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Abstract

The implementation, in Building Performance Simulations (BPS) tools, of robust models capable of simulating the
thermophysical behaviour of a Phase Change Material (PCM) represents a fundamental step for an appropriate thermal

evaluation of buildings that adopt PCM-enhanced envelope components.

Reliable and robust measuring procedures are essential, at a material and component level, to provide experimental data
for the empirical validation of software tools. The traditional laboratory tests that are generally used for the validation of
models present some limitations, because PCMs are usually subjected to conditions that may be very different from the
real boundary conditions of the building components in which PCMs are applied. Furthermore, in many experimental
full-scale mockups, the relatively small quantity of installed PCM and the combination of several thermal phenomena do

not allow software tools to be tested in a reliable way.

In this paper, an experimental procedure, based on a modified Heat Flow Meter Apparatus, has been developed to test the
behaviour of PCM-enhanced components; the procedure, which is based on the measurement of the sinusoidal response,
has been set up to provide data for the comparison and testing of numerical models and of BPS tools. Moreover, general
indications and guidelines are provided to solve some issues related to building specimens that contain bulk PCM in order

to obtain a more accurate measurement of their performance.//

The experimental results presented in this paper were obtained from two different bulk PCMs (organic and inorganic). It
was found that it is important to evaluate different PCM typologies and different thermophysical boundary conditions,
including partial and full phase transitions, to test simulation codes that implement PCM modelling functions. In fact,
some phenomena, such as hysteresis and subcooling effects are more evident when partial phase transition takes place.
The results related to the characterization of the thermal conductivity of a paraffin-based PCM have shown a significant
increase (up to 42%) of the equivalent thermal conductivity from a solid to a liquid state, with an upward heat flux, thus
highlighting that further investigations and improvements are needed to measure the equivalent thermal conductivity in

the different PCM phases.

Keywords: Dynamic heat flow meter, phase change materials, experimental analysis, building components, building

energy simulation, model validation.
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Acronyms

PCM Phase Change Material

BPS Building Performance Simulations

HFM Heat Flow Meter

DHFM Dynamic Heat Flow Meter

HVAC Heating Ventilation and Air Conditioning

PC Polycarbonate

IC Initial Conditions

DSC Differential Scanning Calorimetry

Nomenclature

T Temperature °C

AT Temperature difference °C

R Thermal resistance m? K W-!
Specific heat flow W m

A Thermal conductivity W m! K!

p Density kg m3

Cp Specific heat kJ kg1 K-!

Cp,eq Average specific heat over a temperature range kJ kg1 K-!

e Thermal effusivity J/(s"?m?K)

1 Length mm

d Thickness mm

1. Introduction

In the last few years, thermal energy storage in buildings has grown in popularity, since several challenges, related to
energy conservation and building energy management, can be addressed by means of this strategy. On the one hand, the
increase in the thermal energy storage capacity of a building is beneficial to reduce the risk of overheating and to improve
indoor thermal comfort conditions; on the other hand, important additional benefits can be achieved related to a reduction
in the peak energy demand for space heating and cooling. Furthermore, thermal inertia can positively contribute towards
reducing the time mismatch between the energy demand profile and the renewable energy availability, thus increasing

the rate of renewable energy use in buildings.

In this scenario, Phase Change Materials (PCMs) are considered a promising solution, because of their high thermal
energy storage density and their ability to act selectively at different temperature levels (depending on the transition range
of the PCM). Nevertheless, in order to obtain a successful use of PCMs in building components, a careful choice of the
properties of the material is necessary. The use of Building Performance Simulation (BPS) is in fact crucial to obtain a
satisfactory design of PCM-enhanced building components. Although BES software tools, including PCM modelling,
have been available for more than a decade, many challenges still exist related to the accurate simulation of PCM-based
components, for example, the replication of some particular phenomena, such as hysteresis, sub-cooling and temperature-

dependent thermal conductivity.
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Reliable and robust measuring procedures are essential, at a material and component level, to provide experimental data
for use in the empirical validation of software tools. A widespread dissemination and sharing of experimental datasets is

also fundamental.
The aims of the study presented in this paper have been:

i) to develop an experimental procedure for the validation of BPS codes that implement algorithms for the simulation of
PCMs. The main goals were to characterise and analyse the thermal behaviour of the bulk-PCM by means of a dynamic

heat flow meter apparatus;
ii) to provide thermal properties and experimental data that would allow the BPS results to be compared.

The thermal properties of PCM, related to the latent heat storage capacity, are conventionally measured at a material level

in the following ways:

e DSC (Differential Scanning Calorimetry) [1]: this is the most diffused technique and it is based on evaluating
the response of a PCM in a series of isothermal steps or a dynamic temperature ramp, both in heating and cooling
mode. The main limitation of this technique is that the measurement can only be performed on homogeneous
and small sized samples. Moreover, some results may be influenced to a great extent by the test procedure [2]
[3]. Furthermore, although the results of enthalpy measurements in heating mode show a good agreement, some
discrepancies have been noted in cooling mode measurements (IEA ANNEX 24 - 2011 [4]).

e  T-History is an alternative method to DSC to characterize large PCM samples and it can also be used to measure
the thermal conductivity of PCMs [5][6]. The method consists in recording the temperature variations during the
phase transition and in comparing the results with a well-known reference material, usually distilled water. As
previously mentioned, the main advantage, with respect to the DSC method, is that this technique enables the
characterisation of large samples and PCM-based building components[7], which are generally non-
homogenous.

e DHFM (Dynamic Heat Flow Meter Apparatus):this has recently been introduced in the ASTM C1784:2014
standard [8] and it is a method that can be applied to large-scale specimens (building component scale). The
method needs a conventional Heat flow meter apparatus that is generally used for the measurement of thermal
conductivity [9][10][11], but it needs to be adjusted to perform dynamic ramp temperature solicitations. The
temperature is changed in small steps ( as in DSC), and the resulting heat flux that crosses the specimen is
measured. The heat capacity is determined as the ratio between the heat flow released or absorbed by the
specimen (heat flux variation) and the relative temperature increment [12].

The main drawback of HFM apparatuses is that they are generally built to host horizontal specimens, and
measurements on bulk PCM packed into containers may be affected by uncertainty, due to the volumetric

shrinkage of PCM, which leads to the formation of small air pockets in the bulk material.

However, a material characterisation alone is not enough to validate Building Energy Simulation codes (BPS) applied to
the analysis of PCM-enhanced building components. Experimental data pertaining to PCM subjected to several partial
and total melting/freezing cycles, where the actual operating conditions have been simulated as much as possible, are also
necessary [13]. For this reason, several laboratory tests have been carried out in recent years (at a building component

scale) with the aim of validating the physical-mathematical models that are implemented in BPS software.
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Dynamic measurements, by means of hot-box apparatus, are the most commonly adopted procedures for full-scale
mockups [14],[15],[16],[17],[18],[19], and [20]. Nevertheless, most of these experiments have shown some limitations:
the PCM specimens were often not thick enough for the change in the slope of the temperature curve to be observed with
sufficient accuracy during the phase transition. This happens in particular if the PCM is installed in multilayer components
that hide and attenuate the effect of the phase transitions. Moreover, as highlighted in [20], the measurements of some

phenomena, such as convection heat transfer, could represent a non-negligible source of uncertainty.

On the other hand, several studies have also been carried out on full-scale components in outdoor test boxes/cells [21],[22]
[23],[24],[25],[26],[27],[28] and on roof components [29],[30],[31]. All these studies have provided significant results,
since the building components were exposed to the outdoor environment (real conditions) for long periods of time.
However, in these cases, not only did the general drawbacks illustrated for the laboratory hot box experiments emerge,
but the uncertainties may even have been larger, due to the fact that the specimens were subjected to a multitude of

simultaneous dynamic physical phenomena that were not fully controllable.

Although these procedures are usually able to achieve a good empirical validation of numerical models applied to the
whole experimental set-up, including the test facility (i.e. the validation is obtained from a comparison of the measured
and simulated indoor air temperature), there is, however, a high possibility that one error can compensate another one. In
such a case, it becomes difficult to assess the reliability of the part of the code that simulates the PCM heat storage and
transfer mechanism separately from the part that solves the full energy balance of the environment. Moreover, the setting
up of full-scale laboratory mock-up or the development of in-field experiments implies high costs and requires long-term

experimental campaigns, such as in-field experiments.

In order to overcome the shortcomings of the current PCM measurement techniques [32], an experimental procedure has
been developed to test the performance of PCM-enhanced building components. This procedure is specifically aimed at

providing data for a robust validation of numerical models and of BPS tools that integrate PCM simulation.
2. Measurement methods
Measurements were carried out by means of a modified Heat Flow Meter Apparatus for two different purposes:

e To evaluate the response of PCMs to a sinusoidal temperature difference (dynamic test),
e  To measure the thermal conductivity of PCMs during different phases (steady-state conditions).

2.1. DHFM: sinusoidal solicitation response measurements

The use of dynamic measurements, based on sinusoidal tests, offers some advantages over dynamic ramp tests. First, the
sinusoidal test method is intrinsically closer to the boundary conditions of a building envelope (i.e. one side of the
envelope is considered to remain at a constant temperature, while the other undergoes temperature fluctuations that can
be described through a series of sinusoidal functions). Second, such an approach allows a comparison to be made with
the equivalent dynamic response (time lag and decrement factor) presented in the, EN ISO standard 13786:2007 method
[33] (Thermal performance of building components - Dynamic thermal characteristics - Calculation methods). It is worth
mentioning that a direct application of the EN ISO 13786 standard to building envelope components, making use of
PCMs, is not possible. In fact, this technical standard applies to materials that are characterised by linear behaviour (that
is, their thermophysical properties do not vary with the temperature). Nevertheless, the principle behind this standard can

be applied, with suitable modifications, to the case of PCMs, and useful information can be derived.
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Heat Flow Meter apparatus (HFM) is primarily used to determine the thermal properties of a material under a steady-state
heat flux (thermal conductivity or thermal resistance) [10],[11]. The system is generally composed of a heating/cooling
unit, heat flow meters and temperature sensors (thermocouples) placed on the surfaces of a specimen (upper and lower
plates). The measurement principle is based on the generation of a constant temperature difference between the two sides
of a specimen, and on the measurement of the heat flux density. Heat flow sensors and thermocouples are generally
positioned in a relatively small area, compared to the total area of the heated/cooled plates, with the aim of measuring the
physical quantities over an area that is not affected by edge effects. The main components of the HFM apparatus and its

working principle are illustrated in Figure 1.

Figure 1

As previously mentioned, traditional HFM apparatuses are designed to work under steady state boundary conditions (e.g.
AT constant over time). Nevertheless, DHFM (Dynamic Heat Flow Meter) apparatuses have recently been developed.
These are essentially an HFM apparatus with more advanced software and a control unit that is able to reproduce the

time-varying boundary conditions. These instruments make it possible to execute:

i) temperature ramps;

it) sinusoidal periodic temperature variations.
and can be used for different purposes:

i) to measure the specific volumetric heat and enthalpy according to ASTM C1784 [8]. The principle is based
on the measurement of the amount of heat absorbed/released by the specimen which, starting from an initial
condition of equilibrium (steady state temperature field), is then subjected to a temperature variation. Tests
are generally repeated over a series of temperature ranges. Some examples of these tests are shown in
[1],[12] and [34];

ii) to measure the response of a specimen exposed to a sinusoidal temperature variation on one side (solicited
side). The analysis is generally performed by measuring the response, in terms of time profiles of the heat
flux density on the side exposed to a constant temperature. Some examples of these tests are reported in [3]

and [35].

The second approach has been used in the present study, since sinusoidal solicitations are more realistic for validating the
capability of BPS codes to properly simulate the actual behaviour of building envelope components that make use of

PCMs.
2.2. Thermal conductivity measurement of the bulk PCM — Data analysis procedure

The thermal conductivity of the two PCM substances was also measured by means of the heat flow meter apparatus
described in section 2.1.1, according to the procedure described in EN 12664:2002 [11]. The characterisation was carried
out on polycarbonate panels filled with PCM (section 3.2), sandwiched between two thin rubber mats (2 mm thick)
instead of gypsum boards. This material was selected because it allows the contact resistance to be reduced and the
measurement accuracy to be increased (the additional thermal resistance of the rubber mats is significantly lower than

that of a gypsum board)
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Since the specimens were constituted by different layers and materials, it was not possible to directly evaluate the thermal
conductivity of just the bulk PCM. An indirect determination was therefore carried out. The equivalent thermal
conductivity of the bulk PCM was assessed as the total resistance of the specimen, measured by the HFM devices, less
the thermal resistance of the rubber sheets (previously measured) and the calculated thermal resistance of the

polycarbonate layers (eq. 1):
Rpey = Rspec. - Rr-Rpc (1)

where: Rpcy is the thermal resistance of the bulk PCM, Ry is the thermal resistance of the two rubber sheets, Rpcis the
thermal resistance of the two polycarbonate layers (upper PCM side and lower PCM side) and R, is the total thermal
resistance of the multilayer specimen. This last quantity, for in-series resistance, is equal to the ratio between the
temperature difference 47, measured in the upper and lower plates (T, and Ty,y), and the measured heat flux density (eq.
2).

AT
Rspec. 9 (2)

The thermal resistance of the two polycarbonate layers (upper and lower sides), Rpc, was determined by means of eq. (3),
assuming a thermal conductivity, 1pc of 0.205+0.015 W/mK (as reported in the literature [36]), while the polycarbonate
thickness dpc was measured by means of a Vernier caliper (instrumental resolution of 0.02 mm).

2 - dpc

Rpc="73,.~

(€))

The PCM thermal conductivity Apcy, resulted to be:

drot = 2 drubber — 2" dpc

Apcm = oo “

The thermal conductivity of the two PCM substances was also measured in two modes, i.e. with an upward and with a
downward heat flux. The reason for this procedure is to ensure that the results were independent of the flux direction
(especially when the material was in the liquid phase) — or, if a dependence of the result on the flux direction emerged, in

order to explain such behaviour.

3. Materials and specimens

3.1. Materials

An experimental campaign was carried on two commercially available PCM substances (PCM-a) and (PCM-b), which
are representative of two different types of PCM: PCM-a is an organic paraffin (commercial name: RT 28 HC); PCM-b
is an inorganic salt hydrate (commercial name: SP 26 E). The two PCMs were selected because they are characterised by
different hysteresis behaviour (which is higher in PCM-b) and because they represent two typical products used for
building envelope components. The most relevant thermophysical properties of the two PCM substances are shown in
Table 1 (more detailed information can be found in [37]), while the physical properties of the materials that constitute the
multilayer experimental specimens are summarized in Table 2 [13] and Figure 2 [37]. The PCM was macro-encapsulated

in a polycarbonate alveolar structure (as described in the next sections).

Table 1
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Figure 2

Table 2

3.2. Specimens preparation

Most of the studies reported in the literature that make use of HFM apparatuses were mainly focused on PCM composite
systems (e.g. PCM-gypsum boards, PCM-plasters and shape stabilized PCM in a polymeric matrix) and only a few of
them considered the properties of bulk PCM. Moreover, whenever these properties were studied, attention was usually

focused on the solid phase and the melting/solidifying process was neglected [38].

One of the reasons for the lack of characterisations of bulk materials is the difficulties encountered in performing the
measurements in a heat flow meter apparatus. In particular, when the PCM is not incorporated in a composite system, and

is instead enclosed in a container, several issues that affect the measurements may arise, that is:

Difficulty in sealing the specimen (resulting in PCM leakage and loss of material);

e Volumetric thermal expansion of the PCM, which prevents the container from being filled completely (formation
of air gaps);

e The presence of thermal bridges, which can affect the results (metallic containers);

e Convection phenomena in the liquid phase (when the PCM is enclosed in a relatively large cavity).

A new approach has been developed to perform experimental investigations on bulk PCM by means of DHFM apparatus
in order to overcome the above-mentioned issues. Such an approach is based on the use of alveolar polycarbonate
containers (Figure 3), a system that presents several advantages over more conventional metallic containers. First, the
thermal properties of polycarbonates are of the same order of magnitude as those of PCMs (the thermal conductivity of
polycarbonate ranges between 0.19 — 0.22 W/mK, with a density of ~ 1200kg/m? [36]), and therefore limit the potential
thermal bridge effects induced by the polycarbonate structure. Second, the alveolar structure (9x9 mm cells) reduces the
convective phenomena when the PCM is liquid. In order to solve the issue of the volumetric expansion of the PCM, the
two open sides of the specimens were bent to create an expansion volume that was then filled with PCM when its
volumetric density decreases due to the liquid phase state. Such a strategy prevents the formation of air gaps within the

measurement area.

Figure 3

A comparison of the procedure commonly (Fig. 4a) adopted in previous studies ([31], [38] and [39]) and the one (Fig.
4b) adopted in this study is presented in Figure 4. The advantages of the proposed strategy, compared to the conventional

one, can be summarised as:

e measurements can be conducted without sealing the PCM container (sealing issues and PCM leakage problems
are resolved);

o the entire volume in the specimen can be completely filled by liquid PCM, thus avoiding the occurrence of air
bubbles;

e the excess of PCM in the expansion volume compensates for the shrinkage of the PCM during the solidification

process, so that the specimen is always and completely filled with PCM to its upper surface.

Figure 4
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3.3. Experimental test rig and procedure

The PCM-polycarbonate experimental specimens were sandwiched between two gypsum board panels (Figure 5).
The primary reason for the insertion of the two gypsum boards is due to measurement constraints: without any additional
“insulation” layer in the test sample, the measured heat flux (uV) could exceed the upper limit of the HFM signals
(overflow). Such an event can occur, especially during the phase transition of the PCM, when a high amount of energy
is stored/released over a short time interval. The upper limit of the HFM signal may be increased by changing the setting
of the HFM user interface, but such a procedure has an adverse effect of increasing the acquisition time-step, which results

in a significant reduction in the number of measurement points, and it is therefore not recommended.

The second reason for the selected layout for the test specimen is that the adoption of gypsum boards allows the
temperature in the upper and lower interfaces of a PCM-polycarbonate layer to be measured by means of external sensors
and these temperatures to be decoupleds from the influence of the HFM plates, which are maintained at controlled
temperatures (Figure 6). Type-E thermocouples (nominal accuracy +0.25°C), calibrated in the laboratory, were positioned
between the gypsum board and the PCM specimen (two thermocouples). One thermocouple was placed in the centre of
the PCM layer (Figure 7), with a dedicated ring surrounding the probe (acting as a spacer) to ensure that the temperature

values were acquired at the centre of the PCM-polycarbonate specimen.

Figure 5

Figure 6

Figure 7

The Heat Flow Meter Apparatus used in the experiment was a Lasercomp FOX600 single sample device, modified
to perform dynamic experiments. The device allows a 24h periodic sinusoidal temperature variation to be imposed in one
of the two plates, while the other plate is kept at a constant temperature. The experiments lasted 48h (2 x 24 h cycle), and
only the results of the second cycle were stored as dynamic equilibrium was reached in the second measurement cycle
(stabilised 24h harmonic state). Before starting the measurement of the two cycles, an initialization period was necessary,
and the dynamic cycles were not started before the setpoint temperature had been reached in both of the instrument plates.
Two different tests (fest / and fest 2) were carried out, imposing a lower plate temperature equal to the nominal melting
temperature of the PCM, and an upper sinusoidal temperature with different amplitudes, that is, 28+12°C (PCM-a) and
26+12°C (PCM-b) (total phase transition) for test I, and 28+6 °C (PCM-a) and 26 6 °C (PCM-b) (partial phase
transition) for test 2, respectively (Figure 8). The reason two different tests were performed with different temperature
amplitudes on one of the two plates was to define one cycle (T,pper + 12°C) where the entire latent heat of the PCM system
was exploited (i.e. when the system completely underwent two phase change cycles, from solid to liquid state, and back
to the original solid) and another cycle (Tpper = 6°C) where the entire latent heat was not exploited — and therefore the

PCM system could not complete the phase change.

Figure 8

4. Preliminary numerical verification

Numerical heat transfer analyses were carried out to verify the following assumptions:
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e  The stabilisation of the 24h periodic regime: to verify that two sinusoidal cycles of 24h each were sufficient to
achieve a 24h periodic regime.
e The hypothesis of mono-dimensional heat transfer: to verify that the alveolar geometry of the polycarbonate

would not determine any significant deviation from the 1D heat flux.

The numerical analyses were carried out using WUFI®2D [40], [41]. This is a well-known software that has been
validated for two-dimensional, transient heat and moisture transfer purposes.
In this software, building components containing PCM can be simulated by assigning an enthalpy vs temperature curve

as input data.

4.1. Verification of measurement initialisation

A numerical analysis was carried out with the aim of verifying that two sinusoidal cycles of 24h each (and thus a total
duration of the test of 48h) are sufficient to achieve the stabilization of the harmonic state, when the initial conditions are

in a range of temperatures that is near the phase change temperature range.

For this reason, two sinusoidal cycles were simulated, starting from three different initial conditions (IC) of the
temperature of the PCM layer: 30°C (PCM in the liquid phase), 28°C (PCM in the melting phase) and 26°C (solid phase).
The results are shown in Figure 9. As it is possible to observe, the same value of the temperature of the PCM layer is
reached after ~6h for all the simulations. Nevertheless, in order to take into account that the simulation software might
not have been completely accurate (hysteresis phenomena and sub-cooling phenomena were not implemented), the results
of the first 24h were discarded (to be on the safe side), and only the results obtained during the second cycle (from 24th

and 48th hours) were used for the analysis.

Figure 9

4.2. Verification of a mono-dimensional heat flow assumption

The subsequent analysis was aimed at verifying that the effect of the vertical polycarbonate (PC) structures that connected
the upper and lower panel was negligible when the heat transfer across the PCM layer was assessed. This assumption
allowed the polycarbonate-PCM system to be simplified and to be considered as a structure of layers (PC+PCM+PC).

The heat transfer for this geometry was mono-dimensional.

A 2D transient simulation was performed for this verification. In order to reduce the computational costs of the simulation,
the geometry of the problem was simplified considering only a small portion of the specimen (30mm width) constituted

by three cavities filled with PCM (a representative “module” of the entire structure of the sample under test).

The temperature values of four “sensor” points (two for each side of the PCM layer) were compared to verify the
negligibility of the 2D heat transfer. The four sensors were placed in the middle of the PCM cell and in proximity of the
vertical bridges of the polycarbonate, as shown in Figure 10. If the maximum temperature difference between the central
sensors (T1) and the sensors located on the sides (T2) were lower than the measurement accuracy of the thermocouples
(£0.25 °C), the 2D heat transfer phenomena, due to the vertical bridges in the polycarbonate container, could be neglected

(because, in practice, it is not measurable).

Figure 10
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The difference between the central temperature sensor (T1) and the temperature sensors located on the sides (T2) is shown

in Figure 10. The results show a maximum difference of 0.040 °C and 0.013 °C for the lower side and the upper side of

the PCM layer, respectively, with associated root mean square errors, RMSE (between the central point and the side

point) of about 0.003 and 0.002 °C. These figures confirm that it is possible to neglect the 2D heat transfer phenomena,

as a result of the shape and the thermophysical properties of the polycarbonate.

Figure 11

5. Results and discussion

5.1. Thermal conductivity results

The results of the thermal conductivity measurements are shown in Table 3. Even though these results are affected by a

rather high uncertainty, due to the use of an indirect assessment method (see section 2.2) and the consequent error

propagation, it is possible to observe that the following points.

The thermal conductivity of PCM-a (organic - paraffin wax) is, as expected, dependent on the PCM state. When
the measurement is carried out at an average temperature of 20 C (solid state), the thermal conductivity, 4, is
found to be in the 0.28 to 0.29 W/mK range (a coherent value with those reported in the Aye..s datasheet), and
independent of the heat flow direction. Conversely, when the measurement is carried out at 35 °C (liquid state),
the thermal conductivity, 4, assumes very different values, depending on the flow direction. When the test is
carried out with a downward flow, the thermal conductivity decreases to 0.15 W/mK; when tested with an
upward flow, it increases to 0.41 W/mK. This difference can be justified considering the development of
naturally-induced convective heat transfer phenomena when the PCM is in liquid phase (despite the small size
of the cavities). In the case of the downward flux, these natural convective phenomena are suppressed because
of the direction of the heat transfer, while they are enhanced in the case of an upward flux. Therefore, in the
latter case, this measured value should be interpreted as an equivalent thermal conductivity value that includes
both convection and conduction. However, the determined equivalent thermal conductivity value is only valid
for the presented configuration (boundary conditions and geometry). Other configurations could lead to
differences in the flow patterns, which would lead to different equivalent thermal conductivity values.
Convection is usually neglected in PCM models, not only in those for BPS tools, but also in specifically
developed models. However, the results of experiments show how these phenomena may play a non-negligible
role, depending on the configuration of the envelope component, and on the nature of the PCM. In order to
account for the coupled convection-conduction heat transfer in thin PCM layers, the equivalent thermal
conductivity 4., value may be used for both characterisation and modelling purposes. Unfortunately, because of
the measurement set up, it was not possible to measure the equivalent thermal conductivity for horizontal thermal
gradients (i.e. in the case of an element installed in a wall). However, an investigation on these convective heat
exchanges in small alveolar structures, in the case of different heat flux directions, could provide more insight
into the relevance of the convective heat transfer.

PCM-b (inorganic — salt hydrate) also presents a variable value of A.q for the two different phases. In the solid
phase, the equivalent thermal conductivity is in the 0.59 W/mK range, in line with the value found in the material
datasheet, and it is quite insensitive to the flux direction — as expected. When in the liquid phase, the thermal
conductivity decreases to values in the 0.45 to 0.46 W/mK range, depending on the flux direction. However, in

this case, the difference in the value of the equivalent thermal conductivity that may be induced by the flux
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direction is very small, and well within the measurement uncertainty threshold value. These results lead to the
hypothesis that the presence of a salt matrix in PCM-b suppresses the buoyancy effects, or limits them to a great

extent, and consequently the convective heat exchange when the material is in a liquid state.

Table 3

5.2. Sinusoidal solicitation response analysis

The results of the four experimental test, two for each PCM substance, carried out by means of the DHFM apparatus, are

plotted in Figures 12 and 13.

Figure 12

Figure 13

It is possible to observe that all the results are consistent with those reported in the literature regarding the behaviour of

the two different PCM compositions [37], and in particular:

e InTest 1 (PCM-a and b), the change in the slope (PCM temperatures), due to the total melting and solidification
of the PCM, is evident, while the change is much less evident in Test 2 with a sinusoidal amplitude of 6°C, thus
leading to the hypothesis that the PCM remains in its “mushy” state without completing the phase transition. The
complete melting/solidification process can be seen in Test-1, as changes in the slope of the temperature profile
can be observed at around time ~13 (nucleation of test 1 a) and time ~17 (end of the solidification phase in test
1 a). On the other hand, the two different PCMs in Test 2 lead to different results. While PCM-b always remains
within the phase transition range, it can be seen, in Fig. 13 (Test-2), that the entire latent heat of fusion is
exploited, and that the PCM is in a liquid state between time-step ~8 and time-step ~16. However, the system
cannot complete the subsequent solidification process, and remains in its mushy state from time-step ~16 to
time-step ~8.

The reason for this different behaviour of the two PCMs may be explained considering the different thermal
conductivities of the materials, rather than the different specific latent heat capacities. In fact, even though the
paraffin-based PCM (PCM-a) has a specific latent heat capacity of ~216 klJ/kg (temperature range 26-29°C),
which is ~40 % higher than that of the salt hydrate PCM (which is equal to ~153 kJ/kg in the 23-26°C temperature
range), the density of the two materials also differs to a great extent: ~825 kg/m? and ~1450 kg/m?, for PCM-a
and PCM-b, respectively. The combination of these properties leads to volumetric latent heat capacities of
~178200 kJ/m? (temperature range 26-29°C) and ~221850 kJ/m? (temperature range 23-26°C), for PCM-a and
PCM-b, respectively.

On the other hand, the two PCMs present very different thermal conductivities (that of the salt hydrate is larger
than that of the paraffin-based PCM). This feature leads to equivalent thermal effusivities e, (eq. 5) for the phase
transition range (26-29°C for PCM-a and 23-26°C for PCM-b) of ~3023 J/s'?’m’K and of ~5853 J/s">m?K for
PCM-a and PCM-b, respectively. A comparison of these two values can help support the hypothesis that, in the
case of PCM-a, and under Test-2 conditions, the overall properties of the system lead to the full exploitation of

the latent heat of fusion, while this does not occur in the case of PCM-b.

€eq = \//1 "PCpeq (5
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where the equivalent thermal capacity c,., [kl/kg K] in the phase change temperature range is obtained by

dividing the specific latent heat capacity [kJ/kg] by the temperature range of the transition [K].

e The sub-cooling effect is clearly visible in all the tests. Nevertheless, it should be underlined that this effect is
more evident in Test 1 (complete phase transition) and in PCM-a (organic - paraffin wax).

e  Salt hydrate PCM-b shows a more evident hysteresis effect (~1.5-2 °C of difference between the melting and the
congealing temperature) in both Test 1 and Test 2, compared to the paraffin PCM. In the latter material, the
hysteresis phenomenon is of limited significance, in general terms, but becomes particularly negligible when

thermal stress occurs with very slow heating/cooling rates (lower than 0.04 °C/min).

The temperature values plotted in Fig. 12 and Fig. 13 are reported in Table 4, with a time-step of 30 minutes, in appendix
A. The full set of experimental data containing a shorter time-step resolution, the temperatures and heat flow measured
at the boundary conditions (plates), as well as the temperature values at the different interfaces of the samples are reported
so that they can be used for comparisons with software codes. Observing the relevant difference in the PCM behaviour,
according to the type of solicitation (12 °C amplitude or 6 °C amplitude), it is recommended that numerical models should
be tested against both of the tests presented in this paper. This is necessary to ensurethat the comparison process, between
numerical and experimental results, covers a wide range of thermal conditions (which are more representative of the
actual building operating conditions in which partial and total transition can occur), and not only the situation in which a
PCM completes both the heating and the cooling phases. Moreover, it is advisable to and include phenomena such as sub-
cooling and hysteresis, which might not be negligible, depending on the type of PCM substance (organic-inorganic), in

the simulation models.

6. Conclusion

An experimental procedure, set up to assess the thermal behaviour of PCMs in real building components, on the basis of

sinusoidal response measurements with DHFM apparatus, is presented in this paper.

In order to measure the thermal performance of PCM layers under sinusoidal solicitations, a set of preliminary numerical
analyses was carried out before the experimental activity. The obtained results show that the polycarbonate container used
to encapsulate the bulk PCM substances had a negligible effect on the heat transfer phenomena (no generation of 2D
temperature fields). Two sinusoidal cycles (48h) proved to be sufficient to accurately measure the PCM behaviour, since

the thermal fields were found to be independent of the initial conditions after the first cycle (24h).

As far as the influence of the PCM type and state on the global heat transmission is concerned, the results demonstrate
that, for PCM-a (solid phase) and PCM-b (both phases), the thermal conductivity is slightly different from that reported
in literature, but with no significant changes between upward/downward heat fluxes (natural convection phenomena can
be considered suppressed). On the other hand, the results for PCM-a in a liquid state can Can be somewhat different from
the thermal conductivity literature data, especially for an upward heat flux, which may be significantly higher due to the

occurrence of convection heat transfer phenomena.

For this reason, more precise measurements of the equivalent thermal conductivity for bulk-PCM contained in several

kinds of structures should be performed in order to obtain accurate simulation input data.
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The experimental sinusoidal response measurements on PCM substances highlight that it is important to evaluate different

boundary conditions for the testing of simulation codes that implement PCM modelling capabilities. The following

guidelines should be followed:

The results on PCM-a (paraffin wax PCM), with a complete phase transition (test 1), should be used to verify
the reliability of a simulation code that implements a sub-cooling effect;

The results on PCM-b (salt hydrate PCM), for both test 1 (complete transition) and test 2 (partial transition),
should be used to validate models that implement the hysteresis phenomena;

The thermal conductivity of PCM-b also changes significantly during a phase change. Therefore, it may be
used to test simulation codes that consider temperature dependent thermal conductivity;
Test 2, on both PCM-a and PCM-b, may be used to test numerical codes that simulate building components that

implement PCMs under the actual thermal conditions of a building (partial transition can frequently occur). Test
1 (PCM-a and b) is only useful to estimate the capability of simulation codes to simulate the total phase transition
of PCM;

The test on PCM-a (paraffin wax PCM) can be used for comparison purposes with codes that implement the

temperature-dependent thermal conductivity of PCM substances.
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551 Appendix A
552 Table 4. Dataset. 2" measurement cycle (24 — 48 h), more detailed experimental results (DHFM heat fluxes and
553 temperatures with a time step of 666 seconds) are available on the following link:

554 http://dx.doi.org/10.17632/ygxk82g498.1[43].

PCM-a (paraffin wax) PCM-b (salt-hydrate)

Test 1 (12 °C amplitude Test 2 (6 °C amplitude Test 1 (12 °C amplitude Test 2 (6 °C amplitude

sinusoidal solicitation) sinusoidal solicitation) sinusoidal solicitation) sinusoidal solicitation)
time TPCM core TPCM up TPCM low TPCM core TPCM up TPCM low TPCM core. TPCM up TPCM low. TPCM core. TPCM up TPCM low

s °C °C °C °C °C °C °C °C °C °C °C °C
0 26.0 26.2 26.4 26.4 26.5 26.6 242 24.4 24.4 24.3 24.4 24.5
1800 26.5 26.9 26.7 26.6 26.9 26.7 24.6 25.0 24.6 24.6 24.8 24.7
3600 26.9 27.5 27.0 26.8 27.2 26.8 25.0 25.6 25.0 24.8 25.1 24.9
5400 27.2 28.1 27.2 26.9 27.4 26.9 25.4 26.2 25.4 25.0 25.4 25.1
7200 27.4 28.5 27.3 271 27.7 27.0 25.7 26.7 25.6 253 25.7 25.3
9000 27.5 29.1 27.4 27.3 28.0 27.1 26.0 27.2 25.8 25.5 26.0 25.4
10800 27.7 29.8 27.5 27.4 28.2 27.2 26.2 27.8 26.0 25.7 26.2 25.5
12600 28.0 30.5 27.5 27.5 28.4 27.2 26.5 28.3 26.1 25.8 26.5 25.6
14400 28.6 31.3 27.6 27.6 28.6 27.3 27.0 29.0 26.8 25.9 26.6 25.7
16200 29.0 32.1 27.7 27.9 28.9 27.3 29.3 31.0 28.7 26.0 26.8 25.7
18000 29.6 32.8 27.8 28.1 29.2 27.3 30.3 31.9 29.6 26.0 26.9 25.8
19800 313 33.8 29.1 28.4 29.5 27.4 30.7 323 30.0 26.2 27.0 25.8
21600 33.0 353 30.9 28.6 29.6 27.4 31.0 324 30.1 26.4 27.2 26.0
23400 333 35.6 31.2 28.8 29.8 27.5 30.9 323 30.1 26.7 27.5 26.4
25200 333 355 31.2 28.9 29.9 27.5 30.7 321 29.9 27.3 28.0 26.9
27000 33.2 353 31.1 28.9 29.9 27.6 30.5 31.8 29.7 27.6 28.2 27.1
28800 329 34.9 31.0 29.0 29.9 27.6 30.2 314 29.5 27.8 28.3 27.3
30600 32.6 344 30.7 29.1 30.0 28.2 29.8 30.8 29.2 27.7 28.2 27.2
32400 32.1 33.7 30.5 29.3 30.0 28.5 29.3 30.1 28.7 27.5 27.9 27.1
34200 31.5 32.9 30.1 29.2 29.8 28.5 28.7 29.4 28.3 27.2 27.6 26.9
36000 30.9 32.1 29.7 29.0 29.4 28.3 28.1 28.6 27.8 26.9 27.3 26.7
37800 30.2 31.1 29.3 28.7 29.0 28.1 27.5 27.8 27.2 26.7 26.9 26.4
39600 29.6 30.2 28.8 28.2 28.5 27.9 26.8 26.9 26.6 26.3 26.5 26.1
41400 28.7 29.1 28.3 27.8 28.0 27.6 26.0 259 26.0 25.9 26.1 25.8
43200 27.9 28.0 27.8 27.3 27.4 27.3 25.3 25.0 25.4 25.5 25.6 25.5
45000 27.2 26.9 27.3 26.9 26.9 27.1 24.6 242 24.9 25.1 25.2 25.2
46800 27.7 27.3 27.7 27.5 27.3 27.5 24.0 233 24.3 24.7 24.7 24.9
48600 27.7 26.9 27.7 27.5 27.2 27.5 23.9 22.6 23.9 24.3 24.3 24.6
50400 27.7 26.4 27.7 27.4 27.0 27.5 24.1 23.0 24.5 23.9 23.8 243
52200 27.5 26.0 27.7 27.3 26.8 27.5 242 23.0 24.6 23.6 23.4 24.0
54000 27.2 25.5 27.7 27.2 26.6 27.6 242 22.9 24.7 23.7 233 23.9
55800 26.8 24.9 27.6 27.0 26.4 27.5 24.1 22.6 24.6 23.8 233 23.9
57600 26.4 24.3 27.5 26.8 26.2 27.5 23.9 223 24.5 24.0 233 24.0
59400 25.8 23.5 27.0 26.7 26.0 27.5 23.6 22.0 24.1 23.9 23.2 24.1
61200 24.6 22.4 25.7 26.4 25.7 27.4 23.0 21.3 23.3 23.8 23.1 24.1
63000 22.6 20.7 241 26.2 25.5 27.4 22.0 20.5 22.5 23.5 23.1 24.1
64800 21.5 19.8 233 259 25.2 27.2 21.2 19.7 21.8 23.5 23.1 24.2
66600 21.2 19.5 23.1 25.6 24.9 26.9 20.6 19.2 21.3 23.4 23.1 24.2
68400 21.2 19.6 23.1 253 24.6 26.4 20.3 19.0 21.0 23.4 23.1 24.2
70200 21.4 19.9 23.2 24.9 24.3 259 20.4 19.1 21.0 23.4 23.1 24.2
72000 21.7 20.2 23.4 24.6 24.1 25.6 20.5 19.4 21.1 23.4 23.1 24.2
73800 22.0 20.7 23.6 24.5 24.1 25.5 20.8 19.9 21.4 23.4 23.2 24.2
75600 22.5 21.3 23.9 24.7 24.3 25.5 21.2 20.4 21.8 23.4 23.2 24.1
77400 229 22.0 243 24.9 24.6 25.6 21.7 21.0 222 23.4 23.2 23.9
79200 23.5 22.7 24.7 25.1 24.9 25.8 22.3 21.8 22.7 23.4 233 23.9
81000 24.2 23.5 25.1 25.4 25.3 26.0 22.8 22.5 23.1 23.5 23.4 23.9
82800 24.8 24.4 25.5 25.7 25.7 26.2 23.2 23.1 23.5 23.7 23.7 24.0

84600 25.3 25.1 25.9 26.0 26.0 26.3 23.5 23.6 23.9 23.8 239 24.2
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List of figures with correspondent captions
Figure 1. Scheme and working principle of the HFM used for the measurements
Figure 2. Partial enthalpy a) PCM-a; b) PCM-b
Figure 3. Polycarbonate panel used for the preparation of the specimens

Figure 4. a) Usual procedure: (1. Vertical PCM filling and panel sealing; 2. Specimen rotation with creation of a small
air-gap; 3. Shrinkage in the solidification phase determines and increases the air-gap thickness; 4. Measurements are
affected by the additional thermal resistance of the air-gap ); b) Proposed procedure: (1. Heatiug of the polycarbonate
panel; 2. Bending of the two sides to create an expansion volume; 3. PCM filling covering the expansion volume; 4.

Measurements are not influenced by the additional thermal resistance).

Figure 5. Preparation of the measurement specimen in DHFM apparatus. a) Placement of the PCM filled panel; b) Final
overlapping of the gypsum board panel.

Figure 6. Layout of the measured specimen and position of the temperature sensors
Figure 7. Thermocouple located in the core of the PCM layer with its anular spacer
Figure 8. Measurement conditions: a) PCM-a; b) PCM-b.

Figure 9. Simulation results (PCM-a): a) Time profile of the difference between the PCM temperatures during the 15 and
2nd cycles; b) Time profile of the PCM temperature during the first cycle

Figure 10. 2D numerical model of the measured specimen. 1) Gypsum board; 2) Polycarbonate; 3) PCM.

Figure 11. Difference between the control points placed in the upper and lower sides of the PCM layer - simulation period

48h.

Figure 12. PCM-a (paraffin wax), experimental DHFM results: a) Test-1 (sinusoidal solicitation amplitude of 12°C); b)

Test-2 (sinusoidal solicitation amplitude of 6°C).

Figure 13. PCM-b (salt hydrate), experimental DHFM results: a) Test-1 (sinusoidal solicitation amplitude of 12°C); b)

Test-2 (sinusoidal solicitation amplitude of 6°C).
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List of tables and correspondent captions

Table 1. Thermophysical properties of the two PCMs Error! Reference source not found. — Nominal values.

material meltin congealin, Latent heat M
name commercial name class range J ran ge £ ¢ storage p lid pl d (both
& & capacity (solid)  (liquid) phases)
[°C] [°C] [kJ/(kg'K)]  [kI/kg] [kgm’] [kg/m’] [W/(m'K)]

PCM- " RrT28 HC Paraffin 57 59 2927 2 2160 880 770 0.200

a Wax

PCM- sp o6 E Salt 2527 2524 2 153b 1500 1400 0.600

b Hydrate

2 Latent heat capacity over a 26-29°C temperature range (average values between the latent heat of fusion and solidification)
b Latent heat capacity over a 23-26°C temperature range (average values between the latent heat of fusion and solidification)

Table 2. Physical properties of each material that constitutes the specimen Error! Reference source not found..

layer  material d p c A
[mm]  [kg/m3] [kI/kg  [W/(mK)]
K]
1 Gypsum board 12.5 720 1.09 0.190
2 Polycarbonate 0.5 1200 1.20 0.205
3 PCM layer* 9.0 - - -
4 Polycarbonate 0.5 1200 1.20 0.205
5 Gypsum board 12.5 720 1.09 0.190

* The PCM properties are reported in Table 1.

Table 3. Thermal conductivity A, (Tupper, Tiower> are the upper plate and the lower plate temperatures, respectively)

Specimen/type Test Heat flux direction Ty Tiow Adeclared Aeq, measured
[°C] [°C] [W/mK] [W/mK]
upward 15 25 0.29+0.04
Test 1 (solid)
PCM-a - Organic downward 25 15 0.20 0.284+0.04
(paraffin wax) o upward 30 40 ) 0.41+0.07
Test 2 (liquid)
downward 40 30 0.15+0.01
) upward 15 25 0.59+0.11
Test 1 (solid)
PCM-b - Inorganic downward 25 15 0.60 0.59+0.11
(salt hydrate) upward 30 40 ' 0.46+0.07

Test 2 (liquid)
downward 40 30 0.45+0.06
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