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Expanded graphite (EG) is a promising component to improve the proper-
ties of the phase-change materials (PCMs) for thermal-energy storage
(TES) systems. The experimental study of the EG effect on the thermo-
physical properties of the paraffin wax (PW) and the heating and cooling
rates in experimental cell, which is a model of the TES system capsule, is
performed. Two samples of the PW-based composite PCM are prepared
using different methods: PW/EG#1 and PW/EG#2 containing 0.178 g-g™!
and 0.111 g-g! of EG, respectively. The evacuation during the preparing
procedure contributes to more full filling of the EG pores with PW and
lower EG content in PCM. The EG presence in PW/EG#1 and PW/EG#2
contributes to the thermal-conductivity enhancement by 800% and 640%,
respectively, in the range under the PW melting point (53.5°C), and by
930% and 740%, respectively, in the range above 53.5°C. Duration of the
melting and heating from 48°C to 59°C of PW within the capsule is found
to be of 12.0 min. vs. 1.1 min. and 1.4 min. for the PW/EG#1 and
PW/EG#2, respectively. The heating duration from 30°C to 40°C of PW
is of 7.7 min. vs. 1.6 min. for both samples. The ‘jump’ of the density
and thermal-conductivity values are not observed for the PW containing
EG during transition of the PW melting point. It will contribute to both
the faster smoothing of the temperature field in the capsules of the TES
systems containing such PCM and the absence of the linear extensions of
capsules.

Tepmopoamupenuii rpadit (TPI') € mepcneKTUBHUM KOMIIOHEHTOM JJIS IIO-
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JIIIIIeHHA BJIACTUBOCTell MaTepianaiB 3 paszoBum mepexomom (MPII) 3 meToro
BUKODUCTAHHA IX y TEPMOaKyMyJATopax. IIpoBeleHO eKcHepuMeHTaJbHE
mocaimsxenHa BuauBy TPI' Ha Tennodisuuni BiacTtuBocTi napadiny Ta mBuU-
IKOCTi iioro HarpiBaHHA U OXOJOIKEHHA y eKCIepUMeHTaJbHi#l KoMmipii,
KA € MOJEJIEM KaIllCyJu TePMOAKyMyJATOpa. 3 BUKOPUCTAHHAM Di3HUX Te-
XHOJIOTiIi OyJIo BHUTOTOBJIEHO aBa 3pasku kKommosuTHoro MPII Ha ocHOBI
napapiny, — PW/EG#1 i PW/EG#2, — iz Bmicrom 0,178 rr' i 0,111
r-r ! TPT Bignosizmo. ITokasaHo, [0 BaKyyMyBaHHSA IIiJ] 9ac IPUTOTYBaHHSA
cupusie 6inpin moBHOMY 3anmoBHeHHIO napadinom mop TPT ta meHIomy BMi-
cry TPT' 8 M®II. Haasuicts TPT' 8 PW/EG#1 i PW/EG#2 cnpusana nia-
BUIlleHHIO TeronpoBiguoctu Ha 800% i 640% BigmoBimHO 3a TeMmepaTyp
HU)KYe TOUKH TomieHHA mapadiny (53,5°C). IligBuieHHsa TeImIonpoBigHOC-
™ gags PW/EG#1 i PW/EG#2 B giamasoni Bumie Temmeparypu 53,5°C
cranoBuyo 930% i 740% BigmoBimHo. TpuBadicTs HarpiBaHHA Ta TOIJIEHHS
Bim 48°C mo 59°C spaskiB y Kamcyai cramoBuyaa 12,0 xB. aasa mapadimy
mpotu 1,1 xB. i 1,4 xB. gna PW/EG#1 i PW/EG#2 signosiguo. Tpuna-
Jicte HarpiBy mapadiny Bim 30°C mo 40°C cranoBuaa 7,7 xB. mpotu 1,6 xB.
nnst 06ox 3paskiB. asa MPII i3 Bmicrom TPT' 3i 306iibIlieHHAM TeMIepary-
pu BUIIle TOUKMH TOIJIeHHSA mapadiHy He cIlocTepiraBcsa «CTPHUOOK» T'yCTHUHU
Ta TemonpoBigHocTu. Ile cupuATHMe 6iNbINI HMIBUAKOMY BUDPiBHIOBAHHIO Te-
MIIEPATYPHOTO TOJISI B KaIlCyJaX TePMOAKyMYJSATOPiB, IO 3allOBHEHi AOCIi-
mLoxenumu M®II, ta BigcyTHOCTI JiHiIfIHUX PO3MIUPEHDb KAICYJI.

Key words: industrial paraffin wax, expanded graphite, density, thermal
conductivity, heating and cooling rates, model of the capsule of thermal-
energy storage system.
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1. INTRODUCTION

Carbon nanomaterials are one of the most promising components
used to improve the thermal conductivity of the thermal storage
phase-change materials (PCMs) due to their chemical stability, low
corrosion activity, and high thermal conductivity [1]. However, ap-
plying carbon nanomaterials, such as fullerenes and carbon nano-
tube, has several disadvantages. The first problem is their high
cost. The second problem is their low stability to clusterization and
precipitation under composite PCM cyclic melting/solidification in
the TES system. At the same time, mentioned problems are not typ-
ical in case of using the rational fraction of the expanded graphite
(EG) as an additive to the PCM. Expanded graphite can be consid-
ered as one of the promising components for the composite PCMs
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[2]. The main advantages of the EG are its inexpensive and high
thermal conductivity.

The latent heat thermal energy storage (TES) systems are attrac-
tive in comparison with the sensible heat thermal-energy storage
due to inherent the high storage density with small temperature
swings and isothermal features during the charging/discharging
periods. However, main disadvantages of the TES are the low ther-
mal conductivity for the widespread PCMs, such as paraffin wax
(PW), as well as the higher cost per one joule of the energy storage.
To overcome this drawback, various approaches are studied now, for
example, the additives of the high-thermal-conductivity carbon na-
nomaterials into the PCM [3, 4]. Another complication of the im-
plementation in practice of the latent heat TES system is concerned
with the necessity of the additional analysis for the heat-transfer
processes in elements of the TES system containing promising
PCMs.

The thermal conductivity of the EG is varied in the range 4-70
WmtK? [5], 2-90 W-m K™ [6], or about 100 W-m K™ [7].
Therefore, it is expected a significant increase in the thermal con-
ductivity of composite PCMs containing EG. The FireCarb TEG-315
and FireCarb TEG-160 were used as EG (2, 4, and 6 wt.%), and PW
with melting temperature of 53—57°C was applied as the PCM in the
study [81. The thermal conductivity of composite PCM with 6 wt.%
of TEG-315 and TEG-160 was determined to be of 0.977 W-m “K™
and 1.263 W-m K}, respectively, vs. 0.258 W-m K™ for the pure
PW. An experimental study of the thermal conductivity for the
PW/EG containing the EG particles of various sizes (15—-25 wt.% of
EG) was performed in Ref. [9]. The thermal conductivity of PW/EG
with particles of 400 um in average diameter shows an enhancement
by 1360-1695% wvs. 90—-340% increment in the case of particles
with an average diameter less than 1 um. A greater increase in
thermal conductivity of EG/PW (88.7% vol. of PW) was shown in
Ref. [10]: 20.8 W-m K™ at 60°C, which is almost 70 times more
than for the pure PW. The analysis of studies [7—12] showed a sig-
nificant inequality in obtained effects of EG on thermal conductivi-
ty and the efficiency of heat transfer in composite PCMs.

The standard preparing method for the composite PCMs contain-
ing EG has not been developed yet. It may explain a significant var-
iation in obtained experimental data on the thermal conductivity
reported by different researchers for these composites. Analysis of
some studies [2, 8] shows that mixing of the PW and EG without
any additional treatment does not allow to obtain composite PCM
with appropriate properties for utilization in the TES systems.

Based on the performed analysis, it was decided to focus on eval-
uating the feasibility of using the EG as additives to the PW to
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create the composite PCM for the TES systems. Review of the ex-
perimental studies has demonstrated that utilizing the EG as an ad-
ditive to the PCMs contributes to an increase in the thermal con-
ductivity, but a decrease in the heat capacity of the composite
PCMs. At the same time, compromise between the high thermal
conductivity and large thermal capacity for PCMs is critically sig-
nificant for development of the TES systems [13]. The TES system
performance cannot be characterized by the latent heat and thermal
conductivity values of the PCM only. The temperature—time curve
for the capsule with the PCM during the heating and cooling pro-
cesses is practically important criterion for the assessment of the
TES system performance. Thus, analysis of both the thermophysical
properties of PCMs and the rate of temperature changing during
their heating and cooling in the model of the TES capsule can be
used as a comprehensive approach to the assessment of the PCMs’
effectiveness considering their method of preparation.

This paper is dedicated to the experimental study of the effect of
the EG on PW thermophysical properties and rate of changing its
temperature during heating (charging) and cooling (discharging). A
feature of the study is utilizing the experimental cell, which is a
model of the TES system capsule. The following tasks have been ex-
amined:

— to develop the method of the preparing the composite thermal
storage PCMs containing EG;

— to perform an experimental study of the thermophysical proper-
ties of the PW-based PCMs containing EG;

— to investigate experimentally the effect of the EG in PW on the
rate of changing its temperature during heating and cooling in two
modes: with phase transition solid—-liquid and without phase transi-
tion.

2. MATERIALS AND RESEARCH METHODS

The following materials have been used to prepare the investigated
samples:
— paraffin wax (industrial grade T-3, melting temperature 53.5°C,
made in Poland);
— expanded graphite (highly conductive expanded graphite powder
GFG200, supplier the SGL Sigratherm, Germany, purity not less
than 95 wt.%, D,, determined by sieve analysis—200 um, powder
bulk density 100 g-sm™).
The image of pristine sample of the EG is presented in Fig. 1.
The densities of the PW in the temperature range from 0 to 46°C
and PW/EG#1 in the temperature range from 15 to 75°C were
measured by pycnometer method for the solid phase with additional
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Fig. 1. Image of the powder of EG in the pycnometer.

filling of the pycnometer by distilled water. The density of the PW
liquid phase in the temperature range from 55 to 72°C was meas-
ured by pycnometer method. The measurement of the density of
samples was performed as follows:

— without previously sample treatment for the PW in liquid and
solid phases;

— with previously evacuation at 0.1 bar (for removing dissolved
air) for the PW, PW/EG#1, and PW/EG#2 in the solid phase.

For characterization of the obtained composite PCM (complete-
ness of filling of the EG pores with PW), the porosity of the sam-
ples (volume fraction of pores filled with air) was calculated as fol-
lows:

€=1-Ppwre exp/pPW/EG add ? (1)

where Ppypg e, 8N Ppyipg e are the densities of the composite
PCM, which were measured and calculated by additivity rule, re-
spectively.

The ‘real’ EG density (without pores) was assumed equal to 2.20
g-sm°. This value was taken based on data reported elsewhere: x-
ray density of the graphite—2.24 g-sm™ [14, 15], the real density of
EG as filler—2.25 g-sm™® [16], true density of the EG by SGL Car-
bon (the same EG purchaser as in presented study)—2.190 g-sm™
[17].

Thermal conductivity measurements for the solid samples were
performed using a precision devise Hot Disk TPS 2500 S (according
to standards ISO 22007-2) with sensor All Kapton (d = 2 mm) meant
for isotropic samples. Instrumental uncertainty does not exceed
5% . The measurements were performed for various combinations of
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the samples for the same PCM type (two samples for one measure-
ment) in the temperature range from 20 to 70°C for the PW/EG#1
and PW/EG#2 samples and at the one temperature of 22°C for the
pure PW. The obtained values of the thermal conductivity were av-
eraged for each PCM type.

The thermal conductivity of the liquid PW in the temperature
range 55—77°C was examined using measuring cell that implements
the transient hot-wire method [18]. Instrumental uncertainty in
that experiment does not exceed 2.0%.

The results of caloric-properties’ measurement for the PW and
PW/EG#2 are presented in Ref. [19].

Experimental setup and measurements method for investigation
the temperature—time curve for the capsule with the PCM sample
during heating and cooling are described in detail in Ref. [20]. The
experimental cell made from copper was considered as model of the
capsule for the TES system (Fig. 2). An absolute thermocouple was
installed in the middle of the height of the cell on its axis. Thermo-
couple readings were recorded by Pisotest M3500A multimeter. Un-
certainty of the temperature measurement was evaluated as 0.5°C.

Two modes were examined for heating and cooling of the PCM
samples:

| — 5
el
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|
o
%
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L =
2= =
el —
V 7
230

Fig. 2. Scheme of the measuring cell: 1—copper shell; 2—thin-walled capil-
laries; 3—sealing gasket; 4—cover; 5—tube; 6—sample; 7—thermocouple.
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1) the mode with a phase transition—the measuring cell filled with
the PCM sample was heated from 48 to 59°C in the centre of the
cell after dipping into the water of 59°C, and after that, the cell
was cooled from 59 to 48°C after dipping into the water of 48°C;
2) the mode without phase transition—the measuring cell filled with
the PCM sample was heated from 30 to 40°C in the centre of the
cell after dipping into the water of 40°C, and after that, the cell
was cooled from 40 to 30°C after dipping into the water of 30°C.
The experiment was conducted under convection boundary condi-
tions (the constant heat-transfer coefficient from cell to water in
the thermostat). The thermal resistances of both the measuring cell
wall and the heat transfer from water to the wall were insignificant
compared to the thermal resistance of the PCM layer in the cell.

3. PREPARING METHODS OF OBJECT OF STUDY

Two approaches to preparing the composite PCM containing EG
were used. The first method is based on the pristine EG mixing
with melted PW (70-75°C) and mechanical stirring of the compo-
nents. No previous treatment of components was implemented in
this case. The obtained sample denotes in the figures and text as
the PW/EG#1. The second method is based on EG heating (up to
700°C) with evacuation (0.1 bar of abs. pressure) for 15 min., fol-
lowed by mixing preevacuated melted PW (70-75°C) and evacuation
of the obtained composite PCM at 65°C for 30 min. The obtained
sample denotes in the figures and text as the PW/EG#2.

A rapid separation into the pure PW and PW containing EG with
a clear interface was observed for two hours after preparing and
keeping both samples at 70-75°C (Fig. 3). It was assumed that sta-
ble and almost filled by the 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. All weighing
was performed using the Model GR 300 electronic balance with an
instrument uncertainty of 0.5 mg.

The images of PCM samples in the form of pellets and the mass
fractions of EG in the PW/EG#1 and PW/EG#2 samples, which
were obtained after removing and weighing the upper layer of pure
PW, are presented in Table.

The sample PW/EG#1 prepared without preliminary evacuation
of the pristine components was characterized by high mass fraction
of the EG. The PW/EG#1 contains 0.178 g-g! of EG vs. 0.111 g-g!
for PW/EG#2 (Table). High content of the EG in PW/EG#1 indi-
rectly confirms the presence in sample of the volume zones contain-
ing only EG with air in pores. The studies [8, 21-23] demonstrated
that the ‘optimal’ mass fraction of EG in PW may vary in range 7—
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Fig. 3. Images of the PW/EG#2 sample (a clear interface between
PW/EG#2 sample and pure PW after preparation).

TABLE. Characteristics of the PCM samples.

Labelling in the | EG mass fraction, Images of the composite
figures and text gg! thermal storage PCM

PW 0
PW/EG#1 0.178
PW/EG#2 0.111

10 wt.% . The low EG content can lead to its precipitation in the
PCM, but high EG content contributes the anisotropic thermal con-
ductivity and low enthalpy of melting. The problem of choice the
‘optimal’ EG mass fraction requires additional examination.
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It was also observed that the PW pellets poorly hold up their
original shape with sharp edges during preservation, when ambient
temperature fluctuated in the range 20-35°C in contrast to the
PW/EG#1 and PW/EG#2 pellets (Table presents sample images af-
ter their preservation for one month at the temperature up to
35°C). Keeping the shape by composites PW/EG#1 and PW/EG#2,
when the PW is softened, can be useful from a practical point of
view. The phase transition will not be followed by a significant (ap-
proximately 10% [24] as for PW) change in the volume of the com-
posite PCMs containing the EG. This simplifies the design of PCM
capsules by the absence of the compensators for their linear size-
changing [25]. The additional advantage of the obtained composites
PCMs is a decrease in the PW leakage at the temperatures above
the melting point [9].

4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. Density and Air Content
The results obtained for the samples’ density in the solid and liquid

phases are presented in Fig. 4.
The measured values of the PW density in the liquid and solid

1.00

0.90

p, g-cm™

0.85

o PW exp. (without vac.)

e PW exp. (vac.) — PW fit. :
® PW/EG#1 exp. o PW/EGH#2 exp. |
—— PW/EG#I fit. ---- PW/EG#] add.
— e PW[24] e PW[26] e
0.75 PR VI NI SR SR EAVE EAVE SR M £ TP PR RPN B P |

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
t, °C

0.80

Fig. 4. Temperature dependence of the density for solid and liquid phases
for the pure PW, PW/EG#1 and PW/EG#2 as well as for industrial-grade
PWs with ¢,=52.0-54.0°C [24] and ¢,, = 48.0-50.0°C [26].
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phases are in a good agreement with the reference data obtained for
industrial PW with close melting temperature (Fig. 4).

The density of solid PW was measured twice: with preliminary
evacuation of the samples and without preevacuation. The tempera-
ture dependences of the PW density (Fig. 4) obtained by two meas-
urements are almost equidistant with a difference of approximately
0.03 g-cm™®. This difference can be explained by presence of the dis-
solved air in the non-preevacuated PW sample.

The ‘jump’ of the density was not observed for the PW/EG#1
during the transition of the PW melting point. As a result, signifi-
cant deviations of the density values for the PW/EG#1 calculated
by additivity rule and obtained experimentally were found. This
fact can be explained as follows. During composite PCM preparation
(at the temperature of above 70°C), the EG skeleton with liquid PW
between the EG particles and in their pores is formed. The EG skel-
eton insignificantly changes its volume with temperature decreases.
At that, the PW can crystallize under existing conditions with
forming the ‘loose’ structure (that differs from the structure that
is formed during crystallization in free volume) or may crack and
sucks the air. The mentioned above is also confirmed by deviation
of the experimental and calculated data by additivity rule for the
density of the PW/EG#1 that is the greater, when temperature is
lower. The opposite deviation of the experimental and calculated by
additivity data for the PW/EG#1 in the range above the PW melt-
ing point (55—75°C) can be explained by presence of air in the liquid
PW during its density measurement, while the measurement of the
PW/EG#1 density in the same temperature range was performed
after preevacuation.

The porosity (air content) for the samples PW/EG#1 and
PW/EG#2 was evaluated at the temperature of 17°C. The calculat-
ed value of porosity depends on the temperature (change in the PW
crystal structure and PW deaeration can occur with temperature
variation). However, the evaluation of PCMs porosity at the one
temperature is reasonable to previous analysis of the composite
PCM preparing methods.

The calculation results have shown that the fraction of the pores
that not filled by PW in the PW/EG#1 sample was of 7.50 vol.%
vs. 4.75 vol.% for the PW/EG#2 sample. Consequently, utilizing
the method with evacuation, the PCM components for sample prep-
aration resulted in a higher filling degree of the EG pores with PW.
The greater degree of the EG pores filling by PW may lead to high-
er thermal conductivity and specific heat capacity of the composite
PCM (at equal content of EG).

There are several explanations for relatively high air content in
the obtained PCM. Liquid PW may have high dissolved air content
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[27—-29] that prevents the complete filling of EG pores during com-
posite PCM preparation. In addition, the air is leaked in cracks in
the solid PW that formed during its contraction at crystallization
[27-30]. To the best knowledge of the authors, there are no studies
that denote the investigation of the air content in the PW during
preparation and thermophysical-properties’ measurements of the
PW-based composite PCMs. However, there are studies [27, 28, 31],
in which this problem is highlighted. In Ref. [27], it was supposed
to melt paraffin under a vacuum and fill the heat sink with it layer-
by-layer to ensure the absence of internal voids or air bubbles. In
Ref. [28], it was noted that, before the thermal-conductivity meas-
urement, the liquid n-octadecane as PCM should be degassed care-
fully. The probability of further air solving and it leaked in at crys-
tallization during industrial applying of PCMs has no considered in
Refs. [27, 28]. In Ref. [31], to address this serious issue connected
with the ability of changing the PW properties by dissolved air
presence, the choice of a suitable container for PCM was proposed.

4.2. Thermal Conductivity

The results of thermal conductivity measurement for samples in the
solid and liquid phases are presented in Fig. 5.

The measured values of the PW thermal conductivity in the liq-
uid and solid phases are in a good agreement with reference data

i..| © PWexp.
o PW/EG#1 exp.
| © PW/EG#2 exp.
e PW[24]
® PW[32]

k, W-m LK

0BT e T ees e e
020 | ;- [PW melting point| -
S 10 15 20 25 30 35 40 45 50 55 60 65 70 75
t, °C

Fig. 5. Temperature dependence of the thermal conductivity for the pure
PW, PW/EG#1, and PW/EG#2, as well as for industrial-grade PWs with
t,=52.0-54.0°C [24] and ¢, = 53.0°C [32].
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obtained for the industrial PW with close melting temperatures
(Fig. 5).

The average value of the thermal conductivity for the solid phase
(20-50°C) of PW/EG#1 increased by 800% vs. thermal conductivi-
ty of pure PW. For the PW/EG#2, the thermal conductivity en-
hancement was found of about 640% . Enhancement of the thermal
conductivity for PW/EG#1 and PW/EG#2 in the range above PW
melting point (60-70°C) was of 930% and 740%, respectively, in
comparison with the pure PW. The greater effect of the EGG on the
thermal conductivity enhancement in the range above PW melting
point (60-70°C) vs. range 20—-50°C can be explained in following
manner. Firstly, main mechanism of the heat transfer in the
PW/EG is thermal conductivity through the EG skeleton. Thus, the
thermal conductivity of the pure PW has insignificant influence on
the effective thermal conductivity of the composite PCM. This can
explain the absence of a ‘jump’ in the thermal conductivity of
PW/EG#1 and PW/EG#2 during the transition through the PW
melting point. Secondly, to measure the thermal conductivity of sol-
id and liquid samples, different methods were applied. For pure PW
in the liquid phase, the ‘true’ thermal conductivity was measured
(at the absence of convection). Another method was used in the
temperature range of 60-70°C for the PW/EG#1 and PW/EG#2
samples. The effective thermal conductivity was measured. The con-
tribution of microconvection to the thermal conductivity increasing
cannot be excluded in this method (although this contribution is in-
significant).

4.3. The Rates of Heating and Cooling

Figure 5 shows the temperature change during the charging (heat-
ing) and discharging (cooling) processes in the measuring cell cen-
tre. The results for two or three series of measurements for each
object of study in all experimental modes are presented. The tem-
perature—time dependence for the pure PW was considered in detail
in Ref. [20] and then was used as a baseline characteristic to assess
the influence of the EG on the composite PCM heating and cooling
rates.

As can be seen from Fig. 6, the PW/EG#1 and PW/EG#2 sam-
ples have a significantly higher heating rate compared to pure PW.
The melting and heating duration from 48°C to 59°C was deter-
mined as of about 12.0 minutes for the sample of pure PW (Fig. 7).
For the PW/EG#1 and PW/EG#2 samples, the heating times were
significantly lower—of about 1.1 minutes and 1.4 minutes, respec-
tively. The heating rate in the range from 30°C to 40°C was of
about 1.6 minutes for both PW/EG#1 and PW/EG#2 samples vs.
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Fig. 6. Time dependence of the temperature of PCM in the centre of the
measuring cell: a—at the mode with phase transition; b—at the mode
without phase transition.
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Fig. 7. Determination of the heating time at the mode with phase transi-
tion: a—for PW; b—for PW/EG#1 and PW/EG#2.

7.7 minutes for the pure PW sample (Fig. 8). It was shown that the
heating rate due to adding the EG in PW increased by 8.6-10.9
times in the mode with phase transition and in 4.8 times in the
mode without phase transition.

The smaller effect of the EG on the heating rate of the
PW/EG#1 and PW/EG#2 samples in the mode without the phase
transitions vs. mode with phase transitions can be explained by the
following. The thermal conductivity of the PW liquid phase is less
than that of the solid phase (Fig. 5). This difference (even in the
presence of convection) contributes to a decrease in the heat-
transfer rate in the PW sample in the mode with the phase transi-
tion vs. mode without phase transition. However, in the PW/EG
composite, the heat is transferred through the EG skeleton, and the
thermal conductivity of PW has an insignificant effect on the over-
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Fig. 8. Determination of the heating time at the mode without phase tran-
sition: a—for PW; b—for PW/EG#1 and PW/EG#2.

all rate of heat transfer. Convection of the liquid PW in composite
PW/EG is negligible (due to small size of the EG pores and space
between the EG particles as well as the high viscosity of liquid PW
[33D).

Heating curves’ shape in the mode with a phase transition for the
PW and PW/EG is different (Figs. 6, 7). Recorded rapid tempera-
ture change (54.5-56°C) for the PW heating is absent for PW con-
taining EG (Fig. 6). This temperature ‘jump’ for the PW can be ex-
plained in following manner. At the reaching the melting point in
the centre of the sample, the liquid PW at the top of the cell had an
overheated state relative to its melting point. Therefore, after melt-
ing the PW in the cell centre, the heat was supplied from the top of
the cell to the centre with the currents of the molten PW [20] (Fig.
6). The absence of temperature ‘jump’ for the samples PW/EG#1
and PW/EG#2 is explained by absence of the bottom-up convective
currents of the liquid PW. The thermal conductivity through the
EG skeleton and EG granules is a main heat-transfer mechanism.
This fact has practical importance, since using the PW/EG as PCM
will contribute to the faster smoothing of the temperature field of
capsules with PCM that is important for capsules for the TES sys-
tems in the form of vertical tubes.

Despite a higher value of thermal conductivity of PW/EG#1 uvs.
PW/EG#2 (Fig. 5), there is no significant difference between the
charging and discharging times for capsule with these composite
PCM. The obtained effect can be explained as follows. The rate of
the temperature-field variation at the transient heat transfer in the
solid phase is determined by wvalue of its thermal diffusivity
o= k/(pcp), where p is density [kg-m™]; ¢, is specific heat capacity
[kJ-kg - K™']. The measurement of the PW and PW/EG#2 caloric
properties [19] showed the decreasing both the specific isobaric heat
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capacity of the liquid phase by 10-16% and the total phase-
transition enthalpy by 15-21% for the PW containing the 0.111
g-g ' of EG vs. pure PW. That is, increasing the content of EG con-
tributes to both the increasing the thermal conductivity and the de-
creasing the caloric properties of the composite PCM.

Based on discussed results, it can be stated the feasibility of fu-
ture studying the prospects of using EG as additives to the PW.
Further studies of the rational content of the EG in PW are re-
quired (the fraction of EG in PCM may be different depending on
their application). It should also be noted the necessity of develop-
ing a general criterion that combines both technological characteris-
tics of the PCM (its thermophysical properties and the rates of
heating and cooling of the capsules with PCM) as well as economic
factors. In addition, the possibility of the CFD simulation of the
processes for charging and discharging a capsule filled with compo-
site PCMs containing EG based on using its thermophysical proper-
ties remains unclear. This question also needs further examination.

5. CONCLUSIONS

This study assesses the feasibility of utilizing the composite PW-
based PCM containing the EG in the TES system. For this purpose,
a comprehensive experimental study of the effect of EG on the PW
thermophysical properties and the rate of changing its temperature
during heating and cooling was performed. The following conclusion
can be formulated based on the results obtained:

— two samples of PW-based composite PCM were prepared using
different methods: PW/EG#1 containing 0.178 g-g* of EG (prepar-
ing without evacuation of the components) and PW/EG#2 with
0.111 g-.g' of EG (preparing with components’ evacuation); the
evacuation process provides more complete filling of the EG pores
with PW and less content of EG in PCM (air content in PW/EG#1
was of 7.50 vol.% vs. 4.75 vol.% in PW/EG#2);

— the densities of PW/EG#1 and PW/EG#2 are greater than the
PW density, but their variation does not correspond to additivity
rule; it was not observed the ‘jump’ of the density for PW-
containing EG during the transition of the PW melting point;

— the thermal conductivity average value of solid phase (20—50°C)
for the PW/EG#1 and PW/EG#2 is increased by 800% and 640%,
respectively, compared to the pure PW; enhancement of the thermal
conductivity for PW/EG#1 and PW/EG#2 in the range above PW
melting point (60—70°C) was of 930% and 740%, respectively, com-
pared to the pure PW.

— the melting and heating duration from 48°C to 59°C for the PW
in model of the capsule TES system was of about 12.0 minutes vs.



998 Vitaly ZHELEZNY, Olga KHLIYEVA, Yana HLEK et al.

about 1.1 and 1.4 minutes for the PW/EG#1 and PW/EG#2, re-
spectively; the heating duration from 30 to 40°C for the PW was of
about 7.7 minutes vs. about 1.6 minutes for both PW/EG#1 and
PW/EG#2; the main heat-transfer mechanism in PW/EG is thermal
conductivity through the EG skeleton; the bottom-up convective
currents of liquid PW are absent; this fact will contribute to the
faster smoothing of the temperature field of capsules with PCM
PW/EG in TES systems;

— the increase in the EG mass fraction in the PW leads to en-
hancement of the composite PCM thermal conductivity, but does
not lead to a significant increase in the heating and cooling rates of
the capsule with the PCM; the obtained effect is explained by dete-
rioration of the caloric properties for the composite PCM with in-
creasing content of the EG; selection of the rational EG mass frac-
tion in the PW to obtain the effective composite PCM for the TES
requires further investigation.
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