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RESUME

Le stockage d’énergie thermique dans les batiments permet d’atténuer les pointes d’appel de
puissance sur le réseau électrique et de synchroniser la demande énergétique a la disponibilité de
ressources énergétiques renouvelables, telle I’énergie solaire. Les matériaux a changement de
phase (MCP) peuvent étre utilises afin de permettre un tel stockage d’énergie thermique. Ceux-ci
offrent une haute densité de stockage énergétique (principalement sous forme d’énergie latente)

et un changement de phase a température quasiment constante.

L’intégration de MCP dans un réservoir ou circule un fluide caloporteur permet de créer un
systéeme de stockage actif. La charge et décharge énergétique du réservoir peuvent alors étre
contr6lées par le débit du fluide caloporteur envoyé dans le réservoir ou vers un contournement.
Afin d’assurer une performance adéquate du réservoir de stockage a MCP dans un batiment, le
comportement dynamique de celui-ci doit étre prévisible. Or, le design du réservoir aura un
impact crucial sur son fonctionnement : la température de changement de phase du matériau, la
géométrie du réservoir et des capsules de MCP influenceront le comportement dynamique de
celui-ci. Afin de permettre un design adéquat du réservoir, des outils permettant la simulation

énergeétique de tels systemes sont nécessaires.

Or, la modélisation du changement de phase, souvent basée sur une relation entre I’enthalpie et la
température du matériau, présente certaines difficultés. Elle est, entre autre, limitée par les
informations rendues disponibles par les manufacturiers, qui sont souvent incompletes ou
erronées. Les MCP ont aussi tendances a se comporter différemment lors de leur fusion et lors de
leur solidification (i.e. présence d’hystérése) et ils exhibent parfois des phénomenes de surfusion
dont I’occurrence est plus stochastique que déterministe. De plus, peu de données expérimentales
existent sur le comportement dynamique de tels réservoirs. Ainsi, les modéles numériques actuels
sont limités & quelques géométries et rarement validés expérimentalement. Toutes ces

problématiques sont soulevées dans cette thése et des solutions sont abordées.

La premiére partie (chapitre 4) offre une contribution a une méthode de caractérisation
normalisée des matériaux a changement de phase, a travers une évaluation critique du traitement
des données de la méthode « T-History ». Une proposition est faite quant a la variante qui devrait
étre adoptée pour déterminer la courbe enthalpie-température de MCP présentant une surfusion
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importante afin de fournir toutes les informations nécessaires pour la simulation numérique de

leur comportement.

La deuxiéme partie (chapitre 5) se concentre sur les essais expérimentaux détaillés d’un réservoir
horizontal contenant des capsules rectangulaires de matériaux a changement de phase a échelle
réelle. Les essais expérimentaux effectués sont minutieux: 14 conditions d’opérations distinctes
sont testées, faisant varier le débit d'entrée, l'intervalle de température ainsi que le profil de la
charge dans le réservoir. Trois répétitions de chaque test permettent d’étudier la variabilité des

résultats.

Finalement, la derniere partie (chapitre 6) se concentre sur le développement ainsi que la
validation numérique et expérimentale d’un nouveau modeéle permettant la simulation de
réservoirs de MCP. Le modéle est basé sur une discrétisation semi-explicite et représente le
changement de phase du matériau par la méthode enthalpique, permettant aussi la simulation
d’un MCP avec de I’hystérése entre ses processus de fusion et de solidification. Le modele est
d’abord validé numériquement par comparaison de ses résultats avec ceux de modeles détaillées a
éléments-finis. Les donnees expérimentales du chapitre précédent sont ensuite utilisées pour
effectuer une validation expérimentale exhaustive. La comparaison des résultats numériques aux
données expérimentales selon les principes de la ligne directrice 14 de I’American Society of
Heating, Refrigerating and Air-conditioning Engineers confirme la validité des resultats du

modele pour cette géométrie.
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ABSTRACT

Thermal energy storage in buildings can attenuate peak power demand to the electric grid and
synchronize the heating or cooling load to the availability of renewable energy, such as solar
energy. Phase change materials (PCM) can be used to allow such storage of thermal energy. They
offer high energy storage density (mainly through latent energy) and a quasi-constant phase

change temperature.

The integration of PCMs in a tank where a heat transfer fluid can circulate allows the creation of
an active thermal storage system. Charging and discharging energy from the reservoir can be
controlled by directing the heat transfer fluid into the tank or towards a by-pass. To ensure an
adequate performance of the PCM storage tank in a building, its dynamic behaviour must be
predictable. The PCM tank’s design will have a crucial impact on its operation: the material’s
phase change temperature, the geometry of the tank and PCM capsules will influence the
transient behaviour of the tank. To allow an adequate design of the tank, tools allowing the

energy simulation of such systems are required.

However, the modelling of phase change itself, often based upon a relation between the enthalpy
and temperature of the material, presents some difficulties. It is, amongst other things, limited by
the information made available by manufacturers, which are often incomplete or erroneous.
PCMs have also the tendency to behave differently during their fusion and solidification
processes (i.e. presence of hysteresis) and they exhibit at times a phenomenon of supercooling
whose occurrence tends to be more stochastic than deterministic. Moreover, little experimental
data exists on the transient behavior of such PCM storage tanks. The existing numerical models
are limited to a few geometries and have rarely been validated experimentally. All these problems

are explored in this thesis and solutions are addressed.

The first section of this thesis (Chapter 4) offers a contribution towards a standardised
characterisation method for phase change materials through a critical evaluation of the data
processing in the T-History Method. A proposal is made concerning the data processing variant
which should be adopted to determine the enthalpy-temperature curve of PCMs presenting an
important degree of supercooling so that all the required information necessary for its numerical
simulation is available. The second section (Chapter 5) concentrates on the detailed experimental

testing of a real-scale horizontal storage tank containing rectangular PCM capsules. The



experimental tests are thorough: 14 different operating conditions are tested with combinations of
different inlet flowrates, temperature intervals and load profiles to the tank. Three repetitions of

each test allow the assessment of the variability of results.

Finally, the last section (Chapter 6) focusses on the development as well as the numerical and
experimental validation of a new model for the simulation of PCM storage tanks. The model is
based on a semi-explicit discretization and represents phase change in the material by the
enthalpy method, allowing the simulation of a PCM with hysteresis between its fusion and
solidification processes. The model is first validated numerically by comparing its results to those
of detailed finite-element models. The experimental data from the previous chapter are then used
to perform an exhaustive experimental validation. The comparison of numerical results to the
experimental measurements following the principles of Guideline 14 from the American Society
of Heating, Refrigerating and Air-conditioning Engineers confirms the validity of the model

results for the studied geometry.
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LIST OF SYMBOLS AND ABBREVIATIONS

The following symbols and abbreviations apply to Chapters 1, 2, 3, 7 and 8 of this thesis. The

different journal papers presented in Chapters 4 to 6 however have their own nomenclature. The
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CHAPTER 1 INTRODUCTION

An important part of building energy use serves to meet the thermal needs of the buildings such
as space heating and cooling as well as hot water heating. In 2010, it is 60% of the energy
consumed in Canadian commercial and institutional buildings which could be attributed to
thermal needs; in the case of the residential sector, these end-uses accounted for over 80% of
building energy usage (Natural Resources Canada, 2013). The sector’s energetic future therefore

depends in large part on the evolution of building thermal systems energy efficiency.

Building energy demand undergoes a succession of peaks and valleys over the course of a day
due to the schedule of occupant behaviour and daily weather cycles. Over a year, seasonal
weather variations increase these peaks; northern climates experience peak heating demands in
winter time and southern climates see increased needs in the hottest summer days. As they
overlap, energy demand peaks from neighbouring buildings become critical for utility companies.
Additional production and transport capacity must be planned to meet these peak load, which
occur for only a few hours each year. For example, Quebec’s peak energy demand reached
38950 MW at 7h21 on January 8" (Hydro-Quebec, 2014). Though the installed capacity of
36 643 MW s sufficient for usual operation (Hydro-Quebec, 2014), such instances prompt the
need to purchase expensive and more environmentally damaging energy for neighbouring

utilities. It is no surprise utilities across the globe seek to reduce building peak energy demand.

The inclusion of renewable energy resources tends to accentuate this issue. In fact, the great
variability in the availability of renewable energy resources such as wind and solar, often leads to
increased de-synchronization of energy supply and demand. The exploitation of these resources
therefore does not permit the complete replacement of the more polluting thermal power stations
which provide a stable and reliable energy supply. Knowing the limits of planetary energy
resources, it is more than a reduction of energy consumption which is required; a better

synchronisation of energy demand and supply is also essential.

The introduction of a technology allowing energy to be stored as heat or “cold” in off-peak
demand periods and restored when needs are maximum is of prime interest. The storage of latent
energy is of particular interest in comparison to that of sensible energy as it allows a larger
storage density and releases heat over a narrow temperature range (Agyenim, Hewitt, Eames &

Smyth, 2010). Latent energy can be stored in any material which changes phase over the



operating temperature interval. The solid/liquid phase change is of particular interest as the
inherent change in material volume is more manageable than for liquid/gas transitions. The large
variety of commercially available Phase Change Materials (PCMs) also allows the selection of
the correct transition temperature, leading to the adequate outlet heat transfer fluid temperature
from the storage unit. Water is a natural PCM, but its uses are limited by the low phase change
temperature (0 °C). In the case of building heat load levelling, the desirable interval for heat
transfer fluid temperature is between 15 and 90 °C (Farid, Khudhair, Razack & Al-Hallaj, 2004),

which requires a range of adapted PCMs.

Different phase change material storage systems exist for use in buildings. PCM enhanced
building materials such as wallboards, floor tiles, concrete, bricks and windows can passively
augment a building’s thermal mass (Khudhair & Farid, 2004). Controlling the timing of heat
storage and release is required for peak demand shifting, so in that regards only active storage is
of interest. Active PCM storage systems include radiant floors containing PCM material (Kalnaes
& Jelle, 2015; Pomianowski, Heiselberg & Zhang, 2013) but most often refer to heat exchangers
built to charge/discharge energy from PCM to a heat transfer fluid. Storage units of the shell-and-
tube type can be found, as well as heat-pipes. Companies across the world produce encapsulated
PCM most often of rectangular, cylindrical or spherical shape which can be installed in storage
tanks so as to create a “latent heat thermal energy storage system”. These can take the form of
vertical or horizontal water tanks including PCM capsules (Belén Zalba, Marin, Cabeza &
Mehling, 2003) or air ducts holding PCM capsule banks across which the air flow can circulate
(Regin, Solanki & Saini, 2008; Zhu, Ma & Wang, 2009). A schematic of different PCM storage

tank geometries is presented in Figure 1-1.
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Figure 1-1: Schematic of different PCM storage tank geometries a) flat plate, b) shell-and-tube
with crossflow, c) cylindrical capsules, d) coil submerged in PCM, e) packed bed of spherical

capsules and f) heat pipe

The deployment of phase change material storage tanks in the building industry remains to this
day quite limited. Canada and the province of Quebec are no exception. In fact, installations in
the province, despite being functional, have not seen their performance been adequately
documented. Recent court cases also seem to indicate that some installed systems did not meet
expectations (Larocque, 2014; Siemens Canada Itée c. Groupe Enerstat inc., 2014; Systemex
Energies inc. ¢c. Groupe Enerstat inc., 2015); the most frequent complaint appears to be the

system’s incapacity to supply and maintain the planned power output.

However, the information given by manufacturers is often limited to the thermophysical
properties of the pure substances included in the chosen PCM, and the selection of the storage
unit is often based on nominal capacity values. These calculations do not reflect the transient
behaviour of the storage tank once they have been included in complex heating and cooling
systems. The incapacity of Heating, Ventilating and Air-Conditioning (HVAC) system designers
to understand and predict the transient behaviour of PCM storage tanks increases the risk that the
system will not deliver the expected performance, and they are thus reluctant to include this

technology in their design.



To increase the use of PCM storage tanks in the building sector, models must be created to
simulate the transient behaviour of such tanks in interaction with electromechanical systems so as
to understand how they would impact them. These models must be accessible to HVAC system

designers and compatible with energy simulation programs used in the industry.

The first objective of this study is the development of a model for the simulation of the behaviour
of horizontal storage tanks with commercially-available PCM capsules of rectangular geometry.
The model, based on the enthalpy method, is intended for use in whole building simulations so
computational efficiency will be an important factor, as well as accuracy on the time scale of

typical building system response.

The second objective of the study is to thoroughly validate the model. As pointed out by past
researchers, assumptions which are reasonable for one type of PCM storage tank can often not be
applied safely to other geometries (Dutil, Rousse, Ben Salah, Lassue & Zalewski, 2011). These
modelling assumptions need to be investigated and verified for the specific geometry under
study. Too many past studies have also relied on numerical results from the literature to validate
new PCM storage models. Original experimental data is rare and often incomplete, so thorough

experimental testing is required for an adequate experimental validation of the model.



CHAPTER 2 LITERATURE REVIEW

This literature review contains elements relating to each of the project objectives described
previously. First, the development of an adequate model for the simulation of a phase change
material storage tank can be separated into two steps: modelling the phase change process itself
and simulating heat transfer mechanisms inside the tank. Section 2.1 of this literature review
discusses the existing methods to model the phase change process while Section 2.2 presents
existing models of PCM storage tanks of the studied geometry: horizontal tanks with PCM
encapsulated in flat, rectangular capsules. Secondly, experimental validation of the model
requires thorough testing of the tank on a test bench which can measure the correct experimental
data and impose realistic operating conditions. In Section 2.3, a review is made of the existing
experimental data on the use of PCM storage systems in order to identify data of importance as
well as the areas where information is lacking. Finally, Section 2.4 presents specific applications
of PCM storage units in buildings to identify the likely operating conditions and metrics of

importance.

2.1 Modeling the phase change process

A material’s change of phase from liquid to solid state can be described as the time-wise
evolution of the liquid/solid interface through the volume studied. Determining the position of
this interface at a specific time is therefore the goal of phase change problems. This position
depends directly on the speed at which heat is absorbed by the material, hence on the material’s
thermal properties. However, those properties (thermal conductivity, specific heat capacity,
density etc.) often change significantly between liquid and solid states. Modelling the change of
phase therefore implies knowing the position in time and space of the liquid/solid interface so the
appropriate properties can be applied on both sides. The complexity of the phase change problem
is caused by the fact that this interface position is both the solution to the problem and a required
input; such types of problems are named moving boundary problems and have been studied as
early as 1831 by Clapeyron and Lamé in their investigation of the formation of the Earth’s crust.
It was Jozef Stefan’s 1889 work on ice formation, however, which truly introduced a general
class for these problems, hereafter known as Stefan problems.



According to Shyy et al. (1996), resolution methods for moving boundary problems are divided

in two main categories :
1. Lagrangian methods and
2. Eulerian methods.

Lagrangian methods are also known as front-tracking methods. They imply following the phase
change front throughout the studied domain by reconfiguring the spatial or temporal grid so the
interface is always on a grid limit. This implies the interface between the solid and liquid phases
is seen as a discontinuity in the material and its position is an intrinsic part of the problem

solution.

Eulerian methods instead establish a fixed grid for the studied volume and reconstruct a phase
change front from the properties determined at each point of the domain. These methods are less
precise in their definition of the phase change front but when such a precision is not required they
offer the advantage of greater computational efficiency and a simpler implementation for the

modeller.

2.1.1 Enthalpy method

One of the more popular Eulerian methods is named the “enthalpy method” and was described by
numerous authors (Crank, 1984; Lacroix, 1989; Shyy et al., 1996; V. R. Voller, Cross &
Markatos, 1987; V.R. Voller & Prakash, 1987). It uses the same equation for both the liquid and
solid phases of the material, deducting the phase change front position a posteriori through the
temperature determined for each control volume in the grid. To do this, it requires a function
linking the material specific enthalpy to its temperature for the whole temperature interval of

interest.
For example, in the case of a conduction problem, the governing equation for the phenomena can
be written as:

0
p% = V(kVT) (2-1)

The equation can be discretized according to the control volume method where the total enthalpy,
H, and temperature, T, can be interpreted as average values over the control volume studied. The

total enthalpy includes both sensible and latent components as indicated in Equation (2-2):



H=c, T+I-L 2-2)

where ¢, is the material specific heat capacity, I¢ is the control volume liquid fraction and L the

material’s enthalpy of fusion. The governing equation can be modified to include this definition

of enthalpy where the enthalpy of fusion is treated as a source term:

e, 20 _ germy - 12200

2-3
P 7ot Jt (2-3)

To complete the model, a relation between the material’s temperature and liquid fraction must be
established. For a pure substance, specific enthalpy is a sharp but continuous function of material
temperature (Tittelein et al., 2015) as illustrated on Figure 2-1a. Most real PCMs behave as
binary mixtures (Tittelein et al., 2015), with phase change spread out over a temperature interval
as illustrated in grey on Figure 2-1b.
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Figure 2-1: Evolution of a material’s specific enthalpy as a function of material temperature for a)

a pure substance and b) a binary mixture

In that case, temperature T, indicates the moment the material begins to melt and temperature T
indicates the end of the melting process. Between these two temperatures is a “mushy zone”
where both phases coexist. The liquid fraction, I;, can then be calculated for each control volume

as a function of the temperature field following Equation (2-4):

T—Ty (2-4)
Tf - Tm

lf:



An alternative exists where the liquid fraction and other properties are updated through the
enthalpy value:

H-Hp (2-5)

le =
" Hf—Hp,

This alternative has the advantage of being less sensitive to minor errors on the control volume
temperature than that using Equation (2-4). So it is then possible to model the change of phase of

a pure substance (isothermal phase change) without losing accuracy.

2.1.2 Effective heat capacity method

Another popular Eulerian method involves reflecting the position of the phase change front in the
specific heat capacity value of the material. In this method, when the phase change temperature is
reached in a control volume, any energy supplied to the control volume serves to change the
specific heat capacity until the additional energy required for phase change has been accounted
for. Therefore, in the case of a unidimensional conduction problem, the governing equation can
be written as:

a(T) (’)Z_T

Pepapp 750 = K5x2 (2-6)

where ¢, app, is the apparent specific heat capacity, k is the material thermal conductivity, p is the

material density and T the material temperature.
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Figure 2-2: Evolution of a material’s apparent specific heat capacity as a function of material

temperature

The equation then uses variable properties according to the control volume temperature, an

example is given in Equation (2-7) for the thermal conductivity:

kg ifT < Ty,
k= 1ks(1 —1p) + Kkil¢ ifTe<T<Th (2-7)
Kk ifTe< T

As is clear from Figure 2-2, the apparent heat capacity is a discontinuous function of the material
temperature. Though the method was used by many authors, it often results in non-convergence
due to the abrupt changes in the apparent specific heat capacity at the solid/liquid interface. This
has been shown to be especially true when implicit time discretization is used (Al-Saadi & Zhai,
2015; Gong & Mujumdar, 1997). Numerous variants have been proposed to resolve these non-
convergence issues, rendering the method more complex to implement (Bonacina, Comini,
Fasano & Primicerio, 1973; Gong & Mujumdar, 1997; Yang & He, 2010). This method’s
computational speed is still inferior to most enthalpy methods (Al-Saadi & Zhai, 2015).
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2.1.3 Issues with modelling the phase change process

Additional issues commonly arise in the modelling of the phase change process caused by the
enthalpy-temperature curve (or apparent heat capacity curve) themselves, specifically the
presence of hysteresis between the heating and cooling curves and the presence of supercooling®.
These effects modify the expected behaviour of the phase change material, making its prediction
and modelling more complex or at times even impossible without resorting to statistical

probabilities.

Hysteresis is a phenomenon where the melting temperature of a material is different from its
solidification temperature, not because the material changes phase over a temperature interval as
presented in Figure 2-1b but because an offset exists between the enthalpy-temperature curves
representing the cooling and heating processes for the same material. This phenomenon is
illustrated on Figure 2-3b. At times, hysteresis is a property of the material or material sample
under study but at times its presence is due to the measurement conditions, in which case it is

often labelled “apparent hysteresis” (Mehling & Cabeza, 2008).

! The terminology employed in Chapter 4, is “subcooling” instead of “supercooling” but it refers to the same
phenomenon. Subcooling is generally used by authors in building sciences who model PCM behaviour, and
Chapter 4 used that terminology. Chemical engineers and material science authors use supercooling, which is a more

rigorous term, and was used in our subsequent work in Chapters 5 and 6.
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Figure 2-3: Evolution of a material’s specific enthalpy as a function of material temperature in

the presence of a) supercooling or b) hysteresis

Supercooling, sometimes referred to as “subcooling” in the literature, is a phenomenon where the
material being cooled does not start to crystalize immediately upon reaching its solidification
temperature. Instead, as illustrated on Figure 2-3a, the material will become a supercooled liquid
(indicated in grey on Figure 2-3a) and reach a temperature well below the solidification
temperature before the actual solidification process takes place. The difference between the
solidification temperature and the real nucleation temperature is known as the degree of
supercooling of the material. Supercooling happens in pure materials; water, for example, when
pure can at times not solidify before temperatures below -15 °C are reached. This delays the
release of the latent heat of fusion and can be a serious problem in thermal storage applications. It
is especially frequent in salt hydrates, so manufacturers will often add nucleating agents to reduce
its prevalence and importance (Mehling & Cabeza, 2008), though their presence is not always
sufficient to prevent its occurrence.

Previous work by Gunther, Mehling & Hiebler (2007) attempted to model supercooling
numerically to ensure a more accurate prediction of the behaviour of salt hydrates. The paper

stated that, as most PCMs do not have a fixed melting temperature but rather a melting range, a

fixed degree of supercooling cannot be associated with most PCMs. Instead, a range of
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temperatures at which nucleation of the supercooled liquid is likely to start exists and the
likelihood of one temperature starting nucleation can be estimated through a statistical
distribution within the nucleation range. Another important notion of their modelling technique is
the speed of crystallization and its relation to the speed with which heat is transported in the same
material. The authors explain that every molecule undergoing the change a phase from liquid to
solid will release a fixed amount of latent energy which raises the temperature of the material in
proximity. Depending on the relative speed of crystallization to that of heat transport in the
material, solidification of one PCM molecule can either inhibit or stimulate the propagation of
the phase change front, thereby causing or limiting the formation of a temperature plateau in the
material. The numerical model of the supercooling effect performed quite well when compared to
experimental data. The main issue with this model is the absence of required information for
most PCMs. The additional information required by this modelling method (the crystallization
speed and nucleation probability as a function of temperature) is unknown for most materials and
requires thorough experimental testing for which no standardized method exist as of yet.

Solomon, Karthikeyan & Velraj (2013) performed a detailed study of the supercooling of a PCM
installed in a vertical double pipe annular heat exchanger (i.e. heat pipe) with air serving the role
of heat transfer fluid in the set-up’s inner tube. The researchers studied the impact of varying the
fluid flowrate on the presence and degree of supercooling measured. Results indicated increasing
the fluid flowrate, and thus increasing the heat flux to the PCM, augmented the degree of
supercooling measured. Similarly, supercooling was more prominent in the PCM which was
positioned closest to the fluid entry than that further downstream as it experienced higher cooling
rates. However, beyond a certain fluid velocity, any further increases had negligible effects on
supercooling. They also found that the degree of supercooling measured at the different cooling
rates in their experimental data correlated well with the apparent specific heat curve as a function
of temperature obtained through digital scanning calorimetry (DSC) with similar cooling rates.
This would indicate that characterisation of a material should be performed at the same
heating/cooling rates as those expected in the targeted application for the resulting curves
(enthalpy-temperature curve or apparent specific heat-temperature curve) to adequately represent

the PCM’s expected behaviour.
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2.2 Modeling PCM encapsulated in flat, rectangular capsules

2.2.1 Gaseous heat transfer fluid

Phase change material encapsulated in flat rectangular containers has been modelled by different
researchers when using air as heat transfer fluid. Dolado et al. (2006) developed various
numerical models simulating the behaviour of flat slab-like PCM capsules exposed to air flow,
each considering different modelling assumptions. Two of the models are finite-difference based
and considered only conduction inside the PCM, neglecting any effect natural convection might
have while the PCM is in liquid phase. One model considered one-dimensional conduction in the
PCM in the direction normal to Heat Transfer Fluid (HTF) flow while the other considered
conduction in the PCM both parallel and normal to the HTF flow. Comparing numerical results
to the previous experimental data of Belén Zalba (2002) confirmed that the unidimensional model
could reproduce experimental data with the required accuracy. Hence, modelling conduction
inside the PCM in the direction of HTF flow did not bring any significant accuracy improvement

to the numerical results.

Vakilaltojjar and Saman (2001) developed three numerical models to evaluate the impact of
different modelling assumptions in simulating a thermal storage unit with PCMs, installed in an
air-conditioning unit. As air was to be the considered heat transfer fluid, all models neglected the
fluid heat capacity as well as that of the capsule wall. One model ignored the sensible heat at the
initial stages of melting and freezing of the PCM (i.e. the initial temperature of the PCM was set
equal to the melting temperature). Another model also assumed the wall temperature inside the
PCM capsule was either equal to the melting point of the PCM or equal to the air temperature.
Numerical results indicated that assuming a constant air speed profile at the tank inlet did not
significantly impact outlet air temperature from the unit in comparison to a fully developed inlet
air flow profile. The analysis showed that the air-side heat transfer resistance dominates the
overall heat transfer resistance so both the capsule wall and PCM thermal resistances could safely
be ignored in this case. This model however has some inherent limitations; among others, its

limited capability to predict heat transfer rates.

Halawa et al (2005) developed a model for a roof integrated solar heating system using thermal

storage inside PCM slabs. The model accounts for bi-dimensional conduction inside the PCM as
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well as the variation of air temperature along the length of the PCM capsules. Arguing neither
“constant heat flux” nor “constant temperature” were realistic boundary conditions at the capsule
wall, they implemented different Nusselt number values for each control volume over the length
of the PCM capsule. Each was calculated for constant temperature boundary conditions but was
solely valid over the length of that control volume. Further work (Saman, Bruno & Halawa,
2005) compared this model’s numerical results to two tests from Vakilaltojjar’s experimental
data (2000), one for flat PCM capsules and the other for conical capsules. In both cases, the
model demonstrated an interesting fit but had difficulty replicating the tank outlet fluid
temperature following rapid changes to the inlet fluid temperature. These differences lead to
errors in the simulated heat transfer rate of over 0.5 kW or — 28% of the measured value for

conical capsules.

Halawa, Saman & Bruno (2010) developed a one-dimensional finite-difference model where,
again, the fluid’s thermal capacity was neglected. The PCM’s thermal resistance was also
considered negligible with regards to the capsule wall’s thermal resistance. As the thickness of
the capsule is small, only one node inside the PCM was modelled. Comparing the outlet fluid
temperature from numerical and experimental results demonstrated a satisfactory agreement.
However, the model predicted slightly higher values than shown in the experimental results
during the 15 minutes following a sudden change in inlet fluid temperature. The difference
between these results reached a high of — 1.2 °C. The authors noted that the presence of
supercooling, neglected in the model, could explain the sudden variations in the experimental

data which are not reflected in the numerical data during the cooling process.

2.2.2 Liquid heat transfer fluid

Studies of encapsulated PCM of rectangular geometry are scarce for liquid Heat Transfer Fluid
(HTF). Elsayed (2007) studied ice in horizontal capsules exposed to cyclic HTF temperatures
using a tri-dimensional implicit model based on the enthalpy method. For simplicity, the author
assumed the solid PCM would remain fixed at the centre of the capsule so the capsule symmetry
could be exploited. Model results were summarily compared to numerical and experimental data
from past research, which showed a good agreement. Though the model was implicit, a
maximum time step of 3 secs could be used for results to be independent of mesh size (fluid

velocity was not specified). A numerical study let the author conclude that the rate of heat
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transfer was more influenced by the HTF temperature than by the heat transfer coefficient.
Consequently, the paper postulated that the average fluid temperature could be used to determine

the thermal response of a PCM storage unit with reasonable precision.

Liu, Bruno & Saman (2011) developed a unidimensional model to simulate the behaviour of
horizontal PCM tanks for use in refrigerated trucks, based on Halawa’s “phase change processor”
(2010) previously described in Section 2.2.1. The model included the HTF specific heat capacity
but did not consider any thermal resistance for the PCM material nor any heat transfer between
adjacent PCM nodes in the direction of HTF flow. Results from two experimental tests of a
complete melt/freeze cycle showed a close agreement between the outlet fluid temperature
measured experimentally and its simulated counterpart. However, the model had some difficulties
adequately representing experimental results at the beginning of the melting process following an
initial change in inlet HTF temperature. A parametric study (M. Liu, Bruno & Saman, 2011)
performed with the numerical model indicated that the inlet fluid temperature to the tank as well
as fluid flowrate had a significant impact on the PCM melting time as well as rates of heat

transfer.

Langlois (2011) developed a unidimensional model of a horizontal PCM storage tank based on
isothermal phase change and implemented it in the TRNSY'S building energy simulation program
(Klein et al., 2011) as a TRNSYS type. The model considered that only one fluid control volume
was associated with each PCM capsule and the capsule itself was only discretized into numerous
control volumes over its thickness, not its length. The model is based on a variant of the method
proposed by Zivkovic & Fujii (2001) where the same equation is used for both the liquid and
solid phases of the PCM and only the equation coefficients are changed from one state to the
other. This implies a constant verification of the phase change front is required to choose the
correct boundary conditions and thermal properties for each control volume. No experimental

validation of the model exists.

Bony & Citherlet (2007b) modified a pre-existing stratified hot water storage tank model from
TRNSYS, named Type 60, to include the effects of PCM capsules of various geometries. The
model presents various advantages compared to previous propositions: it uses a variable number
of nodes over the PCM thickness, considers two-dimensional conduction in the PCM and

accounts for both supercooling and hysteresis in the PCM as well as natural convection in the



16

PCM’s liquid phase. Simulation results demonstrated a good fit between experimental and
numerical results. Experimental tests only concerned with cylindrical capsules installed vertically
in a vertical water storage tank. The model accuracy for horizontal storage with rectangular
capsules was not demonstrated, and some model assumptions are not adapted to this
configuration. For example, the heat transfer coefficient considered is that of a vertical plate
submitted to convective heat transfer in both vertical and horizontal tank orientations. Inherent
limitations of Type 60, such as the fact that natural convection is deemed the main heat transfer
mechanism in the fluid, could also inhibit the adequate modelling of a horizontal tank. Finally,
hysteresis and supercooling being negligible in the paraffin used in the experimental tests, the
results did not allow the assessment of the model’s treatment of these two phenomena.

Puschnig, Heinz & Steicher (2005) have also developed TRNSYS models capable of
representing a water tank filled with PCM capsules of various geometries as well as micro-
encapsulated PCM slurries. This model is based upon another existing TRNSYS model, named
Type 240, and considers exclusively vertical tank where thermal stratification and natural
convection are important components of the heat exchanges between the heat transfer fluid and
PCM. Conduction inside the PCM capsules is considered bi-dimensional and convective heat

exchange between the fluid and PCM includes both natural and forced convection.

Most other studies where a liquid is used as HTF have considered particular configurations where
capsules are heated in an asymmetrical fashion, imposing constant flux or constant temperature
boundary conditions over the length of the capsule, (Costa, Buddhi & Oliva, 1998; Hamdan &
Elwerr, 1996; Lacroix, 2001; Silva, Gongalves & Pires, 2002) instead of convective heat transfer

from a fluid.

2.3 Experimental data on phase change material thermal storage tanks

Moreno et al. (2014) experimentally tested the use of a horizontal PCM storage tank to shift the
daytime cooling load of a small space. The PCM tank was coupled to a water-to-water heat pump
and air handling unit, linked to a shed-size building, which was used to represent the indoor space
whose temperature must be maintained. The performance of a horizontal water storage tank of
identical dimensions was compared to that of the tank stacked with PCM capsules, which are
commercially-available, rectangular in shape and made of high density polyethylene. Test

parameters were representative of a real-life application, with the heat pump’s compressor
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switching on and off, fluid flow being interrupted when minimum inlet HTF temperature was
reached, etc. Charging time was deemed an important metric and was determined in function of
either the outlet fluid temperature or PCM temperature. One of the PCM capsules having been
outfitted with a temperature sensor, supercooling was found to be present even though it was not
documented in the manufacturer data. Results indicate that for the same footprint, the PCM tank
could on average supply 14.5% more cooling energy than the water tank, at the expense of a

charging time which was 4.6 times longer.

Dolado et al. (2011) performed thorough experimental testing of a PCM-air heat exchanger
which included metal-encapsulated PCM slabs positioned vertically. Detailed figures provide the
evolution of the temperature through time, measured at the surface of the PCM capsules inside
the unit as well as the fluid inlet and outlet temperatures for the different tests. The impact of
varying the fluid flowrate and inlet fluid temperature on the thermal power produced by the unit
was evaluated. The time required to fully charge/discharge the tank was also studied and at least
one test underwent three repetitions to evaluate the repeatability of the process. One capsule was
especially outfitted with three additional sensors placed inside the capsule to measure the PCM
temperature itself. These sensors allowed an analysis of the PCM’s behaviour inside the specific
capsule geometry, indicating for example, longer phase change plateaus at sensors placed further

downstream from the tank inlet.

Such detailed experimental tests exist for other PCM capsule geometries such as plastic pouches
(Saied Mohammad Vakilaltojjar, 2000; Zukowski, 2007), plastic vertical slabs (Lazaro, Dolado,
Marin & Zalba, 2009; B. Zalba, Marin, Cabeza & Mehling, 2004), as well as spherical
(Bedecarrats, Castaing-Lasvignottes, Strub & Dumas, 2009; I. W. Eames & Adref, 2002;
Nallusamy, Sampath & Velraj, 2007) and cylindrical capsules (J. Wei, Kawaguchi, Hirano &
Takeuchi, 2005). However, thorough analysis of the behaviour of the commercially available

capsules studied in this project has not been found in the literature.

2.4 Applications of PCMs in building systems

Possible applications of PCM in buildings are numerous and diversified. For example, Buick,
O’Callaghan & Probert (1987) numerically studied the contribution of PCM thermal storage on
the heat pumps of a central heating system. Authors demonstrated that installing PCM between

the heat pumps and distribution system, heat pumps of a reduced capacity could be installed thus
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reducing system installation costs. Riffat, Omer & Ma (2001) built a prototype to study the
potential of PCM and tube heat exchangers for thermoelectric cooling. Their study demonstrated
the use of PCM instead of the cold source (heat sink) improved the system’s performance by

maintaining a low temperature differential between the cold and hot junctions of the module.

There are however 4 subjects which return more frequently in the literature: the addition of
thermal inertia in building materials, thermal storage associated with solar systems, hot water
storage tanks in general and free cooling. These subjects stand out, among other things, by their
relation to the thermal conductivity of PCMs. In the case of adding thermal inertia to the building
envelope, the low thermal conductivity of the PCM is not problematic as charging and
discharging occurs over a long period. Active applications such as free cooling, hot water storage
tanks generally and specifically associated with solar energy however require quicker
charge/discharge time and methods must be put in place to compensate the PCM’s low thermal

conductivity.

2.4.1 PCM in construction material

Many researchers have studied the inclusion of PCM in construction material such as gypsum,
concrete and wallboards in order to increase the building’s thermal mass (Athienitis, Liu, Hawes,
Banu & Feldman, 1997; Behzadi & Farid, 2011; B. Delcroix, 2015; Farid et al., 2004; Khudhair
& Farid, 2004; Nikoofard, Ugursal & Beausoleil-Morrison, 2015; Sharma, Tyagi, Chen &
Buddhi, 2009; Tyagi & Buddhi, 2007; X. Wang et al., 2009; D. Wei, Liang, Xing & Yun, 2009;
Belén Zalba et al., 2003; Zhou, Zhang, Wang, Lin & Xiao, 2007). These materials aim to reduce
the daily variations of temperature inside the building consequently reducing peaks in heating and
cooling. In northern climates, the additional thermal mass allows to store solar energy during the
day and to discharge it at night to heat the room’s ambient air. Similarly, in hotter climates,
building thermal mass stores nocturnal coolness allowing the reduction of mechanical cooling
during the day. Such an addition of thermal mass to a building is however a passive thermal

storage method, since charging and discharging cannot be controlled.

Other storage methods termed « active» permit the control of the charge applied to the PCM as
well as the moment the charging/discharging takes place, thus allowing a control over the
moment the system’s energy is released. One such option is the inclusion of PCM in ventilated
facades (Alvaro de Gracia, Navarro, Castell & Cabeza, 2015; Fiorito, 2012; S. Liu & Li, 2015;



19

Rodriguez-Ubinas, Ruiz-Valero, Vega & Neila, 2012) where air flow is controlled by louvers.
This is also the case of a storage tank connected to a building’s heating or cooling loop where

flow can either enter the tank or by-pass it, such as the configuration studied in this thesis.

2.4.2 Applications in solar energy systems

Studies on the use of PCM in solar thermal systems are frequent and aim mainly to compensate
the temporal de-synchronization between the availability of solar energy and the occurrence of
heating requirements (Al-Kayiem & Alhamdo, 2012; Bansal & Buddhi, 1992; Bony & Citherlet,
2007a; Esen, 2000). Certain researchers have studied solar panels with a thin layer of PCM added
into them (Chen, Gu, Peng, Peng & Wu, 2010; P. C. Eames & Griffiths, 2006; Rabin, Bar-Niv,
Korin & Mikic, 1995). Malvi, Dixon-Hardy & Crook (2011) have added PCM to combined
photovoltaic and thermal solar panels. Their study showed that by cooling the photovoltaic panel,
the PCM increase by 9% the daily energy produced by the system in comparison to ordinary

photovoltaic panels.

Cabeza et al. (2006) have experimentally compared the behaviour of a stratified hot water storage
tank including encapsulated PCMs to that of a simple storage tank when coupled to solar thermal
panels. Their experimental results indicated the use of PCM produces hot water over a longer
period without any supplemental heating and reduces the thermal storage tank size. Results from
Ibafiez et al. (2006) demonstrate an increase in the solar fraction from 4% to 8% when PCM are
added to a hot water storage tank connected to thermal solar panels. Following a similar
experiment, Canbazoglu et al. (2005) compared different encapsulated PCMs inserted in the hot
water tank of a thermal solar system. Their results demonstrated a PCM storage tank could store

up to 3 times more energy than an ordinary tank depending on the material used.

However, other researchers have found that the use of PCM to store energy produced by a solar
thermal system was disadvantageous when compared to a typical sensible storage tank. For
example, Bony & Citherlet (2007a) have noted an increase in supplemental heating when PCM is
included in a solar system’s hot water tank. Talmatsky & Kribus (2008) have numerically
simulated a solar thermal system combined with a PCM tank and compared results for different
combinations of PCMs and capsule positions inside the tank. They concluded that adding PCM
inside hot water storage tanks did not increase the system efficiency. Rather, the annual energy

transmitted to the final user is often inferior for PCM systems.
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According to Kousksou et al. (2011), the mixed results of these authors demonstrate that PCM
thermal storage can have both a positive and negative impact on solar thermal systems depending
on the phase change temperature chosen and the comparison criteria used. The variability of these
results also indicates the importance of an adequate simulation of the storage system’s behaviour

at the design stage.

2.4.3 Applications of PCM in hot water storage tanks

As seen in the previous section, the use of PCMs in the storage of solar energy often involves the
use of PCM-enhanced hot water storage tanks. The study of such PCM-enhanced tanks is also
important for their use in the supply of domestic hot water, whether or not they are connected to
thermal solar systems. Domestic hot water is usually provided using electric or gas heaters which
have a low efficiency in terms of primary energy due to the fact that they often imply the
conversion of fossil fuels to electricity and electricity to thermal energy (Nkwetta & Haghighat,
2014). Domestic hot water storage tanks are also a great opportunity for peak shifting building
electric demand to off-peak periods provided that modifications are made to ensure power draw
does not occur concurrently with water withdrawal (Lacroix, 1999). Moreover, as the water
temperature inside these tanks must be maintained at or above 60 °C to prevent the proliferation
of dangerous bacteria such as Legionella (ASHRAE, 2000), the possibility to supply water at a

constant temperature with latent systems is of particular interest.

Al-Hinti et al. (2010) discussed the effect of water withdrawal patterns on the performance of
both a PCM-enhanced and ordinary domestic hot water storage tanks. Following a withdrawal
pattern typical of residential day-time consumption of domestic hot water for a small family,
average water temperature in the ordinary tank dropped by 20 °C (71 °C to 51 °C) while the
average temperature dropped by only 12 °C (72 °C to 60 °C) in the PCM-enhanced tank. They
concluded that in cases of extreme consumption, such as during evening hours, the presence of
PCMs resulted in extended operational time of the system without the need for supplementary

heating of the water.

Several other studies have also demonstrated that the inclusion of PCMs in hot water storage
tanks can increase their storage density and delay the activation of supplementary heating
following water withdrawal for a significant amount of time, at times displacing it completely to
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off-peak power demand periods (A. de Gracia, Or0, Farid & Cabeza, 2011; Mehling, Cabeza,
Hippeli & Hiebler, 2003). This potential can further be enhanced through the use of optimised
control strategies (Nkwetta et al., 2014) and the adequate choice of phase change temperature and
capsule geometry (Barba & Spiga, 2003). The implicit requirement behind both the evaluation of
control strategies and design choices is the availability of adequate modelling tools.

2.4.4 Free cooling applications

Free cooling is another classic application of active PCM storage. Zalba et al. (2004) have
experimentally tested the use of a PCM storage tank to store cold from the night-time air and
restore it as cooling capacity during the day. The unit was experimentally submitted to step
changes in its inlet fluid temperature, using combinations of different inlet temperatures and air
flowrates. The study indicated that the use of such a tank in an industrial building is economical
in comparison to a conventional air-cooling system as it uses approximately 9 times less

electricity.

Arkar & Medved (2007) have numerically compared different modes of free cooling for a
residence with low energy consumption including a system with PCM integrated in the
ventilation system. Besides cooling the residence at night, cool outside air is also stored in the
PCM and released in the residence by day. Though the air flowrate into the PCM unit remained
constant during the simulation, the inlet temperature changed following the daily variations in
outdoor air temperature surrounding the residence, located in Ljubljana, Slovenia. The study
concludes this method is more efficient in the reduction of indoor air temperature than continuous
free cooling as well as night-time free cooling where only one opening exists per room (single-
sided natural ventilation). Even though the method leads to slightly higher indoor temperatures
when compared to cross night-time ventilation (where openings on opposite walls allow the
incoming air to sweep across the entire room), it increases air quality in the residence by
continuing ventilation of outdoor air during the hot hours of the day. Moreover, air flow required
for cross night-time ventilation to be efficient depends on wind and is not guaranteed every night

of the hot season.

Turnpenny el al. (2000, 2001) conceived and constructed a cooling system containing heat pipes
inserted into PCM and used it conjointly with a ceiling-suspended air heater. Their experimental

trials were performed with different air flowrates and step changes in inlet temperature to the
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unit. Results indicate this system compares advantageously to chilled ceilings through its inferior
mass and the fact no cold water has to be produced. When compared to conventional air-
conditioning systems, the study’s results indicate the PCM system is more economical and more

energy efficient.

Raj & Velraj (2010) performed a detailed review of publications of PCMs used in free cooling.
They concluded that in spite of the potential of PCM in free cooling demonstrated by some
authors, the low thermal conductivity of both air and most PCMs as well as long PCM charging
time remain significant obstacles. As free cooling potential varies greatly as a function of site
location and climate, a detailed analysis is required before selecting the correct phase change
temperature and heat transfer rate for each application. Knowing PCM thermal properties vary as
a function of temperature, the design of any PCM storage system should be based on the analysis

of the PCM’s transient behaviour.

2.4.5 Follow-up of real applications in buildings

Authors cited previously discuss numerical or experimental results obtained from the study of
PCMs. To select the appropriate operating conditions under which to experimentally test a PCM
storage tank however, it is the real operating conditions found in actual building HVAC systems
which are of interest, not simulation results or experimental tests. To draw a complete portrait of
the state of the art on the domain of PCMs in buildings, concrete cases of real PCM storage tanks

monitored during their installation in buildings must also be discussed.

2.45.1 Ice as phase change material

Most sites where thermal storage with phase change materials has been implemented and its
performance monitored used water as PCM. As for other such materials, different configurations
exist among which ice-on-coil systems, encapsulated ice and ice slurry based systems are the

most common.

Sohn & Nixon (2001) have studied the operation of fire station 506 of the United States Army on
the Yuma Proving Ground, in Arizona, where an ice tank has been in service since 1988. This
tank consists of a coil submerged in water and is used to produce ice at night to even out peak air-
conditioning loads occurring during the day. The general operating conditions required the tank
to be fully charged daily, over a 20 hour period by a 281 kW (80-ton) chiller producing ice in the



23

tank. The tank then supplied cooling to the building while one 774 kW (220-ton) chiller was
turned off for four hours each day, from noon to 4 pm, in order to reduce peak electric demand.
The tank was thus used to offset a nearly constant power load over this specific period of time.
The system reduces the electricity bill by 22 450$ per year resulting in the initial capital
investment being paid back in 6.5 years. It must be noted that the system only required minimal
maintenance over the 12 years of service investigated in the study.

Wang & Kusumoto (2001) have studied the use of an ice slurry system at the Ritz Carlton Plaza
in Osaka, Japan. The building contained 16 ice slurry tanks, spread out amongst the different
floors, to reduce peak cooling loads in summer and winter. The design used heat pumps to
provide space heating, while their evaporators generated ice in a storage tank, which was in turn
used for space cooling. The ice storage discharged during the daytime, cooling recirculated air
from the conditioned space. Therefore, operating conditions included constant inlet air
temperature and flowrate variations depended on whether the unit functioned at a constant (on/off
conditions) or variable flowrate. Their study showed approximately 80% of the electricity
required to cool the building was used at night. As lower electrical tariffs applied at night, this

method allowed important cost reductions.

Past performance make strong arguments for the use of ice as latent energy storage systems. It
must however be noted its use is limited to building cooling (the direct heating of water or air
being impossible considering the ice’s phase change temperature) and requires the use of
refrigerating equipment which can cool a fluid below 0 °C, imposing additional constraints on
traditional systems. Therefore, commercial PCMs are required to widen the spectrum of fusion

temperatures available and the number of possible applications.

2.4.5.2 Commercially available phase change material

For commercial PCMs, little data is available in the literature on real building-tested applications.
Liu et al. (1994) compared the real performance of PCM storage systems (ice and eutectic salts)
to the simulated performance of conventional systems. Their results indicated PCM storage
systems performed better than expected and induced lower energy costs than traditional chillers

used in the same applications.
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Paré & Bilodeau (2007) presented a project to replace the chillers at IBM’s plant in Bromont,
Canada, during which a PCM storage system was also installed. One PCM tank was designed to
regulate water temperature to the emergency showers where the flow rate can suddenly vary from
0.1 to 2.5 L/s. Another PCM is installed upstream of the chiller and used continuously to regulate
the load to the unit, therefore undergoing several charging/discharging cycles each day. The last
PCM tank is installed downstream from the chiller with the purpose to reduce peak power by
complementing the chillers’ capacity during period of peak cooling demand. A by-pass to the
PCM tank is installed so it can either be in a charging, discharging or waiting mode (i.e. when it
is completely by-passed). The article presented brief monitoring data which indicated increased
efficiency of the cooling system and a reduction of the daily energy consumption.

Other data available on PCM storage tanks installed in buildings originate directly from PCM
manufacturers and have not been confirmed independently (Cristopia Energy Systems, 2011,
PCM Products Ltd, 2009). These documents contain little information and do not allow an
objective analysis of the reported data. Recent court cases in Québec seem to indicate that some
installed systems did not meet expectations (Larocque, 2014; Siemens Canada Itée c. Groupe
Enerstat inc., 2014; Systemex Energies inc. ¢. Groupe Enerstat inc., 2015), although — perhaps
unsurprisingly — no performance data have been published. The results from current installations
require a thorough investigation to ensure we can learn from past mistakes and adequately assess

the technology’s potential for future applications.

2.5 Conclusion

The literature review presented illustrates the issues and obstacles to the deployment of PCM
technology in buildings. The existing models often neglect important phenomena such as
hysteresis and supercooling. Models rarely represent the waiting period between successive
charging/discharging periods and neglect the thermal equilibrium occurring in the PCM in those
instances. The rarity of experimentally validated models is also notable as well as the scarce
performance data on real installation of PCM tanks in buildings. When experimental data is
available, the repeatability of test results is rarely discussed even though phenomena such as
supercooling have been shown to lead to poor repeatability. The development and validation of a
model compatible with a complete building energy simulation would be a significant contribution

to the deployment of the technology.
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CHAPTER 3 OBJECTIVES AND THESIS ORGANISATION

The research project’s main subject is the modelling of phase change material storage tanks for
use in building heating, ventilating and air-conditioning (HVAC) systems. A model, based upon
the enthalpy method, is proposed to simulate the behaviour of horizontal tanks filled with

horizontal, rectangular capsules. The heat transfer fluid is a liquid flowing between the capsules.

3.1 Thesis objectives

This thesis has two main objectives, which can each be separated in secondary objectives:

e Develop a numerical model for the simulation of the behaviour of horizontal storage tanks

with commercially-available phase change material capsules of rectangular geometry.

0 Develop a preliminary model, based on the enthalpy method, for use in whole

building simulations;

o Evaluate the impact of conduction in the phase change material in the direction of
fluid flow;

o Evaluate the impact of the fluid flow profile;
o Evaluate the impact of the capsule geometry; and
o Verify the developed model against numerical data.
e To validate experimentally the performance of the proposed model:
o0 Design and construct a test bench for the study of hydronic equipment;
o Characterize the enthalpy-temperature relation for the phase change material tested,;

0 Determine experimentally the behaviour and performance of a horizontal storage
tanks with commercially-available phase change material capsules of rectangular

geometry; and

o Compare the behaviour measured experimentally to the simulated response of the tank

using the model developed.
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3.2 Thesis organisation

The present thesis includes eight chapters and follows the format of an article-based thesis.
Chapter 1 presents an introduction to the subject of phase change materials and the reasons for
their applications in building systems. A critical review of literature, presented in Chapter 2,
covers modelling methods for phase change processes, existing phase change material storage
tanks models, possible applications in building energy systems and current experimental data on
real phase change material storage tanks. Chapter 3 describes the objectives of the thesis as well

as its organisation.

Chapter 4 presents the first article entitled “Assessment of T-History Method Variants to Obtain
Enthalpy-Temperature Curves for PCMs With Significant Subcooling” and published in the
Journal of Thermal Science and Engineering Applications. The article details the classic
experimental method used to characterize heterogeneous phase change materials, named the T-
History Method, and describes the various variants on the data analysis methodology proposed by
previous researchers. The article uses these different variants to analyse results from experimental
tests of a phase change material and discusses each variant’s advantages and disadvantages. A
proposition is made as to which variant should be adopted to characterize phase change materials
with significant supercooling so as to provide all the necessary information to modellers looking

to simulate their behaviour.

Chapter 5 presents the second article entitled “Experimental assessment of a phase change
material storage tank” submitted to the Journal of Applied Thermal Engineering. The paper is
currently in the reviewing process, revisions were required and the version presented in the thesis
includes the changes that were made at the reviewer’s request. The article succinctly describes
the Semi-Virtual Laboratory which was designed and constructed to test hydronic HVAC
equipment and the adaptations made to it so that it could test phase change material storage tanks.
One PCM capsule was instrumented with thermocouples so the PCM behaviour could be
measured in addition to that of the PCM tank as a whole. Several melting and solidification
cycles were completed using different inlet fluid temperatures, flowrates and load profiles. At
least three repetitions were made in each test condition so repeatability could be assessed. A

thorough analysis of test results is provided.
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Chapter 6 presents the third article entitled “Modeling Horizontal Storage Tanks With
Encapsulated Phase Change Materials for Building Performance Simulation” and submitted to
the Journal of Building Performance Simulation. The numerical model developed to simulate the
behaviour of horizontal storage tanks containing flat, rectangular PCM capsules is presented. A
numerical analysis of modelling assumptions is made and the corrections made to the model
following these results are documented. Model results are compared to the experimental data

from the previous article to validate the model’s accuracy.

Chapter 7 presents a general discussion of the results and Chapter 8 presents the project

conclusions and recommendations for future work.

Two appendices present additional information. Appendix A provides the thermal and physical
properties of the tested PCM and describes the methodology used to obtain them. Appendix B
presents the procedure used to calibrate the temperature sensors and its results. Additionally a
conference paper by MacDonald et al. (2014) describes the Semi-Virtual Laboratory used to

obtain the experimental results presented in Chapter 5 and Chapter 6 for model validation.
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CHAPTER 4 ARTICLE 1: ASSESSMENT OF T-HISTORY METHOD
VARIANTS TO OBTAIN ENTHALPY-TEMPERATURE CURVES FOR
PHASE CHANGE MATERIALS WITH SIGNIFICANT SUBCOOLING

D’Avignon, K., Kummert, M., (2015). Assessment of T-History Method Variants to Obtain
Enthalpy-Temperature Curves for Phase Change Materials With Significant Subcooling. Journal
of Thermal Science and Engineering Applications, 7(4), 041015-041015-9. doi:
10.1115/1.4031220

Note: The article version transcribed here is the one published with a few minor corrections

recommended by the jury.

4.1 Abstract

To assess the potential of thermal energy storage systems using phase change materials (PCMs),
numerical simulations rely on an enthalpy-temperature curve (or equivalent specific heat curve)
to model the PCM’s thermal storage behavior. The so-called “T-history method” can be used to
obtain an enthalpy-temperature curve (h vs T) through conventional laboratory equipment and a
simple experimental procedure. Different data processing variants of the T-history method have
been proposed yet no systematic comparison between these versions exists in the literature nor is

there a consensus as to which should be used to obtain reliable enthalpy-temperature curves.

In this paper, an inorganic salt hydrate is tested in both heating and cooling. Four different data
processing variants of the T-history method are used to characterize the PCM and produce
enthalpy-temperature curves for this original experimental data set. Differences in the results
produced by the different methods are discussed, the issues encountered are indicated and

possible approaches to overcome these problems are provided.

Zhang et al.’s original data processing method does not provide sufficient information to produce
complete enthalpy-temperature curves. The method provided by Marin et al. (2003) is promising
but lacks detailed instructions on how to treat subcooling behaviour of the PCM. An
interpretation is provided using an absolute temperature interval, which illustrates this behaviour
and can reproduce an enthalpy-temperature curve from simulated data. The method proposed by

Sandnes and Rekstad (2006) uses a correlation to determine the heat transfer to apply to the PCM
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sample which leads to sporadic errors of significant magnitude. Results from the method put
forth by Kravvaritis et al. (2010) closely resemble those of Marin et al.’s method using the
absolute temperature interval detailed in this paper but relies on inaccurate thermodynamic

assumptions and show increased sensibility to test conditions.

The use of the version introduced by Marin et al. is recommended when using the T-history
method to determine enthalpy-temperature curves. For PCMs that exhibit subcooling, the
alternative interpretation using an absolute temperature interval should be used so that the

subcooling phase is taken into account in the enthalpy-temperature curve.

4.2 Introduction

Active thermal energy storage using phase change materials (PCMs) is frequently proposed as a
method to shift building peak heating and cooling loads (Khudhair & Farid, 2004) and increase
the availability of solar thermal energy (Kenisarin & Mahkamov, 2007). Recent efforts have
focused on delivering simplified models of phase change material storage tanks both accessible to
designers and compatible with available building energy performance simulation tools (Bony &
Citherlet, 2007b; D'Avignon & Kummert, 2012; Tabares-Velasco, Christensen & Bianchi, 2012).
Those models rely upon either an enthalpy-temperature curve or an apparent specific heat curve
to calculate the thermal behaviour of the storage tank. These curves are difficult to derive from

manufacturer data and additional experiments are often required.

Various methods have been proposed to obtain and process experimental data to produce these
enthalpy-temperature curves, but no clear consensus has emerged regarding which methods to
use. PCM Giitegemeinschaft eV has attempted to rectify this shortfall by defining quality criteria
(RAL Gilitezeichen, 2013) for the results and by limiting the approved characterization methods.
One such method is differential scanning calorimetry (DSC), which has been studied extensively
for PCM characterization. Authors have compared the accuracy of the isothermal step mode to
that of the dynamic mode (Castellon, Glinther, Mehling, Hiebler & Cabeza, 2008; Giinther,
Hiebler, Mehling & Redlich, 2009), measurements and calibration procedures have been put forth
specifically for PCM characterization using DSC (Lé&zaro et al., 2013), and DSC uncertainty is
well documented (Richardson, 1997; Rudtsch, 2002).
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The T-history is another method often used in practice and authorized by RAL Giitezeichen
(2013) but fewer authors have performed a critical assessment of its data processing
methodology. Lazaro et al. (2006) verified an installation for T-history testing of PCMs,
comparing the resulting enthalpy-temperature curves to DSC results. The experimental procedure
and set-up used provided consistent results over multiple tests but no details are given as to the
data processing variant of the T-history method which was used. Solé et al. (2013) summarized
the alternative experimental setups, data processing methods and result presentation formats
which have been proposed since the original T-history method was introduced (Zhang, Jiang &
Jiang, 1999) and concluded on the importance that a consensus be reached. Yet, the authors
offered no critical analysis of the different data processing methods nor did they recommend

which should be used and which should be discarded.

None of the references found provides enough details to apply the proposed method
unambiguously to a new experimental data set. For example, the treatment of subcooling is not
described in Jose M. Marin et al. (2003) and the accuracy of the regression used is not quantified
in Sandnes & Rekstad (2006). The papers also omit to describe the treatment of experimental
variability, often altogether neglecting to display such variability. Though at times multiple
samples of the same PCM were tested (Hong, Kim & Kim, 2004; Kravvaritis, Antonopoulos &
Tzivanidis, 2011; Lazaro et al., 2006; Peck, Kim, Kang & Hong, 2006; Solé et al., 2013), none of
these references presents the raw experimental T-history data for more than one sample and only
partial results are given without explaining how the selected samples were chosen (Kravvaritis et
al., 2011; Zhang et al., 1999).

Variations, imprecisions and uncertainties in the enthalpy-temperature curves cannot be ignored
when assessing the potential of PCMs for various applications. Arkar and Medved (2005)
determined that the PCM’s apparent specific heat curve significantly affects the simulated
thermal response of PCM storage tanks. Gunther et al. (2009) stated a 1 K change in the
estimated melting temperature of the PCM can lead to an error of 11% in the calculation of the
heat transfer rate from the material. Yet, variations of the T-history method have not been
critically analysed and compared after their initial publication. No study has assessed which of
these methods, if any, is sufficiently reliable to provide adequate enthalpy-temperature curves for
different types of PCMs.



31

This paper presents the results obtained by applying four data processing variants of the T-history
method to original experimental data from a commercially available PCM of unknown
composition. Experimental data from all samples tested are presented, illustrating the variability
amongst samples, particularly relating to subcooling. Different data analysis methods are applied
to the experimental data and the difficulties encountered in applying the methodologies based on
their description in the literature are presented. The enthalpy-temperature curves obtained for
each sample by applying the methods are analyzed and critically compared. Recommendations
are made to select an appropriate data processing method for the production of enthalpy-

temperature curves for a PCM exhibiting subcooling.

4.3 Literature review: PCM characterization methods

Though Differential Scanning Calorimetry (DSC) is commonly used to determine the apparent
heat capacity of materials, issues have been identified when used with PCMs. Large heating rates
can exacerbate hysteresis between heating and cooling curves, whereas lower heating rates can
increase errors in calculated enthalpy change due to decreased signal-to-noise ratios (Giinther et
al., 2009). The small sample size increases the probability of subcooling and amplifies it, which
deforms the cooling curve (Gunther et al., 2009; Xie et al., 2013). These deficiencies led to the
development of other techniques to characterize larger PCM samples using standard laboratory

equipment.

One such technique is the T-history method developed by Zhang et al. (1999), which compares
the evolution of the temperature through time (or "T-history™) of a PCM sample to that of a
reference sample as both are cooled in a controlled environment. The T-history curves resulting
from this experimental test (thoroughly described in Section 4.4) are separated into three distinct
temperature intervals representing the liquid state, phase change and the solid state, and are
analyzed separately. Results provide the liquid and solid phase specific heat, latent heat of fusion
and melting temperature of the PCM studied. These 4 parameters represent key aspects of the
PCM enthalpy evolution with temperature, but are insufficient to define a complete enthalpy-

temperature curve.

Marin et al. (2003) proposed to analyze the T-history curves over very small intervals of

temperature, without any changes to the method applied whether the interval falls within the
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solid, liquid or phase change period. This formulation produces a complete enthalpy-temperature
curve over the whole temperature range tested and, as proven by Lazaro et al. (2006), the method
can be directly applied to both cooling and heating processes, allowing the assessment of the

presence of hysteresis, or lack thereof.

Hong et al. (2004) proposed two modifications to the original method in order to improve its
accuracy: to consider variations of sensible heat occurring during phase change and to use the
first derivative of the T-history curve to determine the transition from the end of the phase change
to the solid phase. Peck et al. (2006) later used this method for heating processes, indicating it
could determine whether the solidification temperature is different from the melting temperature.
Though it contains more information than the original T-history method, this version again

provides an incomplete enthalpy-temperature curve and is therefore not studied in this paper.

Sandnes and Rekstad (2006) proposed to test the reference and PCM samples in separate trials
and to express heat transfer as a function of the temperature difference between the surroundings
and the sample. The enthalpy change in the PCM is then determined as a function of its

temperature, resulting in an enthalpy-temperature curve which can include subcooling.

Kravvaritis et al. (2010) chose to compare the time delay between the PCM and reference sample
over a specified time interval. The so-called “thermal delay method” introduces the concept of an
effective specific heat which varies following the PCM temperature and provides all the required

information to recreate an enthalpy-temperature curve for the PCM tested.

The methods proposed by Zhang et al. (1999), Marin et al. (2003), Sandnes and Rekstad (2006)
and Kravvaritis et al. (2010), hereafter respectively referred to as methods Z, M, SR and K, have
been applied to our experimental data and are described in more detail in upcoming Section 4.5.

4.4 Experimental test

4.4.1 Setup

The original "T-history” method presented in (Zhang et al., 1999) was based upon a simple
experimental set-up. Though methods that subsequently evolved from it made some
modifications to the set-up (Solé et al., 2013), the underlying principle remains unchanged. At

least one test tube is filled with the PCM and one test tube is filled with a reference material of
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known thermophysical properties (e.g. water or mercury). Both samples are equipped with a
temperature sensor linked to a data acquisition system and placed inside a controlled environment

(water bath or insulated air chamber) whose temperature is also recorded.

In all variations, the methodology assumes the temperature distribution inside the samples can be
regarded as uniform. The sample size must ensure that the lumped capacitance method can be
used to evaluate the sample behavior (i.e. the Biot number should be less than 0.1), so test tubes
of a small diameter are typically used as containers. Glass test tubes are preferred as they
guarantee that the container will not chemically interact with the sample and that tube
thermophysical properties are known and homogeneous. The reference material must also be

chosen so that it does not change phase in the test temperature interval.

4.4.2 Procedure

Before the experimental test begins, an initialization period takes place where samples are heated
to the test start temperature, above the PCM’s melting temperature (see Figure 4-1). Once all
samples have stabilized at the test start temperature and are completely liquid, a cooling test
begins where samples are rapidly exposed to an environment at a temperature, below the PCM’s
melting temperature. From the common starting temperature the evolution of the PCM sample
temperature through time (i.e. T-history curve) is measured continuously as well as that of the
reference material sample (see Figure 4-1). The cooling test is completed after all samples have
stabilized at the controlled environment temperature and the PCM sample is completely solid.
The samples are then exposed to an environment at the original temperature, until all samples
have stabilized at that temperature and the PCM sample is completely liquid, completing the
heating test. A complete cycle, including both cooling and heating tests, is required if one wishes
to fully characterize the PCM and verify whether hysteresis occurs. This experimental procedure
is common to all variations of the T-history method except for the fact that Sandnes &
Rekstad (2006) do not test both the reference and PCM samples at the same time but in
subsequent experiments. The T-history curves resulting from the above mentioned experimental
procedure are illustrated in detail on Figure 4-1. The hot/cold/hot cycle is often repeated several

times to obtain separate data sets for the same samples.
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Figure 4-1: Temperature evolution during a full cycle of the T-history experimental procedure

4.4.3 Experiment

This paper analyzes a commercially available PCM (S27) whose properties, as supplied by the
manufacturer (PCM Products Ltd, 2015), are detailed in Table 4.1. Twelve samples are taken
from a capsule of the PCM and distilled water is used as a reference material. Each sample is
weighed and placed in a glass test tube of 16 mm in diameter and 125 mm in length (Biot
number < 0.1). Type-T thermocouples, previously calibrated using a water bath and a Class A Pt-
100 sensor, are placed along each sample tube’s central axis. Data acquisition is done at a
sampling rate of 1 Hz by using the isothermal thermocouple input module NI 9214, equipped
with several cold-junction compensation sensors (National Instruments Corporation). Samples
are held in place by their caps in a vertical position, with additional sensors measuring the

ambient air temperature in the center and on the exterior of the sample layout.

Table 4.1: PCM properties specified by manufacturer?

Phase change temperature | 27 °C
Density 1530 kg/m®
Latent heat of fusion 183 kJ/kg
Volumetric heat capacity | 280 MJ/m’
Specific heat capacity 2.20 kJ/kg-K
Thermal conductivity 0.540 W/m-K

% The properties listed have been copied exactly as found in manufacturer data.
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As recommended in the RAL testing regulations (RAL Gutezeichen, 2013), three successive
heating and cooling tests were performed, by switching between two environmental chambers.
All PCM samples were tested at the same time, exposed to the same ambient conditions and
generally showed a similar temperature evolution (see Figure 4-2). The PCM studied displayed
significant subcooling during cooling tests and some samples were lost due to breakage. This
paper presents the results obtained by analyzing the third cooling and heating test of the 6 PCM

samples that withstood all three heating/cooling cycles.
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Figure 4-2: T-history data from six of the PCM samples tested for the third cooling and heating

cycle

For t=[3350;3500s] on Figure 4-2, the oscillating chilled room air temperature caused by
compressor on/off cycling leads to measurements of ambient air temperature being higher than
the reference sample temperature. This is relatively common and can be seen in other published
results (L&zaro et al., 2006; Sandnes & Rekstad, 2006). Improved control of the environmental
chamber temperature delays and attenuates this effect without eliminating it completely.
Placement of the samples and ambient air temperature sensor in insulating polystyrene as in

(Sandnes & Rekstad, 2006) can attenuate this effect, slowing down variations in temperature.

As the PCM tested is heterogeneous and contains small grains to enhance nucleation, care was
taken to use representative samples by rendering the PCM completely liquid, thoroughly mixing

it and collecting an equal volume for each sample. Yet, differences exist in the experimental
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results. For example, the minimum temperature reached during subcooling by PCM samples,
Teun, varies from 11.2 °C to 15.0 °C and is much higher for K19, than for all other samples. The
maximum temperature reached during phase change, Tmax, varies amongst samples from 24.5 °C
to 26.4 °C. These differences can be partially attributed to variations in sample composition due
to PCM heterogeneity, as confirmed by variations in the weight of the samples for the same
sample volume. The maximum difference amongst studied samples is 2.1 g, a 10% variation. The
presence of nucleation agents is known to have an impact on the degree of subcooling (Gunther
et al., 2009; Lazaro et al., 2006; Xie et al., 2013), which may have affected the evolution of PCM
temperature through time measured during the test. All data analysis methods referenced in this

article correct for variations in mass and so all results are analyzed.

4.5 Results

4.5.1 T-history method - Z

The original T-history method developed by Zhang et al. (1999) will be referred to as Z in this
paper. It determines the melting point, heat of fusion, specific heat and thermal conductivity of
phase change materials (PCMs) from experimental temperature curves obtained during cooling
tests. The method uses measured data to solve the PCM thermal balance, represented by
Equation (4-1) when the PCM is in liquid or solid state and Equation (4-2) during phase change,
and thus determine PCM properties.

(mpcm * Cppem T Mg - cp,t) “ATpem = hg - Ag - f(Tpcm — Ta) dt 4-1)
Mpcm * Hy * ATpem = hg  Ag - f (Tpem — Ta) dt (4-2)

The integral in these equations is determined from the area under the T-history curve so the only

unknown terms are the PCM properties to be determined (c, ,cm and Hy) and the global heat
transfer coefficient, h,. Zhang et al. avoid calculating this coefficient by assuming that the

coefficient which applies to the reference sample also applies to the PCM sample. The difficulty

in the analysis then resides in separating the T-history curve into three parts (A; pcm, Axpem and
Ag pem) ON Figure 4-3b) associated respectively with the PCM’s liquid state, phase change and

solid state, and either Equation (4-1) or (4-2). Two key moments in the PCM’s T-history curve
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need to be defined: 1) the transition from liquid state to phase change and 2) the transition
between phase change and the solid state.
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Figure 4-3: Division of the T-history curves following the method Z for a) the reference sample
and b) the PCM sample

As seen on Figure 4-3b, in the case of PCMs with a significant degree of subcooling, the method
uses the lowest temperature attained during subcooling, T, as the first delimiter, marking the
transition between the liquid state and phase change. On Figure 4-3a, the moment when the
reference material reaches Tg,y, is also identified in order to delimit the area under the reference
material T-history curve, A .f, used to determine the heat transfer coefficient associated with the
PCM’s liquid state, A ,cm. The transition between phase change and the solid state is delimited
by the moment when the PCM temperature reaches T, again. This delimits the area under the
reference sample T-history curve, Ag ¢, used to determine the heat transfer coefficient associated
with the PCM’s solid phase, A ,cm- The remaining area under the PCM T-history curve, Ay pcm,

on Figure 4-3b is associated with phase change.

The liquid phase specific heat is obtained using the energy variations in both the reference

material and PCM over temperature interval [Ty; Tsyp] :

Myef * Cp,ref + my- Cpt ) Al,pcm m¢

o (4-3)

C =
pl m A m
pcm Lref pcm

The solid phase specific heat is obtained from Equation (4-4) below using the energy change in

both samples over temperature interval [Tsyp; Tt
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o= Myef * Cp,ref + my- Cpt ) As,pcm mg
ps — -

(4-4)

*C
pt
Mpem As,ref Mpem

This analogy cannot be applied to phase change. As seen on Figure 4-3a, the temperature
delimiting the PCM’s phase change [Tsup; Tsup] 1S @ single point on the T-history curve of the
reference material. The area under the T-history curve for that interval is null and so no heat
transfer coefficient can be calculated for the reference material. Yet, the PCM sample travels
through the temperature interval over which phase change occurs [Tpyax; Tsup] ON three occasions
(see the white arrows on Figure 4-3Db), all of which are encompassed in the liquid state and phase
change parts (represented by areas A; pcm and Ay pcm Of the T-history curve. Equation (4-5), uses
the energy variation in the reference material for the liquid phase (represented by area A;') to
determine the heat transfer coefficient to apply to the PCM over the temperature interval

[T,; Tsyp] encompassing phase change®:

_ Myef * Cp ref +my - Cpt ] Ax,pcm ] (4'5)

Hy

T, —T
mpcm Al,ref (o sub)

4.5.2 Time-delay method - M

The method of Marin et al. (2003), hereafter called method M , analyses the T-history curve over
small intervals of temperature, AT;, without changing the method whether the interval falls within
the solid, liquid or phase change period. For the same temperature interval, it is assumed the heat
transfer for both samples can be characterized by the same heat transfer coefficient. This
coefficient is determined using the experimental data from the reference material sample for each
temperature interval studied. Thus the issue of choosing the temperature delimiting the beginning
and end of phase change is eliminated. This leads to Equation (4-6) expressing the PCM enthalpy
variation as a function of sample temperature from which the enthalpy-temperature curve is

determined with the data normalized at a chosen temperature.

® There is an error in this equation in Zhang et al’s paper. The denominator is indicated as my, the tube mass, when it should be

Mpcm, the PCM mass.
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AHi(Tpcm,i) _ <mtcp,t(Tref) + mrefcp,ref(Tref)> Apcm,i

m¢ _
m ATpcm,i - —Cp,tATpcm,i (4 6)
pcm

Aref,i pcm

The methodology described in (Jose M. Marin et al., 2003) is not explicit on the treatment of
PCMs with significant subcooling. Analysing the PCM T-history curve strictly in a “cooling”
mindset leads to a single temperature interval encompassing nearly all of phase change (see
AT = —0.1°C on Figure 4-4). Subcooling is not illustrated on the enthalpy-temperature curve,

where a single point defines phase change (see AT = —0.1°C on Figure 4-4).
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&) - |« |AT|=0.1°C
g 1\

S, s al

v 314 r \\
2313+

g

231.21

2 a T,

Figure 4-4: T-history curve of PCM sample indicating two alternate ways of treating subcooling
in method M

Alternatively, both positive and negative variations in temperature can be considered (see
|AT| = —0.1°C on Figure 4-4), leading to subcooling and phase change being defined by a
greater number of data points. In this case, while the PCM is increasing in temperature after
subcooling, the reference material sample is still cooling, so the two terms of the temperature
variation, AT;, in Equation (4-6) have a different sign. Other researchers have presented results
illustrating subcooling behaviour using method M (Lézaro et al., 2006; Rathgeber, Mir6, Cabeza
& Hiebler, 2014), without explicitly mentioning their methodology.

To illustrate this issue, Figure 4-5 shows the enthalpy-temperature curve of a theoretical PCM
(plain grey line) whose response to a cooling process was simulated numerically. The T-history
curve resulting from this simulation was processed by method M following both interpretations
mentioned above, resulting in the two dotted curves. Option 1 represents the case where the



40

sample temperature variation is presumed to be negative as the PCM is been cooled. The
resulting enthalpy-temperature curve adequately displays the overall enthalpy variation of the
process, yet it fails to illustrate the subcooling behaviour of the PCM. Using |AT| = —0.1°C is
shown as Option 2, where the subcooling effect is clear yet portions of the enthalpy curve are
inaccurate. The lowest temperature reached during subcooling does not appear on the enthalpy-
temperature curve; rather the subcooling peak is rounded off as a function of the temperature
interval chosen for the analysis. The overall change in enthalpy is accurate but the enthalpy-
temperature curve is inaccurate during subcooling. Method M therefore results in an enthalpy-
temperature curve that is useable for numerical simulation, but the PCM’s behaviour during

subcooling is inaccurate.
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Figure 4-5: Enthalpy-temperature curves resulting from the method presented by method M

according to the way subcooling is treated

The enthalpy-temperature curves resulting from the treatment of our experimental data through
Method M using |AT| = —0.1°C are illustrated in Figure 4-6 for a temperature interval of 0.1 °C.
Both cooling and heating processes are illustrated with all curves normalized to a value of 0 kJ/kg
at 50 °C. The greatest cumulative difference in overall enthalpy change between 50 °C and 5 °C
amongst the heating and cooling curves is 81.4 kJ/kg or 25.5%. For most samples, hysteresis of
2.6 to 3.2 °C is present between the heating and cooling processes but sample K18 displays a

more pronounced hysteresis of approximately 6.4 °C. Due to the ambiguity introduced by the
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method’s treatment of subcooling mentioned previously, these values likely include slight errors

in the portrayal of subcooling behaviour.

0 .
50 ?' .g& ....................................................... i
A0 e A S S 4..'.;%:_?' ....................................................................... |
o K12 Cooling
5_1507 K15 Cooling| |
- K16 Cooling
%_200_ |—8—K18 Cooling | |
% ——K19 Cocling
; 250 oD B : : ——K21 Cocling
1= s | gy TR IS S T
O pasestfEAALiogl : K12 Heating
o o ,v._-vvv::::qlqm,q.q.Q' g ; K15 Heating
-300+- ------------q.-q.-q.q-q-ﬂ44'-- et - I SO OO SR OUPRRE PP K16 Heating .
- K18 Heating
-350|- T K19 Heating |
: : _ ; w4 K21 Heating
_ 1 i | i ]
4000 10 20 30 40 50

Temperature [degC]

60

Figure 4-6: Comparison of enthalpy-temperature curves for every PCM sample, for both heating

and cooling for method M

45.3 Sandness & Rekstad’s Method — SR

Sandnes and Rekstad (2006) propose to test the reference samples in a separate trial. Their

method, herein referred to as method SR, finds a polynomial to represent heat transfer from the

reference sample as a function of the temperature difference between the surroundings and the

sample which is latter used to calculate heat transfer from the PCM sample.

First, heat lost from the reference sample during the time interval between successive data

measurements, qres, IS calculated accounting for the thermal mass of the sample itself, the tube

and the sensor through Equation (4-7).

Qref = (mrefcp,ref + mtcp,t + msencp,sen)

ATref,i
At;

(4-7)
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A second degree polynomial is then used to express the heat lost by the reference sample for each
time interval, q,¢, as a function of the temperature difference between the reference sample, Tyer,
and ambient air, T,, for that time interval. The same polynomial is used to determine the heat lost
by each PCM sample, q;, for every time interval of the experiment based upon the temperature
difference between the PCM sample and ambient air. The heat lost by the PCM alone is then

isolated from that lost by the tube and sensor, so the enthalpy change in the PCM, AH(Tpcm,i),

can be determined as a function of the average PCM temperature, Tpcm,i, from Equation (4-8).

qi — (mtcp,t + msencp,sen)(_ ATpcm,i) (4'8)

Mpem

AH(Tpcm’i) =

Choosing an arbitrary reference point, the cumulative sum of the enthalpy changes is calculated
for each temperature interval, resulting in an enthalpy-temperature curve. The enthalpy-
temperature curves resulting from the treatment of our original PCM sample data by method SR
are illustrated in Figure 7 for a time interval of 10 s between measurements (as used in Sandnes
& Rekstad (2006)), for both cooling and heating process data.
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Figure 4-7: Comparison of enthalpy-temperature curves for every PCM sample by method SR

All samples display some level of hysteresis, ranging from 1.4 to 2.0 °C for most samples, up to
4.3 °C for sample K18. For samples K12, K15 and K19, the enthalpy values for the solid phase
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(around 0-10 °C) are lower for the cooling process than for the heating process data. The greatest
cumulative difference in the total phase change enthalpy between the cooling and heating curves
of the same sample is of approximately 40.4 kJ/kg or 11.3% for sample K12. While for samples
K16, K18 and K21 the opposite is true, the phase change enthalpy is greater for the cooling
process and the greatest cumulative difference is of about 29.1 kJ/kg or 8.5% for sample K21.
Over all the samples, the greatest cumulative difference in overall enthalpy change between
50 °C and 5 °C is about 87.2 kJ/kg or 23.2% between the cooling curves of samples K15 and
K18.

The real gain provided by explicitly accounting for sensible heat changes in the sensor is
questionable. Determining the adequate c,, value to use for the temperature sensor including for
both the sensor wire and coating can be difficult. Determining the portion of the sensor mass
contained inside the sample is also problematic and can lead to increased errors rather than

improved accuracy.

Measurement errors and experimental uncertainties were thoroughly discussed in Sandnes &
Rekstad (2006) but no comment on the error introduced by the polynomial in reproducing the
correct heat loss for each sample was presented. Though the polynomial in Sandnes &
Rekstad (2006) was generated from the average of sample heat losses, q;, over 10 °C intervals of
the temperature difference T, — T,, the fit of the regression to the raw data was not quantified,
nor was the use of a 10 °C interval of temperature explained or evaluated. The present authors
chose a polynomial which fit the raw data for the reference sample reasonably (R2 value of
0.985). Yet data points for great temperature differences (T..f —T,) were quite spread out
(standard deviation of 0.66 W for T.. — T, = [10°C to 34°C]) which leads to as much as a 14.2%
relative difference between the measured heat transfer rate and that calculated by the polynomial.
This inaccuracy is much greater than any uncertainty reported in Sandnes & Rekstad (2006) and
can cause significant errors in the enthalpy-temperature curve at moments when large
temperature differences exist in the test (i.e. in the liquid part of the cooling tests and the solid

phase of the heating tests).
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4.5.4 Thermal-delay method — K

Kravvaritis et al. (2010) suggested to assume the global heat transfer coefficient is the same for
both reference and PCM samples over the same time interval studied. This is significantly
different from the M and SR approaches described above, as the heat transfer coefficient is
assumed to vary essentially with time and not the temperature difference. As illustrated on Figure
4-8, the T-history curve is analysed over successive time intervals of a specific duration (from

ti to ti4,), where the temperature varies between the PCM (Tpcm,i 10 Tpem,i+1) and reference
sample (Trefi t0 Treri+1)- Method K uses the thermal delay, or temperature variation (Tpef; to
Treti+1), In the reference sample over each time interval of the test to define the heat transfer

coefficient for that time interval and applies this coefficient to the PCM sample at the same time
interval.

Temperature [K]
Temperature [K]

a) Reference sample b) PCM sample

Figure 4-8: Method K for a) the reference sample and b) the PCM sample

This leads to Equation (4-9), a function expressing the PCM’s effective thermal capacity, c, ef,

as a function of the mean PCM temperature, T;, for that time interval.

c (T) _ (mt,refcp,t,ref + mrefcp,ref)Ac,pcm N (Tref,i - ref,i+1)(Tpcm,i + Tpcm,i+1 - ZTa) (4'9)
peffLli) —
mpcmAC,ref (Tpcm,i - Tpcm,i+1)(Tref,i + Tref,i+1 - ZTa)
. mt,pcmcp,t,pcm

Mpem
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Applying an identical heat transfer coefficient to both PCM and reference samples during the
same time interval, neglects the dependency of natural convection and radiation on the
temperature difference between the ambient air and sample tube. In subsequent work (Kravvaritis
et al.,, 2011), the authors calculated a convection coefficient for both the PCM and reference
samples from a correlation proposed by Popiel, Wojtkowiak, & Bober (2007). A ratio of these
coefficients, h./h e, calculated at every time step was then applied to the first term in Equation
(4-9). The authors claimed using h./h.ef = 1 in their calculations introduced less than a 3%
error in the effective specific heat curve as a function of temperature and recommended
neglecting the correction factor. Calculating convection coefficient ratio h./h ¢ for our data,
resulted in values as low as 0.23 and as high as 6.20 for some time steps. Across all samples, an
average relative difference in the effective specific heat values calculated was found to be 32.8%,
indicating that the coefficient’s relation to temperature cannot be neglected without introducing

significant errors.

A comparison between the effective specific heat curves calculated from heating and cooling
process data for sample K19 shown in Figure 4-9 illustrates that each process leads to
significantly different behaviour. The heating process data results in a distinct peak in c,, .¢ at the
estimated phase change temperature, while the cooling process data results in multiple peaks over
a wide range of temperatures and the phase change temperature interval is lower in the cooling
data.
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Figure 4-9: Effective specific heat curves as a function of temperature for sample K19, calculated

with method K using a 10 s time interval for a) heating and b) cooling process data

In Kravvaritis et al. (2011), the authors also specify how to recreate an enthalpy-temperature
curve from the effective specific heat curve for the PCM tested and how to evaluate the enthalpy
of phase change. This method uses the measured data directly rather than an interpolation
between measurement points as in Marin et al. (2003). Issues arise from the choice of the time
interval duration. For short time intervals, the signal-to-noise ratio is low and, as can be seen on
Figure 4-9, can lead to negative values of c,.¢ Which are both physically unrealistic and
misguiding. Rapid dynamic effects are lost with longer time intervals which can change the
coolest temperature recorded during subcooling and alter the calculated value of the latent heat of

fusion.

Figure 4-10 illustrates enthalpy-temperature curves constructed for heating and cooling processes
using a 10 s interval and calculating the heat transfer coefficient ratio, h./h. e, for each time
step. For most samples, heating and cooling curves differ by 1.6 to 2.4 °C during phase change
while sample K18 again displays greater hysteresis of about 5.4 °C. All curves having been
normalized to 0 kJ/kg at 50 °C, the solid state values are significantly different for the cooling

and heating curves due to a sudden increase in enthalpy around 20 °C. The oscillating chilled
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room air temperature shown on Figure 4-2 led to some measurements of ambient air temperature
being higher than the reference sample temperature. The ensuing negative values of c, o¢r Caused
a sudden, physically-unrealistic gain in enthalpy which explains the abnormal behaviour seen in
the solid phase on Figure 4-10, between 18 and 23 °C. The “thermal-delay” method is the only
one affected by this phenomenon, which is amplified by the rather large controller dead band in
our experimental set-up. Methods M and SR both avoid using the reference sample data when its

temperature has reached the ambient temperature, but this cannot be avoided with method K.
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Figure 4-10: Enthalpy as a function of temperature for all samples, as per method K, for both

heating and cooling processes

4.6 Discussion and recommendations

The first objective of this study was to determine which of the data processing methods could
provide adequate enthalpy-temperature curves for the PCM tested. Constructing an enthalpy-
temperature curve solely from the data given by the Z version neglects an important part of the
PCM’s behavior during phase change. For example, T, IS not the phase change temperature,
yet the latent heat of fusion is calculated between two instances of this temperature. The method

offers no information on the enthalpy at the melting temperature, T,, hindering a complete
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representation of what occurs during phase change. Method Z does not allow for a full

characterization of a PCM’s behavior.

Only the methods M, SR and K provided complete enthalpy-temperature curves presented on
Figure 4-11 for both cooling and heating processes. Method SR consistently yields lower
enthalpy values over the whole temperature range, which also leads to lower specific heat values.
For heating data, methods K and M are close for the whole temperature range. In cooling,
methods K and M again display similar behaviour until the former’s abnormal enthalpy peak
around 20 °C. Nonetheless, the maximum cumulative difference in the overall enthalpy change
between 50 °C and 5 °C amongst data treatment methods for any sample (excluding K cooling
data) remains below 11.4%, which is lower than the maximum cumulative difference amongst

samples when using the same data treatment method.
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Figure 4-11: Enthalpy-temperature curves produced by method M (with absolute temperature
interval), method K and method SR for all PCM samples, from both cooling and heating test data

Method M has sound thermodynamic bases and has shown to adequately portrait the overall
enthalpy variation of a PCM according to its temperature. The original methodology described in
(Jose M. Marin et al., 2003) lacks a detailed explanation of how to treat subcooling and only the
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data processing alternative described in this paper as using an absolute temperature interval
should be used for PCMs which undergo subcooling. Method K requires environmental chambers
with a more precise temperature control than those that were used in this paper, or dynamic
control of environmental test temperature. Moreover, we do not believe that the same heat
transfer coefficient can be used for both reference and PCM samples over the same time interval.
If that assumption is not valid, the thermodynamic basis for comparing the reference sample to
the PCM sample over the same time interval is lost and, though results closely resemble those of
method M, method K cannot be recommended. Finally, based on the results shown in this paper,
the use of a polynomial to quantify the heat transfer based upon the temperature difference used
in method SR introduces significant errors. Those effects are more significant than possible gains
obtained by accounting for sensible heat changes in the sensor, so method SR cannot be

recommended.

4.7 Conclusion

Twelve samples of a commercially available PCM were put through heating/cooling tests, as
prescribed by the T-history method. The PCM, a heterogeneous salt hydrate, experienced
significant subcooling and multiple samples broke; only six samples withstood all three
heating/cooling cycles. The experimental data shows clear variations in the T-history curves
amongst the six samples of the PCM studied; the minimum subcooling temperature varied from
11.2 to 15.0 °C and the maximum temperature reached during phase change varied from 24.5 to

26.4 °C. All samples were analyzed using four data processing variants of the T-history method.

Only three of the four data processing methods could provide adequate enthalpy-temperature
curves for the PCM tested. The methodology of the “time-delay” method proposed by Marin et
al. (2003), denoted as method M in this paper, lacks details on how to treat subcooling. Using the
absolute temperature interval alternative presented in this paper provides an enthalpy-temperature
curve where the temperature interval chosen is directly linked to the precision of the results.
Potential users of the method proposed by Sandnes and Rekstad (2006) (referred to as SR) should
be warned that modeling heat transfer with a polynomial can lead to significant sporadic errors.
The “thermal delay” method proposed by Kravvaritis et al. (2010), referred here as method K,

relies on assumptions that were not verified in our tests.
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The results presented in this paper indicate that the use of the “time-delay” method, or method M,
should be recommended above other variants, provided that the absolute temperature interval is

used as detailed in this paper.
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4.9 Nomenclature

A : Area [K-s] if measured under the T-history curve and [m?] if related to heat transfer,
Bi : Biot number [-],

C - Specific heat [kJ/kg-K],

h : Heat transfer coefficient [W/m2-K],

H : PCM specific enthalpy [kJ/kg],

AH  : Variation in PCM specific enthalpy [kJ/kg],
Hy . Latent heat of fusion [kJ/kg],
m : Mass [kg],

At : Time variation [s],
T : Temperature [K],
T : Average temperature over time or temperature interval [K],

AT  : Variation of temperature [K],

4.9.1 Subscript

a : Relating to the ambient,

C : Relating to the convective heat transfer coefficient,
eff : Effective,

f - Relating to the test end,
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g : Relating to the global heat transfer coefficient,

i : Relating to an interval (time or temperature),

1 - Relating to the liquid state of the PCM,

max : Relating to the maximum reached during phase change,
0 : Relating to the test starts,

p : Pressure constant,

pcm : Relating to the phase change material,
ref  : Relating to the reference sample,

S - Relating to the solid state of the PCM,
sen : Relating to the sample sensor,

sub  : Relating to subcooling,

t : Relating to the sample tube,

X : Relating to phase change.
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CHAPTER 5 ARTICLE 2: EXPERIMENTAL ASSESSMENT OF A
PHASE CHANGE MATERIAL STORAGE TANK

D’Avignon, K., Kummert, M., (2015). Experimental assessment of a phase change material
storage tank. Submitted to the Journal of Applied Engineering on September 6", 2015. Currently

under review following a revision submitted on November 11", 2015.

Note: The article version transcribed here is the revised version submitted with a few minor

corrections recommended by the jury.

5.1 Abstract

This paper describes the experimental study carried out to assess the performance of a Phase
Change Material (PCM) storage tank in various operating conditions in a dynamic test bench.
The studied horizontal PCM tank contains stacks of slab-like PCM capsules between which heat
transfer fluid can circulate. The commercially available capsules were instrumented so the PCM
behaviour could be measured in addition to that of the PCM tank as a whole. Numerous melting
and solidification cycles were completed with different inlet fluid temperatures, flowrates and
load profiles for which at least three repetitions were made. Analysis of test results shows
significant variations in the PCM behaviour under the same tests conditions including varying
degree of supercooling and differing phase change temperature. The outlet fluid temperature from
the tank can however be predicted accurately from operating conditions and the initial state of the
PCM. Interrupting phase change processes before the PCM is completely melted or solidified
affects the temperature at which the PCM changes phase as well as the degree of supercooling
measured. Results from this investigation will be especially useful for researchers developing and
validating numerical models for use in various building energy systems as the complete

experimental data set is made available as an online companion to this paper.

5.2 Keywords

Phase change material storage tank; experimental testing; interrupted phase change
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5.3 Introduction

Design, automated control and fault diagnostics in building energy systems increasingly rely on
modelling and performance simulation of Heating, Ventilation and Air-Conditioning (HVAC)
equipment. As HVAC equipment is significantly influenced by its surroundings and the operating
conditions it experiences, data encompassing the whole operating range of each component is
required for proper simulation. Unfortunately, standardized data provided by manufacturers are
often limited to a few number of operating points.

Heat pumps are a good example of HVAC components that present a performance which is
highly dependent on the variation of its operating conditions. Novel components such as phase
change material (PCM) storage tanks are another example where the nominal capacity is
insufficient for designers to assess their correct dynamic operation. As shown by Liu et al.
(2011), something as critical as the rate at which heat can be stored or extracted can vary

significantly with operating conditions.

Moreno et al. (2014) experimentally compared the performance of a water storage tank to that of
a PCM storage tank to shift the daytime cooling load of a small space when coupled to a water-
to-water heat pump and air handling unit. Both thermal energy storage (TES) tanks were
horizontal and had identical dimensions but the PCM tank included stacks of a commercially-
available PCM supplied in plastic rectangular capsules. Results indicate that for the same
footprint, the PCM tank could on average supply 14.5% more cooling energy than the water tank,
at the expense of a charging time which was 4.6 times longer. Results such as these are promising
but thorough testing of such PCM capsules and tank configuration are required for HVAC system

designers to consider installing them in their projects.

Thorough model validation of PCM storage tanks also requires testing multiple operating
conditions for a specific PCM tank configuration so that the model can truly be validated for use
in various applications. Dutil et al. (2011) indicate that most recent studies have relied on
numerical results from previous researchers to validate their models and that experimental data is
scarce for most recent geometries. Dolado et al. (2011) performed such thorough testing of a
PCM-air heat exchanger which included metal-encapsulated PCM slabs positioned vertically.
The impact of varying the fluid flowrate and inlet fluid temperature on the thermal power

produced by the unit was evaluated. Detailed figures provide the evolution of the temperature
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through time measured at the surface of all the PCM capsules inside the unit as well as the fluid
inlet and outlet temperatures. Other such tests exist for PCMs encapsulated in plastic pouches
(Saied Mohammad Vakilaltojjar, 2000; Zukowski, 2007), in plastic vertical slabs (Lazaro et al.,
2009; B. Zalba et al., 2004), as well as spherical (Bedecarrats et al., 2009; I. W. Eames & Adref,
2002; Nallusamy et al., 2007) and cylindrical capsules (J. Wei et al., 2005). Such thorough
analysis of thermal energy system behaviour has not been done for the commercially available

capsule type described in Moreno et al.’s work.

This paper describes the experimental tests carried out to evaluate the behaviour of a real-scale
PCM storage tank in varying operating conditions. For this purpose, the Semi-Virtual Lab at
Polytechnique Montreal was adapted to the study of single inlet/outlet storage tanks where small
flowrates were required. A horizontal tank was designed to contain stacks of commercially
available slab-like PCM capsules between which heat transfer fluid could circulate. The capsules
containing the PCM, a salt hydrate, were instrumented to allow measurement of the material
behaviour in addition to that of the PCM tank as a whole. Numerous melting and solidification
cycles were completed with different inlet fluid temperatures, flowrates and load profiles for
which the results are presented here. Detailed analysis of test results allows to draw conclusions
regarding the phase change material itself, the PCM capsule and overall tank behaviour. The
complete experimental data set is made available to readers as an online companion to this paper

in order to assist in the development and validation of PCM tank models.

5.4 Experimental set-up

As illustrated in Figure 5-1, the commercially available PCM objects tested in this project are
rectangular HDPE capsules which are 0.25 m wide, 0.5 m long and 0.032 m thick. Two rows of
protrusions are present on their upper and lower faces which interlock when stacked to hold the
capsules at a distance of 0.007 m away from one another (see Figure 5-1 and 5-3).
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Tpcm,l » flow direction

Figure 5-1: Instrumented PCM capsule

A series of holes along the central axis of the capsule penetrate to the capsule center and one
lateral face includes a depression where the sealed filling orifice is located. In this study, the
PCM contained in the capsules is a heterogeneous salt hydrate named S27 (PCM Products Ltd,
2015) whose properties as supplied by the manufacturer are detailed in Table 5.1.

Table 5.1: PCM properties of S27 as specified by the manufacturer®

Property name Property value
Phase change temperature 27 °C

Density 1530 kg/m3
Latent heat of fusion 183 kJ/kg
Volumetric heat capacity 280 MJ/m3
Specific heat capacity 2.20 kJ/kg-K
Thermal conductivity 0.540 W/m-K
Mass 5.81 kg / capsule

As can be seen on Figure 5-2, PCM capsules were installed inside a horizontal insulated
cylindrical tank in a 2 stacks wide by 2 stacks deep formation, for a total of 32 capsules. The
PCM tank is equipped with perforated plates at its inlet and outlet to allow uniform fluid flow
across the capsule faces. This results in an entry-exit volume of 81 L, located between the fluid
entry/exit and the perforated plate, which is filled with fluid and exempt of any PCM capsules.

The zone located between the two perforated plates has a diameter of 0.762 m and length of 1.05

* The properties listed have been copied exactly as found in manufacturer data.
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m and is where the capsules were installed. A section made of expanded polystyrene was used to
support the capsules inside the tank and insulate them from ambient conditions. This support
section held the capsules in an opening 0.5 m wide and 0.37 m in height. An additional layer of
insulation (in light purple on Figure 5-2 and Figure 5-3), 0.013 m in height, was added to fill the
gap between the capsule stack and the capsule support. One of these commercially-available
PCM capsules is instrumented by the researchers with two Type-K thermocouples, installed at
two positions along the capsule’s length, near its central axis (see Figure 5-1). As shown in
Figure 5-3, the instrumented capsule is installed in the “downstream” stack of capsules (second
row in direction of flow) about mid-way in the capsule stack.

o

Figure 5-2: PCM tank viewed from the inlet, Figure 5-3: Position of the instrumented

including 1) perforated plate, 2) capsule PCM capsule in the tank as viewed from the
support and 3) PCM capsules outlet

The PCM tank was tested in the Semi-Virtual Lab (MacDonald et al., 2014) at Polytechnique
Montreal. It is designed to reproduce any and all conditions under which small commercial-size
hydronic equipment are expected to operate. The main components of the test bench are
illustrated in Figure 5-4. When the tested equipment features two inlets and two outlets as in the
case of a heat pump, the two test loops (in green and yellow) supply adequate operating
conditions to each side of the equipment. In the case of the PCM tank (1), these loops were used
in series to service the sole inlet and outlet to the PCM tank. Each test loop is equipped with its
own variable-frequency-drive and pump (2) permitting flowrates of up to 7.6 L/s. In this case,
balancing valves (3) were used so part of the flow would by-pass the tested equipment in order to
reduce the flow rate imposed to the PMC tank without affecting the pump’s performance.
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Turbine flow meters (4) with magnetic pick-up were installed to measure the exact flowrate
inside the PCM tank to a precision of £ 1% of the reading. A set of calibrated PT-100 platinum
resistance sensors (5) and a custom-made thermopile (6) were installed at the tank’s inlet and
outlet to accurately measure the fluid temperature imposed on the equipment and its response.
The uncertainties on their measurements are + 0.165 °C for the platinum sensors and + 0.04 °C
for the thermopile.

To Semi-Virtual
Lab auxiliary

To Semi-Virtual zone 1
Lab auxiliary

zone 0
e

(]
®

Figure 5-4: Schematic representation of the PCM tank testing zone of the Semi-Virtual Lab

The temperature of each test loop is controlled by two heat exchangers (7) linked to the two
auxiliary loops of the Semi-Virtual Lab in red and blue on Figure 5-4. Depending on the
operating conditions required, a series of heating and/or cooling units may be connected to either
auxiliary loop if needed. This includes a non-reversing water-to-water heat pump with scroll-
type tandem compressors with a nominal capacity of 100 kW, an electric boiler with a capacity of
54 kW and a heat exchanger connected to the university’s chilled water loop. Multiple 3-way
valves allow each of the units to be used individually, in series or completely avoided. Likewise,
3-way valves (8) are used to control the flow rate sent to the heat exchanger (7) linking each
auxiliary loop to its respective test loop, allowing a precise control of the operating conditions

imposed upon the equipment being tested. A reconfigurable embedded control and acquisition
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system, provides high-speed signal acquisition and control of the Semi-Virtual Lab. In the
present article, the data acquisition and control sampling times were set to 1 second.

5.5 Test methodology

Experimental data intended for the development and validation of numerical models should
evaluate the behaviour of the system under transient/dynamic and steady-state conditions of
interest. A review of existing PCM tank models and their intended uses allowed to identify
relevant questions to be answered and their associated test mechanisms.

Firstly, a basic understanding of the PCM’s behaviour inside the capsule is essential. Measures of
PCM temperature inside the capsules can confirm the complete charge/discharge of the PCM (I.
W. Eames & Adref, 2002; Nallusamy et al., 2007). T-history tests of the studied PCM
(D'Avignon & Kummert, 2015a) presented a marked hysteresis between heating and cooling
processes. Some DSC runs (Barreneche et al., 2013) indicated a displaced peak from the
theoretical phase change temperature. Tests by Moreno et al. (2014) also indicated the presence
of varying degrees of subcooling. With measurements made inside the capsules, the phase change
temperature given by the manufacturer as well as the claimed absence of any hysteresis or
supercooling can also be investigated. By varying the fluid flowrate and temperature differential
one can assess Whether these behavioural traits are constant or depend on operating conditions
(Solomon et al., 2013). Using a methodology inspired by the T-history method (Glnther et al.,
2009), the analysis of the measured data from inside the PCM capsule allows a general
characterization of the “PCM object” (i.e. the PCM in this particular encapsulation geometry) as
done by Zalba et al. (2004).

The use of PCM storage tanks in HVAC systems requires a thorough knowledge of the tank’s
storage profile. More than the simple storage capacity, this includes understanding the power
output profile that can be expected from the PCM tank, the time required to fully
charge/discharge the tank (Bruno, Tay & Belusko, 2014; Nallusamy et al., 2007; Yamaha &
Misaki, 2006), as well as any effects the flowrate or fluid temperature could have on these
parameters (Dolado et al., 2011; L&zaro et al., 2009; Zukowski, 2007). The various step tests

undertaken under differing operating conditions will also serve in answering these questions.
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Knowing that a certain time is required to fully charge the PCM tank under specific operating
conditions leads to the question of what happens when discharge begins before charging is
completed (Bedecarrats et al., 2009). Authors have discussed the way the PCM’s behaviour
changes in these conditions (Bony & Citherlet, 2007b; Chandrasekharan, Lee, Fisher & DeokKar,
2013; Delcroix, Kummert & Daoud, 2015) but no definite answer has been provided. This
question is investigated here by a set of step tests where operating conditions toggle between

charging and discharging processes before either is completed.

Operating conditions in HVAC systems are far from those of typical step tests where the inlet
temperature suddenly changes to a value above or below the phase change temperature and then
remains constant for a prolonged period. Instead, past research (Arkar, Vidrih & Medved, 2007,
Ming Liu et al., 2011; Moreno et al., 2014) indicates that storage tanks are more likely to be used
to offset a constant power load over a specific period of time. To reflect these applications tests at

constant power and fixed temperature change rates are also undertaken.

Previous characterization of the studied PCM through DSC (Barreneche et al., 2013) and the T-
history method (D'Avignon & Kummert, 2015a) showed that the notable level of supercooling in
the material often caused a marked variability between repeated tests. Thus the present test
methodology does not rely on individual tests to conclude on PCM-object or tank behaviour.
Instead, each test mechanism has undergone three repetitions to assess the repeatability of results.

5.6 Results and discussion

5.6.1 Step tests

This series of tests studies the melting and solidification process within the tank after a step
change in the inlet temperature, with a constant flowrate. At the beginning of the test, the tank is
allowed to reach a steady-state regime with a given inlet temperature. The inlet temperature is
then quickly increased (for a melting process) or decreased (for a solidification process). The
operating temperatures (beginning and end of the step) were selected to ensure that the phase
change would occur between these two limits. The manufacturer-provided phase change
temperature, Ty..ns = 27 °C, was used as a reference and the starting and ending temperature for

the test were selected to provide a desired temperature differential, AT, above and below that
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temperature. For example, a melting test with AT = 10 °C would start at T ;ps — 10 = 17 °C

and reach a final temperature of Ty.,ns + 10 = 37 °C.

An example of such a test is illustrated in Figure 5-5 and Figure 5-6 for a flowrate v = 0.3 L/s
and a temperature differential AT = 10 °C. Both Figures show the temperature data measured at
the tank outlet, Ty, as well as inside the PCM by the short and long sensors, Tyem s and Tpem 1
respectively, following a step change in the inlet temperature, Ti,, from 10 °C below Ti 455 tO

10 °C above T, and vice versa.
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Figure 5-5: Temperature profiles for a heating Figure 5-6: Temperature profiles for a
testatv = 0.3 L/sand AT = 10 °C cooling test at v = 0.3 L/s and AT = 10 °C

Figure 5-5 and Figure 5-6 indicate that the inlet fluid temperature entering the PCM tank was not
perfectly controlled and exhibits an initial overshoot (0.8 to 1.6 °C) as well as small oscillations
(= 0.5 °C). Upon closer inspection, one can see these oscillations reflected in the outlet fluid
temperature, albeit with the expected delay and attenuation due to the tank’s thermal mass.
Temperature profile at the long sensor’s position, Tycmy, displays little to no phase change
plateau either in cooling or in heating. Rather, the PCM at that position displays a certain thermal
delay with regards to the inlet temperature as well as a significant degree of supercooling
(approximately 2.3 °C) in the case of Figure 5-6. The evolution of temperature at the short sensor

position, T,cms, exhibits a clear phase change plateau in heating while in the cooling process
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only mild supercooling (approximately 0.2 °C) is present as well as a somewhat inclined phase
change plateau.

In order to study the effect of different inlet fluid temperatures and flowrates on melting and
solidification processes, similar step tests were repeated for all possible combinations of two
flowrates (v = 0.3 L/s and v = 0.45 L/s) and temperature differentials (AT = 5°C and AT =
10 °C). In each case, three repetitions of the test were made. To allow for quick comparison, all
repetitions of tests made for every flowrate and differential temperature combination are
illustrated on subplots in the same figure. Figure 5-7 and Figure 5-8 illustrate the time evolution
of the PCM temperature measured by the “long” and “short” sensors respectively while Figure
5-9 compares the tank outlet fluid temperature time evolution of all repetitions of the step tests.
In the interest of clarity, these figures only illustrate the data from the first 5 hours of the tests

though the test themselves lasted much longer.
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Figure 5-7: PCM temperature measured by "long" sensor as a function of time for all cooling and

heating test repetitions

Figure 5-7 and Figure 5-8 indicate that the behaviour observed for each PCM sensor position in

the heating and cooling tests previously analyzed (see Figure 5-5 and Figure 5-6) apply to all

inlet temperature and flowrate combinations tested. The PCM behaviour at the long sensor

position (see Figure 5-7) is quite constant amongst test repetitions and through test conditions:

little or no phase change plateau is visible but significant supercooling occurs. It is also apparent

that the PCM at this position has completely changed phase and almost reached the inlet

temperature in the first 5 hours of the tests illustrated on Figure 5-7. On Figure 5-8, the PCM

behaviour at the short sensor position shows greater variation amongst repetitions of the same test

conditions but in all cases a clear phase change plateau is present in both heating and cooling.
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The striking differences between the behaviour captured by the two sensors can be explained by
the inhomogeneity of the PCM material and the inhomogeneity of heat transfer conditions (e.g.
due to different liquid flowrate and temperature close to the sensor). Such differences have for
example been observed by Dolado et al. (2011) who witnessed longer phase change plateaus at
sensors placed further downstream from the tank inlet. Solomon et al. also reported that the effect
of supercooling was more prominent in capsules closer to the fluid entry than those further

downstream.
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Figure 5-8: PCM temperature measured by the "short" sensor as a function of time for all heating
and cooling test repetitions

The plateaus visible on Figure 5-8 allow for the assessment of the phase change temperature in
all conditions tested. Comparing the heating and cooling tests held in the same conditions
indicates hysteresis is present. Phase change occurs at temperatures below 27 °C in cooling and
above 27 °C in heating, regardless of the flowrate or temperature differential imposed. Test
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results also indicate increasing the flowrate brings the phase change plateau closer to 27 °C,
reducing the hysteresis between the cooling and heating processes. The flowrate has a milder
effect on the phase change plateau for the smaller temperature differential as the hysteresis was
also less important for those cases. In most cases, for the same temperature differential, T,cp s
appears to be the same after 5 hours, no matter what the value of the flowrate is. At this location,
for tests with AT = 5 °C, the PCM has barely completed its phase change in the first 5 hours of
the tests. So, a higher temperature differential imposed on the tank decreases the time required for

the PCM at this position to reach the inlet fluid temperature.

Analysing Figure 5-8 further, the second repetition of the heating test with v = 0.3 L/s (in red
and identified by arrow “*”) exhibits a sharp drop in temperature approximately 2.2 hours after
the beginning of the test, before the PCM temperature begins to increase once more. The same
phenomenon is visible twice for the first repetition of the heating test with v = 0.45 L/s (in blue
and identified by arrow “x”); once around one hour after the test began and the second at around
2.2 hour mark. It is unclear whether such readings were caused by the sudden movement of solid
PCM clumps around the sensor or by a real “superheating” of the solid PCM as described by
Tartaglino et al. (2005). As will be discussed in Section 5.6.4, these were not the only

occurrences where such effects were visible.
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Figure 5-9: Outlet fluid temperature from PCM tank as a function of time for all heating and

cooling test repetitions

Figure 5-9 illustrates the time evolution of the tank outlet fluid temperature for all step tests. For
each flowrate and temperature differential tested, the three repetitions are barely distinguishable.
A rapid and dramatic change in temperature occurs within the first 30 minutes of the test after
which the outlet temperature slowly reaches the inlet temperature over many hours. The time
profile of the outlet fluid temperature resembles an exponential curve without a clear phase
change plateau which, according to Bedecarrats et al. (2009) is indicative of PCM displaying a
strong degree of supercooling. The time required for the outlet fluid temperature to reach the inlet
temperature is also affected by operating conditions; it appears reduced for increased AT and

increased flowrates. All these factors indicate that no matter the observed variations in the PCM
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behaviour, tests under same conditions lead to predictable thermal behavior for the PCM tank as

a whole.

The power output from the PCM tank is defined as:

P = th ¢y (Tout — Tin) (5-1)
where P is the power output [KW], m is the fluid mass flowrate [kg/s], c,y is the water specific
heat capacity [kJ/(kg*K)], T,y IS the tank outlet temperature tank [°C] and T, the inlet tank
temperature [°C]. Using the area under the curves from the top two graphs of Figure 5-9 (and the
area over the curves in the two bottom graphs) as a quick indicator, operating conditions have an
effect on the profile of the power output from the tank. For further analysis, the instantaneous
output power from the tank evaluated through Equation (5-1) is illustrated on Figure 5-10 for all

operating conditions in both heating and cooling processes.
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Figure 5-10: Evolution of instantaneous tank power output through logarithmic time

On Figure 5-10, the tank output power for tests previously referred to as “heating tests” (where
T;, evolves from 17 °C to 37 °C for example) is negative as the outlet fluid temperature, Ty, IS
lower than the inlet fluid temperature, T;,. For all tests, the power output undergoes a significant

peak over the first 15 minutes and is then reduced at a constant rate until the end of the test. The
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fluid flowrate appears to affect the maximum power output reached during the first 15 minutes of
the test but after that, its effect on the power output is negligible. The main differences in the
maximum power output values are affected by short-term transients in the inlet temperature,
which are caused by the laboratory’s control system. These differences have a negligible impact
on the integrated energy after a few minutes. If these very short transients (not caused by the tank
itself) are ignored, the repeatability between tests is very good. Instantaneous power illustrated on

Figure 5-10 is limited to 35 kW for a better view, partially omitting some initial peaks.

Though Figure 5-10 extends to 960 mins, only the first 180 mins of the tests are of interest. After
that point, the output power from the tank is less than 1.9 kW for AT = 10 °C and less than
1.15 kW for AT =5°C so any useful effect it may have in most HVAC applications is
negligible. The temperature differential, AT, affects the tank power output much longer than the
flowrate, impacting the power output over the first 180 mins while the latter only affects the

maximum power output attained during the initial peak.

Another important aspect to consider in evaluating the usefulness of the power emitted from the
tank is the temperature differential produced. Given the accuracy of most temperature sensors
implemented in real buildings and controller deadbands, a temperature differential of at least 2 °C
Is necessary to be useful in most thermal applications in HVAC systems. The moment when the
temperature difference between the tank inlet and outlet becomes smaller than 2 °C is listed in
Table 5.2 for every test operating conditions. Results indicate that lower flowrates significantly
prolong the usefulness of the tank power output, as do greater temperature differentials. It also
appears that for greater AT, the cooling processes produce a longer useful effect than the heating
processes. The significant difference between the two processes hints at supercooling being the
likely cause. Previous researchers (Gunther et al., 2007; Solomon et al., 2013) explained that the
increase in PCM temperature after supercooling requires the absorption of energy from the
surrounding material. Depending on the speed of crystallization relative to the rate of heat
transport in the material, this can either inhibit or accentuate the formation of a temperature
plateau. Thus supercooling can prolong or shorten the time required for the PCM temperature to
reach the fluid temperature.



71

Table 5.2: Duration of the useful power output

) Duration of useful power output
AT \Y4 - -
Heating Cooling
10 °C 0.3 L/s 120 mins 150 mins
0.45 L/s 70 mins 95 mins
5 °C 0.3 L/s 40 mins 30 mins
0.45 L/s 20 mins 20 mins

To analyze the power output from the tank and its useful effect in an HVAC system, the time
required to fully charge/discharge the PCM tank must be known. Authors Zalba et al. (2004) and
Bedecarrats et al. (2009) have used the outlet fluid temperature as a metric to evaluate the
moment at which the PCM tank is fully charged or discharged and evaluated the impact of
operating conditions on this charge/discharge time. In this paper, total melt/freeze time was
defined as the time required for temperature Ty to reach the inlet temperature. Temperature Ty
was taken as either one of three possible metrics: the tank outlet temperature, T, the
temperature measured at the short PCM sensor, T,y s or at the long PCM sensor, Tyem,.
Considering the imprecise control of the inlet temperature discussed previously and thermopile
uncertainty (£ 0.04 °C), the tank was considered completely melted/frozen when temperature Ty
got to within = 0.3 °C of the inlet temperature. Average total melt and freeze time (identified by
letters “M” and “F” respectively) for all operating conditions tested are presented in Figure 5-11,

with error bars corresponding to the standard deviation amongst the three repetitions.
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Figure 5-11 shows that in most cases average melt and freeze times established through the outlet
fluid temperature, T,,, are shorter than those calculated with the PCM temperature at the short
sensor position, Tyems. In fact, in some cases (such as both melting and freezing processes with
AT = 10 °C and v = 0.45 L/s, for example), T, reaches Ti, while Tyep s, is still more than 4 °C
warmer or colder than T;,,. In those cases, the output power from the tank is essentially useless for
most HVAC applications due to the small temperature difference produced by the tank (|T;, —
Tout] < 0.3 °C) but heat exchange between the fluid and the PCM is still taking place. Therefore,
control systems should not rely on the outlet fluid temperature from PCM tanks as an indicator

that the PCM is fully charged or discharged. Rather, the PCM temperature measured furthest



73

from the inlet appears to be the most reliable metric and should be used to estimate the average
charge/discharge time. Another alternative is for control systems to include a model of the tank
estimating the PCM temperature and associated state of charge of the tank from the outlet and

inlet temperature history.

Using the melt and freeze time established through the temperature measured at the short sensor
as Ty, it appears that an increased temperature differential significantly reduces both melt and
freeze times. However, contrary to previous findings (B. Zalba et al., 2004), increasing the
flowrate has little impact for this geometry. For AT = 5 °C, the average melt and freeze times for
v =0.45 L/s are within the bounds of the standard deviation of those for v = 0.3 L/s. For
AT = 10 °C, the same is true for the freeze time, while only the average melt time does actually
decrease with the increase in flowrate. Counterintuitively, supercooling does not result in a
solidification time longer than the melting time in all cases. Freezing occurs faster than melting
for AT = 10°C even though significant supercooling is present (see Figure 5-7). To further
analyse the effect of supercooling on tank behaviour, the degree of supercooling measured at the

long and short sensor positions are illustrated in Figure 5-12 for all operating conditions.
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Figure 5-12: Degree of supercooling for all v and AT combinations

Supercooling occurs for all combinations tested, but its magnitude and timing differs even within
a single PCM capsule. Given the thermocouple uncertainty, supercooling measured by the short
temperature sensor is essentially negligible while that measured by the long temperature sensor is
significant enough to be further analysed. The rate of heat removal is known to be a significant
factor in the supercooling of pure materials (Kozlowski, 2009); magnified thermal shock is said
to increase the occurrence and magnitude of super-cooling. Knowing that the PCM located
further upstream in the tank will experience sharper changes in fluid temperature, the PCM
behaves as expected and a higher degree of supercooling is measured at the long sensor position.
Again, when comparing the degree of supercooling at the long sensor across tests, the higher the
thermal shock provided by the increased temperature differential heightens the average degree of
supercooling measured. However, increasing the flowrate appears to have the opposite effect,

slightly decreasing the average degree of supercooling. Solomon et al. (2013) found similar
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effects, beyond a certain fluid velocity, their research showed that any further increases had
negligible effects on supercooling.

Though the similarity of test conditions amongst repetitions is representative of the accuracy of
most building control systems, the variability of the degree of supercooling measured is
significant. This variance in the degree of supercooling across repetitions of the same test is
however not transposed to the total freeze time; Figure 5-11 indicates total freeze time displays
the same spread as total melt time. In summary, the erratic nature of supercooling does not appear

to significantly impede the repeatability of the tank output.

5.6.2 Interrupted tests

Numerical modelling of PCMs is often accomplished using an enthalpy-temperature curve (or
equivalent specific heat curve) to define the thermal storage behavior. For most PCMs, hysteresis
is present between the enthalpy-temperature (h-T) curves followed by the PCM for heating and
cooling processes. Various authors have discussed which h-T curve best represents the phase
change process when melting is interrupted before phase change is complete (see point 1 on
Figure 5-13) and solidification begins again. Bony and Citherlet (2007b) proposed that, after a
short transition period, the PCM will begin to behave as it usually does in cooling processes. Its
behaviour will be defined by the h-T curve for cooling processes leading to point 2a.
Chandrasekharan et al. (2013) instead proposed that the PCM continues to behave as it does
during heating, continuing to respect the defined h-T curve for heating processes leading to point
2b. Recent experimental tests by Delcroix et al. (2015) showed an organic PCM adopted an
intermediate h-T curve situated between the heating and cooling h-T curves, leading to point 2c.
This latter paper also showed the intermediate curve differs for the same PCM according to the

operating conditions imposed.



76

>

Specific enthalpy [kJ/kg]

Temperature [°C]

= = = = Bony & Citherlet
=« s === (Chandrasekharan et al.

Delcroix et al.

Figure 5-13: Enthalpy-temperature curve followed by PCM according to different authors

In the studied PCM, the presence of strong supercooling renders this question all the more
complex if the cooling process is interrupted. Additional tests were undertaken in order to study
the dynamic effects of toggling between charging and discharging processes before either is
completed. An example of such a test is illustrated in Figure 5-14 for v = 0.3 L/s and AT =
10 °C. The test begins with an initialization period (not shown) during which the entire PCM
tank reaches 37 °C, followed by 1 hour of cooling with the inlet temperature at 17 °C. The
cooling process is then interrupted before the PCM has completely solidified and heating is
resumed. This toggling is repeated until the test includes four interrupted cooling sequences
(hours0to 1, 2to 3,4 to 5 and 6 to 8) and four interrupted heating sequences (hours 1 to 2, 3 to
4,5to6and 7 to 8).
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Figure 5-14: Interrupted heating and cooling tests, v = 0.3 L/s, AT = 10 °C, with the fourth

repetition indicated by dash-dotted lines

Figure 5-14 displays results from four repetitions of the same 8 hour test, “toggling” between
cooling and heating operating conditions. Results are quite similar from one sequence to the next.
Even the first cooling sequence (hours 0 to 1) resembles the three later cooling sequences (hours
210 3,4 to 5 and 6 to 8) though it started with the PCM in a fully liquefied state and the others
began with the PCM still in transition. The long sensor position indicates supercooling is still
present, albeit at a higher temperature of =~ 23.5 °C compared to =~ 21.7 °C for the uninterrupted
tests (see top right on Figure 5-7). As expected, since the PCM is not completely solidified when
heating begins, the maximum temperature reached at the tank outlet after 1 hour of heating is

higher than for the step tests after the same duration; the same logic applies to the cooling tests.

Temperatures measured at the short sensor indicate the PCM is in phase change when conditions

toggle from cooling to heating. A plateau is clearly visible at approximately 24.5 °C, the phase
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change temperature in these conditions. This is significantly higher than for the step tests held in
the same operating conditions (see v = 0.3 L/s, AT = 10 °C on top left of Figure 5-8) where the
phase change plateau occurred between 19.8 and 22.8 °C. In heating, only a short plateau is
visible at this sensor position, centered at approximately 27 °C. Again, this differs significantly
from the results of uninterrupted tests under the same operating conditions (see v = 0.3 L/s,
AT = 10 °C on bottom left of Figure 5-8) where the phase change plateau was situated between
30.5 and 33.5 °C. In both heating and cooling processes, the phase change plateau from the
interrupted test were closer to those from uninterrupted tests at higher flowrates (see v =
0.45L/s, AT =10°C on top and bottom left of Figure 5-8). These results would indicate
hysteresis between heating and cooling h-T curves is reduced for the interrupted tests in
comparison to uninterrupted tests in the same conditions. This appears to substantiate Delcroix et
al.’s findings that the PCM follows an intermediate h-T curve, situated between its usual heating
and cooling curves. Further work on this question is necessary before any final conclusions can

be made.

The first three test repetitions all followed one another over a period of 48 hours while the fourth
repetition occurred 10 days later. Though not shown here, a stabilization period of 4 hours
preceded the toggling process in order to ensure the PCM began in the same state for all
repetitions. Nonetheless, the PCM’s behaviour during the fourth repetition (identifiable by the
dash-dotted lines) clearly stands out. In cooling, greater supercooling is displayed at the short
sensor position as well as a lower phase change plateau. In heating, both the temperatures at the
long and short sensor positions increase to a higher value than for the other repetitions, even
though the PCM at the short sensor began the heating process from a colder state. These results
are presented here to highlight the variability of PCM behaviour, indicating that perhaps the
“thermal history” of a PCM can influence its future behaviour. Nonetheless, as in the case of the
previous step tests, the behaviour of the PCM tank as a whole remains consistent between

repetitions.

5.6.3 Fixed temperature change rate tests

Previous sections indicated that operating conditions such as the flowrate, v, and overall
temperature differential, AT, as well as the PCM’s initial state have an impact on its behaviour.

Additional tests were performed to study the effect of milder changes in temperature by imposing
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to the PCM tank a specific inlet temperature change rate of 1.25 °C/hr. Results are illustrated in
Figure 5-15.

w
N

w
o

N
(00}

N
()]

Temperature [°C]

N
~

T

Y
no

pcm,l

0 3 6 9 12 15 18 21 24
Time [hr]

Figure 5-15: Test results for inlet temperature change rate of 1.25 °C/hr, v = 0.3 L/s

Though the temperature measured at the short sensor position indicates the PCM did not have
sufficient time to fully stabilize at 22 °C before the second and third test repetitions began
(indicated with arrows “2” and “3” on the Figure), the behaviour measured is still quite similar
amongst repetitions. The outlet temperature from the tank and long sensor temperature are
indistinguishable between repetitions. It appears that as most of the PCM was completely solid
before tests began, the state of the PCM at the short sensor position did not significantly

influence the tank outlet temperature.

In heating, although the outlet fluid temperature is initially indistinguishable from the inlet fluid
temperature, after 6 hours the two begin to separate. This is likely the moment when the PCM
begins to change phase, at least in the first upstream capsule, as the inlet fluid reaches 27 °C at
that moment. The sensors measuring the PCM temperature in the downstream capsule indicate it
only begins to change phase around 9 hours after the beginning of the test. The same effect is

present in cooling where the inlet and outlet temperature begin to separate around 19 hours into
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the test when the inlet temperature again reaches the manufacturer specified phase change
temperature of 27 °C. The maximum temperature differential attained between the inlet and
outlet is approximately 1.3 °C in heating and 1.5 °C in cooling. Both occur at the moment the
inlet fluid temperature has reached the full temperature differential for the test, indicating tests
limited to smaller temperature differentials around the phase change temperature might not
provide suitable conditions for useful power output from the PCM tank.

The short sensor measured a phase change plateau at approximately 28 °C in heating and 25.5 °C
in cooling. For step tests with the same flowrate and overall temperature differential (see Figure
5-8, both top and bottom right), the phase change plateau was approximately 30 °C in heating and
24 °C in cooling. On Figure 5-15, the long sensor position also measured an average supercooled
temperature of 25.2 °C, while the average supercooled temperature was 23.6 °C at the same
sensor position during step tests. Both elements indicate the attenuated change in inlet
temperature affected PCM behaviour in a similar manner as the interrupted tests, namely by
reducing hysteresis between heating and cooling h-T curves.

5.6.4 Constant power tests

Some potential applications of thermal storage tanks in buildings are to offset a constant load
from the HVAC system. In order to assess the PCM tank’s potential for such applications,
additional tests were performed where the inlet temperature sent to the tank was maintained at
5°C above or below the tank outlet temperature. Tests were made at a flowrate of 0.3 L/s,
resulting in a constant heating/cooling power of 6.24 kW imposed to the tank. This regimen was
maintained until the inlet temperature reached the temperature differential of AT = 10 °C, which
occurred a little after 1 hour, resulting in a rate of inlet temperature change of ~18 °C/hr. Results

are illustrated in Figure 5-16 and Figure 5-17 for the heating and cooling processes, respectively.
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test at v = 0.3 L/s and constant power input test at v = 0.3 L/s and constant power input

The heating process illustrated in Figure 5-16 shows that the PCM behaviour measured at the
long sensor position is again constant amongst test repetitions, as is the overall tank behaviour
indicated by the outlet fluid temperature. Temperature T, increases steadily alongside the
outlet fluid temperature for the first 30 minutes or so, until the inlet temperature reaches 27 °C,
the manufacturer’s specified phase change temperature. Afterwards, the temperature at the long
sensor experiences a marked reduction in its slope before it resumes again and catches up to the
outlet fluid temperature, eventually surpassing it. This behaviour resembles closely that measured
at the same sensor for step tests under similar conditions, namely at v = 0.3 L/s and AT = 10 °C,
illustrated on the bottom left graph from Figure 5-7.

In the case of the short sensor measurements, a marked phase change plateau is visible, consistent
with behaviour measured in the step tests under similar operating conditions illustrated on the
bottom left graph from Figure 5-8. The first and second test repetitions exhibit a sharp drop in
temperature (= 2 °C) 2 hours after the beginning of the test, shortly after having reached a phase
change plateau of approximately 32 °C. These apparent “superheating” effects are similar to
those measured at the short sensor in the second repetition of those step tests, identified on Figure
5-8 by “*”. Again, the cause of this phenomenon is unclear. The third repetition of the heating

test is different. Temperature Ty, s €xhibits a milder slope from the beginning of the test which
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persists until a short phase change plateau is reached at 28.5 °C. At this point, the short sensor

measures a small drop in temperature (= 1 °C) following which the Ty, s resumes its increase at

a similar slope to that of the two other test repetitions.

In cooling, the degree of supercooling measured at the long sensor position is much milder on
Figure 5-17 (0.6 to 1.3 °C) compared to previous step tests under similar conditions (v = 0.3 L/s
and AT = 10 °C on Figure 5-13); it more closely resembles the data from the short sensor for
these same step tests. All repetitions exhibit a phase change plateau measured by the short sensor
which occurs at approximately 24 °C, a similar temperature to those of the step tests. However, in
the case of the third test repetition, the plateau ends abruptly after 3.3 hrs, a full hour before the
other two repetitions. As in the previous tests analysed, these marked differences in PCM
behaviour did not significantly influence the tank outlet temperature which remains constant
amongst repetitions.

In both cases the maximum temperature differential attained between the inlet and outlet is
significant; it is approximately 5.9 °C in heating and 5.5 °C in cooling. Both occur at the moment
the inlet fluid temperature has reached the full temperature differential for the test, approximately
1 hour into the test. A significant temperature differential (> 2 °C) remains until a little after the
3rd hour of the test. In comparison, the average duration of useful power output for step tests
indicated in Table 5.2 for the same overall temperature differential, AT = 10 °C, and flowrate,
v = 0.3 L/s, are 2.0 and 2.5 hrs for the heating and cooling tests respectively. This indicates the
slightly milder rates of inlet temperature change (~18 °C/hr) of the constant power tests can
increase the duration of useful tank power output by 30 minutes or more compared to step
changes. To conclude whether the rates of temperature change expected in HVAC applications
can provide the adequate conditions for sustained useful power output from the PCM tank,

further analysis is performed in the following section.

5.7 Comparison of useful energy from the tank for all tests

The apparent thermal power provided by the tank is defined in Equation (5-1). To obtain the net
thermal power released by the tank, the thermal losses (or gains) to (from) the environment must
be taken into account. The net energy released by the tank over a given time interval between t,

(beginning of the test) and t. (end of the test) can be obtained by Equation (5-2) :



83

o = | POt~ [ VA Ty ()~ Tam() 5-2)

0 to
where Ey, is the net energy calculated from experimental data. The second term on the right
subtracts the tank thermal gains from the environment depending on the ambient temperature,
T.mp and the tank average temperature Ty,,k, Which is estimated using the average between the
tank inlet and outlet temperature. Term U represents the tank’s overall heat transfer coefficient

and A is the overall heat transfer surface area.

In Equation (5-2), the test duration, t. — ty, is first fixed as the total melt/freeze time established
as the moment the short temperature sensor, Ty,cm,s, gets within + 0.3 °C of the inlet temperature.
The energy calculated is labelled the total experimental energy, Ecxp tor, SUpPlied by the tank. A
second duration, t, — t,, is used which is determined by the moment the outlet fluid temperature

gets within 2 °C of the inlet temperature, leading to the useful experimental energy output,

Eexp,use-

From data supplied by the manufacturer (see Table 5.1), a theoretical value of the energy

contribution from the tank, E,eo, Can be calculated through Equation (5-3).

Etheo = VwPwCp,wATtheo + NcapMpemCppemATiheo + NeapMpemhm (5-3)
The sensible energy change in the water is accounted for by term Vy,p,cpwATimeo and the
sensible energy change in the PCM is accounted for by term ng,,mpcmCp pemATiheo- NOte that
with the definition used above for the temperature differential during a test, AT, the temperature
change between the start and the end of the test, ATy,eo, 1S €qual to 2 - AT. The latent energy
change in the PCM is accounted for through the latent heat of fusion, h,,, number of PCM

capsules, nc,p, and each capsule’s mass, mycp,.

The values of energy output determined from all three test repetitions are averaged, converted
into kWh and illustrated in Table 5.3 for all operating tests. The average values of Ecyp yse.

Eexp,tot and Epe, are respectively denoted by Eeyp uses Eexp,tot @ Etneo-
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Table 5.3: Total energy variation in the test for each process and operating condition

Test AT v Etheo Eexp,tot Eexp,tot — Eexp,use Eexp,use —
[°C] | [L/s] | [KWh] | [KWh] Etheo | [KWH] E theo
ng‘\f\fg‘:‘t 10 | 0.30 15.9 95.2%% 11.8 70.7%
(@)]

£ 10 (030 7 [162 97.0% 115 68.9%
8 | s 10 | 0.45 16,5 98.8% 9.5 56.9%
P 5 1030 ,,, | 108 83.2% 30 22.9%
5 | 045 : 115 87.8% 2.9 22.1%
ngj\fgft 10 | 0.30 167 | 1000% | -9.3 55.7%

(@)] -
g 10 | 030 187 70 101.8% 10.9 65.3%
% Ste 10 | 0.45 -16.9 101.2% 9.8 58.7%
P 75 1030 1aq |1L6 88.5% 35 26.7%
5 045 L 18 90.1% 29 22.1%

The tests with constant temperature change rate described in Section 5.6.3 are not included in
Table 5.3. These tests were intended to investigate the tank behaviour under milder temperature
changes, so that the “useful” energy calculated using the criterion of an inlet-outlet temperature

difference larger than 2 °C are never met during the test.

Comparing the average total energy change measured during the experiment, Eexp,tot to that

estimated theoretically, Eq,e0, shows differences within 5 % for all tests at the larger temperature
differential, AT = 10 °C. The experimental results show that the full energy output theoretically
available has been extracted from the tank at the moment the temperature at the short sensor
reaches the inlet temperature. The difference is however significant for the smaller temperature
differential, AT = 5°, especially for the lower flowrate where the net total energy calculated
from experimental data barely reaches 83.2% of the theoretical value for the cooling process.
Such a significant difference hints that the latent heat of fusion might not have been released
entirely before declaring the end of the experiments. In other words, the PCM would continue to
release or absorb heat, but at such a low rate that this would not result in usable (or even
measurable) temperature differences. The increased difference present for tests with lower
flowrates strengthens that hypothesis. Knowing these energy variations were established for test
durations of 8 hours or more (see Figure 5-11), increasing the test duration to ensure the latent

heat of fusion is entirely released appears unreasonable.
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The ratios between Eexp,use and Eq,eo Show similar, but exacerbated, trends. At most 70 % of the

expected energy has been recovered from (or stored into) the storage tank when the inlet-outlet
temperature difference drops below 2 °C. The tests with a lower AT even show values around
22 %. These results again highlight the importance for future installations of establishing a
reliable metric to determine when the tank has been completely charged or discharged, which is a
key information for control systems managing thermal storage.

Studying the different test conditions indicates that varying the overall temperature differential
has the greatest impact. For step tests with the same flowrate, the larger temperature differential
(AT = 10 °C) leads to significant increases in both the magnitude of the useful energy output
from the tank and its relative importance compared to the theoretical energy storage potential in
those operating conditions. In comparison, varying the flowrate of the step test (keeping AT
constant) does not have as much of an impact. The constant power tests resulted in inlet
temperature change rates of approximately 18 °C/hr in heating and 17 °C/hr in cooling which are
much closer to the rates of temperature change expected in HVAC applications than step changes
in inlet temperature. Though less drastic than step changes, they remain relatively “sharp”
changes in inlet temperature compared to the mild rates used in the constant temperature change
rate tests (1.25 °C/hr). Comparing results from the constant power tests and step tests under the
same conditions, it appears both sets of operating conditions lead to notable useable energy
outputs. It is clear optimized use of the PCM tank should favor large temperature differential and
sharp changes in inlet temperature (such as those used in Sections 5.6.1 and 5.6.4). The
advantage of reducing flowrates should be further investigated.

5.8 Conclusion

This paper presents detailed results from a thorough experimental study of the behaviour of a
PCM storage tank containing stacks of commercially available slab-like PCM capsules.
Numerous tests were undertaken exploring a range of operating conditions: multiple flowrates
and overall temperature differentials, different initial thermal states of the PCM, as well as

several inlet temperature profiles.

The results demonstrate that the PCM behaviour varies greatly from the information provided by

the manufacturer. Numerous tests exhibited supercooling and hysteresis that are not documented
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in manufacturer literature and also showed apparent phase change temperatures different from
that reported by the manufacturer.

The systematic repetition of test conditions indicated that the general PCM behaviour can be
predicted for specific test conditions. Yet, finer aspects of the PCM’s behaviour within the
capsule can show a significant variability for repetitions of the same test. Nevertheless,
experiments with the same conditions leads to similar thermal behavior for the PCM tank as a
whole as proven by the nearly identical outlet temperature profiles. This confirms that the outlet
fluid temperature of a latent energy storage tank (hence its energy storage rate) can be accurately

predicted by modelling the average behaviour of the PCM.

The variability in the degree of supercooling measured is significant across repetitions of the
same test, indicating it cannot be predicted reliably. However, it is likely that supercooling could
be neglected without affecting the modelled tank outlet temperature significantly. The same

cannot be said for hysteresis which cannot be ignored to model the tank thermal performance.

It has been found that interrupting the PCM’s phase change before it is completed affects the
apparent phase change temperature of the following test, leading to reduced hysteresis between

enthalpy-temperature curves.

The duration for which useful power can be extracted from the tank is found to be significantly
lower than that required to ensure the tank is completely discharged. In certain test conditions,
when the tank outlet fluid temperature was used as the test stop criteria, the measured energy
storage capacity was only 22% of the theoretical value. Mild rates of temperature change (1.25
°C/hr) provided no useful output power over the duration of the tests. Sharper inlet temperatures
changes (~18 °C/hr or step changes) should be favored for a greater pro-portion of the theoretical
potential energy of the tank to be recovered as a useful energy out-put. Large temperature

differentials should also be favored with that purpose in mind.
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CHAPTER 6 ARTICLE 3: MODELING HORIZONTAL STORAGE
TANKS WITH ENCAPSULATED PHASE CHANGE MATERIALS FOR
BUILDING PERFORMANCE SIMULATION

D’Avignon, K., Kummert, M., (2015). Modeling Storage Tanks With Encapsulated Phase
Change Materials for Building Performance Simulation. Submitted to the Journal of Building

Performance Simulation on November 12”‘, 2015.

Note: The article version transcribed here is the one submitted with a few minor corrections

recommended by the jury.

6.1 Abstract

This paper describes a model developed to simulate the performance of a horizontal storage tank
filled with commercially available, slab-like macro-encapsulated phase change material (PCM).
It is based on one-dimensional conduction and implemented as a component for the TRNSYS
simulation program. Using the thermo-physical properties of the PCM, it maps its thermal

behaviour taking into account hysteresis in the enthalpy-temperature curve.

The validity of the modelling assumptions is assessed using a detailed finite-element model.
Experimentally measured thermal behaviour of a full-scale PCM storage unit is used to validate
the model. A variety of flowrates, inlet temperature profiles and temperature intervals are
evaluated in 13 distinct tests. Comparisons between measurements and simulations indicate the
validated model can simulate the behaviour of such PCM storage tanks and be used to improve

their design for specific applications.

6.2 Introduction

Phase Change Materials (PCMs) have received much attention from researchers lately. Contrary
to electrical batteries and flywheels, PCM storage can address a particular clientele looking
specifically for energy in the form of heat. Their high-energy storage density and capacity to
store and supply energy at nearly constant temperature are advantageous compared to sensible

heat storage. As heating and hot water production represented around two-thirds of global energy



92

consumption in 2008 (International Energy Agency, 2008), phase change materials are of great
interest in the building industry.

Recent work by Moreno et al. (2014) showed that a horizontal PCM storage tank could supply an
average of 14.5% more cooling energy than a water tank with an identical footprint. Their
experimental tests compared the performance of a horizontal water storage tank to that of an
identical tank filled with stacks of the commercially-available PCM capsules illustrated on Figure
6-1. Though such results are encouraging, the lack of thoroughly validated numerical models
allowing the simulation of such tank’s behaviour once inserted in a complex building energy
system remains a major obstacle for Heating Ventilation and Air-Conditioning (HVAC) system
designers to consider installing them in their projects.

Research has led to numerous detailed models able to trace the evolution in space and time of the
phase change boundary in materials. However, these models are often too computationally-
intensive to perform long-term analyses and optimization studies of complete building systems.
Moreover, Dutil et al. (2011) indicated that the majority of recent studies rely on numerical
results from previous researchers to validate their models. As experimental data is rare for most
recent geometries, experimental validation is often replaced by experimental verification in

limited specific operating conditions.

Simplified models exist for some PCM tank and encapsulation geometries but the study of
encapsulated PCM of rectangular geometry has been scarce for liquid heat transfer fluid
applications. Elsayed (2007) studied horizontal slab-like capsules of ice exposed to cyclic heat
transfer fluid temperatures. He found that the heat transfer fluid temperature has greater impact
on the heat transfer efficiency than the convection heat transfer coefficient.

Bony and Citherlet (2007b) modified a pre-existing TRNSYS model of stratified hot water
storage tanks named Type 60 to include thermal effects of PCM capsules of various geometries.
Results of the simulation of a vertical cylindrical storage tank containing cylindrical PCM
capsules showed good agreement to experimental data once internal convection inside the PCM’s
liquid phase was considered. However, the model was experimentally validated solely for that
geometry. Though it allows some flexibility in the definition of the tank and capsule geometries,
its convection coefficient is calculated for vertical plates and other limitations inherent to Type

60 remain, indicating it might not simulate horizontal storage tanks as faithfully. Other studies
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considered constant temperature boundary conditions (Costa et al., 1998; Hamdan & Elwerr,
1996; Lacroix, 2001; Silva et al., 2002) rather than convective heat transfer due to liquid flow.

A so-called “phase change processor” introduced by Halawa, Saman and Bruno (2010) has been
verified against experimental data where air is used as heat transfer fluid (Saman et al., 2005). It
was later used in a 1-D model produced by Liu, Saman and Bruno (2011) to simulate the
behavior of horizontal PCM tanks for use in refrigerated trucks. Following two experimental tests
of a complete melt/freeze cycle, results showed a close agreement between the outlet fluid
temperature measured experimentally and its simulated counterpart. The capsule geometry tested

is a rigid container in the form of a rectangular prism with no protrusions.

No model has yet been developed for horizontal storage tanks with PCM capsules such as the
ones illustrated on Figure 6-1, and we have not found any validation attempt of a generic model
for this type of storage tank. This paper presents our attempt to fill this gap and presents a new
model for horizontal storage tanks with commercially-available PCM capsules of rectangular
geometry. This model is to be used in whole building simulations and has been formulated as a
TRNSYS component, emphasis is thus placed on computational efficiency and the accuracy of
heat transfer fluid outlet temperature on the time scale of typical building system response. The
mathematical model developed is based on a variant of the so-called enthalpy method introduced
by Voller (1990) and used by Bony and Citherlet (2007b) for other tank and capsule geometries.
As pointed out by Dutil et al. (2011), it is not advisable to use past studies to make general
conclusions on what assumptions are reasonable in modelling PCMs, so detailed finite-element
modelling is used in this paper to assess the modelling assumptions used. Finally, model results
are compared to a series of 13 experimental tests of a real-scale unit with this specific capsule
geometry, for a thorough validation using multiple flowrates, inlet temperature profiles and

temperature ranges.

6.3 Mathematical model

To ensure compatibility with whole building simulation programs, a numerical model is
developed and implemented as a TRNSYS component. A simplified model is built following the
principles of the control-volume method (also known as the finite volume method) to ensure

conservation of mass, no matter what the grid sizing is (Patankar, 1980). Looking to maximize
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computational efficiency in year-long simulations, detailed tracking of the melting front is not a
required output. Instead, the physics modelled are simplified as only the evolution of the outlet
fluid temperature and global state of charge of the PCM tank are of interest. These outputs need
be determined with sufficient accuracy on the time scale of typical building Heating, Ventilation
and Air-Conditioning (HVAC) systems response. In this work, we assume that these

requirements translate into an accuracy of =1 °C over 5 min intervals.

The geometry modelled is that of a horizontal tank including horizontal slab-like HDPE capsules
filled with PCM. As can be seen on Figure 6-1, the capsule’s top and bottom surfaces are covered
with a series of plastic protrusions that fit together to maintain a preset clearance between the
capsules. This creates a small channel into which heat transfer fluid (HTF) can circulate above
and below each capsule. The capsule top and bottom surfaces also have a series of holes that
penetrate to its center, presumably for additional rigidity. Finally, its downstream lateral face

includes a depression where the sealed filling orifice is located.

Figure 6-1: Flat slab-like PCM capsule

In the model, the complex capsule geometry is reduced to a simple rectangular prism represented
in orange on Figure 6-2. Looking at the schematic latent energy storage tank from the heat
transfer fluid entry point, we observe the PCM capsules are laid out in a number of columns
which extend over the length (i.e. x-axis) of the PCM tank. Each column contains a certain
number of rows over the width of the tank (i.e. z-axis) containing layers of capsules stacked
vertically (i.e. y-axis). In this example, the layout consists of 4 layers of capsules arranged in 2

columns and 3 rows.
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Figure 6-2: Modelled section of the PCM storage tank

As the fluid flow is considered uniformally distributed throughout the cross-section yz, the model
considers the behaviour of only one layer of capsules along a single column. All the rows of that
column are treated as though they were a single capsule whose results are extrapolated to
represent the behaviour of the entire PCM tank. Exploiting the symmetrical nature of the PCM
capsules, only the half-height of the PCM capsule and half-height of the fluid passage are
modelled (see the doted area on Figure 6-2).

Heat transfer to/from the capsules is simplified by two main assumptions. Natural convection
within the liquid phase of the PCM is neglected because of the thin, flat nature of the containers
used and their horizontal layout (as indicated by Zivkovic and Fujii (2001)). As the capsules are
tightly squeezed against one another, we also assume that the lateral capsule faces do not
significantly contribute to the heat transfer within the PCM. Instead, the predominant mode of
heat transfer within the PCM occurs through conduction along the y-axis so that the full width of
the PCM capsule (z-axis) is represented by only one PCM control volume. The same assumption
is made for the fluid control volumes where no significant thermal gradients are expected along

the z-axis.

Detailed modelling of fluid flow between two PCM capsules can rapidly decrease the prospects
of obtaining a reasonable computation time. So, as seen on Figure 6-3, a uniform velocity profile
is assumed and the full half-height of the fluid passage can be modelled by a single fluid control
volume. The simplified TRNSYS model uses a series of fluid control volumes over the length of

the PCM capsule (along the x-axis), each fluid control volume encompassing the half height and
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full width of the fluid passage modelled. Similarly, only the half the height of the PCM capsule is
modelled, though it is discretized in several control volumes along the y-axis.

PCM capsule
_ j— /" Fluid control volume <
— W || o -

[

PCM control volume

"1

Figure 6-3: Modelled section of the PCM tank (between the two dotted lines) is discretized into

» X

several control volumes (illustrated here for 2 PCM control volumes in the y direction)

The present model uses semi-explicit time-discretization, implementing an internal time-step
when necessary. TRNSYS functions in such a way that any information passed along between
components during an iteration are the time-averaged values over the time step concerned.
Therefore time-averaged values of the entering fluid temperature and fluid flow rate are the input
data to the model no matter what time-discretization scheme is used inside the model. Implicit
discretization would theoretically offer the advantage of numerical stability even with the use of
the large time steps (Incropera, Dewitt, Bergman & Lavine, 2007) used in the case of yearly
building simulations. A recent study indicates that it allows the use of time steps as large as 15
minutes in the simulation of PCM wall layers without compromising accuracy (Al-Saadi & Zhai,
2015). Numerical stability however does not ensure physically-plausible results. The Courant-
Friedrichs-Lewy condition (de Moura & Kubrusly, 2013) indicates the small residency time of
the fluid in the PCM tank (< 1 min) requires relatively small time steps or significant relaxation
to ensure physically-plausible results in transient conditions. Moreover, though explicit time-
discretization schemes are not unconditionally stable, they offer the advantage that a clear and
easy to implement criteria exists to ensure stability (Incropera et al., 2007) which is why they

were chosen as the time-discretization scheme for this model.

The model considers the three modes in which the latent energy storage tank functions. First, the
storage tank must be “charged” by melting or solidifying the PCM depending on whether heat or
cold is to be stored. When the demand occurs, the tank’s energy is then “discharged” as the PCM
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goes through the reverse change of phase. The third mode encompasses what happens in
between, that is during the period when the tank is keeping the stored energy; the “waiting”
mode. The first two modes function very much in the same way; forced convection between the
PCM capsule wall and the heat transfer fluid is the predominant method of heat transfer. The
“waiting” mode usually implies no fluid flow coming in or out of the latent energy storage tank
and natural convection in the heat transfer fluid becoming important. In order to optimize the
model’s computational efficiency, separate mathematical formulations are used depending on the
relative importance of advection and diffusion in the fluid, using the thermal diffusion Peclet

number, Pe, as a criteria.

6.3.1 Significant flow conditions | Pe > 2

For each fluid control volume considered, the energy balance results in Equation (6-1):

prp'deT
dt

' 6-1
= mcp,f(Tin — Tous) + hequ(Tpcm — Tf) ( )

The term on the left represents the net rate of energy stored in the fluid control volume over a
certain time step, with psc, ¢V being the fluid’s heat capacity. The term mc, ¢ (Tin — Toyr)
represents the net rate of energy transport into the control volume through advection. The term
hequ(Tpcm — Tf) represents the net rate of energy exchanged between the fluid and the PCM
through convection, with h,, the equivalent heat transfer coefficient and S, the surface area of

the heat exchange between the fluid and PCM control volumes.

For cases with high Peclet number (Pe > 2), the fluid flow causes energy transfer between fluid
control volumes to occur mainly in the direction of flow. In this case, the influence of
downstream conditions on the fluid temperature is low and space can be considered a one-way
coordinate (Patankar, 1980). Hence, the upwind scheme is used as a spatial discretization method
for the fluid control volume equation. A solution is then obtained by marching through the
control volumes in the direction of flow and solving for the fluid control volume temperature and
the associated PCM control volumes’ state to within the limits of the convergence criteria before

moving on downstream to the next fluid control volume.

Using central time differentiation to solve for Equation (6-1) results in the formulation illustrated
in Equation (6-2):
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A T2 2 }'Tf'(“
PrCp sV 3 mey, f 3 heqSx

_ _ (6-2)
=mcp,r Ty i-1) + ( At > > ) “Tr)° + hegSx * Tpem, 1)

Here Tr ;) is the temperature of a given fluid control volume and similarly, T, 1) i the
temperature of the adjacent PCM control volume. In this formulation, values from the previous
time step are indicated with superscript "0" while values from the present time step bear no
annotation and time averaged values are indicated with an overline (ex. T indicates the time-
averaged temperature). The upstream control volume is indicated with subscript “(i-1)" and the
control volume calculated bears subscript “(i)". More details on the method used to identify the

various control volumes can be seen in Figure 6-4.

Upstream fluid Fluid node Downstream fluid
node F(i-1) studied F(i) node F(i+1)
° —T> i - o
+P('IJ=1) )
Y Plij=2) | PCM nodes
A [ studied
© P(i,j=3)

Figure 6-4: Model discretization

In the calculation of the heat transferred by convection to the PCM, the thermal mass of the
capsule wall is neglected and an equivalent heat transfer coefficient, h.,, is determined to
account for all thermal resistances between the fluid and PCM. As the node of the PCM control
volume closest against the capsule wall is situated at the capsule wall, the thermal resistance of
the PCM itself is not present in the coefficient. The equivalent heat transfer coefficient used is
provided by Awad’s correlation for a thermally and hydraulically developing laminar flow
between two plates at constant temperature (Awad, 2010). The same equivalent convection
coefficient is applied to every fluid control volume, but this coefficient will change in time

throughout the simulation in response to varying flow velocities.
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To determine the fluid’s impact on the PCM control volume, a variant of the so-called enthalpy
method is used where the temperature field in the PCM is not calculated explicitly but through
enthalpy-temperature correlations. Thus, the change in the state of the PCM control volume
adjacent to the capsule surface is determined by calculating the change in enthalpy produced by
the energy flux between the fluid and PCM control volume (see Equation (6-3)). For other PCM
control volume, solely conduction heat transfer from upper and lower PCM control volumes is

considered, as indicated in Equation (6-4).

For surface control volume, j=1

_ _ Kpem (i iv1nS _ _ 2At
(Lj+1-7)
H=H"+ {hequ(Tf,(i) — Tpem@p) +=— ”A = (Tpemen) — Tpcm,(i,j))} T (6-3)
y mpcm
For interior control volumes, j>1
i = o 4 Spembt
Ay myem (6-4)

Akpem, -1 Toemij-v = Toem i) + kpem i+ 10 (Toem,wjrn) = Toem i)}

Where H is the current PCM enthalpy and HO is the PCM enthalpy for the same PCM control
volume from the last time step. The PCM thermal conductivity, k., varies with temperature,
hence it is different for different control volumes. Conductive heat transfer between two PCM
control volumes is based on the harmonic mean of these two control volumes’ thermal

conductivity. An example is shown in Equation (6-5) between nodes (i,j-1) and (i,j):

2k pk,j-1)

6-5
ki + kaj-1 (65)

kpem,(i,j-1-j) =
Following the calculation of the PCM control volume enthalpy, the new PCM control volume
temperature is then found through interpolation of the enthalpy-temperature curve which will be

further explained in Section 6.3.3.

At every time step, a stable solution is found for each control volume through the comparison of
the different temperatures in the tank at the current and past time steps. The absolute change in
temperature between two iterations must be less than 107 °C for the PCM temperature and HTF
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temperature for convergence to be reached. This method ensures that a minimal number of

iterations are required.

6.3.2 Negligible flow conditions | Pe < 2

For cases with low Peclet number, we assume that the heat transfer between the fluid and PCM
control volumes is caused solely by natural convection occurring in the fluid. Conduction
between fluid control volumes becomes an important heat transfer mode and so a central-
difference scheme is used for spatial discretization of the fluid control volume heat balance

equation, resulting in Equation (6-6):

prp’deT

kA
= 1y, (Tin = Toue) + heqSx(Tpem = Tr) + Z—xf (Tr o1y = 2T+ Trie1)) (6-6)

where Ay is the surface area of the fluid passage, k; is the fluid thermal conductivity and Ax the

length of the fluid control volume. Using central time differentiation results in Equation (6-7).

PripsV | KAy | heqSx)
( i T Tz ) To
(6-7)

_(PrlosV KAy hegSs
At Ax 2

T + (Tra-n + Traen) = + heaSeTpem )

In this case, the equivalent heat transfer coefficient is determined using Globe and Dropkin’s
correlation for natural convection in a horizontal cavity (Incropera et al., 2007). The new PCM
control volume temperature is still found through interpolation of the same enthalpy-temperature

curve referred to previously.

In this case, both the upstream and downstream fluid conditions will influence the fluid
temperature and so a solution is obtained for all fluid and PCM control volumes in the tank
before verifying whether the convergence criterion is satisfied. This method requires more
iterations per time step than the marching-time procedure used in significant flow conditions and

negatively affects calculation time.
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6.3.3 Enthalpy-temperature curve and hysteresis

During phase transition, both liquid and solid phases are present in the PCM. They are separated
by an interface composed of both phases (defined as a “mushy” state) that is constantly shifting
position. On each side of this boundary, the properties of the material can be quite different so
predicting the behaviour of a PCM during phase change is categorized as a moving boundary
problem for which multiple numerical methods have been developed (Bansal & Buddhi, 1992).
The method used here is a variant of Voller’s (1990) enthalpy method and does not require the
boundary position to be traced throughout the domain. In fact, as this method uses the same
governing equation for the two phases it avoids any sharp discontinuities at the phase change
interface. Other authors have used it successfully to simulate the behaviour of PCM capsules
(Bony & Citherlet, 2007b; Puschnig et al., 2005). The method relies on an enthalpy — temperature
curve to calculate the temperature of each PCM control volume. Though these curves are rarely
supplied by PCM manufacturers, they can be determined experimentally through the T-history
method (Jose M. Marin et al., 2003). Figure 6-5 illustrates an example of such curves for a PCM

with hysteresis.

>

Specific enthalpy [kI/kg]

Temperature [°C]

Figure 6-5: Schematic of an enthalpy-temperature curve with hysteresis

In this example, two curves relate the specific enthalpy and temperature of a material; the one
annotated with “C” represents the cooling process and the other annotated with “H” represents
the heating process. The model is designed to handle such a case as this, where hysteresis is
present between the heating and cooling processes, provided that the supplied enthalpy-

temperature curves follow certain guidelines. First, the model requires the two enthalpy-
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temperature curves be built of linearly increasing functions expressed through 6 data points pairs.
The two curves must share a common overall enthalpy variation over the temperature range over
which they are defined (i.e. points 0 and 5 are common to both). In addition, the liquid specific
heat must be the same for both processes so the slope from point C4 to 5 must be the same as that
from H4 to 5. The same is true for the solid phase (common slope from point 0 to C1 and 0 to
H1). In order to assess the PCM’s state of charge, the PCM will be considered fully solid at any

temperature below C1 and completely liquid at any temperature above H4.

The presence of hysteresis between the heating and cooling curves introduces the question of
what happens when either process is interrupted. Figure 6-6 illustrates the different behaviours
proposed when heating is interrupted without the PCM having completely melted (see point a).

>

Specific enthalpy [kJ/kg]

Temperature [°C] >

----- Bony & Citherlet
—-— Chandrasekharan et al.
Delcroix et al.

Figure 6-6: Enthalpy-temperature curve followed by PCM according to different authors

Bony and Citherlet (2007b) proposed that the PCM transitions from one curve to the next
following the average slope of the liquid and solid states (i.e. average of slope C4 to 5 and slope
0 to C1 from Figure 6-5) and then simply reintegrates the appropriate h-T curve. This behaviour
is defined by the h-T curve for cooling processes leading from point a to point b on Figure 6-6.
Chandrasekharan et al. (2013) instead proposed that the PCM continues to follow the defined h-T
curve for heating processes leading from point a to point c. Recent experimental tests by Delcroix
et al. (2015) showed an organic PCM adopted an intermediate h-T curve situated between the
heating and cooling h-T curves, shown schematically on Figure 6-6 as that between point a. and

point d. This latter study also showed the intermediate curve differs for the same PCM according
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to the operating conditions imposed, which is similar to the behaviour recorded in detailed
experimental tests on the specific geometry under study (D'Avignon & Kummert, 2015b). As no
theory has yet been devised to define what the intermediate curve should be, the model in this
case adopts the Bony and Citherlet theory that the PCM will transition towards and then follow

the cooling curve.

6.4 Preliminary study through detailed model analysis

The validity of the assumptions made in the present model was evaluated in a preliminary study.
This study also permitted to assess the limitations associated with the use of such a simplified
model in lieu of a more physically accurate but computationally-intensive model. Detailed finite
element models built in COMSOL Multiphysics (2015) were used as a target for comparison. In
these models phase change is accounted for by treating the PCM as a pseudo porous media; a
solid porous matrix with a liquid media flowing through it. The time-varying proportion of the
fluid to the porous matrix (a.k.a the liquid fraction) is controlled by the evolution of the domain’s
enthalpy along the enthalpy-temperature curve, as it is done in Brent et al’s enthalpy-porosity
approach (1988). The heat equation and continuity equation control the heat flow.

6.4.1 Fluid flow

In the simplified TRNSYS model, fluid velocity used in calculating the heat transfer coefficient
is obtained from the fluid mass flow rate entering the tank assuming a uniform fluid velocity
profile across the height of the fluid passage and full width of the tank. This assumption implies
that both the real capsule geometry (namely the protrusions and holes along both its upper and
lower surfaces) and real fluid flow profile can be neglected. To evaluate the validity of this
assumption, different detailed finite elements models were built in COMSOL Multiphysics and

compared.

The first detailed model (hereafter referred to as “Model 1) represents a finite element version of
the simplified TRNSYS model. It uses the same simplified geometry as the proposed TRNSYS
model; the PCM capsules and their associated fluid passages modelled as rectangular prisms and
only the half height of both are considered. Model 1 is two-dimensional and imposes a boundary

condition at the capsule wall to force fluid flow to “slip” along the capsule face, thus keeping the
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fluid velocity profile undeveloped over the length of the capsule as illustrated on the left side of
Figure 6-7.

Figure 6-7: Fluid flow profiles studied

Model 2 is a duplicate of Model 1 but the boundary condition at the capsule wall is a null fluid
velocity, forcing the fluid flow to develop into a boundary layer following the continuity equation
and the Navier-Stokes equation, as illustrated on the right side of Figure 6-7. Lastly, a 3D model
considers the impact of the real capsule geometry on the flow velocity profile. Model 3 has the
same null fluid velocity condition at the capsule surface as Model 2. In this case, the series of
protrusions along the capsule’s top and bottom surfaces are modelled, as well as the series of
holes along these surfaces that penetrate to the capsule centre. The depression and sealed filling
orifice on the capsule’s downstream lateral face however are not considered. The realistic
geometry increases the PCM volume by only 0.025% compared to Models 1 and 2 but increases

the heat transfer surface by 3.9 %.

In all COMSOL models, the evolution of the fluid flow profile over the length of the PCM
capsule is simulated through the use of the continuity equation and the heat equation. A flat
velocity profile condition is imposed to the fluid coming into the vertical space between two
capsules. Water is used as the heat transfer fluid with thermal properties held constant at the
values found in Table 6.1. The PCM modelled is a heterogeneous salt hydrate named S46 (PCM
Products Ltd, 2015) whose properties are also in the Table. The PCM capsule modelled is
commercially available (PCM Products Ltd, 2015) in dimensions of 0.5 m long, 0.25 m wide and
0.038 m in height, with a spacing of 0.013 m between two stacked capsules to allow fluid

passage.



Table 6.1: Material characteristics

Fluid properties Value Units
Specific heat 4182 JI(kg-°C)
Density 988.99 | kg/m’
Thermal conductivity 0.62556 | W/(m-°C)
Dynamic viscosity i 5.86*10" | Pa*s

PCM S46 properties Value Units
(manufacturer data)
Specific heat capacity 2410 J/(kg-°C)
Volumetric heat capacity 333 MJ/m?
Density 1587 kg/m®
Thermal conductivity 0.450 W/(m-°C)
Latent heat of fusion 210 000 | J/kg
Melting temperature 46.1 °C
Freezing temperature 45.9 °C
Initial temperature 30.0 °C
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The test case detailed in Table 6.2 was used to evaluate the PCM capsule’s behaviour. Results are

presented for a fluid entry velocity of 0.01 m/s (different fluid velocities between 0.01 m/s and

0.05 m/s showed similar results). Results are presented for a heating case with the PCM

remaining in its solid phase.

Table 6.2: Data for simulation test cases

Test Case 1
Heating, low fluid velocity
Fluid and PCM 30°C
Initial conditions temperature
Fluid velocity 0 m/s
Fluid and PCM 45 °C
t=0st03000s temperature
Fluid velocity 0.01 m/s
Test Case 2
Alternating heating and cooling, with waiting period
Fluid and PCM 30°C
Initial conditions temperature
Fluid velocity 0 m/s

® The properties listed have been copied exactly as found in manufacturer data.
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Table 6.2 (continued): Data for simulation test cases

Fluid and PCM 53 °C
t=0sto8hrs temperature

Fluid velocity 0.01 m/s

Fluid and PCM 53 °C
t=8hrsto 12 hrs temperature

Fluid velocity 0 m/s

Fluid and PCM 39°C
t=12hrsto 20 hrs temperature

Fluid velocity 0.01 m/s

Fluid and PCM 39 °C
t =20 hrs to 24 hrs temperature

Fluid velocity 0 m/s

Thermohydraulic simulations of Case 1 resulted in the expected fluid velocity profile; the flow
profile remains constant along the height of the fluid passage and along the length of the PCM
capsule at a value of 0.01 m/s throughout the simulation. In the case of Model 2, results indicate
the fluid forms a fully developed profile that reaches velocities of up to 0.0149 m/s. The flow
profile evolves rapidly becoming fully developed in less than 40 s, at a distance of 0.2 m from the
leading edge of the PCM capsule. As most applications studied will imply the use of more than
one capsule in over the length of the tank and flow velocities will be kept constant for elongated

periods of time, correlations representing hydraulically developed flow should be used.

Figure 6-8 illustrates the velocity profile of the heat transfer fluid from Model 3 at t=1500 s. In
the sections behind the protrusions, flow velocity tends towards zero. Where no protrusions
interfere, the flow velocity is much higher than the 0.01 m/s imposed in the simplified TRNSYS

model, reaching velocities as high as 0.0275 m/s.
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Fluid velocity [m/s]

Figure 6-8: Velocity profile [m/s] at the half-height of the fluid passage for Model 3

The developed flow profile in Model 2 induces higher fluid velocities over parts of the fluid
passage than that modelled through the assumption of a flat velocity profile as in Model 1. This
behaviour is even more pronounced in Model 3, as the fluid only circulates over approximately

two-thirds of the capsule width, leading to further increases in fluid velocities.

The different models have a negligible impact on the outlet fluid temperature over most of
duration of test Case 1. The mean absolute difference between Models 1 and 2 is 0.53 °C over the
length of the whole simulation and that between Models 2 and 3 is only 0.34 °C. However, the
differences between the models are significant at the beginning of the simulation. The first
moments of the evolution of the outlet fluid temperature through time for all three models are

presented in an inset on Figure 6-9 for test Case 1.
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Figure 6-9: Outlet fluid temperature for Case 1

The moment when the outlet fluid temperature begins to increase above 30 °C and the time
required to reach a plateau at about 45 °C are different for all three models. The outlet fluid
temperature rise occurs sooner for Models 2 and 3 due to the fact that the developed flow profile
allows higher fluid velocities over parts of the passage between two capsules. Some hot inlet
water thus reaches the tank outlet faster than in Model 1. For each model, the timing of the
increase of outlet fluid temperature is coherent with that model’s fluid velocity; the temperature
increase is centered at 50 s for Model 1 (fluid velocity of 0.01 m/s), and centered around 30 to 35
s for Model 2 (fluid velocity of 0.0149 m/s). This leads to a significant difference in the outlet
fluid temperature between Models 1 and 2 at the beginning of the simulation (t = 36 s to 56 s),
reaching a maximum difference of 7.03 °C. Model 3 has the most slanted profile, likely caused
by the enhanced heat transfer from the fluid to the PCM due to an augmented capsule surface and
increased fluid velocities. These results indicate inaccuracies are to be expected following rapid
changes in flow velocity when using the simplified TRNSYS model, if the correct “average”

fluid velocity is not estimated.
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6.4.2 Heat transfer surface

Heat transfer inside Model 3 is analyzed at different sections to assess the impact of modelling
the real geometry through a simplified rectangular prism. As shown on Figure 6-8, Section A
cuts through the protrusions, perpendicular to the direction of fluid flow while Section B bisects
the first hole along the capsule’s centerline. Figure 6-10 (Section A) shows that the protrusions
act as thermal barriers, impeding heat transfer to the PCM immediately below. Section B shows
that the holes along the capsule center act like thermal bridges to the center of the capsule, even
though fluid flow in these holes is very small. Zones in Figure 6-8 where the fluid velocity is the
highest coincide with the highest PCM temperature in Figure 6-10, indicating the higher flow

velocity has locally increased heat transfer to the PCM capsule.
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Figure 6-10: Temperature distribution at sectional cuts of the PCM capsule, 1500 s into Case 1

The temperature distribution visible on sectional cuts from Figure 6-10 also shows a significant
temperature gradient over the half height of the PCM capsule. Even greater temperature gradients
occur over the half height of the PCM capsule near the beginning of the simulation. Such
gradients will require the use of several control volumes along the capsule half-height in the
simplified model, using the discretization criteria described in Section 6.4.2. Temperature
variations along the width of the PCM capsule are limited to the areas surrounding the

protrusions and holes. In the TRNSYS model, these protrusions and holes are replaced by an
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equivalent horizontal surface so the use of a single node over the width of the PCM capsule
should be adequate.

Though the real capsule geometry’s impact on the flow and temperature distribution is evident on
Figure 6-8 and Figure 6-10, the maximum absolute difference between outlet fluid temperature
resulting from Model 2 and Model 3 is only 1.95 °C. So it is concluded that the real capsule
geometry is reasonably well represented by the simple rectangle used in Model 2 and simple
TRNSYS model.

6.4.3 Lateral conduction between PCM nodes

A past comparison exercise (D'Avignon & Kummert, 2013) verified that conduction in the PCM
in the direction of fluid flow (i.e. along the x-axis on Figure 6-3) can be neglected for this
geometry. An analysis of the test cases previously described in Table 6.2 indicates that heat
transfer between PCM nodes along the x-axis becomes increasingly important as the simulation
progresses in time. However, the highest energy fluxes between PCM control volumes occur at
the beginning of the simulation. Thus, when the contribution of conduction between PCM control
volumes along the x-axis becomes significant in proportion, its absolute value is very small.
Results indicated the maximum absolute difference in the outlet fluid temperature between Model
1 versions with and without conduction between PCM nodes in the direction of flow is less than
0.017 °C. On the scale of typical building applications, such a small temperature difference is
negligible. Thus, though heat transfer between laterally adjacent PCM control volumes is

definitely present, neglecting its contribution is justifiable for the simplified TRNSYS model.

6.4.4 Grid and time step analysis

Incropera et al. (2007) give stability conditions for explicit discretization schemes in the form of
a maximum allowable time step as a function of the distance between adjacent control volumes
and material properties. Applying the same principles to the semi-explicit schemes leads to
Equation (6-8) and (6-9), two different criteria depending on the position of the PCM control

volume;:
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PCM control volume at the capsule wall

KpemA Ry A
Fo(1+Bi)=<LtAyz>-<1+ A y)sl (6-8)

ppcmcp,pcm kpcm
Interior PCM control volume

kyemAt
Fo= —F% <1 (6-9)
ppcmcp,pcmAy
Here, the Fourier number, Fo, represents the ratio of the conductive heat transfer rate to the rate
of heat storage while the Biot number, Bi, is the ratio of the heat transfer resistances inside and at
the surface of the material. The PCM’s specific heat, ¢, ¢, Varies during its change of phase so

the minimum value over the expected temperature range must be used.

In the case of the fluid control volumes, physically-plausible results can be ensured by the
Courant-Friedrichs-Lewy (CFL) condition (de Moura & Kubrusly, 2013) which accounts for heat
and mass transfers across control volumes. The principle of the CFL condition is to ensure that
the values used in calculations for a given time step are relevant for that time step. In this case,
the size of the fluid control volumes must not be too small, to ensure that it cannot be completely
“flushed out” by fluid from the upstream control volumes in the duration of one time step. This
condition can be expressed through Equation (6-10) :

Ax > mat (6-10)

PfAf

The length of one fluid control volume, Ax, is a function of the number of fluid control volumes
as well as the number and length of the PCM capsules; all parameters specified by the user but
which the model will verify satisfy Equation (6-10).

Incropera’s and Courant-Friedrichs-Lewy’s stability conditions impose a minimum size for
control volumes at a specific time step duration. Result accuracy however is dependent on the
control volumes being at a uniform temperature, which requires a small control volume size.
Reduced grid size and simulation time step also negatively impact computational efficiency. The

necessity of striking a balance between computational costs, numerical stability and accuracy can
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be visualized through the temperature distribution on sectional cuts from Figure 6-10, which
illustrates a significant temperature gradient over the half height of the PCM capsule 1500 s into
Case 1. Even greater temperature gradients occur at the beginning of the simulation (t < 1500 s).
The temperature evaluated along a vertical line cutting through the centre of sectional cut A is

presented on Figure 6-11 for various time stamps of Case 1.
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Figure 6-11: Temperature distribution at sectional cuts of the PCM capsule, 1500 s into Case 1

Figure 6-11 shows that significant temperature gradients are present. From t=75 s to t=500 s, they
are greater than 10 °C, reaching a variation of as much as 13.4 °C at t=200 s. This clearly
indicates that the half-height of the PCM capsule must be represented by more than one PCM
control volume or significant errors in the instantaneous heat transfer between each PCM and
fluid control volume could occur. These errors would be most significant after a sharp transition
in the incoming fluid velocity or temperature. However, including additional PCM control
volumes reduces each control volume’s size, which will be limited by the criterion established
previously and the objective of a reasonable computational time for annual (or multi-annual)

building simulations.

A grid analysis was performed by varying the number of fluid control volumes over the length of

the tank (x-axis) and number of PCM control volumes over the half-height of the capsule (y-



113

axis). The power delivered by the tank was evaluated over 15 mins intervals and compared to the
power output calculated from Model 3. Results indicate the maximum difference in power output
between models decreases with increasing number of fluid control volumes. However, for 10 to
30 fluid control volumes, the variation between the results is negligible. As for the PCM, the
maximum difference increases with an increasing number of PCM control volumes over the half
thickness of the capsule. The case with only one PCM control volume however is a notable
exception; the maximum difference calculated in this case is actually the highest of all grids
tested. Therefore, if Model 3 results are deemed reliable, a number of 3 to 5 PCM control

volumes is most accurate.

A similar analysis is performed for varying time increments keeping constant the number of PCM
and fluid control volumes, at 3 and 15 respectively. To ensure simulation time steps remained
inferior to the residence time of the fluid in the tank, only time steps from 1 s to 45 s were tested.
Results indicate the different time increments did not significantly affect the outlet fluid
temperature profile, the variations in outlet fluid temperature being less than 0.01 °C throughout

the simulation.

6.5 Model adjustments

Following a series of preliminary experimental tests some adjustments were made to the
simplified TRNSYS model, to account for phenomena that cannot be fully represented in the
simplified 1-D approach. These adjustments are related to the presence of air voids in the PCM
capsules, the presence of fluid volumes that are not in direct contact with the PCM capsules, and

to the heat transfer and fluid velocity impacts of geometry simplifications.

The change of phase of a material between liquid and solid is often accompanied by a change in
volume. Studying the flat slab-like PCM capsules available on the market indicates they are
usually not filled to capacity, leaving space in the capsule to account for changes in the material’s
volume. This leads to inaccuracies where the model assumes the disposition of the PCM inside
the capsule illustrated on Figure 6-12A while the real situation corresponds to Figure 6-12B. If
any air is present in the capsule, the latter case leads to increased thermal resistance between the
fluid and PCM on the upper surface of the capsule and disrupts the capsule’s symmetry. If the

capsule is vacuum sealed, the encapsulation material might instead buckle following the PCM
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density change and alter the capsule geometry. This phenomena is accounted for by redistributing
the PCM along the capsule’s centerline as in Figure 6-12C. The use of an equivalent thermal

resistance, encompassing both the capsule wall and void thermal resistances is also implemented.
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Figure 6-12: Repartition of PCM inside the capsule

In order for the heat transfer fluid flow to be evenly distributed amongst the PCM capsules,
industrial tanks used for PCM storage require the use of a diffuser and/or mixing length. Both
methods imply a significant volume of water, unaffected by PCM capsules, must be accounted
for both at the tank entry and exit (see Figure 6-13). This additional heat transfer fluid volume is
modelled as a single, perfectly mixed fluid node, which is solved outside of the PCM/fluid

iteration loops.
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Figure 6-13: Schematic of by-pass section and entry/exit volumes

Entry and exit volumes

Any tank cross-section is bound to allow for some fluid to circulate outside the modelled fluid
passages. Examples are illustrated on Figure 6-13 where parts of the fluid flow circulates in the
lateral space between the tank wall and adjacent capsules and outside the fluid passage height

modelled. In the proposed model, this phenomena is compensated by a by-pass factor which
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allow parts of the heat transfer fluid to circumvent the fluid control volumes interacting with the
PCM and arrive unaffected at the tank outlet.

As discussed in Section 6.4.2, the capsule protrusions increase heat transfer fluid flow which in
turn impact model results following sudden changes in flowrates or inlet temperature. These
same protrusions modify the surface area over which heat is exchanged between the fluid and
PCM. The model therefore allows the user to separately adjust the width of the fluid flow passage

and heat transfer surface to account for the real geometry.

6.6 Experimental validation

6.6.1 Experimental set-up

The objective of the model validation is to verify the model’s ability to represent the behaviour of
the PCM tank over the full range of operating conditions likely to happen in typical use. To
achieve this, a horizontal storage tank filled with the rectangular PCM capsules of Figure 6-1 was
thoroughly tested in the Semi-Virtual Lab at Polytechnique Montreal (D'Avignon & Kummert,
2015Db). The referenced experimental study evaluated the performance of the tank over 13 distinct
tests of melting and solidification cycles with different inlet fluid temperatures, flowrates and
load profiles. At least three repetitions were made of each test to assess repeatability of results.
The complete experimental data set was made available by the authors so it can be of use to other
researchers developing and validating numerical models of such tanks. Results were reported and
thoroughly analysed in the cited paper so only the key points relevant to the present model

validation will be discussed here.

The main components of the experimental set-up are illustrated in Figure 6-14. Turbine flow
meters with magnetic pick-up are installed at both the inlet and outlet of the tank so that the
flowrate inside the PCM tank can be measured to a precision of + 1% of the readings. A set of
calibrated PT-100 platinum resistance temperature sensors measure the fluid temperature entering
and leaving the PCM tank; the uncertainty on their measurements is + 0.165 °C. A custom-made
thermopile with a + 0.04 °C uncertainty also provides an additional measurement of the
temperature difference between the tank inlet and outlet. A configurable controller including a

processor and field-programmable gate array (FPGA) offers high-speed signal acquisition and
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control of the Semi-Virtual Lab. All experimental tests referred to in the present article used 10
second sampling times for data acquisition and test bench control.
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Figure 6-14: Experimental set-up schematic

The tank was submitted to a total of 13 distinct tests, listed in Table 3, and 3 repetitions were
made of each test. The tests include different flowrates, v, and temperature intervals, AT, as well

as both heating and cooling processes. Various load profiles were also tested:

e Step changes: these tests take place over an interval of temperature, [Tirqns —
AT; Tyrans + AT], centered on the PCM’s theoretical phase change temperature, Tyyqns-
The tank is initially in a steady-state when a sudden change in inlet temperature is

imposed and maintained until the end of the test.

e Fixed rate of temperature change: simulates conditions were a fixed rate of temperature

change of the inlet fluid is imposed to the tank;

e Constant power tests: simulates conditions were a constant power load is imposed to the

tank over a specific period of time;

e Interrupted tests: operating conditions are toggled between charging and discharging
processes before either is completed.

The PCM objects tested in these experiments are commercially available rectangular HDPE
capsules, illustrated on Figure 6-1. They are 0.25 m wide and 0.5 m long with protrusions and
holes on their upper and lower faces, offering a heat transfer surface of approximately 1290 cm?.
When stacked, the capsules are a distance of 7 mm away from one another, reserving ~ 17.5 cm?

for the passage of heat transfer fluid. Contained in the capsules is a heterogeneous salt hydrate
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named S27 (PCM Products Ltd, 2015) whose properties as supplied by the manufacturer are
detailed in Table 6.3.

Table 6.3: Characteristics of phase change material $27°

PCM S27 properties Value | Units
Specific heat capacity 2.20 | ki/(kg-°C)
Volumetric heat capacity 280 | MJ/m°
Density 1530 | kg/m’
Thermal conductivity 0.540 | W/(m-°C)
Latent heat of fusion 183 kJ/kg
Phase change temperature 27 °C

Each S27-filled capsule weighs 5.81 kg with the mass of the encapsulation itself deemed
negligible. Previous characterization tests (D'Avignon & Kummert, 2015a) lead to the two
functions illustrated on Figure 6-15 relating the specific enthalpy and temperature of the material
which will be used in this validation; the one annotated with “C” represents the cooling process

and the other annotated with “H” represents the heating process.
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Figure 6-15: Enthalpy-temperature curve of PCM S27

® The properties listed have been copied exactly as found in manufacturer data.
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A total of 32 capsules are installed inside the insulated tank in 4 stacks of 8 capsules, 2 stacks
wide by 2 stacks deep. The PCM storage tank itself is cylindrical so a hollow shape of expanded
polystyrene, which can be seen on Figure 6-17, was used to support the capsules inside the tank
and insulate them from ambient conditions. Due to the capsule support design, some heat transfer
fluid will by-pass the area where the PCM capsules are located, likely circulating outside the
fluid passage height modelled.

Sensor L—\ ’

Sensor S —/

Figure 6-16: PCM capsule tested Figure 6-17: Insulated PCM storage tank

As illustrated on Figure 6-17, one of the PCM capsules is equipped with two Type-K
thermocouples, installed at different positions along the capsule’s length, near its central axis.
The approximate position of the sensor can be seen on Figure 6-16. The instrumented capsule’s
position inside the stack appears on Figure 6-17, it is installed in the “downstream” stack of

capsules (second row in direction of flow) and about mid-way in the capsule stack.

6.6.2 Comparison to experimental results

The purpose of the proposed model is to adequately represent the behaviour of a horizontal PCM
storage tank in year-long building performance simulations. Therefore the metric of importance
in this model validation is the outlet fluid temperature exiting the PCM tank. Also of importance,
the power output from the tank, Q, is calculated through Equation (6-11) from the inlet fluid

temperature, T;,, the outlet fluid temperature, T,,., and the fluid flow rate, v.
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Q (kW] =7v- Cp P (Tin — Tour) (6-11)
In the case of the step tests, the comparison of the tank’s outlet fluid temperature measured
experimentally to that computed numerically is illustrated on Figure 6-18 for every flowrate and
temperature interval tested. All step tests display short-term differences between the numerical

and experimental results but overall the curves are in very good agreement.
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Figure 6-18: Tank outlet fluid temperature as a function of time for all step tests

To quantify the difference between the experimental data and numerical results, two indicators
were used. The first is the maximum absolute difference, maxD, between both experimental,
Yexp, and numerical, y,,.,, values which is calculated through Equation 11. The maximum

absolute difference in the outlet fluid temperature is an imperative metric of comparison as most
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building control systems would make use of the tank’s outlet fluid temperature in their
algorithms. Any absolute difference larger than the control system’s deadband (a value of 1 °C
will be used here) would impact tank control and building energy use calculations. The maximum

absolute difference in power is also important in controlling such a PCM tank.

maxYD = 11’121,?"?5\[“}’3961) - ynum'} (6-12)

The second metric considered is the coefficient of variation of the root mean square error,
CV(RMSE), which is used to weigh the overall agreement between the numerical and
experimental results over the entire test duration. As specified in ASHRAE’s Guideline 14
(ASHRAE, 2002), it is evaluated through Equation (6-13) with ¥ being the arithmetic mean of

the sample of n readings.

CV(RMSE) = 100% = \/{z:lzl(yexp - ynum)z}/{n -1} *% (6'13)

To calculate the CV(RMSE) for the outlet fluid temperature, T,,;, the arithmetic mean of the
sample is not a representative metric so instead the overall test temperature variation will be used,
or 2 - AT. For the CV(RMSE) of the tank power, @, the arithmetic mean of the sample will be
used. Guideline 14 requires the coefficient of variation of the root mean square error,
CV(RMSE), for the power over hourly intervals to be smaller than 30% for a model to be
considered reliable. In this case, though the tank power is calculated over 5 mins intervals, the

same value is targeted. VValues from all metrics are listed in Table 6.4 for each test.

Table 6.4: Validation metrics for all PCM tank tests

Test Test Outlet fluid temperature Tank power
parameters
Process | Testtype | AT v maxD | CV(RMSE) | maxD | CV(RMSE)
e el | s | el [%] [kw] (9]
Fixed
temperature
Coolin changerate | ° 0.30 0.6 2.1 0.7 30.7
9 | @.25°Clhr)
Constant 10 0.30 10 L8 1 151
power
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Table 6.4 (continued): Validation metrics for all PCM tank tests

10 0.30 2.5 1.9 2.6 28.2
Step 10 0.45 3.6 2.6 5.2 32.1
5 0.30 1.2 2.9 1.3 30.3
5 0.45 1.6 2.2 2.2 31.3
Heating
& Interrupted 10 0.30 3.4 3.4 3.3 14.9
cooling
Fixed
temperature
change rate 5 0.30 1.0 1.7 1.2 24.4
(1.25 °C/hr)
. Constant
Heating power 10 0.30 0.9 2.1 1.0 24.9
10 0.30 1.9 1.8 1.8 24.9
Step 10 0.45 2.4 2.0 3.8 29.4
5 0.30 1.0 2.0 0.9 29.4
5 0.45 1.1 1.9 1.4 27.3

The maximum difference in outlet fluid temperature momentarily exceeds 1 °C for all tests where
rapid inlet temperature changes occur, namely the step tests and interrupted test. The
experimental and numerical values of the fluid temperature exiting the tank are illustrated on
Figure 6-18 for all step tests and on Figure 6-19 for the interrupted test. In all cases, the
maximum difference in outlet fluid temperature occurs in the few minutes following the sharp
change in inlet temperature indicating they are likely caused by the simplified flow profile
modelled. For the reminder of the test duration, the difference between the experimental and
numerical values remains well under 1 °C. The resulting coefficient of variation of the root mean
square error, CV(RMSE), of the power output is 14% for the interrupted test. For step tests, the
CV(RMSE) remains below 30% in heating but increases slightly beyond this limit for cooling

processes.
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Figure 6-19: Tank outlet fluid temperature as a function of time for interrupted test

Both heating and cooling tests at a fixed temperature change rate are illustrated on Figure 6-20.
The data shows a good agreement between numeric and experimental results; the maximum
absolute difference is < 1.0 °C for the outlet temperature and < 1.2 kW for the tank power output.
However, these test conditions are not likely operating conditions in real building applications.
The inlet temperature change rate of 1.25 °C/hr is so mild that the difference between the inlet
and outlet fluid temperatures never reaches 2 °C. Given building controller deadbands and the
typical precision of temperature sensors, a difference of less than 2 °C will not be useful in most
HVAC applications. Therefore, useful power output from the tank under these operating
conditions is minimal. This is reflected in the coefficient of variation of the root mean square
error, CV(RMSE), on the power output which 30.7% and 24.4% in cooling and heating
respectively, due to the small average power output.



123

L
[

L
=

P2
e

[
o

I3
i

Tank outlet temperature [°C]

[
2

Exp. Num.

0 3 6 9 12 15 18 21 24
Time [hr]
Figure 6-20: Tank outlet fluid temperature as a function of time for fixed temperature change rate

tests

The constant power tests, illustrated on Figure 6-21 and Figure 6-22 below, were performed with
the inlet tank temperature maintained at 5 °C above or below the tank outlet temperature,
resulting in a constant heating/cooling power of 6.24 kW imposed to the tank. The outlet fluid
temperature agrees quite well with the experimental data for both heating and cooling processes.
This is reflected in the maximum absolute difference in outlet temperature of ~1.0 °C and
CV(RMSE) of 18.1 % in heating and 24.9 % in cooling indicated in Table 6.4.
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The tests on these figures show amongst the best results of all the processes evaluated and are
also most similar to the operating conditions of such PCM tanks in buildings. The constant power
tests resulted in a rate of inlet temperature change of ~18 °C/hr in heating and 17 °C/hr in
cooling, much closer to the rates of temperature change present in real HVAC applications than
the step changes discussed previously.

6.7 Discussion

Differences between the numerical and experimental data could be caused by the PCM properties
used as inputs into the model. PCM S27 manufacturer data leads to an enthalpy-temperature
curve based on a pure substance assumption as defined by Tittelein et al. (2015). This curve is
significantly different from results from previous characterization work through DSC
(Barreneche et al., 2013) and the T-history method (D'Avignon & Kummert, 2015a) which
instead indicate the PCM behaves more like a binary mixture. Moreover, though those
characterization results indicated important supercooling and hysteresis between heating and
cooling enthalpy-temperature curves in PCM samples of a few grams, the PCM’s behaviour as a

whole PCM-object could be significantly different. Temperature sensors located inside the PCM
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capsules during the detailed experimental tests used in this validation indicated hysteresis was not
always present and phase change appeared to occur at different temperatures according to the
operating conditions (D'Avignon & Kummert, 2015b). The reduced model precision for cooling
processes could be due to PCM supercooling which was present during the experimental tests but
is not being modelled. The enthalpy-temperature curve of the PCM-object should be evaluated on
its own using methods such as the energy-balance (José M. Marin, Zalba, Cabeza & Mehling,
2005; B. Zalba et al., 2004). Another enthalpy-temperature curve also could have led to a better

agreement between experimental and numerical results and should be investigated.

6.8 Conclusion

A model was developed and experimentally validated to simulate the thermal behaviour of a
horizontal energy storage unit including PCM capsules. The model is based on one-dimensional
conduction and advection, utilizing control-volume method and semi-implicit temporal
discretization, and it is implemented as a TRNSYS component for use in whole building
analyses. The phase change process is modelled with the enthalpy method using different heating

and cooling curves.

The model can be used for both fluid flowrates leading to internal forced convection and
negligible flow conditions (Pe > 2). It was experimentally validated for flowrates from 0.3 to
0.45 L/s (approximately 0.1 to 0.15 m/s) and various inlet temperature profiles over the 17 to
37 °C temperature interval.

Detailed numerical modelling showed that thermal simulation of lateral conduction between
PCM control-volumes was not necessary. It also indicated the simplified flow profile would lead
to inaccuracies following rapid changes in inlet temperatures or flowrates. Inaccuracies due to the
use of a simplified capsule geometry should be compensated by the additional parameters
implemented (adjustable width of flow passage and heat transfer surface).

Comparison of numerical and experimental results indicated the proposed model was suitable for
of the thermal behaviour of this type of PCM storage tank. The maximum coefficient of variation
of the root mean square error on tank power was 32.1% over 5 minute intervals, indicating the

model is in line with the requirements specified in ASHRAE’s Guideline 14.
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CHAPTER 7 GENERAL DISCUSSION

The main objectives of this thesis are to develop a model for the simulation of a horizontal
storage tank filled with flat, slab-like phase change material capsules, and to validate the model
through experimental testing of a real-scale PCM storage tank in realistic operating conditions.

The literature review (Chapter 2) highlighted the importance of the enthalpy-temperature relation
in modelling the phase change process. The scientific community has mainly adopted the DSC
and T-History methods to characterize phase change materials and obtain their enthalpy-
temperature curves. A recent standard proposed in Germany (RAL Gutezeichen, 2013)
specifically refers to these two methods as the only adequate methods to obtain the H-T curves.
However, numerous variants of the T-History method have been proposed over the years and
there is currently no consensus on the exact methodology that should be applied. Past studies
have focussed on comparing the experimental set-ups in each variant and have only made a brief
analysis of the different data processing methods. Chapter 4 offers a contribution towards a
standardized characterization method of phase change materials through a critical assessment of
those data processing methodologies. A detailed analysis of the mathematical formulations and
physical principles behind the variants is presented, highlighting their advantages and
disadvantages. Original experimental data from the testing of multiple samples is presented in its
raw form to highlight the experimental variability that is inherent to the method but has rarely
been shown by past authors. The difficulties encountered in applying the methodologies are
presented, leading to recommendations on the appropriate data processing variant which should
be used to obtain enthalpy-temperature curves for phase change materials exhibiting significant

supercooling.

Most recent studies of PCM storage have relied on numerical results for model validation
because experimental data is scarce for most geometries. When it exists, data from experimental
tests is often limited to a few specific operating conditions, for which only partial measurements
are presented. Repeatability is either not analysed or treated by averaging results and presenting
punctual deviation measures. As presented in the literature review (Chapter 2), experimental data
for this tank configuration is limited to the tests presented by Moreno et al. (2014). Chapter 5
constitutes a significant contribution by presenting original data for a configuration that has not

been studied experimentally before, and by providing the full, raw dataset to allow further use by
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other researchers. The experimental tests were thorough: 14 distinct operating conditions were
tested, varying the inlet flowrate, the temperature interval as well as the load profile to the tank.
Tests presented in Chapter 5 were each repeated at least three times and the variability of results
is openly presented and discussed. This Chapter also includes an account of the measured
behaviour of the phase change material inside its encapsulation, providing valuable insights into
the PCM-object behaviour. The experimental dataset has substantial value for all researchers

studying thermal energy storage or looking to validate a numerical model.

The literature review (Chapter 2) also highlighted the absence of adequate modelling tools for
HVAC system designers to properly predict the behaviour of PCM storage tanks in buildings.
None of the existing models have been specifically developed to represent the behaviour of
horizontal storage tanks filled with rectangular PCM capsules or experimentally validated to do
so. Chapter 6 presents such a model. The pertinence of the modelling assumptions made was
verified through the use of detailed, finite-element models. Results indicated the most significant
errors appeared after rapid changes in flowrates or inlet temperature due to the simplified flow
profile. All other assumptions were proven justified and the proposed model’s principles valid for
the system-level simulations targeted. The experimental data from the previous chapter was used
to perform an exhaustive validation of the model under diverse operating conditions. Comparing
numerical and experimental results following the principles of ASHRAE’s Guideline 14 confirms
the model validity for the simulation of horizontal storage tanks containing rectangular PCM

capsules.

Finally, | made a significant contribution to the design, construction and commissioning of the
Semi-Virtual Laboratory, which is briefly presented in Chapter 5. It is a testing facility for
hydronic (water-side) heating and cooling equipment, especially built to deliver validated, fully
dynamic numerical models of HVAC equipment, capable of supporting system-level
optimization of complex energy systems. To do this, the Semi-Virtual Laboratory comprises two
precision-controlled test loops, capable of imposing dynamic inlet conditions (temperature and
flow rate) to the tested equipment. This real testing environment is coupled with a virtual testing
environment which can model a full building complete with its HVAC plant. This virtual
computer model calculates the inlet conditions that would take place in the modelled building,
and the hydronic test bench imposes these conditions to the tested equipment. Outlet conditions
from the tested equipment are then fed-back to the computer model in real-time. This “semi-
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virtual” principle of operation, similar to the Hardware-In-the-Loop methods used in controls and
rapid prototyping, was put in place by Francesca MacDonald and is described in detail in
MacDonald et al. (2014). The hardware part of the Laboratory itself was constructed over a
period of three years, under my direct responsibility. As such, | designed and calibrated the data
acquisition and control system (from sensors to data logging equipment) and proposed
modifications to improve the quality of experimental data. The Laboratory allows testing of a
variety of hydronic HVAC equipment in diverse building constructions and varied climatic
conditions. It will be of great use for future research at Polytechnique towards the development of

validated, fully dynamic numerical models of HVAC equipment.
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS

The numerical model presented in this thesis was developed for the simulation of horizontal
storage tanks containing flat, rectangular PCM capsules. It is able to represent their behaviour
with the accuracy required in traditional building systems, as demonstrated by the experimental
validation. Further work should address the model accuracy in the specific conditions that were
shown to be more difficult in Chapter 6 and the improvement of computational speed to allow

more demanding tasks such as multi-year optimization of complex energy systems.

The experimental characterization of the studied PCM (S27) produced an enthalpy-temperature
curve suitable for use in the proposed model and recommendations on PCM characterization
methods. Some issues were identified, which would deserve further research. The testing of PCM
samples presented in Chapter 4 indicated significant variability amongst samples. The small size
of the samples and heterogeneity of the material itself, which appears to be a mixture of two
compounds and a nucleation agent, made it difficult to ensure each sample truly represented the
“same” material. Tests of a larger volume of PCM or the PCM-object itself would be more likely
to resemble the PCM-object’s behaviour in the PCM tank. Such tests were performed on the
PCM-object though not reported in this thesis. Using inverse methods, an effective enthalpy-
temperature curve could be recreated for these objects, likely resulting in an increased accuracy

of the model’s output.

The effect of supercooling on the outlet fluid temperature from the PCM tank needs to be studied
in more detail. The experimental tests presented in Chapter 5 showed that the presence and
magnitude of supercooling varied significantly even within a single PCM capsule, under similar
test conditions. The concurrent repeatability in the outlet fluid temperature measured exiting the
tank led us to conclude that supercooling had little impact on the output from the tank (i.e. that its
overall effect cancelled out) and could be neglected in the modelling of the PCM behaviour. This
conclusion should be verified by comparison to a model which accounts for supercooling of the
material. Work was done to implement the algorithm proposed by Gunther et al. (2007) to model
supercooling into the TRNSYS model presented in Chapter 6. Before this model version can
reasonably be compared against experimental data, additional parameters defining the PCM are
required. However, the required information on the material’s crystallization speed and

nucleation probability as a function of temperature remains unavailable. The determination of
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these properties will require additional experimental testing for which no methodology has been
found in the literature.

The test bench used to investigate the behaviour of the PCM tank can also be improved. In the
tests presented in Chapter 5, only one PCM capsule was instrumented and only one position of
the capsule in the tank was tested. Constructing and installing additional instrumented PCM
capsules would allow a more detailed portrait of the PCM’s behaviour while encapsulated and
provide more information, for example, on the prevalence of supercooling. Finally, the full
capabilities of the Semi-Virtual Laboratory could be exploited by testing the PCM tank in
operating conditions corresponding to potential applications.
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APPENDIX A — ADDITIONAL S27 PROPERTIES

This appendix presents the properties of phase change material S27 required for adequate
numerical simulation of the PCM object’s behaviour. Phase change material S27 is a salt hydrate,
i.e. a mixing of salt and water in a fixed ratio. Because salt hydrates consist of several
components they can separate into different phases which leads to stability problems after
numerous heating/cooling cycles (Mehling & Cabeza, 2008). As can be seen on Figure A-1,
material S27 is heterogeneous and appears to be composed of a clear liquid component, a viscous
translucent liquid component and numerous beads the size of grains of sand. The latter are special
additives (i.e. nucleators) meant to cause heterogeneous nucleation and reduce the likeliness of

supercooling.

Figure A-1: Image of S27 sample equipped with a thermocouple sensor

As shown in Table A.1, only some properties were supplied by the manufacturer. The properties
specified by the manufacturer are somewhat ambiguous. It is unclear whether the density and
thermal conductivity values specified are associated with the liquid state or solid state of the
phase change material. Only the container weight is listed when it is the phase change material
weight that is required for adequate simulation. The single phase change temperature indicated
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implies the latent heat of fusion is released at a specific temperature rather than over a
temperature range which is rare for heterogeneous PCMs. Also, most salt hydrates will exhibit
supercooling (Mehling & Cabeza, 2008) but no information is specified by the manufacturer in

that regard.

Table A.1: S27 properties supplied by the manufacturer’

Phase change temperature | 27 °C
Density 1530 kg/m”®
Latent heat of fusion 183 kJ/kg
Volumetric heat capacity | 280 MJ/m°
Specific heat capacity 2.20 kJ/kg-K
Thermal conductivity 0.540 W/m-K
Container weight 5.81 kg

Some properties had to be determined from experimentation and others specified by the
manufacturer had to be validated. The experimental procedure used for measuring each property
is described in the next sections, followed by a presentation of the uncertainty on that

measurement.
Measurement procedure

Four glass cylinders graduated from 50 ml to 1000 ml were identified with letters A through D,
cleaned and weighed on a QUINTIX2102-1S balance from Sartorius Weighing Technology
GmbH. Five weightings were made, labelled E1 through E5, in order to reduce random errors
caused by variations in air movements, user error etc. A single PCM object was heated in a
controlled chamber to a temperature of 65 °C, when its content was completely liquefied. The
capsule was vigorously shaken to maximise homogeneity of its contents and emptied into the
four graduated cylinders. Each graduated cylinders was then put through five separate
weightings, labelled R1 through R5, and the volume of its content measured by two different
observers, labelled V1 and V2. The temperature of each cylinder was taken both before and after
the series of weight and volume measurements using a Type-T thermocouple connected with a

hand-held HH501BT Omega data acquisition system.

" The properties listed have been copied exactly as found in manufacturer data.
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Table A.1: PCM temperature before and after measurements

Cylinder
T A B C D
identifier
Temperature | T1 [°C] 64.0 64.1 61.5 63.7
readings [g] | T2 [°C] 63.3 61.5 61.4 61.2

Temperature readings T1 were taken before any measurements were made of the graduated
cylinder in question and readings T2 were taken after all measurements. The temperature
readings listed in Table A.2 indicate the PCM was clearly in its liquid phase during the whole

measurement process and so all properties can be safely attributed to the PCM’s liquid state.
PCM mass

The results from each weight reading are presented in Table A.3 below.

Table A.2: Weight measurements of the graduated cylinders

Cylinder identifier A B C D

El 394.13 | 396.93 395.05 397.48

E2 394.12 396.95 395.02 397.50

E3 394.14 | 396.96 395.04 397.49

E4 394.13 396.94 395.04 397.50

E:T‘péy E5 394.13 | 396.94 | 395.04 | 397.48

V\gg‘}ﬂt ‘Eé] Sample mean, E; 394.13 | 396.94 | 39504 | 397.49

Sample standard
deviation, Sg; 0.00707 | 0.01140 | 0.01095 | 0.01000
Sample standard deviation | 0.00316

of the mean, Sg, 2 0.005099 | 0.004899 | 0.004472

R1 1827.33 | 1638.79 | 1532.90 | 1596.48

R2 1827.32 | 1638.76 | 1532.85 | 1596.43

R3 1827.30 | 1638.73 | 1532.82 | 1596.38

R4 1827.27 | 1638.69 | 1532.81 | 1596.06

II:'UICII R5 1827.25 | 1638.69 | 1532.79 | 1596.02
V\géﬂ t ‘Eg] Sample mean, R; 1827.29 | 1638.73 | 1532.83 | 1596.27

Sample standard
deviation, S, 0.0336 0.0438 0.0428 0.2170
Sample standard deviation
of the mean, Sg, 0.0150 0.0196 0.0191 0.0970
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In this case, the average mass of each filled graduated cylinder (R, through Rp) are variables
independent from one another. The average mass of each empty graduated cylinder (E, through
Ep) are likewise independent and accordingly the mass of the PCM inside a capsule, Myem., is
determined through Equation A.1. The result is a PCM mass of 5011.53 g inside the capsule
tested.

D D
Mpem = ) Ri= ) B = Ry +Rp + R + Rp) — (Ba + B + Fc + Fp) (A1)

The uncertainty on the measurement of the PCM mass inside the capsule, My, is obtained
through the technique of propagation of uncertainties described by Figliola & Beasley (2011b).
As detailed in Equation A.2, the combined standard uncertainty, uc, is determined from the
standard deviation estimate for the random uncertainty, S;, and the standard deviation estimated
for the systematic uncertainty, Sg;, of each measured variable i. In this case, the variables, i, that
must be considered are the average mass of each graduated cylinder both when empty and when

filled; for a total of 10 variables.

, 5 -~ Bi 2 SX 2
u? = Z{SBi +Si%} = Z {<?) + (\/_N> } (A.2)
The balance’s repeatability is + 0.01 g according to the manufacturer’s specifications. This is
assumed to approximate with a 95% confidence level the limits of the systematic error, B;, for all
weight readings. Assuming a Gaussian distribution of the possible systematic errors, the standard
deviation of the systematic uncertainty, Sg;, of the average weight measurements is half of B;, or
0.005 g for every variable. The standard deviation of the random uncertainty, S;, is approximated

as the sample standard deviation of the mean for each variable, Sz, and Sg,, presented in Table

A.3 above.

This results in a combined standard uncertainty, uc, of 0.10 g, to which a coverage factor must be
applied, tgs, to state the expanded uncertainty, Ugs, with a 95% confidence level. The coverage
factor is determined from Student’s t-distribution for an effective number of degrees of freedom,

vi, approximated through the Welch-Satterthwaite formula (Equation A.3).
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In this case, the number of degree of freedom associated with the systematic uncertainty, vg;, can

(A.3)

be considered very large so the second term of the denominator is neglected. The result is that the
PCM mass inside a capsule, mpem, is evaluated at 5011.53 + 0.27 g with a 95% confidence level.
It must be noted that this uncertainty does not quantify the expected variability in the PCM mass
between capsules. To do that, numerous capsules would have to have been opened and weighted
which would have rendered them unusable for testing in the PCM tank afterwards. Due to the

limited number of capsules available, only one was measured.

PCM volume

The two volume readings, V1 and V2, described previously are indicated in Table A.4 for each

graduated cylinder.

Table A.3: Volume measurements

Cylinder identifier A B C D
V1 925 800 725 775
V2 920 800 740 775
Sample mean, V; 9225 800 7325 775
Standard deviation, Sy 3.536 0.000 10.607 0.000
Sample standard deviation
2.5 0.0 7.5 0.0
of the mean, Sy
Expected range of
) 46.125 40.000 36.625 38.750
systematic error, B;
Systematic uncertainty, Sg; | 23.0625 20.0000 18.3125 19.3750

Again, the measurements of the volume of PCM inside each graduated cylinder, A through D, are
independent from one another, so the PCM volume inside the capsule, Ve, is calculated through

Equation A.4. The result is a PCM volume of 3230 ml inside the capsule tested.
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D
Voem = ) Vi = Va+ Vi + Ve + Vo (A4)

i=A
The cylinders are graduated every 50 ml, from 100 ml to 1000 ml and the manufacturer indicates
an accuracy of + 5 %. The resolution error due to the 50 ml graduations will be present in the data
scatter of the readings and so it will figure in the evaluation of the random uncertainty. Taking
the mean value of the volume readings made by two different observers is considered to render
negligible any systematic reading error they might introduce. The systematic error, B;, on volume
readings is considered to involve only the + 5 % accuracy expected by the manufacturer, so the
associated uncertainty is illustrated in Table A.4 for each cylinder under the heading “B;”.
Assuming a Gaussian distribution of the possible systematic errors, the standard deviation of the

systematic uncertainty, Sg;, of the volume measurements is half of B;.

The standard deviation of the random uncertainty, S;, is approximated as the sample standard
deviation of the mean, Sy, presented in Table A-3. This results in a combined standard
uncertainty, uc;, of 41 ml and expanded uncertainty of 81 ml with a 95% confidence level.
Therefore, the PCM volume inside the tested capsule, Vyem, is evaluated at 3230 + 81 ml. Again,
this uncertainty does not assess the variability of the PCM volume amongst different capsules for
the same reasons as those stipulated concerning the PCM mass.

PCM density

Though the capsule was shaken before being emptied into the graduated cylinders, we do not
believe the PCM contained inside each cylinder is an identical sample of S27. Therefore, the
average PCM mass and volume of each graduated cylinder are independent variables and are
presented in Table A below.

Table A.4: Resulting PCM density

Cylinder
identifier A B C D

Mycm [Kg] 1433.16 1241.79 1137.80 1198.78
V [ml] 922.5 800 732.5 775
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The PCM density is calculated using the mass of PCM inside a capsule, myp,, and the volume of
PCM inside that capsule, V,,, as indicated in Equation A.5. The resulting PCM density, pycm, IS

1551.56 kg/m®, which compares favourably with the manufacturer’s reported value of 1530
kg/m®.

D j—
mpcm Zl=A mpcml

Doy = pem _ 2i=A e (A5)
pem Vpcm P:A Vi

The uncertainty on the liquid phase PCM density value, u, is determined from Equation A.6

using the uncertainty, u;, and sensitivity index, 8;, of each variable, i.

ug® = Z{eiuiz} (A.6)

1

In this case, the variables that must be considered are the total PCM mass in the capsule and the
total PCM volume in that capsule; a total of two variables. The sensitivity index for the PCM
mass and the PCM volume are respectively 3.1*10 and -4.8*10™, given by Equations A.7 and
A.8 below.

% eem)_ 1 g0 (A7)

em = =
pem anﬁlpcm aInpcm Vpcm

0 V. —m
P _ “Tpem) TMpem 4. 104

By = (A.8)
N Voem  OVpem  Viem?

This results in a combined standard uncertainty in the result, ug, of 2.19, therefore, the liquid
phase PCM density, ppcm, is evaluated at 1551.56 + 2.19 kg/m®.

Though no measurements were taken in the solid state, it can be stated that the solid phase
density is higher than the liquid phase density as the PCM’s volume reduces upon solidification.
The above liquid phase value for density contradicts the value of 1530 kg/m® given by the
manufacturer. A possible explanation would be that a significant variation exists in the

composition of the material inserted in the PCM capsules produced, making the value reported by
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the manufacturer closer to the average PCM density while still allowing certain capsules so see a
density as low as that measured here.
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APPENDIX B - TEMPERATURE SENSOR CALIBRATION AND
UNCERTAINTY

Temperature sensors of different types were used in the various experimental works of this thesis:
2 Type-K and 8 Type-T thermocouples, 16 platinum resistance temperature detectors (RTDs) and
a prefabricated thermopile. A complete list of the various temperature sensors is given in Table
B.1.

In this appendix, the experimental procedure used to calibrate the temperature sensors is defined
followed by a presentation of the resulting sensor uncertainty. The sensors were calibrated in
order to reduce their bias (systematic error) and to obtain a measure of the uncertainty associated
with their measurements. Their calibration is based upon the method of R. J. Moffat (1982) used
by Ali Salim Shirazi in his thesis (Shirazi, 2012) described in a Section below.

The prefabricated thermopile TP 2671 was not calibrated. It is a differential temperature
transducer composed of 20 junctions of Type-T thermocouples. Each junction is electrically
isolated, shielded against electromagnetic radiation and enclosed in an individual thermowell.
This specific thermopile has dual housing so the two fluid passages can be installed at a certain
distance from one another. The accuracy specified by the manufacturer is +0.04 °C on the

temperature difference measurement.

The two Type-K thermocouples are also uncalibrated at the moment. Their accuracy as specified
by ASTM E230-ANSI MC 96.1 is + 2.20 °C over the temperature range used in this thesis. The
uncertainty from the data-acquisition module, terminal block and the reference junction
compensation is + 0.36 °C. Combining both uncertainties through Equation B.6 (defined further)

leads to a global uncertainty of + 2.23 °C for these sensors.



Table B.2: List of temperature sensors
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Sensor Sensor type Measured Usage
ID value ID

TK-1 Type-K thermocouple, 304 SS sheath T3pcm Capsule temperature
TK-2 Type-K thermocouple, 304 SS sheath Tdecm measurements
TC-12 Type-T thermocouple, PFA insulated T2pcm
TC-16 Type-T thermocouple, PFA insulated Tlpecm
TC-18 Type-T thermocouple, PFA insulated T2 water
TC-21 Type-T thermocouple, PFA insulated T Lwater Characterization of
TC-13 Type-T thermocouple, PFA insulated Tin PCM Object
TC-14 Type-T thermocouple, PFA insulated Tover
TC-15 Type-T thermocouple, PFA insulated T under
TC-17 Type-T thermocouple, PFA insulated Tout
1/10-1 Platinum RTD, Class 1/10 DIN Reference Sensor calibration
1/10-5 Platinum RTD, Class 1/10 DIN Reference
1/10- 14 Platinum RTD, Class 1/10 DIN T201
1/10- 16 Platinum RTD, Class 1/10 DIN T202
1/10-17 | Platinum RTD, Class 1/10 DIN T301 Semi-virtual test bench
1/10-18 | Platinum RTD, Class /10 DIN T302 test zone
T | T
1/3-16 Platinum RTD, Class 1/3 DIN T101
1/3-1 Platinum RTD, Class 1/3 DIN T102
1/3-2 Platinum RTD, Class 1/3 DIN T103
1/3-3 Platinum RTD, Class 1/3 DIN T104
13-4 Platinum RTD, Class 1/3 DIN T105 Semi-virtual test bench
1/3-5 Platinum RTD, Class 1/3 DIN T001 production zone
1/3-6 Platinum RTD, Class 1/3 DIN T002
1/3-7 Platinum RTD, Class 1/3 DIN T003
1/3-8 Platinum RTD, Class 1/3 DIN T004
1/3-9 Platinum RTD, Class 1/3 DIN T005
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Calibration

Experimental procedure

The experimental setup consisted on inserting the sensors to be calibrated in individual holes in a
machined cylindrical copper block of 7.6 cm in diameter and 10 cm in height. The copper block
Is inserted into a constant temperature bath (Neslab RTE 220) filled with a 30% water-glycol
mixture. Data acquisition is done via a CompactRio System. The Type-T thermocouples are
connected to a 24-bit ADC isothermal thermocouple input module NI 9214 with built-in cold-
junction compensation and the 4-wire platinum resistance sensors are connected to a 24-bit

analog input module NI 9217 with built-in excitation and noise rejection.

The calibration is performed for target temperatures steps of 5 °C over the interval -10 °C to
70 °C. The temperature is measured and recorded by the data acquisition system every 1 second,
for a time period of five minutes (300 data points recorded for each sensor) for each target

temperature.
Calibration procedure

For the target temperature of 0 °C, the temperature measurements obtained from sensor i are
averaged. The average temperature difference, AT, between that sensor’s average temperature, T;,

and the average reference temperature, T, is calculated as per Equation B.1 below.

AT = Trer — T (B.1)

The procedure is repeated for each target temperature from -10 °C to 70 °C. The average
temperature difference, AT, is then plotted against the corresponding average reference
temperature, T,.¢, for each target temperature, leading to a plot such as illustrated in Figure B-1

for each sensor.
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Figure B-1: Raw experimental and correlation predicted temperature difference plotted against
the average reference temperature for sensor « 1/10 - 4 »

A polynomial is fitted to the data using a least square procedure. A fourth order polynomial of the
form of Equation B.2 was found to predict the temperature difference with good accuracy.

= - —2 —3 —a
AT =psi+pai-Ti+psi'Ti +p2i-Ti +p1it T (B.2)

In this equation, T; is the average of the un-calibrated measured temperature for sensor i and AT
is the average temperature difference and coefficients p;; represent the jth order coefficient of the

polynomial for sensor i. The calibration correlation for each sensor can then be used to correct the
measured temperature readings in the following way:

Tocal = Ti +{ps +Pa-Ti+p3- T +p2 - Ti° + py - i} (B.3)

where T; is the un-calibrated temperature measured by sensor i and Ti., is the resulting

calibrated measurement.
Uncertainty

The uncertainty on the temperature sensor readings is obtained through the technique described
by Figliola & Beasley (2011b). The uncertainty for the whole measurement system is determined
from the uncertainty of each system component; the data-acquisition module and terminal block,
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the reference junction compensation (in the case thermocouples are used as sensors), the
calibration equation and the sensor itself.

A list of all uncertainties associated with the measurement system used with thermocouple
sensors is detailed in Table B.5. The list also includes safeguards put in place in the measurement
or calibration process to reduce each uncertainty source and the resulting conclusion on the

significance of considering this source in the overall uncertainty calculation.

The list of uncertainties detailed in Table B.5 for thermocouples also applies to the platinum
probe sensors, with the exception of the linearization error which does not exist as the data
acquisition of RTDs does not require reference junction compensation. The same methodology is
applied to both types of sensors.

Uncertainty of the data acquisition system

For the thermocouples, data acquisition is done via a CompactRio System using 24-bit ADC
isothermal thermocouple input module NI 9214. The manufacturer specifies a measurement
accuracy which includes all measurement errors from the data-acquisition system (terminal bock
and module) including RMS noise. The built-in cold-junction compensation of the NI 9214
module introduces a linearization error which is also included in the specified measurement
accuracy. The systematic uncertainty associated with the thermocouple data acquisition system
will be removed through calibration. However the measurement accuracy of the reference sensor

data acquisition system will have to be included in the overall uncertainty.

The reference sensors are 4-wire platinum RTDs which are connected to 24-bit analog input
module NI 9217 with built-in excitation and noise rejection. The temperature accuracy specified
by the manufacturer for the measurement system (including noise) is indicated in Table B.2 for

different measured temperature ranges, ambient temperatures and RTD types.

Table B.3: Measurement accuracy for NI 9217 specified by the manufacturer

S ; Typical Maximum
measurement moge | Measured value | ambient | ambient
(25°C) | (-40°Cto70°C)
4-wire, -200 °C t0 150 °C 0.15°C 0.35°C
High-resolution mode | 150 °C to 850 °C 0.20 °C 1.00 °C
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Table B.2 (continued): Measurement accuracy for NI 9217 specified by the manufacturer

3-wire, -200°Ct0 150°C | 0.20°C 0.50 °C
High-resolution mode | 150 °Ct0o 850 °C | 0.30 °C 1.00 °C

The temperature interval of the experiments considered here spanned up to 15 °C above and
below the predicted phase change temperature of 27 °C of the phase change material, so the
accuracy was taken as 0.15 °C. This leads to a data acquisition system uncertainty, denoted here

as Ul, of 0.15 °C.
Uncertainty of the reference sensor

As the averaged value of the 300 readings is used in determining the calibration equation
coefficients, any random error of the reference sensors is negligible and only the systematic error
is evaluated. The reference sensors are ultra-precise platinum RTDs with a 1/10 DIN accuracy in
accordance with DIN/IEC 60751. The accuracy specification of class 1/10DIN sensors is

specified by Equation B.4, where T is a measure temperature from 0.0 °C to 100.0 °C.
u, =+ 1/14{0.3 +0.005 - |T|} [°C] (B.4)

This results in the systematic uncertainty values for the reference sensor listed as U2 in Table B.3

for every average target temperature, Ty.s.
Uncertainty of the calibrated sensor

During the calibration experiment, each sensor performs 300 readings of the temperature at each
of the target temperatures. The averaged value of these readings is used in determining the
calibration equation coefficients so any random error of the sensors during calibration is
negligible.

However, each reading performed by these sensors after having been calibrated will still include
random errors. A component of the overall uncertainty must account for the fact that, at a specific
reference temperature, the mean sample value is not the value which will be measured in the
future by the calibrated sensor. Instead, measurements will be randomly distributed around this
mean. The uncertainty associated with this random error is evaluated from the fluctuations in

readings during the calibration experiment, for each target temperature. As an example, the
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standard deviation of the 300 measurements, S, is calculated for thermocouple TC - 12 for each

target temperature and presented in Table B.3.

Table B.4: Detailed calculation of random uncertainty for thermocouple TC - 12

B U2 B 2% Sy, T, cal U4
Tref . Ti Sty l ' ) Uc
] [°C] Cl rC] =U3 [°C] [°C] [C]

[°C]

-0.8745 | 0.0349 -10.0047 0.0070 0.0141 -9.8560 0.0185 0.1558

-4.8737 | 0.0324 -5.0350 0.0070 0.0140 -4.8995 0.0258 0.1562

0.0700 0.0300 -0.0588 0.0068 0.0136 -0.0619 0.0081 0.1538

5.0112 0.0325 4.9149 0.0068 0.0135 5.0193 0.0081 0.1543

10.0024 | 0.0350 9.9216 0.0071 0.0141 10.0086 0.0062 0.1548

15.0026 | 0.0375 14.9359 0.0067 0.0134 15.0046 0.0020 0.1552

19.9922 | 0.0400 19.9387 0.0065 0.0131 19.9885 0.0037 0.1558

249837 | 0.0425 24,9564 0.0068 0.0136 24.9870 0.0033 0.1565

29.9683 | 0.0450 29.9632 0.0070 0.0140 29.9749 0.0066 0.1574

34.9565 | 0.0475 34.9666 0.0068 0.0136 34.9597 0.0033 0.1580

39.9461 | 0.0500 39.9711 0.0067 0.0135 39.9468 0.0006 0.1587

44,9440 | 0.0525 44,9825 0.0067 0.0135 44,9418 0.0022 0.1595

49.9340 | 0.0550 49,9809 0.0070 0.0141 49,9258 0.0082 0.1606

54,9253 | 0.0575 54,9824 0.0065 0.0129 54,9152 0.0101 0.1615

59.9098 | 0.0600 59.9799 0.0067 0.0135 59.9033 0.0065 0.1623

64.8967 | 0.0624 64.9815 0.0068 0.0136 64.8988 0.0021 0.1631

69.8851 | 0.0649 69.9817 0.0070 0.0140 69.8967 0.0116 0.1644

As suggested by Figliola & Beasley (2011a), the random standard uncertainty, denoted as U3, is

estimated to be twice the sample standard deviation of the 300 measurements for each sensor, St

A value for U3 is presented in Table B.3 for thermocouple TC - 12 for each target temperature.

Uncertainty of the calibration equation

Applying the calibration equation to the average of the temperature measurements for each sensor

does not allow to reproduce the average reference sensor temperature perfectly; a difference

remains. As an example, the temperature resulting from the calibration equation, T, is
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indicated in Table B.3 above for thermocouple TC — 12 for every target temperature. The
uncertainty of the calibration equation is estimated by the absolute difference between the
reference temperature and the temperature resulting from the correlation equation; it is illustrated
in detail for thermocouple TC — 12 in Table B.3 under the heading U4.

Global uncertainty of thermocouple measurements

The square value of the different uncertainties presented above are added as indicated in Equation

B.6 to produce a combined standard uncertainty, uc, indicated in Table B.3.

ue = /U12 + U22 + U32 + U42 (B.6)

From the combined standard uncertainty obtained for each target temperature, only the greatest

value is retained for each temperature sensor and presented in Table B.4.
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Table B.5: Maximum combined uncertainty for every sensor

Selnsor Sensor type Measured M?x Uc
value ID [°C]
TK -1 Type-K thermocouple, 304 SS sheath T3pcm 2.23
TK -2 Type-K thermocouple, 304 SS sheath T4pcm 2.23
TC-12 Type-T thermocouple, PFA insulated T2pcm 0.1644
TC-16 Type-T thermocouple, PFA insulated Tlpcm 0.1642
TC-18 Type-T thermocouple, PFA insulated T2water 0.1642
TC-21 Type-T thermocouple, PFA insulated T water 0.1650
TC-13 Type-T thermocouple, PFA insulated Tin 0.1641
TC-14 Type-T thermocouple, PFA insulated Tover 0.1643
TC-15 Type-T thermocouple, PFA insulated T under 0.1642
TC-17 Type-T thermocouple, PFA insulated Tout 0.1662
1/3-16 Platinum RTD, Class 1/3 DIN T101 0.1635
1/3-1 Platinum RTD, Class 1/3 DIN T102 0.1635
1/3-2 Platinum RTD, Class 1/3 DIN T103 0.1635
1/3-3 Platinum RTD, Class 1/3 DIN T104 0.1635
1/3-4 Platinum RTD, Class 1/3 DIN T105 0.1635
1/3-5 Platinum RTD, Class 1/3 DIN TOO1 0.1635
1/3-6 Platinum RTD, Class 1/3 DIN T002 0.1635
1/3-7 Platinum RTD, Class 1/3 DIN T003 0.1635
1/3-8 Platinum RTD, Class 1/3 DIN T004 0.1635
1/3-9 Platinum RTD, Class 1/3 DIN T005 0.1635
1/10 - 14 Platinum RTD, Class 1/10 DIN T201 0.1638
1/10 - 16 Platinum RTD, Class 1/10 DIN T202 0.1655
1/10 - 17 Platinum RTD, Class 1/10 DIN T301 0.1635
1/10 - 18 Platinum RTD, Class 1/10 DIN T302 0.1635

Results indicate it is the data acquisition system uncertainty of 0.15 °C which dominates the
combined uncertainty value. All calibrated sensors (i.e. excluding the two Type-K
thermocouples) have a combined uncertainty which is lower or equal to 0.165°C so a
conservative estimate was made that a combined uncertainty of 0.165 °C could be assigned to all.
The global uncertainty on all calibrated temperature measurements is therefore = 0.165 °C with a

95% confidence level.
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Table B.6: List of uncertainty sources, associated uncertainty reduction methods and conclusion

Uncertainty sources Uncertainty reduction method Conclusion
For a defined target All measurements being taken inside a | Negligible
temperature, the real copper block, the effect of any
temperature of the oscillation of the bath’s water
water bath might temperature will be reduced. To further
oscillate depending on | reduce thermal gradients in the copper
the precision of the block, before recording any
bath’s controls. measurements at a target temperature,
the reference temperature will have to
have varied by less than = 0.05 °C over
Calibration a pgriod of five (5) minutes. _
uncertainty The reference sensor Using the_average of 300 measurements | Negligible
measurements will to determine the target temperature used
have random errors. in the sensor calibration will reduce the
effect of random errors in the reference
sensor reading versus the real bath
temperature (Coleman & Steele, 1998).
The reference sensor To be
measurements will evaluated
have systematic errors.
Error from calibration To be
equation evaluated
The calibrated sensor Each reading performed by the sensors | To be
will have random after having been calibrated will not evaluated
errors. always be the mean used in the
calibration equation. The uncertainty
associated with this random error will
be evaluated from the fluctuations in
readings for each target temperature.
The sensor to be The systematic errors of the sensors to | Negligible
calibrated will have be calibrated will be defined by the
systematic errors. calibration equation.
Data-acquisition The manufacturer specifies a To be
system resolution error | measurement accuracy which includes | evaluated
and calibration all measurement errors from the data-
Data uncertainty acquisition system (terminal bock and
acquisition module) including RMS noise.
system The linearization error | The error induced by the built-in Negligible

uncertainty

due to built-in
reference junction
compensation

reference junction compensation of the
thermocouple data acquisition module
is a systematic error and as such it will
be replaced by the calibration error.
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