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 This paper focuses on the thermal conductivity in cold chain logistics. Based on the basic 

theory of heat transfer, it improves the heat transfer performance of micro-PCMs by adding 

thermally conductive fluid into micro-PCMs, and then analyzes the change in the thermal 

conductivity before and after improvement as well as the cold storage speed and temperature 

control performance after the addition of the thermally conductive fluid. In addition, it also 

establishes an effective thermal conductivity model for the dispersion system based on the 

fractal theory. The results show that the effective thermal conductivity of micro-PCMs 

increases with the increasing volume of thermally conductive fluid added. When the volume 

fraction reaches about 50%, the increase of the effective thermal conductivity significantly 

slows down. Through model analysis, it is concluded that the effective thermal conductivity 

of the dispersion system cannot be accurately characterized without considering the gas phase 

influences, and that the simulated value considering the gas phase influences is consistent with 

the test value. Through test analysis and numerical modelling, it is found that the optimal 

volume fraction of thermally conductive fluid in micro-PCMs is between 36-40%. This study 

provides theoretical support for the heat transfer system of micro-PCMs in cold chain logistics.  
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1. INTRODUCTION 

 

With people’s expectations for living standards 

continuously rising, the transportation of various temperature-

sensitive products, such as fresh foods, medicines and 

biological products, is constantly expanding, and also 

becoming increasingly challenging in terms of cold storage [1-

2]. To make cold chain logistics safer and more reliable, low-

cost, efficient and convenient, further research is required in 

this field. Considering the importance of cold chain logistics, 

ISTA proposed the test method and standards for cold chain 

transportation and packaging in 2010. Chinese authority 

proposed in 2014 a variety of measures to accelerate the 

development of cold chain logistics and transportation, but the 

key constraint on the temperature control technology of 

logistics is the lack of research on the phase change thermal 

conductivity theory of temperature-controlled cold chain 

transportation, which makes it difficult to accurately control 

the temperature and time of the refrigerating chamber in cold 

chain transportation in practice [3]. Being temperature-

sensitive, phase change materials absorb the heat transferred 

from the external environment to the insulated container to 

control temperature and ensure the heat transfer efficiency in 

cold chain logistics. Based on this, it is essential to study the 

main performance and parameters of phase change materials 

(PCMs) [4]. The study of its main properties and the study of 

the main performance parameters are very important. This 

paper mainly studies the thermal conductivity of phase change 

materials to characterize the heat transfer capacity of the 

PCMs between different materials. 

The phase change process of PCMs is between isothermal 

and approximate isothermal processes, accompanied by the 

exchange of energy substances. This process is completely 

reversible and can be recycled [5]. The recently developed 

microcapsule technology is to capsulate solid and liquid 

together with film-forming materials to form solid particles [6]. 

With the aid of this technology, the microcapsule phase 

change materials (micro-PCMs) of coolant obtained can 

prevent PCMs from reacting with surrounding substances, 

control the volume change during the phase transformation, 

and improve the material use efficiency. Based on the 

characteristics of micro-PCMs, there are a great number of 

studies at home and abroad on the PCMs, trying to provide 

some directions for the optimization of PCMs in cold chain 

logistics [7], but the variation characteristics of the PCMs 

during transportation still require further research. Based on 

the previous research results of thermodynamics and PCMs in 

cold chain transportation, this paper performs characterization 

analysis of the thermal conductivity of micro-PCMs in cold 

chain logistics, with a view to providing new ideas and 

directions for further research in this field [8].  

 

2. PERFORMANCE OPTIMIZATION OF THE 

THERMAL CONDUCTIVITY AND 

CHARACTERIZATION ANALYSIS AFTER 

OPTIMIZATION 

 

2.1 Test materials and methods 

 

Test materials: the wall material of micro-PCMs is thin, 

which has little impact on density and thermal conductivity, so 

this material can be neglected. Pure water is selected as the 

continuously thermally conductive fluid. In order to prevent 

precipitation of solids, the pure water is added with 2% CMC 

thickener. The Micro-PCMs are used as the coolant. The 
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physical parameters of the test materials are listed in Table 1 

below. 

 

Table 1. Test materials and coefficients 

 
Materials ρ/kg/m3 K/W/(m.K) L/kJ/Kg 

Water & CMC 996.6 0.612 N/A 

Micro-PCMs 891 0.468 110.3 

 

Main testing equipment and instruments: constant 

temperature and humidity chamber, thermal conductivity 

meter, scanning electron microscope, thermal conductivity 

determinator and particle size analyzer, etc. 

Preparation of test materials and methods: 

(1) Prepare 20 samples: weigh micro-PCM samples with a 

mass fraction of 3%, 8%, 13%, 18%, 23%, 28%, 33%, 38%, 

43%, 48%, 53%, 58%, 63%, 68 %, 73%, 78%, 83%, 88%, 93% 

and 100%, respectively, add water with an appropriate mass 

fraction and 2% CMC, stir them well and at the same time add 

2% CMC into deionized water as control samples. 

(2) After the samples are vacuum treated, place them in the 

constant temperature and humidity chamber for 24 hours. 

(3) Measure the thermal conductivity of samples using the 

DQCS thermal conductivity meter; determine the latent heat 

of sample phase changes with the thermal gravimetric analyzer; 

observe the microscopic morphology of sample micro-PCMs 

after immersion in the thermally conductive fluid using the 

SEM electron microscopy and apply the EQPC particle size 

analyzer to determine the dispersed phase particle size ratio 

and the particle size distribution; measure the mass and 

volume of the samples with an electronic balance (with a 

precision of 0.000) and a graduated cylinder; calculate the 

sample density with the data, measure each group of samples 

4 times and finally take the average. 

 

2.2 Characterization analysis of the optimized thermal 

conductivity 

 

After the micro-PCMs are mixed with the thermally 

conductive fluid, the state formed is called a dispersed phase. 

Since the thermally conductive fluid is a continuous phase 

dispersion system, the relationship between the volume, mass 

fraction and apparent density of the thermally conductive fluid 

is significantly correlated with the volume fraction of the 

thermally conductive particles mixed in the PCMs. The test 

results are listed in Table 2 and Fig.1-3. 

 

  
 

Figure 1. Microstructure after addition of thermal conductive fluid 

 

The observation results of the scanning electron microscope 

in Fig.1 indicate that after the thermally conductive fluid is 

added into the micro-PCMs, the particles are evenly 

distributed, with obviously regular shapes. The particle size is 

uniform, ranging from 3.6 to 6, and the particle size ratio is 

0.42. From this, it can be seen that the particles are uniformly 

distributed and good for heat transfer. This greatly supports the 

effective thermal conductivity. 

 

Table 2. Analysis of test results 

 
Mass 

fraction 

Apparent 

density 

Dispersed 

phase 

Thermal 

conductivity 

Mass 

fraction 

Apparent 

density 

Dispersed 

phase 

Thermal 

conductivity 

3% 981 0.03 0.66 53% 585 0.46 0.35 

8% 952 0.06 0.62 58% 527 0.47 0.29 

13% 938 0.09 0.61 63% 482 0.45 0.26 

15% 932 0.14 0.59 68% 468 0.43 0.22 

23% 895 0.22 0.63 73% 439 0.41 0.19 

28% 825 0.29 0.67 78% 428 0.39 0.17 

33% 803 0.35 0.66 83% 415 0.41 0.13 

38% 735 0.42 0.61 88% 392 0.38 0.12 

43% 694 0.45 0.48 93% 383 0.37 0.09 

48% 652 0.43 0.42 100% 378 0.38 0.11 
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Figure 2. Density of heterogeneous materials and dispersed 

phase volume fraction under different dispersed phase weight 

fractions 

 

 
 

Figure 3. Effective thermal conductivity of heterogeneous 

materials under different dispersed phase weight fractions 

 

According to the trend in Fig. 2-3 and the data in Table 2, 

when the mass fraction is small, the apparent density shows a 

slow decline with the increase of the mass fraction. When the 

mass fraction reaches about 40%, the apparent density 

decreases rapidly, and the volume fraction starts to stabilize at 

a certain value. At the same time, since the active component 

of the coolant used in the test is micro-PCM particles, the 

addition of the heat transfer fluid significantly affects the latent 

heat of phase change due to the heat transfer between objects. 

The test analyzes the variation pattern of the phase change 

thermal conductivity of mixed micro-PCMs with different 

dispersed phase mass fractions, as shown in Fig.3. The phase 

change thermal conductivity of the mixed micro-PCMs 

increases approximately linearly with the increase of the mass 

fraction of the thermally conductive fluid. However, with the 

proportion of the thermally conductive fluid added reaches 

40%, the thermal conductivity starts to show a downward 

trend, so the amount of the thermally conductive fluid added 

into the micro-PCMs should not be too much; otherwise, the 

phase change thermal conductivity will decrease. 

3. EFFECTIVE THERMAL CONDUCTIVITY 

MODELLING METHOD AND ANALYSIS 

 

The above test analysis shows that for the same amount of 

micro-PCMs, changing the volume fraction of the thermally 

conductive fluid can significantly increase its effective thermal 

conductivity, but the limitation of the test is that it assumes the 

temperature is a set value, so the effect on temperature control 

time is not significant. Regarding this, adding appropriate 

amount of thermally conductive fluid to increase the effective 

thermal conductivity of PCMs can shorten the cold storage 

cycle of the PCMs and thus facilitate their use [9]. In order to 

accurately control the effective thermal conductivity of the 

optimized micro-PCMs, and study the control characteristics 

of the effective thermal conductivity at different temperatures, 

it is necessary to further explore the mathematical model 

characterizing the control relationships between the doping 

amount in the PCM, the effective thermal conductivity and the 

thermal conductivities at different temperatures. 

 

3.1 Performance optimization pattern analysis of the 

thermal conductivity 

 

The micro-PCM studied in this paper is a micro-particle 

high-dispersion system. To accurately describe its effective 

thermal conductivity, the gas phase influences in the 

dispersion system should be considered. The existing 

literatures and theoretical models still cannot describe the 

effective thermal conductivity of the solid-liquid-gas 

dispersion system [10-11], so this paper proposes an effective 

thermal conductivity model for the micro-PCM dispersion 

system with different mass fractions [12]. The modelling 

method is shown in Fig. 4. The theoretical calculation equation 

for thermal conductivity is based on the simulation steps of the 

MEI model under the micro-particle mass fraction in the 

literature. 

When the volume fraction of the micro-particles is lower 

than the saturation value, the dispersion system consists of the 

solid phase and the liquid phase. When the volume fraction of 

the micro-particles reaches the saturation value, the dispersion 

system contains solid, liquid, and gas phases. In the dispersion 

system structure with these three phases, the components with 

high thermal conductivity can form a continuous medium in 

the heat transfer direction, which facilitates heat transfer, and 

the system has a high thermal conductivity. Even if the gas 

phase is mixed into the system, the effective thermal 

conductivity of the system will not drop significantly. This 

paper simulates the variation curves of the internal 

temperature with time at different storage temperatures, and 

the influences of the thermal conductivity of the PCM on 

thermal resistance. Based on the above modelling method, the 

results of the model considering and without considering the 

liquid phase are compared with the experimental data, as 

shown in Fig.5 and table 3. 
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Figure 4. General modelling procedure for predicting the effective thermal conductivity of heterogeneous materials 

 

Table 3. The gas phase is compared with the experimental value without considering the gas phase simulation results 

 
mass 

fraction 

Experimental 

Vaule 

Gas-phase 

Consideration 
Not consider gas-phase 

mass 

fraction 

Experimental 

Vaule 

Gas-phase 

Consideration 
Not consider gas- phase 

3% 0.66 0.61 0.61 53% 0.35 0.36 0.43 

8% 0.62 0.63 0.58 58% 0.29 0.32 0.42 

13% 0.61 0.56 0.56 63% 0.26 0.26 0.43 

15% 0.59 0.55 0.51 68% 0.22 0.22 0.43 

23% 0.63 0.59 0.49 73% 0.19 0.19 0.43 

28% 0.67 0.58 0.44 78% 0.17 0.17 0.42 

33% 0.66 0.56 0.43 83% 0.13 0.12 0.42 

38% 0.61 0.51 0.42 88% 0.12 0.11 0.43 

43% 0.48 0.48 0.43 93% 0.09 0.12 0.42 

48% 0.42 0.42 0.43 100% 0.11 0.11 0.42 

 

 
 

Figure 5. Test curves of effective thermal conductivity 

compared to the model results 

 

 

 
 

Figure 6. Characteristics of the thermal conductivity at 

different temperatures 
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The simulated trends in Fig. 5 show that the experimental 

values of the thermal conductivity of micro-PCMs are 

consistent with those of the model considering the liquid phase 

and have certain deviations from those of the model without 

considering the liquid phase. Therefore, the design of the 

coolant in the cold chain logistics process should take the 

impacts of the gas phase and the liquid phase into account. 

The test assumes that the temperature is a constant value to test 

the thermal conductivity of the micro-PCMs, so there is a 

certain deficiency in the measurement of the actual thermal 

conductivity. Therefore, based on the above model, the 

simulation is performed under different temperature 

conditions. The thermal conductivity comparison results are 

shown in Fig. 6. 

 

3.2 Characteristics analysis of the effective thermal 

conductivity based on the fractal theory 

 

At different concentrations, the solid particles in the 

dispersion system will be irregularly distributed, and the 

particles will collide with each other. These colliding particles 

will form a series of intermittent heat conduction channels, so 

the dispersion and heat conduction under different 

concentrations of solid particles can be understood as the heat 

conduction in irregular channels [13-14]. To solve the above 

problem in thermal conductivity, this paper uses the fractal 

theory, which is often used to describe the geometric features 

of irregular structures, and also the seepage theory, which is 

the basic theory for describing the irregular flow of matters (or 

energy) in irregular channels [15]. After improving the thermal 

conductivity of the PCMs by adding the thermally conductive 

fluid into the solid-phase micro-PCMs, this paper studies 

whether the variation pattern of the thermal conductivity of the 

micro-PCMs with the addition of the thermally conductive 

fluid has anything to do with the distribution of the particles, 

and then proposes a modeling method for the effective thermal 

conductivity of the dispersion system with a high mass fraction 

of solid particles and establishes a prediction model for the 

effective thermal conductivity of the dispersion system based 

on the fractal theory and the seepage theory. The results show 

that the model can effectively predict the effective thermal 

conductivity of the dispersion system. The results of the fractal 

model are compared with the experimental values and the 

prediction results of the MEI model, as shown in Fig.7 and 

table 4. 

 

Table 4. The simulation values of different models are compared with the experimental values 

 
mass 

fraction 

Experimental 

Vaule 

Practal 

Modle 

Fractal 

Modle 

mass 

fraction 

Experimental 

Vaule 

Practal 

Modle 

Fractal 

Modle 

3% 0.66 0.61 0.60 53% 0.35 0.36 0.33 

8% 0.62 0.63 0.63 58% 0.29 0.32 0.32 

13% 0.61 0.56 0.55 63% 0.26 0.26 0.27 

15% 0.59 0.55 0.57 68% 0.22 0.22 0.23 

23% 0.63 0.59 0.59 73% 0.19 0.19 0.19 

28% 0.67 0.58 0.54 78% 0.17 0.17 0.16 

33% 0.66 0.56 0.50 83% 0.13 0.12 0.12 

38% 0.61 0.51 0.49 88% 0.12 0.11 0.11 

43% 0.48 0.48 0.48 93% 0.09 0.12 0.14 

48% 0.42 0.42 0.45 100% 0.11 0.11 0.12 

 

 
 

Figure 7. Different models are compared with experimental 

values 

 

The thermal conductivity simulation results of the fractal 

model show a pattern like the experimental values, indicating 

that this model can be used to effectively predict the thermal 

conductivity of the dispersion system. This result is of great 

guiding significance to the optimization of the particle 

distribution and heat transfer distribution for the micro-PCMs 

with improved thermal conductivity.  

 

 

4. CONCLUSIONS 

 

(1). Adding thermally conductive fluid to micro-PCMs can 

optimize its thermal conductivity, but the mass fraction of the 

thermally conductive fluid should not be too high – preferably 

between 36-40%, and the ambient temperature should not be 

over 45°C; 

(2). By establishing the MEI and fractal-theory-based 

models, this paper studies the effects of the gas phase on 

micro-PCMs, which can help predict the effective thermal 

conductivity of the dispersion system. 

(3). The surface thermal conductivity and the interface 

moving speed change with the ambient temperature under the 

variable temperature environment. Further study of the 

particle shape, particle size and particle size ratio and its 

application in the system is the key to the characterization of 

thermal conductivity. 
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