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The rational selection of the components of thermal-storage composite ma-
terials with phase change (PCMs) based on industrial paraffin wax (PW)
and carbon nanostructures (CNS) will help to improve the efficiency of the
thermal-storage systems. An experimental setup of a new design for
measuring the caloric properties of the composite PCMs was created. Its
main advantages are simple design, low cost and the possibility of samples
visualization during the experiment. The setup applying is appropriate for
estimation of the expediency of further composite PCMs’ studying. The
objects of experimental study are as follow: industrial PW with a melting
point of 53.5°C, PW containing 0.000936 g-g' of fullerene C4, and PW
containing 0.111 g-g! of expanded graphite (EG). The EG in PW contrib-
utes to a slight decrease in temperatures of phase-transition start and fin-
ish (0.5-2.0°C); the presence of C4, does not influence these parameters.
The phase-transition total enthalpy for PW/EG is by 15-21% less, and
for PW/C, is by 7-16% higher than for PW. The EG presence contrib-
utes to decreasing the heat capacity of PW liquid phase by 10-16%; op-
positely, the 7-15% increase is observed at C4, presence in PW. The ob-
tained effects can be explained by both the presence of CNSs themselves
and the structural changes in PW caused by CNSs. The obtained results
have established the expediency of further studies of the composite
PW/CNSs PCMs to confirm the obtained effects for PW/Cy, and to find
the rational content of EG in PW/EG.

PanionanpHuil BUOIp KOMIIOHEHTIB KOMIIOSUTHUX TEPMOAKyMYJIIOBAJIBHUX
marepianis (TAM) i3 ¢azoBuM IepexoJOoM Ha OCHOBiI TexHiuHOro mapadiny
(TII) Ta ByrJeneBUX HAHOCTPYKTYD CIPUATHUME IiIBUIIEHHIO e(DEKTUBHOCTU
TEePMOAKYMYJIATOPiB. 3aIIPOIIOHOBAHO HOBY KOHCTPYKIIII0 eKCIePUMEeHTaJIb-
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HOI YCTAHOBKHM [IJIsI MipAHHA KaJOPUUYHUX BJIACTUBOCTENl KOMIIOSUTHUX
TAM 3 (pasoBUM IIepex0J0M, AKa BUPi3HAETHCS MHPOCTOTOI0 KOHCTPYKIIT,
HU3BKOIO BapPTiCTIO Ta MOKJMBICTIO Bi3yaJbHOTO CIIOCTEPE)KEHHSA 3a JOCJi-
IPKYBAaHMM B3pPa3KOM. 3aCTOCYBaHHSA YCTAHOBKU IOPEUHO I OI[iHIOBAHHSA
IOILJIBHOCTH IIOHAJIBIIOr0 BUBUEHHA KomMmoosuTHuX TAM. O6G’ekTamMu ekKc-
IepUMEeHTAJbHOTO AOCHiM:KeHHsA OyJin: TeXHiuHui napadiH 3 TeMIepaTyporo
rTomteHHsa y 53,5°C, mapadim is Bmictrom 0,000936 rr! dymrepery Cg, i
napadin iz BmicTrom 0,111 r-v! Tepmoposmupenoro rpadiry (TPT). IIpucy-
THicTs TPI' B mapadini cupuse He3HAUHOMY IOHUMKEHHIO TeMIlepaTyp IIoda-
TKY Ta KiHia dasoBoro mepexoxny (0,5-2,0°C); mpucyrricts Cyy MPakTUUIHO
He BILIMBa€e Ha Imi mapamerpu. IloBHa eHTanbpmiss Gas3oBOTO Hepexony I
TII/TPT 6yna vHa 15-21% wmenmo, a aasa TII/Cy, — Ha 7T-16% BuUINOIO,
Hisk ana TII. ITpucyraicts TPI' cnpusie mOHMKEHHIO TEILJIOMiCTKOCTH pigkoi
dasu mapadiny Ha 10-16%, npucytricts Cqy, — 30iJBIIEHHIO TEMJIOMiCTKO-
ctu Ha 7—15%. OmepskaHi epeKT MOMKYTH OyTH MOACHEHI AK IPUCYTHICTIO
caMUX BYTJIEIIEBUX HAHOCTPYKTYD, TaK i 3MiHOIO cTPYKTypu mapadiny uepes
ixHI0 mpucyTHicTh y mapadiumi. IlokasaHO AOIIJBLHICTL IMONAJNBIINX TOCJIi-
I:KeHb KoMmo3uTHuX TAM Ha ocHOBI mapadiny Ta ByrJielleBUX HAHOCTPYK-
TYp 3aJJ1d HinTBepAKeHHA ozep:kaHux ederrtiB gna PW/Cg, i 3 meToro mo-
myKky panionanpHol KoHIeHTpanii TPT' y TII/TPT.

Key words: thermal storage, industrial paraffin wax, fullerene Cg,, expanded
graphite, specific isobaric heat capacity, total phase-transition enthalpy.
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1. INTRODUCTION

Thermal energy storage (TES) systems with phase change materials
(PCMs) have drawn considerable attention from scientists last dec-
ade. TES systems with PCMs can absorb/release a large amount of
heat within the operating temperature range due to the phase tran-
sition. Consequently, such systems can help address the mismatch
between the energy incoming into the heat power systems and heat-
energy output demand. Eliminating in/out energy mismatch is of
prime importance to improve renewable energy utilization rate.

TES systems based on paraffin wax (PW) have great prospects
for heating and hot water supply systems [1]. However, the low
thermal conductivity of PW restricts its thermal performance and
limits its large-scale applications. Adding a suitable proportion of
high thermal conductivity components into the PW can enhance the
heat transfer rate, and thus, improve the thermal efficiency of the
whole TES [2, 3].
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Expanded graphite (EG) and fullerene Cg, are promising CNS for
thermal conductivity enhancement. EG is highly thermally conduc-
tive and has a porous structure, making it an ideal candidate for
the shape stabilization of PCMs [2]. At the same time, the use of
Ceo as a component of PCM is of aroused interest, since it was
shown that a small portion of Cg, significantly increases the thermal
conductivity of PW [4]. In addition, Cg, is contained in saturated
hydrocarbons of high molecular mass (paraffin) in dissolved state
simultaneously as small nanoparticles and large molecules without
aggregation and precipitation [5].

There are quite a lot of papers dedicated to the measurement of
the composite PCMs thermal conductivity but there are no studies
of its caloric properties. For example, in Ref. [6], the effect of EG
granules size on the structure and thermal conductivity of PW/EG
was investigated. A thermal conductivity enhancement of up to
1695% compared with the PW was observed for the PW containing
large EG particles vs. 340% for the fine EG particles. Regardless of
the obtained excellent effect on thermal conductivity, the effect on
the phase transition heat has not been studied. At the same time,
the conclusion on the expediency of the studied PCMs in the indus-
try can be obtained only after its thermal storage capacity studying.

Analysis of many studies shows that the presence of the solid
components in composite PCMs with phase transition contribute to
reducing their specific heat capacity and phase transition enthalpy
(the latent heat of fusion) [2, 7, 8, 9, 10]. This effect is undesirable
for TES systems. For example, in Ref. [7], it was shown that latent
heat of fusion of the composite PCM with PW (92.2, 90.0, and 88.7
vol.% of PW) decreases with EG volume fraction increase. In Ref.
[8], the EG (15 wt.%) was applied to support n-eicosane (paraffin
C20) via vacuum impregnation. The DSC analysis indicated that the
n-eicosane/EG has latent heat values of 199.4 J.g' for melting and
199.2 J.g! for freezing, exhibiting a large thermal storage capaci-
ty. The thermal conductivity of the composite with 15 wt.% of EG
is 14.4 times more than that of pure n-eicosane, and the heating
and cooling curves confirmed that the EG has substantially im-
proved the thermal transfer rate of samples. Although the latent
heat values for composite PCMs were obtained, it was not noted
how these values decreased compared with the pure n-eicosane. The
effect of the 2 wt.%, 4 wt.%, and 6 wt.% of EG (FireCarb TEG-
315—A-type and FireCarb TEG-160—B-type) on the total heat stor-
age capacity due to the phase transition of PW (melting tempera-
ture range of 53-57°C) were studied in [9]. The total heat storage
capacity (differential scanning calorimeter) for PW is 144 J.g! vs
136 J-g ' for A-type PW/EG. At the same time, the total heat stor-
age capacity for B-type PW/EG varies between 140 and 154 J-g’.
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This result is very promising for industrial applications.

The express study of the effect of various PCM components on
caloric properties of promising composite PCMs is greatly important
during their full-scale studying. The purpose of this study was to
create the setup for express analysis of the caloric properties of
composite PCMs and to investigate the effect of CNSs in PW on its
specific isobaric heat capacity and the phase transition total enthal-
py to analyse the expediency of application of the considered com-
posite PCMs in TES systems. A rational selection of the PCMs com-
ponents will contribute to an increase in the reaction rate of the
system to thermal influences and, thus, to an increase of the overall
efficiency of the TES systems [11].

2. MATERIALS AND OBJECTS OF STUDY

The following materials were used to prepare the composite PCMs:

— paraffin wax (PW) (industrial grade T-3, melting temperature
53.5°C, produced in Poland);

— fullerene Cg, (purchased from Suzhou Dade Carbon Nanotech-
nology Co., Ltd., China, CAS# 99685-96-8), purity 0.995 g-g';

— expanded graphite (highly conductive expanded graphite pow-
der GFG200, supplier the SGL Sigratherm, Germany, purity not
less than 95 wt.%, D5, determined by sieve analysis 200 um, pow-
der bulk density 100 g-1%).

The technique of PCM preparation was based on pristine EG mix-
ing with moulted PW (70-75°C) and mechanical stirring of the
components. No previous treatment of components was implement-
ed. A rapid separation into pure PW and PW containing EG with a
clear interface was observed several hours after preparing the com-
posite PCM. It is assumed that stable and almost fully filled by PW
structure of EG has been obtained in the precipitated layer. After
crystallization of the PW/EG, the upper pure PW was carefully
removed and weighed. The required quantity of the components was
measured using the Model GR 300 electronic balance with the in-
strument uncertainty of 0.5 mg.

The first step of the composite PCMs preparation containing Cg,
consists of Cy, mixing with molten PW, mechanical stirring, and
sonication for 2 hours using an ultrasonic generator UZG 13-0.1/22
(frequency 22 kHz, power 0.1 kW). During ultrasonic treatment,
the temperature was maintained at about 65 + 5°C. During the sec-
ond step, the composite PCM containing C,;, was kept for 5 days in
the liquid phase at the temperature of about 70°C. This is necessary
because it takes considerable time to reach the saturation equilibri-
um, namely, from several hours to several days. Sonication not only
accelerates Cg, dissolution but also can contribute to the formation
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c

Fig. 1. The pictures of the composite PCM samples: a—pure PW; b—PW
containing 0.000936 g-g* of C4y; c—PW containing the 0.111 g-g™* of EG.

of supersaturated fullerene solutions with its further crystallization
[5]. The obtained solution was considered supersaturated, since dur-
ing the following 5 days precipitation of Cg, crystals was observed.
The precipitate with Cg, crystals was removed after PW/Cg, crystal-
lization. The precipitate was weighed, washed repeatedly by n-
pentane to remove PW (C4, has very low solubility in n-pentane
0.005 mg-ml™ at 20°C [12]), filtered through a paper filter and
weighed. Thus, the saturated solution of C4; in PW was obtained
and the saturation mass fraction of C4, at 65—70°C was determined.

Thus, three PCMs were used in the further experiments:

— pure PW (shown as PW in the figures and text);

— PW containing the 0.000936 g-g ' of fullerene Cg4 (shown as
PW/Cq, in the figures and text);

— PW containing the 0.111 g-g™* of EG (shown as PW/EG in the
figures and text).

The pictures of the PCM samples (in form of pellets with diame-
ter 25+ 0.2 mm and thickness 4.0—6.5 mm) are presented in Fig. 1.

3. EXPERIMENTAL SETUP AND TECHNIQUE OF EXPERIMENT

The measurement of the phase transition total enthalpy and specific
isobaric heat capacity of the composite PCM samples was performed
by the method of monotonic heating in the calorimeter of the varia-
ble temperature. The schematic diagram of the experimental setup
is presented in Fig. 2.

To minimize the heat losses from the measuring cell, the follow-
ing design approaches were used: vacuum-degassing the system un-
der the vacuum glass cover up to 0.05 mm Hg (6.67 Pa); mounting
the aluminium foil screen 10; installation of the measuring cell 8 on
a metal plate 2 using three thin Teflon pins.

The calorimetric heater 7 made of a constantan wire (0.15 mm in
diameter and 4.2 m in length) was installed in the middle of the
measuring cell. The electrical resistance of the heater was 125 Ohm.
The heater 7 was installed in such a way as to form a uniform tem-
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Fig. 2. Schematic diagram of the experimental setup: I is the Dewar vessel
with ¢ =0°C; 2 is the metal plate; 3 is the vacuum seal; 4 is vacuum glass
cover; 5, 6 are the thermocouples; 7 is the electric heater; 8 is the measur-
ing cell; 9 is the test sample; 11 is the regulated power supply; 12 is the
standard resistor; 13 is the air-admission valve; 14 is the multimeter; 15
is the thermocouple vacuum transducer; 16 is the vacuum pump.

perature field during heating. The regulated power supply 11 was
applied for electricity supplying of the colorimetric heater 7. Elec-
tric current parameters of the calorimetric heater 7 were measured
by the multimeter 14 by realizing the compensation method with
the reference resistance coil 12. The power of the heater 7 during
the experiment was 1.786 £ 0.002 W. The temperatures of the sam-
ple and the surface of the cell were measured with a step of 6 sec-
onds using the absolute thermocouples 6 and 5, correspondingly.

Preparation for the experiment contained the following steps:
weighing the PCM sample in the measuring cell 8 (the sample had
to cover the heater); installing the glass cover 4 on the metal plate
2 and turning on the vacuum system; turning on the heater 7 when
the pressure reaches 0.05 mm Hg. Next, the readings of the ther-
mocouples 5 and 6 and electric current parameters on the heater
were recorded every 6 seconds until the thermocouple 5 readings
reached approx. 80°C (heating mode). The heater was turned off
and the readings of the thermocouples 5 and 6 were recorded until
the thermocouple 5 readings reached approx. 35°C (cooling mode).
The test was performed twice for each sample. Masses of the sam-
ples were the following: 7.9900 g for PW, 7.8606 g for PW/Cg, and
7.2118 g for PW/EG.

The measurement of heat loss at different temperatures of the
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cell wall (readings of thermocouple 5) has been performed. The
time-constant power of the heater 7 that ensured the constancy of
the thermocouple 5 readings was determined in the multiplied ex-
periment (Fig. 3). The obtained temperature dependence of heat loss
was fitted by Eq. (1):

P, =-0.00058047t>+ 0.086109¢, — 1.8449, (1)
where ¢, is the temperature of the measuring cell wall (readings of
the thermocouple 5) [°C].

Moreover, the calorimeter heat capacity (the energy needed to
increase the temperature of the calorimeter elements, namely,
measuring cell 8, thermocouples 5 and 6, heater 7, per one °C) was
calculated. In the range of the experiment temperatures, the calo-
rimeter heat capacity was assumed constant: A =8.25036 J-K'.

The heat supplied to the studied PCM sample during its heating
was calculated by Eq. (2):

Q = PAt— P, At — AAt, (2)
where P is the power of the heater [W]; At is the time of heat power
supply to the PCM sample during its temperature increasing on At
[s]; P, is heat loss [W]; A is the calorimeter heat capacity [J-K™].

The heat released by the studied PCM sample during its cooling
was calculated by the Eq. (3):

Q=P At— AAt. 3)

loss

Specific isobaric effective heat capacity (the heat spent both on
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Fig. 3. Dependence of heat loss on the temperature of the measuring cell
wall (reading of thermocouple 5) at the ambient temperature of 28.5 +
+0.8°C.
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temperature increase and structural changes in the material are
considered) of the PCM sample is

Q
c, =——, 4
P maAe )
where c, is the specific isobaric effective heat capacity [J-g - K™]; At
is the PCM sample temperature change during time At; m is the
mass of the sample [g].
The total enthalpy of solid—-liquid phase transition Ag_; is

P-P A — AAt
hg, = ( loss) T’;—L S-L ’ (5)

where Aty ; is the phase transition duration (obtained from the
thermograms) [s]; Atg_, is the difference between the temperatures
of start and finish of the phase transition.

4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. Results

One of the obtained in the experiment time dependences of the sam-
ple temperature is shown in Fig. 4. The obtained thermograms
demonstrate diffuse in time and temperature phase transitions. The
presence of the diffuse phase transitions can be explained as fol-
lows: the heat supplied to the sample (or released by the sample)
during its heating/cooling, can be simultaneously consumed by
changing the sample temperature, phase transition or the sample

60
55F

8 ;PW i j — Cell wall temperature
sslbest #1) ./ —— Sample temperature
70F :

65r Cooling

t, °C

4sl -
40: Heating

30 i HA i i ; ; S
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
T, 8

Fig. 4. Time dependence of the PW sample temperature (readings of ther-
mocouple 6) and the cell wall temperature (the readings of the thermocou-
ple 5) during the sample heating and cooling.
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superheating/supercooling. According to the mentioned reasons, the
evaluation of the temperature and total enthalpy of the phase tran-
sition using the obtained thermograms was a complex task.

The obtained in experiment time dependences of the samples’
temperature were divided into several sections, which have been fit-
ted by a polynomial dependence (with standard deviation ¢ no more
than 0.03 K). The temperature dependences of the specific isobaric
effective heat capacity of the PCMs samples were obtained (Fig. 5)
using the fitting dependences and Eqgs. (1)—(4).

The interpretation of the obtained data is a complex task for the
following reasons. Firstly, industrial PW is a mixture of hydrocar-
bons of different molar masses. Secondly, PW has a heterogeneous
solid phase structure (various sizes of crystals and amorphous in-
clusions). Moreover, solid PW contains dissolved air [13, 14].

Both different melting temperatures of the individual compo-
nents and endothermicity of deaeration during melting lead to the
appearance of the peaks and troughs on the obtained temperature
dependences of the specific isobaric heat capacity. These effects are
complicated to explain. Given the above, the evaluation of the phase
transition total enthalpy instead of the phase transition latent heat
is appropriate for the composite PCMs. Moreover, for the determi-
nation of the phase transition parameters, it is expedient to use the
results of the experiment during the sample’s cooling. Herewith,
the influence of the main noise factors (the temperatures’ field
nonuniformity during heating and deaeration influence) is absent.

Obtained from the temperature dependences of the specific effec-
tive heat capacity (Fig. 5) parameters (the temperatures of start
and finish of the phase transition, the phase transition total enthal-
py and specific isobaric heat capacity of the liquid phase in the
studied temperature range) are given in Table 1. When the cooling
process is considered, the term PAt in Eq. (5) is equal to zero and
the term P, At is negative. The value of P, At was evaluated as an
integral in the range from the temperature of the beginning to the
temperature of the end of the phase transition of the function
t; = f(tr) (Fig. 5). Additionally, to verify the obtained results, the
PW latent heat was evaluated (Fig. 6). The experimental latent heat
values were compared with references data for PW with close melt-
ing point (Table 2). It should be noted that the accurate determina-
tion of the temperatures of start and finish of the phase transition
by the obtained dependences was complicated. Therefore, the ob-
tained latent heat values for PW are approximate.

4.2. Uncertainty Analysis

The uncertainty analysis of the specific isobaric heat capacity was
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Fig. 5. The temperature dependence of the specific isobaric effective heat
capacity for the samples of PW (a and b), PW/EG (¢ and d), and PW/C,

(e and f).

performed according to the recommendations reported by Taylor
and Kuyatt [18]. Both components of the uncertainty, namely, type
A ‘random’ and type B ‘systematic’, have been considered.

The inputs for the uncertainty evaluation and evaluated maxi-
mum combined standard uncertainties are listed in Tables 3 and 4.
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TABLE 1. Solid-liquid phase transition parameters for the object of study.

The total enthalpy of the phase transition o,
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Fig. 6. The temperature dependence of the specific isobaric effective heat
capacity for the samples of PW used for evaluation of the phase transition
latent heat.

Since the evaluation of the caloric properties was performed for the
cooling mode, the uncertainty of the power heater was not taken
into account.

4.3. Discussion

The obtained in experiment values of the specific isobaric effective
heat capacity of the PW solid phase (Fig. 5, a, b) are significantly



756 Yana HLEK, Olga KHLIYEVA, Dmytro IVCHENKO et al.

TABLE 2. The caloric properties of laboratory grade and industrial grade
types of paraffin.

Grade Laboratory grade Industrial grade
. 171-175 tp,p = 53.5°C
g "o (own measurement)
En B o 170 average value for all PW [16]
2. 146 tPh[Ti 5]54’4 C | 184 t,,, - 52-54°C (producer Ter
o - o Hell Paraffin, Hamburg, FRG) [15]
+ S 194.6 tp,;,=41.6°C 210 ¢ — 45-48°C
AR (n-docosan) [10] PRTr
< o (producer Sun Company, USA) [15]
A 184.48 t,,,, = 53°C [17]
147-163 t,,,, = 48—68°C [17]
Specitic 2.38 (liquid) and 2'2"2((')‘1, glgiﬁ;)ui?ﬁ:n?ﬁ ¢
hepsoparic 193 (Golid) 2.384 (solid) ¢y, = 53°C [17]
g (ndosany [10] | 2981 (liquid, 60-63°C) and 2.604
g - (solid, 35-40°C) ¢,,,, = 48-68°C [17]

higher than the references values (Table 2). The presence of the
peaks and troughs on the effective heat capacity temperature de-
pendences should be noted. Their presence can be explained both by
phase transitions of industrial PW components and by the heat ab-
sorption at the deaeration of the moulted PW. Moreover, the ampli-
tude and location of peaks and troughs on the temperature depend-
encies of the effective heat capacity are different for all objects of
study. These effects can indicate that Cy, and EG in PW differently
affect the level of modification of the PW internal structure and
the content of dissolved air in PW.

The application of the vacuum glass cover allowed both to ob-
serve visually the appearance of gas bubbles in the sample during
its melting and to indicate superheating of the sample solid phase
during heating above the melting temperature (up to 20°C by ther-
mocouple 6 readings). The C4 and EG in PW contributed to a de-
crease in superheating degree.

The obtained values of the phase transition latent heat and spe-
cific isobaric heat capacity of PW liquid phase (Table 1) are in
agreement with the references data (Table 2). This result allows
performing a comparative analysis of the effect of various CNSs on
the caloric properties of composite PCMs using the proposed in this
paper experimental setup.

An analysis of Fig. 5 has shown that the EG (0.111 g-g!) in PW
contributes to a slight decrease in the temperatures of start and fin-
ish of the phase transition (0.5-2.0°C), on the other hand, the pres-
ence of Cq, (0.000936 g-g ') does not affect these parameters.
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TABLE 3. Input parameters for uncertainty evaluation.

Parameter Uncertainty, unit
Mass 0.0005 g
Temperature 0.5 K
Time 0.5s

TABLE 4. Summary of uncertainty evaluation.

Parameter Maximum combiped
standard uncertainty

EG mass fraction 0.001 g-g*
Cqo mass fraction 0.01 g-g™*
Type A uncertainty for heat loss 0.014 W
Calorimeter heat capacity 0.017 J-K™
Difference of temperatures of phase transition 0.4 K
start and finish :
Released heat 0.24J
Specific isobaric heat capacity 0.07 J.gLK!
Phase transition total enthalpy 6.9 J.gt

The obtained experimental data have shown that the presence of
0.111 g-g! of EG in PW contributes to a decrease of the phase
transition total enthalpy by 15-21%. This effect was expected. In
the authors’ opinion, this can be explained by the following. First-
ly, EG is not involved in the phase change (0.111 g-g™'). According
to this approach, the total enthalpy of the phase transition of the
composite PCM is almost equivalent to the values calculated by
multiplying the total enthalpy of pure PW with its mass fraction.
This approach is confirmed by the results of some authors. For ex-
ample, in Ref. [10], it was shown that the latent heat of form-stable
EG-based composite PCM saturated with 90 wt.% paraffin is 178.3
kJ-kg™ vs. 194.6 kJ-kg™' for pure paraffin. This is close to the re-
sults within the approach described above. Secondly, a ‘solid-like’
structured phase from the molecules of the base fluid near the sur-
face of the solid component can be formed in the composite PCMs in
the liquid state. Conceivably, ether this phase has not the structure
change or it is needed less heat on structural change during the
phase transition. The presence of this phase can contribute to a de-
crease in the phase transition total enthalpy (its relative values
were estimated by the approach mentioned above). At the same
time, there are studies with the opposite result. In Ref. [19], it was
reported that small content of EG in PW (0.5-1.0 wt.%) leads to an
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increase in the melting and freezing latent heats (up to 5% and
7% , respectively) compared to pure PW. When the content of EG
increase up to 3.0-4.0 wt.%, the decrease in the latent heat was
observed compared to pure PW. The authors of Ref. [19] explained
the obtained enhancement by the increase in the PW crystallinity
and the strong intermolecular interactions or adhesive work derived
from van der Waals force between PW and EG at a small fraction
of EG.

The effect of increasing the phase transition total enthalpy by 7—
16% at the presence of 0.000936 g-g* of Cy in PW is noteworthy.
This effect can be explained by PW’s internal structure change
around the Cg, molecules. The effect of Cg, on the internal structure
changes in hydrocarbons was considered in the studies [20—-23], in
which the solution of fullerenes Cq and C,, in aromatic hydrocar-
bons were investigated. In addition, similar results of the effect of
a low fraction of CNSs in PW on its phase transition latent heat
were obtained in several studies. For example, it is discussed in the
previously mentioned study [19]. In addition, in Ref. [24], it was
established 6.3%-higher enthalpy of phase change for MWCNT
(0.5% wt.)/paraffin nanocomposite vs pure paraffin. The obtained
effect in Ref. [24] was explained by the more rapid nucleation of
larger crystallites by MWCNTSs proceeding via short- and long-range
templating as well as intrinsic characteristics of MWCNTs.

A qualitatively similar effect of C4, and EG was observed for the
specific isobaric heat capacity of the liquid phase of the objects of
study: the presence of 0.111 g-g' of EG in PW contributed to the
heat capacity decreasing by 10-16%, while the presence of
0.000936 g-g ' of C4, to the heat capacity increasing by 7-15%.

The obtained quantitative results require more accurate further
measurements to confirm them and to clarify the physical effects.
The confirmation of the obtained effects for PCM PW/Cq, is an im-
portant step for their introduction in the industry since an increase
in the phase transition total enthalpy of PCM will allow to increase
the efficiency of TES systems and to reduce their mass and size.
Further studying of PCM PW/EG is important to find a rational
content of EG. The reasonable content of EG can significantly in-
crease the thermal conductivity of PCM, which will improve the ef-
ficiency of TES systems.

5. CONCLUSION

The experimental setup of a new design for measuring the compo-
site PCMs caloric properties was created. Setup advantages are the
simple design, low cost (compared to adiabatic calorimeter or dif-
ferential scanning calorimeter), and visualization of the sample dur-
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ing the experiment. The setup applying is appropriate for estima-
tion of expediency of further studying of composite PCMs.

It was shown that the EG content (0.111 g-g™') in PW (melting
point 53.5°C) contributes to a slight decrease in the temperatures of
start and finish of the phase transition (0.5—-2.0°C), on the other
hand, the presence of Cg (0.000936 g-g') does not affect this pa-
rameter. The phase transition total enthalpy for PW/EG was 15—
21% less and for PW/Cq, was 7-16% higher than for pure PW. A
qualitatively similar effects of Cq and EG were observed for the
specific isobaric heat capacity of the liquid phase of the objects of
study: the EG contributed to decreasing the heat capacity of PW by
10-16% ; oppositely, C4, presence in PW increases its heat capacity
by 7-15% . The obtained effects can be explained by both presences
of the CNSs themselves, and structural changes in the PW caused
by CNSs.

The expediency of further studies of composite PCMs from
PW/CNSs to confirm the obtained effects for PW/Cy, and to find a
rational fraction of EG in PW/EG was proven.

ACKNOWLEDGMENT

The authors are grateful to the National Research Foundation of
Ukraine (project No. 2020.02/0125) for financial support of this
study.

REFERENCES

1. K. Faraj, M. Khaled, J. Faraj, F. Hachem, and C. Castelain, J. Energy Stor-
age, 33: 101913 (2021); https://doi.org/10.1016/j.est.2020.101913

2. P. K. S. Rathore and S. K. Shukla, Renewable Energy, 176: 295 (2021);
https://doi.org/10.1016/j.renene.2021.05.068

3. 0. Khliyeva, V. Zhelezny, A. Paskal, Ya. Hlek, and D. Ivchenko, East.-Eur.
J. Enterp. Technol., 4, No. 5 (112): 12 (2021);
https://doi.org/10.15587/1729-4061.2021.239065

4. 0. Khliyeva, V. Zhelezny, A. Nikulin, M. Lapardin, D. Ivchenko, and
E. Palomo del Barrio, Proc. 11" Int. Conf. ‘Nanomaterials: Applications &
Properties’ (September 5—11, 2021, Odesa, Ukraine ), TPNS04-2;
https://doi.org/10.1109/NAP51885.2021.9568522

5. N. O. Mchedlov-Petrossyan, Chemical Reviews, 113, No. 7: 5149 (2013);
https://doi.org/10.1021/cr3005026

6. Y. Zhao, L. Jin, B. Zou, G. Qiao, T. Zhang, L. Cong, F. Jiang, C. Li,
Y. Huang, and Y. Ding, Appl. Therm. Eng., 171: 115015 (2020);
https://doi.org/10.1016/j.applthermaleng.2020.115015

7. X. L. Wang, B. Li, Z. G. Qu, J. F. Zhang, and Z. G. Jin, Int. J. Heat Mass
Transfer, 155: 119853 (2020);
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119853


https://doi.org/10.1016/j.est.2020.101913
https://doi.org/10.1016/j.renene.2021.05.068
https://doi.org/10.1109/NAP51885.2021.9568522
https://doi.org/10.1021/cr3005026
https://www.sciencedirect.com/science/article/abs/pii/S1359431119373016#!
https://www.sciencedirect.com/science/article/abs/pii/S1359431119373016#!
https://www.sciencedirect.com/science/article/abs/pii/S1359431119373016#!
https://doi.org/10.1016/j.applthermaleng.2020.115015
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119853

760

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Yana HLEK, Olga KHLIYEVA, Dmytro IVCHENKO et al.

C. Li, B. Zhang, and Q. Liu, J. Energy Storage, 29: 101339 (2020);
https://doi.org/10.1016/j.est.2020.101339

M. Kenisarin, K. Mahkamov, F. Kahwash, and I. Makhkamova, Sol. Energy
Mater. Sol. Cells, 200: 110026 (2019);
https://doi.org/10.1016/j.s0lmat.2019.110026

A. Sari and A. Karaipekli, Appl. Therm. Eng., 27, Iss. 8-9: 1271 (2007);
https://doi.org/10.1016/j.applthermaleng.2006.11.004

Y. Grosu, Y. Zhao, A. Giacomello, S. Meloni, J. L. Dauvergne, A. Nikulin,
E. Palomo, D. Yulong, and A. Faik, Appl. Energy, 269: 115088 (2020);
doi.org/10.1016/j.apenergy.2020.115088

R. S. Ruoff, D. S. Tse, R. Malhotra, and D. C. Lorents, J. Phys. Chem., 97:
3379 (1993); https://doi.org/10.1021/j100115a049

L. Klintberg, M. Svedberg, F. Nikolajeff, and G. Thornell, Sens. Actuators
A, 103, Iss. 3: 307 (2003); https://doi.org/10.1016/S0924-4247(02)00403-X
J. DeSain, B. Brady, K. Metzler, and T. Curtiss, Proc. 45"
AIAA/ASME/SAE/ASEE Joint Propulsion Conf. & Exhibit (August, 2009,
Denver, Colorado ), AIAA 2009-5115; https://doi.org/10.2514/6.2009-5115
A. Sharma, S. D. Sharma, and D. Buddhi, Energy Convers. Manage., 14:
1923 (2002); https://doi.org/10.1016/S0196-8904(01)00131-5

M. Freund, R. Csicos, S. Keszthelyi, and G. Y. Mozes, Paraffin Products:
Properties, Technologies, Applications (Amsterdam: Elsevier: 1982), p. 335.
N. Ukrainczyk, S. Kurajica, and J. Sipusi¢, Chem. Biochem. Eng. @, 24,
No. 2: 129 (2010).

B. N. Taylor and C. E. Kuyatt, Guidelines for Evaluating and Expressing
the Uncertainty of NIST Measurement Results. NIST Technical Note 1297
1994 Edition (Washington: NIST: 1994), p. 20.

G. Fang, M. Yu, K. Meng, F. Shang, and X. Tan, Energy & Fuels, 34,

No. 8: 10109 (2020); https://doi.org/10.1021/acs.energyfuels.0c00955

B. M. Ginzburg, S. Tuichiev, and S. K. Tabarov, J. Macromol. Sci. Part B:
Phys., 52, Iss. 6: 773 (2013);
https://doi.org/10.1080,/00222348.2012.721654

B. M. Ginzburg, S. Tuichiev, D. Rashidov, F. H. Sodikov, S. H. Tabarov,
and A. A. Shepelevskii, J. Macromol. Sci. Part B: Phys., 54, Iss. 5: 5633
(2015); https://doi.org/10.1080,/00222348.2015.1010635

V. P. Zhelezny, K. Y. Khanchych, I. V. Motovoy, and A. S. Nikulina, J.
Mol. Lig., 328: 115416 (2021);
https://doi.org/10.1016/j.molliq.2021.115416

V. P. Zhelezny, K. Y. Khanchych, I. V. Motovoy, and A. S. Nikulina,

J. Mol. Lig., 338: 116629 (2021);
https://doi.org/10.1016/j.molliq.2021.116629

A. W. Kuziel, G. Dzido, R. Turczyn, R. G. Jedrysiak, A. Kolanowska,

A. Tracz, W. Zieba, A. Cyganiuk, A. P. Terzyk, and S. Boncel, J. Energy
Storage, 36: 102396 (2021); https://doi.org/10.1016/j.est.2021.102396


https://doi.org/10.1016/j.est.2020.101339
https://doi.org/10.1016/j.solmat.2019.110026
https://doi.org/10.1016/j.applthermaleng.2006.11.004
https://doi.org/10.1016/j.apenergy.2020.115088
https://doi.org/10.1021/j100115a049
https://doi.org/10.1016/S0924-4247(02)00403-X
https://doi.org/10.2514/6.2009-5115
https://doi.org/10.1016/S0196-8904(01)00131-5
https://doi.org/10.1021/acs.energyfuels.0c00955
https://doi.org/10.1080/00222348.2012.721654
https://doi.org/10.1080/00222348.2015.1010635
https://doi.org/10.1016/j.molliq.2021.115416
https://doi.org/10.1016/j.molliq.2021.116629
https://doi.org/10.1016/j.est.2021.102396

