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Abstract

There exist less-than-carload logistics in the transportation of cold chain logistics. In order to
improve the economy of logistics to ensure the quality of fruit and vegetables during
transportation, combined with the vacuum insulation technology, a cold storage type multi-
temperature refrigerated truck was designed. The cold storage plate was filled with two
prepared phase change materials and loaded on the inner wall of the car. The temperature
distribution of the refrigerated compartment when it was no-load and loaded was simulated
using numerical simulation. The results of this research provide support for the better future
design and optimization of cold storage type multi-temperature refrigerated truck, as well as
the application of cold storage technology in the fruit and vegetable cold chain logistics.
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1. Introduction

Refrigerated transportation is essential to reduce food waste and ensure food safety, which in turn
affects the environment, water and land resources [1-3]. refrigerated trucks are the main means of
transportation in cold chain logistics. With the rapid development of cold chain logistics, the annual
growth rate of refrigerated truck demand is about 8% - 12% [4-6]. Compared with traditional
refrigerators, Storage Type Multi-Temperature refrigerated trucks have more advantages in economy,
flexibility, environmental protection, safety and controllability [7]. The cold source of storage type
refrigerated truck comes from cold plate. The cooling process is completed by stably releasing the
cold stored in the internal PCM after freezing, and the charging time of cold plate can be selected in
the period of low electricity price and low electricity consumption [8].

The PCM has become a research hotspot in the field of energy storage due to their high energy storage
density [9]. In the selection of phase change materials, good thermodynamic properties and thermal
stability, as well as economy and feasibility of use should be given priority. Yang Ying et al [10]
made a composite phase change material with glycol and ammonium chloride, the phase change
temperature is 257.15 K, the latent heat of phase change is 206-222 J g-1, the chemical property is
stable, and no nucleating agent is needed. The experiment proves that it can be used as a phase change
cold storage material. Min Li et al. [11] mixed 30wt% dodecanol and 70wt% octanoic acid, a low
eutectic phase change material with a phase change temperature of 279.67 K, and measured the
thermal characteristics of the eutectic mixture when it was filled and cooled. The results show that
the dodecanol octanoic acid composite phase change material is a potential material for low-
temperature energy storage applications. PCM has great potential in cold chain transportation. The
cooling stability of PCM makes it widely used in the transportation of perishable good stuffs [12-13].
Mashup Ahmed [14] studied the thermal insulation materials of the refrigerator car body. The thermal
insulation material and structure of the body directly affect the thermal insulation performance,
mechanical strength, environmental protection performance and economy of the refrigerator car. The
new vacuum insulation board technology can greatly reduce the thermal conductivity and improve
the cold insulation time [15-16]. Liu M, et al [17] developed a new refrigeration system which can
keep the refrigerator car at the ideal temperature condition by using the new cold plate phase change
material. Compared with the existing phase change materials, the newly developed cold plate phase
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change materials have a lower cost, with a melting temperature of 246.45 K, which is suitable for
refrigerated vehicles with a refrigeration temperature of 255.15 K. The analysis shows that the cost
of using this system to transport refrigerated products is half of that of conventional transportation.

In order to characterize the temperature field distribution characteristics of refrigeration equipment,
researchers at home and abroad have carried out a sea of researchs on refrigeration equipment. Tian
Jinjin et al. [18] carried out numerical simulation on the freezing process of eutectic ice in the cold
storage plate, and established the apparent heat capacity model for the freezing of eutectic ice in the
cold storage plate. He Zhang [19] studied the temperature field distribution of the refrigerated box
when it was empty. Each measuring point shall be arranged on the inner wall surface of the box when
there is no load. The results show that the temperature field inside the refrigerated container is not
uniform, and the temperature difference between the front and the back of the container is large,
which is not conducive to the storage of goods. Taking tomato as an example, He Kaigiang, et al [20]
simulated the temperature and humidity distribution in refrigerated containers under different relative
air humidity. In steady state, the temperature field inside the vessel is stratified. The temperature
distribution of vessel section is basically the same under different relative humidity of air supply.
Leave the other parameters unchanged. When the relative humidity of air supply increases, there is
no significant effect on the temperature in the box, but the relative humidity in the box increases
significantly. Thus, the water loss of the goods is reduced, which is conducive to the refrigerated
transportation of fruits and vegetables. Phase change material is added in the refrigeration equipment
to make the equipment more suitable for refrigerated food. Zhipeng Guo [21] studied the effect of
vacuum insulation plate on the temperature distribution in refrigerated containers. Taking mechanical
refrigerated container as the research object, the physical and mathematical models of air convection
and heat transfer in the container are established, and the temperature field distribution in the vacuum
insulated plate refrigerated container and polyurethane refrigerated container under steady state is
simulated. The simulation results show that the distribution of temperature field in refrigerated
container is better than that in polyurethane refrigerated container, and the average temperature can
be reduced by 0.8k.

From the literature analysis, it can be seen that at present, the cold chain logistics box mainly uses a
single temperature range of refrigerant storage and logistics containers for fresh food or drugs in the
transportation process. Among them, the combination form of the storage agent and the heat
preservation box is generally packaged in bags. There are many inconveniences when loading and
unloading goods or stacking goods, and the bag storage agent is easy to be damaged and is not
conducive to reuse. The cost of using mechanical refrigeration equipment is high, which is not
suitable for the goods with high temperature control requirements in the transportation process. In
view of this situation, two kinds of phase change materials were prepared in this paper. The cooling
load of the multi temperature storage refrigerator car is calculated by theoretical thermodynamics,
and the multi temperature distribution of the refrigerator car is designed. The transient heat transfer
model of refrigerated compartment is established, and the effect of no-load and load refrigerated
compartment is calculated and analyzed.

2. PCMs preparation

The lauryl alcohol, Octanoic acid and sodium formate used in the experiment were all produced by
Aladdin Industrial Company in Shanghai, China, with the purity of analytical purity.
2.1 PCM1: lauryl alcohol-octanoic acid

LA and OA have good stability and no supercooling as PCM. The theoretical eutectic temperature of
LA-OA can be determined by formula [22]

Tm:[]/Ti_(RlnXi)/Hi:I_l (1)
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where Ti and Hi are the phase change temperature and latent heat of PCM; Tm is the phase change
temperature of the eutectic mixture, Xi is the content of the ith composite contained in the eutectic
mixture, and R is the gas constant, 8.314 J {mol K)™.
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Fig. 1 Cooling and DSC curves of LA - OA

The calculated ratio is LA-OA = 44.6:55.4 by mass. According to the small concentration change,
four ratios were selected, namely 36:64, 40:60, 44:56, 48:52. The step cooling curve was measured
in a low temperature bath. Considering the factors of transformation temperature, transformation
platform and supercooling, the LA-OA with mass ratio of 36:64 and 40:60 was selected. The latent
heat of phase transformation was measured by DSC. When the mass ratio of LA-OA is 40:60 and
36:64, the starting point of phase transition temperature is 275.49 K and 274.981 K, and the latent
heat of phase transition is 231.7 J g and 187.9 J g*. The latent heat of LA-OA with mass ratio of
40:60 is relatively high, and its thermal conductivity is 0.324 W {m K)-1measured by Hot Disk. The
LA-OA with this mass ratio was selected as the cool storage material in the multi temperature zone
for further study.

2.2 PCM2: Sodium formate aqueous solution

According to the melting point theory of eutectic phase change materials, the theoretical low eutectic
ratio is predicted. The concentration of sodium formate aqueous solution at 258.15 K is about 17%,
and the four ratios are 17:83, 19:81, 21:79 and 23:77 respectively. The step cooling curve was
measured, the latent heat was measured by DSC, and the thermal conductivity was measured by hot
disk. Considering the factors of phase transformation temperature, phase transformation platform and
supercooling degree, the sodium formate solution with 21% ratio was selected. The phase
transformation temperature was -15.6 <C, and the latent heat of phase transformation was 276.1 J g
1 and its thermal conductivity is 0.914 W {m K). The 21% sodium formate solution was chosen as
the cool storage material in the multi temperature zone.
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Fig. 2 Cooling and DSC curve of fractions HCOONa-H>0O
2.3 Safety aspects

Consideration needs to be given to the safety of the PCM and the heat transfer fluid when used in
food transportation applications. The inorganic salt aqueous solution used as the PCM is classified
as dangerous in Food Safety Law 2009/CHINA. It will cause irritation to skin and eyes and is slightly
hazardous in case of ingestion. However, the PCM is sealed in cold plate and is not corrosive or
reactive to plastic. The heat exchange from the PCM is via an intermediate heat transfer fluid. As
long as the cold plate is tightly sealed, the whole refrigeration system will be safe for food
transportation.

3. Storage system description
3.1 Refrigerated lorry design

The carriage is composed of six parts, namely, top plate, bottom plate, left and right side walls, front
wall, back wall and door. Due to the requirements of the thermal insulation of the car, its skeleton
should have the dual functions of bearing and heat breaking. The metal structure with high strength
and rigidity is selected as the main frame for Bearing purpose. The auxiliary skeleton for the purpose
of heat insulation, namely, the heat insulation bridge, is installed on the inner side of the main skeleton.
The inner and outer skin of the carriage are respectively connected with the main frame and the
auxiliary frame, forming a space filled with thermal insulation materials. In order to prevent the whole
cargo from being damaged, the inner surface of the metal inner skin is installed with inner plywood
inner skin. The skin and skeleton are connected by riveting. The frameless space between the inner
and outer skin is a thermal insulation layer filled with thermal insulation materials.

The structure of refrigerated car is divided into pieces. The independent heat insulation layer of the
car wall is made of the sandwich board prefabricated adhesive processing technology, and then the
pieces are assembled into a complete car. The thermal insulation material of the car body is composed
of 15 mm thick polyurethane board and 10 mm thick vacuum insulation board. The thermal
conductivity of the selected polyurethane insulation board is 0.025 W {m ), and that of the vacuum
insulation board is 0.003 W {m K)™.

The calculation formula of the total heat transfer coefficient K of the refrigerated chamber is as
follows:

1
K = (2)
1.5,,8,,8 35 1

&y >T1 7Tz Ay Ayoay
By substituting the data into the formula, K = 0.243 W {m? K).

The external dimension of the refrigerator car is designed as 2000 %1200 %1200 mm, and the external
volume of the car is 2880 L. The car body is prefabricated and spliced with "sandwich™ plate, and 15
mm thick polyurethane plate and 10 mm thick vacuum heat insulation plate are used as heat insulation
materials. The thickness of FRP skin material inside and outside the car body is 2.5 mm, and the total
thickness of the car body plate is 45 mm.

3.2 Multi-temperature zones design

Double temperature zone shall be designed according to the type of goods loaded. The compartment
is divided into two zones separated by the intermediate insulation board. The inner box is regarded
as two temperature zones, with the size of 935 <1110 %1110 mm. The temperature range of Tl is
275.15 - 281.15 K, which is the fresh-keeping area of fruits and vegetables drinks, and also the
transportation temperature range of refrigerated drugs; the temperature range of Tl is 259.15 - 263.15
K, which is the light freezing area, which can keep the nutrition of food well; it is also the
transportation temperature range of cold remedies.
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Fig. 3 Diagram of refrigerated compartment

In consideration of the discontinuity of heat transfer phenomenon of the intermediate insulating plate,
it is assumed that the two temperature zones are insulated from each other, and the cargo have been
precooled. The ambient temperature is set as 293.15K. empirical value. Considering the Respiration
heat of cargo, the heat insulating time of the designed refrigerated compartments is 8 h. The PCMs
packed in Tl and TII are the prepared LA-OA with the mass of 7.42 kg and 6.7 kg, respectively.

4. Theoretical modeling
4.1 Model simplification and calculation area selection

This paper takes refrigerated department as the research object. Temperature zone is divided by
theoretical calculation size. The PCM is evenly filled with the cold plate, which is attached to the
front, rear, left, right and upper surfaces of the box in Tl and TII.

4.2 Assumption

1) Air, PCMs, and insulating materials are isotropic;

2) The air and cold storage materials agree with the Boussinesq viscosity hypothesis;
3) Thermal resistance is not considered;

4.3 Governing equation

1) Mass conservation equation

V(p;v)=0 3)
2) Momentum conservation equation
@W(pfv) = —Vp+V(uv)+S
T

(4)

3) Energy conservation equation in phase change models

oT

deCp§+dzpCpu~VT+V~q=dZQ+q0+dZQp+dZde (5)

Using apparent heat capacity formulation solve the heat equation after specifying the properties of
PCM. Instead of adding a latent heat L in the energy balance equation exactly when thematerial
reaches its phase change temperature Tpc, it is assumed that the transformation occurs in a
temperature interval between Tpc — AT /2 and Tpc + AT /2. In this interval, the material phase is
modeled by a smoothed function, 0, representing the fraction of phase before transition, which is
equal to 1 before Tpc — AT /2 and to 0 after Tpc + AT /2.

4.4 Initial and boundary conditions

1) The ambient temperature of the refrigerated component is 293.15 K. The heat transfer coefficient
between the component and the external environment is taken as the above calculated value, K=0.243
W {m? K). When the cooling capacity released by the refrigeration system is in balance with the
ambient temperature, the internal environment of the vehicle body reaches a stable state.
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2) Because the heat transfer in fruits and vegetables is mainly driven by temperature gradient, the
convection term is 0, and the heat generated by respiration and transpiration is defined as generalized
heat source term Qvp [23]

Qe = Qresp + Qevap (6)
Qresp=pp Mz( Tp +17.8)m2 (7

for the apple, m; = 4.59>10°, m; = 2.66.
Qevap=C1Tp+CoTp+C3 (8)

for the apple, C1=9.1, C,=-7.4129x10° C3=3.8751x10°.
4.5 Numerical procedure and mesh sensitive analysis

For the present research, the governing Egs. (4)-(13) together with Initial and boundary conditions
mentioned above were solved by the Comsol Multiphysics software in the finite element method. The
expansions of Taylor series is used to discretize each partial differential equation [24]. The mesh
quality is especially significant for stability and accuracy of numerical computation. To obtain
accurate results, the mesh needs to be refined as much as possible, however, it will lead to longer
calculation times. Therefore, it is necessary to balance the efficiency of computing and the accuracy
of results and it is advisable to shorten the calculation time as much as possible while ensuring
accuracy. We used an unstructured gird made up of triangular elements in this work because adaptive
remeshing is implemented in an automated way in Comsol Multiphysics software. For the sake of
testing the effect of mesh quality, we tried to seek for the optimum cell number using three cases:
normal mesh (24909 triangular elements), fine mesh (35719 triangular elements) and finer mesh
(47098 triangular elements). Compared with finer mesh, the accuracy had no remarkable increase
when extra fine mesh was used. Inversely, it consumed more computation time. Therefore, we
employed the fine mesh finally. The schematic diagram of grid is presented in Fig.4 The time step of
At = 10 s are chosen as to the unsteady-state numerical calculations,. In the simulations based on
Comsol Multiphysics, the backward differentiation formula (BDF) method was selected for the time
stepper. And the iterative method used by solver was the generalized minimal residual method
(GMRES)

o

y_il.

Fig. 4 Geometric model with mesh.

5. Results and discussion

Refrigerated component provides suitable storage environment for goods. This paper mainly studies
the distribution of temperature field inside refrigerated component. The surface temperature
distribution of goods can directly reflect the distribution of temperature field inside refrigerated
component. In the post-processing, it is found that the surface temperature distribution of the left and
right two trains of goods is symmetrical with respect to the longitudinal section in the middle of the
compartment, and in consideration of the symmetry of the physical model geometry of the
refrigerated compartment and the homogenization of the physical properties of the materials used, in
order to show more clearly the distribution of the surface temperature field in the cargo area, the
longitudinal section view shows the difference of the temperature field distribution in different
positions in the compartment. According to the temperature requirements of the goods to be loaded,
the safe temperature range of Tl is set as 275.15 - 281.15 K, and that of TII is set as 259.15 - 263.15
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K. In view of the three different working conditions of no-load in two temperature zones, loading
fruits and vegetables in T and quick frozen food in TII, loading refrigerated drugs in Tl and loading
frozen drugs in TlI, the geometric center point and temperature field in temperature zone are analyzed.

5.1 Temperature profile of refrigerated compartment in empty

The temperature curve of the internal measuring point when the refrigerator is empty is shown in
Figure 8. When refrigerated compartment is in empty, the initial temperature in the compartment is
the same as the ambient temperature, and the cold plate is put into the corresponding temperature
zone. At the beginning of the temperature drop, the cooling capacity of this part mainly comes from
the sensible heat of PCM. With the release of sensible heat, the temperature of PCM decreases to the
phase change temperature, and the temperature of the measurement point in the chamber tends to be
stable. Through the gradual release of latent heat of PCM in the cold plate, the safe temperature range
of Tl and TII is maintained at 9.2 h and 6.2 h. It is different from the theoretical design time because
the thermal conductivity of the intermediate insulation board is taken according to the actual value,
and Tl and TII are not treated according to the heat insulation zone, so the thermal conduction of the
intermediate insulation board have an impact on the safe temperature time maintained in Tl and TII.
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Fig. 5 Temperature curve of refrigerated compartment in empty
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Fig. 6 Isothermal chart of refrigerated compartment in empty
The safe temperature range division of refrigerated transportation equipment is set by the temperature
range demand of transportation goods. Select the start and end time of the safe temperature range to
analyze the temperature distribution in the compartment. From the isotherm diagram, due to the
convection heat transfer between the wall and the outside environment, the air temperature gradient
near the wall becomes larger and the temperature uniformity is poor. Compared with isotherms, the
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temperature distribution in the compartment presents an inverted "U" shaped wave like diffusion from
the bottom to the top, which also conforms to the actual situation of the arrangement of the cold
storage unit above. Under the action of gravity, the cold air delivered by the cold plate diffuses and
decays to the lower part of the compartment, resulting in the low intensity of convection heat transfer
at the bottom of the compartment. The cooling range in this area is correspondingly small, and the
uneven distribution of the temperature field intensifies, which will pose a threat to the quality and
safety of the goods.

5.2 Temperature profile of refrigerated compartment with filled

When the goods are out of the cold storage, they are precooled to the corresponding safe temperature
range. When the refrigerated compartment with filled, the two working conditions are simulated
respectively for TI for loading fruits and vegetables and TII for loading quick frozen food, and TI for
loading refrigerated drugs and TII for loading frozen drugs. The difference between the two working
conditions is whether there is respiratory heat in the goods. Two physical models are built, one is to
add internal heat source. Because the heat transfer in fruit is mainly driven by temperature gradient,
and the convection term is zero, the respiratory heat is simplified as a linear source; Another ignored
the respiratory heat as the contrast, the other conditions remained the same. Under the same time
scale, the temperature distribution of the two models and the temperature change of the cargo were
compared.
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Fig. 7 Temperature curve of refrigerated compartment with filled
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Fig. 8 Contrast diagram of temperature distribution in different working conditions of
refrigerated compartment
Compared with the temperature curve of the temperature zones, the time difference of Tl in the safe
temperature range is 82 min. In the model, respiratory heat is modeled as a linear source, and the
increment of respiratory heat is a power function with the increase of temperature. It can be seen from
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the temperature nephogram that their temperature distribution characteristics are roughly the same.
When there is inner heat sources in the refrigerated compartment, the heat transfer resistance is high,
and the gradient change is not as obvious as that without heat sources. Therefore, in order to improve
the simulation accuracy of the cold storage compartment, the inner heat sources should not be ignored.
Because there is a insulation board in the middle of the two temperature zones, the inner heat sources
in TI has little influence on the cargo temperature in TII, and the temperature distribution of TII is
relatively consistent.

6. Conclusions

(1) Two kinds of PCMs were prepared for cold chain logistics, and thermal properties and thermal
stability were studied. The phase transition temperature and latent heat of LA-OA and
HCOONa -2H,0 were 2.34 T and - 15.6 T, 231.7 J g*and 276.1 J g*. The prepared PCMs featured
superior phase change temperature and latent heat, thermal stability and high thermal conductivity
for thermal energy storage in cold chain logistics.

(2) The storage type multi-temperature refrigerated compartment with an external dimension of 2000
%1200 %1200 mm was designed. A polyurethane board with a thickness of 15 mm and a vacuum
insulation board with a thickness of 10 mm were used as the thermal insulation materials. The cooling
load of the refrigerator compartment was calculated considering the convection heat transfer, thermal
conduction and respiration heat. The usage of PCMs was 7.42 kg and 6.7 kg respectively.

(3) According to the theoretical design of refrigerated compartment, the mathematical model was
simplified, and the three-dimensional unsteady model was established. The temperature field in the
compartment was simulated. When the refrigerated compartment was in empty, the safe temperature
range of Tl and Tl was maintained at 9.2 hand 6.2 h. There is a difference between the experimental
value and the theoretical value because of the thermal conductivity of the intermediate insulation
board. Compared with the two physical models, the effect of respiration heat on the temperature
distribution was analyzed. In order to improve the simulation accuracy of the cold storage
compartment, the internal heat source should not be ignored.
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