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1  | INTRODUC TION

Temperature management is a key factor in maintaining fruits and 
vegetable quality and extending their shelf life. Delays in cooling 
for more than 2 hr reduce both the fruit quality during the storage 
and the percentage of marketable fruits. Thus, it is essential to re-
move rapidly field heat from freshly harvested fruit prior to storage. 
During the precooling process, the field temperature of the fruit is 

lowered to the 7/8th storage temperature immediately after harvest 
(Anderson, Sarkar, Thompson, & Singh, 2004; Brosnan & Sun, 2001; 
Chakraverty & Paul, 2001; Kader, 2002; Kumar, Kumar, & Murthy, 
2008; Manganaris, Iliasb, Vasilakakisa, & Mignanic, 2007). Poor air-
flow distribution among different locations in the package leads to 
considerable heterogeneities in the final temperature of the prod-
uct (Alvarez & Flick, 1999a, 1999b; Amara, Laguerre, & Flick, 2004). 
Many researchers have studied the effect of package design and 
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Abstract
Strawberry is one of the most perishable fruits, and precooling of strawberry in-
creases the percentage of marketable fruits. To assess the sensitivity of strawberry 
cooling uniformity with respect to package vents and tray design, the previously pro-
posed modified parallel airflow system (MPAS) was modified and a sensitivity analy-
sis was conducted in this paper. Some improvements in homogeneous strawberry 
precooling process were made to give improved parallel airflow system (IPAS). To 
evaluate its performance, the cooling process of strawberries was simulated using 
the mathematical models of heat, momentum, and mass transfer, which were vali-
dated experimentally. Results showed that the IPAS was able to distribute cold air 
uniformly throughout the packages. A difference of 0.1°C was observed between 
the average fruit temperatures of the packages after 3 hr of cooling. Therefore, the 
cooling process of strawberry could be done at lower airflow rate, cooling time, and 
heterogeneity. In addition, the precooling process of strawberry was studied consid-
ering the moisture loss during the cooling process and comparing the data with the 
models without this term. The results indicated that the moisture loss of strawberries 
during the cooling process is not negligible and the cooling rate increased and the 
cooling time decreased (31%) by considering this term in the modeling. However, the 
moisture loss did not affect the heterogeneity of cooling process.
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pallet arrangements on the cooling rate and heterogeneity of cool-
ing process. Wu, Haller, Cronje, and Defraeye (2018) investigated 
the cooling rate and heterogeneity of packed citrus fruit in a full-
scale, forced-air precooling system and the effects of package de-
sign and fruit size was studied on the precooling performance. They 
reported that the cooling heterogeneity occurred mainly along the 
flow direction. Fruit wrapping induced a much slower cooling rate 
and larger cooling heterogeneity, especially in cartons at the out-
flow side of the pallet. The cooling process of orange and tomato, 
kiwifruit, and pomegranate fruit were also studied by Kumar et al. 
(2008), O'Sullivan et al. (2016a, 2016b), and Mukama, Ambaw, and 
Opara (2019), respectively.

Among the fruits, strawberry is one of the most appreciated 
fruits in the world and is popular for its pleasant flavors and nutri-
tional qualities (Liu et al., 2016). However, it is one of the most perish-
able fruits and is susceptible to mechanical damage and water loss. 
Precooling of strawberry maintains its quality by reducing its respi-
ration and transpiration rates (Anderson et al., 2004). This process 
was carried out by the forced-air cooling system shown in Figure 1a; 
the cold air is forced across each palletized row (Figure 1b,c) through 
the vents in the trays and packages (I in Figure 1d) due to the neg-
ative relative pressure created by the system suction fan (Ferrua & 
Singh, 2009d).

Ferrua and Singh (2009a, 2009b, 2009c, 2009d) reported that 
in the industrial precooling of strawberries (Figure 1), there was up 
to about 6°C difference in average fruit temperatures between the 
packages after 1 hr of cooling (airflow rate: 1 L s−1 kgp

−1), and about 
75% of total airflow bypassed the packages. To decrease the cool-
ing heterogeneity, they developed a novel forced-air cooling system 
that split the airflow in each layer of the pallet into two streams of 
parallel airflows (Ferrua & Singh, 2011). This system somehow im-
proved the uniformity of cooling between two trays and reduced 
the cooling time (by 6%), pressure drop, and energy consumption. 
Despite their relative success, there is still a considerable heteroge-
neity in the cooling process of strawberries.

Nalbandi, Seiiedlou, Ghassemzadeh, and Ranjbar (2016) intro-
duced an innovative parallel airflow system (PAS) for forced-air 
cooling of strawberries to improve the homogeneity of strawberries 
precooling process (Figure 2). In the proposed system, two separate 
ducts were designed for introducing the cold air into the individual 
fresh fruit packages in a way that the exiting heated air can return 
to air cooling unit without re-entering other packages. One of these 
ducts (duct 1) was built on the top of the packages, and the other 
one (duct 2) was located between the packages (Figure 2a). The cold 
air enters duct 1 before entering the packages where it removes 
heat from the fruits and exits through ducts 2. To achieve this goal, 
they designed a new tray with related vents (Figure 2d). Duct 1 was 
created by constructing the tray wall taller than the package walls 
(Figure 2c), and duct 2 was created by considering a trapezoidal cross 
section for the strawberry package (Figure  2e). The related vents 
for ducts 1 and 2 were considered on the tray walls. The vent in 
side A is related to duct 1 on the top of the packages, and the trap-
ezoidal vents in side B is referred to duct 2 between the packages 

F I G U R E  1   The industrial forced-air cooling system of 
strawberries (Ferrua & Singh, 2009d)
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(Figure 2a,b,d). The location and shape of the vents on package walls 
play an important role in PAS because of relating the inlet and out-
let ducts. The vents were distributed on the top and lateral walls of 
packages as inlet (I in Figure 2f) and outlet vents (II in Figure 2f).

When the suction fan is turned on, the cold airstream first enters 
duct 1, then passes through top openings of packages (I in Figure 2f), 
and exits finally through openings on the walls of the packages (II in 
Figure 2f). Heated airstream returns to cold room for recirculation 

F I G U R E  2   Parallel airflow system 
(PAS) for forced-air cooling of 
strawberries; duct 1: entrance cold air; 
ducts 2: exhaust warm air; A: entrance 
side from duct 1; B: exhaust side to 
duct 2; I: entrance vents to packages; II: 
exhaust vents from packages (Nalbandi et 
al., 2016)

F I G U R E  3   Modified parallel airflow 
system (MPAS); ARP is the airflow 
restriction plate; P1and P2 are packages 
1 and 2, respectively; different colors in 
(a) shows different temperatures of fruits 
(Nalbandi et al., 2016)
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through duct 2. They simulated the airflow and heat transfer inside 
the developed system.

According to the results, the parallel airflow system (PAS) was im-
proved by inserting an airflow restriction plate “ARP,” that is, a plate with 
holes on it (Figure 3). They introduced their new system as modified 
parallel airflow system (MPAS). In MPAS, the cold air was divided uni-
formly between the packages and they received about 46 and 54% of 
total airflow rate. The cooling process of fruits inside the packages was 
performed more uniformly, and a 0.84°C temperature difference was 
observed between the average fruit temperature of the packages after 
3 hr of cooling process. However, their results indicated that the inlet 
vents located behind the ARP (Figure 3) received a lower airflow rate 
(about 25% of total airflow rate entered package 2). This area was intro-
duced as a dead zone, and fruits located at this zone were cooled more 
slowly (Figure 3); as a result, about 2.5°C temperature difference was 
observed between fruit temperatures. The shape of ARP could create 
such uniformity in temperature. ARP had two vents across each pack-
age creating a dead zone behind the middle plane of package 2 (P2). In 
addition, the results showed some differences between the model and 
experimental data. One justification for this error is related to the model 
assumption; the respiration process was assumed negligible, and there 
would be no shrinkage or moisture loss during the cooling process.

Mercier, Brecht, and Uysal (2019) investigated the product tem-
perature distribution during the commercial forced-air precooling of 
strawberries. They found that the half-cooling time of fruit located 
near the central location of tunnels was approximately twice that 
of fruit located on the outside facing the incoming air. Temperature 
variations of up to 7°C were observed at the end of precooling, sug-
gesting that precooling should be extended in some instances to im-
prove uniformity.

A review of lectures showed that, in the traditional cooling sys-
tem of strawberry, there is considerable heterogeneity between the 
fruits temperature located in the individual packages and in different 
packages inside the tray, which leads to a decrease in the self-life of 
fruits. The efforts of researchers could not solve this problem prop-
erly. However, Nalbandi et al. (2016) showed that the package and tray 
design had a main role in improving the cooling uniformity. Therefore, 
the effects of different designs of tray and the extra vent designing on 
the package walls were studied on the strawberry cooling efficiency.

The aims of this research were (a) to assess the sensitivity of 
strawberry cooling uniformity with respect to package vent and tray 
design, (b) to simulate the effectiveness of the proposed process using 
a previously validated model by Nalbandi et al. (2016), and (c) to study 
the moisture loss of strawberry after harvest and modifying the de-
veloped mathematical model by considering the moisture loss term.

2  | MATERIAL S AND METHODS

2.1 | Design of Airflow Restriction Plate

To eliminate the dead zone created between the packages in the pre-
vious study (Nalbandi et al., 2016), various designs for the airflow 

restriction plate (ARP) were studied with respect to its dimension 
and location. A primary study indicated that the velocity of cold air 
increased when it passed through the ARP vents. High velocity did 
not let air streams to change their direction. Therefore, the vents 
of ARP were emitted and ARP-M was designed herein (Figure 4a). 
Width and thickness of ARP-M were 5 and 15 mm, respectively, and 
its location is illustrated in Figure  4a. ARP-M could not solve the 
problem and emitted the dead zone (results were not shown). At the 
next stage, the location of ARP-M was changed and named ARP-M1. 
It was located with 15 mm distance from the upper face of the tray 
close to the package lid (Figure 4b). The cooling process of straw-
berry using the new tray consisting of ARP-M1 is described in the 
following section.

2.2 | Simulation of the cooling process of 
strawberries using ARP-M1

To evaluate the performance of ARP-M1, the cooling process of 
strawberries was simulated based on the mathematical modeling 
of airflow and heat transfer between airstream and strawberries, 
which was validated experimentally by Nalbandi et al. (2016). The 
equations and related boundary conditions are summarized in 
Table  1. Equations 1 and 2 represent the mass and momentum 
conservation for air in the laminar flow regime. The flow rate was 
assumed 0.4 L s−1 kgp

−1, and a Reynolds number of 54 was calcu-
lated inside the packages. Equation 3, consisting of conduction, 
and convection transient heat transfer, modeled heat transfer in-
side the fluid domain. Equation 4 describes the conduction heat 
transfer in the product domain. In the fruit-air interface, Equation 
5 was used as a boundary condition. Other boundary and initial 
conditions, as well as strawberry and air properties, are reported 
in Table 1.

The computational domain includes two packages placed inside 
the tray close to each other as shown in Figure 5a. However, a half of 
this domain was used to simulate the precooling process due to the 
plane of symmetry created in the computational domain. The final 
computational domain is shown in Figure 5b. Mesh density was de-
termined according to the mesh independence study. Four meshes 
were used each containing 96,470, 106,449, 150,890, and 240,532 
elements. The results indicated that when the number of elements 
was above 150,000, the results of numerical solution have accept-
able accuracy independent of the number of elements and solution. 
A finer mesh was used in the critical areas, such as inlet and out-
let vents, between the fruit and the fruit–air interfaces. Therefore, 
the mesh with 160,000 tetrahedral elements (Lagrange qua-
dratic) was adequate for accurate numerical prediction. COMSOL 
MULTIPHYSICS software (version 3.5) was used to simulate heat 
transfer and airflow using finite element method and isotropic dif-
fusion. A tuning parameter of 0.5 was selected to prevent numerical 
instability based on the previous study varied out by (Nalbandi et al., 
2016). Simulation was performed using a personal computer with 
32 GB RAM.
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2.3 | Extra vents

It was observed that inserting an airflow restriction plate reduced cool-
ing heterogeneity; however, it failed to deliver enough airflow to the 
first half of both packages and there was still some heterogeneity in 
this region (results are discussed in Section 3.1). As shown in Figure 2f, 
the packages have 26 vents in the lateral walls (each wall consists of 
13 vents; Figures  2f-II) and 9 vents in the package lid (Figure  2f-I). 
The total opening area was about 28.2% of the package area. The 

tray has five vents associated with the opening area of ducts (B in 
Figure 2d). To increase the cooling uniformity, some extra vents were 
designed on other sidewalls of the packages (Figures 6f-III; 6 vents 
with 0.004 m2 area). The total package area increased to 33%. In ad-
dition, extra vents were created on side A of the tray wall (Figures 6d-
IV). By these extra vents, the airflow was split into two streams, one 
of which entered the packages through duct 1 (Figure 6a, I) and the 
other entered package 1 through the extra vents of tray (Figure 6a, III) 
from the cold room without passing through duct 1.

F I G U R E  4   Various designs of the 
airflow restriction plate (ARP); (a): ARP-M, 
(b): ARP-M1

TA B L E  1   Mathematical models and related boundary conditions

Airflow model Incompressible fluid
and laminar flow

∇.u=0 (1)
�a

�u

�t
+�a (u.∇u)=−∇P+∇.

[

�a

(

∇u+(∇u)
T
)]

 (2)

Reynolds number Inside the packages: 54
At the inlet: 710

Boundary conditions Inlet: p = p0
Wall: u = 0
Outlet: u = u0
Interface: u = 0

Airflow rate 0.4 L s−1 kgp
−1

Air properties Similar to those of dry air at 0°C

Transient heat transfer �aCpa
�Ta

�t
+�aCpa

(

u .∇Ta
)

=∇.
(

ka∇Ta
)

 (3)

Heat transfer within the fluid 
domain

Boundary conditions Inlet: Ta = Ta0
Outlet: 

(

−ka∇Ta
)

n=0

Wall: 
(

ka∇Ta
)

n=0

Interface: Ta = Tp
Symmetry plane: 

(

ka∇Ta
)

n=0

Air properties Similar to those of dry air at 0°C

Transient heat transfer �p Cpp
�Tp

�t
=∇.

(

kp∇Tp
)

 (4)

Heat transfer in the 
strawberries domain

Boundary conditions
(

kP∇TP−ka∇Ta
)

n=0 (5)

Strawberry properties kp = 0.57 wm−1°C−1

Cp,p = 3.95 kJ/kg °C
ρp = 800 kg/m3

Initial temperature 16°C

Assumption No moisture loss during the cooling

Note: In the above equations, Cp and ρ denote the specific heat capacity and density, respectively u and P represent the air velocity and pressure, 
respectively; k is thermal conductivity; and T shows the temperature. Subscripts a and p indicate the air and the product, respectively.
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As shown in Figure 7, a part of the airflow stream in the cold 
room entered package 1 through the extra vents and simultaneously 
a part of the exiting airflow from package 1 left it through the vents 
on the other side and entered package 2. Thus, the first half of both 
packages received higher amounts of airflow than the previous de-
sign, ARP-M. This new system is introduced as the IPAS, for IPAS, 
which revised computational domain, and mesh parameters were 
defined as discussed in Section 2.2. The cooling process of straw-
berries was simulated based on the revised mathematical models 
(Table 1).

2.4 | The effect of moisture loss

The effect of moisture loss was studied by the modified developed 
models with equations presented in Table 1, and the term of mois-
ture loss was added to the boundary condition of the heat trans-
fer equation (Equation 4 in the product domain (Becker, Misra, & 
Fricke, 1996; Hoang, Verboven, Baelmans, & Nicolai, 2003; Hu & 
Sun, 2000). Therefore, the equation of boundary condition was 
revised as Equation 5, where L is latent heat of evaporation (J/
kg) obtained from Equation 6. The term of ṁ represents the rate 
of product moisture loss (kg s-1 m−2) that occurs due to the vapor 

pressure gradient between the fruits and ambient atmosphere, 
which is calculated by Equation 7. The water vapor pressure at 
the surface of the product and ambient water vapor pressure are 
shown by ps and pa and calculated with Equations 8 and 9, respec-
tively. Pw is saturation water vapor pressure (Pa) as a function of 
temperature (Equation 10). Mass transfer coefficient in the prod-
uct surface (kg) is related to the air film mass transfer coefficient 
(kg conv) and fruit skin mass transfer coefficient (kg skin), which are 
calculated from Equation 11.

The air film mass transfer coefficient is a function of airflow 
rate and was estimated by using Sherwood–Reynolds–Schmidt 
correlations (Equations 12, 13 and 14). By calculation of the 
Sherwood number, Sh (Equation 10), km was obtained from 
Equation 15 and finally kg conv was calculated by Equation 16. Fruit 
skin mass transfer coefficient was obtained from lecture (Becker 
et al., 1996). It describes the skin diffusional resistance to mois-
ture migration.

Finally, the cooling process of strawberries was simulated based 
on the mathematical modeling of airflow and heat transfer between 
airstream and the product (Equations 1, 2, 3, and 5) by the COMSOL 
MULTIPHYSICS software.

(5)
(

kP∇TP−ka∇Ta
)

n= ṁL

F I G U R E  5   (a) Geometrical model and 
(b) final computational domain
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(6)L=9.1T2
p
−7512.9Tp+3875.1×103

(7)ṁ=kg
(

ps−pa
)

(8)ps=VPL. pw

(9)pa=RH.pw

(10)pw≈exp

[

23.4795−
3990.5

T+233.833

]

(11)kg=
1

1

kg conv
+

1

kg skin

(12)Sh=2+0.522Re
0.53

Sc
0.33

F I G U R E  6   Improved parallel airflow system (IPAS); III in (f) denotes the extra vents of package, and IV in (d) shows the extra vents of tray
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2.5 | Validating the model with the term of 
moisture loss

To validate the model with the term of moisture loss are described 
in Section 2.4, fresh fruits were purchased from a local greenhouse 
and cooled immediately using a forced-air cooling system (Figure 8) 
placed in a cold room with temperature and relative humidity of 1 °C 
and 80%, respectively. Strawberries with uniform shape were packed 
in packages (Figure 8a) according to their arrangement in the simula-
tion process and placed inside the tray. Then, the trays were located 
in the center of a tunnel (Figure 8b) and their around space was in-
sulated with foam (Figure  8c). Eight strawberries were fitted with 
K-thermocouple wire placed in their center (Figure  9). The central 
temperature of fruit instrumented by thermocouple was compared 
with those of these positions predicted from the simulator, followed 
by evaluating the goodness of fit. In addition, the average of central 
temperature for all instrumented fruits was used as a critical of aver-
age temperature of box and compared with that obtained from the 
simulator. The experiments were conducted at three replications.

(13)Re=
�a.u.d

�a

(14)Sc=
�a

�a.D

(15)km=
Sh.D

d

(16)kg conv=��

MH2O

M�patm
km

F I G U R E  7   Air path through the extra vents of packages in the 
improved parallel airflow system (IPAS); the blue arrows show the 
cold air stream, and the red ones indicate the warm air stream

F I G U R E  8   Forced-air cooling system 
and fruit trays; (a) fruit package; (b) 
forced-air cooling system; (c) isolated tray
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F I G U R E  9   Instrumented strawberries 
and experimental packages and tray

F I G U R E  1 0   The surface temperature 
of strawberries within packages 1 and 
2 at different times in ARP-M1; (a) after 
3,600 s and (b) after 10,800 s
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3  | RESULTS AND DISCUSSION

3.1 | Effect of final design of airflow restriction 
plate (ARP-M1)

As clearly shown in Figure 10, final design of airflow restriction 
plate, ARP-M1, increased the cooling uniformity among the pack-
ages by omitting the dead zone created behind the initial design 
of ARP. However, it could not maintain the airflow distribution 
between the packages as the previous design (MPAS; Nalbandi 
et al., 2016). Table  2 shows the airflow distribution between 
packages in all the studied systems. In ARP, the first half of pack-
ages 1 and 2 received about 43% and 25% of total airflow en-
tered each package, respectively. It was increased in ARP-M1and 
reached 42.8% and 37% for packages 1 and 2, respectively, lead-
ing to increased cooling uniformity and emitting the dead zone. In 
addition, the first half of both packages received a low percent-
age of total airflow and the cooling rate of the fruits located in 
these zones occurred more slowly. However, it could not maintain 
the airflow distribution between the packages unlike the MPAS. 
Therefore, another designing feature was considered to address 
this problem.

3.2 | Improved Parallel Airflow System (IAPS)

As discussed in the previous section, modification of the ARP could 
improve the cooling uniformity; however, some uniformity was ob-
served between fruit temperature. Therefore, some extra vents 
were designed on the wall of packages and the tray (Figure 6f-III and 
6d-IV). The results obtained from the simulation process showed 
that the extra vents provided on the sidewalls of the package and 
tray had a positive effect on the cooling uniformity, which is dis-
cussed in the following section.

3.2.1 | Airflow pattern in IAPS

The slice plane plot of air velocity is presented in Figure 11. The 
airflow pattern showed that a part of total airflow entered both 
packages through the extra vents. In package 1, extra airflow en-
tered from the cold room through the extra vents. In package 2, 
however, extra airflow was provided from package 1 through the 
extra vents of both packages. Study of the airflow rate entering 
both packages indicated that this design could equally split the air-
flow rate between the packages so that packages 1 and 2 received 

Kinds of systems
PAS (Nalbandi 
et al., 2016)

MPAS (ARP)
(Nalbandi et 
al., 2016) ARP-M1 IPAS

Package 1 2 1 2 1 2 1 2

7/8th cooling time 
(min)

385 235 256 312 316 306 245 245

Total airflow rate 
(%)

23.6 76.4 48 52 63 37 44.4 55.6

Airflow rate from 
the first half of 
inlet vents (%)

50 3.78 43 25 42.8 37 40 33

Abbreviations: ARP-M1, final design of air restriction plate; IPAS, improved parallel airflow system; 
MPAS, modified parallel airflow system; PAS, parallel airflow system.

TA B L E  2   Cooling time of fruit and 
airflow distribution in all the designed 
systems

F I G U R E  11   Slice plane plot of the air 
velocity in improved modified parallel 
airflow system (extra vents); vertical 
plane; P1 and P2 represent packages 1 
and 2, respectively
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44.4 and 55.6% of the total airflow rate, respectively. In addition, 
the airflow distributions in the first and second halves of package 
1 were 40 and 60%, and their corresponding values were 33 and 
67% for package 2, respectively. Moreover, about 3.24% and 22% 
of the total airflow rate entered packages 1 and 2, respectively, 
through the extra vents. It was clear that the total airflow-entering 
package 2 through the extra vents was higher than that for pack-
age 1.

3.2.2 | Airflow temperature in IAPS

Similar to the airflow rate, the temperature of air entering the 
packages was very important. The air temperature entering pack-
ages through the extra vents should be studied in terms of the ef-
fectiveness of the extra vents in increasing cooling uniformity. The 
air temperature entering package 1 through the extra vents was al-
ways equal to that (1°C) of the cold room (Figure 12a). Nevertheless, 

F I G U R E  1 2   The temperature of air 
entering the packages through extra vents 
in improved modified parallel airflow 
system; (a) package 1, (b) package 2

F I G U R E  1 3   Average fruit temperature 
of the packages versus cooling time 
in improved airflow restriction plate 
(ARP-M1) and modified parallel airflow 
system (IPAS)
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it was different for package 2 and related to the convective heat 
transfer between the airflow and the products inside package 1. 
Figure 12b shows the air temperature entering package 2 through 
the extra vents versus time. It is obvious that the air temperature 
decreased with the progression of cooling due to a low heat transfer 
inside package 1. Regarding heat transfer, the rate of cooling is a 

function of air velocity and temperature finally affecting the cooling 
uniformity.

3.2.3 | Average fruit temperature in the packages 
in IAPS

Average fruit temperature in the packages versus cooling time is shown in 
Figure 13. As expected from the airflow rate and temperature, the cooling 

F I G U R E  14   Summary of package and tray designs in the various 
studied systems; PAS and MPAS are reported from Nalbandi et al. 
(2016)

F I G U R E  1 5   Average temperature of 
fruits in improved parallel airflow system 
(IPAS) with and without moisture loss 
term; P1 and P2 represent packages 1 and 
2, respectively

F I G U R E  1 6   Simulated and experimental central temperatures 
of instrumented fruits in improved parallel airflow system (IPAS); 
P1 and P2 represent packages 1 and 2, respectively
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of fruits in both packages was performed with a considerable uniformity. As 
a result, a temperature difference of 0.1°C was observed between the aver-
age fruit temperatures in the packages after 3h of cooling. This difference 
was constant during the process in spite of the previous design (ARP-M1) 
in which it was reducing during the process. Mercier et al. (2019) reported 
a 7°C difference between the fruit temperature at the end of precooling 
process using the commercial forced air precooling of strawberries.

The 7/8th cooling time of both packages was about 245 min. 
Therefore, the cooling time of fruits decreased by using suit-
able designs. Based on these observations, the cooling time and 
heterogeneity decreased by using the extra vents. The cooling 
times of fruits in all designed systems (Figure 14) are presented in 
Table 2. In industrial systems, there was about 60-min difference 
between the average fruit temperature of the packages (Ferrua & 
Singh, 2009a).

3.3 | Effect of moisture loss

As expected, adding moisture loss term to the mathematical models 
had a considerable effect on an increase in cooling rate and decrease 
in cooling time, resulting from the effect of latent heat on cooling 
of fruit. Based on the results predicted by the simulator, the 7/8th 
cooling time of fruit (about 165 min) was 75 min lower than that of 
without moisture loss term (a decrease about 31%). Moisture loss 
only affected the cooling rate and time but did not affect the cooling 
uniformity. The cooling uniformity was obtained the same as previ-
ously developed model where the moisture loss was assumed negli-
gible. The temperature variation of fruit is shown in Figure 15.

3.4 | Validation of the developed model with the 
term of moisture loss

In order to validate the new model considering the effect of moisture 
loss, the fresh fruit was cooled immediately after harvesting. The 
central temperature of four fruit instrumented with K-thermocouple 
wire was compared with that of the same ones obtained from the 
simulation process (Figure 16). A good agreement was observed be-
tween the simulated and experimental data. Therefore, the devel-
oped mathematical model with the term of moisture loss and 3D 
simulator could be used for simulation of precooling process of all 
fruits, for which the cooling process was performed in the laminar 
airflow regime.

4  | CONCLUSION

In the present work, the modified parallel airflow system pro-
posed by Nalbandi et al. (2016) was improved for forced-air cool-
ing of strawberries. The percentage of opening area increased 
from 28.2% to 33% by modification of package and tray designs 
and addition of some extra vents. The new developed system was 

able to deliver equal airflows to the packages at the same tempera-
ture, so that packages 1 and 2 received almost 44.4 and 55.6% of 
total airflow, respectively. The cooling process of fruits inside both 
packages was performed more uniformly, and a 0.1°C temperature 
difference was observed in the average fruit temperature of the 
packages after 3  hr of cooling process. In addition, the effect of 
moisture loss as a term was included in the equations to modify the 
mathematical model. The results showed that moisture loss had a 
significant effect on the cooling time and rate. Based on the ob-
tained results, this system could be used in the industrial forced-air 
cooling of strawberries. This design, however, must be evaluated 
for two trays, the same as the case for industrial usage.

NOMENCL ATURE

Cp Specific heat capacity (J kg-1 °C-1)

D Diameter of product (m)

D Diffusivity of water vapor in air (m2 s-1)

K Thermal conductivity (W m-1 °C-1)

kg Mass transfer coefficient (s/m)

kgconv Air film mass transfer coefficient (s/m)

kgskin Skin mass transfer coefficient (s/m)

km Mass transfer coefficient (m/s)

L Latent heat of evaporation (J/kg)

Ma Air molecular mass (kg)

MH2O Water molecular mass (kg)

m Rate of produce moisture loss (kg s-1 m-2)

n Outward normal to the surface

P Pressure (Pa)

pw Saturation water vapor pressure (Pa)

Re Reynolds number

Sh Sherwood

Sc Schmidt

t Time (s)

T Temperature (°C)

VPL Vapor pressure lowering effect of the product

u Velocity (m/s)

µ Dynamic viscosity (Pa.s)

ρ Density (kg m-3)

Subscripts  

a Air

atm Atmospheric

p Product
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