Journal of Thermal Analysis and Calorimetry (2023) 148:1693-1704
https://doi.org/10.1007/510973-022-11335-2

=

Check for
updates

Determination of phase change temperature of materials
from adiabatic scanning calorimetry data

Igor Medved'3® . Milan Juréi' - Anton Trnik?3

Received: 18 August 2021 / Accepted: 20 March 2022 / Published online: 28 April 2022
© Akadémiai Kiado, Budapest, Hungary 2022

Abstract

Melting and other first-order phase changes usually occur in phase change materials (PCMs) within a noticeable temperature
range rather than at a unique phase change temperature (7). Then the enthalpy and heat capacity have rather wide jumps and
peaks, respectively, spread over such ranges of temperatures. Surprisingly, wide jumps and peaks are observed even in plain
and simple cases when PCMs are pure substances with negligible hysteresis and/or supercooling and the measurements are
quasi-equilibrium using very slow heating/cooling rates, as in adiabatic scanning calorimetry (ASC). We show that in such
cases a unique T}, can be identified and calculated from the measured heat capacity peaks. It suffices to take into account
that PCM samples do not have an ideal microstructure but are rather composed of many micro- to nano-sized domains. The
heat capacity peak is then an average of individual peaks that (a) come from all domains and (b) have different shifts from
T, for different domain sizes. Interpreting a heat capacity peak measured by ASC in this way, we present a procedure from
which T, can be evaluated. We apply the procedure to three examples of materials using available ASC data and point out

the importance of the size distribution of domains.

Keywords Heat capacity peak - First-order phase change - Domain size distribution - Averaging

Introduction

Phase change materials (PCMs) have been widely used
for thermal energy storage in various applications, such
as energy conservation in buildings with thermal comfort
[1], smoothing of temperature fluctuations [2], cold storage
[3, 4] and passive cooling in building envelopes [5], solar
energy storing [6] and solar thermal power plants [7, 8],
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thermal management systems [9, 10], or textiles and clothing
systems [11]. Such applications make use of the ability of
materials to store or release a large amount of energy during
a first-order phase change. In PCMs the predominant part of
this energy is due to the latent heat, while the sensible heat
is much smaller (by an order or two in the magnitude). Thus,
the primary characteristics needed for a proper design and
correct performance of PCM systems include the specific
latent heat, £, and the temperature of a phase change, Tp at
which 7 is released (or absorbed).

From the viewpoint of thermodynamics, a first-order
phase change is associated with a jump in the enthalpy.
The jump is considered to be infinitely sharp, so that (a)
it occurs at a unique temperature (7,.) and (b) its size ()
is well defined. In real PCMs the jumps are not infinitely
sharp, however. Instead, they are spread out over a range
of temperatures to be called ‘a phase change region’ in the
following. Then the determination of £ and T, (and other
thermal properties of PCMs) is a rather challenging task, and
various approaches and methods have been proposed to deal
with this problem [12]. In this paper we wish to provide an
approach from which 7 . of real PCMs can be determined
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«Fig.1 a The temperature dependences of the heat capacity and
enthalpy (the full lines) for three materials and their phase changes
obtained from ASC measurements (adapted from [14—16]). The heat
capacities and enthalpies of the two phases (the dashed lines) are
obtained as approximation by quadratic polynomials [13]. b The sep-

aration of the sensible and latent heats (¢, and c,., respectively)

as a theoretical value at which an infinitely sharp enthalpy
jump would occur.

There may be various reasons why phase change regions
are present. It could be due to the properties of a given PCM:
it need not be a pure substance, it could have an advanced
microstructure, or its behavior near the considered phase
change can be nontrivial (it may exhibit true thermal hyster-
esis, supercooling, etc.). Or, the applied experimental tech-
niques could operate under conditions that make the inter-
pretation of the measured data difficult. For example, fast
heating/cooling rates may be used (then the material is not
close to its equilibrium and kinetic effects could be strong)
or samples may have large sizes (various parts of samples
would be in different thermal states).

Therefore, to avoid these complications, in [13] we con-
sidered first-order phase changes in PCMs for simple but
nontrivial cases and proposed their theoretical description.
Namely, we assumed that phase changes in PCMs were free
from additional effects (such as thermal hysteresis or super-
cooling) and that kinetic effects were negligible (i.e., during
the measurement the material was close to its equilibrium).
We applied our results to the following three examples of
materials and their phase changes:

(a) apure linear alkane tricosane C,;H,q (denoted here as
C23) in which a change between two rotator phases
occurs near 45 °C;

(b) a pure liquid crystal dimer &, w-bis(4,4’-cyanobiphenyl)
nonane (denoted here as CBC9CB) in which isotropic—
nematic transition takes place near 120 °C; and

(c) aparaffin-based PCM called Rubitherm RT27 in which
a melting between a solid and liquid phases occurs near
27 °C.

While RT27 has a rather high latent heat and is used as
a PCM for practical purposes, this is not so for the other
two materials. They are considered here to demonstrate the
diversity of the presented results. The enthalpies and heat
capacities near phase changes (a)—(c) had been measured
by adiabatic scanning calorimetry [14—16] (see Fig. 1),
both with a relative standard uncertainty of 2% [17]. In
this experimental technique extremely low heating/cooling
scanning rates are used, so that the studied samples remain
very close to their thermodynamic equilibrium states. In
the three cases (a)—(c) the applied scanning rates did not
exceed 0.01 K min~! (the relative standard uncertainty being

10~ on the rate and 10 pK on the temperature measure-
ment [17]). Moreover, thermal hysteresis and supercooling
were practically absent. Even then phase change regions
were still evident: the widths of the corresponding enthalpy
jumps and heat capacity peaks were 0.06 K for C23, 0.24 K
for CBCICB, and 1.56 K for RT27 (see Fig. 1a). Therefore,
these phase change regions must be of purely equilibrium
nature, and in [13] we were able to explain them as a result
of finite-size (i.e., surface) effects [18].

Our explanation of the phase change regions by surface
effects provided in [13] is somewhat indirect, however. The
reason is that for common sample sizes these effects would
not yield any noticeable phase change regions. Instead,
enthalpy jumps and heat capacity peaks would be extremely
narrow and sharp. In other words, phase change regions of
proper widths would occur only for unrealistically small
samples (of few nanometers) [13]. Nevertheless, these con-
clusions are true only when samples are assumed to have
perfect microstructure. The microstructure of a real material,
even when it is in a single phase, is far from being perfect,
however. That is why in [13] we considered a material to be
a huge conglomerate of various parts, segments, or domains
each of which has a perfect, uniform microstructure (see
Fig. 2) and whose exact meaning depends on a given PCM.
Then the jumps and peaks are not results of surface effects
in the material as a whole but in the individual domains.
Thus, the sample size, or the sizes of grains in powder (or
similar) materials, are not essential to the determination of
quantities like the phase change temperature 7). Instead, the
key feature are the sizes of domains and their distribution,
which are true material properties.

Applying this approach, in [13] we were able to fit experi-
mental jumps and peaks with our theoretical results with
very good accuracy. It was also possible to separate sen-
sible and latent heats (see Fig. 1b) and to determine the
phase change temperature 7}, (as the temperature where the
enthalpy has a discontinuity). Our approach was based on
general statistical mechanical results on first-order phase
transitions [19] in which it is not needed to specify the
details on the phases that change in a material during a tran-
sition. It suffices to characterize the phases via their mac-
roscopic properties: for PCMs these are the enthalpies and
heat capacities of their phases. Note that all domains are in
the same phase at a given temperature, 7, father away from
Tpc. However, due to surface effects [19], at T near TpC some
domains may be in one phase, while the remaining domains
may simultaneously be in the other phase.

This approach—when macroscopic properties of a mate-
rial are obtained as a sum of the corresponding microscopic
properties of its many constituents—could be applied in a
somewhat broader context. For instance, to crystals that con-
tain domains where not only broad peaks but also ‘saw-like’
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domains

Fig.2 A schematic picture of domains, shown as small tetragons,
in a material (left) and a granular/powder material composed of
grains (right). In reality, the shapes and orientations of domains and
grains are more complex. Shading is used here just to distinguish
the domains. Domains may be equal to grains or could be just parts
of grains. It is the sizes of these domains, and not of the sample or
grains, that we use to determine a phase change temperature T},

peaks are observed near polymorphic first-order phase tran-
sitions [20-25]. Or to electrode surfaces made of many crys-
talline domains and the corresponding sharp spikes meas-
ured in the current density during underpotential deposition
of metals on electrode surfaces [26—30]. In the context of
PCMs we may have in mind an example of powder mate-
rials made of many crystalline domains. Nevertheless, the
approach seems to be rather robust and might be used for
other types of PCMs, even when its applicability is not obvi-
ous but could bring an insight and plausible results not yet
available by other approaches.

The values of TpC obtained in [13] for the three materials
(a)-(c) were not convincing, however, because they were
too distant from the maximum of the heat capacity peak in
comparison with the peak’s width. Indeed, this distance rela-
tive to the width was 2.1 for C23, 3.8 for CBC9CB, and 4.2
for RT27 (see Table 1). Hence, T}, would lie rather beyond
the corresponding phase change regions. In this paper we
wish to improve these results and provide a refined tech-
nique to determine a value of 7},.. It will turn out that the
domain size distribution is essential for this task, which will
be demonstrated by considering two simplest choices of the
distribution. First, in Theoretical background section, we
give a concise summary of results from [13] and identify
the oversimplification that caused 7}, to be so much shifted
beyond the phase change regions in [13]. Then, in Results
and discussion section, we present an improved procedure
from which Tpc can be determined, discuss the role of the
domain size distributions, and apply the procedure to cal-
culate T}, for the three considered materials. A final section
contains concluding’ remarks.

@ Springer

Theoretical background

We consider a material that exhibits a first-order change
between two phases at a certain temperature 7, (the phase
change temperature). Hence, at T, the enthalpy, £, has a
jump of size Ah = £ (the specific latent heat). The material
is assumed to be composed of a large number of homogene-
ous parts or segments to be called domains, D. To describe
macroscopic properties of such a multi-component PCM in
a simple way, its partition function is supposed to be the
product of the domain partition functions; i.e., the interac-
tions between the domains are neglected. The influence of
nearby surroundings on the domains is taken into account
as surface effects. Then the specific heat capacity, ¢, can be
expressed as a weighted average of heat capacities, cp,, due
to the individual domains [13],

CP = ;WDCD. (1)

The domain masses are equal to their mass fractions,
wp = mp/m, where m = Y, my, is the total mass of domains
(equal to the mass of the PCM).

The domain heat capacities ¢, can be determined from
an equilibrium statistical mechanical theory of first-order
phase transitions [19]. It implies that the dependence of cp
on different domains is very precisely given only via the
domain diameter, dp,, and domain surface effects. The latter
is expressed via a domain surface free energy difference, op.
Thus, cp is a function cp(dp, opy) of these two parameters,
and we may rewrite Eq. (1) in a more convenient form when
we arrange the domains according to their values of dj, and
op- Namely, let d|, ..., d, be all different values of domain
diameters (in the ascending order). Given the domains of the
same diameter d;, let N; be their number and leto; ., ..., 0},
be all different values of their op. If N is the number of
domains of diameter d; with the value of oy, equal to oy,
then the average over domains in Eq. (1) may be written as
a double average over d; and o [13],

n M,
Cp = ZNi WiZVij Cij- 2
i=1 j=1

Here the fractions v; = N;;/N;, the masses w; = d?/Q with
Q=3", Nid?, and the domain heat capacities ¢;; are equal
to cp(dp, op) with dy, = d; and o, = o;. Since Zj:"l N;j =N,
the fractions v, are normalized to one; i.e., Zﬁf‘l vi = 1.
=1 "1
An explicit formula

_ P J ~ —
=cte, RO+ (cy — s,

Cii i

P o
i C ® COWiPij 3)

j
can be actually obtained from an equilibrium microscopic
theory [19] whenever the domain shapes are not too oblong

and the surface effects are not strong. Hence, ¢;; is a sum of
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two parts. One part, c , exhibits a jump that interpolates

between the specific heat capacities, ¢, and c,, of the two
phases involved in the phase change. The other part, ci’; ,

exhibits a sharp peak of area equal to the specific latent heat,
¢, and of height c,w; that is larger than ¢, or ¢, by one or two
orders of magnitude. The dimensionless functions 0 < J; < 1
and 0 < P; < 1 that describe this jump and peak, respec-
tively, are

1 + tanh[x,(c;)]

Jy= — P;= cosh_z[x,-(a,-j)] , “4)

with
3 T - Ti(o) _ G _ 4kBT§C
)C,‘(O')—ZW,'T’ Ti(d)—<l+vfpdi)TPc’ - Vpr’
)

and ¢, = £/AT. Here p is the PCM density and kj is the
Boltzmann constant. The geometric factors s and v are cho-
sen so that the domain’s surface and volume are equal to
sd2 and vd3 respectively (for example, s = z and v = 7 /6 if
domalns are spherical). Note that T; (o- ) has the meaning of
the temperature at which the domain peak is maximal (i.e.,
at which Py is equal to 1).

Can the heat capacity in a single domain fit
experimental data?

A single domain of diameter d cannot yield a proper heat
capacity peak. In fact, if a single ¢;; should describe the peak,
then ¢, £, and AT would be the peak’s height, area, and
width, respectively. Taking their typical values from experi-
ment, the last relation in Eq. (5) would yield the diameter

= (dkg T;c/v p coAT?)!'/3 of order 1 nm to 10 nm. Only such
tiny domains would give a heat capacity peak of correct
experimental proportions, while a peak from a micro domain
would be several orders of magnitude taller and narrower
[13].

Separation of sensible and latent heats

Using Eqgs. (2) and (3), the heat capacity of the whole PCM
may be split into two parts [13],

Cp = Chase + Cexc: (6)

The baseline heat capacity c,,.. has a jump of size £ inter-
polating between ¢, and c¢,, while the excess heat capacity

Coxc has a peak whose area is £ and its height is much larger
than ¢, or c,,

Chase = C1 + (62 - Cl)‘l’ Cexe = COP' (7)

The jump and peak functions J and P are double averages of
the domain j Jumps J;;and peaks P;; [13]: Eqs. (2) and (3) yield
J=3" Nw Z] | Vi Jyand

n M;
P=Y Nw!P, P;=) vP; ®)
i=1 =1 ‘
Note that
17
J(T) = ; / exc(T) dT, 9

because /P dT = (AT/w,,,)J; by Eq. (4).

Experimentally, the separation of the baseline and excess
heat capacities ¢, and ¢, is rather straightforward. It is
based on the fact that the enthalpy / interpolates between
the enthalpies /, and £, of the two phases involved in the
phase change in the same way as ¢y, so that the jump in
h is described again by the function J [13]. Therefore, the
baseline heat capacity can be determined from an experi-
mental plot of the specific enthalpy 4 as

h—h,

Chase = €1 +(02_01)m- (10)
Using this result and an experimental plot of the specific
heat capacity ¢, the excess heat capacity is obtained as the
difference co. = €, — Cpyge (se€ Fig. 1).

The significance of averaging

As already argued, the heat capacity peak c;; from a single
domain is inappropriate to fit experlmental data, because
the peak is too tall and narrow (unless the domain is very
small). The effect of both averages in Eq. (8)—over the
domain diameters and surface effects—is that the resulting,
averaged peak can have a height and width of magnitudes
that are measured in experiments. In fact, the domain peaks
are of various heights c,w; and widths AT /w; and located at
different temperatures 7;, depending on the domain’s size d;
and surface effects ;. Hence for sufficiently broad distri-
butions of values of d and oy, the averages of the tall and
narrow domain peaks will be much wider and smaller, as in
experiments. On the other hand, the peaks’ areas are inde-
pendent of d; and ;; and remain unchanged after averaging.

Surface effects

Even though the values o;; and fractions v; are not available

from experiments, the average P, = Z _, ViiFjj of the domain
peaks P;; over surface effects can be plaus1bly estimated.
Namely, it could be well assumed that the surface effects
between different domains are irregular, so that the values
o;; should be random. For a given domain diameter d, let the
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surface free energy differences oy, ..., 05, have a mean
value &, and a fluctuation (standard deviation) A exti. Since
ojj are related to the domain surfaces, the fluctuation should
be inversely proportional to the domain diameter (i.e., to the
square root of the surface size), yielding Ao; = b,/d, with a
constant b, > 0 [13].

Since the number N, is to be large (given that the num-
ber of domains in a PCM sample is huge), an appropriate
approximation for the fractions v;; is the Gaussian probability
distribution with mean 6, and standard deviation Ac;. Then
the summation in P; can be well estimated by integration

over oj;, yielding [13]

P Ee_y?’ n = \/E kBTpc ’
' d, T sby
vrn
2d.

1

‘ (11)
»= x(6y),
providing that (/d,)*> < 1. The latter condition ensures that
the distribution of values o is broad and the averaged peak
P; is much smaller and wider than the individual domain
peaks P

Excess heat capacity

Contrary to the distribution of values Oij» the distribution of
domain diameters d; for a given PCM may be obtained from
experiment. Since it might change considerably from case to
case, it is appropriate to leave the averaging over diameters
unevaluated and do so only when the domain size distribu-
tion is known (measured). Hence, combining Eqgs. (7), (8),
and (11), the excess heat capacity is given as

n

Cexe = Co

N;w? Py~ coé > Ndde . (12)
i=1

i=1
Thus, the peak exhibited by c,,. is a sum of symmetric,
Gaussian peaks exp(—yiz) whose maxima are at T;(c;). These
temperatures vary with the domain diameter and surface
effects (represented by 6;), and the shifts between the tem-
peratures are unequal. The sum c,, . of so unevenly distrib-
uted symmetric peaks yields a peak that is asymmetric in
general, as those in experiments. Moreover, the resulting
peak in ¢, may be well expected to be much broader and
smaller (even by several orders of magnitude) than any of
the peaks in the sum.

As soon as a theoretical plot of the excess heat capacity
vs. temperature is obtained from Eq. (12), the addition of
the baseline part ¢, from Eq. (10) gives a theoretical plot
of the total heat capacity c,,.

@ Springer

Oversimplification of surface effects

In [13] we applied Eq. (12) to fit heat capacity peaks
obtained from experiments for the three considered materials
(C23, CBCOCB, and RT27) with great accuracy. Neverthe-
less, the determined values of 7, for the three materials do
not seem satisfactory, because they all lie rather outside the
corresponding phase change regions (as was already pointed
out in the Introduction). The reason is that in [13] we crudely
assumed all 6, to be the same for all domain diameters,
&; = const = &,,. Then the domain peaks exp(—y,exti*), their
maxima being at the temperatures 7;(6,,), were all shifted
either above or below 7}, depending on the sign of 6. Thus,
the resulting peak in ¢, had its maximum shifted too far
from 7. In this study the oversimplification &; = const is
eliminated and we let &; be varying with domain diameters.

Results and discussion

Introducing the dimensionless quantities

6 = —dmﬁ r= hN; = \/Ebo A= Sidy T = T T
ke L@z Vb, bTp.
(13)

the excess heat capacity from Eq. (12) becomes

n
¢ 1 5 2
Cope ¥ — r.8e”Vi
o ST \/;b ; i 9 (14)
with y; = (r 6; — 4,)6;. The phase change temperature
appears in Eq. (14) in the pre-factor as well as in each of
the summed terms (via 7 in the exponent y;). Therefore,
T, cannot be determined in a straightforward way, using
just a single characteristic of the c.,. peak. Instead, several
peak’s characteristics should be considered simultaneously
to determine 7). Let us now describe in detail how this can
be achieved.

Procedure for the determination of T

The domain diameters (represented by 6;) and the numbers of
domains of given diameters (represented by r;) are assumed
to be given—from experiment, modeling, or plausible con-
jecture (see Domain sizes and their distribution section). On
the other hand, the phase change temperature 77, and latent
heat £ as well as the two parameters b and 4, (associated with
the surface effects) are unknown. They must be determined
from fitting Eq. (14) to experimental data for c,,., using at
least four characteristics of the c,,, peak: three are needed to
obtain Tpc, ¢, and b and one or more to obtain 4;.

The simplest case—when all 4; are the same
(4; = const = A,)—was already studied in [13]. Then it was
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sufficient to consider only four characteristics that were cho-
sen as the area (A), maximum temperature (7;,,,), height
(H), and an asymmetry factor (a) of the c,. peak. The factor
a is defined as the part of the peak’s area A that lies below
T .x- Thus, by fitting experimental values of the four char-
acteristics A, T,,,,, H, and a, values of the four quantities TPC,
¢, b, and 4, could be fully determined.

In this study, however, we let the values A; be varying,
changing with domain diameters. Then the simplest choice
is that 4; are equidistant, 4, — A; = const = A4 with
Al = (4, — A))/(n—1). Wemay write 4, = A, — (n — i) A4,
and there are two parameters (A and A,) that specify all
values of ;. Values of the five quantities Tpc, Z,b,AA, and
A, must be now determined, so that it will be necessary to
fit five characteristics of the c,,. peak. These will be chosen
again as A, T,,,., H, and a, plus we shall consider another
asymmetry factor denoted as f. The latter is introduced as
the ratio of two areas of the c.,. peak: one is the peak’s area
within the range T,,,, — T_ < T < T_,,, and the other one

max max
is peak’s area within the range 7,,,, <7 < T}« + T,. The

ax — max
temperatures 7', and 7_ can be chosen individually for each
studied peak.

To carry out the fitting, we need to obtain theoretical
expressions for these five characteristics of the c,. peak.
We get the following results. First, the total area coincides

with the specific latent heat,
A=7. (15)

This is a consequence of Eq. (9) and the fact that the jump
function J tends to 1 for large temperatures, J(o0) = 1.
Second, the temperature T,,,, at which c,.,. is maximal is
given from the condition dc,,./dT = 0. Using Eq. (14) and
a parameter k to relate 7, to T, as Ty, = (1 4+ kb)T},, the
condition may be expressed as

Y rélzes =0 (16)
i=1

withz; = ¥;(T0) = (K6, — 4) 6; = [k6; — A, + (n — i) AA] 6,
Next, the height

A
Hy = oy Tox) ® —
t €xc a. prc

1 S 5 -2
9, 9=— ré6’e s, 17
\/;Z:, (17)

as follows immediately from Eq. (14). Finally, using Eqgs. (9)
and (15), the jump function J(7) may be used to obtain the
asymmetry factors, namely,

ag —J(T2)

Gp =J(Tpa)s P = T —ay
+ t

(18)

In addition, we may express the jump function as

1 n
I~ Z r; 63 erfc (—y;) (19)

i=1

by Egs. (9) and (14), where erfc is the complementary to the
Gauss error function.

Using these theoretical expressions, the determination of
the phase change temperature 7|, may be carried out in sev-
eral steps as follows. Let a c.,. peak be known from experi-
ment and let A, T,,,,,, H, and « and g be the values of its

area, maximum temperature, height, and asymmetry factors,
respectively.

1. Equation (16) is solved for «, using a set of values of 4,
and AA. The dependence x(4,, A1) of k on A, and AAis
thus calculated.

2. Using x(4,, AA), the theoretical dependence oy, (4, AA)
of the asymmetry factor on A, and A4 is calculated from
Egs. (18) and (19).

3. Requiring that a,;,(4,, AA) = @, a dependence 4,(AA) of
A, on Al is obtained.

4. The dependence 9(4,(A4), AA) of 9 on Al is calculated
from Eq. (17).

5. The theoretical dependence f,;,(4,(A4), A1) of the other
asymmetry factor on A1 is calculated from Egs. (18) and
(19).

6. Requiring that f,;,(4,(A4), A1) = B, the value of Al is
obtained. Knowing A4, we determine the values of 4,
9, and «, using the results from steps 2—4.

7. Since T, ={1+«b)T, and bT, =AI/Hy,
the phase change temperature is
Tho = Toax — kb7 = Ty — KAI/H ,  where we

required that H,;, be equal to H.

Note that all five theoretical parameters £, A, A4, T and
b are actually determined during this procedure and not
just the phase change temperature (the latter parameter is

b=bT,./T,. = AI/HT,,).
Domain sizes and their distribution

To apply the above-described procedure, it is necessary
to know the values of ¢; (the domain diameters) and r,exti
(essentially, the numbers of domains of given diameters)
for a given PCM. These could be obtained from experi-
ment and may be complex. Nevertheless, it is possible to
use their simple but realistic approximations due to the
term 7; 5i5 x N, 5f in Eq. (14). The reason is as follows. Even
though the number of domains of a given diameter should
decrease with the diameter (i.e., N, drops as i approaches n),
the growth of 5i5 with i is expected to be faster (recall that
0<6, <6, <+ <6, <6, =1). Altogether r; 5i5 should
be the largest for large domains (i.e., for i close to n) and it
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should be practically negligible for small domains. There-
fore, while 6; and r; may in general depend on i in a complex
way for various PCMs, it is plausible to consider their simple
approximations within a narrow range of i that correspond to
predominant contributions to c,,. and extend these approxi-
mations to all i.

To approximate the values of §;, we use the observation
that the differences between the diameters of small domains
should be much smaller than between the diameters of large
domains; i.e, the differences 6,,; — §; should be increasing. A
fractal modeling of PCMs with spherical domains suggests a
hyperbolic increase [31]. For large domains this can be well
approximated by a linear increase, 6;,; — §; = const - i. In
an explicit form,
i(i—1) 1=

- =

n—1

0, =6, + A6, Ad > 0. (20)
As for the values of r;, two approximations will be used here.

In one the numbers of domains of given diameters will be
all equal, N; = const, implying r; = const as well. Within this
approximation the effect of the domain size distribution r; is
ignored and the dominant contributions to c,,. (those with
r 5i5 maximal) are determined by the domain sizes alone:
they come from the largest domains; i.e., for i = n and few
i just below n.

In the other approximation N; # const, so that the effect
of r; will be taken into account. The number of domains of
a given diameter should be decreasing with the diameter,
and we shall assume the simplest case of a linear decrease,
N, =N, + (n—-iAN with AN=(N,—-N,)/(n-1)>0.
Estimating that N is to N, as is the largest domain volume
to the smallest one (i.e., N, /N, = 5?), we get

_ 49 _Ni_63 NA A—1_5?
=g TN T 1T (=DAg, Ag=——

>0,

ey
where the constant G = Q/N,d>. Within this approximation,
r; linearly decreases with i, and the predominant contribu-
tions (those with r; 6iS maximal) are from the domains of
diameters of about 10/11 = 0.91 of the largest domain diam-
eter; i.e., for few i around i = 0.91 n.

Determination of T, for the three materials

We choose the number of different domain sizes to be
n = 200 and the smallest domain size to be a tenth of the
largest one, 6, = 0.1. The dependence x(4,, AA) of k on 4,
and A4 is purely theoretical, following from Eq. (16), and
thus independent of a specific PCM. It turns out that « can
be very precisely approximated by a linear function of A,
and AA. Namely, by 1.024, — 3.30A 4 for the constant r; and
by 1.231, — 25.37A4 for the linear r;, the corresponding
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coefficients of determination R2 being 0.9996 and 0.9999,
respectively.

Knowing x(4,, AA), the dependences of the parameters
Ay 9, and g, on A4 for the three studied materials can be
obtained by the above-described procedure. They are plotted
in Fig. 3. The temperatures 7_ and T, needed to calculate
P, were chosen as T_ = T, = 1K for RT27,T_ = 0.9K and
T, =0.3Kfor CBCICB, and7T_ = T, = 0.05K for C23. The
equality f,, = f yields the values of A1 that subsequently
yields the values of all other parameters, including the phase
change temperature 7},.. The procedure is easy to perceive
from the plots in Fig. 3. The results for all three materials are
listed in Table 1. In Fig. 4 we show the peaks in the excess
heat capacity c,,. of all three materials given by Eq. (14)
with the parameters from Table 1. The agreement with
experimental data is rather accurate (see Table 2). Moreo-
ver, the difference between the peaks obtained for linear and
constant r; is practically negligible (see Table 2).

In general, it is expected that 7, should lie within the
phase change region; i.e., the difference between 7,,. and 7},
should be less than about two half-widths of the c.,. peak,
|Toc = Tnax| S 2W ;. Table 1 shows that for CBCICB this
difference is reasonably large, between one and two half-
widths of the ¢, peak. Similarly, for C23 the difference is
also reasonable, around one half-width of the ¢, peak. For
RT27 the difference is less than two half-widths when the
linear r; is considered, but it is as large as 8.7 of the half-
width for a less realistic, constant r;. This indicates that it
may be important to use proper values of the domain size
distribution (proper r;) for those PCMs whose heat capacity
peaks are very asymmetric, like RT27.

To understand why 7|, lies above or below Ty,,,, we may
recall that the excess heat capacity c.,. is a sum of peaks
riéf exp(—yiz) (see Eq. (14)). These peaks have heights r; 6i5
and their maxima are at temperatures 7; = (1 + b4;/6,)T,,.
As i changes from 1 to n, both the peak’s height and maxi-
mum temperature change (see Fig. 5). As for the height,
it (a) increases with i from 1 to n for a constant r;, and (b)
increases with i up to about 0.9n and then it decreases for
a linear r; (see the text below Eqgs. (20) and (21)). As for
the maximum temperature 7;, it lies below 7,. when 4; <0,
while it lies above T, when 4; > 0. Now, the maximum
of ¢ at T,,, should be close to the position of the tallest
peaks. As just argued, the tallest peaks have labels i that are
near n for a constant 7; and near 0.9n for a linear r;. We thus
conclude that if 4; < 0 (if 4; > 0) for these labels 7, then the
tallest peaks as well as T',,,, are below T}, (above T',.). For the
three studied materials the values of A, are given in Table 1
and the values of 4,_ ¢, are given in Table 3. For RT27 and
C23 the values 4; are negative both for i near n (when r; is
constant) and near 0.9n (when r; is linear), and so their phase

change temperatures lie above T,,,,,. On the other hand, for
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Fig.3 The dependences of the parameters 4,, 9, and f,;, on A4 for the three studied materials. The full lines correspond to the linear r; and the

dashed ones to the constant r;

CBCOCB the values 4; are positive both for i near n (when
r; is constant) and i near 0.9n (when r; is linear), so that its
phase change temperature lies below T,,,,,. These qualitative
conclusions are confirmed by Table 1 where the calculated
values of 7}, are given.

We finally verify the criterion (/d,)*> < 1/K with K > 1
required in Eq. (11). The criterion specifies the range of pos-
sible domain sizes, because it may be rewritten as

K 4kgT,. \1/3
d, > (\ /£ —) . 22
n T vplbs, (22)
Using the values of Tpc, b, and £ = A from Table 1 and tak-
ing v = 7 /6 (spherical domains) and K = 10, say, the diam-

eter d, of the largest domains should be at least a few tens to
a few hundreds of nm, which are realistic bounds.

Conclusions

An improvement of our original technique to describe heat
capacity peaks of PCMs was presented. The improvement
consists in a more realistic approximation of surface effects
in the individual domains of which PCMs are composed.
Our main focus was the determination of the phase change
temperature 7}, (introduced as the temperature at which the
enthalpy would have a jump in the thermodynamic limit).

We pointed out that 7, cannot be obtained directly from one
or two characteristics of a heat capacity peak. Instead, it was
necessary to consider five characteristics: peak’s area, maxi-
mum position, height, and two asymmetry factors. Deter-
mining theoretical expressions for these five quantities and
requiring that their values are equal to those from experi-
ment, a procedure to obtain 7). (plus four other parameters)
was presented. The obtained heat capacity peaks very accu-
rately agreed with the experimental ones. Of two considered
domain size distributions—a constant r; and a linear r,—the
linear distribution was more appropriate, even for a rather
asymmetric heat capacity peak of RT27. Then the obtained
values of T, lie within the phase change regions of all three
considered materials. This indicates that the domain size
distribution of a given PCM should be actually used in the
determination of its 7},. (which is a topic to be further stud-
ied). All these results were calculated under the assump-
tion that kinetic effects were negligible and a PCM was free
from effects like thermal hysteresis and supercooling. Good
understanding of such plain cases could allow for the analy-
sis of PCMs with a more complicated behavior in the future.
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Table 1 The values of the
experimental and theoretical

parameters for the three
considered materials

Quantity RT27 CBCI9CB (23 Unit
Area A 132.14  1.63 0.73 kJ kg™!
Maximum temp. T, 27.16 119.77 44.97 °C
From experiment Height H 120.18 7.24 15.34 kJ kg 'K™!
Half-width W} 0.78 0.12 0.03 K, C
Asymmetry a 0.811 0.682 0.395 -
Asymmetry 2971 2.064 0.774 -
AA -0.220  0.069 -0.037 -
From theory with a constantr; A, —-42.65 3.08 —1.89 -
3 0.140 0.280 0.333 -
Phase change temp. 7, ~ 33.90 119.61 45.00 °C
bx10° 50.26 16.05 4.98 -
A —-0.013  0.066 -0.040 -
From theory with a linear r; Ay -22.13 548 -3.60 -
9 0.049 0.200 0.222 -
Phase change temp. 7). ~ 28.63 119.55 45.01 °C
bx10° 18.02 11.49 3.32 -
From [13] Phase change temp. 7). ~ 30.43 120.23 4491 °C

Theoretical values of the specific latent heat £ are not listed, because they coincide with the values of area

A (see Eq. (15))

Table2 The coefficients of determination R? and ratios of the
root mean square error RMSE to peak heights H for the theoretical
vs. experimental excess heat capacities c,,, of the three materials

Quantity RT27 CBC9CB C23
A constant r; R*(-) 0.994 0.951 0.948

RMSE/H (%) 2.1 4.0 5.9
A linear r, R(-) 0991  0.962 0.977

RMSE/H (%) 2.6 3.5 39
Between the two  RMSE/H (%) 2.3 0.9 2.5

choices of r;
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Table 3 The theoretical parameters A, and Ao, = 0.94, +0.14; for
the three considered materials when the linear r; is considered

Quantity ~ RT27 CBC9CB (23 Unit
From theory A -19.58 -7.64 4.32 -
With alinearr;  Agq, -21.88 417 -280 -

commented on previous versions of the manuscript. All authors read
and approved the final manuscript



Determination of phase change temperature of materials from adiabatic scanning calorimetry...

1703

(a) c23 CBCoCB RT27
Tmax TPC TPC Tmax Tmax
~ ‘ - z
\ 7\
0.8} 260 \ 05f A 16F g
AR} ro\ /2%
- I \ / 20Q / i
x / \ ] \ roh
[ 104\ 0.4F / \ 1
T 06 / \ / \ 12 ! 1041
2 { \ 194 / 1
| \ L 1 \ / 1
=2 [/ 188 \ 0.3 / \ 7 qgg !
x 04l I \ /188 \ 8 / |
X Il \ / \ 4 1
2 1/ / 182 \ / \ R \
8 \ 0.2+ ,’ 182 |‘ g S |l
s /) A N ARV 1 0178 \
o 02r ) 170 N 2 470 \ 4 L 170 1
T / 164 AN 01r -7 164 “ b g 164 “
z kL2 TSN I e ~"152158 \ "7 15758 |
0. [m== o M1 o} N--
44.92 44.96 45. 45.04 1194 1195 1196 1197 1198 1199 25. 255 26, 265 27. 215
T/°C T/°C T/°C
(b) Too T Toe T T
N\ -~ ~
0.35 \ L A | 12} "
- / 180, 018 /180, /18
‘ 1/ 170, 170\ 70/
x 1 L 170 \v 1 10f /
X ozt a6\ 0.15 1/ /| [0
<) h \ X
g 1] o o2t 2160 /Y 1 &l A0 ]
2 021 I: \‘ II \‘ Y, H
} ] 150, 0.09} /450 \ ] 6 /150 |'|
8 014 ! \Y ,,' \ // \
=3 ! 140\ \ 006l /49 ! i 4l o7 140 !
o 1 /. ’
= 007 130\ L2130 \ L7130 \
o 120 . 0.03 - #7120 \ 4 2k —’,z 120 \
T 110 5 og==110 \\ ~150__110
» 200 - = 200 N 00 204
0| == ol - ol -
44.92 44.96 45. 45.04 119.4 1195 1196 1197 1198 119.9 25. 255 26, 265 27. 275
T/°C T/°C T/°C

Fig.5 Selected peaks (full lines) in the sum from Eq. (14) for the

represent c,

excess heat capacity c,, for the case of a a constant r; and b a linear
r;. The labels i of the selected peaks are indicated. The dashed lines

References

1. Zhou D, Zhao CY, Tian Y. Review on thermal energy storage with
phase change materials (PCMs) in building applications. Appl
Energy. 2012;92:593-605.

2. Cabeza LF, Castell A, Barreneche C, de Gracia A, Fernandez Al.
Materials used as PCM in thermal energy storage in buildings: a
review. Renew Sust Energy Rev. 2011;15:1675-95.

3. OrdE, de Gracia A, Castell A, Farid MM, Cabeza LF. Review on
phase change materials (PCMs) for cold thermal energy storage
applications. Appl Energy. 2012;99:513-33.

4. Zhao Y, Zhang XL, Xu XF. Application and research progress of
cold storage technology in cold chain transportation and distribu-
tion. J Therm Anal Calorim. 2020;139:1419-34.

5. Akeiber H, Nejat P, Majid MZA, Wahid MA, Jomehzadeh F, Zey-
nali Famileh I, Calautit JK, Hughes BR, Zaki SA. A review on
phase change material (PCM) for sustainable passive cooling in
building envelopes. Renew Sust Energy Rev. 2016;60:1470-97.

6. Kenisarin M, Mahkamov K. Solar energy storage using phase
change materials. Renew Sust Energy Rev. 2007;11:1913-65.

7. Xu B, Li P, Chan C. Application of phase change materials for
thermal energy storage in concentrated solar thermal power plants:
areview to recent developments. Appl Energy. 2015;160:286-307.

8. Omara AAM, Abuelnuor AAA, Mohammed HA, Khiadani M.
Phase change materials (PCMs) for improving solar still produc-
tivity: a review. J Therm Anal Calorim. 2020;139:1585-617.

9. Rao Z, Wang S. A review of power battery thermal energy man-
agement. Renew Sust Energy Rev. 2011;15:4554-71.

xc Multiplied by a suitably small constant to make it fit

the plot. The determined phase change temperature 7). for RT27 lies
beyond the depicted temperature interval and it is therefore not shown

10. Ling Z, Zhang Z, Shi G, Fang X, Wang L, Gao X, Fang Y, Xu

11.

12.

13.

14.

15.

16.

17.

T, Wang S, Liu X. Review on thermal management systems
using phase change materials for electronic components, Li-ion
batteries and photovoltaic modules. Renew Sust Energy Rev.
2014;31:427-38.
Sarier N, Onder E. Organic phase change materials and their tex-
tile applications: an overview. Thermochim Acta. 2012;540:7-60.
Mehling H, Cabeza LF. Heat and cold storage with PCM. Berlin:
Springer; 2008.
Medved’ I, Trnik A, Vozar L. Modeling of heat capacity peaks
and enthalpy jumps of phase-change materials used for thermal
energy storage. Int J] Heat Mass Transf. 2017;107:123-32.
Leys J, Duponchel B, Longuemart S, Glorieux C, Thoen J. A
new calorimetric technique for phase change materials and its
application to alkane-based PCMS. Mater Renew Sustain Energy.
2016;5:4.
Tripathi CSP, Losada-Pérez P, Glorieux C, Kohlmeier A, Tamba
MG, Mehl GH, Leys J. Nematic-nematic phase transition in the
liquid crystal dimer CBCOCB and its mixtures with 5CB: a high-
resolution adiabatic scanning calorimetric study. Phys Rev E.
2011;84:041707.
Losada-Pérez P, Tripathi CSP, Leys J, Cordoyiannis G, Glorieux
C, Thoen J. Measurements of heat capacity and enthalpy of phase
change materials by adiabatic scanning calorimetry. Int J Thermo-
phys. 2011;32:913-24.
Thoen J, Cordoyiannis G, Glorieux C. Adiabatic scanning
calorimetry investigation of the melting and order-disorder

@ Springer



1704

|. Medved'et al.

18.

19.

20.

21.

22.

23.

24.

25.

phase transitions in the linear alkanes heptadecane and nona-
decane and some of their binary mixtures. ] Chem Thermodyn.
2021;163:106596.

Borgs C, Kotecky R. Finite-size effects at asymmetric first-order
phase transitions. Phys Rev Lett. 1992;68:1734-7.

Borgs C, Kotecky R. Surface-induced finite-size effects for first-
order phase transitions. J Stat Phys. 1995;79:43-115.

Boldyreva EV, Drebushchak VA, Drebushchak TN, Paukov IE,
Kovalevskaya YA, Shutova ES. Polymorphism of glycine: ther-
modynamic aspects. Part i - Relative stability of the polymorphs.
J Therm Anal Calorim. 2003;73:409-18.

Boldyreva EV, Drebushchak VA, Drebushchak TN, Paukov IE,
Kovalevskaya YA, Shutova ES. Polymorphism of glycine: ther-
modynamic aspects. Part ii - Polymorphic transitions. J] Therm
Anal Calorim. 2003;73:419-28.

Minkov VS, Drebushchak VA, Ogienko AG, Boldyreva EV.
Decreasing particle size helps to preserve metastable polymorphs.
A case study of dl-cysteine. CrystEngComm. 2011;13:4417-26.
Sahoo SC, Panda MK, Nath NK, Naumov P. Biomimetic crys-
talline actuators: structure-kinematic aspects of the self-actu-
ation and motility of thermosalient crystals. ] Am Chem Soc.
2013;135:12241-51.

Seki T, Mashimo T, Ito H. Anisotropic strain release in a thermo-
salient crystal: correlation between the microscopic orientation
of molecular rearrangements and the macroscopic mechanical
motion. Chem Sci. 2019;10:4185-91.

Smets MMH, Kalkman E, Krieger A, Tinnemans P, Meekes H,
Vlieg E, Cuppen HM. On the mechanism of solid-state phase

@ Springer

26.

217.

28.

29.

30.

31.

transitions in molecular crystals-the role of cooperative motion
in (quasi)racemic linear amino acids. IUCrJ. 2020;7:331-41.
Herrero E, Buller LJ, Abrufia HD. Underpotential deposition at
single crystal surfaces of Au, Pt, Ag and other materials. Chem
Rev. 2001;101:1897-930.

Huckaby DA, Blum L. A model for sequential 1st-order phase
transitions occurring in the underpotential deposition of metals. J
Electroanal Chem. 1991;315:255-61.

Blum L, Huckaby DA. Phase transitions at liquid-solid interfaces:
Padé approximant to adsorption isotherms and voltammograms. J
Chem Phys. 1991;94:6887-94.

Huckaby DA, Medved’ I. Shapes of voltammogram spikes
explained as resulting from the effects of finite electrode crystal
size. ] Chem Phys. 2002;117:2914-22.

Medved’ I, Huckaby DA. Voltammogram spikes interpreted as
envelopes of spikes resulting from electrode crystals of various
sizes: application to the UPD of Cu on Au(111). J Chem Phys.
2003;118:11147-59.

Jur¢i M, Medved’ 1. Fractal modeling of polycrystalline PCMs.
AIP Conf Proc. 2020;2275:020021.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Determination of phase change temperature of materials from adiabatic scanning calorimetry data
	Abstract
	Introduction
	Theoretical background
	Can the heat capacity in a single domain fit experimental data?
	Separation of sensible and latent heats
	The significance of averaging
	Surface effects
	Excess heat capacity
	Oversimplification of surface effects

	Results and discussion
	Procedure for the determination of 
	Domain sizes and their distribution
	Determination of  for the three materials

	Conclusions
	Acknowledgements 
	References




