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Abstract. Vacuum Insulation Panels (VIP) are a technology of high-performance insulators that consists of a core material
at low pressure, usually powders or fibers, and an envelope to protect the core from the outside gases. In order to better
model a VIP thermal performance, the core pressure variation along time should be well predicted, including effects of
mass transfer, leakage and residual gases trapped inside the panels. In this context, a transient model for the internal
pressure was developed and used to compare against experimental data. That model consists on a two control volumes,
the internal volume (volume of the measurement system plus the available gas volume of the core) and the trapped gas
volume. An experimental setup consisting of a VIP of 200x200x10 cubic millimeters was used for tests. The predicted
internal pressure 66 thousand seconds after the beginning of the experiment in comparison with the collected data has
shown an error of less than 4%, indicating that the envelope has great effect on the internal pressure. The effective
thermal conductivity of 5.5-107 W/mK was achieved using an appropriated envelope to maintain the core pressure as low
as necessary for the tests for a hot side with heat load of 8.1 W, approximately.

Keywords: Vacuum Insulation Panel, transient internal pressure model, thermal conductivity.
1. INTRODUCTION

VIPs are insulators gaining space on industry and building applications due to its low thermal conductivity. It is
composed by a core material at very low pressure covered by an envelope to protect against outside gases. Figure 1 shows
the structure of most manufactured VIPs.
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Figure 1. Structure of a vacuum insulating panel. Source: Casini (2016)

As can be seen, a barrier to air and vapour is very important to maintain the low pressure inside, and the materials
of this layer must be carefully selected. Visco et al. (2021) has shown that polyethylene-based films, used as sealant
materials, have a diffusivity of gases through it as function of the temperature, and at the range of operating temperature
of a VIP, this materials are not as sealant as necessary.

So, a aluminium layer could be a solution for air and vapour barrier. However, as a manufactured defect, pinholes
are present in these layers (Dai et al., 2014), making it a not good enough barrier to the air. Thus, a combination of
Al-layer and polymers layers are a very effective envelope for a VIP, because the molecules have a more difficult path to
the interior.

As can be seen in Fig. 2, the performance of a VIP is a function of the internal pressure, and every core material has a
different behavior.
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Figure 2. Thermal conductivity of vacuum insulating panels related to operating pressure and core material. Source:
Casini (2016)

As the diffusion of gases through the envelope is inevitable, and the thermal conductivity is a function of the internal
pressure, the selection of the adequate core material, as well as a model for the internal pressure, are determinant for the
life-time prediction.

For this present study, fumed silica was chosen as core material, mainly because its gaseous conductivity (and so the
effective thermal conductivity) is less effected with increasing pressure when compared to other materials as well as its
performance is better than these others at atmospheric pressure.

2. METHODOLOGY

In this section the experimental apparatus will be discussed in detail as well as the models for the internal pressure and
the thermal conductivity of the VIP. For the setup, it is presented the assembly, tested conditions and uncertainties, and
for the models, all necessary equations are listed.

2.1 Experimental apparatus

For the experimental setup, the Joule effect was used to product heat in one side of the VIP, so, a base composed by
a resistance and a 200x200 mm aluminium plate (used to uniformed the temperature) - insulated at the bottom and at the
sides - was built to perform the hot surface.

To provide direct current to the base, the power supply used was a Minipa MPC-3006D, and to monitor the voltage
and the current, a high impedance voltage divider and a ACS712ELC-20A sensor was used, respectively.

To pump the air out of the system, a SURYHA 12 CFM vacuum pump with a filter - to protect against residual powder
- was used, and the pressure was measured by a MPXV6115V sensor. Figure 3 shows the apparatus .

All tubes are made of copper with brass connections and o-rings, to minimize mass diffusion and leakages. Figure 4
shows the schematic of these connections and main components for the vacuum.

The temperatures of the base (Ty), the top of the VIP (T) and the ambient air (T,y,,) were measured by 3 NTC 10 k€,
as can be seen in Fig. 5. All readings were collected by an USB-6001 NI.

The VIP itself consists in a 200x200x10 mm ABS 3D printed base with 0.5 mm thickness used as armature for the
silica, and covered by paper both sides (bottom and top), as can be seen in Fig. 6.

2.2 Tested conditions and uncertainties

There were made two battery tests, the pressure model validation, in which there was not heat transfer, and the thermal
conductivity model validation.

On the first one, a 12 um Nylon®-polyethylene film was used as envelope, because its diffusivity was high enough to
permit the increase of pressure be notice along days.

And on the second, a laminated aluminium-LDPE-polyethylene foil 200um was used as envelope and the VIP was



27t ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianépolis, SC, Brazil

Figure 3. Experimental apparatus. Source: author.
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Figure 4. Schematic of the connections. Source: author.
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Figure 5. Schematic of the temperature sensors. Source: author.

submitted at a hot surface. The voltage applied on the terminal of the base was 8.1 V and the current was 1.0 A, totaling
8.1 W, approximately. All uncertainties are listed in Tab. 1.

2.3 Models for VIP

In this subsection, the internal pressure model will be scrutinized. This model contemplates all relevant contributions
for the increase of pressure. Also, the thermal conductivity model as function of the internal pressure for the fumed silica
is presented.
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Figure 6. VIP. Source: author.

Table 1. Uncertainties. Source: author.

Measure Uncertainty
Pressure (Pa) 20
Temperatures (K) 0.3
Lenght (mm) 0.1
Voltage (V) 0.01
Current (A) 0.01

2.3.1 Pressure model

For the pressure model, there are three important phenomenons to notice, the leakages of the measurement system,
the mass diffusion through the envelope and the gas trapped in the silica powder diffusing to the whole system at low flow
rate.

The first one is described by a Darcy Law, and its proportionality constant is acquired experimentally.

dml

—— =n-dP'/? 1

7 1
where dmy /dt is the leakage flow rate, n is a proportionality constant and dP is the pressure difference between
internal and external pressure (atmosphere). Integrating it in time,

ma(t) = n /0 (Powr — P(1)]2 @)

where P.xt is the external pressure and P(t) is the internal pressure measured by the sensor.
The second one, the mass diffusion, is modelled by Fick’s Law.

dmg aC
—=D.-A. —
dt dx )

where dmy /dt is the mass flow rate by the diffusion, D is the diffusivity, A is the diffusivity area and dC/dx is the
concentration difference along thichness. dC can be described as:

dC = Patm — @ “)

where pqt, 1S the density of the atmosphere, m(t) is the internal mass of gases and V is the total internal volume,
which can be represented as:

V=Avrip-w- e+ Vs )

where Ay p is the area of the VIP, w is its width, € is its porosity and V,,,; is the volume of the measurement system.
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According to Mehrer (2007), the diffusion coefficient D can be expressed as function of the temperature, as shown in
Eq. 6.
D=Dy- et (6)

where Dy is the maximum diffusivity, k is the Boltzmann constant, T is the temperature in Kelvin and AFE is the
activation energy, which can be obtained by measuring the diffusivity at two different temperatures:

k- in(2L
AE:# @)
. T

where D; and D, are the diffusivities measured at 77 and 715, respectively.

For the last one, the gas trapped inside, it was assumed a second control volume (smaller than the total internal volume)
connected to the the hole system. So, the mass flow rate between these two control volumes can be expressed by Darcy’s
Law, similarly to Eq. 1.

dm3

o= [ - P ®

where dms /dt is the mass flow rate of the gas trapped to the whole system, b is the proportionality constant (experi-
mental) and P;(t) is the pressure of the gas trapped.
So, having these equations, the internal gas mass can be expressed as the sum of all partial contributions.

3
m(t) = Zmi )
i=1

This way, the internal pressure of the VIP can be obtained by Eq. 10.

R-T
PV[p:m(t>'T (10)

where T is the temperature of the gas on the VIP.
2.3.2 Thermal conductivity model

The thermal conductivity of a core of a VIP can be expressed in three parts, solid, gaseous and radioactive thermal
conductivity. The first one, the solid, is given by Eq. 11 (Kaganer, 1969).

1— 12

ks =34k, (1 —TD)Y2. (Putm yL/3 (11)

where k; is the effective thermal conductivity, k, is the thermal conductivity of a fumed silica particle, II is the
porosity, Py, is the atmospheric pressure, v is the Poisson’s ratio and E is the Young’s modulus of elasticity for fumed
silica.

The second, gaseous, is given by Eq. 12 (Kwon et al., 2009).

ko
ky=——""—"— 12
7 (140.032/P¢) (12)
where kg is the gaseous conductivity of free still air at 300K, P the gas internal pressure and ¢ the pore size.
the third, radioactive, can be simply calculated by using Eq. 13 (Caps et al., 1983).
16-n%-0-T°
kr = ——7r— 13
3-E(T) (13)

where n is the refractive index, o is the Stefan—Boltzmann constant, T is the mean temperature and E(T) is the Rosseland
mean extinction coefficient.

This way, the thermal conductivity of the core material (fumed silica) of the VIP can be obtained by the sum of each
part, as shown in Eq. 14

kcore,total =k, + kg +k, (14)
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2.4 Data reduction

In this subsection, the collected data by the tests will be converted to the thermal conductivity by using two different
methods. The first, by using the thermal resistance to the ambient, the heat lost for the ambient is measured, and the
second, the average local heat transfer coefficient is determined. In both methods, the same material is used to measure
the necessary quantities.

2.4.1 Thermal conductivity by ambient resistance

To determine the thermal conductivity of the VIP by using thermal resistance, it is important to compute how much
heat is lost to the ambient. So, a material with the same geometry of the VIP, but with a well-known thermal conductivity
is used to calibrate the thermal resistance from the base to the ambient, as can be seen in Eq. 15.

Tb_Tamb
U-T-w—Fkm-A-(Ty—Ty)

Ramb = Wm - (15)
where R, is the thermal resistance from the base to the ambient, U is the voltage, I is the current, k,, is the thermal
conductivity of the material, w,, is the width of the material and A is the area.
With the thermal load applied - monitored by the voltage and current sensors - and the heat losses to the ambient,
computed through R,,.s, it is possible to determine the thermal conductivity of the VIP, as shown in Eq. 16.

Ramb-U-I-w—(Tb—Tamb)~w
Ramb CA- (Tb - Tt)

kvip—r = (16)

where kv ;p_ R is the thermal conductivity of the VIP by ambient resistance and w is the width of the VIP.
2.4.2 Thermal conductivity by natural convection

To determine the thermal conductivity of the VIP by natural convection, a material with a well-known thermal con-
ductivity was used to measure an average local heat transfer coefficient. With this coefficient it is possible to determine
the thermal conductivity of the VIP, as shown in Eq. 17.

. (Tt - Tamb)

17
(Ty — T3) {an

kvip-nc=h-w

where ky;p_nc is the thermal conductivity of the VIP by average local heat transfer coefficient and h can be ex-
pressed as:

k- (Ty — Tt) — -0 - (T* — T )

h = amb
Tt - Tamb

(18)
where ¢ is the emissivity of the material and o is the Stefan-Boltzmann constant.

3. RESULTS AND DISCUSSION

In this section, the results for the pressure model as well as the thermal conductivity - by ambient resistance and by
heat transfer coefficient - are presented.

3.1 Pressure Model

For the pressure model, the system of equations were solved numerically, and time step of "dt s" was used. Figure 7
shows the comparison between predicted and measured internal pressure of the VIP.

As can be seen, the model has shown a satisfactory achievement for the study of leakages, mass diffusion and trapped
gas influences. The difference between the predicted and the measured pressures after 66 thousand seconds was 3.3%,
approximately.

Figure 8 shows the same data, but just the first 1200 seconds of the test. It is possible to notice that the model has a
much better correlation with the observed in this interval. One of the reasons is related with the pressure sensor, which
do not measure the internal pressure itself, but the difference between internal and external. That is the reason for the
oscillating behavior of the measured pressure the variation of atmospheric pressure in Fig. 7.

To compute this variation, it was used the available data of a local weather station. The pressure were actualized hour
by hour, and all pressures between one hour and other was approximated by using a 3pdegree polynomial.

Even with this limitation with the measured pressure, it was notable that this model has shown that the leakages of
the measurement system and the mass diffusion through the film was to important to be negligible to the tests. After
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Figure 7. Comparison between predicted and measured internal pressure for a 12um film. Source: author.
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Figure 8. Comparison between predicted and measured internal pressure for a 12um film. Source: author.

verifying these problems, the measurement connections were re-designed and the film was substituted by an aluminium
foil envelope. Figure 9 shows the predicted and measured pressures after these modifications.

It is possible to notice the difference between before (Fig. 7) and after (Fig. 9) the modifications. With these modifica-
tions, it was observed an increase of pressure of almost 50 Pa in 63 thousand seconds, which is stable enough to measure
the thermal conductivity of the VIP at different levels of pressure.

3.2 Thermal conductivity

With the pressure model validated and the increasing of pressure at satisfactory rate, it was possible to determine
the effective thermal conductivity of the VIP and compare against the predicted, as can be seen in Fig. 10, by using the
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Figure 9. Comparison between predicted and measured internal pressure after modifications. Source: author.

average local heat transfer coefficient, and Fig. 11 by using thermal resistance to the ambient.
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Figure 10. Effective thermal conductivity as function of internal pressure by average heat transfer coefficient. Source:
author.

It is notable the difference between these two methods to obtain the effective thermal conductivity of the VIP. The
uncertainties for the heat transfer coefficient method are smaller than the thermal resistance method, however, it is possible
to notice that both methods are close to a common tendency of increasing thermal conductivity with pressure. Fig 12 shows
the comparison between predicted model and collect data by average heat transfer coefficient. The limits are 30%.

From this comparison it is possible to see that the model has under-predicted the behavior of the VIP. However, it is
important to notice that there is a possible non-negligible thermal bridge effect on this experiment. This effect will be
studied to analyse the effective thermal performance for every VIP size.
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Figure 11. Effective thermal conductivity as function of internal pressure by thermal resistance to the ambient. Source:
author.
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Figure 12. Comparison between predicted and measured thermal resistance of the VIP by using the average local heat
transfer coefficient. Source: author.

4. CONCLUSION

For this present study, it was notable that the envelope is determinant for the working-life of the VIP as well as the
size of the VIP, due to the increasing of pressure through mass diffusion and thermal bridge effect, respectively.

It was proved that metalized films, such as Al-foils, are necessary to mitigate the mass diffusion. As a result, the
increasing of pressure along 63 thousand seconds was 50 Pa, approximately.
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It was also tested and discovered that the best way between the two methods to obtain the thermal conductivity is by
using the average local heat transfer coefficient. As a result, the lower thermal conductivity of the VIP found was 5.5-1073
W/mK.

For next studies, the thermal bridge effect has to be studied to determine a satisfactory size for the VIP best perfor-
mance, as well as better combination of materials for the envelope and the armature.
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