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Compacted panels based on micronized nanocellular polymers show reduced thermal conductivity in comparison
with bulk nanocellular polymers, especially under vacuum, so they are promising materials to be used as vacuum
insulation panels (VIP). The discontinuous structure formed by micrometric particles allows for decreasing the
conduction through the solid phase since the contact points between the particles act as additional thermal
resistances to the heat transmission. However, the discontinuous structure also leads to the appearance of the
coupling effect, which cannot be modeled using the typical equations for cellular polymers. In this work, a semi-
empirical model able to predict the thermal conductivity of compacted panels based on nanocellular poly
(methyl-methacrylate) (PMMA) is developed. The model allows quantifying each heat transfer mechanism
contribution (conduction through the solid phase, conduction through the gas phase, radiation, and coupling
effect). The model shows that the contribution of the coupling effect in the compacted panels is higher than 50 %
of the total thermal conductivity for pressures higher than 5 mbar, supporting the need for the model to correctly
predict the insulation performance of these materials. The model predicts minimum thermal conductivities of
32.5 mW/(m-K) at ambient pressure and of 10 mW/(m-K) at maximum vacuum.

1. Introduction contribution became null leading to a drastic decrease in the thermal

conductivity.

Vacuum insulation panels (VIPs) are one of the most promising high-
performance thermal insulation materials [1], exhibiting thermal con-
ductivities between 4 and 8 mW/(m-K) [2-5]. They can be described as
an evacuated open porous material (core) placed inside a gas barrier
envelope. The materials usually selected as core materials are based on
fumed/precipitated silica, silica aerogel, glass fibers, and open cell rigid
polyurethane foams (PUR) [6]. The physics behind their super-thermal
insulation behavior are well-known [1,7-11]: the total thermal con-
ductivity (4¢) can be described as a sum of five heat transfer mechanisms
(Eq. (1)): conduction through the solid phase (45), conduction through
the gas phase (1g), radiation (4,), convection (Ac), and coupling (Acoyp)
[12-18]. From these contributions, convection can be neglected
[19-21]. For instance, Jeffreys [22] showed that cellular materials with
cells of 1 mm lack convective flow. Thus, when the core is fully evacu-
ated, the conduction through the gas phase and the coupling
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The coupling term takes into account the interaction between the
core particles and the gas [1,7], so it is important for particle-based
materials (such as fumed silica) but negligible for materials with
continuous structure [1,10,16,17]. As previously commented, at the
normal operating conditions of VIPs (vacuum) it becomes null due to the
lack of gas molecules, but at ambient pressure, it can have a significant
contribution to the total thermal conductivity [8,10,11,23]. For
instance, Fricke et al. [10] reported coupling contributions between 20
and 30 mW/(m-K) for powders consisting of hard grains (perlite and
diatomite), leading to a higher thermal conductivity than expected at
ambient pressure. Similar behavior was observed by Reichenauer et al.
[9] and by Swimm et al. [23] for a system consisting of solid glass
spheres of 1 mm diameter and for an organic aerogel (pore size of 600
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nm), respectively. However, despite the importance of the coupling ef-
fect, only a few authors modeled the coupling due to its complexity.
Swimm et al. [24], Zhao et al. [25], and Bi et al. [26] modeled analyt-
ically the coupling effect for aerogels. Meanwhile, Verma et al. [27] and
Liu et al. [28] developed a numerical model which already takes into
account the coupling for perlite-based systems and aerogels, respec-
tively. On the other hand, Swimm et al. [17,23] and Sonnick et al. [16]
modeled semi-empirically the coupling for aerogels and precipitated
silica, respectively. They show that the coupling depends on the density
(the higher density, the higher coupling) [16,23].

In our previous work [29], we produced vacuum insulation panels
based on micronized nanocellular poly(methyl-methacrylate) (PMMA)
with densities ranging from 160 and 360 kg/m> and cell sizes between
400 and 4000 nm, thermal conductivities between 37 and 51 mW/(m-K)
at ambient pressure, and thermal conductivities ranging from 11 to 18
mW/(m-K) at vacuum (0.02 mbar). This was the first time such material
was produced and characterized. The thermal conductivity results at
ambient pressure and under vacuum provided surprising results,
obtaining higher thermal conductivity reductions when vacuuming than
expected, and this behavior was attributed to the coupling effect. The
thermal conductivity of bulk nanocellular polymers, characterized by a
continuous structure, has been modeled extensively in the past
[15,30-36]. However, none of the previous models allowed to predict
how nanocellular polymers would behave after micronization. Micron-
ized nanocellular polymers are novel materials, characterized by a dis-
continous structure with the nanocells inside the micrometric particles
[371]. Micronized nanocellular polymers rise as an attempt to enhance
the thermal insulation behavior of nanocellular polymers [29,37],
which present high conduction through the solid phase and radiation as
shown by recent theoretical and experimental works [15,32-34].
Therefore, the modeling of the thermal conductivity of micronized
nanocellular polymers is of utmost importance to continue exploring
this novel route, since the compacted panels based on micronized
microcellular and nanocellular polymers potential candidates to be used
as alternative low-cost and environmentally friendly materials for VIP
productions.

In this work, a semi-empirical model to predict the thermal con-
ductivity of compacted panels based on micronized nanocellular PMMA
that only depends on the material characteristics (density, cell size, and
particle size) and the measurement conditions (pressure and tempera-
ture) is developed. For the first time, the coupling effect is studied in
micronized nanocellular polymer systems. Results show that these ma-
terials are quite promising for VIP applications since under vacuum it is
possible to achieve quite low thermal conductivities, below those ob-
tained with bulk nanocellular polymers.

2. Experimental

VIPs based on compacted panels of dimensions of 120 x 120 x 15

mm? were produced from microcellular and nanocellular micronized
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PMMA (Fig. 1). Details about the production of the bulk microcellular
and nanocellular PMMA via gas dissolution foaming using CO2 as a
blowing agent, the micronization process using a rotor beater mill, the
compaction process using a hot press, the VIP fabrication process, and
the characterization of these samples can be found in our previous works
[15,29,37]. The PMMA grade used was PLEXIGLAS® 7H kindly supplied
by Rohm GmbH. This PMMA presents a density of 1190 kg/m°, a melt
flow index of 0.77 g/10 min (measured at 230 °C and 2.16 kg), and a
glass transition temperature of 110.4 °C measured by DSC (model
DSC3+, Mettler).

Table 1 gathers the main features of the compacted samples which
are going to be used to develop the semi-empirical model to predict their
thermal conductivity. Apparent density (pqyp) wWas obtained according to
UNE-EN 1602 [29,38]. Cell size (¢3p) was obtained after analyzing the
cellular structure from scanning electron microscopy (SEM) micro-
graphs [15,39]. Particle size (D) was obtained through image analysis
[37,40]. Open cell content (OC) was measured according to ISO 4590
[37,41]. Thermal conductivity under maximum vacuum (0.02 mbar)
(Ayacuum) at 10 °C and thermal conductivities at ambient pressure (Agmpient
pressure) at different temperatures (10, 20, 30, and 40 °C) were measured
using a thermal heat flow meter model FOX 200 (TA Instruments /
LaserComp, Inc.), which measures according to ASTM C518 and ISO
8301 [42,43] (steady-state conditions) with an absolute accuracy of +1
% [29]. The thermal temperature gradient was set to 20 °C (i.e., for the
measurements at 10 °C, the temperature goes from 0 °C in the upper
isothermal plate to 20 °C in the lower one). The measurement temper-
atures were selected according to the literature [15,44-46]. Measure-
ments were also performed under different pressures (600, 300, 200,
100, 60, 30, 10, 6, and 3 mbar) at 10 °C and used to validate the model.
For the measurements under vacuum, a set-up consisting of a vacuum
pump (RV3, Edwards), a vacuum controller (VacuuSelect + VV-B15C
electrovalve + Pirani VacuuWiew extend sensor, Vacuubrand), a vac-
uum valve (VAC VALVE 425, Matva), and a vacuum bag (Pack-lab) were
used. See [29] for further details about the procedure of the vacuum
measurements.

3. Model: experimental determination of the coupling effect

Fig. 2 shows a scheme of the different heat transfer mechanisms
affecting a bulk material (Fig. 2a) and a compacted panel made of
micrometric particles (Fig. 2b). In a bulk material, the main heat transfer
mechanisms are conduction through the solid phase, conduction
through the gas (cells) phase, and radiation. Meanwhile, in a compacted
panel made of micrometric particles an additional mechanism, the
coupling effect, emerges due to the discontinuous structure. Also, the
discontinuous structure affects the conduction mechanisms. Therefore,
the proposed semi-empirical model:

e Is based on calculating the contributions of the different heat transfer
mechanisms as presented in Eq. (1).

Fig. 1. Picture of the compacted panel picture, its correspondent VIP, and SEM micrograph of its structure.
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Table 1
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Density, cell size, particle size, open cell content, thermal conductivity under vacuum (0.02 mbar) and 10 °C, and thermal conductivity at ambient pressure at different

temperatures (10, 20, 30, and 40 °C) of the compacted panels.

Avacuum (MW/(m-K)) Aambient pressure (mW/(m-K))

Sample Papp $3p SD/ ¢3p s D SD/ D ocC 10°C 10°C 20°C 30°C 40°C
(kg/m?) (nm) (pm) (%)
Cl 158 1459 0.41 77 0.68 87 +1 11.6 36.6 37.5 38.4 39.2
Cc2 223 3215 0.70 92 0.73 98 +1 10.7 41.1 41.9 42.8 43.7
C3 292 1021 0.45 109 0.68 85 +1 16.7 44.6 45.4 46.3 47.0
C4 190 2916 0.59 102 0.78 94 +1 11.2 38.8 39.8 40.7 41.6
C5 201 468 0.47 94 0.62 98 +1 12.9 38.0 38.7 39.5 40.3
C6 357 2379 0.65 139 0.64 80+1 18.1 51.1 52.0 52.9 53.8
Cc7 265 408 0.47 102 0.64 92 +1 16.5 42.2 429 43.7 44.4
Cc8 282 394 0.43 100 0.69 97 +1 18.5 44.2 44.7 45.5 46.1
a) b)
RADIATION

RADIATION

Fig. 2. Scheme of the heat transfer mechanisms in: a) bulk material and b) compacted paned made of micrometric particles.

e Presents the main novelty of calculating the conduction mechanisms
considering a system of independent particles, as described below.

e Accounts for the coupling effect which is determined from the
experimental data.

e Assumes that the radiation contribution of the compacted panels
behaves similarly to bulk materials with the same density.

e Does not account for thermal bridging since it has not been observed
in the experimental measurements.

e Depends only on the properties of the compacted material (apparent
relative density, cell size, and particle size) and the measurement
conditions (temperature and pressure), representing an advantage
over numerical or theoretical models that require more parameters
and assumptions being more difficult to use. Table 2 shows the
constants and values that are going to be considered for the thermal
conductivity modeling.

3.1. Conduction mechanisms: association of thermal resistances

On the one hand, the model is based on assuming an infinite series-
parallel association of the powder particles to describe the conduction
through the material. In conventional models for the conduction of
porous material, the conduction term is calculated as a sum of the
conduction through the solid (4;) and the conduction through the gas
(cells) phase (Agcers)- In our system, we have a high number of inde-
pendent particles, each of them characterized by its own conduction
term (s + Agcells), in contact to one another. To calculate an equivalent
conduction, we will assume each particle is acting as a thermal resis-
tance, and that the collection of them can be modeled as an infinite
association of thermal resistances in a series-parallel model. Then, using
Ohm and Kirchhoff’s law’s, we can calculate the equivalent conduction
though all the particles using Eq. (2). The term (1 +v3 ) is obtained by
applying Ohm and Kirchhoff law’s (association of infinite resistances in
series-parallel configuration [47]). It is important to remark that there

are several works where the conduction of powdered systems is treated
as an association of resistances [48-57], but as far as the authors know,
this is the first time the hypothesis of assuming an infinite series-parallel
association is used to describe the thermal conductivity.

_ /‘[s + lg,cells
“ 143

The conduction through the solid phase of each particle (4;), depends
on its solid volume fraction (X;), the conductivity of the solid matrix
(4’s), and a structural factor g (Eq. (3)). Note that for the porpose of the
model, we are treating each particle as an individual bulk material,
meaning that all the conduction information is gathered into the
assumption of infinite series-parallel association of particles. Therefore,
as we proved in our previous work where we modeled semi-empirically
bulk micro-and nanocellular PMMA, the solid volume fraction (Xj) is the
apparent relative density, defined as pr,qpp = papp / ps, Where pqpp is the
apparent density and p; is the density of the solid PMMA (1190 kg/m>);
the conductivity of the solid PMMA (1’5 ppma) depends on the temper-
ature as shown in Table 2; and the g factor is considered to be 0.89 [15].
Nevertheless, since in the present work we are treating with a system
consisting in powder particles, the effective g factor of the total com-
pacted sample is going to be 0.33 (because of the dividing term in Eq.
(2)). This value of g is very low in comparison with the value of the bulk
material: therefore, this hypothesis implies that the conduction through
the solid phase is very much reduced because of the presence of thermal
resistances between the powder particles.

j'S (mW/ (mK) ) = j"sg‘xx.pawder = j';,PMMAgPMMA.Dr,app (3)

Meanwhile, the conduction through the cells of each particle (Ag cens)
depends on the thermal conductivity of the gas (1’gceus) and the cells
volume fraction (Xgceys) (that can be calculated as 1 — pr,qpp) (Eq. (4)).
The conductivity of the gas is not that of the air, but it is reduced due to
the Knudsen effect (Eq. (4)). The Knudsen effect equation is well-known
and has been validated in several systems [18,58-60]. Therefore, the

@
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Table 2
Constants and values used for the thermal conductivity model.

Parameter Value Units

Variable for
each material
" Cell Size Variable for m
each material

Variable for

Apparent Relative

Prapp Density

Variables D Particle Size . m
each material
283.15 —
T T K
‘emperature 31315
0.01 —
p Pressure 101,325 Pa
lid PMMA
) Soli 0.2060 T +
A’s PMMA Thermal mW/(m-K)
- .. 115.5811
Conductivity
Solid Structure
8 Factor 0.89 -
Air Thermal 0.0741 T +
I K
#'go.air Conductivity 3.4029 mW/(m-K)
d, N? Molecule 36101 m
Diameter
Energy Tranfer
1. _
p Parameter 64
Parameters Micro-and
" nanocellular 1
PMMA Refractive B
Index
Micro-and
X nanocellular (5.6712-10° -
oPMMA PMMA Extintion °4 ppanp
Coefficent
A Coupling f factor —0.0045 T +
Slope 3.0725
B Coupling f factor y- 0.0006 T +
intercept 0.7133
Pa-m®
R Ideal Gas Constant 8.31446 (Pa-m')/
(mol-K)
Universal Na Avogadro’s 6.022 - 1023 molecules/
Constants Number mol
. Stefan-Boltzmann 567 .10-8 W/ K4
constant

conductivity of the gas inside the cells is reduced as the cell size is
reduced, and also when pressure is reduced by vacuuming. Thus, the
conduction through the cells phase also depends on the conductivity of
air (4’go_qir) (which is a function of the temperature as shown in Table 2
[61]), the cell size (¢), an intrinsic parameter that considers the transfer
of energy between the gas molecules and the solid structure (), the
temperature (T), the pressure (p), the molecule diameter (d,,), the ideal
gas constant (R) and the Avogadro’s number (Ny). All the constants used
for the model calculations are also collected in Table 2.

’ 24 ,air(l —Pr, )
}Vg,cells(mw/ (mK) ) =1 .celLs)(g-CeUS = w (4)

7 \/Eﬂd,anAp

3.2. Radiation

On the other hand, thermal radiation (4,) is supposed to follow the
Rosseland equation (Eq. (5)) [62,63]. The radiation term depends on the
temperature (T), the Stefan-Boltzmann constant (c), the refractive index
(n), and the extinction coefficient (K,). We make the hypothesis that the
presence of the particle interfaces does not create additional scattering
surfaces for radiation, and we assume that the compacted powders
behave similarly to bulk materials with the same density as far as the
radiation contribution is concerned. Therefore, K, can be calculated with
an empirical equation obtained in a previous work for bulk micro-and
nanocellular PMMA that takes into account the cell size (¢) and the
relative apparent density (pr,qpp) (Table 2) [15].
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3.3. Coupling effect

There are some models to describe the coupling term (4coyp). In the
simplest case, as proposed by Swimm et al. [17], it can be described as a
series connection of thermal resistances between the solid (R;) and the
gas (R,) phases (Fig. 3). Using the general relation for a thermal resis-
tance (R = d / A, where R is the thermal resistance, d is the distance, and
A the thermal conductivity), the following equation (Eq. (6)) can be
derived to describe the coupling. Where d; and dj are the thickness over
which the heat is transferred within the solid and gas phases. The system
is described in terms of a unit cell that contains all the information (the
unit cell thickness is dypit cerr)- In this model, all influencing parameters
like the particle surface geometry near the area of particle-to-particle
contact or the thermal conductivity of the solid are combined in one-
factor f, which may be a function of the porosity of the material [16].
As the f factor is usually the only unknown parameter, it can be obtained
by solving the overall thermal conductivity equation and fitting the
calculated data to the experimental data using the method of the least
squares [16,23]. For instance, Sonnick et al. [16] obtained that f =
—18.68Vy + 17.94 (where Vy is the porosity, which range between 0.92
and 0.76) for a precipitated silica system. Therefore, f takes values from
0.75 to 3.74. Meanwhile, Swimm et al. [23] obtained f values of 1.73 to
2.25 for two organic aerogels of porosities of 0.78 and 0.76 respectively
(if doing a linear fit, f = —26.00 V; + 22.01). Whereas Heinemann et al.
[64] mentioned that for a bed of glass spheres f would be 7.

2 _ dunitcell _ ds + dg = j'S (dS + dg) —
coup Rs + Rg % —+ i—g gj~gds + isdg
s 3

Ag:f (6)

Applying Eq. (6) to the powdered systems, the thermal conductivity
of the gas is that of the air, which is described by the Knudsen effect,
depending on the particle size (D) because the coupling effect is related
to the presence of the particles [16]. So, the coupling effect is described
by Eq. (7). All terms are known except the f factor.

A o
Joop(MW/(MK) ) = 1557 )
D /27d%Nsp

3.3.1. Determination of the f factor

The only unknown parameter to predict the thermal conductivity is
the f factor. It is calculated for each compacted material at different
temperatures by solving Egs. (7) and (8):

ﬂcoup = j-t - j'eq - )br (8)

Fig. 3. Simple resistance model to describe the coupling of solid and gas heat
conduction (adapted from [17]). The violet lines indicate one unit cell. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Where /, is the experimental thermal conductivity and Z.q and 4, are
calculated based on Egs. (2), (3), (4), and (5). Constants and values used
for the calculations are gathered in Table 2. Then, the results of the
experimental f factor at each temperature are fit as a function of the
apparent relative density using the method of the last squares [16], as
shown in Fig. 4a. For the samples produced in this work, f takes values
from 0.75 to 1.09. Note that, the higher the f factor, the higher coupling
(Eq. (7)). As density increases, the f factor increases (Fig. 4a) leading to a
higher coupling contribution. It was observed that the fitting parameters
were also a function of the temperature as shown in Fig. 4b. So, the f
factor has been defined as a function of the apparent density and the
temperature. As far as the authors know, this is the first time that f is
defined also as a function of the temperature, but, looking at Eq. (6),
since the thermal conductivity of the solid and gas depends on the
temperature, it makes sense for fto be also a function of the temperature.
As temperature increases, the f factor decreases (Fig. 4a) leading to a
lower coupling contribution.

Table 3 summarizes the obtained parameters and correlation coef-
ficient (?) in the first and second fitting (Fig. 4a and Fig. 4b in the
manuscript respectively) for the calculus of the f factor. A is the slope
and B is the y-intercept in the first fitting for each temperature (f factor
as a function of the apparent relative density). Whereas A’ is the slope
and B’ is the y-intercept in the second fitting (calculated parameters
(slopes and y-intercepts) in the first fitting as a function of the temper-
ature). It is observed that the correlation coefficient obtained on both
adjustments is high (over 0.9).

Therefore, the total thermal conductivity (1) of the compacted sys-
tems is described by Eq. (9). Note that this equation may be valid for
compacted panels made by micronized micro-and nanocellular PMMA
but also for other micronized cellular polymers or systems consisting of
particles in contact. For different materials, the different inherent pa-
rameters (conduction of the solid, f factor, and extinction coefficient)
should be determined to adjust the model to the characteristics of the
new system.

air (1 ’”r»app)

, x,
Zg0_air\” Trapp)
As_prinia8PMMAPr gpp + 112 __ET
# V2nd2 Npp

A(mW/(mK)) =
(mW/(mK) ) 1773
16n26T? Xog_ai
+ 1000 +—— 5= (Ap, ,,, +B) ©)
7 r.app
3K._puma 1+3\/5'£—2:Nw
a)
1.2
= 10°C
20°C -
1.1 30 °C
v 40°C R
1.0 Py
/‘. P
- N 27 ’v,
0.9 a2
L /v'/ 2 e v
/',/// M
0.8 | A f=A(T) p +B(T)
z- r.app
p A v
0.7 T . . :
0.10 0.15 0.20 0.25 0.30 0.35

Apparent Relative Density
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4. Model validation and predictions

4.1. Validation: comparison of the model predictions with the
experimental results for the compacted panels

Fig. 5 shows the experimental thermal conductivity of the compacted
samples C1 to C8 at 10 °C as a function of pressure and the predicted
values given by the model according to Eq. (9). It is observed that the
predicted thermal conductivity curve fits very well with the experi-
mental data proving the validity of the model, as will be further dis-
cussed in the paragraphs. In addition, it is important to remark that the
novel hypothesis of assuming an infinite series-parallel association for
describing the conduction is the key to the model. For instance, at
maximum vacuum (where the only heat transfer mechanisms are radi-
ation and conduction through the solid phase) it allows predicting
similar values to the experimental ones. But it also allows, together with
the coupling, to predict similar values throgouth the vacuuming curve
(Fig. 5h). However, some discrepancies, mostly under vacuum, are
observed. One possible reason of these discrepancies can be related to
the the use of the mean values of cell size and particle size for the cal-
culations. Another possible reason is the open cell content. Since the
materials are not 100 % open, they probably cannot be fully evacuated,
resulting in a measurement under vacuum that will not correspond to an
actual 0.02 mbar inner pressure.

In particular, Fig. 6 shows the experimental and predicted thermal
conductivities of the compacted panel #5 at 10 °C as a representative
example. It is observed that the prediction of our model adjusts well to
the experimental points at different pressures. The thermal conductivity
at 10 °C as a function of the pressure of bulk sample #5 and its pre-
diction according to the equation obtained in [15] has also been
included in Fig. 6 as a reference. While in the bulk material, there is only
one drop of thermal conductivity (due to the Knudsen effect associated
with the conduction through the gas phase), in the compacted sample
there is a double drop: one due to the Knudsen effect affecting the
conduction through the gas in the cells, and the other one due to the
coupling effect. The drop due to the Knudsen effect affecting the con-
duction through the cells phase is governed by the cell size, meanwhile,
the drop due to the coupling effect is governed by the particle size.

On the other hand, Fig. 7a and Fig. 7b show the predictions of the
thermal conductivity of the compacted samples C1 to C8 according to
Eq. (9) at ambient pressure and under maximum vacuum (0.02 mbar)
respectively. Fig. 7a shows the results at ambient pressure and different
temperatures (y axis) as a function of the experimental result for the
same sample (x axis) according to the data of Table 1. It is observed that

b)

20
1.5
) f=A(T) p,,,,* B(T)
Q
s 10| A(T)=-00045T + 30725
s B(T) = -0.0006T + 0.7133
N
05l P»------ R R >
A
0.0 ol T T T
280 290 300 310 320

Temperature (K)

Fig. 4. Determination of the f factor: a) f as a function of the apparent relative density of the compacted samples for different temperatures, and b) fitting parameters

as a function of the temperature.
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Table 3
Obtained parameters and correlation coefficient (%) in the first and second fitting (Fig. 8a and b in the manuscript respectively) for the calculus of the f factor.
FIRST FITTING

T (K) A B r? SECOND FITTING

283.15 1.797545 0.5491 0.9529 Parameter A’ B I

293.15 1.733235 0.5449 0.9380 A(T) —0.0045 3.0725 0.9903

303.15 1.6998 0.5393 0.9247 B(T) —0.0006 0.7133 0.9920

313.15 1.6577 0.5318 0.9073
a) c1 b) c2 c) c3 d) c4
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Fig. 6. Thermal conductivity at 10 °C as a function of the pressure of the
compacted panel #5 and prediction according to Eq. (9). The thermal con-
ductivity at 10 °C as a function of the pressure of bulk sample #5 and its
prediction according to the equation obtained in [15] has been included as
a reference.

there is a good correlation between the experimental values and the
predicted ones since all the data points lie close to the theoretical line x
= y that would correspond to perfect agreement between the data.
Meanwhile, Fig. 7b shows the results of the model at 10 °C and at

maximum vacuum (0.02 mbar) (y axis) compared to those obtained
experimentally at the same conditions for each sample (x axis, data from
Table 1). Again, good agreement is observed. The absolute differences
are calculated in Fig. 7c and Fig. 7d. Regarding the predictions at
ambient pressure the average absolute difference of the predictions at
the different temperatures is lower than 0.8 mW/(m-K) (0.7 mW/(m-K)
at 10 °C) (Fig. 7c). Therefore, the predicted values adjust well to the
experimental measurements, with deviations below 3.5 %. At vacuum,
the average absolute difference at 10 °C is lower than 1.0 mW/(m-K)
(see Fig. 7d). As previously disccused, the discrepancies can be related to
the open cell content and/or the use of the mean values of the different
parameters for the calculations.

Fig. 8 shows the calculated thermal conductivities of the PMMA
compacted panels at 10 °C and their contributions from conduction
through the gas in the cells and the solid, radiation, and coupling in
mW/(m-K) (Fig. 8a) and in % of the total thermal conductivity (Fig. 8b).
It is observed that the coupling effect represents about 53 % (around 20
mW/(m-K)) of the total thermal conductivity, followed by the conduc-
tion through the solid phase (approximately 27 %), conduction through
the cell phase (which ranges between 10 and 18 %), and radiation
(which ranges between 2 and 9 %). Note that the radiation contribution
of the nanocellular samples (C5, C7, and C8) is higher, and also C1
presents higher radiation, probably due to its low density. The con-
duction through the solid phase is quite low in comparison with a bulk
nanocellular polymer [15] because the effective g factor in this material
is 0.33 (2.7 times lower than that of bulk materials). The conduction of
the gas inside the cells represents a small fraction of the total due to the
assumption of the model of considering this mechanism an association of
thermal resistance. Meanwhile, the high fraction represented by the
coupling effect remarks the need of the proposed model to understand
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the thermal conductivity of the micronized nanocellular materials: their
behavior cannot be understood without this additional heat transfer
mechanism. The coupling effect represents the same fraction in all the

materials, regardless the size of the cells and even the density.

Therefore, the good accuracy of the model to predict the experi-
mental results supports the validity of the hypothesis used to build the

model:

e All the conduction information is gathered into the assumption of
infinite series-parallel association of particles. Therefore, the effec-
tive g factor in a compacted panel is as low as 0.33, which means that
the solid conduction can be reduced 2.7 times regarding the bulk
material.

e There is a coupling effect that is responsible for the highest contri-
bution to the total thermal conductivity at ambient pressure.
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Note that the model is developed in a certain range of densities
(160-360 kg/ms), cell sizes (400-3200 nm), pressures (0.02-1013
mbar), and temperatures (10-40 °C). Therefore, it is, at least, valid for
compacted panels made by micronized micro-and nanocellular PMMA
in that range but can also be valid for other micronized cellular polymers
or systems consisting of particles in contact. As previously commented,
for different materials, the different inherent parameters (conduction of
the solid, f factor, and extinction coefficient) may be determined to
extend the model. Finally, possible discrepancies between predictions
and experimental data may be due to the open cell content and/or the
use of the mean values of the different parameters for the calculations.

In the next section, the equations developed in the model are going to
be used to extrapolate the behavior to densities and cell sizes out of the
range of study of this work.

4.2. Effect of the cell size, particle size, pressure, and density on the
thermal conductivity

The model can be used to predict trends and study the effect of the
different parameters on the thermal conductivity of compacted panels.
On the one hand, Fig. 9a, 6b, and c show the effect of the particle size on
the thermal conductivity at different pressures. The predictions were
calculated at 10 °C, assuming 500 nm of cell size and an apparent
density of 150 kg/m> (Fig. 9a), 100 kg/m> (Fig. 9b), and 50 kg/m>
(Fig. 9¢). Note that since the particle size is not in the nanoscale it does
not affect the total thermal conductivity at ambient pressure or at
maximum vacuum, only the curve at different pressures. As the particle
size is reduced the Knudsen effect occurs at higher pressures (requiring a
lower vacuum to fully evacuate the material), so for applications like
vacuum insulation panels the smaller the particle size the better.
Furthermore, it is observed that as density decreases from 150 kg/m? to
100 kg/m® the total thermal conductivity decreases, but at 50 kg/m? it
increases again. When density decreases the conduction through the

Pressure (mbar)

Pressure (mbar)
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solid phase and the coupling decrease, whereas the conduction through
the cells phase and the radiation increase (Eq. (9)), leading to a
compromise between the heat transfer mechanisms that result in an
optimum density. On the other hand, Fig. 9d, 6e, and f show the effect of
the cell size on the thermal conductivity at different pressures for a fixed
particle size of 100 pm. The predictions were performed at 10 °C,
assuming an apparent density of 150 kg/m® (Fig. 9d), 100 kg/m®
(Fig. 9e), and 50 kg/m3 (Fig. 9f). In this case, the cell size is affecting
both the conduction through the cells phase and the radiation.
Regarding the radiation, the lower the cell size the higher the radiation
since the material becomes transparent to infrared radiation [15,33,34],
obtaining higher thermal conductivities. Also, when the density is
reduced there is less amount of matter to absorb/scatter the thermal
radiation, so the radiation rises hugely. This effect can be easily
observed at vacuum. With respect to the conduction through the cells
phase, it is observed that the first fall of the thermal conductivity as the
pressure is reduced is less sharp when the cell size is reduced due to the
Knudsen effect. These predictions show that for the compacted panels
micrometric cells are promising candidates for this application in VIP
panels. However, reaching smaller particle sizes would be more chal-
lenging as the cell size increases.

Fig. 10 shows the effect of the contributions of each transfer mech-
anism on the thermal conductivity at different pressures. The pre-
dictions were performed at 10 °C, assuming 500 nm of cell size, 100 pm
of particle size, and an apparent density of 150 kg/m> (Fig. 10a and 6d),
100 kg/rn3 (Fig. 10b and 6e), and 50 kg/rn3 (Fig. 10c and 6f). On the
one hand, it is observed that since the conduction through the solid
phase does not depend on the cell size or the particle size its contribution
is constant and becomes more important under vacuum. As density re-
duces the conduction through the solid phase decreases. On the other
hand, radiation depends on the cell size and on the relative density. For a
given combination of density and cell size, its contribution is also con-
stant and becomes more important under vacuum. As previously
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commented, as density decreases the amount of matter to absorb/scatter
the thermal radiation is reduced, so the radiation rises hugely as
observed in Fig. 10a, 7b, and c. Therefore, at vacuum for very low-
density materials, most of the thermal conductivity is due to the radia-
tion contribution (Fig. 10f). Meanwhile, conduction through the gas
phase depends on the density and the cell size. Since the cell size is much
smaller than the particle size, the contribution of the conduction
through the gas becomes null at higher pressures. Finally, the coupling
depends on the density and the particle size. It is noticed that as density
increases contribution of the coupling effect rises, being higher than 50
% of the total thermal conductivity for pressures higher than 5 mbar for
materials with densities higher than 100 kg/m® (Fig. 10d and 7e).

In Fig. 11 maps of thermal conductivity as a function of the cell size
and the relative density are presented, assuming 10 °C of temperature.
Fig. 11a and 8c show the thermal conductivity of the bulk samples at
ambient pressure and at vacuum, respectively, whereas Fig. 11b and 8d
show the thermal conductivity of the compacted panels at ambient
pressure and at vacuum, respectively. For the compacted panels, a
particle size of 100 pm has been assumed.

Regarding the predictions, the compacted panels present lower
thermal conductivity due to their discontinuous cellular structure. At
ambient pressure, a minimum (thermal conductivities between 30.0 and
32.5 mW/(m-K)) appear in the region of around 70 kg/m3 (relative
densities of 0.06) and cell sizes higher than 1600 nm for the compacted
panels (Fig. 11b). This minimum is like the one obtained for the bulk
material in that region and may be due to the increase in the radiation
contribution when the solid volume fraction (which absorbs the radia-
tion) is reduced (Fig. 11a). However, in the bulk materials, a second
region with minimum thermal conductivity was obtained for cell sizes in
the nanoscale, whereas this does not appear in the panels. This can be
due to the fact that this model assumes a small relevance of the gas in-
side the cells, so the presence of nanometric cells is not enough to assure
a good insulation performance. Meanwhile, at vacuum, the compacted
panels (Fig. 11d) also present lower thermal conductivity than the bulk

materials (Fig. 11c). For powdered systems based on nanocellular
polymers, thermal conductivities higher than 10 mW/(m-K) are pre-
dicted, while bulk materials are limited to values over 15 mW/mK. This
minimum is again obtained for cell sizes of around 2-3 pm as already
discussed in Fig. 9. Then, microcellular polymers can be suitable for this
application as long as the cell size is small enough to assure a good
micronization of the material.

In the previous graphs, a solid structure factor of 0.89 has been
assumed for the nanocellular polymer (effective solid structure factor of
0.33 for the micronized materials). However, for low-density foams, g
factors of 0.3-0.6 are usually reported [20,21,65]. To account for the
possible configurations of nanocellular polymers that could lead to
reduced solid structure factors, Fig. 12 shows a map of the thermal
conductivity of compacted panels (100 pm of particle size) as a function
of the cell size and the relative density assuming 10 °C of temperature at
ambient pressure (first raw) and at vacuum (second raw) but using
different solid structural factors g = 0.7 (Fig. 12a and 9d), g = 0.5
(Fig. 12b and 9e), and g = 0.3 (Fig. 12c and 9f) (effective solid structure
factors of 0.26, 0.18, and 0.11, respectively). It is observed that as the
solid structure factor decreases, the minimum thermal conductivity that
can be reached is reduced. Thus, the reduction of g from 0.89 to 0.3 leads
to a reduction of 2 mW/(m-K) in compacted panels (from 30 to 28 mW/
(m-K)) at ambient pressure. Meanwhile, at vacuum thermal conductiv-
ities as low as 4 mW/(m-K) can be obtained (Fig. 12f).

Finally, it is important to recall that the present model does not take
into account that the contact points between particles may act as radi-
ation scatter points, which may reduce further the radiation, improving
the thermal insulation of these materials. Furthermore, radiation can be
reduced by introducing particles that absorb or scatter infrared radia-
tion. Therefore, compacted panels are a new promising eco-friendly, and
low-cost alternative materials for the generation of VIP cores.
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vacuum. For the compacted panels, a particle size of 100 pm was assumed.
5. Conclusions

In this work, a model to predict the thermal conductivity of com-
pacted panels based on micronized microcellular and nanocellular
PMMA is established. The model is unique in introducing the concept of
infinite association of resistances for quantifying the conduction through
the powder particles. In addition, a new heat transfer mechanism (the
coupling effect), never observed in bulk nanocellular polymers, appears
due to the discontinuous solid phase and the model is able to quantify
this mechanism. Thus, a semi-empirical model able to predict the ther-
mal conductivity of compacted materials based on microcellular and
nanocellular PMMA was developed. The semi-empirical model depends
only on the properties of the compacted material (apparent relative
density, cell size, and particle size) and the measurement conditions
(temperature and pressure). The model presents high accuracy for the
compacted panels at ambient pressure, at maximum vacuum, and also at
different vacuum pressures. The model also allows analyzing the
contribution of each heat transfer mechanism, showing that the
contribution of the coupling effect is higher than 50 % of the total
thermal contribution for pressures higher than 5 mbar. For nanocellular
polymers (at 10 °C), the model predicts minimum thermal conductivities

10

of 32.5 mW/(m-K) at ambient pressure and of 10 mW/(m-K) at
maximum vacuum. Furthermore, depending on the solid structure
configuration, the model predicts thermal conductivities as low as 4
mW/(m-K) at maximum vacuum. These results make the compacted
panels based on micronized microcellular and nanocellular polymers
potential candidates to be used as alternative materials for VIP pro-
ductions. Finally, this works helps to identify the strengths and weak-
nesses of these materials and how they could be further improved in the
future. The particle size was found to be an important parameter, while
the radiation term played an important role. Thus, this paper paves the
way for further studies in reducing the particle size and adding infrared
blockers, which would for sure boost the performance of these new
materials.
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