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Abstract

In building construction, the use of Phase Change Materials (PCM) allows
the storage/release of energy from the solar radiation and/or internal loads.
The application of such materials for lightweight construction (e.g., a wood
house) makes it possible to improve thermal comfort and reduce energy con-
sumption. However, in order to asses and optimize phase change materials
included in building wall, numerical simulation is mandatory. For that pur-
pose, a new TRNSYS Type, named Type 260, is developed to model the
thermal behavior of an external wall with PCM. This model is presented in

this paper and validated using experimental data from the literature.
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1. Introduction

The use of phase change material (PCM) in building envelop is a rel-

atively old concept for reducing energy consumption in passively designed
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buildings [1]. However, the use of PCM has regained interest only in the last
decade; this tendency being confirmed by the literature: [2], [3], [4],...

However, many materials with various mixtures exist, as well as many
configurations of PCM integration in the building envelop [5]. An optimiza-
tion of PCM is then necessary, considering the building struture, the inte-
gration of PCM in the envelop and the geographical location. This work can
only be done using numerical simulations. Nowadays, building energy simu-
lations tools are numerous: BLAST, BSim, DeST, DOE, ECOTECT, Ener-
Win, Energy Express, Energy-10, EnergyPlus, eQUEST, ESP-r, IDA-ICE,
IES, HAP, HEED, PowerDomus, SUNREL, Tas, TRACE, TRNSYS,...The
TRNSYS tool is chosen for our work because of the possibility to connect
the building with many other systems (HVAC, renewable energy) and its
numerous validations [6].

Even if the physical equations for the PCM are well known, only few
numerical models exist. Most of the numerical models concern the entire
building modeling: [7], [8], [9], [10],... These models consider an unidirec-
tional heat transfer in walls and an air energy balance equation to calculate
the mean room air temperature. Then, these models cannot be adapted eas-
ily to any building configuration. Moreover, the PCM energy storage can be
enhanced if coupled with HVAC systems (for example nighttime ventilation
in summer for free-cooling), requiring a modular simulation tool structure
like TRNSYS.

A first approach for the simulation of PCM walls using TRNSYS lies
in the work of [11]. Their modeling does not aim a simulation of the real

transfer process. The storage and release effects of PCM are simulated using



the active layer tool in TRNSYS Type 56. The PCM procedure is a controller:
the inputs are temperatures (wall and air) and the outputs data for the active
layer in order to simulate the PCM effect from a global energetic point of
view. This procedure allows to evaluate the influence of PCM in the whole
energy balance of a room, but more experimental validations are needed.

In the work of Ahmad et al. [12], a model of the Helsinki University of
Technology has been adapted to be used as a PCM wall in TRNSYS. This
model consists in 729 finite volume nodes, 9 nodes in each direction of the
wall. The high node number slows down the simulations. Moreover, the
specific heat capacity is fixed to a top hat temperature function.

In this paper, a TRNSYS type is presented and validated through exper-
imental results. First , the modeling is presented and the assumptions are
discussed. Data from literature are then used to validate the new TRNSYS
Type developed in this study; they are presented in the part 3. The last
part of the paper deals with the comparisons between experimental data and

numerical modeling.

2. PCM Modeling

2.1. Implementation in TRNSYS environment

TRNSYS is the acronym for TRaNsient SYStems simulation program
and is developed at the University of Wisconsin [13]. The modular structure
gives the program flexibility. The ”"Multi-zone Building ” Type 56 is used to
simulate the thermal behavior of a building. Then, the main problem lies in
the way to connect the Type 56 with our model.

The Type 260, developed in this paper, is linked to Type 56 similarly to



the "slab on grade” type in the TESS library [13]. The figure 1, figure 2 and
figure 3 show the implementation principle of the type within TRNSYS.

The principles of the connection between Type 56 and the PCM Type
260 are (figure 1 and figure 2):

o The inside surface temperature, calculated by the Type 56, is used as

an input for the PCM Type 260.

o The other inputs are the external conditions: solar heat flux (short wave

radiation), ambient temperature and view factor (long wave radiation).

o The global conductance of the layers situated between the thermal zone

and the PCM layer is a parameter of the Type 260.

o The layers situated between the PCM and the exterior, with a maxi-
mum of 4, are parameters of the Type 260 (thickness, physical proper-

ties, number of mesh nodes).
o The last parameters are the properties of the PCM:

— The effective or apparent heat capacity curve of the PCM Cpeops =
fA(T),

— Solid and liquid thermal conductivities.

2.2. Numerical modeling

2.2.1. Assumptions
The conduction heat transfer is supposed to be one-dimensional. The
heat capacity, density and thermal conductivity of building materials are

independent of temperature, except for the PCM layer.
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The phase change can be taken into account in the heat equation using
either the effective heat capacity method or the enthalpy method. These
two methods have been extensively studied in the literature, for example:
[14], [15], [16] for the effective heat capacity method and [17], [18], [19] for
the enthalpy formulation method. The two methods have the advantages of
allowing to use one formulation of the heat equation for the entire domain and
of avoiding to solve the melting front position. In our study, the effective heat
capacity is used to model the heat transfer due to the phase change because

it gives reliable results ([20]).

2.2.2. Basic equation

In each layer k£ composing the wall, the heat equation is:

oh, 0 (. OT
o T ow (Aa—x) (1)

hy is the enthalpy of the layer k. For non phase change building materials,
partial derivative of enthalpy is given by:

Ohy, oT

- .= 2

o~ Mo @)
with the heat capacity C} that remains constant. For the PCM material, the

following formulation is used:

8hpCM . 8hpCM oT . oT
oo oT ot Creu (T) ot (3)

with Cpea(T) the analytical expression of the effective heat capacity.

2.2.83. Numerical methods
The problem of heat transfer with PCM in wallboards cannot be solved

algebraically because of the non-linearities. In order to solve numerically the
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problem, a finite-difference method is used: we have replaced the continuous
informations contained in the exact solution of the differential equation with
discrete temperature values 7. The index i concerns the space coordinate
and n the time coordinate.

The spatial discretization is a second-order finite-differences scheme. The
time discretization is a first-order backward difference one. The discrete form
of the heat equation 1 is given by the following equation 4.

The finite difference scheme for the node 7 inside the PCM is:

pron Syt (Tznﬂ - Tin) =T (7Az 1+2AA—%)

227
-1

n+1 1 1 n+1 1 (4)

_'_71 Ax + Az ~ Az + Ax + 7—;+1 Ax + Ax

227 22T 227 T 2T 22T T 2T

i—1 T i i+1 T i+1

The scheme is not fully implicit because the physical properties of the

PCM are calculated at the previous time step.

The mean interior surface calculated by the multizone type and the ex-
ternal conditions are the boundary conditions of our modeling. Moreover,
writing equation 4 for each node ¢, the evolution system of T; can be written

in the matrix form as:
{Ty"*" = [M (1) ({T}" +{B}""") (5)

with {T'} the vector containing the node temperatures 7;, [M] a matrix with
temperature-dependent heat capacity of PCM and {B} a vector containing
external solicitations.

In order to avoid numerical instabilities and discretization errors, the time

step and spatial step are parameters of the Type 260 [21].



3. Experiment

The validation of the TRNSYS Type developed in this study uses exper-
imental data from [22]. Then, the experiments are briefly described in this

section and the reader can find more information in the cited reference.

3.1. Phase change material tested

The product tested has been achieved by the Dupont de Nemours Society
and is called ENERGAIN®. It is constituted of 60% of microencapsulated
paraffin within a copolymer. The final form of the PCM material is a flexible
sheet of 5mm thickness which density is about 850kg.m=3. The PCM heat
capacity has been measured using a differential scanning calorimeter. The
thermal analysis has been performed from 5°C to 35°C. The PCM is not a
pure or eutectic material then there is a difference between the freezing and
heating curves (figure reffigl).

The heat conductivity has been measured using guarded hot-plate appa-
ratus. The thermal conductivity is 0.22W.m~t. K~ in solid phase (T < 5°C)
and decreased to about 0.18W.m 1. K~! in liquid phase (T > 25°C). We

assumed that this conductivity decreases linearly during the phase change.

3.2. Fxperimental test cell description

The experimental test apparatus, which is named MICROBAT, is com-
posed of two identical test cells. Each test cell is a cubical enclosure with an
internal dimension of 0.50m (figure 6).

Five of the box faces are identically built and the active face is a 2mm

layer of aluminium. All internal faces are painted in black and the external
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ones are in aluminium. All other faces are composed of 6cm of insulated
material, the difference between the two boxes being the addition of PCM
in the PCM box according to figure 7 and figure 8. Only the 3 vertical faces
contain phase change material wallboards in the PCM cell.

The two test cells MICROBAT have been placed in a climatic room where
the temperature can be dynamically controlled, thus the two test cells are
submitted to the same external conditions.

In each box the measurement probes are the same. The temperatures are

monitored by the means of PT100 probes. The measurements concern:

o the internal surface temperatures (6 probes in each box situated at the

face center),
o the internal air temperature,
o the external air temperature,

o the external surface temperature of the faces.

3.3. Conditions imposed inside the climatic room

First, in order to achieve stationary initial conditions, the temperature are
maintained at 15°C during 20 hours. This allows a temperature stabilization
inside the two cells (stabilization verified using the monitored internal air

temperatures of the two test cells). Then, the following procedure is executed:

* a linear external temperature increase from 15°C to 30°C during a time

step of two hours,

* the external temperature is maintained at 30°C during 20 hours,



* a linear external temperature decrease from 30°C to 15°C during a time

step of two hours.

Sinusoidal variations of the temperatures have also been imposed with a
24 hours period. The amplitude of the temperature evolution is also 15°C,
between 15°C and 30°C. This period of 24 hours has been repeated 3 times

in order to get a stabilization of the temperature periodic evolution.

3.4. Ezxperimental results

The figures 9 and figure 10 show the results obtained in the case of the
temperature step with a time step of 2 hours and in the case of sinusoidal
temperatures imposed in the climatic room.

The air temperature for the box without PCM is close to the exterior
temperature with a little time lag due to the low thermal inertia of the box.
The storage effect of PCM affects much the air temperature. Of course, the
presence of PCM allows to delay the box air temperature increase or decrease
(as long as the temperature varies within the phase change range).

The main difference between the heating and the cooling is the flat part
of the curve around 19°C appearing only for the cooling step cases. This
flat part of the curve lasts about 1h. The PCM composite is composed
of microencapsulated paraffin included in a copolymer matrix. During the
solidification process, the solid paraffin is evenly formed through the sphere,
starting from the outer surface and moving inward. As the solidification
proceeds, the melt volume decreases with a simultaneous decrease in the
magnitude of natural convection within the melt and the process is therefore

much longer [23].



The figure 10 shows the air temperature curves for the two cells in case of
sinusoidal external air evolution. For the cell with PCM, the phase difference

¢ = 138man while this value is about 38min without PCM.

4. Comparison between experimental data and TRNSYS numeri-

cal modeling

4.1. Main hypothesis

The physical properties of the material used in the cell test are given
in the table 1. The heating heat capacity curve is used for the numerical
modeling of the experiment. The Type 260 is connected to the TRNSYS
Type 56 in order to model the MICROBAT test cell.

4.2. Internal air temperature

The figures 11 and 12 show the comparisons between the experimental
data and the numerical modeling for the cell air temperature and for respec-
tively the external temperature step and the external temperature sinusoidal
evolution.

The numerical modeling are in good agreement with experimental data for
the external temperature step increase/decrease. The maximum difference
is 1.1°C and the mean difference is 0.2°C. The maximum difference arise
for the temperature decrease and concerns the flat part of the curve around
19°C. This is due to the unability of the modeling to predict such physical
phenomenon.

Concerning the sinusoidal external temperature evolution, the maximum
difference is 0.8°C and the mean difference is 0.3°C. The numerical modeling

is in quite good agreement with the experiment.
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4.3. Inside surfaces temperature

Figure 13 and figure 14 present the indoor surface temperature of the
cell vertical wallboards. The agreement between measured and computed
values is good especially in the case of the temperature step solicitation
with a maximum difference of 1.1°C and a mean difference of 0.2°C. In the
case of the sinusoidal solicitation, some differences appear according to the
considered face which is not the case for the cell without PCM [22]. Indeed, in
the measured values, a sensitive difference between the side wall and the back
wall exists. The numerical results obtained with our modeling give a good
representation of the measured values. However in this case, the presence of
PCM involves aeraulic effects that our model is not able to reproduce. The
model gives the same results for the three vertical wallboards of the cell with
a maximum difference of 1.3°C and a mean difference of 0.6°C for the side

walls.

5. Conclusions

The use of phase change material wallboards allows the enhancement of
the thermal inertia of buildings. For its use with an optimal storage effect the
material must be optimized using numerical modeling. The TRNSYS Type
260, developed for this purpose, is described in the paper and validated using
experimental data from the literature.

Even if the numerical modeling is in good agreement with the data from
experiments, some differences exist. First, the model cannot predict the
phase change in the microcapsule. Second, the model cannot predict the

aeraulic inside the cells. This last point can be enhanced if the correct
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convective heat transfer coefficient is known, especially during the phase

change.
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T temperature [K]
t time [s] Subscripts
x coordinate [m)] i node position
k layer
Greek Letters PCM phase change material
At time step [s]
Ax mesh size [m)] Superscript
n time coordinate
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density specific heat thermal conductivity

[kg/m?]  [J/kgK] [W/mK]
aluminium 2700 8800 230.00
insulating material 35 1210 0.04
cardboard 730 1110 0.27

Table 1: Thermophysical properties of the materials.
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Figure 9: Experimental cells air temperatures with and without PCM: two hours in-
crease/decrease.
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Figure 10: Experimental cells air temperatures with and without PCM: Sinusoidal tem-
perature.
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Figure 11: Comparison of simulated and measured air temperature of the test cell with
PCM: two hours increase/decrease external temperature.
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Figure 12: Comparison of simulated and measured air temperature of the test cell with
PCM: sinusoidal external temperature.
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Figure 13: Comparison of simulated and measured inside vertical surface temperatures of
the test cell with PCM: two hours increase/decrease external temperature.

32



35 T T T

External temperature ———
Experimental data - Back face —=—
Experimental data - Right face —&—

Experimental data - Left face —=—
Numerical results —e—

30

Air Temperature [°C]

50 55 60 65 70
Time [hour]

Figure 14: Comparison of simulated and measured inside vertical surface temperatures of
the test cell with PCM: sinusoidal external temperature evolution.

33



