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In order to solve the problem of the performance of mixed alkane phase change en-
ergy storage materials, this paper proposes the modelling research of mixed ther-
modynamic model based on new materials. In this paper, the thermodynamic per-
formance of binary mixed alkane system is studied, the influence of phase transition
temperature, phase transition enthalpy and its composition on the mixed alkane
system is explored, and its solid-liquid phase diagram is drawn. We used different
thermodynamic models to predict the phase transition temperature and enthalpy in
the melting process of binary mixed alkanes, which were mutually verified with the
experimental results. The experimental results show that C9-C10 and C9-C11 sys-
tems exhibit eutectic behavior. The eutectic components are 88% (mass fraction,
the rest is the same) C9-12% C10 and 90% C9-10% C11. The eutectic tempera-
tures are 218.25 K and 215.15 K, respectively. The C8-C9 system has peritectic
phenomenon, C10-C11 system shows complete mutual solubility, and their mini-
mum melting points are 200.25 K and 234.35 K, respectively. Conclusion is that the
C9-C10 and C9-Cl11 eutectic systems are suitable for low temperature phase
change materials in the temperature range of 210-220 K, providing data reference
for their application in low temperature energy storage.
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Introduction

Advanced new materials are materials with excellent performance and special func-
tions that breed strategic emerging industries and lead future scientific and technological de-
velopment. They are strategic, leading and subversive, and have the technical characteristics of
strong industry driving and high added value. The frontier new material industry is a key factor
determining the level of high end manufacturing and national defense equipment, and it is of
great significance to develop the frontier new material industry. Thermodynamic models (equa-
tion of state) and phase equilibrium data are widely used in the fields of petroleum, chemical
industry, metallurgy, food, pharmacy, etc. In the process industry, and are indispensable basic
models and data for process design, simulation, optimization and control modelling [1]. The
advantage of thermodynamic model is that it can adapt to a w ide range of temperature and pres-
sure, and describe the behavior of a variety of different substances (small molecules, polymers,
electrolytes, etc.) and phase states (gas, liquid, solid, efc.) at the same time. The thermodynamic
model can avoid the selection of the standard state of components between different phase states
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and expand the calculation of the transfer properties of
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Figure 1. Mixed thermodynamic model ~ China’s advanced new materials industry has enjoyed a

good momentum of development, but there are major
problems such as insufficient original innovation capability, and some key core technologies,
key raw and auxiliary materials, core equipment, high end inspection and testing instruments,
etc. are under the control of others. In the future, it is necessary to carry out a forward-look-
ing top-level design for the development of frontier new material industry, actively give play
to the advantages of the new national system, improve the basic capabilities of scientific and
technological innovation, support and guarantee, competition and sustainable development of
frontier new material industry, and improve the ecological environment of frontier new material
industry. In view of the interdisciplinary, innovative and subversive characteristics of frontier
new materials, we should cultivate interdisciplinary and innovative industrial talents, fully in-
tegrate frontier common key technologies such as material genetic engineering with industrial
development, so as to promote the leapfrog development of frontier new materials industry.
In order to meet the demand of a new round of scientific and technological revolution and
industrial transformation for cutting-edge new materials, this paper puts forward development
suggestions from the aspects of material genetic engineering to improve the basic capacity of
cutting-edge new materials industry, and the lay-out of cutting-edge new materials industry un-
der the new development pattern of double cycle. At the same time, this paper also puts forward
development suggestions on the lay-out of frontier new materials industry under the develop-
ment strategy of carbon peaking and carbon neutralization, and the construction of independent
and controllable frontier new materials testing and characterization capability. Focusing on
the testing and evaluation of cutting-edge new materials throughout their life cycle, this paper
focuses on breaking through the key common technologies of testing and evaluation of cut-
ting-edge new materials, building more advanced instruments and equipment, deeply studying
the methods of analysis and testing, application evaluation, life prediction, failure analysis, efc.
of cutting-edge new materials, and forming national/industrial standards. We should strengthen
the research on comprehensive performance testing of cutting-edge new materials, strengthen
talent training and talent introduction, and solve the problems of weak testing and evaluation
ability and low level of cutting-edge new materials [2].

Literature review

Alkanes are one of the better phase change energy storage materials. Their mixtures
have attracted extensive attention because of their adjustable phase change temperature, stable
performance, non-toxic and non-corrosive advantages. Compared with the research on mixed
alkanes at medium and normal temperatures, only a few scholars have carried out more sys-
tematic research on low temperature mixed alkane systems. Scholars’ research on mixed alkane
system focuses on the medium and normal temperature (263-323 K). It is rarely reported in the
low temperature field, especially below 233 K. The melting point of pure alkane in Cg-C;; sys-
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tem is between 215-250 K, which meets the temperature demand in the low temperature field.
On the other hand, the theoretical prediction of phase transition enthalpy of mixed alkanes is
also less. Therefore, in this work, Cs-Cy, Co-C, Co-C;y, and C;-C;; mixed alkane systems were
constructed, thermodynamic characteristics of each mixed alkane system were explored, and
phase change point and phase change enthalpy in the melting process were predicted using a
variety of thermodynamic models, providing data reference for expanding the application of
mixed alkanes in low temperature energy storage systems, such as liquid air energy storage
systems and LNG cold energy power generation systems.

Methods
Materials and test methods
Materials

The n-octane (CgH 3> 99%), n-nonane (CoH,y> 99%), n-decane (C,oHy, > 98%), and
n-undecane (C;;Hyy > 98%) were purchased from Aladdin Company in a certain city.

Test method

Differential scanning calorimetry (NETZSCH, DSC 200F3) was used to measure
the thermodynamic properties of mixed alkanes. Each group of samples is cooled and solid-
ified first and then heated and melted at a rate of 5 °C per minute. The N, is used for purg-
ing during measurement, and the flow rate is 40 mL per minute. The experimental tempera-
ture ranges of Cg-Cy, Co-Cyy, and Cy-Cy; systems are —100 °C to —15 °C, =75 °C to —15 °C, and
—90 °C to 0 °C, respectively.

Uncertainty analysis

The uncertainty of temperature and enthalpy measured in the experiment is +0.1 K.
and +1%, respectively, and the uncertainty of sample mass is 0.01 mg.

Thermodynamic model

In this work, different activity coefficient models (Ideal model, UNIQUAC model,
UNIFAC model) are used to predict the melting point in the melting process of Cg-Co, Co-C,
Co-Cyy, and C,,-Cy; systems, and the enthalpy prediction model is used to predict the melting
enthalpy. The activity coefficient model is based on the phase equilibrium theory to apply the
activity coefficient y; to the prediction of the mixed system of multiple alkanes. Therefore, the
expression of complete solid-liquid phase equilibrium of the mixed system is shown:

AH. (T Ac, (T Ac T.
lnxiYi =2 A |+ —2 n = (1)
RT;\ T R \T R T

Compared with other influencing factors, the smaller specific heat tolerance can usu-
ally be ignored. Therefore, the simplified result is shown:

AH, (T
InxY, =—=+| +-1
, RT,-[T j 2

Ideal model

It is assumed that the liquid phase is an ideal solution and the solid phase is a pure or
ideal phase in the phase transition process. Therefore, the activity coefficient y;= 1, so eq. (2) is
simplified to eq. (3), and X; is the mass fraction of the main component i in the mixture:
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The UNIQUAC model

The UNIQUAC model consists of combination part and residual part. The combina-
tion part includes entropy effect, molecular size difference and free volume. The residual part
is the mixing enthalpy caused by the interaction of different molecular energies. The model
expression is shown:

comb
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where ¢; and 0, are the average volume fraction (partial fraction) and average area fraction of
component 7, respectively, and 7; is a binary parameter, which can be calculated:

¢i _ X;7; ’ 91 _ X;q; Ty :exp(_ ji th

n

q;RT (7
Zm- ijqj
j j
1. =0.1C, +0.0672, ¢, =0.1C, +0.1141 (8)

where r; and ¢; are the measurements of molecular van der Waals volume and molecular surface
area. The interaction energy of molecular /; and /; is obtained from the correlation between mo-
lecular interaction and macroscopic physical structure. The interaction energy parameter 4; and
A;between two different molecules is equal to the 4; of short chain, j, alkanes in pure alkanes,
i.e. A= 4; = ;. The equation for calculating the interaction energy is shown in eq. (9), where Z
is the lattice coordination number and AH is the enthalpy of pure alkanes [3]:

2 2
Ay ==—(AH;~RT), 4y =——(AH;~RT), Z=10 )

The UNIFAC model

The UNIFAC model changes the activity coefficient algorithm on the basis of UNI-
QUAC model, and uses the sum of the combined part and residual part in the multi-component
mixture to calculate Y. For binary mixtures of alkanes, it is assumed that the residual Gibbs free
energy of only the mixture is zero, so the residual term is ignored. Therefore, the combination
term is used to describe the non-ideality of the mixed system:

= o1 £)-Z, ngl[gﬂ z-10 1)

where 6; and ¢; are expressed by the equation.



Geng, C.: Modelling of Mixed Thermodynamic Model Based on New Materials
THERMAL SCIENCE: Year 2023, Vol. 27, No. 2A, pp. 1067-1074 1071

Eutectic model

According to the Second law of thermodynamics and the theory of phase equilibrium,
the relationship between the enthalpy of binary mixture at the liquidus is obtained. The calcu-
lation equationa of the melting enthalpy of mixed eutectic system:

| X.H. T
H, =T, T, (cpu —cpjsi)ln?”} (11)
i=1 i i

When the temperature difference before and after the phase transition is small and the
specific heat tolerance of the solid and liquid phase is almost zero, H,, can be simplified:

" X.H.
H,=T,% = (12)
i=1 i

Regularsolution model

In the thermodynamic model, the mixing entropy of phase change materials is as-
sumed to be in the ideal state, and the expression of the corresponding mixing enthalpy is
obtained. By simplifying the enthalpy of mixing, the expression is improved according to the
empirical formula and the correction coefficient . The improved expression:

H, = Tmzn:axi {%—Rln(xi )} (13)

i=1 1

Thermodynamic model prediction

Since the development of thermodynamic models and data, the theoretical structure
has become increasingly perfect, and data accumulation has continued to increase, providing a
strong guarantee for solving general problems in the fields of process industry operation, mate-
rial design, energy development, etc. In this work, Ideal, UNIQUAC, and UNIFAC models are
used to predict the melting temperature, 7, in the melting process, and Eutectic and Regular-
solution models are used to predict the melting enthalpy, H,,, [4].

Results and discussion

Figures 2-4 shows the predicted results and experimental data of melting point and
enthalpy of Cg-Cy, Co-Cyg, Co-Cyy, and Co-C; systems. The relative deviation (RD) and average
relative deviation (ARD) are calculated:

T(H); X -T Hi re
RDT(H) :I ( )l;(pfl)i, P(re )’p |X100 (14)
1 S T(H)i,ex _T(H)i, re
ARD,,) = Z%I T(;{)i’m P | x 100 (15)

The average relative deviations of 7, and H,, predicted by these models are listed in
tab. 1.

As shown in figs. 2(a) and 2(b), the average relative deviations of the melting point
predicted by Ideal and UNIFAC models for Cs-Cy system are 1.45% and 1.34%, respectively.
The UNIQUAC model has higher precision, and its average relative deviation is. The melting
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enthalpy predicted by the Regularsolution model decreases first and then increases with the
increase of Cy component, with an average relative deviation of 8.68%. The large deviation is
caused by multiple phase transformations caused by peritectic reaction [5].

Table 1. Average relative deviation of four binary systems on Ideal,
UNIFAC, UNIQUAC, Eutec, and Regularsolution models

Average relative deviation [%]
Mixed system Melting temperature Melting enthalpy
Ideal | UNIQUAC | UNIFAC | Eutectic Regularsolution
Cs-Cy 1.45 0.91 1.34 14.26 8.68
Cy-Cy 1.96 1.79 1.95 15.42 8.54
Cy-Cy 1.18 1.20 1.14 12.64 6.70
Cy-Cy 0.82 1.31 0.80 17.88 9.66
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Figure 2. Melting point and enthalpy of Cs-C, binary system
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Figure 3.Melting point and enthalpy of C,-C,, binary system

As shown in figs. 3(a) and 3(b), the comparison between the predicted melting point
and melting enthalpy of Co-C,y system and the experimental results shows that the average
relative deviation of the melting point predicted by Ideal, UNIQUAC, and UNIFAC models is
1.96, 1.79, and 1.95%, respectively, and the Ideal model has the maximum relative deviation of
4.63%. The deviation of melting enthalpy predicted by the Regularsolution model is smaller,
and the trend of predicted results is similar to the experimental data, with an average relative
deviation of 8.54 [6].
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As shown in figs. 4(a) and 4(b), Ideal, UNIQUAC, and UNIFAC models have similar
prediction accuracy for the melting point of Cy-C;; system, with average relative deviation of
1.18%, 1.20%, and 1.14%. The maximum relative deviations of the predicted results of Ideal and
UNIFAC models are 15.23% and 25.18, respectively. The melting enthalpy predicted by the Reg-
ularsolution model is more similar to the experimental data, with the maximum relative deviation
of 14.80% and the average relative deviation of 6.70%. The predicted results are more referential.
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Figure 4. Melting point and enthalpy of Cy-C;; binary system

According to the prediction results and experimental data of C,,-C,; system, UNIFAC
model has the highest prediction accuracy for melting point, and the average relative deviation
of this model is 0.80%. The average relative deviation of the predicted results of Ideal and
UNIQUAC models is 0.82% and 1.31%, respectively, of which the maximum relative deviation
of Ideal model is 2.26%. The prediction accuracy of the Regularsolution model for the melting
enthalpy is higher, with an average relative deviation of 9.66%, while the average relative de-
viation of the Eutectic model is 17.88% [7].

The UNIQUAC and UNIFAC models have higher prediction accuracy for the melting
temperature of the mixed system. The prediction results of UNIQUAC model for C;-Cy and
Cy-C,, systems are more accurate, and the average relative deviation of UNIQUAC model for
Cy-Cy; and Co-C; systems is smaller. For Cs-Cy and Co-Cy; systems, the curve of the prediction
model shows the lowest point near 32%C, and 48%C,; components, which is consistent with
the experimental phase diagram. For Co-C,, and Co-C,, systems, the lowest melting point com-
ponent of the prediction model is slightly higher than the experimental value and the melting
point temperature is lower than the experimental value, because the melting point temperature
of pure alkanes C, and pure alkanes C,, and C,, differ greatly. The prediction results using Ideal
and UNIFAC models have similar average relative deviation, but the deviation of UNIQUAC
model prediction results is not reflected. This is because the residual term is considered in the
UNIQUAC model, in which the binary parameter z; involves the molecular interaction ener-
gy. Due to the existence of weak molecular interaction between eutectic components and the
effect of molecular self association, the residual term is sensitive to the prediction results. The
Regularsolution model has higher prediction accuracy for the melting enthalpy of four systems,
among which the average relative deviation of Co-C,; system is the smallest, 6.70% [8]. For
the prediction of the melting enthalpy of the four systems, the average relative deviation of
the Eutectic model is large (about 15%), while the average relative deviation of the Regular
solution model is small (about 8.4%). This is because in addition the part involving the mixing
enthalpy in the Regular solution model, it is assumed that the mixing entropy is in the ideal
state. When the model involves the ideal mixing entropy, the deviation of the prediction results
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is relatively reduced. Therefore, the Regular solution model is better than the Eutec model in
predicting the enthalpy of mixed alkanes. For the enthalpy prediction of most mixed alkanes,
the prediction results related to the experimental points can be well obtained. In conclusion,
UNIQUAC model and Regularsolution model have higher prediction accuracy for the melting
point and melting enthalpy of mixed alkane system, and are suitable for thermodynamic pre-
diction models [9, 10].

Conclusion

In this paper, the modelling research of mixed thermodynamic model based on new
materials is proposed. In this work, the thermodynamic properties of Cs-Cy, Co-C, Co-C;yy, and
C,0-Cy; binary alkane low temperature phase change materials are studied experimentally and
performance prediction. The main conclusions are UNIQUAC and UNIFAC models have high
accuracy in predicting the melting temperature of four binary systems. For Cg-Cy and Cy-C, Sys-
tems, UNIQUAC model is more accurate in predicting the melting temperature, and the average
relative deviation is and, respectively. For Cy-C;1 and C,,-C,; systems, the average relative devi-
ation of UNIFAC model is small, which is Cy-C;, and Co-C;;, respectively. For the prediction of
the melting enthalpy of four systems, the accuracy of the Regular solution model is the highest,
and their average relative deviations are and, respectively. To sum up, the four systems and mixed
alkanes as eutectic systems are suitable choices for low temperature phase change materials, pro-
viding data reference for applications in low temperature energy storage systems (such as liquid
air energy storage systems, LNG cold energy power generation systems).

Acknowledgment

This work was supported by Key science and technology Project of Henan Province:
Research on Hydration Mechanism and Properties of Green High Performance Geo-polymer
Cement Matrix Composites (High Performance Concrete) (No. 222102320066).

References

[1] Qin, X., et al., Facile Morphology-Controllable Synthesis and Growth Mechanism of ZnO Nanostructures
with Excellent Photocatalytic Activity, Applied Physics A, 128 (2022), 12, pp. 1-11

[2] Cao, Z., et al., The Effect of Side-Chain Branch Position on the Thermal Properties of poly(3-alkylthio-
phenes), Polymer Chemistry, 11 (2020), 2, pp. 517-526

[3] Yang, Z., et al., Preparation and Characterization of a Composite Phase-Change Material with Silicone
Rubber Foam as Carrier, Energy and Fuels, 35 (2021), 11, pp. 9683-9691

[4] Vvb, A., et al., New Cage-Fused Polyaza Polycyclic Systems Based on Thioglycolurils and Alkanedi-
amines, Mendeleev Communications, 330 (2020), 4, pp. 479-481

[5] Cong, T., et al., Development and Evaluation of Fuel Performance Analysis Code Fuspac, International
Journal of Advanced Nuclear Reactor, Design and Technology, 4 (2022), 3, pp. 129-138

[6] Li, X., et al., Which of the (Mixed) Halogenated n-Alkanes Are Likely to Be Persistent Organic Pollut-
ants, Environmental Science and Technology, 55 (2021), 23, pp. 15912-15920

[71 Aziz, M. E. A,, et al., Preparation of Polypropylene Organically Modified Clay Nanocomposites with
Enhanced Physico-Chemical Properties, Macromolecular Research, 330 (2022), 12, pp. 900-908

[8] Savchenko, A. M., et al., On Classical and Modern Approaches to the Second Law of Thermodynamics
and Phase Equilibrium, Voprosy Materialovedeniya, 3 (2020), 99, pp. 29-37

[9] Torrens-Martin, D., et al., Thermodynamic Model for Ternary OPC/CAC/Calcium Sulfate Binders, Con-
struction and Building Materials, 302 (2021), 7, 124120

[10] Holland, T., et al., A Thermodynamic Model for Feldspars in KAISi;05-NaAlSi;Os-CaAl,Si,05 for miner-
al Equilibrium Calculations, Journal of Metamorphic Geology, 40 (2022), 4, pp. 587-600

Paper submitted: June 30, 2022 © 2023 Society of Thermal Engineers of Serbia
Paper revised: August 26, 2022 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: September 5, 2022 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions



