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Developing new components to improve energy savings in buildings by using
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ABSTRACT O In this paper is presented a general
overview of studies which aim at developing new
components to be used in buildings to improve energy
savings without decreasing human thermal comfort.
The main features of these studies are reminded and the
paper is focused on the realisation and test of
honeycomb panels filled with PCMs. Thermal response
of panels is determined with a specific test bench and
PCM effects are clearly shown. Modelling and
numerical simulation allowed us to interpret
experimental results.
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INTRODUCTION
Growing of energy needs impose the development of
systems which accumulate energy during a time of
surplus and release it at time when it is needed. Use of
PCM is a way to store thermal energy in reducing the
material volume. In building applications using a phase-
change could allow us to choose the best phase-change
temperature to reach a thermal comfort temperature.
Several joint studies have been undertaken in our
laboratories to include PCM in buildings.
The first way to find routes to save energy was to
employ Phase Change Materials (PCMs) in several
parts of a building to manage solar or internal incomes.
The first task was to find PCMs adapted to this
application together with specific packaging to avoid
leaks. In this objective, a polymer — PCM composite
material has been developed and several components
has been realized and tested:
- in the external envelope
- by developing new bricks containing PCM to
build walls,
- by developing light envelopes for tertiary
buildings.
- in the internal dividing wallboards
- by developing new panels
- in heating, ventilation and air conditioning devices
- by developing recuperating/regenerating heat
exchangers
- in energy sources
- by coupling Photovoltaic panels with a PCM
latent heat storage.
The second way was to develop active systems which
control HVAC and shading devices to determine at
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what time of the day/year solar gain would be
beneficial or not for thermal comfort.

In this paper, we present some elements of the first
way. For building and wallboard purposes, several
criteria can be defined (i) to augment the thermal inertia
of the wall, (ii) to store heat during one half-day and to
release it during the other half (iii) to maintain one wall
surface to a constant temperature close to a comfort
value. Use of PCM is a way to increase inertia and to
maintain a constant temperature value. However, using
PCMs adds another criterion: leaks of the liquid PCM
must be prohibited. To fulfil the above criteria, several
methods have been followed in our laboratories

- manufacturing a composite material,

- filling liquidtight panels with PCMs.

The development of a composite material has been
described elsewhere [Royen al, 2010]. This material

is manufactured by incorporating a paraffin (melting
temperature 27 °C) in a polymer matrix. During thermal
cycling no leaks were observed when paraffin is in
liquid state. This composite material has been
incorporated in bricks.

Encapsulating PCMs in liquidtight panels has also been
extensively studied. Several types of panels have been
tested. Panels in PolyCarbonate (PC) and in
PolyVynilChloride (PVC) filled with
PolyEthyleneGlycol 600 have been tested [Ahnead
al., 2006]. If such a packaging avoids leaks, the low
conductivity of PCM (of the order of 0.2 W/m K)
impedes the thermal performance and conductivity of
hosting materials (PC or PVC) is not high enough to
favour heat transfer.

Using honeycomb panels filled with PCMs allowed us
to fulfil two criteria: enhancement of thermal
conductivity and containment. This type of thermal
management has already been used to investigate
transient thermal control of electronic and avionics
module [Ahbat, 1976; Bledjiaat al, 1979; Brennen &
Suelau, 1978; Pal & Joshi, 1998] but to our knowledge
it has been considered in only one work [Wettervedld
al., 1983] for building applications.

It may be observed that substantial amount of work has
been reported on thermal management of electronic
devices. The aim of the present study is to characterize
a honeycomb structure for building applications and to
validate a numerical simulation with the studied
structure which would allows us to optimize the
geometry.
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EXPERIMENTAL

PCM Choice

The chosen PCM was paraffin. These materials show a
good storage density with respect to mass but their
thermal conductivity is rather low. They do not react
with most chemicals. Their compatibility with metals is
very good. They have limited safety constraints, the
main problem arising from their possible flammability.
The used commercial product is LINPARS820 which

is a mixture of Tetradecane and Octadecane.

The stored heat as a function of temperature (nearly
identical with specific heat capacity [Melhing &
Cabeza, 2008]) has been determined in the [-10 °C, 40
°C] interval in heating and cooling conditions (Figure
1) with a SETARAM microcalorimeter. Measurements
have been carried out in dynamic mode with a low
scanning rate (0.05 K/min) to reduce deviation between
peak top and temperature. It is shown that there is a
shift between the two peaks (heating and cooling). This
shift is probably due to subcooling before solidification.
By integrating the measured curves the latent heat can
be deduced and results are presented Table 1.
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Figure 1. Stored heat (~ ,C as a function of
temperature measured by Differential Scanning
Calorimetry (Scanning rate, 0.05 K/min)
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Table 1. Measured values of physical properties.

Heating | Cooling
Latent heat (kJ.K§ 170.1 168.1
Specific heat capacity peak27.9 26.6
temperature (°C)

Solid Liquid
Specific heat capacity 2560 2445
(J.kg K™
Thermal conductivity 0.193
(W.m™.K?

Thermal conductivity has been measured by the hot-
wire method far from the melting zones. At — 5 °C
thermal conductivity of the solid material was found to
be 0.175 W.M.K™. With our method we did not
succeed to have coherent values at 30 or 40 °C due to
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convective effects and we have used the same value as
for the solid material.

Honeycomb Panels

To enhance apparent thermal conductivity we have
chosen to use aluminium fins under the form of
honeycombs to ensure efficient heat conduction and
good PCM incorporation. Commercial honeycomb
panels were provided by the SMCI Company.

Honeycombs were 2 cm deep, and after being carefully
filed covered with a 1 mm thick aluminium sheet
(Figure 2) stuck on the honeycomb tips. Test samples
with 15 cm x 15 cm dimension were realized together
with a box of identical volume filled with water and
another filled with air in order to compare their thermal
prescribed

responses to
conditions.

temperature  boundary

Figure 2. Honeycomb panel sample filled with paraffin,
before to stick the upper aluminium skin.

Experimental Set-up

The thermal response of panel samples has been tested
on a specific test bench. The test loop has already been
described by Ahmacdet al. (2006) and only some
general characteristics are reminded. In this loop, tested
panels are placed between two plate heat exchangers
and the temperature can be imposed on each side of a
panel or on one side, the other side being in contact
with the ambient air or thermally insulated (Figure 3).
Water flows inside heat exchangers and its velocity is
large enough to ensure a wall prescribed temperature.
This was validated by measuring inlet/outlet water
temperatures. Difference between the two temperatures
was less than 0.3 °C.

As shown in Figures 3 and 4, a panel with the three test
samples was placed in close contact of only one heat
exchanger (referred in the following as front side). On
the back side, samples are embedded in polyurethane
foam and the thermal insulation is completed with a
Vacuum Isolating Panel (VIP).

Instrumentation and Measurements

Each sample was equipped with two thermofluxmeters
(Captec) which allows temperature and heat flux to be
measured on each side of samples (Figures 3 and 4). To
avoid some deterioration of these thermofluxmeters
when they are pressed against the plate of the heat

Proceedings of the Tenth International Conference for Enhanced Building Operations, Kuwait, October 26-28, 2010



exchanger a thin rubber foam layer is placed between
the plates and the samples (Figure 3). Data acquisition
and temperature variation control were achieved with a
Keithley Instruments module.
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Figure 3. Schematic of the test section with three
samples and with temperature and flux sensors

Figure 4. The panel placed in the test loop. Three
samples from up to down: Empty (Air), filled with
PCM, filled with water.

Experimental Procedure

A cyclic temperature variation (with a period of 24 h)
was imposed on the front side of the samples. In the
first test, temperature variation was linear (sawtooth)
and comprised between 11 and 29 °C (Figure 5). This
test allowed us to easily detect any deviation of the
front and back side temperatures with respect to a linear
variation. In the second test a sinusoidal variation was
imposed. Such a variation is more realistic compared to
an ambient temperature variation.

Experimental Results
Thermal cycle with temperature linear variation.
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In figure 5 are presented the temperature variations on
the back sides of the three samples (PCM, water, air)
compared with the imposed linear temperature. The
temperature curves of the air and water samples are
linear too. The temperature curve of the air sample is
not distinguishable from that of the heat exchanger
temperature and for the water sample we observe a time
lag of about 1500 s. If is the thickness of samples, the
time lag between the two sides is given by

b=o7 (1)
Wherea is the thermal diffusivity. For air it is about 9 s
and for water 1 400 s. These values are in agreement
with the experimental data and also show that the
samples are correctly thermally insulated. It can be
observed that the surface temperature of the sample
with PCM is no longer linear and present inflexion
points, clearly indicating a thermal storage effect. The
melting zone begins at temperatures between 15 and 20
°C in accordance with DSC curve. Solidification takes
place at 27.5 °C, this value is slightly less than that
observed in DSC. Far from the phase-change zones, a
time lag can be evaluated. In liquid zone it is equals to
1140 s.
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Figure 5. Temperature variations on the back side of the
empty sample (Air), the sample filled with water
(Water) and the honeycomb sample filled with PCM
(PCM). Temperature of the heat exchanger (HX) is
given for comparison.

Curves presented in figure 6 represent the temperature
variations of the sample with PCM (full lines,
temperature imposed by the heat exchanger,
temperatures on the front side and the backside of the
sample) and the flux on the front side (dotted line). It
can be seen that during melting and solidification,
curvature of the temperature curve on front side is less
pronounced than that on back side. The plate of the heat
exchanger should impose its temperature on the front
side whereas the phase-change process controls the
temperature variation on the back side. However, due to
thermal resistance of the rubber foam layer inserted
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between the heat exchanger plate and the sample, the
temperature measured on the front side does not follow
exactly the imposed temperature and a shallow

“shoulder” is observed.
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Figure 6. Temperature (full lines) and flux (dotted line)
variations of the PCM-filled honeycomb sample.

Figure 7 shows flux variations as a function of
temperature and the phase-change process is clearly
reflected by the flux peak accompanying temperature
shoulders. The nearly constant level before and after the
peak is a measurement of the sensible heat. The
stored/released thermal energy can be calculated by
integration of the flux peak. Results are given in table 2.
Found values are in agreement with those calculated
with latent heat which are 2891.7 kFrtheating) and
2857.7 kJ.nf (cooling).

In order to compare the storage capability of the
honeycomb panel with PCM with storage by sensible
heat, we have reported in figure 7, the fluxes measured
for the three samples (Air, water, PCM). Heat stored is
given by integration, and results given in table 2 clearly
show that the sample containing PCM is able to store
about 3 times more energy than the sample containing
water.
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Figure 7. Heat fluxes measured at the front sides of the
three samples (PCM, water, air) during sample heating.
Fluxes measured at the back sides are nearly zero.
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Table 2. Energy stored by the samples deduced from
the flux curves

Stored energy during heating

PCM 2841 kJ.nif
Water 835 kJ.nf
Air 284 kJ.nit

Thermal cycle with temperature sinusoidal variation.

To simulate daily ambient temperatures, a sinusoidal
variation was imposed to the plate heat exchanger
T(t)= Ty, + Asinwt (2)
WhereT,, is the mean temperaturg = 25 °C),A the
amplitude A = 14 °C) andwthe angular frequency
equals to
_2n
T
7 being the periodt(= 24 h).
Thermal responses of the three samples are reported in
figure 8. As already seen with the linear variation,
temperature curves of the PCM honeycomb panel
present “shoulders” in the zones of phase change. We
can observe superheating of the liquid paraffin as in the
previous experiment due to a too low quantity of
paraffin. However one of the objectives of these
experiments is to provide data to validate a numerical
simulation program in order to optimize honeycomb
panels and paraffin amount.
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Figure 8. Temperature variation for sinusoidal cycle.
Pure sine curves are for imposed temperature, and front
side temperatures of water and air samples.

MODELLING AND NUMERICAL SIMULATION

Model description

For sake of simplicity, the modelling approach restricts
to an elementary prismatic region (figure 9): a
hexagonal Aluminium-honeycomb cell completely
filled with PCM and delimited by the aluminium top
and bottom sheets of the sandwich structure. The rubber
foam placed on the front side between the heat
exchanger and the sample is also represented. The
presence of this low conductivity thickness plays an
important role in the difference between the
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temperature imposed by the heat exchanger and the
temperature measured on the front side, at the level of
the aluminium sheet. On the back side, the two

insulating layers of PU foam and Vacuum Insulated

Panel (VIP) are not described. They are implicitly taken

into account in the mode by an insulation boundary

condition.

Back side

Al honeycomb cell /

filled with PCM

Aluminium front and

back sheets
Rubber
foam

Figure 9. Structure for the finite element modelling.
Half of an aluminium hexagonal cell filled with PCM is
represented with aluminium sheets of both sides.
Rubber foam is placed on the front side.

The geometrical parameters are the cell depth, the cell
size and the thickness of the aluminium cell walls, the
Al sheet thickness and the rubber foam thickness.
Taking into account the geometrical symmetries of the
structure leads to model only half of the whole
assembly. One of the difficulties of meshing such a
structure is to deal with sizes of different order of
magnitude. The cell size is about some millimetres high
whereas the cell wall size is about few tens of
micrometres thick. This difficulty has been overcome
by describing the honeycomb cell walls with a so-called
“highly conductive layer”, a special element available
in the COMSOL package. This allows an appreciable
gain of degrees of freedom in such a 3D calculation.
The only heat transfer mode considered is conduction,
even during the melting or solidification processes.
Natural convection effects at the solid-liquid interface
are neglected, as already discussed by Pal & Joshi
(1998). The governing equation considered here is
classical energy balance equation, in absence of heat
source:

pCp%—:I[-+ dif- kT =0, (4)
where p, C,, k are respectively the density, the

specific heat and the thermal conductivity of the
different materials in the structure. A Dirichlet

boundary condition is imposed on the front side,
corresponding to the external cyclic temperature
variation imposed by the heat exchanger, either linear
or sinusoidal, as shown in figure 3. An insulated
boundary condition is imposed on the back side. The
other lateral boundary conditions reflect the symmetry
of the structure.
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A Finite Element procedure has been used to solve this
3D transient and heterogeneous problem (COMSOL
Multiphysic$® software). Different kinds of numerical
approaches for modelling the phase change problem
exist. The effective heat capacity method is used here.
It consists in explicitly taking into account the
temperature dependence of the heat capacity of the
PCM, as appearing in figure 1. The different
geometrical and material parameters used in the
simulation are summarized in table 3. It is worth
noticing that the effective thermal conductivity
corresponding to the elements referred as “conductive
layer” must be taken lower than the aluminium thermal
conductivity. Indeed, the process leading to the
sandwich structure implies to glue the two Al sheets on
the Al honeycomb. This glue acts as a weak link in term
of thermal conductivity of the whole metallic structure.
A value of 50 WritK™* has been taken for this effective
thermal conductivity.

Table 3. Numerical values used for the finite element
simulation.

Physical Al PCM | PCM | Rubber
properties solid liquid foam
Density (kg.nt) | 2700| 789 763 134
Thermal 160 | 0.193 0.15 0.055
conductivity

(W.mtK?

Specific heaff 900 | 2270 2880 1500
capacity

(J.kg K™

Geometrical parameters Value (mm)
Honeycomb depth 20

Cell size 6

Cell wall thickness 0.07
Front and back Al sheet thickness 1
Rubber foam thickness 0.5

The simulation allows the spatial distribution of
temperature to be followed in the structure during the
24 hours of the cyclic imposed variation. In figure 10 is
displayed the propagation of the melting front in the
symmetry plane of the structure as a function of time in
the range [20000 s; 30000 s], corresponding to the
phase-change domain. The contribution of the fins to
the heat transfer is clearly evidenced, even with the
lower effective conductivity chosen for the honeycomb
structure.

In figure 11 are shown front side and back side
temperature evolutions (measured on the Al sheets),
displaying a very good agreement with experimental
results. The curvature of temperature curves is well
retrieved during melting and solidification, with a
difference between front side and back side values. This
effect would be more or less pronounced considering
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respectively lower or higher values of the effective

thermal conductivity. With the fair agreement between
the experimental results and the numerical simulation, it
can be considered that the model is validated.

t=32000 s

t=31000 s

Back
side
t=20000

t=29000

Figure 10. Melting front propagation within the PCM in
the symmetry plane of a honeycomb, for the time range
[29000:32000].
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Figure 11. Numerical prediction for temperature (full
lines) and flux (dotted line) variations of the PCM-filled
honeycomb sample.

CONCLUSION

Growing of energy needs impose the development of
systems which accumulate energy during a time of
surplus and release it at time when it is needed. Use of
PCM is a way to store thermal energy in reducing the
material volume and in building applications to choose
the phase-change temperature to reach a thermal
comfort temperature. The PCM must be selected such
as its phase-change point and its physical properties
enable complete melting or solidification. However,
when a PCM with the right phase-change temperature is
chosen, its thermal conductivity may not to be adapted
to complete melting of the material. Using fins allow us
to adapt the apparent thermal conductivity to an
efficient use of the material. We have chosen to use
honeycombs as fins because this configuration allows a
large surface area in contact with the PCM. Paraffin
with melting temperature about 27 °C was used as PCM
and was incorporated in aluminium honeycomb panels.
Samples were submitted to periodic variations of
temperatures (24 h period, from 11 °C to 39 °C) on one
side while insulated on the other side. Heat fluxes and
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temperatures were measured on each side to study
thermal response of samples. A numerical simulation
was carried out with COMSOL Multiphysitsn order

to interpret experiments and to optimize honeycomb
and panel dimensions according to applications.

The main results of this experimental and numerical
study are summarized hereafter. At first, it is important
to point out the influence of the use of Phase Change
Materials to regulate temperature in order to limit the
use of active air conditioning systems. Experiments
show the efficiency of latent heat storage and the
experimental curves are well represented by numerical
simulations. Work in progress will consider the
numerical model validated here as an optimization tool
for the design of PCM hosting structure. It will be in
particular of great importance to derive the optimum
choice in term of honeycomb material and geometrical
properties in order to maximize the stored energy for a
given set of boundary conditions.

ACKNOWLEDGEMENT

This study was partially financed by the cluster
Energies of the Rhdne-Alpes Region in the framework
of the MANITOBAT project.

REFERENCES

Abhat, A., 1976. Experimental investigation and
analysis of a honeycomb-packed phase change
material device, AIAA paper 76-437

Ahmad, M., Bontemps, A., Sallée, H., Quenard, D.,
2006. Experimental investigation and
computer simulation of thermal behaviour of
wallboards containing a phase change
material.Energy and Buildings38: 357 - 366.

Bledjian, L., Burden, J.R., Hanna, W.H., 1979.
Development of a low-temperature phase
change thermal capacitor,Progress in
astronautics and aeronauticb, 255-274, R.
Viskanta Ed., AIAA, New York.

Brennen, P.J., Suelau, H.J., 1978. Low-temperature
phase-change material package, Progress in
astronautics and aeronautics, 60, 371-381, L.S.
Fletcher Ed., AIAA, New York

COMSOL Multiphysics®, version
www.comsol.com

Melhing, H., Cabeza, L., 2008. ikHeat and cold
storage with PCM Springer-Verlag, Berlin
Heidelberg.

Pal, D., Joshi, Y.K., 1998, Thermal management of an
avionics module using solid-liquid phase-
change materials, J. Thermophysics and Heat
Transfer, 12(2), 256 — 262.

Royon,L., Bontemps,A., Sallée, H., Guiffant, G.,. 2010.
Transfert de chaleur dans une brique contenant
un matériau a changement de phase,
Communication to Congress of Société
Francaise de Thermique, Le Touquet, France.

Wetterwald, M.-J., Salagnac, J.-L., Chevalier, J.-L.,
Guion, J., Sylvain, J.-D., 1983. Application au
batiment du stockage de chaleur par MCP,
Cahiers du CSTB, N° 1904, (Unpublished).

3.5,

Proceedings of the Tenth International Conference for Enhanced Building Operations, Kuwait, October 26-28, 2010





