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Abstract: The main purpose of cold chain is to keep the temperature of products constant during
transportation. The internal temperature of refrigerated truck body is mainly measured with a
temperature sensor installed at the hottest point on the body. Hence, the measured temperature
cannot represent the overall temperature values of transported products in the body. Moreover, the
airflow pattern in the refrigerated body can vary depending on the arrangement of loaded logistics,
resulting temperature differences between the transported products. In this study, the airflow and
temperature change in the refrigerated body depending on the loading patterns of box were analyzed
using experimental and numerical analysis methods. Ten different box loading patterns were applied
to the body of 0.5 ton refrigerated truck. The temperatures inside boxes were measured depending
on the loading patterns. CFD modeling with two different turbulence models (k-ε and SST k-ω)
was developed using COMSOL Multiphysics for predicting the temperatures inside boxes loaded
with different patterns, and the predicted data were compared to the experimental data. The k-ε
turbulence model showed a higher temperature error than the SST k-ω model; however, the highest
temperature point inside the boxes was almost accurately predicted. The developed model derived
an approximate temperature distribution in the boxes loaded in the refrigerated body.

Keywords: refrigerated truck; CFD modelling; temperature prediction; airflow; loading pattern

1. Introduction

The global cold-chain market has been rapidly grown because of the significant in-
crease in fresh produce and vaccine logistics [1,2]. The key for cold chain is to maintain
the temperature of the transported product at a constant low temperature [3]. A variety of
refrigerated trucks are employed in cold-chain logistics. Refrigerated trucks are positioned
as a key transportation system that connect all distribution processes [4]. A refrigerated
truck is equipped with a refrigerated body and a refrigeration unit. The refrigerated body
should have good thermal insulation performance to transport refrigerated cargo at low
temperature [5]. In addition, refrigerated trucks should be equipped with a temperature
monitoring system. Although different types of refrigeration systems are used depending
on the type of refrigerated truck, a simple on–off feedback control with hysteresis is the
most used system to control the temperature inside the refrigerated body depending on
the setting temperature [6,7]. The temperature of the refrigerated body is measured only
at the hottest location using a temperature sensor [8]. However, the measured tempera-
ture cannot represent the overall temperature information of the transported product by
refrigerated truck [9]. A variety of cargoes are randomly loaded in refrigerated trucks.
As the amount of cargo loaded in the refrigeration body increases, the space required for
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cold air circulation is reduced, finally preventing uniform cooling of randomly loaded
cargo [10]. The on–off temperature control method causes temperature variation within the
setting temperature, resulting in nonuniform temperature distribution in the refrigerated
body [11]. The temperature variations are also affected by the location of the evaporator,
the direction of supply and intake of cold air, and the arrangement of the cargo [12]. The
quality of fresh produce can be deteriorated by this variation during transportation [13].
Therefore, monitoring the overall temperature distribution in the refrigerating body is
necessary. By determining the temperature distribution in the body, fresh produce can be
protected from being exposed to an inappropriate transportation environment [14].

A data logger or RFID tag equipped with a wireless temperature sensor is suitable
for monitoring cargo because of its simple installation and small size [15,16]. A num-
ber of studies on wireless sensors have been conducted to prove the effectiveness and
efficiency of the device by measuring the temperature change of cargo during transporta-
tion [17–20]. Real-time cargo monitoring using such sensors enables rapid response to
temperature issues through accurate temperature data collection. If the temperature issue
in the cargo is quickly resolved, the quality of the cargo can be maintained, and the amount
of cargo discarded due to deterioration in quality can be reduced [21]. Therefore, wireless
sensors are widely used for real-time cargo management in cold-chain transportation
logistics [22,23]. However, since the real-time cargo monitoring system requires several
supplemental devices such as temperature sensors and data loggers, it is more suitable for
high value-added products (i.e., vaccines) than agricultural products with relatively low
added value [24–26]. Therefore, it is necessary to develop a new temperature monitoring
system that can measure the temperature value by the location of the cargo without using
sensors in the cold-chain distribution [8].

A number of computational fluid dynamics (CFD) modeling methods have been
developed to predict temperature distribution in the refrigerated trucks, and the number of
sensors required for measuring temperature can be reduced based on the results from the
modeling [27]. CFD modeling with experimental analysis methods have been conducted
to analyze the cold airflow and temperature distribution in the refrigerated body of the
truck. Yildiz, T. [12] performed airflow and temperature profile simulations according to
cold air inflow and outflow models in a fully loaded trailer. The airflow circulation and
the temperature difference between measurement points depending on cold air supply
conditions were analyzed through the simulation. The results demonstrated that the proper
place of the inlet and outlet of cold air could improve the temperature gradient in the
refrigerated body. Kayansayan et al. [28] performed numerical analysis on turbulent flow
with complex heat transfer in a refrigerated body to analyze the effect of shape factors of the
body. By considering the two types of cold air outlets, the three types of aspect ratios, and
the Reynolds number of the wind speed, it was possible to determine the optimum cold-air
speed value depending on the shape of the refrigerated body. However, experimental work
should accompany these methods to develop accurate modeling. Margeirsson et al. [29]
developed a 3D heat transfer model that could be used to predict product temperature
changes in supercooled cod fillets packaged in loaded EPS boxes. The developed model
was validated by comparing with experimental results, and was slightly different from the
experimental results. Hoang [30] presented CFD-based refrigerated vehicle heat transfer
modeling to predict the temperature of cargo. Various phenomena such as respiration
heat of the product and infiltration of outside air due to the opening of the door were
considered in the CFD modeling. Through the developed model, it was technically feasible
to quickly evaluate the effect of phenomena such as external temperature, wall insulation,
and thermostat setting on the load.

In this study, the internal environment of the refrigerated body depending on box
loading patterns was determined through the experiments and simulations. Based on the
results from experiments, turbulent flow and heat transfer models were developed using a
numerical analysis method. Two turbulent models (SST k-ω and k-ε models) were employed
in the simulation for comparing the accuracy of the simulation and the calculation time. The
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locations with relatively high temperatures were predicted by analyzing the temperature
distribution in the refrigerated body depending on box loading pattern.

2. Materials and Methods
2.1. Refrigerated Body Set Up

A refrigerated body for a 0.5-ton commercial refrigeration truck was used in this study
as shown in Figure 1a. The refrigerated body was made of a sandwich insulation wall,
which consisted of rigid polyurethane foam and aluminum panels, and the size of the body
was 1950 mm in length, 1210 mm in width, and 1140 mm in height. The thickness of the
front and top of the insulating wall and the other walls were 80 mm and 70 mm, respectively.
A commercial refrigeration system (TSU015L, KD FROZEN COMPANY, Korea) consisting
of an evaporator, compressor, condenser, and refrigeration controller was installed in the
body. The size of the evaporator, consisting of a cold air supply fan and two intake fans,
was 437 mm in length, 765 mm in width, and 210 mm in height. The cooling capacity of
the refrigeration system was 705 kcal/h on 2 HP single phase. A controller was used to
adjust the temperature in the refrigerated body and the defrost cycle. The volumetric flow
rate of cold air was 30 m3/min. Cargo boxes used in cold-chain logistics are usually made
of the various materials such as plastic, wood, and corrugated cardboard [31]. Commercial
corrugated cardboard boxes were used for all experiments and were loaded into the body in
different loading patterns. The dimension of the boxes were 350 mm × 300 mm × 300 mm
(thickness of 3 mm). The empty boxes were used to determine airflow patterns depending
on box loading patterns in the refrigerated body. Thermocouples were installed in the
center of the empty boxes to measure the internal temperature.
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2.2. Experimental Procedure

All experiments were started at 11 a.m. and the temperature values inside boxes were
measured for 4 h. The set temperature and temperature drop (reoperating temperature)
values of the refrigeration system were −15 ◦C and 1.5 ◦C, respectively. The defrost period
was set to a 6 h interval. The external environment could not be controlled because the
refrigerated body was placed outdoors. The experiment was conducted from May to June
in 2020, and the average outside temperature from 11 a.m. to 1 p.m. was 20 ◦C (36.37◦ N
127.37◦ E 0 m, Daejeon, Korea).

Figure 1b shows the locations of where the temperature sensors were installed. The
sensor for the temperature control of the refrigerated body was installed on the bottom of
the intake fan of the evaporator. Two temperature and humidity probes (0572 6172, Testo,
Germany) were installed on the outside of refrigerated body and at the center of front wall
inside the refrigerated body to measure temperature and humidity every 5 s. In addition,
all data points were monitored and recorded in a data logger (176 H2, Testo, Germany).
Thermocouples (KK-K-30, OMEGA Engineering, USA) were installed at intervals of 50 mm
throughout the refrigerated body to measure the supply air, intake air, and left, right, and
rear air-temperature values. The temperature was measured and recorded every 5 s using a
data logger (U6-Pro, LabJack, USA) connected to PC. Thermocouples were installed in the
center of each box, and the temperature was also measured every 5 s. Figure 1c shows the
connection configuration of the temperature and humidity sensors, data loggers and PC.

2.3. Box Loading Patterns

Figure 2 shows the 10 box loading patterns and experiments were performed using
patterns (1) to (7) with 3 to 9 boxes. The loading patterns were loading methods that were
not taken into account in actual transport situations. The experimental loading pattern was
established to clearly reveal the temperature patterns depending on the positions of the
boxes. Pattern (1) was employed to the develop numerical model. The experimental and
simulated data obtained from patterns (2) to (7) were compared to verify the developed
model. The temperature distributions in patterns (8) to (10) were predicted based on the
validated model. When the boxes were loaded in the refrigerated body, they were arranged
as densely as possible. However, there was still gaps between the boxes. The measured
average gap was approximately 5 mm. In the simulation, the lateral spacing between the
boxes was also set to 5 mm.
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2.4. Numerical Analysis

In this study, numerical analysis was conducted to investigate the internal airflow and
temperature in the refrigerated body. A computational fluid dynamics (CFD) model was
developed to analyze cold airflow and temperature inside boxes loaded in the refrigerated
body by using COMSOL Multiphysics (COMSOL 5.5, COMSOL, Inc., Palo Alto, CA, USA).
In order to develop a practical CFD model in the refrigerated body loaded with the boxes,
the modeling was simplified through the following assumptions.

The air inside the body was assumed to be a uniform and incompressible fluid. The
air flow was considered as a constant turbulent flow because only the section in which the
refrigeration system operates was considered.

Airflow and heat radiation from the outside of the body were neglected. Instead, the
heat flow due to thermal convection from the outside of the body surface was considered,
and a constant outside temperature was set on body surface.

Density, heat capacity, and thermal conductivity of the boxes’ and refrigeration
body’s materials were all considered constant. Only air was considered as a function
of temperature.

Heat from the refrigeration cycle was neglected. The cargo was designed as a closed
box with an empty interior and no heat source.

Figure 3 shows the change in the supply air temperature of the refrigeration system
used in the experiment. A temperature sensor connected to the temperature controller was
installed on the intake fan. The set temperature in the refrigerated body was set to −15 ◦C,
and the temperature drop (reoperating temperature) value of the refrigeration system
was set to 1.5 ◦C to prevent overload of the refrigerator. In the refrigeration cycle, the
refrigeration system turns on and off repeatedly depending on the set temperature. When
the temperature of the intake fan fluctuated between −13 and −15 ◦C, the temperature
of the outlet fluctuated between −10 and −17 ◦C. Only the ON cycle was considered to
analyze the internal temperatures of the boxes when cold air was supplied to a maximum of
−17 ◦C. The temperature data of the supply air obtained through the experiment were used
for the simulation. A time-dependent study simulating patterns (1) to (7) was performed
to determine the temperature changes in the boxes. The datapoints were collected from 0
to 220 s in 5 s intervals.
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2.4.1. Geometry

Figure 4a shows a schematic diagram of refrigerated body used in this study. Two
geometries were designed: geometry 1, considering the thickness of the wall, and geometry
2, omitting wall. All dimensions of the refrigerated body, refrigerator, and cargo box were
the same as the refrigerated body used in this study. The box domain was also filled with
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air. The domain of geometry 1 consisted of the airflow area inside the refrigerated body,
the airflow area inside the box, and the solid area of the insulation wall. The wall domain
was composed of the aluminum panel and rigid polyurethan foam. An evaporator was
installed on the ceiling in front of the inside of the body in an asymmetrical position close
to the left wall. The domains of geometry 2 excluded the domain of the insulating wall
of geometry 1. As shown in Figure 4b, cold air was supplied to the rear direction of the
refrigerated body and returned to the intake fan of the evaporator after absorbing the heat
in the refrigerated body. The inner space and the fan of the evaporator were removed
to simplify the model. Figure 4b also shows the temperature measurement points in the
simulation. They were taken at the same locations as where the temperature was measured
in the experiments. Figure 4c shows the created mesh domain for two geometries. The
mesh size was decided in consideration of analysis time and model accuracy. The total
number of elements was about 150,000. Free tetrahedral and triangular elements were used
in mesh domain construction. The average element quality was 0.64. The input and output
mesh domains of the evaporator were constructed with very fine mesh for increasing the
accuracy of the model. The mesh of boxes adjacent to other domains, such as other boxes
or walls of refrigerated bodies, was finer. The number of meshes was varied depending on
the boundary domain and the number of boxes. Boxes have different meshes depending on
the domain around the boundaries. A sensitivity analysis for the meshes was performed.

2.4.2. Fluid Dynamics Model

The cold air rapidly evacuating from the evaporator at approximately 5 m/s created
turbulent flow inside the refrigerated body. The Reynolds-Averaged Navier–Stokes (RANS)
method was used to analyze the turbulent flow. The RANS equation was expressed as;

ρ
∂u
∂t

+ ρ(u·∇)u = ∇·[−pI + µ(∇u + (∇u)T ] (1)

ρ∇·u = 0 (2)

where ρ is the density (kg/m3), u is the velocity (m/s), and p is the pressure (Pa).
Representative turbulence models were the k-ε model for calculating the center of a

turbulent flow (high Reynolds number) and the k-ω model for calculating the flow close
to the wall (low Reynolds number) [32]. Menter [33] proposed the shear stress transport
(SST) k-ω model combining the advantages of the k-ε model and the k-ω model. For CFD
modeling of refrigerated body, the SST k-ω model was found to be the most accurate model
for predicting turbulent flow [34]. The k-ε model and the SST k-ω model were employed in
this study, and the accuracy and analysis time of the developed models were compared.
The k-ε turbulence model has two main dependent variables: turbulent kinetic energy k
and turbulence dissipation rate ε [35].

µT = ρCµ
k2

ε
(3)

where µT is the turbulent viscosity (Pa·s) and Cµ is turbulence model parameter.
The SST k-ω model equation introduced two dependent variables: turbulent kinetic

energy, k, and turbulent specific dissipation rate, ω [33]. The turbulent viscosity in the SST
k-ω was given by:

µT =
ρa1k

max(a1ω, S fv2)
(4)

where S is the characteristic magnitude of the mean velocity gradients, fv2 is the interpola-
tion function, and a1 is the turbulent model constants. All parameters of the fluid dynamics
model were selected in [33,35]
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2.4.3. Heat Transfer Model

The heat transfer equation for the air domains inside the refrigerated body and the
boxes, and the solid domain of the insulation wall was expressed as;

ρCp
∂T
∂t

+ ρCpu·∇T +∇·(−k∇T) = 0 (5)
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where ρ is the density (kg/m3), Cp is the heat capacity (J/kg·K), k is the thermal conductivity
(W/m·K), and T is the temperature (K).

2.4.4. Boundary Conditions

The initial value of the internal air temperature was the temperature at which the
refrigerator starts operating (i.e., the highest temperature in the refrigeration cycle). The
air velocity at the inlet and outlet was considered constant. The outlet air velocity of the
evaporator measured by an anemometer was 4.8 m/s. The turbulence variables at the inlet
boundary were expressed as;

k = 3
2

(
Ure f lT

)2
, ω = k1/2

(β0
∗)1/4 , ε = Cµ

3/4 k3/2

LT

Ure f = U0 = 4.8 m/s
(6)

where lT is the turbulence intensity and LT is the turbulent length scale.
The turbulence intensity and turbulent length scale applied in the simulation were

0.05 (5%) and 0.01, respectively. The intake fan was not implemented in the simulation
and was set as a simple outlet. A fixed pressure of 101.3 kPa (atmospheric pressure) was
assigned to the intake fan boundary. The temperature of cold air was same as the measured
temperature value from the outlet of the evaporator. As shown in Figure 4a, the outer and
inner boundaries of the insulation wall of geometry 1 were set with aluminum, and the
gap between the boundaries was set with rigid polyurethane foam. The boundaries of
the walls in geometry 2 were assigned to rigid polyurethane foam. A heat flux condition
by convective heat transfer was applied to the external wall surface in contact with the
external environment. The heat flux equation at the outer boundary due to convection was
given by;

− n·(−k∇T) = h
(
Texp − T

)
(7)

where h is the convective heat transfer coefficient (W/m2·K), Texp is the external temperature
(K), and n is the normal vector on the boundary.

The average temperature value obtained from the experiments was applied to the
external surface temperature. In addition, the convective heat transfer coefficient was set
to 10 W/m2·K for all walls based on the temperature data collected by measuring the
temperature difference at the walls of the refrigerated body.

The cargo box domain (corrugated cardboard) was created as a geometry with no
thickness. The thickness of the box layer (3 mm) was very thin compared to the length of
the refrigerated body (1950 mm). Corrugated cardboard was surrounded by air. The box
boundary was considered as the thin layer. Heat flux through the thin box boundary was
given by;

−n·q = −ρCp
∂T
∂t −∇·qc

qc = −k∇T
(8)

where q is the heat flux,∇T is the temperature gradient, the heat capacity (Cp) of corrugated
cardboard is 1260 J/kg·K, density (ρ) is 20 kg/m3, and heat conductivity (k) is 0.07 W/m·K

2.5. Error Calculation

The validity of the developed modeling was determined by comparing experimental
and simulated data through the root mean square error (RMSE). RMSE (◦C) was given by;

RMSE =

√
1
n

n

∑
i=1

(ypi − ymi)
2 (9)

where yp is the predicted temperature value (◦C) by the simulation, ym is the measured
temperature value (◦C) from the experiments, and n is the number of values.
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3. Results and Discussion
3.1. Experimental Results for Loading Pattern (1)

The temperature distribution obtained from the experiment for box loading pattern
(1) is shown in Figure 5. Only this experiment was conducted in July 2020, and the
outside average temperature was 35 ◦C. The temperature of the refrigerated body was
decreased up to the setting temperature (−15 ◦C) of the intake fan of the evaporator. After
about 220 s, the temperature of the intake fan reached −15 ◦C. Then, the refrigeration
system stopped working and the internal temperature of the refrigerated body was sharply
increased, owing to the heat transfer from the insulation wall and the refrigeration system.
When the temperature increased by the setting temperature difference (−1.5 ◦C), the
refrigeration system started to operate again. The temperature just before the refrigeration
system stopped operating was the lowest, and there was a difference in temperature at
the temperature measurement points in the body. The average operating cycle time of
the refrigeration system, except for the first cooling period, was 220 s to reach the setting
temperature. The lowest temperature values at the measurement points are listed in Table 1.
Among temperature values, the measured temperature at the rear wall (point (5)) was
the lowest; however, the temperature difference between this temperature and the cold
air from the evaporator (point (1)) was about 2 ◦C. The temperature values of the side
walls (point (3) and (4)) were slightly higher than the setting temperature. Nonuniform
temperature distribution was observed in the refrigerated body. The temperature values in
the boxes depending on the measurement points (point (6), (7), and (8)) were also different
due to the temperature nonuniformity in the refrigerated body. The significant temperature
difference was observed between the upper (point (6)) and lower (point (8)) box and was
over 3 ◦C.
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Table 1. The lower temperature limits of measurement points (setting temperature: −15 ◦C).

Point 1 2 3 4 5 6 7 8

Temperature (◦C) −17.21 −14.83 −14.03 −14.63 −15.59 −13.59 −12.87 −10.26

Figure 6 shows the temperature change in the refrigerated body and box while the
refrigeration system was operating. There was a time delay between the temperature at
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the center of the box and the temperature inside the refrigerated body. The time delay
was the time required for cold air to reach the center of the box, with an average delay
of 60 s. As more boxes were loaded in the refrigerated body (loading patterns (2) to (7)),
the operating time of the refrigeration system was decreased, and the average operating
time was 110 s (data are not shown). Although the operating time was decreased, the
time required for the box to reach the lowest temperature was longer than the operating
time, with an average time of 220 s. As shown in Figures 3 and 6b, the initial temperature
values (refrigeration system was on) of the cold air (−10 ◦C) and the temperature in the
box (−10 ◦C) were used for the initial input temperature values in the simulation. Since the
supply air temperature for nine boxes did not vary significantly depending on the loading
patterns, the temperature value of supply air was set as the function of time, and the final
temperature was −17 ◦C as shown in Figure 6b. It ended at 120 s in the experiment but
extended to 245 s in the simulation.
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3.2. Numerical Analysis Results for Loading Pattern (1)
3.2.1. Air Velocity Field

Numerical analysis was performed for three different cases depending to the types of
geometries and turbulence models, with loading pattern (1): the geometry one and SST k-ω
model (case one), geometry one and k-ε model (case two), and geometry two and k-ε model
(case three). Figure 7 shows the air flow inside the refrigerated body for each case. In case
one and case two, the velocity streamlines in the y-z plane were almost identical. When
comparing the x-y planes, only the SST k-ω model showed a small eddy current at each
edge, but the overall velocity distribution in the two different models was almost same.
Even in the overall flow of the 3D streamline, there was little difference between the two
turbulence models. The observed airflow in case two and case three was very similar, and
the absence of the outer wall slightly affected the analysis of the airflow of the refrigerating
body with the loading pattern (1).

Sensitivity analysis was performed for normal size and fine size as shown in Figure 8.
The number of mesh elements in the normal-sized scenario was about 150,000, and when
the element size was made fine, about 450,000 elements were created. The results from
sensitivity analysis for normal- and fine-sized meshes are shown in Figure 9. As the mesh
size became finer, the temperature values at the measured points were slightly different.
However, there was not a significant difference between the results from the sensitivity
analysis for fine- and normal-sized meshes. A very fine element was required when
adjacent domains existed, but a normal size in the simulation was sufficient for predicting
the overall airflow in the refrigerated body loaded with different box loading patterns.
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3.2.2. Temperature Field

The experimental result for loading pattern (1) was compared with the simulated
results from case one, two, and three (Figure 10). In Figure 10, E and S denote experiment
and simulation, respectively. The internal temperature, which started from −10 ◦C, was
decreased over time. In the experiment, the lowest and highest temperature values were
measured at the rear wall (point (5)) and right wall (point (3)), respectively. In all simulation
cases, the simulated temperature values for a refrigeration operating time of 220 s were
slightly different from the experimental temperature values; however, the minimum and
maximum temperature values were consistent. Figure 10b shows the temperature change
inside the box for each case. The initial value of the temperature inside the box was set
to be the same as the experimental value. The temperature inside the box was slowly
decreased because the inside of the box was not in direct contact with the cold air. Table 2
shows the simulated temperature values for all cases. The temperature values were
different depending on the temperature measurement points. The highest difference
between experimental and simulated temperature values was observed at point (5). The
temperature difference for case one, two, and three were 1.46 ◦C, 1.5 ◦C, and 1.2 ◦C,
respectively. The leading cause of the temperature difference was that the door was not
implemented in the simulation. The door side of the refrigerated body has relatively weak
insulation performance compared with the other walls. At all other points except for
point five, the temperature difference between experimental and simulated results was
less than 1 ◦C. Comparing cases two and three, the internal temperature range in case
three was much larger, showing the relatively high temperature difference. The omitted
wall in the simulation caused the temperature difference. The effect of heat transfer by
convection was increased in the absence of insulating walls in the simulation geometry.
Although the temperature values near the walls obtained in case three were different from
the simulated results of cases one and two, the temperature change of the boxes in case
three (Figure 10b) was not significantly different from cases one and two. The temperature
values inside the boxes were not significantly affected by the presence of insulating walls
in the simulation geometry. The predicted temperature values in the boxes were slightly
deviated from the experimental data. This error was expected because the box geometry
used in the simulation was different from the actual box geometry used in the experiment.
The calculated RMSE values for the measured temperature values from different points are
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listed in Table 3. In all cases, some RMSE values were greater than 1 ◦C, but the majority of
RMSE values were less than 1 ◦C. The modeling results could be considered reasonable.
Table 4 shows the analysis times for the simulation of the refrigerated body with loading
pattern (1) and pattern (2) in the three cases. The SST k-ω model was relatively more
accurate than the k-ε model. However, the analysis time was significantly increased as
the number of boxes was increased. Therefore, in terms of calculation time, the k-ε model
would be practical for developing the prediction model for temperature distribution in the
refrigerated body with different loading patterns. Case three, in which the insulation walls
were omitted, predicted almost the same temperature values inside the boxes as case one
and two, and shortened the calculation time.
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values in refrigerated body and (b) three boxes.

Table 2. Temperature values according to the point inside the refrigerated body and boxes at 220 s.

Simulation
Point

Case 1 2 3 4 5 6 7 8

Temperature (◦C)
1 −17.00 −15.18 −13.47 −14.03 −16.55 −12.69 −12.08 −10.07
2 −17.00 −15.24 −12.85 −14.74 −16.60 −12.77 −12.15 −10.01
3 −17.05 −14.42 −11.62 −13.61 −16.30 −12.86 −12.16 −9.99

Table 3. RSME values (◦C) of predicted temperatures by the developed model.

Case
Point

2 3 4 5 6 7 8

1 0.724 0.754 1.082 0.980 0.758 0.570 0.303
2 0.718 1.242 0.515 0.998 0.714 0.531 0.316
3 0.700 2.173 1.030 1.027 0.653 0.512 0.334
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Table 4. Calculation times for the simulation of loading pattern (1) and pattern (2) in three cases.

Case
Loading Pattern

1 2

1 13 min 41 s 1 h 10 min 17 s
2 9 min 42 s 22 min 35 s
3 9 min 3 s 21 min 24 s

3.3. Comparison between Experimental and Simulated Results for Loading Patterns (2) to (7)

Case three (geometry two, k-ε turbulence model) was used to predict the temperature
change in the refrigerated body with loading patterns (2) to (7). Figure 11a shows the
simulated temperature change in the refrigerated body with loading pattern (2). The rear
side of the refrigerated body, which was in direct contact with cold air, cooled rapidly. The
front side was not cooled enough because of the penetrated heat from the outside of the
front wall. Compared to the ceiling and rear walls, cold air did not influence the side and
front walls. Figure 11b shows the change in the temperatures inside the boxes over the
simulation time. In the experiment, the initial temperatures of the boxes were different
depending on the location. In the simulation, the initial temperature inside the box was set
to−10 ◦C. The boxes on the top layer were the most affected by the cold air. However, since
the boxes on the bottom layer were in contact with the bottom of the refrigerated body, the
penetrated heat from the bottom affected the temperature of the bottom-layer boxes. The
temperatures of middle-layer boxes were not significantly changed. Figure 11c shows the
temperature change depending on the position of the box. In the experiment, it took about
50 s for the cold air to reach the center. The temperature difference depending on the box
layers was observed. The lower-layer boxes showed a higher temperature than the initial
value. Figure 12 shows the predicted temperature distribution in the refrigerated body
with loading patterns (3) to (7). The temperature inside the boxes, which started at −10 ◦C,
decreased over time. However, after 220 s, the core temperatures in the boxes did not reach
the final cold air temperature (−17 ◦C). In loading patterns (2) to (7), the temperature values
of bottom-layer boxes were much higher than in boxes in other layers. This was caused
by the heat transfer from the bottom of the refrigerated body. The amounts of cooling and
heat transfer from outside of the walls were different depending on the position of boxes.
Because all boxes were loaded at the bottom of the refrigerated body in loading pattern
(7), the amount heat transfer heat from the outside of bottom significantly affected the
cooling inside the boxes and caused nonuniform temperature distribution. The predicted
temperature distribution results were compared with the experimental temperature data
measured in the center of the boxes. The average lowest temperature values of the boxes
measured for 1 h are listed in Table 5. The temperature of cold air was decreased up
to −17 ◦C in the experiment. However, the temperature values inside the boxes were
not decreased below −12.5 ◦C. These temperature values clearly showed that the box
loading patterns significantly affected temperature distribution in the refrigerated body.
The standard deviation of all temperature values was below 0.5. Table 6 is the simulated
temperature distribution in the refrigerated body depending on loading patterns. SImilarly
to the experimental results, the simulated temperature in box seven of loading pattern
(7) was the highest temperature and was increased up to −5.37 ◦C. Box 6 and Box 13 of
loading pattern (4), which showed the largest temperature difference in the experiment,
did not differ significantly by 1.4 ◦C in the simulation. Even though there was a difference
between experimental and simulated temperature data, the simulated data were reasonable
because the difference between the experimental value and the error were less than 1 ◦C
in almost all simulations. Table 7 shows the ranking of the lowest temperature inside the
boxes in experiments and simulations. The three boxes with the highest temperature in all
patterns were identical in both experiments and simulations. In loading pattern (5), box
11 was predicted to be the lowest temperature box, but box 8 was the lowest. In loading
pattern (6), box 8 was predicted to be the lowest temperature, but box 11 was the lowest in
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the experiment. However, since boxes 8 and 11 were adjacent boxes, these differences are
reasonable errors and did not affect the overall temperature distribution in the simulation.
In the loading patterns (2), (3), (4), and (7), the lowest temperature values in the boxes
were almost same as the experimental data. The case three model, which had a relatively
high temperature error near the wall, had a low box-temperature error. The developed
model was able to predict the point at which the temperature would rise by analyzing the
temperature distribution.

Table 5. The average lowest temperature values of boxes temperature measured over 1 h.

Experiment Pattern
Point

6 7 8 9 10 11 12 13 14

Average Temperature (◦C)
± Stdev

2
−11.56 −11.36 −11.13 −10.69 −10.37 −10.89 −8.26 −8.34 −9.25
±0.31 ±0.44 ±0.39 ±0.37 ±0.49 ±0.38 ±0.29 ±0.27 ±0.21

3
−12.17 −11.99 −11.63 −11.57 −11.11 −11.55 −10.06 −9.87 −10.71
±0.2 ±0.29 ±0.28 ±0.28 ±0.39 ±0.3 ±0.22 ±0.27 ±0.28

4
−12.52 −12.31 −11.95 −11.72 −11.18 −11.50 −9.05 −8.66 −10.00
±0.13 ±0.2 ±0.2 ±0.19 ±0.29 ±0.27 ±0.19 ±0.23 ±0.24

5
−10.45 −10.69 −11.31 −10.25 −10.43 −11.01 −7.66 −8.28 −8.96
±0.06 ±0.04 ±0.05 ±0.08 ±0.05 ±0.07 ±0.13 ±0.07 ±0.1

6
−9.81 −10.16 −10.69 −10.11 −10.20 −10.69 −8.70 −8.98 −9.63
±0.45 ±0.5 ±0.38 ±0.42 ±0.44 ±0.4 ±0.19 ±0.24 ±0.2

7
−7.38 −6.61 −7.59 −7.18 −5.99 −7.76 −9.00 −8.96 −9.79
±0.02 ±0.05 ±0.03 ±0.03 ±0.03 ±0.01 ±0.06 ±0.07 ±0.03

Table 6. The simulated lowest temperature values in the boxes.

Simulation Pattern
Point

6 7 8 9 10 11 12 13 14

Predicted Temperature (◦C)
± Error *

2
−10.94 −10.80 −10.80 −10.26 −10.29 −10.49 −9.03 −9.51 −9.64

0.62 0.56 0.33 0.43 0.09 0.41 −0.77 −1.17 −0.39

3
−11.00 −10.75 −10.54 −10.68 −10.42 −10.18 −9.98 −9.40 −9.38

1.17 1.24 1.09 0.89 0.69 1.37 0.08 0.48 1.33

4
−10.77 −10.74 −10.85 −10.44 −10.37 −10.65 −9.47 −9.30 −9.61

1.76 1.57 1.10 1.28 0.80 0.85 −0.42 −0.64 0.39

5
−10.62 −10.57 −10.64 −10.35 −10.65 −10.65 −9.27 −9.62 −10.19
−0.18 0.12 0.67 −0.10 −0.22 0.36 −1.61 −1.33 −1.23

6
−10.77 −10.74 −10.85 −10.44 −10.37 −10.65 −9.47 −9.30 −9.61
−0.96 −0.58 −0.16 −0.32 −0.17 0.04 −0.77 −0.31 0.02

7
−7.27 −5.37 −7.73 −7.77 −6.40 −8.03 −9.58 −9.52 −9.69
0.11 1.24 −0.14 −0.59 −0.41 −0.27 −0.59 −0.56 0.10

* Error = Predicted temperature—Measured temperature.

Table 7. Ranking for the lowest center temperature in the boxes depending on loading patterns.

Pattern Method
Point

6 7 8 9 10 11 12 13 14

Temperature Rank *

2
Experiment 1 2 3 5 6 4 9 8 7
Simulation 1 2 3 6 5 4 9 8 7

3
Experiment 1 2 3 4 6 5 8 9 7
Simulation 1 2 4 3 5 6 7 8 9

4
Experiment 1 2 3 4 6 5 8 9 7
Simulation 2 3 1 5 6 4 8 9 7

5
Experiment 4 3 1 6 5 2 9 8 7
Simulation 4 5 3 6 2 1 9 8 7

6
Experiment 6 4 2 5 3 1 9 8 7
Simulation 2 3 1 5 6 4 8 9 7

7
Experiment 6 8 5 7 9 4 2 3 1
Simulation 7 9 6 5 8 4 2 3 1

* In descending order of temperature.
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3.4. Prediction of Hot Spots during Cooling for Loading Patterns (8) to (10) Using the
Developed Model

The developed model could not accurately predict the exact internal temperature of
the boxes. Depending on the loading pattern, a location where the temperature of the
box increased occurred, and the developed model was sufficient to identify hot spots
in the refrigerated body. The developed model was employed to predict the highest
temperature points for loading patterns (8) to (10) (Figure 13). In loading pattern (8),
the front and middle boxes in the bottom layer were not cooled down enough. In the
boxes of patterns (9) and (10), the temperatures of the boxes in the bottom layer were
significantly increased as more boxes were loaded. In particular, the boxes near front
side of the refrigerated body had a higher temperature than the boxes loaded at the rear
side. The temperature distribution inside the refrigerated body loaded with 27 boxes was
analyzed depending on the changes in the parameters of the refrigeration cycle. Figure 14
shows the application of the developed model. By changing the experimental conditions,
which were difficult to set up in the experiment, it was possible to predict the box that
was not cooled enough in the loading pattern. The supply-air flow rate and temperature
did not affect the cooling of boxes loaded in the refrigerated body, although the outside
temperature did. The temperature distribution in the refrigerated body filled with boxes
was significantly affected by the outside temperature. The internal temperatures of the
boxes predicted by the developed model was not as accurate as the temperature measured
by the data logger. However, it was possible to predict the box location where cooling was
not enough by the developed model.
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4. Conclusions

Temperature monitoring systems using data loggers are widely used to manage
cargo during transportation. However, as the amount of cargo increases, the more data
loggers are required, causing the problems in cost and inconvenient installation. In this
study, the model that could predict the temperature without a data logger was developed.
Through the experiment, it was confirmed that the temperature was different depending
on the location of the loaded boxes. Based on the experimental results, a temperature
distribution model was developed for different loading patterns in the refrigerated body.
For practical modeling, the k-ε model was selected as the turbulence model. In addition,
the insulated walls and outside airflow were neglected in the modeling. In the developed
model, the error increased when measurements were closer to the wall of the refrigerator
body, but it was within an acceptable error range. The developed model in this study
was able to rapidly predict the highest temperature points in the refrigerated body loaded
with different box loading patterns by analyzing the temperature distribution of boxes
loaded at random locations in various refrigeration systems. This developed model can be
applied in the future, taking into account the loading patterns, cargo, and box sizes for real
transport environments.

Author Contributions: Conceptualization and editing, S.J., S.-H.L.; Experimental work, simulation,
and writing, J.-H.S.; Experimental work, S.-Y.J., S.-H.H.; Simulation work, S.-Y.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research funded by Chungnam National University grant number 2020-0533-01.

Institutional Review Board Statement: Not applicable.



Foods 2021, 10, 2560 19 of 20

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available in the article.

Acknowledgments: This work was supported by research fund of Chungnam National University
(2020-0533-01).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wu, J.Y.; Hsiao, H.I. Food quality and safety risk diagnosis in the food cold chain through failure mode and effect analysis.

Food Control. 2021, 120, 107501. [CrossRef]
2. Dai, D.; Wu, X.; Si, F. Complexity analysis of cold chain transportation in a vaccine supply chain considering activity inspection

and time-delay. Adv. Differ. Equ. 2021, 2021, 1–18. [CrossRef]
3. Wang, S. Developing value added service of cold chain logistics between China and Korea. J. Korea Trade 2018, 22, 247–264.

[CrossRef]
4. Han, J.W.; Zuo, M.; Zhu, W.Y.; Zuo, J.H.; Lü, E.L.; Yang, X.T. A comprehensive review of cold chain logistics for fresh agricultural

products: Current status, challenges, and future trends. Trends Food Sci. Technol. 2021, 109, 536–551. [CrossRef]
5. Castelein, B.; Geerlings, H.; Van Duin, R. The reefer container market and academic research: A review study. J. Clean. Prod. 2020,

256, 120654. [CrossRef]
6. Croquer, S.; Benchikh Lehocine, A.E.; Poncet, S. Numerical modelling of heat and mass transfer in a refrigerated truck trailer. In

Proceedings of the 25th IIR International Congress of Refrigeration, Montréal, QC, Canada, 24–30 August 2019.
7. Artuso, P.; Rossetti, A.; Minetto, S.; Marinetti, S.; Moro, L.; Col, D. Del Dynamic modeling and thermal performance analysis of a

refrigerated truck body during operation. Int. J. Refrig. 2019, 99, 288–299. [CrossRef]
8. Jedermann, R.; Palafox-Albarrán, J.; Barreiro, P.; Ruiz-García, L.; Ignacio Robla, J.; Lang, W. Interpolation of spatial temperature

profiles by sensor networks. In Proceedings of the Sensors, Limerick, Ireland, 28–21 October 2011; pp. 778–781.
9. Ruiz-Garcia, L.; Barreiro, P.; Robla, J.I.; Lunadei, L. Testing zigBee motes for monitoring refrigerated vegetable transportation

under real conditions. Sensors 2010, 10, 4968–4982. [CrossRef] [PubMed]
10. Mercier, S.; Villeneuve, S.; Mondor, M.; Uysal, I. Time–Temperature Management Along the Food Cold Chain: A Review of

Recent Developments. Compr. Rev. Food Sci. Food Saf. 2017, 16, 647–667. [CrossRef]
11. Badia-Melis, R.; Mc Carthy, U.; Ruiz-Garcia, L.; Garcia-Hierro, J.; Robla Villalba, J.I. New trends in cold chain monitoring

applications–A review. Food Control. 2018, 86, 170–182. [CrossRef]
12. Yildiz, T. CFD characteristics of refrigerated trailers and improvement of airflow for preserving perishable foods. Logistics 2019,

3, 11. [CrossRef]
13. Tanner, D.J.; Amos, N.D. Temperature variability during shipment of fresh produce. In Proceedings of the International

Postharvest Unlimited Conference, Leuven, Belgium, 11–14 June 2002; Volume 599, pp. 193–203.
14. Emenike, C.C.; Eyk, N.P.V.; Hoffman, A.J. Improving cold chain logistics through RFID temperature sensing and predictive

modelling. In Proceedings of the 2016 IEEE 19th International Conference on Intelligent Transportation Systems (ITSC), Rio de
Janeiro, Brazil, 1–4 November 2016; pp. 2331–2338.

15. Mercier, S.; Uysal, I. Neural network models for predicting perishable food temperatures along the supply chain. Biosyst. Eng.
2018, 171, 91–100. [CrossRef]

16. Jedermann, R.; Lang, W. Semi-passive RFID and beyond: Steps towards automated quality tracing in the food chain. Int. J. Radio
Freq. Identif. Technol. Appl. 2007, 1, 247–259. [CrossRef]

17. Amador, C.; Emond, J.P.; Nunes, M.C.d.N. Application of RFID technologies in the temperature mapping of the pineapple supply
chain. Sens. Instrum. Food Qual. Saf. 2009, 3, 26–33. [CrossRef]

18. Tsironi, T.; Giannoglou, M.; Platakou, E.; Taoukis, P. Evaluation of Time Temperature Integrators for shelf-life monitoring of
frozen seafood under real cold chain conditions. Food Packag. Shelf Life 2016, 10, 46–53. [CrossRef]

19. Vivaldi, F.; Melai, B.; Bonini, A.; Poma, N.; Salvo, P.; Kirchhain, A.; Tintori, S.; Bigongiari, A.; Bertuccelli, F.; Isola, G.; et al. A
temperature-sensitive RFID tag for the identification of cold chain failures. Sens. Actuators A Phys. 2020, 313, 112182. [CrossRef]

20. Abad, E.; Palacio, F.; Nuin, M.; de Zárate, A.G.; Juarros, A.; Gómez, J.M.; Marco, S. RFID smart tag for traceability and cold chain
monitoring of foods: Demonstration in an intercontinental fresh fish logistic chain. J. Food Eng. 2009, 93, 394–399. [CrossRef]

21. Shan, Q.; Liu, Y.; Prossec, G.; Brown, D. Wireless intelligent sensor networks for refrigerated vehicle. In Proceedings of the IEEE
6th Circuits and Systems Symposium on Emerging Technologies: Frontiers of Mobile and Wireless Communication, Shanghai,
China, 31 May–2 June 2004; pp. 525–528.

22. Montanari, R. Cold chain tracking: A managerial perspective. Trends Food Sci. Technol. 2008, 19, 425–431. [CrossRef]
23. Jedermann, R.; Ruiz-Garcia, L.; Lang, W. Spatial temperature profiling by semi-passive RFID loggers for perishable food

transportation. Comput. Electron. Agric. 2009, 65, 145–154. [CrossRef]
24. Do Nascimento Nunes, M.C.; Nicometo, M.; Emond, J.P.; Melis, R.B.; Uysal, I. Improvement in fresh fruit and vegetable logistics

quality: Berry logistics field studies. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2014, 372, 20130307. [CrossRef]

http://doi.org/10.1016/j.foodcont.2020.107501
http://doi.org/10.1186/s13662-020-03173-z
http://doi.org/10.1108/JKT-03-2018-0016
http://doi.org/10.1016/j.tifs.2021.01.066
http://doi.org/10.1016/j.jclepro.2020.120654
http://doi.org/10.1016/j.ijrefrig.2018.12.014
http://doi.org/10.3390/s100504968
http://www.ncbi.nlm.nih.gov/pubmed/22399917
http://doi.org/10.1111/1541-4337.12269
http://doi.org/10.1016/j.foodcont.2017.11.022
http://doi.org/10.3390/logistics3020011
http://doi.org/10.1016/j.biosystemseng.2018.04.016
http://doi.org/10.1504/IJRFITA.2007.015849
http://doi.org/10.1007/s11694-009-9072-6
http://doi.org/10.1016/j.fpsl.2016.09.004
http://doi.org/10.1016/j.sna.2020.112182
http://doi.org/10.1016/j.jfoodeng.2009.02.004
http://doi.org/10.1016/j.tifs.2008.03.009
http://doi.org/10.1016/j.compag.2008.08.006
http://doi.org/10.1098/rsta.2013.0307


Foods 2021, 10, 2560 20 of 20

25. Li, F.; Chen, Z. Brief analysis of application of RFID in pharmaceutical cold-chain temperature monitoring system. In Pro-
ceedings of the International Conference on transportation, mechanical, and electrical engineering (TMEE), Changchun, China,
16–18 December 2011; pp. 2418–2420.

26. Raab, V.; Petersen, B.; Kreyenschmidt, J. Temperature monitoring in meat supply chains. Br. Food J. 2011, 113, 1267–1289.
[CrossRef]

27. Mercier, S.; Marcos, B.; Uysal, I. Identification of the best temperature measurement position inside a food pallet for the prediction
of its temperature distribution. Int. J. Refrig. 2017, 76, 147–159. [CrossRef]

28. Kayansayan, N.; Alptekin, E.; Ezan, M.A. Thermal analysis of airflow inside a refrigerated container. Int. J. Refrig. 2017, 84, 76–91.
[CrossRef]

29. Margeirsson, B.; Pálsson, H.; Gospavic, R.; Popov, V.; Jónsson, M.Ó.; Arason, S. Numerical modelling of temperature fluctuations
of chilled and superchilled cod fillets packaged in expanded polystyrene boxes stored on pallets under dynamic temperature
conditions. J. Food Eng. 2012, 113, 87–99. [CrossRef]

30. Hoang, M.H.; Laguerre, O.; Moureh, J.; Flick, D. Heat transfer modelling in a ventilated cavity loaded with food product:
Application to a refrigerated vehicle. J. Food Eng. 2012, 113, 389–398. [CrossRef]

31. Defraeye, T.; Cronjé, P.; Berry, T.; Opara, U.L.; East, A.; Hertog, M.; Verboven, P.; Nicolai, B. Towards integrated performance
evaluation of future packaging for fresh produce in the cold chain. Trends Food Sci. Technol. 2015, 44, 201–225. [CrossRef]

32. Han, J.-W.; Zhu, W.-Y.; Ji, Z.-T. Comparison of veracity and application of different CFD turbulence models for refrigerated
transport. Artif. Intell. Agric. 2019, 3, 11–17. [CrossRef]

33. Menter, F.R. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA J. 1994, 32, 1598–1605. [CrossRef]
34. Han, J.W.; Zhao, C.J.; Yang, X.T.; Qian, J.P.; Xing, B. Computational fluid dynamics simulation to determine combined mode to

conserve energy in refrigerated vehicles. J. Food Process. Eng. 2016, 39, 186–195. [CrossRef]
35. Wilcox, D.C. Turbulence Modelling for CFD; DCW Industries: La Canada, CA, USA, 1998.

http://doi.org/10.1108/00070701111177683
http://doi.org/10.1016/j.ijrefrig.2017.01.025
http://doi.org/10.1016/j.ijrefrig.2017.08.008
http://doi.org/10.1016/j.jfoodeng.2012.05.017
http://doi.org/10.1016/j.jfoodeng.2012.06.020
http://doi.org/10.1016/j.tifs.2015.04.008
http://doi.org/10.1016/j.aiia.2019.10.001
http://doi.org/10.2514/3.12149
http://doi.org/10.1111/jfpe.12211

	Introduction 
	Materials and Methods 
	Refrigerated Body Set Up 
	Experimental Procedure 
	Box Loading Patterns 
	Numerical Analysis 
	Geometry 
	Fluid Dynamics Model 
	Heat Transfer Model 
	Boundary Conditions 

	Error Calculation 

	Results and Discussion 
	Experimental Results for Loading Pattern (1) 
	Numerical Analysis Results for Loading Pattern (1) 
	Air Velocity Field 
	Temperature Field 

	Comparison between Experimental and Simulated Results for Loading Patterns (2) to (7) 
	Prediction of Hot Spots during Cooling for Loading Patterns (8) to (10) Using the Developed Model 

	Conclusions 
	References

