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Abstract

sIPCMIib predicts the effective thermal properties of
solid/liquid phase change materials (PCM) showing a
non-isothermal phase transition behavior. The effective
properties are valid over the PCM functional temperature
range where latent heat is absorbed and released. Differ-
ent phenomenological phase transition models are imple-
mented to account for temperature shifts in latent transi-
tion changes, e.g. due to multi-step transitions and thermal
hysteresis. The library currently contains generic PCM
and specific commercial paraffin-based and hydrated salt-
based PCM (media). Its purpose is the analysis of partial
and complete melting and solidification processes relevant
for engineering applications, such as the design of PCM-
enhanced building components.

Keywords: solid/liquid phase transition, thermal hystere-
sis, phase change material (PCM)

1 Introduction

Solid/liquid phase change materials (PCM), such as salt
hydrates, paraffin waxes, fatty acids and eutectics of or-
ganic and non-organic compounds are used for storing
thermal energy (heat or cold) and/or to regulate temper-
atures, in a small temperature range with high efficiency.
Numerous applications are reported where PCM is incor-
porated in building envelopes (Al-Yasiri and Szabd, 2021;
Kuznik et al., 2011).

Ideal versus real phase change behavior: While ideal
PCM show an isothermal phase change behavior, many
real (commercial) PCM show a non-isothermal phase
change behavior: they melt and solidify over an extended
temperature range. Moreover, a large part of the PCM
available for building applications shows thermal hystere-
sis (including supercooling), which can be measured by a
(temperature) shift in the enthalpy curves for heating and
cooling. This phenomenon additionally extends the tem-
perature range where the latent heat is absorbed and re-
leased. Accordingly Ko$ny (2015) introduce the “PCM
functional temperature range”, which starts at the lowest
temperature limit of the solidification process and ends at
the highest temperature of the melting process. Figure
1 exemplifies different phase transition behavior of ideal
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Figure 1. Enthalpy as a function of temperature for the case of
an isothermal transition, a non-isothermal transition, and a non-
isothermal transition with hysteresis.

and real PCM.

The thermo-physical and rheological properties of
PCM are usually characterized not only by the calorific
properties, but also by the thermal conductivity in the solid
and liquid phases, viscosity of liquid PCM and density as a
function of temperature (Ko$ny, 2015). Considering real
PCM these properties also change over the phase transi-
tion temperature range.

Phenomenological phase transition models: Al-
though it has been recognized by many research groups
that complex phase transition phenomena in real materials
can have a significant impact on PCM performance, only
few numerical models have been developed which are
able to represent specific effects such as hysteresis and
supercooling (Kosny, 2015).

Kos$ny (2015) review PCM modeling algorithms com-
monly used in building energy and hygrothermal software.
The phase transition behavior is mostly characterized by
a single enthalpy-temperature, or apparent heat capacity-
temperature curve which can be obtained e.g. from caloric
measurements. Corresponding models are purely data-
driven, phenomenological models, which can be easily ap-
plied for the analysis of PCM showing non-isothermal and
rate-independent phase transition phenomena (Barz et al.,
2019). However, in most software the parametrization of
the curve’s shape is usually restricted. Only few software
offer separate curves for melting and freezing (to account
for thermal hysteresis).

Recently, different phenomenological thermal hystere-
sis models have been proposed: The so-called “curve
track” model uses different curves for complete melting or
solidification processes, e.g. (Michel et al., 2017; Biswas
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et al., 2018; Moreles et al., 2018; Filonenko et al., 2020).
The so-called “curve switch” model is an extension allow-
ing minor loops relevant for incomplete (or interrupted)
phase transitions, e.g. (Bony and Citherlet, 2007; Rose
et al., 2009; Buonomano and Guarino, 2020; Goia et al.,
2018; Hu and Heiselberg, 2018). Another extension is the
so-called “curve scale” model, e.g. (Barz and Sommer,
2018; Barz et al., 2019; Barz, 2021; Lizana et al., 2021).

Modelling heat transfer in PCM: There exist different
numerical modeling approaches to deal with the moving
boundary between phases during melting and solidifica-
tion. Considering real PCM, it seems most reasonable to
adopt the so-called weak formulation, specifically the en-
thalpy method and apparent heat capacity method. Here,
the explicit treatment of a moving interface is avoided, and
instead, a mushy transition zone between the two phases
is considered where effective enthalpy- or apparent heat
capacity-temperature curves are applied, see Voller et al.
(1990) for details.

For a recent literature review on Modelica implemen-
tations of numerical models for heat transfer in ideal and
real PCM we refer to Helmns et al. (2021). As an ex-
ample, Helmns et al. (2021) uses the enthalpy method as
implemented in the Modelica Buildings Library (Wetter
et al., 2014) for the development of a component model
of a thermal energy storage with PCM. The heat conduc-
tion equation is formulated with the enthalpy (or internal
energy) as dependent variable. The temperature is mod-
eled as a piecewise linear function of enthalpy (inverse
enthalpy-temperature relation), which is represented (ap-
proximately) by a cubic hermite spline interpolation. The
enthalpy method allows for the solution of heat conduction
problems in real and ideal PCM. In the Modelica Build-
ings Library generic PCM with an (almost) isothermal be-
havior use small phase transition temperature ranges of
0.02K.

Leonhardt and Miiller (2009); Halimov et al. (2019)
use the apparent heat capacity method and extend AixLib,
a Modelica model library for building performance sim-
ulations, by heat capacity-temperature relations for real
PCM. Different curve shapes were experimentally vali-
dated for a commercial paraffin-based PCM using alterna-
tive temperature-dependent continuous ansatz functions,
such as arctangent function (Halimov et al., 2019).

This contribution: A new library sSIPCMlib is presented
which predicts effective properties of real PCM. It con-
tains the above mentioned phenomenological phase tran-
sition (hysteresis) models as well as generic and specific
PCM (media) for which the phase transition behavior was
identified from caloric measurement data. Examples for
conduction dominated heat transfer in PCM are presented
adopting the apparent heat capacity method.

2 Effective material properties

The following assumptions are taken for modeling effec-
tive PCM properties:

* There are only two phases (two-phase model): a
solid and a liquid phase.

* Phase transitions are induced by temperature and are
independent of pressure.

* Phase transitions extend over a temperature range
(non-isothermal phase transitions) and are continu-
ous.

* Within the phase transition temperature range the
solid and liquid phases coexist as a homogenous mix-
ture (macroscopic view). The material is then in
a semi-solid or semi-liquid state which produces a
mushy zone in the PCM domain.

* Properties of the mushy state are local effective (also
apparent) mixture properties, which are defined by
a weighting of contributions from solid and liquid
phases. The weighting is based on the phase change
progress, i.e. the mass (or volume) phase fraction.

The effective enthalpy A(T), density p(7) and thermal
conductivity A (T') are calculated as':
WT)=(1=&(T) B*(T)+&(T)H(T)  (la)
p(T)=(1-9(T)) p*(T)+¢(T)p"(T)  (Ib)
AT)=(1=¢(T)) A(T)+9(T)AY(T)  (lo)

where &(T') and ¢(T') are the liquid mass and liquid vol-
ume phase fraction, respectively?. Their relation is:

E(T)
E(T) +(1-&(7) %D

The apparent specific heat capacity &(T) = dh(T)/dT
reads:

o(T) =

&T) = (1-&(T)) ¢ (T) +&(T) ) (T)

baseline, cgy (T)

+ Z—E (' (1) - r(T))

peak function

It is assumed that the properties of the single phases p’,

p*, Al A%, and cé, c,, are available. The difference in solid

and liquid enthalpies /', h* defines the phase transition en-
thalpy. For non-isothermal transitions there exist differ-
ent approaches for the calculation. They are linked with
the method for determining the phase transition function
E(T). The determination of &(T) and h!(T), h*(T) are
discussed in the following.

"While viscosity is also an important property it is not considered
as effective variable here. The reason is that in numerical model-
ing viscosity in the solid is usually either neglected or artificially in-
creased to ensure zero velocity fields in the solid phase. However, lig-
uid viscosity might be considered by extending basic PCM properties in
s1PCMlib.Media discussed in Section 4.1.

2For better readability the symbols & and ¢ have no superscript (/) to
indicate liquid phase fraction. Obviously, considering two components
the solid phase fractions read 1 — &(T) and 1 — ¢(T).
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2.1 Phase transition functions for heating and
cooling

Phase transition functions describe the phase change
progress for complete transitions during heating (complete
melting with dT /dt > 0), and for complete transitions dur-
ing cooling (complete solidification with dT /dt < 0), re-
spectively. Note that, because the behavior might be dif-
ferent for melting and solidification (thermal hysteresis),
two different transition functions are considered:

EM=¢&(1)
EC=E(T)

It is assumed that: The transition functions:

“4)

for heating

for cooling

 depend on temperature, are differentiable and mono-
tonically increase with rising temperature.

* realize a transition from & = 0 (solid) to & = 1 (lig-
uid).

* are shifted in temperature (thermal hysteresis) and do
not intersect: EH(T) < EC(T)V T.

The limits of the phase transition temperature are defined
as:

Tinin = max{T |&(T) =0}
Tax = min{T | &(T) = 1}

(&)

Because of the assumption above, in case of thermal hys-
teresis Ty, corresponds to E€, and Ty to EF. This
means that the phase transition temperature range (also
PCM functional temperature range) starts at Tpyi, of the
solidification process, and ends at T, of the melting pro-
cess. Examples for the transition functions are shown in
Figure 3 (bottom).

2.2 Determination of phase transition func-
tions and single phase enthalpies

The heat storage capacity of PCM is usually tabulated as
scalar values for the phase change enthalpy and melting
temperature. For some PCM also apparent heat capacity
curves are available, e.g. Figure 2. As pointed out e.g. by
Kosny (2015), a real PCM with a non-isothermal phase
change behavior should be represented by a temperature
dependent function, e.g. h(T).

In Differential Scanning Calorimetry (DSC) analysis,
which is a standard technique for caloric measurements
of PCM, the (scalar) phase transition enthalpy A#h; is usu-
ally determined as the area between two curves defined in
Equation (3): the apparent (effective) heat capacity é(T),
and the baseline heat capacity cpr(7) (Hemminger and
Sarge, 1991).

Tmax
Ah, = /T (@(%) — e (1)) dT )

min
The baseline ¢ (T) connects solid and liquid heat capac-
ities in the phase transition temperature range and is deter-
mined by a suitable baseline construction method. After
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Figure 2. Determination of the phase transition function for
heating and the single phase enthalpies from heat capacity data
of RT62HC. Middle: The bars depict the data as provided by the
PCM manufacturer (Rubitherm Technologies GmbH). The data
(partial enthalpies for one Kelvin intervals) was collected using
a three-layer-calorimeter. The lines depict the fitted effective
heat capacity, see Barz et al. (2020) for details. Top: Derived
enthalpy data. Bottom: Derived phase transition function for
heating.

substraction of the baseline, the phase transition function
is obtained from the cumulative integral over the normal-
ized peak, taking Tiyin and Tinax as integration limits.

For ideal PCM with an isothermal phase change be-
havior, the scalar Ah; in Equation (6) is the transition en-
thalpy at a reference temperature, i.e. the melting temper-
ature. For real PCM (considered in this contribution), Ak,
is temperature dependent. The dependence is given by the
so-called Kirchhoff equation (or Kirchhoff’s Law), which
relates the isobaric temperature variation of the phase tran-
sition enthalpy to the difference in specific heat capacities
at constant pressure (McDonald, 1953):

AR
8T’ =ch—c} (7
4

The Kirchhoff equation yields a temperature-dependent
phase transition enthalpy, which is used in Equation (3)
in the peak function:

Ay (T) = W(T) — h(T) ®)
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Figure 3. Determination of phase transition functions for heating 7 and cooling € from heat capacity data of Rubitherm
RT62HC (left) and RT64HC (right), see Barz et al. (2020) for details. Top: The bars depict heat capacity data provided by the PCM
manufacturer (Rubitherm Technologies GmbH). The data (partial enthalpies) were recorded using a three-layer-calorimeter. The
lines depict the fitted effective heat capacity. Bottom: Derived phase transition functions.

In sIPCMLlib the single phase solid and liquid enthalpies
are defined as:

T
1 (T) = I (Toeg) + / & (v)dt (%)
ref
T
W(T)=h(Toax) + [ ch(r)dT (9b)
Tmax
with Tief < Thin and
hS(Tref) = href (103)

Tmax
hl(Tmax) = href+/T CBL(T)d‘C-f-Aht (10b)
ref

To briefly sum up, the following definitions are used:

* Al is the scalar phase transition enthalpy for melt-
ing of a real PCM with a non-isothermal phase
change behavior. It is defined for the melting tem-
perature range (not the melting temperature), and it
is determined from heat capacity data for heating us-
ing Equation (6) .

o Ah(T) = h(T) — W (T) is the temperature depen-
dent phase transition enthalpy. The single phase en-
thalpies 4! and i* are computed via Equation (10) for
a given scalar Ah;.

Enthalpy 4(T) and apparent heat capacity é(T) are cal-
culated considering the temperature dependent transition
enthalpy in Equation (8) and Equations (1a) and (3).
Note that, if heat capacity data for melting and solid-
ification is different (thermal hysteresis), then the phase
transition functions for melting £ and solidification &€
are determined for each data set independently, see Figure

3 for examples. However, the scalar phase transition en-
thalpy A/, is obtained from the data for melting. In some
cases it might by necessary to adapt the value of Ak, in
order to generate a “best fit” for both data sets.

3 Phase transition models

In addition to the assumptions in Section 2, the follow-
ing assumption is used for modeling the phase transition
behavior for melting and solidification processes:
* Phase transitions are rate-independent (equilibrium
model).
It follows that, increased heating or cooling rates lead
to faster melting and solidification. However, the rate
has no effect on the systems behavior itself. The graphs
in the (&,T)-plane and the (h,T)-plane are unchanged.
For the hysteresis models discussed in the following, this
means that also the magnitude of the hysteresis is rate-
independent.

3.1 The melting curve model

The simplest model (here referred to as melting curve
model) predicts the evolution of the phase fraction as re-
sponse to arbitrary changes in temperature using the phase
transition function for heating:

§=¢&"(T) (11)
The model does not account for hysteresis phenomena, see
Figure 4 for an example.

3.2 The curve track hysteresis model

The curve track hysteresis model predicts the evolution
of the phase fraction as response to positive or negative
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changes in temperature 7', starting from 7j to the final
value Ty, using one of the following submodels:

if Ty = Tyin
if  To = Thnax

(12a)
(12b)

where T is the discrete (piecewise constant) temperature
which changes only when T crosses the limits of the phase
transition temperature range. At this point the final vari-
able Ty is reached, the process is restarted setting Ty = T
and choosing the next submodel. This means that 7y holds
the information which transition (melting or solidifica-
tion) was completed last, e.g. Ty = Tpni, means that the
PCM was in the complete solid state and the heating curve
EH(T) is currently used.

The curve track model is completely defined by 7 (T')
and £€(T), and the limits T, and Tpax. The model is use-
ful for the prediction of complete melting or complete so-
lidification processes. The model is not useful for incom-
plete phase transition processes. This is because switches
between heating and cooling, while the material is still
within the phase transition range, do not result in a change
(e.g. switch) of the phase transition function, see (Barz
et al., 2019). An example for complete and incomplete
melting and solidification processes is shown in Figure 4.

3.3 The curve switch hysteresis model

The curve switch model, first proposed by Bony and
Citherlet (2007), extends the curve track model for an im-
proved prediction of interrupted phase transitions, i.e. in-
complete transitions with switches between heating and
cooling. Incomplete transitions are modeled by a straight
line between the phase fraction-temperature curves (and
enthalpy—temperature curves) for heating and cooling.
Following this connecting line realizes the so-called curve
switch.

The evolution of the phase fraction as response to posi-
tive or negative changes in 7, starting at 7p and ending at
Ty is described by three submodels for melting, soldifica-
tion and the curve switch:

E(T)=EM(T) if Ty = Tin (13a)
E(T)=&°(T) if Ty = Thax (13b)
&(T) = constant if  Tin < To < Tnax (13c¢)

where, in the same way as in Equation (12), Tj is the dis-
crete (piecewise constant) temperature indicating which
submodel is used. The following conditions can trigger
an event (T is reached): When T crosses the limits of the
phase transition temperature range, then either Ty = Ty
or Ty = Tpax; During melting or solidification with Tiyi, <
T < Tyax, When the temperature rate dT /dt changes the
sign, then Ty = T (initiation of curve switch); During the
curve switch, when & (T') reaches either the curve for heat-
ing &(T) = EH(T) or cooling &(T) = EC(T), then ei-
ther Ty = Tiyin or T = Tnax (finalization of curve switch).
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Figure 4. Evolution of the phase fraction as response to
sinusoidal temperature variations considering different rate-
independent phase transition models. The first subfigure shows
the temperature input and the limits of the phase transition tem-
perature range. The following subfigures show the correspond-
ing responses in the (7', &)-plane. Note that, since the hysteresis
models are static models, time is given in arbitrary unit.
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When T} is reached the process is restarted setting 7o = T
and choosing the next submodel.

The curve switch model is completely defined by
EH(T) and E(T), and the limits Ty and Tyax. For com-
plete melting and solidification the model produces the
same results as the curve track model. An example is
shown in Figure 4.

3.4 The curve scale hysteresis model

The curve scale model, originally introduced by Ivshin
and Pence (1994) for the modeling of temperature induced
phase transitions and first applied by Barz and Sommer
(2018) in the context of solid/liquid PCM, is another ex-
tension of the curve track model. The model accounts for
different hysteresis magnitudes for cycles within the phase
transition temperature range and makes use of the temper-
ature history. Major and minor hysteresis loops are con-
structed by scaling the functions for complete transitions
£H(T) and E(T).

The evolution of the phase fraction as response to a
monotonous change in T from a starting value Tp to the
final value T is described by two submodels:

E(T) =1-s"-(1-E7(T))
E(T) =s"2-E9(T)

with the scaling factors:

_ =& neg _ 50
1-EH(Ty) 5C(To)

where Ty and &) := &(Tp) denote the initial temperature
and phase fraction for time intervals with either increasing
or decreasing temperatures. Thus, during monotonically
increasing (or decreasing) temperatures all variables in
Equation (15) are constant. Their values are updated only
at time instants (events) when the sign of d7 /dt changes.

An equivalent differential form of the curve scale hys-
teresis model is obtained by differentiation of Equations
(14), (15) with respect to time using the chain rule (Ivshin
and Pence, 1994):

if dT/dt>0 (l4a)
if dT/dt <0 (14b)

pos

(15)

dé  1-&(T) d&"(T) dT .. dT
@ Ci—enm) ar ar a2 1o
dé  &(T) dES(T) dT .. dT
@ T ET) ar a0 g <0 (e

With this modification the discrete (piecewise constant)
variables in Equation (15) are replaced by continuous vari-
ables. It turns out that the model can be implemented as
one differential equation with a discontinuous right hand
side.

The curve scale model is completely defined by 7 (T')
and EC(T). For complete melting and solidification it
produces the same results as the curve track model. Re-
sults for incomplete melting and solidification are shown
in Figure 4.

4 Implementation in Modelica

An overview of the packages contained in sIPCMIib is
given in Figure 5.

4.1 Definition of media

The package s1pCMlib.Media (see Figure 5) contains
specific PCM data of commercial organic and inorganic
PCM for which solid and liquid properties are tabulated
and heat capacity curves are available in the technical data
sheets provided by manufacturers. In addition, the pack-
age also contains four examples with generic PCM data,
which can be adapted by the user to match a certain peak
shape.

Each medium (PCM) extends the partial package
s1PCMlib.interfaces.partialPCM which contains
the basic definition of a medium. Functions for single
phase solid and liquid densities p*(T), p/(T) and ther-
mal conductivities A*(T), A(T)) can be arbitrary func-
tions of temperature. They are defined by a replaceable
partial function. In contrast, functions for single
phase heat capacities ci,, ¢, are assumed to be linear func-
tions of temperature: a+ b - (T — Tref). Corresponding
coefficients a, b, reference temperature Tir, as well as
reference enthalpy At = h(Tier), scalar phase transition
enthalpy Ak, and the limits of the phase transition tem-
perature range are defined in a replaceable record called
propData.

4.1.1 Functions for heating and cooling

In the package s1PCMlib.Media (see Figure 5) each
PCM extends (replaceable partial) phase transition func-
tions for heating and cooling, see Equation (4), contained
in s1PCMlib.interfaces.partialPCM.

replaceable partial function
—phaseFrac_complMelting "Returns liquid
mass phase fraction for complete
melting processes"
extends Modelica.Icons.Function;
input Modelica.Units.SI.Temperature T;
output Modelica.Units.SI.MassFraction xi;
output Real dxi (unit="1/K");
end phaseFrac_complMelting;

The functions of the specific PCM are piecewise
interpolation splines, see Barz et al. (2020) for de-
tails and Figures 3 (bottom) for examples. They are
evaluated using e.g. slPCMlib.BasicUtilities.-—
quartQuintSplineEval.

The four generic PCM use different ansatz functions.
These are the uniform cumulative distribution function
(CDF), the Gumbel Minimum (also Extreme value type I)
CDF, the Gaussian (also Normal) CDF, and the 7th-order
smoothstep function, shown in Figure 6 (top).

The uniform and Gaussian distribution are contained in
Modelica.Math.Distributions, the Gumbel distri-
bution extends this package and is implemented together
with the smoothstep in s1PCM1ib.BasicUtilities.
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Figure 6. Ansatz functions used for the parametrization of
generic PCM. Top: Examples for phase transition functions (ei-
ther for heating or cooling). The following parameters have been
used: Tpin = 40.5, Thax = 43.5 (uniform); u =42, f =0.5
(Gumbel); u =42, o = 0.6 (Gauss); Thnin = 40, Thax = 44
(Smoothstep). The circle indicates the (approximate in case of
Gumbel and Gauss) start and end of the transition range. Bot-
tom: Derivative w.r.t. temperature.

The derivatives of these ansatz functions represent the
peak in the effective heat capacity, see also Equation (3)
and Figure 6 (bottom). The asymmetric Gumbel distribu-
tion can be especially useful for the fitting of heat capac-
ity data for cooling. The symmetric smoothstep function
can be parametrized intuitively as it’s so-called edge pa-
rameters coincide with Ty, and Tp.x. Because the CDF
of Gumbel and Gauss distributions only asymptotically
reach 0 and 1, the limits of the transition range are ap-
proximately set for the probabilities P(T i) = 0.001 and
P(Thax) = 0.999.

4.2 Computation of effective properties

Equations (1) - (3) are contained in the partial model
s1lPCMlib.Interfaces.basicPhTransModel. The
integral in Equation (10b) is computed by numeri-
cal integration using the function Modelica.Math.-
Nonlinear.quadratureLobatto within the initial
equation section of basicPhTransModel. Because
the single phase heat capacities are modeled as lin-
ear functions of temperature, the integrals in the for-
mulas for the corresponding enthalpies in Equation (9b)
can be solved analytically. The functions for the
heat capacities, baseline and enthalpies are contained in
s1lPCMlib.BasicUtilities.

4.3 Phase transition models

The phase transition models described in Section 3
are contained in slPCMlib.Interfaces, see Fig-
ure 5. They extend the s1PCMlib.Interfaces.-
basicPhTransModel. The hysteresis models in Sec-
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tion 3.2 - 3.4 are implemented using when-statements and
discrete-time variables. As an example, the curve track
model in Equation (12) uses the discrete Boolean
heatingOn to hold the information which submodel is
used. Events are triggered and the value of heatingOn
is updated when T enters the phase transition temperature
range, either crossing Tp,i, with rising 7', or when crossing
Thax with falling 7.

algorithm

when (indvVar.T <
PCM.propData.rangeTmelting[2])
—heatingOn := false;

end when;

when (indvVar.T >
PCM.propData.rangeTsolidification[1])
—then heatingOn := true;

end when;

then

In the same way, the curve switch model in Equation
(13) uses the discrete Integer modelInd which can
take the values +1 (Equation (13a)), -1 (Equation (13b)),
and 0 (Equation (13c)).

The algebraic version of the curve scale model in Equa-
tions (14), (15) use discrete Real variables which are
initialized and updated using the operator pre (). The fol-
lowing code fragment illustrates the updating of the scal-
ing factor for heating:

algorithm

when (indVar.der_T > 0)
TO := pre(indvar.T);
Xi0 := pre(xi_m);
(Xi_at_TO,) :=
—PCM.phaseFrac_complMelting (TO) ;
scaler := (1.0-Xi0)
—/max ((1.0-Xi_at_TO0),eps);
heatingOn := true;

end when;

then

In addition, several measures were taken to improve the
robustness, performance and accuracy of the models:

e The curve switch and curve scale model are differ-
entiated to avoid nonlinear algebraic equations. Note
that for the curve scale model there are two versions
available, one uses the algebraic formulation (Equa-
tion (14)) and the other uses the differential formula-
tion (Equation (16a)).

* The states of the differentiated models are reinitial-
ized at certain points where the exact solution is
known. E.g. when the temperature passes the limits
of the phase transition temperature range, the phase
fraction is reinitialized either with zero or one.

* Additional conditions are considered in when-
statements to reduce the number of events. E.g. in
the curve scale model events are not triggered upon
switches between heating and cooling outside the
phase transition temperature range.

The following code fragment gives an example for the sec-
ond point:

heatCapacitorPCM1

melting curve

model
heatCapacitorPCM2
curve track
model
\/ heatCapacitorPCM3
o) curve switch
(m=0100kg) model
heatCapacitorPCM4
o) curve scale
(m=0.100 kg) model

Figure 7. Diagram layer with the modified heat capacitor for the
generation of the simulated data in Figure 4.

when
—rangeTsolidification[1])
reinit (xi, 0.0);
elsewhen (indVar.T >= PCM.propData.
—rangeTmelting[2]) then
reinit(xi, 1.0);
end when;

(indvVar.T <= PCM.propData.
then

4.4 Linking transition models and Media

In the following, the selection and use of a transi-
tion model and a PCM (medium) is discussed for a
simple component model assuming homogenous tem-
peratures inside the PCM. The Modelica Standard
Library heatCapacitor contained in Modelica.-
Thermal.HeatTransfer has been modified to ac-
count for a temperature-dependent specific heat capac-
ity. The modified capacitor s1PCM1ib.Components. -
HeatCapacitorPCM is shown in Figure 7. A PCM and a
phase transition model are selected as:

replaceable package PCM=
s1lPCMlib.Media.generic_GumbelMinimum;
replaceable s1PCMlib.Interfaces.
—phTransModCurveScaleHysteresis
phTrModel (PCM=PCM) ;

In the equation section the temperature of the heat port
of the capacitor T and it’s derivative der_T are con-
nected with the inducing port of the phase transition model
phTrModel.indvar. The heat flow rate over the port of
the capacitor port .Q_flow is calculated considering the
temperature-dependent heat capacity:

equation
T = port.T;
der_T =

der (port.T);
phTrModel.indVar.T = T;
phTrModel.indVar.der_T = der_T;
phTrModel.cp*mxder (port.T) = port.Q_flow;
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5 Application examples

5.1 Partial phase transitions

Partial (or interrupted) phase transitions are common in
PCM applications. They are characterized by switches be-
tween heating and cooling within the phase transition tem-
perature range. Relevant scenarios are interrupted melting
and subsequent cooling, or interrupted solidification and
subsequent heating.

Figure 8 shows periodic temperature variations and re-
sponses in the enthalpy-temperature diagram for two dif-
ferent PCM. Results have been computed with the mod-
ified capacitor HeatCapacitorPCM choosing the “curve
scale” model. The temperature first sweeps the full phase
transition range, and subsequently the amplitude is re-
duced and the temperature oscillates within the transi-
tion range. It can be seen that the PCM undergo first a
complete melting and solidification cycle forming a ma-
jor loop. Subsequently, the enthalpy approaches the limit
cycle (minor loop with partial transitions) where the ab-
sorbed and released heat is reduced. Figure 9 shows the
corresponding density changes for both PCM.

5.2 Heat transfer in PCM

This example studies 1D heat conduction in a commer-
cial PCM impregnated gypsum board, namely the Smart-
Board®26 (SB26) manufactured by Knauf Gips KG, Ger-
many. The interior plasterboard product with around
30 % mass fraction of microencapsulated paraffinic PCM
is available for drywall construction applications in build-
ings (Kos$ny, 2015).

A package with the effective thermal properties of
SB26 is contained in Buildings.HeatTransfer.-
Data.SolidsPCM. The phase transition function is mod-
eled as piecewise linear function assuming a nearly
isothermal phase change behavior. The transition range
of this ideal SB26 is [25.99°C, 26.01°C].

Another package with effective properties of SB26 is
contained in s1PCM1lib.Media_Knauf_SmartBoard. It
uses the same single phase properties and phase transition
enthalpy. However, two different phase transition func-
tions for heating and cooling are considered (hysteresis).
The transition functions were determined from heat capac-
ity data published in Lerche et al. (2010) and are modeled
by piecewise interpolation splines. The extended transi-
tion range of this real SB26 is [20°C, 30°C].

The SB26 wall element is modeled using the
Buildings.HeatTransfer.Conduction.-
SingleLayer component of the Modelica Buildings
Library. A modified version (SingleLayerS1PCMlib)
is used with the transition models and media contained in
sIPCMlib.

As an application example, the test case 600FF of the
Building Energy Simulation Test (BESTEST) validation
suite (Judkoff and Neymark, 1995) is considered, as im-
plemented in the Buildings library (Wetter et al., 2014).
Case 600FF is a light-weight building with a single room

temperature input
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Figure 8. Periodic temperature variations (first subfigure), and
the response in the enthalpy-temperature diagram computed

with the “curve scale” model: for a generic PCM (second sub-
figure), and a specific PCM (third subfigure).
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Figure 9. Density changes as response to the temperature varia-
tions in Figure 8 (first subfigure). The response is modeled with
the “curve scale” model for the two PCM shown in the second
and third subfigure in Figure 8.
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Figure 10. Test case 600FF taken from Modelica Buildings Li-
brary (Wetter et al., 2014) with a modified model for a single
layer PCM wall element (lay).

of 8 m by 6 m and 2.7 m height. The room temperature
is free floating. Double SB26 wall elements of 2 - 15mm
thickness are attached to the interior wall of the room.
We take simplifying assumptions, define the total surface
area as 2- (8m+6m)-2.7m, and connect one heat port
of the SinglelLayer as a heat port of surface connected
to the room air and connect the other port to the heat port
to air volume, see Figure 10. SB26 temperatures are ap-
proximated by two states inside the wall element. This
means that two differential heat balance equations need
to be solved, each using effective properties p, A and
¢. Because the PCM is microencapsulated, temperature-
dependence of p which can lead to volume changes, inter-
nal material velocities and convection is neglected.

Figure 11 shows results of yearly simulations for three
scenarios: without wall element, and with a SB26 wall el-
ement considering either an ideal or a real phase change
behavior. The simulation results indicate differences be-
tween all three scenarios. While the PCM wall element
leads to an increase in the number of hours with tem-
peratures between 20 and 30°C, the ideal and real phase
change behaviors result in different temperature distribu-
tions.

The CPU-times for integration are given in Table 1. As
expected, the CPU-times of the test case including SB26
are increased compared with the original case (w/o SB26).
The case with the real SB26 needs less time compared

w/o 5B26 ideal SB26G real SB26G
- 60
R [1]
H
.20
~
0 . . abun
room air temperature
-20 ! ! ] * * * *
0 50 100 150 200 250 300 350
t in days
B 0.15 [room air temperature I
g w0 SB26
X 041t [ideal SB26
B || [EEreal SB26
g

T in °C
10*
a4
&0 SB26G enthalpy
=3 ideal SB26
A real SB26
_2f
T
T o

22 23 24 25 26 27 28 29 30
T in °C

Figure 11. Test case 600FF considering the installation of a
commercial PCM impregnated gypsum board SmartBoard®26
(SB26). The first and second subfigure show the temporal evolu-
tion and a histogram of the room temperature for three scenarios:
without SB26 wall element; with SB26 wall element considering
an ideal phase change behavior (as implemented in the Buildings
Library); and with SB26 wall element considering a realistic
phase change behavior identified from caloric measurements (as
implemented in sIPCMIib). The third subfigure shows the evo-
lution of the SB26 specific enthalpy in the enthalpy-temperature
diagram.

Table 1. CPU-time for integration of the test case 600FF.
All computations were carried out on a laptop with Intel(R)
Core(TM) i5-8350U CPU @ 1.70 GHz 1.90 GHz and 16 GB
RAM. Parallelization of code was not used. The default solver
DASSL was selected with a tolerance of 1E-6 and interval length
of 60 s.

with the case with ideal SB26. This can be explained by Scenario Model Computation time
the differences in the phase transition temperature range, absolute  relative
l.e. narrow range of the zdeql SB26 and wide range for the w/o SB26 i 24s 100 %
real SB26, with corresponding sharp and smooth changes . .
. . ideal SB26  melting curve 121s 164 %
in the apparent heat capacity (and enthalpy) curve, see .
. . . real SB26  melting curve 88s 119%
the third subfigure in Figure 11. Sharp changes in ther-
. . real SB26  curve track 10ls 136 %
mal properties make the problem more nonlinear and thus, .
. . . real SB26  curve switch 129s 174 %
more difficult to solve. The temperature and climate vari-
o . . real SB26  curve scale 106s 143 %
ability over a year triggers many events when solving the
hysteresis models. Interestingly enough, corresponding
stops and restarts of DASSL do not heavily affect the over-
72 Proceedings of Asian Modelica Conference 2022 DOI
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all computation times. It should however be noted that the
above results are not necessarily generalizable.

6 Discussion and conclusions

sIPCMlib allows for a detailed analysis of the thermal per-
formance of PCM enhanced materials and components.
Compared with property models considering an isother-
mal phase change behavior the phase transition models in
sIPCMIib may be more realistic and accurate. The second
application example indicates that this comes at the cost
of a quite acceptable increase in model complexity and
solution times.

The presented phenomenological hysteresis models are
rate-independent. From a practical perspective this is an
advantage: They can be easily parametrized by only two
curves, e.g. considering heat capacity data from melting
and solidification experiments. A comparable approach
is used for parametrization of the so-called Tellinen hys-
teresis model (Tellinen, 1998) which predicts properties
of ferromagnetic materials (Ziske and Bodrich, 2012). An
interesting extension for rate-dependent modeling could
be based on a model-free kinetic analysis of PCM heat ca-
pacity data, as recently proposed by Lizana et al. (2021).

In the current version of sIPCMLlib it is not possible to
use the hysteresis models with the enthalpy method for
modeling heat transfer in PCM. To do so, an inverse rela-
tion for the phase fraction-temperature (and/or enthalpy-
temperature) relation would be needed. Examples can be
found in literature, however, they are restricted to spe-
cific phase transition ansatz functions (and curve shapes):
Huang et al. (2022) derives an analytic form of the in-
verse curve scale model parametrized with piecewise lin-
ear phase transition functions (the generic uniform distri-
bution ansatz function in sIPCMIib). Takacs et al. (2008)
derives an inverse magnetic hysteresis model considering
hyperbolic ansatz functions.

The performance (initialization and CPU-times) of the
curve switch and curve scale models is significantly im-
proved by differentiation with respect to time. However,
relaxed solver tolerances may lead to incorrect results.
With the current implementation the melting curve and
curve track models, as well as the curve scale model (with
reasonably strict tolerances) can be all recommended for
use. Results from the curve switch model might need a
critical validation. In any case, a plot in the enthalpy-
temperature diagram is recommendable to quickly iden-
tify possible errors.

sIPCMIib and the examples discussed above can be
found at https://github.com/AIT-TES/sIPCMlib.
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