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|| Abstract

The phase change thermal control method is now widely used in aircraft thermal protection due to its high
energy density, constant temperature control, flexible operation, and many other advantages.'* However, ther-
mal conductivity of most current phase change materials is low in phase transition process.””'® This paper will
add high thermal nanoparticles to phase change material in order to enhance the thermal conductivity, which,
however, has some problems, such as settlement in the macro, reunion at the micro, etc. These problems also
influence the improvement of the thermal conductivity. In view of this, a dispersing agent was introduced to
these phase change materials, and then the mixed solution was subjected to ultrasonic dispersion. According to
the test results, this treatment was effective in maximizing thermal conductivity of the composite phase change

materials.
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Introduction

The interior thermal environment is very important for the
normal operation of aircraft. The interior equipment of air-
craft generally requires temperatures in the normal range.
For some detectors, such as infrared detectors, telescopes
and others, a very low background temperature is usually
required to decrease the thermal noise of background. In
contrast, for some structural parts, temperature uniformity
should be ensured in order to prevent thermal deformation
of control structure members. To solve these problems,
many methods for controlling temperature have been de-
veloped, of which phase change thermal control structure
is a widely used method.

Phase change thermal control can absorb or emit a lot of
heat through the phase transition process of the phase
change materials,"" and thus provide or absorb heat for the
spacecraft under harsh conditions of electronic compo-
nents. This feature of phase change materials can ensure
that aircraft work at an appropriate temperature. Further, if
carbon foam is chosen as filling skeletons of phase change
materials, the thermal conductivity of phase change ma-
terials can be significantly enhanced and thus realize the
rapid absorption or release of heat. On this basis, if nan-
oparticles of high thermal conductivity are added to the
phase change materials, the modified nanoparticles can
significantly improve the thermal conductivity of the mate-
rials,”>"* which, however, has some problems such as set-
tlement in the macro, reunion at the micro, etc.

In this paper, the mechanism enhancing the thermal con-
ductivity of nanoparticles is explored. To overcome the

* Corresponding author: Dr Jia Yu
e-mail: 15146622389@163.com

settlement of phase change materials, a dispersant is add-
ed to the composite phase change materials containing
nanoparticles, and the appropriate ratio is determined.
Furthermore, ultrasonic dispersion is conducted in order
to disperse the nanomaterials more evenly.”

Experimental

The production of composite phase change material
consists of melting a solid phase change material at first,
then carbon graphite foam is impregnated in the molten
phase change material under vacuum conditions, and fi-
nally cooled and solidified. Fig. 1 is a SEM photograph of
a graphite carbon foam, showing the layered structure of
typical graphite characteristics. In this paper, acetamide
has been selected as the phase change material, because
it has a larger phase change latent heat, chemical stability,
reusability, and low cost advantages.

— Electron micrograph of carbon graphite foam

Fig. 1
Slika 1 — Elektronska mikrografija grafitne uglji¢ne pjene
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Based on a literature review, the thermal conductivity of
phase change material can be improved by adding nano-
particles to the molten phase change material. Therefore,
in this study, nanoparticles were used to dissolve the phase
change material, then the composite materials were im-
pregnated by carbon graphite foam to produce a compos-
ite phase change material containing nanoparticles, and
the improvement of thermal conductivity was verified by
experiments and simulation.

Nano-AIN, carbon nanotubes and graphene were selected
as nanomaterials. AIN particle has a spherical shape, car-
bon nanotubes have one-dimensional elongated tubular
shape, graphene has two-dimensional sheet structure — all
three materials have different spatial structure. The three
types of nanomaterial and their properties are shown in
Table 1.

Table T — Nanomaterial properties
Tablica 7 — Svojstva nanomaterijala
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By measuring the thermal conductivity of the composite
material containing nanoparticles, it can be seen that the
thermal conductivity of composite materials increases with
graphene nanoparticles content, as shown in Fig. 2.
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Fig. 2 — Acetamide—graphene-carbon foam thermal conductiv-
ity

Slika 2 — Toplinska provodnost ugljicne pjene s acetamidom i
grafenom
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While adding the nanoparticles can improve the thermal
conductivity of the composite, there are new problems in
the process of adding nanoparticles, and these problems
influence the improvement of the thermal conductivity of
the composite material, which needs careful analysis and
resolve.

Firstly, with the composite materials there occurs settle-
ment under the influence of gravity after adding a large
number of nanoparticles, thus affecting the thermal con-
ductivity of the composite material. Therefore, we need to
add a dispersant to improve the dispersion effect. In this
paper, oleic acid was chosen as a dispersant. As oleic acid
is a good dispersing agent, it can prevent mutual aggrega-
tion of particles, it is compatibility with the base fluid and
particles, it has good thermal stability; it does not affect the
performance of products; it is non-toxic and inexpensive;
it is more hydrophilic and lipophilic. As shown in Figs. 3
and 4, after the addition of oleic acid, the thermal conduc-
tivity of the composites (each containing aluminum nitride
nanoparticles), the carbon nanotube nanoparticles and
graphene nanoparticles show a certain upgrade.
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Fig. 3 —Thermal conductivity of acetamide before adding the
dispersant
Slika 3 — Toplinska provodnost acetamida prije dodavanja disper-
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Fig. 4 - Thermal conductivity of acetamide after adding the dis-
persant
Slika 4 — Toplinska provodnost acetamida s disperzantom
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Secondly, in accordance with the single molecule adsorp-
tion principle formed on the surface of the dispersant mol-
ecules and nano-materials, when carbon nanotubes are
dispersed, the theoretical amount of oleic acid in aceta-
mide is calculated as follows:

Suppose the carbon nanotubes have a diameter of
10-15 nm and a length of 100 nm—1 um. In accordance
with the cylindrical structure analysis, the surface area of
upper and lower circularities is omitted.

Volume of carbon nanotube:
V=mn-(15/2-10"m)3?*-10°m = 1.77-102 m?

Mass of carbon nanotube: m = p-v = 1.48-107" kg
Surface area of the carbon nanotube: s = 9.42-107"* m?

Theoretical specific surface area: s/m= 636.86 m?g™'

Due to high surface energy of nanoparticles, exotic atom
adsorption, less layer of intertwined carbon nanotubes and
other reasons, it is difficult to obtain the theoretical value
of perfect dispersion under laboratory conditions. Accord-
ing to literature, the specific surface area of the carbon na-
notube is 166.31 m?g™" at varying degrees of dispersion,
and the cross-section of the polar tail of the oleic acid
molecule is 4-1072° m?. Thus, the oleic acid that can be
adsorbed on the surface of 1 g of nanoparticles is approxi-
mately N = 3.66-10°".

n = 3.66-10"/6.022-10% mol™ = 6.08- 102 mol
m = 283 gmol™-6.08-107 mol = 1.72 g
(relative molecular mass of oleic acid is 283)

Based on the above theoretical calculation, the mass of
oleic acid dispersant is 1.7 times that of the nanoparticles.

Graphene and carbon nanotubes are made of similar ma-
terials, so the calculation method for graphene and car-
bon nanotubes requires the similar amount of oleic acid.
The specific surface area of available graphene particles
is 166.3 m? g' according to the particle size analyser
test. However, there is a gap between the real value of
the specific surface area and the value of the particle size
analyser test, because the liquid particles are considered
spherical when the particle size analyser is in operation.
While graphene has a two-dimensional sheet structure, it
is known that in the same volume, the surface area of the
sphere is the smallest, so the real data is much greater than
166.3 m? g™'. Since we were unable to obtain the exact
specific surface area of materials used in the experiment,
we used 360-450 m? g™' as the amount of calculation,
which was provided by the seller when the materials were
bought. We can use the same method to calculate the
mass of dispersant of graphene nanoparticles, which is 3.2
times higher. The specific surface area of nano-aluminum
nitride is greater than 75 m?g™", so we can use the same
method to calculate the mass of dispersant of aluminum
nitride nanoparticles, which is 0.6 times higher.

Finally, we rendered the nanoparticles uniformly dispersed
in the macro, although the addition of a dispersing agent,
even under the influence of gravity, the composite material
does not precipitate after a period of standstill. However,
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nanoparticle aggregates will still occur at the microscopic
level, thus affecting the thermal conductivity of the com-
posite materials. Therefore, in order to impact and pene-
trate particles in the solution persistently, it was necessary
to use ultrasound, resulting in high local temperature and
pressure or strong shock waves and micro-jet. While ultra-
sound causes the vibration of molecules in the medium,
these vibrations can greatly weaken the energy between
the nanoparticles, leading single nanoparticle of agglomer-
ation to flake off in the solution, so that the nanoparticles
spread out. This paper takes aluminum nitride nanoparti-
cles and carbon nanotubes nanoparticles as an example,
analyses the relationship between ultrasound time and the
average particle size of nanoparticles.

The HYL-2080-automatic laser particle-size analyser was
used for measuring particle size of materials. The volume
average diameter was represented by the average volume
of all particles per volume, which might represent the av-
erage size of dispersed particles. Acetamide was used as
a phase change material, oleic acid as dispersant, and the
ultrasound power was set at 1500 W. The relationship be-
tween the volume average particle diameter of AIN and
ultrasonic irradiation time is shown in Table 2:

Table 2 — Changes of the volume average particle diameter with
ultrasonic irradiation time

Tablica 2 — Promjena prosje¢nog volumnog promjera Cestica s
trajanjem sonifikacije

Sonication  \(AIN) = 1% w(AIN) =2% w(AIN) = 5%
tlmg/njln
sonilacie/ | Averageprile volume damcer/m
min
20 37.45 40.36 5.279
30 7.623 13.11 3.399
60 1.702 1.145 1.277
90 1.466 1.394 1.282
110 1.722 1.293 1.267
130 1.392 1.312 1.212

As shown in Table 2, after 90 minutes of ultrasound, dif-
ferent amounts of nanoparticles can all be dispersed suffi-
ciently. From the economic and efficiency perspective, the
ultrasonic irradiation time of 90 minutes is a reasonable
time.

Fig. 5 shows the particle size distribution of carbon nano-
tube particles with ultrasonic irradiation time. At the begin-
ning, the average particle size of agglomerated nanoparti-
cles gradually decreases with time, and nanoparticles of
larger size are dispersed. In this case, the volume average
diameter declines from 72.58 pm to 56.94 pm, and carbon
nanotube aggregates of large size gradually disperse un-
til complete disappearance. After ultrasonic dispersion for
60 minutes, the average particle diameter of carbon nano-
tubes gradually stabilizes at 20 um or less. At this moment,
the distribution of particle size range of carbon nanotube
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Fig. 5 - Particle size distribution of carbon nanotube particles
with ultrasonic irradiation time

Slika 5 — Raspodijela veli¢ine cestica ugljikovih nanocjevcica u
ovisnosti o trajanju izlaganja ultrazvuku

groups is homogeneous, and every particle size range is
stabilized. The decentralized system can obtain a smaller
particle size after more than 1.5 h, but beyond that time,
it is not possible to further enhance the ultrasound effect.

Results and discussion

Through previous experiments, we found that adding nan-
oparticles to composite phase change material can improve
its thermal conductivity. Simulation analysis was carried
out in order to understand the mechanism of enhanced
thermal conductivity of nanoparticles by ANSYS, and the
simulation results were compared with the experimental
results. Here, nanoscale graphene was chosen as nanopar-
ticles, and acetamide was selected as the phase change
material. The graphene was reduced to 2 nm side of the
square, and its thickness was taken as the average value,
i.e., 4 nm. In order to reduce calculation amount, only the
rotation in the xy plane of the graphene was considered.
The graphene centre coordinate and inclination angle in
the xy plane were randomly generated with MATLAB. Ac-
cording to the actual situation, there was only an overlap
but no intersection between the graphene particles.

Fig. 6 shows the 3D model of PCM—graphene. Since the
model does not change the direction of thickness, it can be
further simplified as a two-dimensional model, as shown
in Fig. 7 (@), in which the volume fraction of graphene is
T % (mass fraction of 2 %). To study the effect of graphene
shape on heat transfer, a spherical shape with a diame-
ter of 40 nm can be established. Except the shape, other
properties of the virtual particle model (Fig. 7 (b)) are the
same as those of the PCM—graphene model. As shown in
Fig. 7 (b), the volume fraction of virtual particles is 1 %.

From Fig. 7, although the fraction of graphene is very low,
it partially forms a thermally conductive path, which is very
beneficial for heat transfer. In contrast, if the graphene is of
spherical shape, the particles are distributed substantially
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Fig. 6 — PCM-graphene 3D model
Slika 6 — 3D-model PCM-a s grafenom

Fig. 7 - Simulation models of (a) PCM—graphene and (b) PCM-
virtual particles

Slika 7 — Simulacija modela PCM-a s: (a) grafenom, (b) virtualnim
Cesticama

independently in the material and cannot form a thermally
conductive path although the content of virtual particles is
the same as that of graphene.

Fig. 8 presents a phase change material — carbon foam
model, in which the yellow part is the carbon foam skele-
ton and the translucent body is the phase change material
around the carbon foam skeleton. This model is obtained
through Boolean operations of a set of interconnected balls
(Fig. 9) and a cube. It can adjust carbon foam porosity and
pore size by adjusting the distance between the centre and
the radius of the spheres. Herein, the porosity of the mod-
el is 90.18 % and the pore size is 400 pm.

As can be seen from the temperature cloud in Fig. 10,
temperature distribution becomes very tortuous due to
heat transfer enhancement of graphene, and the heat
of graphene is far greater than that of the phase change
material. When the distance of the phase change ma-
terial between two graphene particles is short, the heat
flow greatly increases, which is conducive to the trans-
fer of heat between the graphene and the formation of
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Fig. 8 —PCM-carbon foam model
Slika 8 — Model uglji¢ne pjene s PCM-om

a thermally conductive path. The temperature contour of
Fig. 11 (a) is similar to that of pure material. A relatively
high heat concentrates on the particles in the heat cloud
of Fig. 11 (b), whereas the rest of the heat is very low. This
indicates that the heat transfer enhancement effect of
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Fig. 9 - Interconnected balls
Slika 9 — Povezane kuglice

virtual particles is small. The thermal conductivity values
of particle simulation of PCM—graphene and PCM-vir-
tual without considering thermal contact resistance are
2.7566 Wm™K™" and 0.4380 Wm™K" (that of pure
acetamide is 0.4289 Wm™ K™), respectively. It is noticed
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Fig. 10 —(a) PCM-graphene heat transfer simulation temperature contours; (b) PCM—-graphene heat

transfer simulation of cloud
Slika 10 —

(@) Simulacija temperature presjeka PCM-a s grafenom pri prijenosu topline; (b) simulacija pri-

jenosa topline u PCM-u s grafenom u oblaku
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Slika 17 — (a) Simulacija prijenosa topline PCM-a s virtualnim cesticama; (b) simulacija prijenosa topline

u PCM-u s virtualnim ¢esticama
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Fig. 12— Numerical simulation of carbon foam phase change material: (a) model; (b) temperature

cloud

Slika 12 — Numericka simulacija ugljicne pjene fazno promjenljivog materijala: (a) model; (b) tempe-

raturni oblak

that virtual particles and graphene have the same thermal
conductivity and volume fraction in the simulation models,
and that the only difference lies in their geometrical shape,
namely the former is of spherical shape and the latter is
of sheet shape. That is to say, the enhancement effect of
sheet materials on thermal conductivity is much higher
than that of traditional granular materials.
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Fig. 13 — Acetamide—carbon foam thermal conductivity changes

Slika 13 — Promjena toplinske provodnosti ugljicne pjene s ace-
tamidom
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Fig. 14 —Thermal conductivity changes of simulation and exper-
iment

Slika 14 — Simulirana i eksperimentalna promjena toplinske pro-
vodnosti

Fig. 12 shows PCM—carbon foam heat transfer simulation.
This paper simulates the thermal conductivity of different
graphene content samples based on this model. The sim-
ulation results are shown in Fig. 13. The simulation results
in comparison with the experimental results with the ad-
dition of graphene nanoparticles is shown in Fig. 14. The
trend curve of simulation and experimental results of the
thermal conductivity is consistent, and the thermal con-
ductivity increases.
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Fig. 15 —Thermal conductivity of composite phase change ma-
terial

Slika 15 — Toplinska provodnost kompozitnog fazno promjenlji-
vog materijala

Finally, this paper compares thermal conductivity of com-
posite phase change material after addition of a dispersing
agent and ultrasonic dispersion with thermal conductivity
of composite phase change material before a addition of
a dispersing agent and ultrasonic dispersion under differ-
ent graphene content conditions, as shown in Fig. 15. After
adding a dispersing agent and ultrasonic dispersion, the
thermal conductivity of the composite phase change ma-
terials has a certain upgrade.

Conclusions

In this research, nanoparticles were added to the molten
phase change material, then an appropriate amount of dis-
persant was added to the composite material in order to
improve the dispersion, followed by ultrasonic dispersion,
and finally graphite carbon foam was impregnated in the
molten composite material, cooled, and solidified. The
phase change material composite of higher thermal con-
ductivity was prepared. Some conclusions can be drawn,
as follows:

The addition of the nanoparticles to phase change material
can improve its thermal conductivity.

The addition of a dispersant can improve dispersion of na-
nomaterials in the phase change materials. The appropri-
ate amount of dispersant can be derived from theoretical
calculations.

The average particle size of the composite phase-change
material solution are reduced and the dispersion effect is
improved after ultrasonic treatment, through experimental
analysis that shows 90 minutes as the best ultrasound time.
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The thermal conductivity curve of simulation and exper-
imental results of composite phase change material have
the same trend — the thermal conductivity increases with
the addition of nanoparticles. Compared to the compos-
ite phase change material with only nanoparticles added,
the composite phase change material has a higher thermal
conductivity after addition of a dispersing agent and ultra-
sonic dispersion.
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List of abbreviations and symbols
Popis kratica i simbola

CnTs - carbon nanotubes
— ugljikove nanocijevi
GnPs  — graphene nanoparticles
— nanocestice grafena
PCM - phase-change material
— fazno promjenjivi materijal
m — mass, kg
— masa, kg
N — number of particles
— broj cestica
n — amount of substance, mol
— mnozina tvari, mol
s —surface area, m?
— plostina, m?
vV —volume, m?
— obujam, m?
w — mass fraction, %
— maseni udjel, %
p — density, kg m3
— gustoca, kg m—3
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SAZETAK

Priprava i karakterizacija kompozitnog
fazno promjenljivog materijala s nanocCesticama
Jia Yu,” Zhichao Yu, Chenlong Tang, Xuan Chen, Qingfei Song i Li Kong

Toplinska kontrola fazno promjenljivim materijalima danas se Siroko primjenjuje u toplinskoj za-
stiti letjelica zbog visoke gustoce energije, stalne temperaturne kontrole, fleksibilnog upravljanja
i mnogih drugih prednosti. Nedostatak vecine fazno promjenjivih materijala koji se sada upotre-
bljavaju je niska toplinska provodnost tijekom faznog prijelaza.

U ovom su radu fazno promjenjivom materijalu dodane dodane nanocestice izvrsnih termickih
svojstava da bi se povecala toplinska provodnost, ali se u tom slucaju pojavljuju drugi problemi,
npr. slijeganje u makroskopskom mijerilu, udruzivanje u mikroskopskom... Te pojave takoder utje-
¢u na toplinsku provodnost. Stoga je u fazno promjenjivi materijal dodan disperzant, a smjesa je
dispergirana ultrazvukom. Ovakvom je obradom maksimizirana toplinska provodnost kompozit-
nog fazno promjenljivog materijala.
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