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Abstract: Eutectic phase change material (EPCM), compared with single phase change material
(PCM), is widely studied by many scholars due to its flexibility in practical engineering applications by
the characteristic of changing phase change temperatures. However, there is still a lack of theoretical
prediction research on the thermal performance parameters of EPCM. The existing theories about
EPCM are unable to accurately predict its thermal performance parameters, which increases the
difficulty of selecting the composition ratio of EPCM and affects its practical application. Based
on a background of the accurate prediction of EPCM thermal parameters, 12 binary EPCMs, and
7 ternary EPCMs are prepared by mixing capric acid, n-octanoic acid and tetradecane with different
proportions, respectively. By using the cooling curves and DSC test, the variation patterns in thermal
performance parameters of EPCMs are studied. After comparing various thermodynamic models,
the Schrader model was selected and combined with experimental results to compare and calculate
the experimental and theoretical values of thermal performance parameters. The results show that
the binary PCM reaches the minimum eutectic point of 1.42 °C at a mass ratio of 0.33:0.67 for capric
acid to n-octanoic acid, while the ternary PCM reaches the minimum eutectic point of 0.34 °C at a
mass ratio of 0.231:0.469:0.3 for capric acid, n-octanoic acid, and n-tetradecane. The latent heat of a
EPCM is between the lowest and highest values of the latent heat of the constituent components, and
its value increases with the enhancement of the overall thermal storage density of the material. The
modified Schrader equations can effectively predict the phase change temperatures and latent heats
of EPCMs at different composition ratios. The equation has a fitting accuracy of over 0.986 and a bias
error of less than 6%, demonstrating excellent accuracy and providing a reliable theoretical basis for
the proportion design and thermal parameter prediction of EPCM in actual engineering applications.

Keywords: EPCM; eutectic proportion; thermal parameter prediction; Schrader equations

1. Introduction

In recent years, due to the excessive use of fossil fuels, the energy crisis and greenhouse
effect have become global issues [1]. In response to this problem, scientists have proposed
many solutions, among which latent heat thermal storage (LHTES) technology based on the
use of phase change material (PCM) is the most effective one [2]. The principle of LHTES
is to store excess heat energy when the temperature rises, and release the stored heat
energy when the temperature drops, through the heat storage and release characteristics
of PCM. Thus, during the temperature change process, the entire system can maintain
the predetermined target temperature with lower energy consumption. At present, this
technology, which has high engineering application value, is widely applied in industrial
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heat recovery, light emitting diode, building, and low-temperature cold storage [3-7].
Conducting in-depth research and application on PCM and latent heat storage technology
can effectively solve the problem of energy imbalance between space and time, improve the
efficiency in thermal energy utilization during the production process, and reduce energy
consumption across various industries. Thus, the severe energy crisis and environmental
issues facing humanity today can be effectively alleviated.

PCMs used in LHTES can be divided into three types according to the application
directions: low temperature, medium temperature, and high temperature [8]. Among
them, low-temperature PCM has a significant application demand in cold storage air
conditioning, cold chain transportation, and low-temperature preservation, and the existing
development depth is the shallowest, with the widest research prospects [9,10]. In addition,
low-temperature PCM can also be divided into solid-liquid PCM, liquid-gas PCM, and
solid-solid PCM according to the type of phase change [11]. Among them, liquid-gas PCM
and solid-solid PCM have the disadvantages of excessive volume change and low latent
heat during phase change, which are not conducive to practical application. Therefore,
solid-liquid PCM is the most commonly used material type among them. Moreover, the
commonly used solid-liquid PCM can be divided into three types based on their chemical
composition: organic PCM, inorganic PCM, and eutectic PCM (EPCM) [12]. Inorganic
phase change materials have advantages such as low cost and good thermal conductivity,
but their phase change temperature is usually high and not suitable for low-temperature
latent heat storage technology [13,14]. Organic PCM not only offers the advantages of high
phase change latent heat, low corrosiveness, and high chemical stability, but also has a
wider range of selectable phase change temperatures [15]. However, the phase change
temperature of a single organic PCM is still immutable, making it difficult to flexibly
adapt to the needs of actual latent heat storage technology. Therefore, preparing EPCM
from various organic PCMs through melt blending can flexibly change the phase change
temperature of the material while inheriting the advantages of organic PCM, in order to
better integrate with practical engineering applications [16].

Due to the promising application prospects and the flexible ability for adjusting phase
change point, low-temperature EPCMs have been widely studied by scholars. Philip [17]
prepared a high thermal conductivity eutectic phase change cold storage material using
lauryl alcohol and hexadecyl alcohol. When the mass ratio of lauryl alcohol to hexadecyl
alcohol is 80:20, the binary PCM exhibits a phase change temperature of 20.01 °C and a
phase change latent heat of 191.63 J/g. Zhou [18] produced a low-temperature EPCM
by using a binary eutectic mixture of octanoic acid and myristic acid (OA-MA) as the
base liquid and expanded graphite EG as the structure. With the mass ratio of OA-MA to
EG being 93:7, the phase change temperature of OA-MA /EG is 6.8 °C, the latent heat is
136.3 J/g. Ke [19] obtained a series of multicomponent fatty acid eutectic compounds using
five fatty acids such as capric acid (CA), lauric acid (LA), cinnamic acid (MA), palmitic acid
(PA), and stearic acid (SA) through theoretical calculations using the Schrader equation.
The mass ratio of eutectic fatty acids was analyzed and verified through eutectic phase
diagrams and differential scanning calorimetry (DSC). The research results indicate that
the phase change temperature and hot melting of the prepared fatty acid eutectic gradually
decrease with the increase of component fraction in the mixture.

Although many scholars have achieved significant results in studying the perfor-
mance of EPCM. However, in order to meet the increasingly complex requirements in
practical applications, the number of components in EPCM is also increasing. This makes
it extremely difficult to implement the original exhaustive method, which uses the DSC
method to measure the thermal parameters of EPCM within the full range to determine
the required composition ratio. However, existing thermodynamic theories cannot accu-
rately and quickly predict the performance parameters of EPCM under multi-component
conditions. This issue increases the difficulty of selecting the mix proportion in EPCM
in engineering and also hinders its practical application. In this context, this article pre-
pared low-temperature multicomponent EPCM using three organic PCMs: capric acid,
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n-octanoic acid, and n-tetradecane as raw materials. The thermal performance of EPCM
was studied through methods such as cooling curve and DSC, and based on this data, an
appropriate thermal performance parameter prediction model was proposed to provide
theoretical support for the selection of EPCM mix proportions and performance prediction
in practical engineering.

2. Materials and Methods
2.1. Raw Materials

In this research, capric acid (AR, 99% purity), n-octanoic acid (AR, 99% purity), and
n-tetradecane (AR, 98% purity) are all produced by McLean Biochemical Technology Co.,

Ltd., Shanghai, China, and the thermal and chemical properties of these three raw materials
are given in Table 1.

Table 1. The thermal and chemical properties of raw PCMs.

Density Molecular Melting Latent Flash Water
(g/mL) Weight Point (°C) Heat (J-g~1) Point (°C) Solubility (g/L)
Capric acid 0.8858 172.26 31.5 172.8 121.8 0.15
N-octanoic acid 091 144.21 16.5 149.9 130 0.68
N-tetradecane 0.763 198.39 6 219.6 101 0

2.2. Preparation of EPCMs
2.2.1. Mix Proportions of EPCMs

According to existing research [20], the preparation of multi-component EPCM should
be carried out sequentially from low to high number of components. Therefore, binary
PCM was initially prepared by mixing capric acid and n-octanoic acid, and then a certain
amount of binary PCM was melted and blended with n-tetradecane to prepare ternary
EPCM. To cover the lowest eutectic point of the material as much as possible, the mass
fraction of capric acid, n-octanoic acid, n-tetradecane, and binary PCM varies from 20% to
80% when preparing EPCM [21]. Based on this, the composition ratios of binary PCM and
ternary PCM were designed and listed in Tables 2 and 3.

Table 2. The composition ratios of binary PCM.

B-1 B-2 B-3 B-4 B-5 B-6 B-7
Capric acid (wt%) 20 30 40 50 60 70 80
N-octanoic Acid (wt%) 80 70 60 50 40 30 20

Table 3. The composition ratios of ternary PCM.

T-1 T-2 T-3 T-4 T-5 T-6 T-7
Binary PCM (wt%) 20 30 40 50 60 70 80
N-tetradecane (wt%) 80 70 60 50 40 30 20

2.2.2. Preparation Methods of EPCMs

According to the data in Table 2, a specific quantity of capric acid and n-octanoic acid
is measured and transferred into separate beakers. Then, the DF-101T constant temperature
heating magnetic stirrer manufactured by Shanghai Lichen Bangxi Instrument Technology
Co., Ltd. (Shanghai, China) is used to heat these two beakers to 60 °C. Subsequently, the
heated capric acid is transferred into n-octanoic acid using a glass rod. Finally, the mixture
is heated in a water bath at 60 °C and stir for 1 h to complete the preparation of binary PCM.
After the above steps are completed, the quantitative binary PCM is heated according to
the mixing ratio shown in Table 3 to 40 °C and transferred to n-tetradecane using a glass
rod. Next, the mixture was continuously heated and stirred at 40 °C for 1 h to obtain a
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stable ternary PCM temperature measurement sample (as shown in Figure 1). During the
preparation of all EPCM, the rotor speed of the magnetic stirrer was set to 1300 rpm [22].

Capric Acid
+

N-octanoic Acid
+

N-tetradecane

The ternary PCM sample

Heating magnetic stirrer

Figure 1. Preparation process of ternary PCM temperature measurement samples.

2.3. Experimental Methods
2.3.1. Cooling Curve Test

The cooling curve test is a method used to measure temperature changes during
material cooling at a constant low temperature, which can easily and quickly compare
the phase change temperature differences of EPCM under different composition ratios.
This method can determine the composition ratio of the eutectic mixture at the lowest
eutectic point in less time and at lower cost by reducing the frequency of DSC testing.
Before the start of testing, for each EPCM groups, 200 g of sample is taken and placed in a
plastic beaker. A T-shaped thermocouple wire is inserted into the center of the material
to measure the temperature value, and the insulated aluminum foil tape is then used
to secure the thermocouple wires and seal the beaker. All T-type thermocouple wires
are calibrated in a 40 °C water bath according to the method described in reference [23].
Before installing thermocouples, one should collect a set of calibration data and complete
secondary calibration after the experiment is completed to confirm consistency. After the
prepared temperature test sample is heated in a water bath to 40 °C, it is then transferred to
a TDR-28 rapid freeze-thaw box (manufactured by Gangyuan Testing Instrument Factory in
Tianjin, China) for cooling. During the cooling period, a SH-X multi-channel temperature
recorder was used to record the temperature fluctuations of all of the samples (as shown
in Figure 2). The data collection interval is 15 s, and the phase change temperature value
of the samples are taken as the average difference between five consecutive data points,
ensuring that it does not exceed 0.1 °C [24].

EPCM temperature T-type thermocouple wire

measurement sample
O
ooo
(=]
o

Temperature recorder

Freeze-thaw box
Figure 2. Cooling curve test schematic diagram.

2.3.2. DSC Analysis

Differential scanning calorimetry (DSC) is a testing technique used to measure the
amount of heat absorbed or released by a substance during its phase change process.
In this article, the TA SDT 650 thermal analyzer (as shown in Figure 3), manufactured
by TA Instruments, New Castle, DE, USA, is used for DSC analysis of EPCMs to obtain
accurate thermal performance parameters, including melting point, crystallization point,
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and melting enthalpy, for each sample. Before the test begins, the DSC instrument is
calibrated according to the method described in reference [25]. A total of 3 mg of indium
is placed in an aluminum dish and sealed tightly. A stamped empty disk is added as a
reference group. Two sets of samples are heated from 40 °C to 200 °C at a heating rate of
10 °C/min, and then cooled down to 100 °C at a cooling rate of 10 °C/min. During this
period, the nitrogen volume flow rate is set to 50 mL/min. After repeating this process
twice, the thermal parameter deviation and thermal parameter repeatability of the DSC
instrument are calibrated based on the two scanning results of the reference material. At
the beginning of the test, each sample is placed in a pure aluminum sealed dish and the
container is filled with argon gas. Subsequently, the sample is gradually heated from an
initial temperature of —30 °C to 30 °C at a heating rate of 5 °C/min. Finally, the sample is
cooled to —30 °C at the same rate of temperature change and terminate the test. The DSC
results are processed using the method described in reference [26] to obtain the accurate
phase transition temperature and enthalpy of EPCM, and the accuracy of the results meets
the requirements [27].

Figure 3. The DSC thermal analyzer.

2.3.3. FTIR Analysis

The chemical composition of a EPCM sample is analyzed by using the BRUKER
TENSOR 27 Fourier transform infrared spectrometer, manufactured by Bruker Corporation,
Billerica, MA, USA, to evaluate the chemical stability. Before starting the test, the samples
should be thoroughly dried in an oven at 100 °C £ 5 °C for 24 h. Additionally, the scanning
frequency and resolution of the spectrometer should be set to 64 and 4 cm ™!, respectively.

2.3.4. Thermodynamic Model

Generally speaking, the thermodynamic model of a multicomponent eutectic mixture can
be described by the Gibbs solid-liquid equilibrium equation proposed in references [28,29], as
shown in Equation (1):

AH; | T, Acyi T T

mﬁ%fn g (ot —1) )

Inx;y; =

where x;, v;, AH;, T;, and Acy,; represent the molar fraction, activity coefficient, melting
enthalpy, melting point, and solid-liquid specific heat difference of each of the component
i in the eutectic mixture, respectively; R is the general gas constant; and T is the overall
melting point of the eutectic mixture.

For the basic solid-liquid equilibrium equations mentioned above, many scholars have
made different parameter modifications and studies based on different perspectives to
obtain more suitable thermodynamic models. The main models studied are as follows:

(1)  Wilson Model
The Wilson model calculates the activity coefficients in the Gibbs equation using local

concentrations represented by volume fractions to correct the results [30]. The activity
coefficient equation obtained is as follows:
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where A is the Wilson equation parameter, which is used to revise the model result. The
calculation method of A is given by Equations (3)—(7):

Vi A Ay
Ajj = V] exp(illfw “) ®)
1
Vi A A
Aji = V] exp(T) 4)
2
Aji = _Z(AHi — RT) ®)
2
Ajj = =% (AH; = RT) ©)
Aji = Aij = Ajj ()

where V; and V; are the liquid phase molar volumes of the components i and j, respectively,
(L/mol); A is the intermolecular interaction energy (J/mol); and Z is the coordination
number of the central molecule, usually considered to be 10. From the above equation, it
can be seen that the Wilson model has a relatively accurate estimation of y; and is suitable
for completely miscible eutectic systems. However, due to the fact that the parameters A
need to be accurately estimated in a stable liquid phase, the Wilson model will not be able
to perform calculations in partial eutectic systems.

(2) NRTL Model

The NRTL model introduces multiple non-random parameters on the basis of the
Wilson model to further simulate the actual mixed eutectic process [31,32]. The calculation
equation is as follows:

C c
L TiGjixj G L 1;Gijx;
Iny — = i i=l 8
ny; C + Z Gux (Tl] c ) (8)
Y Guxp  j=1 TkTk Y Gyjxg
k=1 k=1
8ji — &8jj
Ti= TR ©)
Gji = exp(—aji - Tji) (10)

where the ¢ is similar to the parameter A in the Wilson equation and is used to characterize
the Gibbs energy of interactions between different molecules; and « is a parameter used to
describe the non-randomness of eutectic mixtures, generally taken as a = 0.3 in the absence
of experimental data; By introducing non-random parameters, the calculation accuracy
of the NRTL model is higher than that of the Wilson model. Moreover, the NRTL model
can be used in situations where the mixture is partially miscible, with a wider applicability.
However, in practical calculations, determining the value of « requires a large amount
of experimental data to support it. Therefore, in the absence of experimental data, the
high accuracy of the NRTL model only remains theoretical, which makes the practical
application of the NRTL model quite difficult.

(3) UNIQUAC Model

The UNIQUAC model divides the factors that affect the activity coefficient into binding
and residual factors based on the different molecular structures in eutectic mixtures, and
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also divides the activity coefficient into combination activity coefficient and residual activity
coefficient [33]. The calculation equation is as follows:

Iny; = Inv;¢ +InyR (11)
. . . c
g€ = ? 4 Zgan % 4 iy (1 (12)
xi 2 Pi i3
R - =0
Iny" =gi(1-In(}_0;7;) — ) ———) (13)
j=1 j=1 Z Qka]'
k=1
z
=5 (ri—q;) = (ri=1) (14)
e —
Ty = exp(— o) (15)
Xit;
gi= (16)
Xiri
=] I
o
0 = — iqi (17)
x. .
& i

where In ;€ is the combined activity coefficient of the component i, determined by the
size and shape of the molecule; In 'yiR is the residual activity coefficient of component i,
determined by the intermolecular energy interaction; r and g are the volume and surface
area parameters of the molecule, which can be calculated from the van der Waals vol-
ume and surface area of the molecule, respectively; Z is the lattice coordination number,
generally taken as 10; and u is the interaction energy between molecules, and its value is
determined by regression of experimental data. The UNIQUAC model divides the activity
coefficient into a combination part and a residual part, further considering the effects of
molecular shape, size, and interaction on the activity coefficient of eutectic mixtures. It is
more complex and has higher computational accuracy than the Wilson model and NRTL
model, and can be widely used in almost all multicomponent eutectic systems. But it
is obvious that the model introduces too many parameters that need to be calculated or
determined by experimental data, making the actual calculation process too cumbersome
and difficult to use.

(4) Ideal Schrader Model

For ideal solids and liquids, the specific heat difference of the solid and liquid phase
has little effect on thermodynamic equilibrium, so the ideal Schrader model suggests that
Acy,i = 0. In addition, the activity coefficient -y; of the Equation (1) are also ignored to reduce
computational complexity [34-36], and the final model is described in Equation (18):

AH;
RT,

(2 -1) 8)

lnxl- =

The ideal Schrader model simplifies many parameters in the Gibbs equation and can
directly establish the mathematical relationship between the basic characteristic parameters
of eutectic mixtures, such as molar fraction, melting enthalpy, and melting point, greatly
improving the simplicity of calculation. It is a highly suitable model for calculating and
predicting the thermal parameters of eutectic mixtures in practical engineering. Based on
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the second law of thermodynamics and phase equilibrium theory, the Schrader equation
for binary PCM can be described as follows:

T, — 1 Rlnxy -1
m = \T; ~ AH,

T, — 1 Rlnxg -1
m =\ T; — “AHg

where T, is the phase change temperature of the eutectic mixture, (K); T4 and Tp represent
the melting points of component A and component B, respectively, (K); R represents
the general gas constant, which is 8.314 J/mol-K; x4 and xp are the molar fractions of
component A and component B in the eutectic mixture, respectively, and x4 + xp =1, AH»4
and AHp represent the melting latent heats of component A and component B, respectively,
(J/mol). The principle of Equation (19) is that there is no chemical reaction between the
components of an ideal eutectic mixture, only physical binding occurs. The higher the
proportion of a certain component, the closer the final melting point of the eutectic mixture
will be to that component.

Therefore, there is a linear relationship between the phase change temperature and
composition ratio of eutectic mixtures, and there exists the lowest eutectic point of the
mixture at a specific composition ratio. Based on the above conclusion and Schrader
equation, a phase diagram of an ideal binary eutectic PCM can be drawn, as shown in
Figure 4. In Figure 4, the physical meanings of T4 and Tp are consistent with Equation (19),
Tg represents the lowest eutectic point of the mixture (K), and Xg is the composition ratio
when obtaining the lowest eutectic point. Since there is only physical eutectic between the
components of the eutectic mixture, EPCM exhibits different mixing states under different
composition ratios. The temperature of the curve is the melting point of the eutectic mixture,
which varies with the proportion of the mixture composition. The curve divides the phase
diagram into multiple regions, namely a liquid phase, solid phase + liquid phase, and solid
phase. When the mixture is in the liquid phase, its components can be completely mixed,
whereas when there is a solid phase, it is partially blended or completely immiscible. The
critical point for complete immiscibility and blending is the lowest eutectic point T, at
which each component of the mixture achieves the best eutectic effect, thus also possessing
the best solid-liquid phase change performance and chemical stability. Therefore, accurately
estimating the co-melting points of eutectic mixtures can provide important theoretical
support for the preparation and application of EPCM in practical engineering [37,38].

(19)

Liquid phase

T, (K)
T, (K)

Liquid phase + Solid phase

Solid phase

i
! Solid phase
~d

Composition

Xg

100% X, 100% X,

Figure 4. The phase diagram of an ideal binary PCM.
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Similar to the prediction method of melting point, the calculation theory of melting
enthalpy for binary organic eutectic mixtures can also be obtained through the Schrader
model, as shown in Equation (20):

" [ x;H; ; ; T
Hy=Tn-Y_ lT F X (0, Cps) In T’” (20)
i=1 ! 1

where H,, is the melting latent heat of the eutectic mixture, (J/mol); C;,l and c;,s represent
the liquid specific heat capacity and solid specific heat capacity of each of the i components
in the mixture, respectively, (J/kg-K).

By observing Equations (19) and (20), it can be seen that the melting point and latent
heat studied by the Schrader equation correspond to the two components of the binary
eutectic mixture. To solve the calculation of multi-component eutectic PCM (such as quater-
nary PCM and pentagonal PCM) using this method, the phase diagram of pseudo binary
eutectic can be drawn using equations. For example, when using the Schrader equation
to calculate the melting point of a ternary EPCM, the melting point of the binary PCM
after mixing two components can be first calculated, and then the binary PCM at a specific
composition ratio can be used as a component to calculate the melting point of the ternary
PCM together with the third component. The calculation method for multicomponent
eutectic compounds with a composition greater than three is similar.

Additionally, in existing studies, the DSC method is often used to experimentally de-
termine the melting point and latent heat value of EPCM. However, when the composition
ratio is refined and the number of components in the mixture increases (such as ternary
and quaternary), conducting a complete DSC analysis requires a significant amount of
time and capital costs. Thus, it is necessary to combine the Schrader model to predict the
thermal parameters of eutectic mixtures under different composition ratios, in order to
reduce the workload of DSC experiments. However, some studies have shown that due
to the simplification of some parameters, the ideal Schrader equation can only accurately
predict the eutectic point of EPCM, making it difficult to accurately estimate the thermal
performance parameters of the mixture. Therefore, using a small amount of DSC test results
to modify the ideal Schrader model to ensure the accuracy of its thermal parameter calcu-
lation results meets the requirements is an important prerequisite for using the Schrader
model for prediction. In this paper, based on the thermal parameter test results of eutectic
mixing under different composition ratios, the calculation equation of the ideal Schrader
model is improved to improve computational accuracy, which has important theoretical
significance for the engineering application and design preparation of such EPCM.

3. Results and Discussion

On the basis of completing the experimental method design, in this section, the cooling
curve testing, DSC testing, thermodynamic model analysis, and FTIR testing results of
the binary PCM and ternary PCM prepared will be studied and analyzed in order to
thoroughly explore the thermal parameter changes, eutectic effect, and compatibility with
thermodynamic models under different composition ratios of EPCM.

3.1. Thermal Properties of Binary PCM
3.1.1. Cooling Curve Test

The cooling curve test results of a binary PCM with different composition ratios are
shown in Figure 5 and Table 4. It can be observed that as the concentration of capric acid
increases, the temperature of the plateau section in the cooling curve initially decreases and
then increases, and the time needed for the samples to cool completely first increases and
then decreases. For the cooling curve of EPCM, a lower platform temperature represents a
lower melting point, while a longer cooling time indicates a stronger temperature control
ability of EPCM. It is not difficult to find that the B-2 group samples have both the lowest
melting point and the longest cooling time. In the B-2 group samples, the mass ratio of
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capric acid to n-octanoic acid is 3:7, indicating that EPCM has the lowest melting point at
this composition ratio.

404 ¢

30

20

Temperature/°C

-104-

0 20 40 60 80 100
Cooling time/min

Figure 5. The cooling curve test results of binary PCM [39].

Table 4. The platform section temperature and cooling time of binary PCM.

B-1 B-2 B-3 B-4 B-5 B-6 B-7
Platform temperature (°C) 3.51 1.85 4.02 5.63 7.72 10.28 12.58
Cooling time (min) 85 97 84 82 77 71 69

3.1.2. DSC Analysis

The cooling curve method can quickly compare and locate the mix proportions of
samples with the lowest eutectic point in eutectic mixtures. However, in order to further
refine and accurately determine, DSC is also needed to assist in analysis. According to the
test results of the cooling curve, the mix ratio for DSC testing of binary PCM is given in
Table 5.

Table 5. The composition ratio of DSC test samples for binary PCM.

D-1 D-2 B-2 D-3 D-4
Capric acid (wt%) 24% 27% 30% 33% 36%
N-octanoic acid (wt%) 76% 73% 70% 67% 64%

The results of the DSC test for binary PCM are shown in Figure 6. The peak with a
negative heat flow value in the DSC curve represents the melting peak of the PCM, while
the peak with a positive heat flow value indicates the crystallization peak. The melting
point or crystallization point of a material can be obtained based on the intersection point
of the tangent line of the peak and the baseline, while calculating the integral area between
the peak and the baseline can obtain the melting enthalpy and solidification enthalpy of
the material. The specific thermal performance parameters of the calculated samples are
shown in Table 6. The test results show that within the range of 24~36% capric acid content,
the melting point of the binary PCM shows a trend of first decreasing and then increasing,
while the latent heat of phase change demonstrates a trend of first increasing and then
decreasing. From this, it can be determined that when the mass ratio of capric acid to
n-octanoic acid is 0.33:0.37, this type of binary PCM obtains the lowest eutectic point. At
this point, EPCM has a minimum eutectic point of 1.42 °C and a minimum undercooling of
0.531, further indicating that the D-3 sample has the best eutectic effect.
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Figure 6. The DSC curves of binary PCM [40].
Table 6. The thermal parameters of the binary PCM.
Sample Melting Point (°C) Crystallizing Point (°C) Supercooling (°C) Melting Enthalpy (J/g)
D-1 2.83 1.458 1.372 116.8
D-2 1.96 1.121 0.839 119.6
B-2 1.73 1.093 0.637 128.2
D-3 1.42 0.889 0.531 126.1
D-4 1.67 1.052 0.618 1229

3.1.3. Thermodynamic Model Analysis

After obtaining the melting point and phase change latent heat of a binary PCM
through cooling curve testing and DSC testing, the theoretical analysis and verification of
the thermal performance of binary PCM were conducted based on the theory described in
Section 2.3.4. The eutectic phase diagram of binary PCM calculated theoretically is shown
in Figure 7. The point where the melting point curves of these two materials intersect is the
predicted lowest eutectic point Tg of the binary PCM [41]. The mass ratio of capric acid
to n-octanoic acid with the lowest eutectic point predicted by theory is 33.54:66.46, which
is very close to the composition ratio obtained from actual experiments, indicating the
feasibility of using the Schrader equation for theoretical prediction. But it is also evident
that the melting point of EPCM, calculated using the Schrader equation, is significantly
different from the experimental values. Therefore, it is necessary to modify the Schrader
equation in order to obtain more accurate geothermal performance parameters through
theoretical calculations.

For the Schrader equation for calculating the melting point of multivariate EPCM,
directly modifying the calculation method of mole fraction x; can lead to extremely complex
calculations and unsatisfactory results. Therefore, this article chooses a function law
based on experimental values and uncorrected theoretical values, and uses an exponential
equation to directly fit and correct the mixture melting point T, calculated by the Schrader
formula, in order to achieve a more accurate approximation of experimental values and
reduce computational difficulty. The corrected equation is shown in the Equation (21).

T — (L _ RlnxA)_
m Ta AH, )
_ (1 _ Rlnxg\~ 21
Tm - (TB - AHJ;B) ( )
TC = aT’” "—bTm +C

where T, is the predicted value of the corrected phase change temperature, (K); T), is
the predicted value of the uncorrected phase change temperature, (K); a, b and c are
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the parameters used to modify the equation; and the physical meanings of the other
parameters are consistent with those in Equation (20). According to the measured phase
change temperature T; obtained, the predicted value T, of the uncorrected phase change
temperature can be fitted to obtain the corrected parameters. The parameter fitting diagram
and fitting formula are shown in Figure 8 and Equation (22), respectively. The results show
that the correlation coefficient R? between T; and T, of binary PCM after data fitting is 0.99,
indicating that the fitting accuracy meets the requirements.

T. = 1.11217" + 0.4187T,, + 3.2796 (22)
w0d ;-—Cz;pric acid 77777777777777777777777777777777777777777
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Figure 7. The eutectic phase diagram of binary PCM.
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Figure 8. The parameter fitting diagram for melting point of binary PCM.

According to Equation (22), the corrected predicted phase change temperature T, can
be calculated, and the phase diagram comparison of T. and T; for binary PCM can be
drawn (as shown in Figure 9). Additionally, to further verify the accuracy of the corrected
predicted phase change temperature, a deviation coefficient by is introduced to characterize
the deviation between the experimental value and the predicted value [42]. The calculation
formula is shown in Equation (23):

T, — Tt

Z(Tc + Tt) (23)

b = |

where by represents the deviation coefficient between the experimental value of phase
change temperature and the predicted value of modified phase change temperature, used to
describe the degree of deviation between the two; T is the predicted value of the corrected
phase change temperature for binary PCM, (°C); and T; is the phase change temperature
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test value for binary PCM, (°C). The calculation results of the deviation coefficient are listed
in Table 7. From Figure 6 and Table 7, it can be seen that the T, and T; values of binary PCM
are very close under the same mass fraction of capric acid, and the deviation coefficients of
both are less than 0.06, indicating that the accuracy of the correction formula is acceptable.

14 4

12

10

Temperature (°C)

0 T l T T T I I
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Mass fraction of capric acid

Figure 9. The comparison of T, and T; for binary PCM.

Table 7. The deviation coefficients between T, and T; values of binary PCM.

Capric Acid (wt%) T, (°O) T; (°C) by
20 3.554 3.51 0.003099
24 2.829 2.83 0.000052
27 2.287 1.96 0.038474
30 1.745 1.73 0.002095
33 1.305 1.42 0.021103
36 2.021 1.67 0.047592
40 3.237 3.98 0.053971
50 5.62 5.63 0.000446
60 7.991 7.72 0.008615
70 10.28 10.28 0.000011
80 12.506 12.58 0.001472

3.1.4. FTIR Analysis

Figure 10 shows the FTIR spectrum test results of capric acid, n-octanoic acid, and
D-3 binary PCM. As shown in Figure 10, the peaks at 2955-2854 cm~!, 1705 cm™!,
1459-1412 cm~1, 1280-1203 cm~?, 934 cm ™!, and 723 cm™! of the D-3 sample with a
mass fraction of 33% capric acid are attributed to the O-H tensile vibration peak, C=O
tensile vibration peak, C-O-H in-plane bending vibration peak, C-O out-of-plane bending
vibration peak, and -CH, in-plane rocking vibration peak, respectively. These vibration
peaks are all come from the superposition of some vibration peaks in capric acid and
n-octanoic acid contained in the D-3 sample.

In addition, apart from the superimposed vibration peaks, the D-3 sample also exhib-
ited distinct vibration peak patterns for capric acid and n-octanoic acid. For example, the
peak at 1379 cm~! in the sample originates from the variable angle vibration peak of -CHj
in n-octanoic acid, while the peak at 1318 cm ™! is attributed to the tensile vibration of C-O
in capric acid. It is evident that the infrared vibration peaks observed in the D-3 sample
do not originate from the superposition of vibration peaks in capric acid and n-octanoic
acid, nor from the retention of unique vibration peaks in the two components. So, it can be
concluded that in the D-3 sample prepared by the melt blending method, there is no chem-
ical reaction between the components; only physical binding. Good physical co-melting
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effect is also an important guarantee for binary PCM to inherit the excellent thermal and
chemical stability properties of its components [43].
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Figure 10. The FTIR spectra of capric acid, n-octanoic acid, and D-3 binary PCM.

3.2. Thermal Properties of Ternary PCM
3.2.1. Cooling Curve Test

The cooling curve test results of ternary PCM under different composition ratios are
shown in Figure 11. Figure 11 shows that as the mass fraction of D-3 binary PCM and
n-tetradecane changes, the platform temperature of all ternary PCM fluctuates between
1.15 °C and 4.42 °C, and the cooling time varies between 105 and 135 min. It can be seen
that the range of change in phase change temperature is generally lower than that of
binary PCM, and the cooling time is also generally higher than that of binary PCM. This
indicates that the melting and mixing of binary PCM and n-tetradecane further strengthens
the eutectic effect between components, weakens the force between crystals, and further
reduces the temperature required for system melting. Meanwhile, according to the data
in Table 8, the latent heat of n-tetradecane is higher than that of the D-3 binary PCM.
Therefore, based on the results, the addition of n-tetradecane undoubtedly increases the
overall phase change latent heat of the ternary PCM, which proves that the time required
for the ternary PCM to cool to —15 °C is significantly reduced compared to the binary
PCM, and increases as the increase of n-tetradecane proportion. This result also proves,
from another perspective, that the addition of high latent heat components can effectively
enhance the overall phase change latent heat of eutectic mixtures during multi-component
melt blending. Looking at the overall cooling curve results, when the mass ratio of the
D-3 sample to n-tetradecane is 7:3, the ternary PCM exhibits the lowest phase change
temperature, indicating that it is the closest composition ratio to achieving the lowest
melting point for the ternary PCM.

Table 8. The platform section temperature and cooling time of ternary PCM.

T-1 T-2 T-3 T-4 T-5 T-6 T-7

Platform temperature (°C) 4.42 3.93 3.09 273 1.64 115 2.06
Cooling time (min) 130 135 127 121 117 112 105
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Figure 11. The cooling curve test results of ternary PCM.

3.2.2. DSC Analysis

The DSC test results of the ternary PCM are shown in Figure 12, and the specific
thermal parameters are given in Table 9. Firstly, it is worth noting that the DSC results of
the T-7 sample show two peaks on the melting curve and crystallization curve, respectively.
The weaker peaks are attributed to the solid-solid phase change process of the material,
while the stronger peaks represent the result of the solid-liquid phase change process [44].
As an EPCM with a good co-melting effect, the internal components should reach a state of
simultaneous melting and crystallization. Therefore, the sample should only show separate
melting and crystallization peaks during DSC analysis. When the eutectic effect between
components in EPCM is poor, it will lead to a certain degree of phase separation, dividing
the original phase transformation process into two parts, making it difficult to fully release
latent heat. Therefore, when mixing multiple EPCM components, the range of changes in
composition ratio should be strictly controlled.
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Figure 12. The DSC test results of ternary PCM.

It also can be seen that the melting point of ternary PCM first decreases and then
increases with the increase of D-3 sample proportion, and reaches the lowest co melting
point of 0.34 °C when the mass ratio of binary PCM to n-tetradecane is 7:3. The composition
ratio is consistent with the conclusion obtained from the cooling curve. At this melting
point, the mass ratio of capric acid to n-octanoic acid to n-tetradecane in the ternary
PCM is 0.231:0.469:0.3. In addition, the melting latent heat of ternary PCM monotonically
decreases with the addition of the proportion of binary PCM. Specifically, as the mass
fraction of binary PCM changes from 20% to 80%, the melting latent heat of ternary PCM
decreases from 197.8 J/g to 153.3 ] /g. It is evident that the proportion of high and low
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latent heat components has a completely positive correlation with the final latent heat of
the eutectic mixture.

Table 9. The thermal parameters of ternary PCM.

Melting Point Crystallizing Point Supercooling Melting Enthalpy

Sample /°C I°C /°C /g1
T1 143 “123 266 197.8
T2 117 “112 2.29 1925
T3 1.02 ~1.04 2.06 187.5
T4 0.84 ~1.01 185 181.8
5 0.62 —0.92 154 175.4
T6 034 —098 132 167.7
T7 053 29 237 153.3

It is also worth noting that the phase change temperature of the ternary PCM mea-
sured by DSC is slightly different from that measured by the cooling curve test, and the
comparison is shown in Figure 13. The phase change temperature measured by the cooling
curve is generally higher than that measured by DSC, with a maximum temperature differ-
ence of 2.99 °C. The difference is due to the different principles of the two testing methods.
The cooling curve test estimates the phase change temperature of the material through
the platform temperature during the cooling process, while DSC testing can accurately
measure thermal parameters such as material melting point, crystallization point, and
melting enthalpy. However, to determine the lowest eutectic point of EPCM, conducting
an overall DSC analysis is undoubtedly expensive and slow. Although the cooling curve
method cannot obtain accurate thermal parameters of EPCM, it can quickly compare the
phase change temperature of EPCM with different composition ratios, thus obtaining a
rough minimum eutectic ratio more quickly and conveniently. And the T-2 group with the
highest cooling time required in the step cooling curve, did not exhibit the highest latent
heat value in DSC testing, which may be related to the efficiency of latent heat utilization
and eutectic effect of each component in EPCM. The temperature control performance of
EPCM cannot be determined solely based on the magnitude of latent heat, but also needs
to be comprehensively evaluated in conjunction with other experimental results. Therefore,
in the collection of the lowest eutectic point of EPCM and the evaluation of its temperature
control performance, the cooling curve method should be combined with the DSC method
to achieve more scientific testing results, higher testing efficiency, and lower testing costs.

4.5 4 135

404 —— Cooling curve measurement
-~ 7‘ — @-- DSC measurement =430
|©) —
2 3.5 ou
@ ~
25
5 3 3
< 30 g
g P
s S
E- 254 20 &
:
& 207 15 5
= 7 =
] £
= 1.5 /‘ 7 5
b 77 i 0 =
2 1.0 / ~ 7 g
S 7 % ; f ol
2 7 A 0.5
0.5 7 Z 7
0.0 +—5 T = = . : . 0.0
T-1 T-2 T-3 T-4 T-5 T-6 T-7

Composition of ternary PCM
Figure 13. Comparison of phase change temperatures measured by different testing methods.

3.2.3. Thermodynamic Model Analysis

The conclusion in the previous text has proven that correcting the phase change
temperature T}, calculated by the Schrader equation can obtain a predicted phase change
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temperature value that is very close to the experimental value. Therefore, in this section,
the DSC data of the ternary PCM is further used to fit the modified Schrader equation to
obtain a theoretical model suitable for calculating the thermal performance parameters
of the ternary PCM. Similar to the derivation of binary PCM, the pseudo binary eutectic
phase diagram between D-3 binary PCM and n-tetradecane is first drawn, as shown in
Figure 14. According to the figure, when the mass ratio of binary PCM to n-tetradecane is
0.714:0.286, the ternary PCM reaches its lowest eutectic point. This ratio is very close to
the result of 0.7:0.3 measured by DSC, indicating that the prediction of the lowest eutectic
point by the Schrader formula is still applicable to multicomponent eutectic mixtures, such
as ternary PCM.
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Figure 14. The eutectic phase diagram of ternary PCM.

According to Equation (19), the predicted phase change temperature of the uncorrected
ternary PCM is calculated and fitted with the measured temperature obtained through
DSC, obtaining the corrected parameters for the predicted phase change temperature of the
ternary PCM. The fitting results are shown in Figure 15, and the correlation coefficient R?
of the fitting can reach 0.986, indicating that the fitting accuracy meets the requirements.
The final calculation formula for phase change temperature is listed in Equation (24).

T, — 1 Rlnxy -1
m=— \Ty AHy

-1
_ (1 _ Rl 24
Tin = (TT; - Arﬁ?) @)

T. = 0.9605m + 0.149T,, + 1.1797

1.6 4
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1.4 4 Drawing B
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098641

| Adjusted R-squared

T, (°C)

-2 20 -18 16 -14 -12 -0 -8 -6
L)

Figure 15. The parameter fitting diagram for melting point of ternary PCM.
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The corrected predicted phase change temperature values are compared with the
actual phase transition temperature values measured by DSC, and the results are shown
in Figure 16. Moreover, the deviation coefficient b, continued to be used to characterize
the degree of deviation between and within the ternary PCM, as shown in Table 10. It is
evident that all of the deviation coefficients b, are all less than 0.035, and the error of the
predicted values falls within an acceptable range, proving the accuracy and reliability of
the theory for calculating the melting point of ternary PCM.
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Figure 16. The comparison of T, and T; for ternary PCM.

Table 10. The deviation coefficients between T, and T; values of ternary PCM.

Binary PCM (wt%) T (°C) T: (°C) bx
20 1.389 1.43 0.007299
30 1.218 1.17 0.009963
40 1.033 1.02 0.003168
50 0.833 0.84 0.001979
60 0.617 0.62 0.001045
70 0.387 0.34 0.032241
80 0.467 0.53 0.031679

The experimental results in Section 3.2.2 show that the variation pattern of the latent
heat value of the ternary PCM is not consistent with the melting point. More specifically, the
latent heat value of ternary PCM does not reach the lowest value at a specific composition
ratio such as the melting point, but rather exhibits a corresponding positive correlation with
changes in the mass fraction of high latent heat components. Therefore, for the theoretical
prediction of the melting latent heat of ternary PCM, a parabolic equation rather than an
exponential model is used to make more appropriate modifications to the Schrader formula.
The designed latent heat value prediction formula is shown in the Equation (25).

n . .
Hy=Tyn- % xiH"—i—xw(cl —ct )'ln—T’”
m me LT i\ s T,
1=

H. = aH? +bH,, +c

(25)

where H, is the predicted value of the corrected phase change latent heat, (J/g); Hy is
the predicted value of the uncorrected phase change latent heat, (J/g); 4, b and c are the
parameters used to modify the equation; and the physical meanings of the other parameters
are consistent with those in Equation (20).

The fitting curve between the predicted and experimental values of the phase change
latent heat of the ternary PCM is shown in Figure 17. The fitting results show a correlation
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coefficient R? of 0.989, which strongly proves the accuracy and reliability of the phase
change latent heat prediction function. The revised phase change latent heat prediction
model is shown in Equation (26)

Hu =T, i Hi (e, — ) In T
m— im = T; i pl p,s T;

H. = —0.1018H2, + 21.8954H,, + 978.4207

(26)
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Figure 17. The parameter fitting diagram for latent heat of ternary PCM.

The comparison between the corrected predicted values and experimental values of
the phase change latent heat of the ternary PCM is shown in Figure 17 and the calculation
results of deviation coefficients are shown in Table 11. Figure 17 and Table 11 demonstrate
that the predicted values of phase change latent heat are very close to the experimental
values, with a maximum difference of no more than 3 J/g and a deviation coefficient of
by less than 0.004. This indicates that the model error is very small, and the method of
accurately predicting the overall phase change latent heat value of eutectic mixtures based
on the characteristic values of component latent heat is feasible.

Table 11. The deviation coefficients between H. and H; values of ternary PCM.

Binary PCM (wt%) H. (J/g) H; (J/g) by
20 196.7 197.8 0.001388
30 193.42 192.5 0.001187
40 188.64 187.5 0.001514
50 182.36 181.8 0.000771
60 174.57 175.4 0.001189
70 165.24 167.7 0.003692
80 155.15 153.3 0.002995

The prediction model for the phase change temperature and latent heat of ternary PCM
has been fully derived and proven to be accurate. In addition, it can be clearly concluded
that the influence of composition ratio on different thermal performance parameters of
EPCM is different. When conducting theoretical derivation, different thermodynamic
models should be constructed based on the thermal performance test values of the material.

3.2.4. FTIR Analysis

Figure 18 shows the FTIR spectrum test results of the T-6 ternary PCM and its com-
ponents. Similar to the test results in Section 3.1.4, the vibration peaks in the T-6 sample
can also be sourced from the D-3 binary PCM and n-tetradecane. In detail, the vibration
peaks appearing at wave numbers 2957-2853 cm ™!, 1465 cm~ !, 1378 cm~ !, and 721 cm !
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in the T-6 sample are attributed to the superposition of the vibration peaks of the D-3 binary
PCM and n-tetradecane, while the other vibration peaks in the sample are independently
inherited from the D-3 binary PCM. These results clearly indicate that only physical changes
occur during the mixing process of ternary PCM. Tetradecane has a good co melting effect
with two fatty acids, and there is no mutual interference in the chemical properties of these
three components.
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Figure 18. The FTIR spectra of D-3 binary PCM, n-tetradecane, and T-6 ternary PCM.

4. Conclusions

In this research, capric acid, n-octanoic acid, and n-tetradecane are mixed to prepare

binary or ternary EPCM. The thermal and chemical stability properties of EPCM are
experimentally tested and discussed. The calculation and prediction of corresponding
thermal parameters are also completed through a modified thermodynamic model. The
main conclusions are as follows:

@

@)

The experimental results of the cooling curve and DSC show that the binary PCM
reaches the minimum eutectic point of 1.42 °C at a mass ratio of 0.33:0.67 for capric
acid to n-octanoic acid, while the ternary PCM reaches the minimum eutectic point
of 0.34 °C at a mass ratio of 0.231:0.469:0.3 for capric acid, n-octanoic acid, and n-
tetradecane. It can be seen that the melting point of EPCM prepared by mixing organic
PCM, is lower than any of its components, and it can reach its lowest value un-der
specific composition ratios. The phase change temperatures of the new binary and
ternary PCM obtained in this study are both close to 0 °C, which are suitable for
cooling work in practical engineering such as cold storage air conditioning and cold
chain transportation. In addition, the latent heat of EPCM is between the lowest and
highest values of the latent heat of the constituent components, and its value increases
with the overall heat storage density of the material. At the composition ratio of
reaching the lowest eutectic point, binary PCM and ternary PCM have melting latent
heats of 126.1 J/g and 167.7 ]/ g, respectively. Therefore, when designing the mix
proportion of EPCM, the final latent heat of the material can be changed by adjusting
the composition proportion according to actual needs.

The initial Schrader equation can accurately predict the composition ratio of the lowest
eutectic point in EPCM, but the thermodynamic parameters calculated through it
are far from the experimental values. Considering the simplicity and accuracy of the
thermodynamic model, this study corrected the initial Schrader equation by quadratic
fitting the thermodynamic parameters obtained from the initial Schrader equation.
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The results show that the modified thermodynamic model has a high fitting accuracy,
with correlation coefficients R? above 0.986, and the errors between the predicted
and experimental values are also below 0.06. These conclusions indicate that the
thermodynamic model composed of the modified Schrader equation can provide
reliable theoretical support for the prediction of thermal parameters and composition
ratio screening of organic eutectic phase change materials in practical engineering.

(3) The chemical stability and eutectic effect of EPCM are tested and characterized by
FTIR. The results indicate that capric acid, n-octanoic acid, and n-tetradecane can
effectively co melt with each other. In the generation process of binary PCM and
ternary PCM, there is only physical binding and no chemical reaction. Therefore, the
chemical properties between each component are almost unaffected, and the thermal
performance of the prepared EPCM is also enhanced. The above conclusion strongly
proves that the method of preparing EPCM by melt blending organic PCM has good
reliability and scientificity.
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