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Abstract: 

Room cooling (RC) and forced-air cooling (FAC) are traditional precooling methods for postharvest 
horticultural products. The performances of these methods were widely investigated in terms of cooling time, 
energy consumption and related airflow and heat transfer characteristics. The authors recently proposed a 
thermodynamic model to evaluate the performances based on the experimental measurement of the 
produce temperature regarding the convective heat transfer between the air and products and related airflow 
strategies resulting in significant irreversible loss. Because of the temperature varying within a single bin and 
even within an individual produce, the performances indicated from this thermodynamic model are affected 
by the sampling positions of the produce temperature. In this study, based on the experiments with 30 bins 
of postharvest apples, such effects are respectively considered for the estimations of the volumetric mean 
temperature of an individual produce and the different temperature measurement positions within a single 
bin. The thermodynamic performances considering such effects are compared between RC and FAC. The 
results indicate that different temperature measurement positions result in higher differences of above 20-30% 
for the COPs and entropy generation ratio than that for other thermodynamic performances, while different 
methods to estimate the volumetric mean produce temperature generally resulted in limited effects on the 
thermodynamic performances. 
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1. Introduction 
Precooling is a typical postharvest operation to quickly remove the field heat from the produce and 

lower the produce temperature [1]. Room cooling (RC) and forced-air cooling (FAC) are typically 

adopted for commercial precooling applications because they are simple, cost-effective and 

compatible with a wide range of produce especially for fruits. The produce for RC is placed inside a 

cold room and subjected to convective heat transfer with the cold air at the package surface under 

the ventilation conditions therein [2]. FAC enables the cold air to flow through the packaging 

system of the produce under the pressure difference across it generated by the ventilation devices 

and the heat convection between the cold air and the produce is achieved inside the package [3]. 

Consequently, the process of RC tends to be slower and more heterogeneous when compared with 

that of FAC and requires better ventilated packaging system. On the contrary, the large airflow 

resistance inside the produce package leads to the use of high-power centrifugal fans for FAC and 

thus large amount of electricity consumption. It was estimated that the total electricity consumption 

for FAC could be as high as around 60 kWh per metric ton of produce, while 28% was contributed 

by the ventilation fans which was the second highest just behind the fruit cooling with 36% 

contribution [4]. Therefore, both of RC and FAC have their own advantages and disadvantages, and 

the performances should be compared between them. 

The energy usage is always of interest regarding to the performances of the precooling process and 

the refrigeration system. Mukama et al. [5] conducted comprehensive energy accounting for FAC 



and found that a significant part of the electricity consumption as well as the cooling load was 

contributed by the fans. In other words, large part of the refrigeration capacity is used to remove the 

heat generated by the fans rather than the produce. Hence, the efficiency of FAC process, especially 

for the convective heat transfer driven by such fans, should be revisited and compared with that of 

RC process. Thermodynamic parameters are suitable for evaluation of such processes. The 

optimization of the convective heat transfer was extensively investigated by the minimization of 

entropy [6] and exergy [7, 8] and the extremum of entransy [9, 10]. In fact, exergetic parameters 

were introduced into the process analyses of food nutrition and production [11] and food industry 

[12]. For example, Ozturk and Hepbasli [13] conducted exergy analysis of a vacuum cooling system 

through experimental measurement. For air-based precooling processes, Wang and Zhang [14] 

recently established a multiscale model of the air-based precooling processes to perform 

comprehensive thermodynamic analyses using different parameters based on the experimental 

measurement of produce temperature. 

The aforementioned performance evaluation must be based on the time-temperature history of 

produce [15]. The produce temperature could be obtained from the numerical simulation for RC [16] 

and FAC [17], but the results had to be validated by the corresponding experiments. There was 

uncertainty of temperature measurement at different positions within the produce individuals [18]. 

The temperature distribution inside the single produce could be estimated either by the simple heat 

transfer model [19] or the one-dimensional numerical model [20]. Jedermann et al. [21] further 

indicated the spatial variations of temperature inside a single pallet and the refrigerated space. The 

corners of the pallet were identified as the best positions for temperature measurement [22] and the 

temperature distribution inside a pallet could be predicted by neural network models based on the 

measured temperature at these positions [23]. A simplified heat transfer model was also established 

for RC to predict the produce temperature at different positions inside the cold room [24] according 

to the experimental measurements of the characteristics of airflow and heat transfer [25]. The 

distribution of the produce temperature during the commercial FAC was correlated for the 

temperature prediction at different positions [26]. 

The aforementioned literature showed the heterogeneous temperature distribution and the 

uncertainty of the measured temperature with limited sampling positions from the single produce 

individual to the full-scale commercial applications of precooling processes. The heterogeneity and 

uncertainty will then affect the evaluation of overall process performances such as the 

thermodynamic indicators based on the measured temperature. Consequently, in the present study, 

the measurement of the produce temperature is achieved with a high resolution to investigate the 

aforementioned effects of measurement positions on the thermodynamic performances evaluated by 

the measured produce temperature during the experiments for RC and FAC. On one hand, both of 

the core temperature and surface temperature are measured for the sampled produce individuals and 

the estimation of the produce temperature is compared among different heat transfer models. On the 

other hand, the temperature measurement is conducted in each bin and the sampling positions 

change from the center to the corners with different rounds of experiments so that the effects of 

different measurement positions in a single bin on the thermodynamic performances can be 

obtained. The experimental setup and the thermodynamic model for performance evaluation by 

measured produce temperature are respectively shown in sections 2 and 3. The effects of the 

temperature measurement positions within a produce individual and a single bin are then discussed 

in section 4. The concluding remarks are finally given in section 5. 

2. Experimental setup 

2.1. Precooling processes and system configuration 

During the precooling processes, the produce temperature reduces from the initial value of 21.0°C 

to the target value of 2.5°C. Three replicated experiments are conducted for different sampling 

positions of produce temperature during RC and FAC. The experiments of RC and FAC are 



conducted alternatively, so the system layout is rearranged for each round of experiment, which can 

be then considered to be independent from others. 

All the experiments are conducted in a cold room with the dimension of 4.0 m × 3.4 m × 2.8 m 

which is built indoors. As shown in Fig. 1, three axial fans with the diameter of 0.3 m and the rated 

power of 210 W in total are used for a ceiling suspended cooling unit (Panasonic CC-CV9000H, 

Osaka, Japan). The cooling unit is installed on one side of the room with a distance of 0.4 m from 

the room wall. The combined unit of compressor and condenser (Emerson ZXD050E-TFD, St. 

Louis, USA) is also installed indoors just outside the cold room. 

The system configuration of RC is given in Fig. 1(a). 3 bins are stacked on each pallet, and 10 

pallets are symmetrically arranged in two lines respectively on the east and west of the cold room 

with the distance of 0.2 m between each two pallets. The cold air ejected from the cooling unit 

flows above in the cold room and falls after reaching the room wall. The cold air then passes by the 

produce stacks and goes back to the cooling unit. 

As shown in Fig. 1(b), the stacks of bins are closely placed in two lines without changing the 

relative position of each bin for FAC. A distance of 0.2 m between the two lines of bins is used for 

the air corridor, one end of which is connected to an air duct and subsequently a centrifugal fan 

(Tafeng HA1100, Zhejiang, China) with the rated power of 1.1 kW and the air flow rate of 2200 

m3/h. The top and end surfaces of the stacks as well as the top and the other end of the air corridor 

are covered with the tarp. Consequently, the cold air flows through the produce stacks from the 

outer side of the bins to the air corridor and then is exhausted by the centrifugal fan through the air 

duct. 

 

 

Fig. 1. System configurations of RC and FAC. 

2.2. Apple fruit and packaging system 

‘Fuji’ apples (Malus domestica Borkh, cv. Fuji) are harvested at a nearby orchard in Beijing in 

September, 2019. The apples without visual defects and abnormal shapes are placed in 30 reusable 

high-density polyethylene (HDPE) plastic bins. The plastic bin is 0.48 m × 0.35 m × 0.27 m with 40% 

ventilation slots on the surfaces. The cardboard is placed at the bottom of each bin and at the top of 

bins at the top layers. Each bin with the apples is weighted on average to be 15.24 kg with the 

standard deviation of 0.09 kg. An apple is sampled in each bin for further measurement. The mean 

mass and diameter of the sampled apples are 217.25 g and 72.89 mm with the standard deviations 

of 35.37 g and 4.69 mm respectively. 



2.3. Measurement of produce temperature 

Both of the surface and core temperatures of the sampled apple are measured, while the sampled 

apple is placed at different positions inside the bin as shown in Fig. 2 at different rounds of 

experiments. The positions are symmetrically arranged for the bins on the west and east 

respectively represented by “+” and “×” so that more positions can be included in the analyses as 

the system configuration is also symmetrical. At the same round of experiment, the sampling 

positions are in the center, at the outer side and top layer on the west and bottom layer on the east or 

at the inner side and bottom layer on the west and top layer on the east. Platinum resistance 

thermometers (Heraeus PT100, Hanau, Germany) with the accuracy of ± 0.15°C and the applicable 

range of -60°C to 220°C are used for the temperature measurement. The measured temperature is 

programmed to be collected in every one minute by connecting the temperature sensors to the data-

logger. 

 

Fig. 2. Sampling positions of produce temperature in each bin. “×” represented the positions for 

the bins on the west, while “+” represented the positions for the bins on the east. 

The volumetric mean temperature of the sampled apple is calculated according to the measured core 

and surface temperatures for further thermodynamic analyses. The heat transfer inside an apple can 

be considered to be one-dimensional unsteady heat conduction inside a sphere with internal heat 

generation as formulated in Eq. (1).  
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where t is the time, T is the temperature, r is the radial coordinate, R is the radius, λ is the thermal 

conductivity, ρ is the density, C is the specific heat, �̇� is the volumetric heat generation rate and the 

subscripts c, s, o respectively represent the core, surface and initial state. The volumetric heat 

generation rate is calculated for respiration heat as given in Eq. (2) [27]. 

 �̇� = 𝜌�̇�𝑟𝑒𝑠 =
898×10.7×5.6871×10−4

3600
[
9

5
× (𝑇 − 273.15) + 32]

2.5977
  (2) 

where �̇�𝑟𝑒𝑠 is the rate of respiration heat generation per unit mass. The temperature distribution 

inside the sampled apple can be then obtained by solving Eq. (1) with the measured core and 

surface temperatures as the boundary conditions. The volumetric mean temperature can be further 

calculated as given in Eq. (3). 

 𝑇𝑚 =
3

4𝜋𝑅3
∫ 𝑇(𝑟)4𝜋𝑟2d𝑟
𝑅

0
 (3) 

where the subscript m represents the mean value. The volumetric mean temperature of the sampled 

apple can be also calculated as shown in Eq. (4) based on the simple heat transfer model [19]. 

 𝑇𝑚 = 𝑇𝑐 + (𝑇𝑠 − 𝑇𝑐) (
3

4
)
2
 (4) 

3. Thermodynamic model 



Produce cooling is the ultimate objective of the postharvest precooling processes. Consequently, the 

authors previously proposed a multiscale thermodynamic system shown in Fig. 3 to evaluate the 

thermodynamic performances based on the measured produce temperature [14]. In other words, the 

process performances of energy, entropy, exergy and entransy are derived and evaluated according 

to the following thermodynamic analysis using the volumetric mean temperature of the sampled 

apple and other experimental parameters given in Table 1. 

 

Fig. 3. Schematic illustration of multiscale thermodynamic system for RC and FAC. 

 Table 1. Constant experimental parameters. 

Parameter Value (Unit) 

Apple thermal conductivity 0.463 (W/m·K) [28] 

Apple density 898 (kg/m3) [28] 

Apple specific heat 3829 (J/kg·K) [28] 

Time step 60 (s) 

Reference temperature 263.15 (K) 

Evaporation temperature 274.15 (K) 

Condensation temperature 312.15 (K) 

Initial produce temperature 294.15 (K) 

Target produce temperature 275.65 (K) 

Overall heat transfer 

coefficient 

Side wall 0.014 (W/m2·K) [29] 

Ceiling and floor 0.010 (W/m2·K) [29] 

Door 0.032 (W/m2·K) [29] 

Surface area 

Side wall 39.92 (m2) 

Ceiling and floor 13.60 (m2) 

Door 1.52 (m2) 

3.1. Bin scale (system 1) 

System 1 is the apples inside all bins where the heat input is the respiration heat generated by apples 

and the heat output is the heat rejection from all bins. The volumetric mean temperature of the 

sampled apple is used to represent that for each apple within the same bin. The energy balance of 

system 1 is given in Eq. (5). 
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where M is the total mass of apples in the same bin, h is the specific enthalpy, Δt is the time step, 

�̇�𝑐𝑜𝑜𝑙 is the heat rejection rate from the bin, the subscript i represents the ith bin and the superscript 

(n) represents the nth time step. The sum of the heat rejection from all bins is subsequently used for 

the evaluation of the thermodynamic performances at larger scales. 

3.2. Room scale (system 2) 

System 2 is composed of the room wall and room space excluding the apples. The heat rejection 

from all bins, the heat loss to the room space through the room wall as well as the ventilation power 

are included in the input, while heat rejection to the evaporator is the only output. The heat loss rate 

can be calculated as given in Eq. (6). 

 �̇�𝑙𝑜𝑠𝑠
(𝑛) = ∑ 𝐾𝑗𝐴𝑗 (𝑇𝑜𝑟 −

𝑇𝑖𝑟
(𝑛)
+𝑇𝑖𝑟

(𝑛−1)

2
)𝑗   (6) 

where the subscript j represents the jth part of the room wall, K is the overall heat transfer 

coefficient and A is the surface area. The temperature inside the cold room represented by the 

subscript ir is monitored and controlled at around 2.5°C with small fluctuations due to the on-off 

strategy of the refrigeration system. Since the cold room is built indoors, the outside temperature 

represented by the subscript or keeps at 21.0°C because of the building insulation. The energy 

balance of system 2 is given in Eq. (7). 

 ∑ �̇�𝑐𝑜𝑜𝑙,𝑖
(𝑛)

𝑖 + �̇�𝑙𝑜𝑠𝑠
(𝑛) + �̇�𝑣𝑒𝑛 − �̇�𝑒𝑣𝑎

(𝑛) = 0 (7) 

where �̇�𝑒𝑣𝑎 is the heat rejection rate to the evaporator and �̇�𝑣𝑒𝑛 is the ventilation power which is 

respectively 210 W and 1310 W for RC and FAC. The entropy balance of system 2 is given in Eq. 

(8). 

 ∑
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where �̇�𝑔𝑒𝑛,𝑖𝑛 is the entropy generation rate within system 2. The exergy balance of system 2 is 

given in Eq. (9). 
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  (9) 

where 𝐸�̇�𝐷,𝑖𝑛 is the exergy destruction rate within system 2. The entransy balance of system 2 is 

given in Eq. (10). 
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where �̇�𝑖𝑛 is the entransy dissipation rate within system 2. 

3.3. Ensemble scale (system 3) 

The addition of the refrigeration system to system 2 results in system 3 which is identified as the 

ensemble scale. In comparison with system 2, the additional work input of compressor and 

condenser fan power is required and the heat output changes into the heat rejection from the 

condenser. The energy balance of system 3 is given in Eq. (11). 

 ∑ �̇�𝑐𝑜𝑜𝑙,𝑖
(𝑛)
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where �̇�𝑐𝑜𝑛 is the heat rejection rate from the condenser and �̇�𝑐𝑜𝑚&𝑐𝑜𝑛 is the sum of compressor 

power and condenser fan power. The on-off strategy of the refrigeration system leads to 

discontinuous requirement of compressor and condenser fan power [30]. Hence, power input to the 



combined unit of compressor and condenser is not measured but estimated by the heat rejection rate 

to the evaporator �̇�𝑒𝑣𝑎 and the COP of the refrigeration system given in Eq. (12). 

 COP𝑟𝑒𝑓 =
�̇�𝑒𝑣𝑎
(𝑛)

�̇�𝑐𝑜𝑚&𝑐𝑜𝑛
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(𝑛)

−�̇�𝑐𝑜𝑚&𝑐𝑜𝑛
(𝑛)

�̇�𝑐𝑜𝑚&𝑐𝑜𝑛
(𝑛)   (12) 

A constant COP of 3.0 is estimated for the refrigeration system using R404A by the product 

selection software (Emerson, ver. 1.0.65, St. Louis, USA) provided by the manufacturer. The 

entropy balance of system 3 is given in Eq. (13). 

 ∑
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where �̇�𝑔𝑒𝑛,𝑜𝑢𝑡 is the entropy generation rate within system 3. The exergy balance of system 3 is 

given in Eq. (14). 
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  (14) 

where 𝐸�̇�𝐷,𝑜𝑢𝑡  is the exergy destruction rate within system 3. The design details including heat 

transfer of the refrigeration system is not considered, so the entransy balance of system 3 is 

unnecessary. 

3.4. Time-integral evaluation 

The fractional unaccomplished temperature change (FUTC) of the produce is used to describe the 

progress of the precooling process as given in Eq. (15) [1]. 

 𝑌𝑡,𝑖 =
𝑇𝑡,𝑖−𝑇𝑎

𝑇𝑜,𝑖−𝑇𝑎
  (15) 

where the subscripts o and t respectively represent the start and any time of the process and the 

subscript a represents the cold air. The seven-eighths cooling time (SECT) can be then given with 

the FUTC of 0.125 and the longest SECT is considered as the operating time of the whole 

precooling process [31]. The discretized time integration of transient quantity leads to time-

cumulative quantity as given in Eq. (16). 

 𝛤 = ∑ �̇�(𝑛)Δ𝑡𝑛   (16) 

where 𝛤 ̇ is any of the transient quantities and Γ is the time-cumulative quantity. The time-integral 

evaluation parameters of the thermodynamic performances can be then defined based on the time-

cumulative quantities. The heat rejection from all bins is the necessary cooling load, while the heat 

loss to the room space and the heat transformed from the ventilation power are the additional 

cooling loads. The ratios of the time-cumulative necessary and total cooling loads to the 

corresponding time-cumulative work input to systems 2 and 3 are respectively defined as the 

necessary and total cooling COPs for the two systems. It should be noted that these COPs are 

different from the COP of the refrigeration system defined in Eq. (12) which is set to be a constant 

value based on the evaporation and condensation temperatures. The ratio of the time-cumulative 

entropy generation to the time-cumulative entropy inflow is defined as the entropy generation ratio 

for systems 2 and 3 to evaluate the thermodynamic loss. In consideration of the work input, the ratio 

of the time-cumulative exergy destruction to the sum of time-cumulative heat exergy inflow and 

work input is also defined as the exergy destruction ratio for systems 2 and 3 to evaluate the 

thermodynamic loss. For system 2, the entransy dissipation ratio is defined as the ratio of time-

cumulative entransy dissipation to the sum of time-cumulative heat and work entransy inflow to 

evaluate the heat transfer ability loss. 

4. Results and discussion 



The effects of the sampling positions of produce temperature on the thermodynamic performances, 

including energetic performances in terms of inevitable and total COPs, thermodynamic loss in 

terms of ratios of entropy generation and exergy destruction and heat transfer ability loss in terms of 

entransy dissipation ratio, are respectively compared and discussed at the room scale and ensemble 

scale for RC and FAC. The volumetric mean value of produce temperature is respectively obtained 

by the numerical and simplified methods as denoted by the dashed and dotted columns in the 

following figures. Moreover, the average volumetric mean value of produce temperature obtained 

by these two methods is represented by the solid column in the following figures and is used to 

compare the effects of different sampling positions inside a bin. 

The effects of sampling positions of produce temperature on inevitable COP are shown in Fig. 4(a). 

Similar inevitable COP is obtained at the room scale for RC with the sampling positions at the inner 

and outer sides of the bin, while the temperature measurement in the center of the bin results in 28% 

decrease because of lower cooling rate at such positions. In contrast, similar inevitable COP is 

obtained at the same scale for FAC with the sampling positions at the inner side and in the center of 

the bin, while the temperature measurement at the outer side of the bin results in 31% increase 

because the inner side of the bin is subjected to higher air temperature inside the air tunnel resulting 

in lower cooling rate. These relationships keep similar at the ensemble scale for both of RC and 

FAC with the smaller differences of around 10%. In addition, the maximum deviations of below 10% 

caused by different methods to estimate the volumetric mean produce temperature are respectively 

observed with the sampling positions at the inner and outer sides of the bin at the room scale for RC 

and FAC. The effects of sampling positions of produce temperature on total COP given in Fig. 4(b) 

indicate similar effects on inevitable COP. However, as the value of total COP is higher than that of 

inevitable COP, such effects are a little less significant. 
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Fig. 4. Effects of sampling positions of produce temperature on energetic performances. 

The effects of sampling positions of produce temperature on entropy generation ratio are shown in 

Fig. 5(a). Similar entropy generation ratio is respectively obtained for RC with the sampling 

positions at the inner and outer sides of the bin and for FAC at the inner side and in the center of the 

bin. The temperature measurement in the center of the bin for RC results in 32% increase of entropy 

generation ratio at the room scale, while 23% decrease is obtained for FAC at the same scale with 

the temperature measurement at the outer side of the bin. It is observed that high entropy generation 

ratio corresponds to low COP, so the reasons of the above effects are in consistent with that 

mentioned for the effects on COP. Because of higher value of entropy generation ratio at the 

ensemble scale, about half of the above difference of entropy generation ratio with different 

sampling positions of produce temperature is obtained. The deviations of entropy generation ratio 

caused by different methods to estimate the volumetric mean produce temperature are below 5%. 

The effects of sampling positions of produce temperature on exergy destruction ratio given in Fig. 

5(b) are also similar with that on entropy generation ratio. However, the limited differences of 

exergy destruction ratio among different sampling positions of produce temperature are around or 

below 5% because of higher value of exergy destruction ratio. 
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Fig. 5. Effects of sampling positions of produce temperature on thermodynamic loss. 

The effects of sampling positions of produce temperature on entransy dissipation ratio are shown in 

Fig. 6. Different temperature measurement positions result in similar entransy dissipation ratio at 

the room scale for RC with limited difference of below 4%. Moreover, 6-7% deviation of entransy 

dissipation is obtained by different methods to estimate the volumetric mean produce temperature 

with the sampling positions of produce temperature at the inner and outer sides of the bin. In 

contrast, similar entransy dissipation ratio is obtained at the same scale for FAC with the sampling 

positions at the inner side and in the center of the bin, while the temperature measurement at the 

outer side of the bin results in 14% lower entransy dissipation ratio because of the higher cooling 

rate at such positions. In addition, the maximum deviation of about 7% caused by different methods 

to estimate the volumetric mean produce temperature is observed with the sampling positions at the 

outer side of the bin. 

System 2

of RC

System 3

of RC

0.00

0.01

0.02

0.03

0.04

0.05

E
n

tr
a
n

s
y
 d

is
s
ip

a
ti
o

n
 r

a
ti
o

 Outer

 Inner

 Center      

 

 Numerical

 Simplified

 

Fig. 6. Effects of sampling positions of produce temperature on heat transfer ability loss. 

5. Conclusions 
The comparison of thermodynamic performances of RC and FAC for postharvest apples is 

conducted based on the evaluation by the measured produce temperature. In consideration of the 

heterogenous temperature distribution within a single bin, the thermodynamic performances are 

evaluated with different sampling positions of produce temperature including the corners and the 

center of the bin. Based on the temperature measurement at the core and surface of the sampled 

produce individuals, the estimation of the volumetric mean produce temperature is respectively 

achieved by the numerical and simplified models. The main concluding remarks are as follows. 

▪ The sampling positions of produce temperature in the center of the bin result in lower energetic 

performances and higher thermodynamic loss for RC than that with other temperature 

measurement positions, while higher energetic performances and lower thermodynamic loss for 

FAC are obtained with the measured produce temperature at the outer side of the bin. The 

differences caused by different temperature measurement positions are above 20-30% for the 



COPs and entropy generation ratio at the room scale and become above 10% at the ensemble 

scale. The effects of different sampling positions of produce temperature are insignificant on 

entransy dissipation ratio for RC and exergy destruction ratio for both precooling processes with 

limited differences of around or below 5%, while the produce temperature measurement at the 

outer side of the bin leads to 14% lower entransy dissipation ratio at the room scale for FAC. 

▪ Different methods to estimate the volumetric mean produce temperature generally result in 

limited effects on the thermodynamic performances. Such effects on the COPs and entransy 

dissipation ratio are relatively more significant with the deviations of above 5% when the 

produce temperature is measured at the inner and outer sides of the bin at the room scale 

respectively for RC and FAC. 
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Nomenclature 
A   surface area, m2 

C   specific heat, J/(kg·K) 

𝐸�̇�  exergy rate, W 

h   specific enthalpy, J/kg 

K   overall heat transfer coefficient, W/(m2·K) 

M   mass, kg 

�̇�   heat generation rate per unit mass, W/kg 

�̇�   heat generation rate per unit volume, W/m3 

R   radius, m 

r   radius coordinate, m 

�̇�   entropy rate, W/K 

T   temperature, K 

t   time, s 

�̇�   power, W 

Y   unaccomplished temperature change 

Greek symbols 

Γ   time-cumulative quantity 

Γ̇   transient quantity 

Δ   step 

λ   thermal conductivity, W/(m·K) 

ρ   density, kg/m3 

�̇�   entransy dissipation rate, W·K 

Subscripts and superscripts 

a   cold air 

c   core 

com&con compressor and condenser 

con  condenser 

cool  heat rejection from the bin 



D   destruction 

eva  evaporator 

gen  generation 

i   number of the bin 

in   room scale 

ir   inside the room 

loss  heat loss through the room wall 

m   mean 

(n)   number of the time step 

o   initial state 

or   outside the room 

out  ensemble scale 

ref   refrigeration system 

res  respiration 

s   surface 

t   any time of the process 

ven  ventilation 

0   reference state 
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