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 Cold chain transportation can prolong the shelf lives of products and reduce losses, so 

based on the practical applications, it is necessary to numerically simulate the flow field 

and thermal insulation performance of cold chain shipping containers. Existing studies 

have achieved optimization by changing the thermal performance and thermal insulation 

mechanisms of the thermal insulation materials of the containers, but little research has 

been done on the numerical simulation of the factors affecting the thermal insulation 

performance of cold chain shipping containers. Therefore, this paper conducts the 

numerical simulation of the influencing factors to the thermal insulation performance of 

cold chain shipping container and studies the internal flow field. The structure and air 

supply diagrams of a cold chain shipping container were given, the thermal insulation 

performance of the thermal insulation sandwich panels in different surface layers and core 

layers of the cold chain shipping container was calculated and analyzed, and thermal inertia 

and heat transfer attenuation performance of the sandwich panels during the unsteady heat 

transfer process of the container were analyzed. The basic governing equations and 

assumptions were established for the internal flow field of the cold chain shipping 

container, and the distribution of the internal flow field was explored. With the impact of 

the viscosity of air molecules in the cold chain shipping container further ignored, the flow 

was regarded to be turbulent, and the internal flow field was simulated based on the 

turbulence-dissipation model. The experimental results were used to analyze the thermal 

insulation performance of cold chain shipping containers, and analysis results of the flow 

field where the cold chain shipping containers were stacked in different ways were given. 
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1. INTRODUCTION 

 

In traditional shipping, the loss rate of aquatic products, 

meat, melons and fruits will be as high as 25%-30% in hot 

summer, resulting in a huge waste of resources [1-7]. To keep 

these goods fresh, cold chain shipping containers are used, 

where the air conditioning needs to keep the temperature 

inside at a very low level. A cold chain shipping container is 

somewhat similar to a refrigerator, but with a larger volume 

[8-17]. To prolong the shelf lives of products and reduce losses, 

according to traditional engineering experience, cold chain 

shipping containers containing food used during road, railway, 

and water transportation are often designed as cabinet models 

with uniform air temperature inside [18-22]. The existing 

control over the temperature inside a container body is actually 

the control over the temperature at the monitoring points, so it 

is necessary to numerically simulate the flow field and thermal 

insulation performance of cold chain shipping containers. 

Shinoda et al. [23] regarded the roof shading of cold chain 

shipping containers as an energy-saving measure, and 

developed a general simulation method for predicting the 

surface temperatures of container walls based on 

computational fluid dynamics, which can be used as reference 

in this paper. This document investigated the feasibility of 

introducing roof shading on the basis of economic analysis. 

Through comparison with the experimental results at the 

Hakata port in Japan, it confirmed the effectiveness of the 

simulation method. Senguttuvan et al. [24] numerically 

analyzed the airflow pattern in a cold chain shipping container 

using several design models of the refrigeration unit, and 

proposed an improved refrigeration unit design to enhance the 

airflow distribution inside the cold chain shipping container. 

By changing the effective size and design parameters of the 

refrigeration unit, it considered 15 different models, which 

play important roles in the airflow patterns within a cold chain 

shipping container. In order to solve the inconvenient 

switching operation of the existing ventilation device and the 

loosening problem in the complex environment during 

transportation, Kaitai [25] designed a new type of container 

ventilation device, which adopted a rotary opening and an 

embedded sealing plug, and with the aid of a spring, 

effectively achieved stable and reliable opening and closing of 

the ventilation device. Due to its simple structure and 

convenient operation, this new type of ventilation device has 

broad application prospects in cold chain shipping containers. 

In the simulation of the temperature or flow field of cold 

chain shipping containers, a lot of research results have been 

obtained from the cross-section temperature distribution, 

rather than from the simulation of the overall temperature or 

flow field distribution of cold chain shipping containers. To 
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optimize the thermal insulation performance of cold chain 

shipping containers, existing studies have attempted to change 

the thermal performance and thermal insulation mechanisms 

of the thermal insulation materials of the containers, but little 

research has been done on the numerical simulation of the 

factors affecting the thermal insulation performance of cold 

chain shipping containers. Therefore, this paper conducts the 

numerical simulation of the influencing factors to the thermal 

insulation performance of cold chain shipping container and 

studies the internal flow field. First, Section 2 shows the 

structure and air supply diagrams of a cold chain shipping 

container, calculates and analyzes the thermal insulation 

performance of the thermal insulation sandwich panels in 

different surface layers and core layers of the cold chain 

shipping container, and analyzes the thermal inertia and heat 

transfer attenuation performance of the sandwich panels 

during the unsteady heat transfer process of the container. 

Section 3 establishes the basic governing equations and 

assumptions for the internal flow field of the cold chain 

shipping container, and explores the distribution of the internal 

flow field. With the impact of the viscosity of air molecules in 

the cold chain shipping container further ignored, it regards the 

flow to be turbulent, and simulates the internal flow field based 

on the turbulence-dissipation model. Based on the 

experimental results, this section analyzes the thermal 

insulation performance of cold chain shipping containers, and 

gives the analysis results of the flow field where the cold chain 

shipping containers were stacked in different ways. 

 

 

2. ANALYSIS OF THERMAL INSULATION 

PERFORMANCE OF COLD CHAIN SHIPPING 

CONTAINERS 

 

A cold chain shipping container is of a galvanized steel 

structure, where the inner walls, bottom plate, top plate and 

door are made of metal clad plates, aluminum plates, stainless 

steel plates or polyester. Container size and performance have 

been standardized internationally. The operating temperature 

range is -30°C~12°C, and the more general range is -30~20°C. 

Due to the good thermal conductivity of steel, the thermal 

insulation performance of cold chain shipping containers is 

poor in winter and summer. This paper firstly calculates and 

analyzes the thermal insulation performance of the thermal 

insulation sandwich panels in different surface layers and core 

layers of a cold chain shipping container, and analyzes the 

thermal inertia and heat transfer attenuation performance of 

the sandwich panels during the unsteady heat transfer process 

of the container. Figure 1 and Figure 2 show the structure of a 

cold chain shipping container and how air supply is achieved, 

respectively. 

 

 
 

Figure 1. Structure of a cold chain shipping container  

 
 

Figure 2. Air supply of a cold chain shipping container 

 

In this paper, the relatively simple and easy-to-use harmonic 

analysis method was used to calculate the thermal stability 

indicators of the thermal insulation sandwich panel structure 

of the cold chain shipping container, as it can more directly 

compare the thermal insulation performance of the thermal 

insulation material under different sandwich panel structures.  

In actual engineering, the thermal insulation sandwich panel 

structure of a cold chain shipping container has some flat walls 

with a limited thickness, which causes one or both sides of the 

container to be subjected to thermal action with periodic 

fluctuations. In order to solve the above-mentioned heat 

transfer problem of container insulation materials, this section 

divided and calculated the time periods of the complex heat 

transfer process, and then superimposed the time periods to 

obtain the final calculation result. 

Eq. (1) and (2) express the harmonic heating effects on both 

sides of the flat wall of a cold chain shipping container under 

the action of the inner and outer two-way simple harmonic 

waves. Assuming that the temperature of the outer sandwich 

panel medium is represented by ψo, that the average 

temperature of the outer sandwich panel medium in one period 

by ψ’
o, that the amplitude of the temperature wave of the outer 

sandwich panel medium by Xo, that the initial phase of the 

temperature wave of the outer sandwich panel medium by Ψo, 

that the period of the temperature wave by C, and that the 

computation time by τ, then there is:  
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(1) 

 

Assuming that the temperature of the inner sandwich panel 

medium is represented by ψi, that the average temperature of 

the inner sandwich panel medium in a period by ψ’
i, that the 

amplitude of the temperature wave of the outer sandwich panel 

by Xi, and that the initial phase of the temperature wave of the 

outer sandwich panel medium by Ψi, then there is: 
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(2) 

 

The complex heat transfer process can be decomposed into 

the following three sub-processes: 

One of the sub-processes is the stable heat transfer under ψ’
i 

and ψ’
o. Assuming that the heat transfer coefficient of the inner 

surface of the thermal insulation sandwich panel in the cold 

chain shipping container is represented by Si, and that the heat 

flow through the sandwich panel structure per unit time by S0, 

then the average temperature of the inner surface of the 

thermal insulation sandwich panel under this condition can be 

calculated by Eq. (3): 
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The second sub-process is the periodic unsteady heat 

transfer on the outside of the thermal insulation sandwich 

panel in the cold chain shipping container under the action of 

thermal harmonics alone. Assuming that the amplitude and 

initial phase of the inner surface temperature wave of the 

sandwich panel structure under this condition are represented 

by Xig.o, and Ψig,o, the corresponding inner surface temperature 

of the sandwich panel structure can be calculated by Eq. (4): 
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Assuming that the amplitude attenuation factor of the 

thermal harmonics from outside to the inner surface of the 

sandwich panel structure through the thermal insulation 

material is represented by αo,ig, and that the corresponding 

delay time by Ψo,ig, there is: 
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The third sub-process is the periodic unsteady heat transfer 

inside the thermal insulation sandwich panel structure of the 

cold chain shipping container under the action of thermal 

harmonics alone. Under this condition, supposing that the 

amplitude and initial phase of the inner surface temperature 

wave of the sandwich panel structure are represented by Xig.i 

and Ψig,i, the corresponding inner surface temperature of the 

sandwich panel structure can be calculated by Eq. (6): 
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(6) 

 

Assuming that the amplitude attenuation factor of the inner 

thermal harmonics to the inner surface of the sandwich panel 

structure through the thermal insulation material is represented 

by αi,ig, and that the corresponding phase delay is represented 

by Ψi,ig, there is: 
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Based on the above analysis, the following formula shows 

how to calculate the inner surface temperature of the thermal 

insulation sandwich panel structure of the cold chain shipping 

container under the action of two-way harmonics: 
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This paper only considers the changes in the inner surface 

temperature of the thermal insulation sandwich panel under 

the action of the harmonics of the air temperature outside the 

cold chain shipping container. Under this condition, the inner 

surface temperature of the thermal insulation sandwich panel 

can be simplified as follows: 
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It can be seen from the above analysis that S0 is closely 

related to αo,ig, and Ψo,ig, so the harmonics of the inner surface 

temperature of the thermal insulation sandwich panel structure 

can be obtained based on the calculation of αo,ig, and Ψo,ig. 

The calculation of the harmonic amplitude attenuation 

factor and phase delay is complicated. In order to obtain 

accurate calculation results, an approximate calculation 

method was introduced in this paper. Assuming that the heat 

storage coefficient of each layer of the sandwich panel from 

the inside to the outside is represented by R1, R2..., Rm, that the 

heat storage coefficient of the outer surface of each layer in the 

sandwich panel from the inside to the outside by B1,o, B2,o..., 

Bm,o, that the heat transfer coefficients of the inner and outer 

surfaces of the sandwich panel by βi and βo, respectively, and 

that the attenuation factor of the sandwich panel structure by 

αo,ig, the following formula shows how to calculate the 

attenuation factor of the temperature harmonics transmitted 

from outside the thermal insulation sandwich panel to its inner 

surface: 
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The following formula shows how to calculate the phase 

delay of the temperature harmonics from outside the sandwich 

panel to its inner surface: 
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Assuming that the heat storage coefficient of the outer 

surface of the thermal insulation sandwich panel in the cold 

chain shipping container is represented by Bog, and that the 

heat storage coefficient of the inner surface by Bi g, substitute 

Ψo,ig for Ψi,ig, then, δo,ig=c/2πτΨo,ig, and the delay time of the 

outer temperature of the container transmitted to the inner 

surface of the sandwich panel through the thermal insulation 

material is calculated as follows: 
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If the thermal inertia index C of a certain layer l is greater 

than 1, there is: 
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(13) 

 

If the thermal inertia index C of a certain layer l is less than 

1, there is: 
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If the thermal inertia index C of the first layer is less than 1, 

there is: 
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If the thermal insulation adopts the multi-layer sandwich 

panel structure, the heat storage coefficient of the outer surface 

should be equivalent to that of the outer surface of the last 

thermal insulation layer. Then there is: 
 

omog BB ,=
 

(16) 

 

For the calculation of the heat storage coefficient of the 

inner surface, the heat storage coefficient Bl, i of the inner 

surface of the l-th layer that is closest to the inner surface and 

for which, C is greater than 1, is considered as Rl, and then 

perform the calculation layer by layer from this layer until B1,i. 

Assuming that the thermal resistance value of the i-th layer 

of the sandwich panel is represented by Si, that the thermal 

resistance value of the i-th layer by Ri, that the corresponding 

thickness by ci, and that the corresponding thermal 

conductivity by μi, the following formula shows how to 

calculate the thermal inertia index C of the sandwich panel: 
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3. ANALYSIS OF THE INTERNAL FLOW FIELD OF 

COLD CHAIN SHIPPING CONTAINERS 

 

In order to explore the distribution of the flow field inside 

the cold chain shipping container, the basic governing 

equations and assumptions were established in this paper. 

Since the impact of the viscosity of air molecules in the cold 

chain shipping container is ignored, and its flow is regarded as 

to be turbulent, the turbulence-dissipation model was used to 

simulate the internal flow field. Assuming that the turbulent 

pulsation kinetic energy in the cold chain shipping container is 

represented by l, and that the dissipation rate of l by σ, the 

corresponding turbulent pulsation kinetic energy equation is 

given by Eq. (18): 
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The corresponding dissipation rate equation is given as 

follows: 
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Assuming that the air density is represented by φ, that the 

air velocity vector by U, which satisfies U=((v, u, q)T, and the 

dependent variable by ρ, which satisfies ρ={1, v, u, q, σ}, that 

the diffusion coefficient corresponding to ρ by Rρ and that the 

source term by χρ, the overall governing equations for heat 

transfer and air flow established in a cold chain shipping 

container are given as follows: 
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In order to explore the changes in the flow field of the cold 

chain shipping container under the influences of different 

supply air speeds, the turbulence intensity, flow scale, 

hydraulic diameter and other turbulence parameters under 

different supply air speeds were set. Assuming that the 

Reynolds number is represented by LN, that the density of the 

fluid by κ, that the dynamic viscosity coefficient of the 

sandwich panel medium by γ, and that the average velocity by 

U, the following formula gives the definition formula of the 

turbulence intensity TU: 
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Assuming that the width and length of a non-circular tube 

with a square flow shape are represented by x and y, that the 

hydraulic diameter is equivalent to 4 times the corresponding 

cross-sectional area, represented by k, and that the wetted 

perimeter factor is 0.07, the characteristic scale of the 

turbulence CS is calculated according to Eq. (24) and (25): 
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Assuming that the average velocity is denoted by U, and that 

the turbulent kinetic energy l is estimated based on TU, there 

is: 
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Assuming that the empirical constant is represented by EMλ, 
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and that the turbulent dissipation rate σ is estimated by further 

using l and TU, then there is: 
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4. EXPERIMENTAL RESULTS AND ANALYSIS 

 

 
 

Figure 3. Heat flow density diagram of the sandwich panel in 

a cold chain shipping container 

 

The thermal insulation performance of the cold chain 

shipping container was first analyzed. Figure 3 shows the heat 

flow density diagram of the sandwich panel in the cold chain 

shipping container. It can be seen that with the increase of the 

thickness of the thermal insulation sandwich panel, the heat 

flow density gradually decreased. Through comparison, no 

significant difference was found in the flow density of the 

sandwich panels in the calcium silicate board, steel plate and 

thin slab layers, nor is any significant difference found in the 

flow density of the sandwich panels in the insulation coating, 

aerogel and foam board layers.  

With the surface layer thickness of the thermal insulation 

ranging between 0.5~1mm, and the thickness of the sandwich 

panel between 50-200mm, the thermal insulation performance 

indices of the cold chain shipping container were analyzed and 

calculated. The specific indices include the thermal inertia, 

attenuation factor, and delay time. Table 1 shows the thermal 

insulation performance indices of different combinations of 

sandwich panel thicknesses. 

It can be seen from the table that, for the thermal insulation 

sandwich panel, since the steel surface layer is thin and has 

good thermal conductivity, the effect of the surface layer 

thickness on the thermal inertia index of the thermal insulation 

sandwich panel can be ignored. Increasing the core thickness 

of the thermal insulation sandwich panel or selecting a core 

material with better thermal insulation performance is an 

important way to improve its thermal inertia. For the thermal 

insulation using the same core material, as the thickness of the 

surface layer increases, the attenuation factor of the thermal 

harmonics passing through the sandwich panel will gradually 

increase, and the temperature change inside the container will 

gradually decrease under the impact of the temperature 

fluctuations outside the container. The thermal insulation with 

a thicker sandwich panel can obtain a larger attenuation factor. 

At the same time, for the thermal insulation using the same 

core material, as the thickness of the surface layer increases, 

the delay time of the thermal harmonics passing through the 

sandwich panel will also increase gradually. For sandwich 

panels with the same surface layers but different core layers, 

the delay time will vary greatly. 

Figure 4 shows the curve of temperature change inside the 

cold chain shipping container under different feature lines and 

stacking methods, and Figure 5 shows the curve of air speed 

change of the cold chain shipping container under different 

feature lines and stacking methods. 6 goods stacking methods 

were compared, namely empty container, integral type, 

horizontal two-piece, vertical two-piece, layered two-piece, 

and four-piece stacking, corresponding to (1), (2), (3), (4), (5) 

and (6), and the feature lines for data collection included the 

connecting lines between the center points on the front and 

rear sides and on the left and right sides of the container. 

 

 

Table 1. Thermal insulation performance indices of different combinations of sandwich panel thicknesses 

 

Parameter index 
Sandwich panel 

thickness 

Surface layer thickness 

0.5 0.6 0.7 0.8 0.9 1 

Thermal inertia 

index 

50 0.7481 0.7064 0.7152 0.7596 0.7158 0.7518 

100 1.6259 1.0251 1.2629 1.2414 1.9269 1.3291 

150 2.3052 2.3069 2.3014 2.3062 2.3514 2.5147 

200 2.6924 2.5184 2.6582 2.4185 2.6258 2.3968 

Attenuation factor 

50 2.3052 2.1471 2.5182 2.0514 2.4585 2.0514 

100 4.6247 4.6253 4.3269 4.4274 4.6239 5.1429 

150 6.2051 7.5182 7.2514 7.6258 7.2513 8.3251 

200 13.2047 13.6295 16.3258 10.2051 14.2409 15.2631 

Delay time 

50 1.8362 1.8174 2.0517 2.3069 2.1038 1.1471 

100 3.6259 3.2518 3.6324 3.1271 3.2513 2.6248 

150 5.4524 5.3629 5.0125 4.6329 6.2118 5.3056 

200 6.9052 7.2847 7.2036 7.2513 7.6235 7.2958 
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1) 

 
2)  

  
3) 

 
 4)  

 
5) 

 
6)  

 

Figure 4. Curve of temperature change inside the cold chain 

shipping container under different stacking methods 
 

 
1) 

 
2)  

 
3) 

 
4)  
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5) 

 
6)  

 

Figure 5. Curve of air speed change in the cold chain 

shipping container under different stacking methods 

 

From analysis of Figures 4 and 5, it can be seen that when 

the cold chain shipping container was empty, the cold air 

refrigerated could be transported to various positions in the 

container space, and the eddy current and slow refrigeration 

caused by the unbalanced cold air flow did not occur under 

this stacking method, and the temperature distribution on the 

boundaries and the feature lines is uniform, indicating that the 

temperature and speed of the cold air at this time are proper. 

When the goods were stacked by the integral-type or two-piece 

method in the cold chain shipping container, the area around 

the top of the container door was prone to accumulation of 

high-temperature air, and the upper layer of the goods 

generated eddy currents that caused high-temperature air to 

accumulate. Therefore, in a cold chain shipping container, 

goods cannot be stacked too high, it must not be stacked too 

high, and there should be enough clearance between the upper 

layer of goods and the top of the container for cold air 

circulation. Judging from the uniformity of the cold air 

circulation distribution, the integral-type stacking method had 

the worst performance, followed by the layered two-piece 

method, and the horizontal and vertical two-piece methods had 

slightly better performance. None of the 4 goods stacking 

methods achieved the desired refrigeration and air circulation 

effects, and all caused a certain waste of cooling capacity. 

When the goods were stacked by the four-piece method in the 

cold chain shipping container, the two vertical and horizontal 

passages reserved for ventilation helped take away the high-

temperature air in the goods through the supply air-return air 

circulation in time, and effectively increased the circulation 

efficiency of cold air inside the container. Compared with that 

under the integral-type or two-piece stacking method, the 

refrigerated cold air reached various positions of the cold chain 

shipping container in a more uniform and effective way, 

leading to better cold air circulation and better refrigeration 

effect. 

 

 
 

Figure 6. Comparison of temperature differences in the cold 

chain shipping container under different stacking methods 

 

Figure 6 compares the temperature differences in a cold 

chain shipping container under different stacking methods. It 

can be seen that the largest temperature difference appeared in 

the container with the integral-type stacking method, while the 

smallest difference in the empty container and the one with the 

four-piece stacking method. This shows that the stacking 

method with cold air channels produces smaller eddy current 

of air and better cooling effects. Among the three types of 

stacking methods, namely horizontal two-piece, vertical two-

piece, and layered two-piece methods, the vertical two-piece 

method achieved the smallest temperature difference in the 

container, where the flow field distribution was the most 

uniform, and the utilization rate of the container capacity 

reached the maximum. The four-piece stacking method 

reserved one vertical passage and one horizontal one for 

ventilation, which effectively improved the heat convection 

and heat exchange between the cold air and the goods. The 

high-temperature air in the container could be taken out in time 

through the supply air-return air circulation, making the 

distribution of the flow field relatively uniform. Therefore, the 

four-piece stacking method is the desired stacking method for 

cold chain shipping containers. 

 

 

5. CONCLUSIONS 

 

This paper conducts the numerical simulation of the 

influencing factors to the thermal insulation performance of 

cold chain shipping container and studies the internal flow 

field. The structure and air supply diagrams of a cold chain 

shipping container were given, the thermal insulation 

performance of the thermal insulation sandwich panels in 

different surface layers and core layers of the cold chain 

shipping container was calculated and analyzed, and thermal 

inertia and heat transfer attenuation performance of the 

sandwich panels during the unsteady heat transfer process of 

the container were analyzed. The basic governing equations 

and assumptions were established for the internal flow field of 

the cold chain shipping container, and the distribution of the 

internal flow field was explored. With the impact of the 

viscosity of air molecules in the cold chain shipping container 

further ignored, the flow was regarded to be turbulent, and the 
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internal flow field was simulated based on the turbulence-

dissipation model.  

The experimental results provided the heat flow density 

diagram of the sandwich panel in the cold chain shipping 

container. It can be seen that with the increase of the thickness 

of the thermal insulation sandwich panel, the heat flow density 

gradually decreased. The thermal insulation performance 

indices of different combinations of sandwich panel 

thicknesses were summarized. The temperature change curves 

and air speed change curves in the cold chain shipping 

container under different feature lines and stacking methods 

were drawn. The performance of 6 goods stacking methods, 

namely empty container, integral type, horizontal two-piece, 

vertical two-piece, layered two-piece and four-piece methods, 

were analyzed, and the temperature differences in the cold 

chain shipping containers under different stacking methods 

were compared, which led to the conclusion that the four-piece 

stacking method is a desired method for cold chain shipping 

containers. 
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