs, as shown in Fig. 3. These VIP designs include a peek spacer, mesh spacer, frame
spacer, modified peek spacer, and silica aerogel spacer. All of these VIPs are designed,
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manufactured, and experimentally-tested, except for the modified peek spacer. The modified peek
spacer and another cylindrical pillar are proposed as extensions for the peek spacer. Therefore, the
experiment will be conducted for the peek spacer and validated with a numerical model, and the
same numerical model and solution methods will be applied for the modified peek spacers and
cylindrical pillar. The modified peek spacer, peek spacer, and cylindrical pillar will be compared
together to highlight methods for decreasing the conduction heat flux in pillar-supported VIPs.

Before discussing the design details of the structured-core and transparent VIPs used in this work, it is
worth mentioning that at low pressures, the gas conduction is very small, and the effects of gas convection
can be neglected (Choi et al., 2016; Fang et al., 2007; Memon et al., 2019a). The dominant parameters that
can be controlled to decrease the effective thermal conductivity of a VIP in low-pressure conditions are the
radiation heat transfer and the thermal bridges through the outside frame and inner core structure. Therefore,
to enhance the VIP insulation performance, this work decreases the radiation by implementing the L-e film.
In contrast, the heat conduction through the support structure is decreased by changing the core structure
from a common solid core structure to hollow-designed core structures, as depicted in Fig. 3.

As shown in Fig. 3, a peek spacer is a modified design of a cylindrical pillar-supported VIP. A
conventional pillar-supported VIP uses a continuous cylindrical cross-section pillar with a diameter of (D).
This design is the most widespread in the literature, and is used for vacuum glazing technology (Fang et al.,
2010). However, the peek design differs from the existing structures, as it decreases the diameter of the
pillar to (d) while maintaining the pillar diameter head as (D). This decreases the space occupied by the
pillar, and slightly enhances the light transparency. In addition, it is possible to attain a decrease in the pillar
thermal bridge. To further utilise the same idea, a modified peek pillar-supported VIP is proposed. In this
type of pillar-supported VIP, a semi-spherical head is used for the pillar. In such a case, the connection
between the hot side and cold side can be reduced, and the thermal bridges through the pillars can be further
decreased. In the pillar-supported VIPs in this work, i.e. peek and modified peek, an acrylic plate with 6=
1 mm is used to fix the pillars inside it. In addition, other two acrylic plates with & of 1 mm each are used
to keep the vacuum space at one plate, with a thickness of ¢ at each side. In these two cases, a vacuum
space can be obtained, with a thickness of Hy= 1.5 mm. Therefore, the total thickness of the pillar-supported
VIPs (with the peek spacer or modified peek spacer) in this study is 4.5 mm. The pillars are fabricated from
polycarbonate with a thermal conductivity of 0.2 W/m.K (Choi et al., 2016). The detailed dimensions of
the VIPs are provided in Table 1.

Table 1: Detailed dimensions of the current structured-core and transparent vacuum insulation panels

(VIPs).
Dimension Value (mm) Dimension Value (mm)
d 1 D 1.8
W, 150 Lo 150
d 1.2 Hy 15
Js 10 Ls 5
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To further decrease the thermal bridges through the spacer structure, a mesh-type spacer is proposed, as
shown in Fig. 3. The mesh-type spacer consists of an equal-squares mesh fabricated by the sewing of
circular polycarbonate rods, each with diameter 6= 1 mm. This approach decreases the connection area
between every two rods to just a point. Thus, the heat transfer by conduction can be lowered, owing to the
significant reduction in the connection area. In this case of the VIP, the total thickness of the panel is 2 mm.
The main advantages of this design are an easier fabrication process and a slim appearance. As shown in
Fig. 3, the frame-type spacer uses two 3D printed frames that have a uniform thickness throughout and are
spaced by rectangular pillar supports. In the top layer of the frame, the pillars are 3D-printed and
compressed to the lower frame. The total thickness of this panel is approximately 3 mm, and no acrylic
plates are used to keep the vacuum space, as in the case of pillar-supported VIPs. Finally, as a reference
case, a common transparent VIP uses silica aerogel spacers. Therefore, a silica aerogel spacer with
dimensions of Ls= 2.5 mm and a thermal conductivity of 0.02 W/m.K is used between two acrylic plates
with 1 mm thickness each. The space between the two consecutive spacers is designed based on a deflection
analysis developed by the author in a previous work (Yang et al., 2017). Therefore the &s used in this work
is 10 mm, to maintain the deflection between the two consecutive supports less than 0.5 mm (Yang et al.,
2017).
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231 Fig. 3 Concept diagram of the proposed structured-core and transparent VIPs with different core
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3. Experimental setup

Four experimental setups are established to produce and measure the relevant characteristics of the
current structured-core and transparent VIPs. The first setup is used to measure the emissivity of the L-e
coated film. The second setup is used for the production process of low-pressure VIPs, with simultaneous
measurement of the panel thermal conductivity at different pressure levels. In the third experimental setup,
four-trial production methods for the VIPs are compared. In the last setup, a light transparency test is
conducted to evaluate the transparency of the proposed VIPs. All of the experimental setups are discussed
in detail in the following sections.

3.1. Measurements of the emissivity of the L-e film

The cost of a single-face coated L-e film represents approximately 50% of the total cost of the VIP. This
cost increases to approximately 65% in the case of using a double-face coated L-e film. Therefore, to keep
the proposed VIPs cost-effective for smart windows, a single-face coated L-e film is used. In this type of
L-e film, the emissivity of each face is different. In addition, it is essential to keep the L-e side oriented to
the inside of the vacuum space. In view of this, an evaluation of the real emissivity value of the L-e film is
essential for developing a thermal model. Consequently, an experiment is conducted to define the coated
surface, and to measure the real emissivity of each side. The measurement is performed using an
emissometer with a scaling digital voltmeter (Model AE1 RD1). This setup consists of a detector, finned
heat sink, scaling digital voltmeter, and device power supply. A real photo of the setup and the schematic
layout are depicted in Figs. 4-a and b, respectively. The detector portion is electrically heated. A finned heat
sink is provided with the device to keep both a calibration standard and the L-e film at the same temperature.
The scaling digital voltmeter is used to monitor the measured sample emissivity. Before conducting each
experiment, a calibration is performed by using the standard emissive sample provided with the device. The
measurement begins with the calibration step. In this step, a calibration standard sample with a known
emissivity of 0.88 is inserted between the detector and the heat sink. Then, a variable resistance is manually
changed, until reaching the exact emissivity of the standard sample. After that, the standard calibrated
sample is replaced with the L-e film. After reaching a steady state condition, the emissivity of the film side
facing the detector can be measured. The same step is repeated for the other face of the film. In the current
experiments, the emissivities of the two sides of the fiIm are approximately 0.28 and 0.77, respectively.

Sample of the

. /" L-e film

i Power

| supply
i
i

Scaling digital
voltmeter

Detector

Low emissive

|
|
|
|
|
|
|
|
film |
|
|
|
|
|
|
|

| Scaling

I digital N

: oltmete Power

| supply

I n

| W

|

L _ Seeeee——— - EmmesltVe i e e

Fig. 4 Experlmental setup for the measurement of the film real emissivity; (a) real photograph and (b)
schematic representation of the setup.
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3.2.Development of the vacuum insulation panel (VIP) and measurement of the effective thermal
conductivity

Initially, two vacuum methods are used to produce the VIP. The first system uses a lab-scale vacuum
sealing machine. In this machine, the pressure level can be controlled either automatically or manually.
After reaching the desired pressure, sealing is automatically performed. Then, the sample can be taken from
the vacuum chamber and used for further testing. This sealing machine consists of buster and rotary vacuum
pumps connected in series. A sealing width of 9 mm can be achieved using such a machine. This large
sealing width prevents the penetration of atmospheric pressure, as compared with conventional sealing
methods with a sealing width of 4 mm. However, the controlled pressure is the machine chamber pressure.
Moreover, the chamber pressure is slightly different than the real pressure inside the VIP after the sealing.
This is because after the sealing is made, the pressure inside the VIP starts to increase, owing to outgassing
from the core material, and other factors as explained in (Kwon et al., 2011) and discussed in the results
section.

In contrast, the new measurement method applied herein is used to keep the pressure inside the VIP
nearly constant during the thermal conductivity measurement. This method simultaneously accomplishes
evacuation and thermal conductivity measurement. In this system, another small-scale vacuum system is
connected to the heat flow meter (HFM) apparatus. Three sides of the envelope are thermally sealed after
inserting the VIP core structure and the L-e film. The sealing is performed using the vacuum sealing
machine, with a sealing width of 9 mm. Then, the last side of the envelope is kept open to be connected to
a small-scale vacuum system using a hose/pipe, as shown in Fig. 5. The schematic apparatus and a real
photo of the simultaneous evacuation thermal conductivity measurements are depicted in Figs. 5-a and b,
respectively. The vacuum system in this experiment consists of a reciprocating vacuum pump and a dry-
type turbomolecular vacuum pump connected in series. For the measurement of pressure, a Pirani pressure
gauge with a pressure display unit is connected at the inlet of the VIP. The VIP with the pressure
measurement device can be isolated from the evacuation system using a valve. First, the reciprocating pump
is used to lower the pressure inside the VIP to approximately 20 Pa. After that, the turbomolecular pump is
used to further decrease the pressure to the desired value. A dry-type or oil-free turbomolecular pump is
favourable for such applications, as recommended by (Memon et al., 2019b). The pressure sensor is located
as closely as possible to the VIP, to measure the approximate pressure inside the VIP. After reaching the
desired vacuum level, the VIP sample is inserted into the HFM apparatus. In this apparatus, the temperature
of the hot and cold sides of the VIP can be controlled by using the controlling unit, either from the controller
interface, or via system software on a PC. The steady-state hot- and cold-side temperatures of the HFM are
kept constant at 35.5 °C and 10.5 °C, respectively, during all of the tests. The instrument also has a facility
for measuring the total thickness of the sample. The HFM has two heat flux sensors for accurate
measurements of the heat fluxes, one on each side of the VIP. After reaching the steady-state criteria with
a change in the measured heat fluxes of approximately 2%, the measured sample thermal conductivity,
thickness, walls temperature, sample mean temperature, and heat flux values are automatically displayed
on the meter interface, and are transmitted to the meter software on the PC and recorded.
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The effective thermal conductivity of the VIP is measured based on a Fourier equation of one-
dimensional heat conduction, as given in the manufacturing datasheet of the HFM apparatus:

Rogpann = () x £ M

Here, Aefiexp, On, Je, Iv, and AT are the effective measured thermal conductivity of the VIP (in W/m.K),
the measured heat flux on the hot and cold sides of the sample using the heat flux sensors ( in W/m?), the
measured VIP thickness (in m), and the temperature difference on the sides of the sample (in °C),
respectively. In this work, the thermal conductivity is measured for all of the VIPs, except for the modified
peek spacers (which are numerically investigated, and are not manufactured). The technical specifications
of the measuring tools and their accuracies are depicted in Table 2.

Table 2 Technical specifications of the instruments used in the thermal conductivity measurements.

Instrument Technical specifications
Model No HC-074
Accurac <1%

mle_:it?a?t(mivl\\l/l) Repeatagility 0.2%

apparatus Hot plate temperature range 5°Cto75°C

Cold plate temperature range -20°Cto 50 °C
Thermal conductivity range 0.005 to 0.8 W/m.K
Model No ST2-1
Pressure range 10°to 102 Pa

Pirani gauge  Accuracy +10% when 10°<P < 3 Pa

+15% when 3<P < 10 Pa
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Fig. 5 Detailed experimental setup used for the evaluation of the centre-of-panel thermal conductivity
(a) schematic representation of the setup, (b) real photo of the experimental apparatus, and (c) real
photo of peek, frame, and mesh VIPs with the gas barrier film.

3.3. Experimental methods for the trial production of the VIP

Before conducting the experiment presented in Section 3.2, a lab-scale vacuum sealing machine, as seen
in Fig. 6, is used for the evacuation and sealing. In this setup, the sample inside the vacuum chamber is
connected to the Pirani gauge to measure the pressure inside the VIP. However, it was found that after the
sealing was performed, the inside pressure of the VIP increased from 0.24 Pa to 1.15 Pa in 10 minutes for
the frame-type VIP. This is attributed to the outgassing from the core material and the sealed edges of the
envelope (Kwon et al., 2011). In that regard, to measure the VIP thermal conductivity, it is essential to
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perform the evacuation and the sealing, and then to subsequently transfer the sample to the measuring HFM
apparatus. In this case, with the outgassing from the core structure, the estimation of the exact inner pressure
of the VIP is very difficult.

Chamber

Specimen

Pressure sensor

----4 PLC }-

Fig. 6 Photograph and schematic of the vacuum sealing equipment.
To avoid this difficulty, four different methods are used and compared for the trial production of the
frame-type VIP as examples, using the experimental setup shown in Fig. 6. The main purpose of these steps
is to compare the thermal conductivity variations of the VIP with different production methods.

In these methods, outgassing from the core structure is minimised in different ways. In the first setup,
Fig. 7-a, named the "normal case', the VIP is manufactured using the vacuum sealing machine in Fig. 6,
and a calcium oxide adsorbent pack is used to minimise the outgassing from the core material. In the second
setup in Fig. 7-b, named "*vacuum drying with N"*, the VIP structure is kept inside an environmentally-
controlled unit. In this unit, the environmental temperature is maintained at 70 °C for 24 h, and the structure
is connected to the vacuum machine to maintain the pressure at 0.1 Pa. This method is used to release the
outgassing from the core structure. Then, nitrogen is supplied to the inside of the environmentally-
controlled unit. After that, nitrogen is exhausted from the unit. Then, the VIP structure is evacuated and
sealed using the vacuum sealing machine.

In the third setup, Fig. 7-c, named ""heating", a new step is proposed to reduce the time for the VIP
production process. In this setup, the two flat silicon rubber heaters are used to heat up the VIP during the
evacuation. This also could help the outgassing of the water vapour from the inside of the core structure.
The heaters are temperature-controlled using a temperature controller, to maintain the temperature of the
VIP at 70 °C during the evacuation. In the second and the third trial methods, calcium oxide adsorbent
packs are also used. Finally, in the fourth production method in Fig. 7-d, named "*'gas adsorbent getter",
an absorbent material that contains calcium oxide and alloy getter is inserted into the VIP. The calcium
oxide absorbs the water vapour, while the alloy getter absorbs other gases such as nitrogen and carbon
dioxide. Consequently, the pressure rise owing to the outgassing can be reduced. The results of these four
trial manufacturing methods are compared in detail in Section 5.2.

13



(3) Normal case  (b)Vacuum drying with N> (c) Heating (d) Gas adsorbent

s \ - =
Fig. 7 Trial manufacturing methods for the frame-type VIP (a) normal method with calcium oxide adsorbent, (b)
using vacuum drying chamber with N2, (c) using flat silicon rubber heaters during the evacuation, and (d) using
gas adsorbent getter.

358  3.4.Experimental measurements of the structured-core VIP transparency

359 The schematic for light transparency measurement is depicted in Fig. 8. In this setup, the translucent VIP
360  specimen is placed on a reflection diffuser, and is irradiated by an incandescent light source. The light
361  source wavelength is measured to be at 800 nm (the maximum range for the visible wavelength), and the
362 illuminance is measured with intensity in pW/ (cm?.nm), with and without VIP shading. The transparency
363  ratio is defined as the ratio between the transmitted intensity in the case of using the VIP to the transmitted
364  intensity in the case without the VIP.

Recording

light source

Power supply

Reflecting diffuser
!

Optical Fiber : |/

Sun spectroradiometer

Input spot VIP specimen
365

366 Fig. 8 Schematic of illuminance measurement.
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4. Theoretical analysis

In VIPs, the inner pressure must be reduced to below 10 Pa. Increasing the gas pressure above this value
rapidly increases the VIP thermal conductivity (Baetens et al., 2010). In addition, the total heat transfer in
VIPs can be divided into four parts: radiation heat transfer through the vacuum space, heat conduction
through the skeleton of the core of the core structure, gas conduction, and gas convection (Baetens et al.,
2010). To enhance the insulation performance of the VIP, all of these parts must be minimised. However,
at very low pressures, the convection can be naturally converted to pure gas conduction. Therefore, the
convection can be ignored in the calculation (F. Arya et al., 2018; Choi et al., 2016). The basic governing
equations used in this study are the 3D heat conduction equation, coupled with the surface-to-surface
radiation model. For steady-state 3D heat conduction with a source term, "ANSYS FLUENT" solves the
energy equation in the following form (“ANSYS FLUENT Theory Guide,” 2011):

V.kVT)+5=0 (2)
In the above, T is the temperature, k is the element thermal conductivity, and S is a source term added to
consider the effect of radiation in the vacuum space (“ANSYS FLUENT Theory Guide,” 2011). This
equation is solved to obtain the temperature distribution and heat transfer rate through the solid layers,
including the hot and cold plates' conduction and the inner structure, but without a radiation heat source.
To include gas conduction in the vacuum layer, the same equation (with the radiation source term )is solved,
but with the gas thermal conductivity at the designed pressure.

Air thermal conductivity is a function of the pressure and pore size (Baetens et al., 2010). This results
from the exact inverse relationship between the gas pressure and the molecule-molecule collisions' mean
free path. In more detail, as the gas pressure is decreased, the number of gas molecules available to transport
heat is proportionally decreased. Thus, a substantial reduction in heat transfer caused by gaseous conduction
occurs at low-pressure levels. To neglect gaseous conduction, the pressure within the vacuum space must
be less than 0.1 Pa (Collins and Simko, 1998). The air thermal conductivity, Ay, in W/m.K, at different
pressures and pore sizes, is calculated as follows (Kim and Song, 2013):

Ao

T (107 x10° DT (3)
v

Ay

Here, T, Iy, and P are the temperature in K, vacuum thickness in m, and gas pressure in Pa, respectively.
In addition, A, is the air thermal conductivity at room temperature and pressure. In this study, it is taken as
0.026 W/m.K. However, the vacuum thickness for the proposed structures changes in some locations. To
incorporate this into the numerical calculations, a multi-zone approach is used. In this approach, every
vacuum space with the same thickness is defined as a specific zone. Using this idea, the thermal
conductivity of each zone can be calculated by knowing the thickness of the vacuum space between the hot
and cold plates. For example, in frame-type spacers as seen in Fig. 9, the vacuum thicknesses in zone-1 and
zone-2 are 3 mm and 1 mm, respectively. Therefore, the thermal conductivities of the respective vacuum
spaces in these two zones are considered to be different. The same idea is also applied for all proposed core
structures where this issue exists.
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Three different techniques exist in the literature for considering the contribution of the radiation heat
transfer in the vacuum space. In all of these models, an equivalent thermal conductance is calculated. This
thermal conductance is dependent on the emissivity of the hot and cold sides of the VIP, and the view factor.
In this case, Equation (2) is solved, without the source term. However, the vacuum space thermal
conductivity is modified to include the effect of radiation. In the first technique, the equivalent radiation
conductance through the vacuum space is estimated using the following correlation (Fang et al., 2009):
Ch—cradiation = 4€err0Tang 4)
In Equation (4), Ch.c, radiation,1, €eff, 0, and Tayg are the equivalent radiation conductance between the hot and
the cold sides of the VIP in units of W/m?.K_, the effective emittance of the hot and cold sides of the vacuum
space, a Stefan-Boltzmann constant in W/m2.K*, and the average temperature of the vacuum space in
Kelvin, respectively. The effective emittance is calculated as follows (Fang et al., 2009):
1 1 1

=—+4+—-1 (5)
T

Here, en and ¢ are the emissivities of the hot and cold sides of the VIP, respectively.
In the second technique, the radiation contribution is calculated based on the principle of the heat exchange
between two parallel surfaces separated by a very small gap (Incropera et al., 2007):

O-(T;Ll- - T oAy (T;Ll- - T

Qraa = 7= — =7 — (6)
CLab+ () + 29 CeD+E+Eo

In the above, Fy. is the view factor between the hot and cold surfaces, and Ay is the surface area of the
panel facing either the hot or the cold side of the vacuum space, in m?. For a unity view factor, the equivalent
thermal conductance owing to the radiation is calculated as following (Incropera et al., 2007):

g4, (Ti;l - Tc4)

AvCh—c,radiation(Th - Tc) = 1 1 (7)
(a—l)-}-l-}-(a—l)
o(Th —TH
Ch—c,radiation,z = 1 ( 1 < ) /(Th - Tc) (8)
)+ ()1

Lastly, in the third technique, the following correlation is used for the prediction of the value of
Ch—cragiation 8 Tollows (Yang et al., 2018):

Th

4 A 1
Ch—c,radiation,3 = epeCy {(m) - (m) }(Th_Tc) (9)

In that regard, Cy is a black body radiation constant factor, and it is set to 5.67, as proposed by (Yang et al.,
2018). After the thermal conductance owing to the radiation is evaluated, the increase in the vacuum space
thermal conductivity owing to the radiation effect can be estimated by multiplication of the calculated C.
o radiation DY the vacuum layer thickness. Therefore, the new thermal conductivity of the vacuum space,
considering both the radiation effect and gas conduction effect, can be calculated as follows (Choi et al.,
2016):

Av, gas conduction+radiation = Av + Ch—c,radiationlv (10)
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Moreover, the contribution of the radiation heat transfer rate, Qq, in watts between the two sides of the
VIP is calculated using the following correlation (Fang et al., 2010):

Qraa = AvCh—cradiation(Th — T¢) (11)
Throughout of all these three models, the view factor between the hot and cold walls is set as unity. This is
because of the smaller gap and larger facing area between the hot and cold sides of the VIP.

In the present study, a new modelling method is used to predict the contribution of the radiation effect
between the hot and cold sides of the VIP. This method couples the conduction heat transfer through the
vacuum space and support structure with the surface-to-surface (S-S) radiation model in the vacuum space.
This model is implemented in the commercial ANSYS software (“ANSYS FLUENT Theory Guide,” 2011).
The model solves Equation (2) for the vacuum space, so as to include the conduction and the radiation. This
model also calculates the view factor for all contributing surfaces in the computational domain and in
contact with the vacuum space. In the S-S model, the energy exchange between two surfaces depends on
their size, orientation, and separation distance, which are used to calculate the view factor. These parameters
are calculated automatically from the design geometry of the VIP imported by the Fluent module. This
model assumes that any emission, absorption, or radiation scattering by the vacuum domain are ignored.
Consequently, only the radiation from “surface-to-surface” is considered. In addition, the model assumes
that the surfaces' emissivities are independent of the wavelength. This model also can be used for solar
collectors’ applications, radiative space heaters, and heat rejection methods in aircraft (“ANSYS FLUENT
Theory Guide,” 2011). This model simultaneously solves the radiation exchange equation with the energy
equation of the solid regions and the gas conduction in the vacuum space by the use of the source term for
radiation, as explained in detail in the ANSYS theory guide (“ANSYS FLUENT Theory Guide,” 2011).
The model results are compared with the results of previous methods in the literature in the model
verification step.

In the (S-S) model, the energy flux leaving a certain surface consists of the directly-emitted energy and
the reflected energy. The emitted part depends on the surface emittance. However, the reflected part depends
on the incident energy flux coming from the surroundings. The last part can be considered in terms of the
flux of the energy leaving all other surfaces. Therefore, the energy flux leaving from a certain surface k in
the VIP domain, goutk, can be written as follows:

Goutk = €k0Ti¢ + Prlin (12)
In Equation (12), ek, Tk, pk, and qink are the emissivity, absolute temperature, the reflectivity of the surface
k, and the flux of energy incident from all other surfaces and received by the surface k, respectively.
According to the grey-body model, the surface absorptivity is assumed to be the same as the surface
emissivity. The amount of incident energy flux on the surface k from another surface(s) j is calculated as a
direct function of the view factor between the surface k and the surface(s) j. Therefore, the incident flux of
energy on the surface k can is calculated as follows:
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Ginse =3 0 Ao - (13)
Jj=1
Here, Ak, Aj, and Fjx are the area of the surfaces k and j, and the view factor between the surface j and
surface Kk, respectively. In addition, N is the total number of surfaces participating in the radiation. This
number could also include the surface k if the view factor between the surface k and itself is not zero. The
reciprocity relationship for the view factor calculation gives the following:
AcFy_j = AjFj_  forj=123,......N (14)
Substituting in Equation (13), then gink can be calculated as follows:

N
Qink = 2 qout,ij—j (15)

Therefore, Equation (12) changes to the following:

Qoutk = gko'T]f + Pk Z QOut,ij—j (16)
=1

This equation can be written as follows:

N
Ji= i+ pi ) JiFi (7)
j=1
Here, Ji is the radiant energy that is given off surface k, and is known as radiosity, and E represents the
emissive power of the surface k. This equation can be mathematically represented in matrix form as
follows:
K] =E (18)
In the above, K is a matrix with N x N dimensions; J and E are the radiosity and emissive power vectors
with length N each, respectively. The view factors between the participating surfaces must be calculated
first to obtain the radiosity matrix. Therefore, after importing the design of the VIP core structure, the
surfaces' orientations, areas, and spacing are calculated. Then, the view factors for all of the participating
surfaces are calculated using the following relationship (“ANSYS FLUENT Theory Guide,” 2011).:

cos 6y cos 6 cos By cos b;
f f B — Oy j dAkdA; (19)
A A

Here, dy; is calculated by the visibility of dA; to dAg, and the value of dy; equals unity if dA; is visible to
dAx, and zero otherwise. Small-scale computational domains, boundary conditions, and mesh details are
depicted in Fig. 9. This step is used to compare the computationally-estimated centre-of-panel thermal
conductivity with the experimental results, and to evaluate the contribution of each heat transfer mode.
Finally, after a solution convergence with a residual of less than 1x107° in the energy equation is attained,
the centre-of-panel thermal conductivity is numerically estimated as follows:

L
k =( X ——— 20
eff,num. Qtotal) (Th — Tc) ( )
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In Equation (20), Kef,num and qroral are the numerical estimated centre-of-panel thermal conductivity and the
area weighted average of the total heat flux on the hot side. The latter equals that on the cold side at the
converged steady-state condition, and is estimated as follows (“ANSYS FLUENT Theory Guide,” 2011):

n
1 1
dtotal = ZJ qdA = ZZ q;lA;] (21)
i=1
Here, n is the total number of elements in the selected area.

4.1.Boundary conditions
To solve the model-governing equations, one or more boundary conditions must be used. Therefore, Fig.

9 depicts a schematic representation of the boundary conditions used for all proposed core-structured VIPs.
In more detail, to evaluate the centre-of-panel thermal conductivity, one side of the panel is maintained at
a hot temperature of 35.5 °C, while the other side is kept at a cold temperature of 10.5 °C. The wall
emissivity and temperature are defined in the vacuum zones. However, in the solid zones of the spacers,
only the faces' temperatures are defined, because the radiation effect only appears in the vacuum zones.
Further, the peripheral sides of the VIP are assumed to be adiabatic, owing to the symmetry of the
computational domain. Finally, thermally-coupled boundary conditions are used at all interfaces. In this
case, the temperature on the interfaces and the heat transfer rate are the same. The detailed mathematical
expressions of the boundary conditions are presented here for the frame-type spacer as an example.
At the hot wall:

For the spacer zones T = T},; and

For the vacuum zones T =T, and € = g,.
At the cold wall:

For the spacer zones T = T,; and

For the vacuum zones T =T, and € = ¢,.
A mesh independence test is performed to ensure that the results are independent on the number of elements.
After the test, a total of 1370521, 2450133, 1745551, 864000, and 1600000 elements are used for the
prediction of the centre-of-panel thermal conductivity of the peek spacer, modified peek spacer, mesh-type,
frame-type, and silica aerogel spacers, respectively.
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Fig. 9 Computational domains, boundary conditions, and mesh details for all investigated cases.
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4.2.Numerical methods

In the beginning, the computational domains presented in Fig. 9 are created using the "DesignModular"
tool, and using a multizone approach. In the multizone approach, the domain is divided into several zones
to enable control of the meshing, properties, and boundary conditions of each zone separately. In addition,
the interfaces between each zone and the neighbouring zones were thermally coupled. Then, the
computational domain is meshed. The mesh details for each core structure are displayed in Fig. 9 in the
right column. The model-governing equations are solved using the Fluent module. In Fluent, the energy
equation and fluid flow equations (including continuity and momentum) are standard equations, although
in this work, the vacuum zones are fluid. The very low pressure allows us to neglect the convection effect
and hence, the fluid flow equations can be eliminated (Fang et al., 2009, 2006; Memon et al., 2019b).
However, the S-S radiations model must include a fluid zone. Therefore, the vacuum layer is considered as
a fluid zone, but only the energy equation is enabled. The S-S radiation model estimates the orientation,
area, and spacing of each face participating in the radiation model. Therefore, the view factors can be
calculated. The energy equation for the solid layers and the energy equation for the vacuum space, including
the effects of S-S radiation, are simultaneously solved. Moreover, the radiosity evaluation is performed
based on the calculated view factors. To include the effects of pressure in the calculation, the vacuum region
thermal conductivity with the pressure is evaluated by using Equation (3) for each vacuum zone. Shell zone
conduction layers are added in the simulation to include the effects of the existing acrylic support plates. In
this case, the real thickness and the thermal conductivity of the acrylic plates must be added in the
simulation tool.

4.3.Model validation

The predicted centre-of-panel thermal conductivity is compared with the measured thermal conductivity
obtained by the Experiments in Section 3.2 for the peek type spacer, mesh-type spacer, and frame-type
spacer in Figs. 10-a, b, and c, respectively. Further, the currently-predicted results are compared with the
numerical results of (Katsura et al., 2018), as shown in Fig. 10-d. The model is examined under different
pressure values, from 0.1 to 10 Pa. Based on the comparisons depicted in Fig. 10-a, b, and c, it is observed
that the model accurately predicts the centre-of-panel thermal conductivity for the peek, mesh and frame-
type VIPs, with a maximum error of 11%. In addition, the error is higher at lower pressures, especially in
the mesh-type spacer. This may be attributed to two causes. First, at low pressure, the connections between
the rods become larger, owing to the flexibility of the rods. However, this is difficult to consider in the
calculation. This is also the reason that the predicted results are slightly lower than the experimental results,
especially in Fig 10-b. The second cause could be gas emissivity from the core structure.

In addition, the model is validated for the silica aerogel spacer studied in (Katsura et al., 2018). In this
part, the silica aerogel spacer dimensions, boundary conditions, and vacuum zone dimensions are the same
as those existing in (Katsura et al., 2018), and are displayed inside Fig. 10-d. The main difference between
the present model and the model developed by (Katsura et al., 2018) is that the current model is a 3D model
that uses S-S radiation, whereas the model developed in (Katsura et al., 2018) is one-dimensional. Based
on Fig. 10-d, an excellent agreement is observed. Although the current model nearly accomplishes the same
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results as the one-dimensional model, the heat flux, and temperature contours can be obtained by the current

model, and these parameters cannot be obtained using a one-dimensional model.
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Fig. 10 Comparison of the predicted centre-of-panel thermal conductivities with (a) the experimental
results for peek spacer; (b) the experimental results for mesh spacers; (c) experimental results of frame-
type spacer; and (d) the numerical results of (Katsura et al., 2018).

The S-S radiation model is compared with theoretical models using equivalent radiation conductance in
the vacuum region, and the comparisons are presented in Figs. 11-a and b for the peek type and mesh-type
VIPs as examples, respectively. It is evident that the S-S model accurately predicts the radiation exchange
inside the VIP, as compared with the existing traditional methods using different correlations of C’s. From
Fig. 11-a, it can be seen that the predicted results using the S-S radiation model are very close to the results
of using the models Equations (4), (8)m and (9). The estimated values of the radiation conductance using
Equation (4) and Equation (9) are very close. Although the S-S radiation model considers the radiation
exchange between all the surfaces in connection with the vacuum regions, the results of this model are very
close to the results of using two surfaces' radiation exchanges, as proposed in Equations (4), (8), and (9) for
pillar-supported VIPs. This is attributed to the fact that in VIPs, the vacuum space is very small, and the
view factor between the spacer side and the radiant surfaces is also very small, owing to the smaller side
area of the spacers. Therefore, the assumption of a unity view factor is a reasonable assumption, especially
with smaller pillar- or peek-connection areas to the vacuum space. The maximum differences between the
results of using the S-S model and other models using Equation (4) and Equation (8) are approximately

1.6% and 3.4%, respectively, at the lower pressure level of 0.1 Pa for the peek-type spacer. However, by
22
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increasing the pressure, the difference decreases. This is because the radiation contribution is higher at
lower pressure, and increasing the pressure increases the gas conduction. At that time, the gas conduction
becomes the dominant factor. This trend will be discussed in detail in the results section, by comparing the
value of each heat transfer mode.

In contrast, in the case of using a spacer with a larger surface area such as a mesh-type spacer (see Fig.
11-b), the radiation exchange between the cold and hot surface could be affected by the view factor, owing
to the existence of the spacer between these two walls. To confirm this, the predicted centre-of-panel
thermal conductivity using the models in Equations (4), (8), and (9) is compared with the results predicted
using the S-S model. It is evident that the relative differences between the results of S-S model and the
results of Equations (4) and (8) are approximately 26% and 25.8%, respectively, at a pressure of 0.1 Pa.
However, at higher pressures, where the gas conduction is dominant, the difference between these models
decreases to approximately 2%. Therefore, based on the validation step and the model comparison, the use
of the S-S model accurately predicts the radiation exchange inside the VIP, by an accurate estimation of the
real view factor, based on the inner spacer design. In addition, the S-S model is very sensitive to every
change in the spacer design.
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Fig. 11 Comparison of the predicted centre-of-panel thermal conductivities using surface-to-surface (S-S)
radiation model with the results of using the correlations for the equivalent conductance methods
available in the literature for (a) peek spacer and (b) mesh-type spacer as examples.

5. Results and discussion

This section is divided into four subsections. Section 5.1 evaluates and presents the effects of spacer
structure on the centre-of-panel thermal conductivity at different pressures. Section 5.2 compares
experimental methods for trial production of the VIP. Section 5.3 analyses an experimental evaluation of
VIP light transparency, along with a cost analysis. Finally, Section 5.4 provides 3D modelling of the
investigated VIPs under American Society for Testing and Materials (ASTM) boundary conditions. In
addition, the annual heat gain and heat loss in two different hot and cold regions in Japan are estimated
while using the investigated VIPs, as attached to existing windows.

5.1. Centre-of-panel thermal conductivity estimation

In all of the simulated results, the emissivities of the hot and cold walls were measured using the setup
23
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described in Section 3.1, and were found to be 0.28 and 0.9, respectively. The first emissivity is obtained
by using the L-e coated film. However, the second emissivity is the emissivity of the acrylic plates and the
core structures used in the experiments. In the simulation, all the faces coupled with the vacuum zones and
the hot and cold faces are considered to participate in the S-S radiation model. In addition, the steady-state
hot- and cold-side temperatures of the heat flow meter are kept constant at 35.5 °C and 10.5 °C, respectively.

The thermal conductivities of the polycarbonate spacers and acrylic plates are 0.2 W/m.K (Choi et al.,
2016). However, the vacuum zones' thermal conductivity changes according to the pressure levels. At the
low pressure of 0.1 Pa and a smaller thickness of the vacuum space of 2 mm, the vacuum region thermal
conductivity is estimated to be 2.1x10* W/m.K. This means that the spacer thermal conductivity is
approximately 950 times that of the vacuum region thermal conductivity. This ratio decreases to 9.5 times
at a pressure of 10 Pa. Therefore, it is expected that the conduction thermal bridge through the core structure
is a vital parameter that must be considered, especially at lower pressures. Hence, to decrease the heat
transfer rate through the core structure, a smaller connection is examined. This idea focuses on a reduction
in the conduction area, and consequently, a reduction in the thermal bridges through the spacer. To clarify
this point, a comparison is conducted for three cases of pillar-supported structures, and the results are
displayed in Fig. 12. In the first case, a regular cylindrical pillar with a diameter D of 1.8 mm is used to
obtain a vacuum gap with a thickness of 1.5 mm. In the second case, a peek-type pillar with a head diameter
D of 1.8 mm, thickness &/2 of 0.5 mm, and nail diameter d of 1.2 mm is used. In the final case, a modified
peek shape is theoretically proposed, by including a spherical head for the peek. To fix the pillars in these
three structures, two acrylic plates (1 mm each) are used in the simulation. Therefore, the total thickness of
the VIP in these three structures is 4.5 mm, as presented inside Fig 12. Fig. 12 presents the variation of the
VIP centre-of-panel thermal conductivity for these three cases with the pressure. It is evident that the new
modified peek attains a lower centre-of-panel thermal conductivity over the full range of the pressure, i.e.
from 0.1 Pa to 10 Pa. This because in the modified peek support, the connection between the hot and cold
walls is decreased by using the hemispherical head, in addition to reducing the support diameter from 1.8
mm to 1.2 mm.

In more detail, the centre-of-panel thermal conductivity is reduced by approximately 37% and 5.9% at
pressures of 0.1 Pa and 10 Pa, respectively, with changing the conventional common cylindrical pillar to
the modified peek pillar. This reduction is attributed to the reduction in the conduction heat flux, as
presented in Fig. 13. In this figure, the variations of the conduction and radiation heat fluxes are displayed
for the pillar-supported designs at different pressures in Figs. 13-a and b, respectively. The area-weighted
average of the total heat transfer rate from the hot surface is estimated and divided by the total surface area
of the hot wall to obtain the total heat flux from the hot wall. After that, the area-weighted average of the
net radiation heat transfer rate from the hot wall is also calculated, and the radiation heat flux is estimated
by the dividing this value to the surface area of the hot wall. Finally, the conductive heat flux is estimated
by the subtraction of the radiation heat flux from the total heat flux. The predicted conduction heat flux
considers both the pillar conduction and the gas conduction in the vacuum space.
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Based on Fig. 13-a, a significant reduction in the conduction heat flux is predicted while using the
modified peek pillar support structure, especially at lower pressures. This may be attributed to two factors.
The first is the reduction in the connection area between the hot and the cold walls. The second reason is
that a very thin layer of low conductive vacuum exists between the top plate and the pillar circular head in
the modified peek support, but does not exist in the cylindrical pillar support. This layer, with a thickness
of 4/2, has a very low thermal conductivity as compared with the pillar conductivity of 0.2 W/m.K.
Therefore, a smaller conductive heat transfer could be attained. This reduction decreases with the pressure
increase, because increasing the pressure increases the conduction through this very thin layer of the
vacuum space. Consequently, it increases the VIP thermal conductivity. In more detail, at 0.1 Pa, changing
the cylindrical pillar support to the modified peek support decreases the conduction heat flux from 35 W/m?
to approximately 5.6 W/m2,

Meanwhile, the radiative heat flux is presented in Fig. 13-b. It is predicted that the radiative heat flux
slightly decreases with an increase in pressure. This is attributed to the observation that at higher pressures,
a higher conduction heat flux is obtained. This decreases the temperature differences between the inner
surfaces in connection with the vacuum regions. Thus, a reduction in the radiative heat flux could be
attained. This reduction is very small compared with the increase in the conduction heat flux. In more detail,
with an increase in the pressure from 0.1 to 10 Pa, the conduction heat flux increases from 5.9 to 230 W/m?,
whereas the radiation heat flux decreases from 38.6 W/m? to 33.5 W/m?2. In addition, the radiation heat flux
in the case of using the modified peek support is higher than that when using the cylindrical support. This
because of the increase in the vacuum region with the use of the modified peek support; the radiative heat
flux increases from 37.1 to 38.9 W/m? when replacing the cylindrical pillar with the modified peek pillar

at a pressure of 0.1 Pa.
0.06

Cylinderical pillar support

0.05 Peek pillar support

0.04

0.03

0.02 f

Panel thermal conductivity, W/m.K

0.01 ¢4

Vacuum Pressure , Pa

Fig. 12 Variation of the predicted centre-of-panel thermal conductivity with the internal pressure for three
different designs of pillar-supported VIPs.
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Fig. 13 Variation of (a) conductive heat flux and (b) radiative heat flux with the pressure levels for the
three investigated pillar-supported structures.

At the beginning of the modelling, the mesh-type spacer is simplified and modelled as a round plus-
shaped spacer, as seen in Fig. 14 (left side). The predicted centre-of-panel thermal conductivity, in this case,
is compared with the experimental results. In this case, the computational fluid dynamic meshing is easier
and faster than in an actual case. However, it is found the predicted results are higher than the experimental
results. This because the connection between the spacer and the hot wall is larger than in the real case.
Therefore, the real case for the mesh spacer is modelled, and the results are compared with the experiments.
A good agreement is found, as discussed earlier in the validation step. Therefore, the actual mesh shape as

presented in Fig. 14 (right side) is considered through the entirety of this work.
0.06

Simplified case Real case

2
=
h

0.04
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0 A i

0.1 1 10

Vacuum Pressure, Pa

Fig. 14 Comparison of the predicted centre-of-panel thermal conductivity with the experiments for the

simplified and the real case of mesh spacer.

Figure 15-a compares the variation of the centre-of-panel thermal conductivity for all investigated core
structures at different pressure levels. From this figure, three findings can be determined. First, increasing
the pressure increases the centre-of-panel thermal conductivity. Second, although the silica aerogel spacer
has a lower thermal conductivity of 0.02 W/m.K, the silica aerogel VIP accomplished the highest centre-
of-panel thermal conductivity among these structures at lower pressure levels. This because in the silica
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aerogel spacer, the ratio of the area occupied by the silica aerogel to the total area of the panel is
approximately 25%, and the remaining 75% is occupied by vacuum. Therefore, this increase in silica
aerogel area eliminates the benefit of its lower thermal conductivity as compared with other spacers.
Therefore, a compromise between the heat transfer area and the spacer thermal conductivity is essential.
However, the silica aerogel spacer cannot be easily manufactured in the form of other proposed structures,
owing to its brittle structure with a low yield strength, which could lead to the VIP fracturing during the
fabrication (Ma et al., 2018; Woignier et al., 2015). Finally, at low pressures below 1 Pa, the mesh-type and
frame-type spacers attain the lowest panel thermal conductivity, at approximately 0.007 W/m.K. This is
attributed to the reduction in thermal bridge attained in the spacer. In particular, in the mesh-type spacer,
the connection area between the hot and cold side of the VIP is very small. For more clarification, Fig 15-
b shows the variation of the centre-of-panel thermal conductivity with the pressure in a "zoomed in" smaller
range, from 0.1 Pa to 3 Pa.
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Fig. 15 Variation of the predicted centre-of-panel thermal conductivity (a) for vacuum pressure from 0.1
to 10 Pa and (b) for vacuum pressure from 0.1 to 3 Pa for all the structured-core transparent VIPs.

Figs. 16-a and b show the variations of conductive heat flux and radiative heat flux attained in the studied
VIPs, respectively. Generally, in Fig. 16-a, at pressures above 2 Pa, although the mesh spacer attains the
highest conductive heat flux, it accomplishes the lowest VIP thermal conductivity. This because of the small
thickness of this panel, at 2 mm. Similarly, at a pressure of 0.1 Pa, although the modified peek spacer has
the lowest conductive heat flux, it does not attain the lowest VIP thermal conductivity. This is attributed to
the fact that in pillar-supported VIPs, the total VIP thickness is much higher. This larger thickness increases
the effective thermal conductivity. In more detail, in pillar-supported spacers, the total VIP thickness is 4.5
mm, whereas for the mesh-type spacer, it is approximately 2 mm. This means that for the same total heat
flux, the thermal conductivity of the pillar-supported VIP will be 2.25 times that of the mesh-type spacer.
This is one of the main drawbacks of the pillar-supported VIPs mentioned in this work. The other drawback
is that the manufacturing process is very difficult as compared with the other types of spacers, such as mesh-
type spacers. From Fig. 16-b, it can be observed that the radiation heat flux decreases slightly for all
investigated VIPs with an increase in pressure. Moreover, the frame-type and silica aerogel spacers obtained
the lowest radiative heat flux. This is because in these spacers, the vacuum area in connection with the hot
wall is at a minimum. This is also why the pillar-supported VIPs attain the maximum radiation heat flux,
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i.e. the vacuum area in connection with the hot wall is at a maximum for pillar-supported VIPs.
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Fig. 16 Variations in (a) conductive heat flux and (b) radiative heat flux with pressure for the investigated
VIPs.

5.2. Trial production methods of VIP

In Fig. 17-a, the predicted thermal conductivity variation with time is displayed for the four trial
production methods explained in Section 3.3. The comparison is implemented for the frame-type VIP as an
example. It is evident that using getter material during the manufacturing process of the VIPs accomplishes
the lowest thermal conductivity in comparison with the use of other methods. In addition, the direct
manufacturing of the VIP without the use of a calcium oxide adsorbent pack is the worst case. As the use
of the getter accomplished the best results among these methods, a further trial method is implemented here
to compare the predicted thermal conductivity of the frame-type VIP in the case of using two different types
of outgassing adsorbent materials. The getter material is compared with the use of a calcium oxide desiccant
inside a pack. The results are recorded for 75 h, and are displayed in Fig. 17-b. It is noticeable that the use
of getter material accomplished the lowest panel effective thermal conductivity in comparison with the use
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of calcium oxide desiccant packs. The lowest thermal conductivity attained in the case of using getter was
approximately 0.011 W/m.K, which is equivalent to 5 Pa. This means that the inside pressure increased
after the sealing, owing to the gas emissivity. The effect of this parameter will be investigated in the authors'
future work.

(a) 0.030 (b) 0.030
Fra s tvpe VIP I V]
rame fype Normal case, Frame type VIP
Exp. in Fig.7-a \
:E' Vaccum drying with N,, o
=05 | Exp.inFig7h £ oo
= =
z E —
3 ! N
3 0.020 = 0.020 Calcium oxide desiccant
= O i .
: Vi :
= Heating, =
E Exp. in Fig. 7-¢ E
=3 o
f 0.015 ———o § 0.015 Getter use
FR W N /
.‘2 Gas adsorpent getter, -
Exp. in Fig.7-d
0.010 L L = " " 0.010 . L . 1
0 10 20 30 40 50 60 0 1000 2000 3000 4000 5000
Time, [min] Time, [min]

Fig. 17 variation of the centre-of-panel thermal conductivity with the elapsed time for (a) different trial
manufacturing methods and (b) different two outgassing adsorbent materials.

5.3. Light transparency and cost analysis

This section presents the transparency measurements of the proposed VIPs, and the cost analysis. Table
3 displays the measured transparency of the manufactured VIPs with different core structures. In this
experiment, the illuminance is measured with and without VIP shading. The ratio displayed in the table
represents the measured light intensity in a case with the VIP to a reference case where no VIP exists. Here,
it is worth mentioning that the measured transparency is only for the VIPs without the single-layered glass
window of 3 mm. It is evident that the transparency of the manufactured VIPs ranges from 0.65 to 0.9, for
the mesh-type spacer to the cylindrical-pillar spacer, respectively. In addition, as the modified peek spacer
is only numerically investigated, the expected transparency could be similar to that of the peek type spacer.

Table 3. Measured transparency for the experimentally-examined VIPs

. Silica Peek Mesh- Frame-
. Without

Conditions VIP aerogel type type type

spacer spacer spacer spacer
Intensity

(uW Jcm? /nm) 20000 14000 17500 13000 15000

Transparency 1 0.70 0.88 0.65 0.75

Ratio

The cost of the proposed VIPs is compared with the most common insulating method, which uses vacuum
double-glazing insulation technology. The comparison is made for a 1 m? window, and is presented in Fig.
18. Further, the cost of the VIPs includes the cost of all of the used materials, including the envelope,
spacers, and L-e coating films, as presented in detail in Table 4. Based on the available data, it is evident
that the insulation cost of using VIPs represents approximately one-third of the cost of an insulation method
using double-glazing. In addition, the idea proposed in this work can be effectively applied to the windows
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of existing buildings by attachment or by using it as a curtain, with a very low cost as compared to the use
of silica aerogel VIPs. Finally, based on Table 4, it is evident that the L-e film represents approximately
half the price of the VIP.

2

E p
u S8
| |
[ |
Real g 71
photos . 3
ey Y
| iaa LY
INR s )
Design  Double-layered Frame VIP Mesh VIP Silica aerogel Pillar supported
vacuum glazing VIP VIPs
>270%
Total +(90
Cost $ construction <99% <908 > 4500 $ <135%
fee)

Fig. 18. Comparison of the calculated production cost of proposed VIPs with the double-layered vacuum
glazing insulation.
Table 4 Detailed costs of the manufactured VIPs ($ /m?)

Item Mesh spacer  Frame spacer Peek spacer Silica aerogel
Core material 9% 18$ 36 $ (plates + pillars) 4401 $
L-e film 45 % 45 % 45 % 45 %
Envelope 18$ 18$ 18$ 18$
Manufacturing
fee + adsorbent 18% 18% 36$ 363
Total cost 90 $ 99 % 135% 4500

5.4. Energy analysis

This section evaluates the thermal performance when attaching the proposed VIPs to a 3 mm single-
layered glass window, based on the ASTM standards (Section 5.4.1), and based on real meteorological
conditions (Section 5.4.2).

5.4.1. Thermal performance analysis under American Society for Testing and Materials (ASTM)
boundary conditions

In this section, the developed 3D model is solved for the proposed VIPs when attached to a conventional
glass window with a 3 mm thickness. The aim of this section is to estimate the temperature contours, heat
flux transfer, and U-value of the system. The schematic of the modelled system consists of a 3 mm glass
layer attached to the VIPs, as shown in Fig. 19. The boundary conditions are used as recommended by the
ASTM standards for winter conditions, and as used by (Fang et al., 2009). In these boundary conditions,
the indoor and outdoor ambient air temperatures were assumed constant at 21.1 and -17.8 °C, respectively.
In addition, the convective heat transfer coefficients on the inside and the outside surfaces of the VIP with
the glass window were set to be 8.3 and 30 W/m?2.K, respectively.

The predicted 3D isotherms on the vacuum space at a vacuum pressure of 0.1 Pa are presented in Fig.

19. Fig. 19 shows that a substantial temperature difference prevails between the two sides of the vacuum
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layer. The highest temperature difference is accomplished for the mesh-type spacer. In addition, the use of
a mesh-type VIP attached to the existing window with 3 mm single-layered glass thickness decreases the
U-value from 6.3 to 1.14 W/m2.K. This substantial reduction in the U-value decreases the heat loss from
the building. In addition, by using the silica aerogel spacer, a higher U-value is obtained. This because high

heat is transferred through the silica aerogel spacer, as previously explained and predicted using the
temperature contours.
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Fig. 19 Predicted 3D temperature contours of the investigated VIPs using American Society for Testing and
Materials (ASTM) boundary conditions.

Silica aerogel spacer

5.4.2. Annual energy analysis

This section is used to estimate the hourly and total annual thermal energy transferred through the
proposed VIP when attached to the 1 m? single-layered glass window with 3 mm thickness. Moreover, the
total rates of thermal energy transferred with and without the use of VIPs are compared. In this calculation,
the inner air temperature is assumed to be at 20 °C, with an inside convective heat transfer coefficient of
7.7 W/m2.K (Fang et al., 2010; Memon et al., 2019b). In addition, the calculation uses the actual ambient

temperatures and wind speed in Japan, by examining Ishigaki island (24.41° N, 124.17° E) as a hot region,
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and Sapporo, Hokkaido (43.06° N, 141.35° E) as a cold region. The hourly ambient temperature and wind
speed are presented in Figs. 20-a and b, respectively. These meteorological conditions are measured by the
authors for Ishigaki, and are downloaded from Japan Meteorological Agency website for Sapporo. In-house
MATLAB code is developed to estimate the hourly and the annual thermal energy transfer. The model
adopted in this section is a one-dimensional quasi-steady model. This model is an efficient for a long-term
energy evaluation, as it predicts results with reasonably accepted accuracy in a short period of time. In this
model, the contact thermal resistance effect between the VIP and the glass window is not considered in the
calculation. In addition, it is also assumed that no solar radiation strikes the exterior surface of the window.
Therefore, the sol-air effect is neglected. The steady-state conduction heat flux transfer from the outside to
the interior of the building through the VIP-glass window system is calculated as follows:

T, (t) —T;
- (5a()6 ) : 22)
(—+—g+—"+—)
hc,i kg kv hc,o(t)

In the above, q, dq, Kg, dv, kv, and h¢; are the rate of total thermal heat flux transfer in W/m?, glass thickness
in m, glass thermal conductivity in W/m.K, VIP thickness in m, VIP thermal conductivity in W/m.K, and
the inside convective heat transfer coefficient in W/m?.K, respectively. A negative value of g denotes a heat
loss from the building, which occurs when the outside temperature is less than the inside designed
temperature. Instead of using a constant for the outside convective heat transfer coefficient during the
simulation, it is taken from the wind speed and ambient temperature-dependent equation derived by
Nusselt-Jiirges, and described in detail in (Palyvos, 2008). This equation is written for smooth surfaces,

such as the exterior surfaces of windows, as follows (Palyvos, 2008):
294.26 ) y U.(®
273.16 + T,(t)/ ~ 0.3048

294.26 )x 0 t 488 < U_(t) < 30.48 (m)
(273.16+Ta(t) 0.3048 at 488 < U..(t) <3048(~

Here, h.,(t), Ty(t), and U, (t) are the hourly convective heat transfer coefficient from the exterior

heo(t) = 5.678 {0.99 +0.21 x [( =

at U(t) < 488 ( )
(23)

heo(t) = 5.678 yo.s x

surfaces of the window in W/m?.K, the ambient temperature variation with the time in °C, and the wind
speed in m/s, respectively. The constants in Equation (23) are empirical constants derived from the
experiments developed by Nusselt-Jiirges. Table 5 shows the thicknesses of the VIPs with the relevant
thermal conductivities at a pressure of 1 Pa.

Table 5 Detailed thickness and centre-of-panel thermal conductivities of the investigated VIPs at 1 Pa

Peek Mesh Cylindrical Frame Modified Silica
spacer spacer pillar spacer peek spacer  aerogel
Thickness, (mm) 4.5 2 4.5 3 4.5 4
kv @1 Pa, (mW/m.K) 14.2 6.5 16.7 6.8 12.4 17.7

The hourly variation of the thermal heat flux transfer in W/m?, for both the single-layered glass window
and the proposed system of using a glass window with frame-type VIP as an example, is displayed in Figs.
21-a and b for Sapporo and Ishigaki, respectively. Based on these two figures, it is evident that attaching
the VIP to the single-layer glass windows of existing buildings reduces the heat loss from the building and

the heat gains to the buildings in cold and hot weather conditions, respectively. Further, it is highly
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851  recommended to apply this idea in cold regions such as Sapporo, as the high temperature difference between
852  the outside ambient temperature and the inside designed conditions can be very high some days, e.g.
853  reaching 30 °C.
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856 Fig. 20 Hourly variation of (a) ambient temperature and (b) wind speed for Ishigaki and Sapporo cities in
857 Japan.

858 The total annual thermal energy flux transfer in kW.h/m? is calculated and compared for all of the studied
859  VIPsin Figs. 22-a and b for Sapporo and Ishigaki, respectively. First, the total annual rate heat flux transfer
860  in W/m?is divided into loss and gain. The hourly integrations of both rates are displayed in the figure. For
861  the Sapporo region, it is evident that the total annual heat flux loss is much higher than the heat gain in this
862  region, owing to the cold weather. In addition, using a frame VIP attached to 3 mm glass window reduces
863  the heat loss from the buildings by up to 69.5%. In contrast, for Ishigaki region, the heat gain from the
864  window is much higher than the heat loss, and a 65.1% reduction in the annual heat gain is accomplished
865 by attaching the frame-type VIP to the existing 3 mm glass windows.
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Fig. 21 Hourly variation of the thermal heat flux transfer in W/m? for (a) Sapporo and (b) Ishigaki in the
case of using single-layered glass window and the frame-type VIP attached to the glass window as an

example. The VIP with the glass window is displayed at the right of the figure.
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Fig. 22 Variation of the total annual heat flux transfer in a unit of kW.h/m? for (a) Sapporo and (b)
Ishigaki region.
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6. Conclusions

The present study proposes five new and distinct structured-core transparent VIPs. These VIPs are
different from the well-known conventional VIP, which has a solid core material structure and opaque
metallized film barrier envelope. The VIPs herein are proposed so as to accomplish high thermal insulation
for the windows of existing buildings. The centre-of-panel thermal conductivity, transparency, and cost are
experimentally evaluated. In addition, four trial manufacturing methods for these VIPs are proposed and
compared. Further, a 3D thermal model is developed and numerically solved, and is validated via
experiments. Based on the results, it is determined that the frame and mesh-type spacers accomplished the
lowest centre-of-panel thermal conductivities of 6.5x10 and 6.8 x10° W/m.K at a vacuum pressure of 1
Pa with thicknesses of 3 mm and 2 mm, respectively. Further, it is concluded that the use of a getter
adsorbent material during the manufacturing process of the VIPs keeps the inside pressure stable for a
longer period of time. Furthermore, at ASTM boundary conditions, the predicted U-values for the mesh
spacers and conventional silica aerogel spacers were 1.14 W/m?.K and 1.84 W/m?2.K, respectively. However,
the use of mesh spacers is economically competitive with silica aerogels.
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Nomenclature

A vacuum insulation panel front area [m?]

C thermal conductance [W/(m?.K)]

Co black body radiation constant factor [W/(m?.K*)]

E emissive power density [W/m?]

F radiation view factor [unitless]

he,i convective heat transfer coefficient inside the building [W/(m2.K)]
heo convective heat transfer coefficient on the outer glass surface [W/(m?.K)]
J radiosity [W/m?]

k thermal conductivity [W/(m.K)]

Iy VIP thickness [m]

P pressure [N/m?]

q heat flux either on the hot or the cold side of the VIP [W/m?]

temperature [° C]
U wind speed [m/s]
Greek symbols
A difference
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913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951

0 thickness [m]

€ emissivity [unitless]

Ao thermal conductivity of the air at the room temperature and pressure [W/(m.K)]
Av thermal conductivity of the vacuum space [W/(m.K)]

o Stephan Boltzmann constant 5.67x108 [W/(m?.K%)]

Subscripts

a ambient

avg  average

c cold side of the VIP
eff effective

g glass

h hot side of the VIP

h-c between the hot and the cold side of the VIP
i inside the building

in entering the surface

out exiting from the surface

v VIP
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