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NUMERICAL ANALYSIS TO PREDICT TEMPERATURE 1 

DISTRIBUTION OF THE PASSION FRUIT SEEDS DURING DRYING 2 

Highlights 3 
• The temperature distribution occurs because there are differences in temperature on the surface and 4 

inside the passion fruit seeds biji 5 
• Temperature distribution occurs simultaneously in all directions 6 
• The deeper into the temperature distribution the lower 7 
• The same pattern also occurs in the vertical and horizontal directions. 8 

ABSTRACT. The optimization of the drying process can be determined based on temperature 9 

distribution patterns using numerical modeling of the finite element method (FEM). This study has 10 

compiled a numerical equation FEM to predict the temperature distribution in passion fruit seeds 11 

during drying. The study was conducted using a circulating air tray dryer. Temperature distribution 12 

data on passion fruit seeds were measured using a data logger. The results showed that the numerical 13 

equation FEM approach can be used to simulate the temperature distribution of passion fruit seeds 14 

during drying quickly and accurately. This model has been validated by comparing the temperature 15 

distribution data measured in the drying chamber with FEM simulation results data with a relative 16 

error between 0.45 to 1.27%. The numerical model of the FEM is important as a reference for 17 

controlling temperature distribution during drying because this method is easy to implement and results 18 

in low errors. 19 

Keywords: Drying, finite element methods, numerical equation, passion fruit seeds, temperature 20 

distribution 21 

 22 

Nomenclature: 23 

Abbreviations 24 

A surface area (m2) 25 

c  air heat capacity (kJ/kg °C) 26 

k conductivity (W/m °C) 27 

M  modulus 28 
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r the rate of heat flow towards the axis of the radius (m) 29 

T temperature (°C) 30 

t time (hour) 31 

q heat energy (W) 32 

V volume (m3) 33 

Subscripts 34 

i radius index 35 

j vertical direction index 36 

k horizontal direction index 37 

wt time index 38 

Greek symbols 39 

𝜕 differential 40 

   heat diffusivity (m2/dtk) 41 

  the rate of heat flow towards the vertical direction 42 

  the rate of heat flow towards the horizontal direction 43 

Δ  ingredient 44 

 45 

INTRODUCTION 46 

Passion fruit (Passiflora edulis) is one of the most consumed fruits because it is a source of 47 

vitamins and minerals that are beneficial to human health (Amaral et al., 2016; Bezerra et al., 2015; 48 

Santos, et al., 2020). It can be consumed in fresh or processed form (Do Nascimento et al., 2016; 49 

Catelam et al., 2020). Passion fruit plants can grow easily in the tropics or subtropics (Allardyce et al., 50 

2017; Atukunda, et al., 2018). Two types of passion fruit are cultivated in Indonesia, namely yellow 51 

passion fruit (Passiflora edulis f. Flavicarpa) and purple passion fruit (Passiflora edulis Sims f. 52 
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Flavicarpa) (Ansar et al., 2020) (Figure 1). 53 

 54 

Figure 1. Yellow passion fruit (A) and purple passion fruit (B) 55 

 56 

Nowadays, passion fruit is generally processed into syrup (Febrina et al., 2017; Ansar et al., 2019). 57 

The manufacture of the syrup has the most important economic impact on the passion fruit market 58 

because world demand continues to grow to date (Seixas et al., 2014; Figueiredo et al., 2013). 59 

Processing of passion fruit into syrup produces solid waste in the form of seeds between 4-12% of the 60 

total fruit mass (Oliveira et al., 2017; Araujo, et al., 2019). This fruit waste can be reused because it has 61 

oil and protein content, especially linoleic acid up to 70% (Malacrida & Jorge, 2012; Silva et al., 2015; 62 

Silva et al., 2019). Fatty acids from passion fruit seeds have the potential to be applied in the food, 63 

pharmaceutical, cosmetics, and energy industries (Oliveira et al., 2017; Yang et al., 2019). 64 

Unripe passion fruit seeds generally grow sprouts, so they have a short shelf life (Vaquiro et al., 65 

2016; Barrales et al., 2015; Bidgolya et al., 2018). To maintain the shelf life of this passion fruit, it must 66 

be dried until it reaches 14% water content so that it lasts longer before being extracted into the oil 67 

(Chen et al., 2011; Leao et al., 2014; Pereira et al., 2015). An effective drying method for grains can be 68 

carried out based on a temperature distribution mechanism to optimize the evaporation of water content 69 

(de Menezes et al., 2013; Castro et al., 2018). 70 

Research about temperature distribution using the numerical equation of the finite element 71 

method (FEM) approach has been widely reported (Bezerra et al., 2015; Takalkar et al., 2018). 72 



ASABE Journal Template July 2020   4 

However, existing scientific publications generally still use a one-dimensional numerical equation to 73 

describe the process of drying grain (Vaquiro et al., 2016; Jinshah & Balasubramanian, 2020; Zhoua et 74 

al., 2018) have simulated temperature distribution on one dimension using FEM. While Zhou et al. 75 

(2015) have simulated a one-dimensional temperature distribution using the FEM with graph 76 

visualization. Another temperature distribution analysis has been carried out by Monjezi & Campbell 77 

(2016) at each point of the two-dimensional plate using the FEM with the system state considered a 78 

steady-state. 79 

Temperature distribution during drying cannot be observed directly (Shinong et al., 2020), but 80 

can only be predicted and calculated using numerical modeling (Castro et al., 2018; Xiao et al., 2020). 81 

The numerical modeling that has been compiled is then simulated and displayed in a graph (Ma et al., 82 

2019). The numerical modeling can produce valid, detailed, and comprehensive data (Essa & Mostafa, 83 

2017; Mayer & Grof, 2020). 84 

Research on the process of temperature distribution in seeds whose shape is not uniform during 85 

drying using a numerical equation of the FEM approach has not been found in any publication. 86 

Therefore, this research is important to describe the process of drying passion fruit seeds as a function 87 

of temperature using numerical modeling of the FEM approach. This model was used to predict the 88 

temperature distribution in passion fruit seeds during non-isothermal convective drying. Thus, the 89 

purpose of this study was to compile a numerical equation using the FEM approach to predict the 90 

temperature distribution of passion fruit seeds during drying. 91 

 92 

MATERIALS AND METHODS 93 

Numerical equation development 94 

To simplify the compilation of the numerical equations of the FEM approach, then passion fruit 95 

seeds are assumed to be in the shape of a uniform ball as shown in Figure 2. 96 
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 97 

Figure 2. Purple passion fruit seeds that are assumed to have a uniform ball shape 98 

 99 

Figure 3. Modeling of three-dimensional spherical coordinate systems 100 

By simplifying, the transformation function of the spherical coordinate system irregular (Figure 101 

2) is simplified into a three-dimensional regular spherical coordinate system (Figure 3), so that it can 102 

be written in the form of an equation: 103 
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The rate of heat flow towards the vertical direction () is: 107 
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The rate of heat flow towards the horizontal direction () is: 109 
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The results of substituting equations (2), (3), and (4) into equation (1), the equation is obtained: 111 
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 (5) 112 

Initial condition (IC) and boundary condition (BC) equation (5) are: 113 

IC: In all positions T(r, , , t) = Tinitial = 29,5 oC for t = 0 114 

BC: at t > 0 and r = 0; 0=




r

T
 115 

The solution of equations (5) and BC was to use the numerical method of the FEM approach 116 

explicitly. The temperature distribution on the surface of the seeds is calculated by the equation: 117 

 
( )

( )
( )

frickjNRkjNRkjNRwtkjNR rqT
i

TrTM
i

r
M

T +



























+−













+


−= +−+ 2

2
2

2
2

1
,1,2,,1,,21,,,


 (6) 118 

The temperature distribution in the position of the seed axis was calculated by the equation: 119 
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 (7) 120 

The temperature distribution at the center position of the seeds was calculated by the equation: 121 

 ( ) wtkjwtkjwtkj TMT
M

T ,,,0,,,11,,,0 1
1

−+=+  (8) 122 

The temperature distribution of the simulation results as a function of the three-dimensional 123 

position of r, θ, and  which can be calculated by the equation: 124 
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 (9) 125 

The solution of equation (9) was to use the Trapezoidal Rule method as follows. 126 
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 134 

Sample preparation and equipment 135 

Passion fruit seeds used in the study were obtained from purple passion fruit. The fruit is cut in 136 

half and the seeds are separated from the meat using a pulpier siever. Furthermore, passion fruit seeds 137 

are washed with water to remove the remnants of the pulp. Passion fruit seeds are drained and stored at 138 

room temperature to wait for the next process. 139 

The equipment used is a circulated air tray type dryer with a heat source obtained from a 300 Watt 140 

electric stove (Figure 4). The main parts of the dryer include drying chamber, drying tray, electric stove, 141 

blower, and exhaust. Each component is made using industry-standard construction. The support frame 142 

is made of galvanized type iron box measuring 2.5 x 2.5 cm so that it can withstand the burden of dried 143 

material. Overall dimensions of the dryer are 100 cm long, 80 cm wide, 150 cm high, and the wheel 144 
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height from the ground to the tool is 10 cm. 145 

The inner drying chamber is insulated to reduce heat loss so that the hot air inside the drying 146 

chamber can be optimally optimized for drying. Inside the drying chamber, there are 5 shelves arranged 147 

vertically with a distance of 20 cm between the shelves to collect the dried material. The tray is made 148 

of stainless steel wire framed by wood. The electric stove is located at the bottom right side of the drying 149 

chamber. At the right end of the stove, there is a blower to encourage and circulate air in the drying 150 

chamber. 151 

 152 

Figure 4. Sketch of a circulating air tray dryer type 153 

Sample drying 154 

Drying passion fruit seeds was done by placing seeds on each tray with a thickness of 1 layer. 155 

Drying is done using a temperature of 70 °C and an airflow velocity of 0.2 m/s. Hot air generated from 156 

electric stoves was used to dry the samples in a tray of 5 pieces. Some of the air was discharged through 157 

the outlet valve and some are recirculated through the heater and then returned to the drying chamber. 158 

To reduce heat loss to the environment, all parts of the drying chamber are coated with insulators. 159 

Drying was carried out for 7 hours to obtain 14% water content. 160 

 161 

Measurement of seed temperature distribution 162 

Seed temperature distribution data during drying is measured using a data logger. The temperature 163 
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sensor is installed in one of the passion fruit seeds in each drying chamber by placing the tip of the 164 

thermocouple in the surface position and the center of the seeds. This measurement was repeated with 165 

5 replications. 166 

 167 

Data validation test 168 

Data validation test used regression analysis by comparing predictive data obtained from FEM 169 

numerical model simulation results with observational data generated from measurements in the drying 170 

chamber. The closeness of the relationship between predictive data and observational data can be seen 171 

from the coefficient of determination (R2). If the value of R2 approaches the number one it means that 172 

there is a very close relationship (Ansar et al., 2020). 173 

 174 

RESULTS AND DISCUSSION 175 

Temperature distribution in the drying chamber 176 

The measurement results of temperature distribution from time to time during the drying of 177 

passion fruit showed that the temperature distribution on each the tray had different values (Figure 5). 178 

At the beginning of drying the temperature, distribution is still uniform, but an increase occurs with 179 

increasing drying time. The biggest temperature is on the tray1, reaching 45.16°C. This is presumably 180 

because the bottom tray gets the most heat from the electric stove, so the average temperature on the 181 

bottom tray is higher than the other trays. While the average temperature on the tray no. 2, 3, 4, and 5 182 

are 42.33; 41.45; 40.75; and 39.43 °C, respectively. 183 
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184 

Figure 5. Temperature distribution on each tray during the drying of passion fruit seeds 185 

 186 

In general, the drying of the tray type in this study only takes 7 hours to reduce the water content 187 

from 21% to 14.15%. This drying time is shorter when compared to the method of sun-drying which 188 

requires 10-11 hours (Shavazi et al., 2020). The same trend data has been reported by Bahadur et al. 189 

(2019) that the higher the dryer temperature, the lower the final water content produced. 190 

Uneven airflow velocity can cause uneven temperature distribution. The higher the airflow 191 

velocity, the faster the air temperature distribution in the drying chamber. This means that the speed of 192 

airflow in the drying medium can function as a catalyst so that the temperature distribution of the seeds 193 

is also faster. The results of the study Ozakina & Kaya (2019) also reported that airflow velocity can 194 

cause a high-temperature distribution, so that the temperature distribution in the seeds is also getting 195 

bigger. 196 

 197 

Temperature distribution in seeds 198 

Three-dimensional temperature distribution in the passion fruit seeds during drying is shown in 199 
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Figure 6. In the figure, it appears that in the first hour there was a very rapid increase and began to fall 200 

in the second hour until towards the end of drying. Temperature distribution in the passion fruit seeds 201 

occurs because of differences in temperature and heat energy arising during drying. The same thing has 202 

been expressed by Serrano et al. (2015) that the temperature distribution of materials is strongly 203 

influenced by the coefficient of displacement of the conduction pad and the thermal diffusivity of the 204 

material. 205 

 206 

Figure 6. Three-dimensional temperature distribution in the passion fruit seeds 207 

 208 

Three-dimensional temperature distribution of passion fruit seeds spreads from the surface of the 209 

seeds toward the center of the axis slowly until evenly distributed to all parts of the seeds. Furthermore, 210 

the temperature is distributed with an even distribution pattern in the determined boundary plane. This 211 

temperature distribution pattern follows an elliptic pattern. Numerical models for predicting 3-212 

dimensional temperature distribution are very important when information is still limited about ideal 213 

conditions during the drying process. This developed model can accurately predict the temperature 214 

distribution in various positions of passion fruit seeds during the drying process. In the same case, Xiao 215 

et al. (2020) have explained that the modified numerical model can accurately predict the percentage of 216 
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germination at various temperatures in seeds with a value of R2 = 0.810. 217 

Another phenomenon that can be revealed is that the temperature distribution occurs 218 

simultaneously in all directions of the three-dimensional axis of the seeds. The more inward (r 219 

direction), the smaller the temperature distribution, which is almost the same as the ambient 220 

temperature. Whereas the vertical direction () and horizontal direction () also have the same pattern, 221 

namely the smaller the distribution. This is following the results of the simulation program, which is 222 

for parts of the position that are closer to the sides given an initial value of T0 = 29.5 °C, then the 223 

temperature approaches the limit value. Whereas the position on the surface that receives the dryer 224 

temperature earlier has a higher temperature distribution. The same phenomenon has been reported by 225 

Fecher et al. (2014) that temperature distribution is caused by energy transfer that occurs due to 226 

temperature differences. This energy cannot be observed directly, but the direction of its displacement 227 

can be calculated using numerical modeling (Vogta et al., 2015). 228 

 229 

Figure 7. Prediction and observation data of temperature distribution during drying 230 

 231 

There is a difference between the predicted temperature distribution and the observation result 232 

(Figure 7). The prediction temperature distribution is always higher than the observation temperature 233 
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but has the same tendency. This difference is caused by the thermal conductivity value (k) used for 234 

simulation data slightly greater than the thermal conductivity value of passion fruit seeds. This is in line 235 

with the results of the study Reed et al. (2018) which reported that the higher the thermal conductivity 236 

value of the material, the faster the temperature propagation occurs. 237 

 238 

Model validation 239 

The validation of the air temperature distribution model is done by comparing the observations 240 

of the temperature distribution of the measurement results in the drying chamber with the prediction 241 

data of the FEM simulation results. The results of temperature distribution measurements in the drying 242 

chamber tend to follow the temperature distribution pattern of the simulation results with a low error. 243 

The highest error value occurred in the vertical position of 0.45%, then the horizontal position and the 244 

axis of the radius of 1.27 and 2.23% (Figure 8). 245 

 246 

Figure 8. Validation of prediction and observation data of temperature distribution during 247 

drying. 248 

 249 

The results of the analysis of variance showed that there were no significant differences between 250 

predicted and observational data. The temperature distribution data observations have the same pattern 251 

y = 0.8809x + 3.6945
R² = 0.8786
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as the prediction data. Despite that, it is still found differences that are suspected due to the influence 252 

of the level of sensitivity of the sensor used, but the error data is still within reasonable limits. Another 253 

factor that is thought to cause differences is the effect of initial temperature variations which are not 254 

taken into account in compiling a numerical model of the FEM approach. But the difference only 255 

appears if the initial temperature is higher than the ambient temperature. Therefore, the higher the initial 256 

temperature, the higher the difference between prediction and simulation data. Similar results were also 257 

expressed by Khurana & Karwe (2009) that the simulation results differ from the predicted results when 258 

the initial temperature is higher than the ambient temperature. Thus, the results of this study can be used 259 

as a basis for further research. 260 

The results of the analysis of variance showed that between the observations of the temperature 261 

distribution of the measurement results in the drying chamber with the FEM simulation results from 262 

data obtained R2 value of 0.8786 (Figure 8). This data shows that there is a close relationship between 263 

observational data and predictive data. Thus, this FEM simulation model is valid and can be used as a 264 

system representation in analyzing the temperature distribution of grains during drying. In line with the 265 

results of these studies Moreno et al., (2017) also reported that the FEM method can produce accurate 266 

and valid temperature distribution prediction data and can be scientifically justified. 267 

 268 

CONCLUSIONS 269 

The temperature distribution in the passion fruit seeds occurs because of differences in 270 

temperature and heat energy arising during drying. This temperature distribution occurs simultaneously 271 

in all directions of the three-dimensional axis of the seeds. The deeper (direction r) the temperature 272 

distribution gets smaller. The same pattern also occurs in the vertical direction () and horizontal 273 

direction (). The results of this study can be used to design dryers for grains. To improve this research, 274 

it is necessary to add blower power to provide faster air circulation. 275 

 276 
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1 NUMERICAL EQUATION USING THE FINITE ELEMENT METHOD 
2 TO PREDICT THE TEMPERATURE DISTRIBUTION OF PASSION 
3 FRUIT SEEDS DURING DRYING

4 Highlights
5  The design of the tray dryer type was established at the University of Mataram.
6  Research data were observed for 7 hours with 5 repetitions.
7  Prediction data from numerical equations has been compared with observational data.
8  Model validation results have been discussed and analyzed.

9 ABSTRACT. The optimization of the drying process can be determined based on temperature 

10 distribution patterns using numerical modeling of the finite element method (FEM). This study has 

11 compiled a numerical equation FEM to predict the temperature distribution in passion fruit seeds 

12 during drying. The study was conducted using a circulating air tray dryer. Temperature distribution 

13 data on passion fruit seeds were measured using a data logger. The results showed that the numerical 

14 equation FEM approach can be used to simulate the temperature distribution of passion fruit seeds 

15 during drying quickly and accurately. This model has been validated by comparing the temperature 

16 distribution data measured in the drying chamber with FEM simulation results data with a relative 

17 error between 0.45 to 1.27%. The numerical model of the FEM is important as a reference for 

18 controlling temperature distribution during drying because this method is easy to implement and results 

19 in low errors.

20 Keywords: Drying, finite element methods, numerical equation, passion fruit seeds, temperature 

21 distribution

22

23 Nomenclature:

24 Abbreviations

25 A surface area (m2)

26 c air heat capacity (kJ/kg°C)

27 k conductivity (W/moC)

28 M modulus
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29 r the rate of heat flow towards the axis of the radius (m)

30 T temperature (oC)

31 t time (hour)

32 q heat energy (W)

33 V volume (m3)

34 Subscripts

35 i radius index

36 j vertical direction index

37 k horizontal direction index

38 wt time index

39 Greek symbols

40 differential∂

41  heat diffusivity (m2/dtk)

42  the rate of heat flow towards the vertical direction

43  the rate of heat flow towards the horizontal direction

44 Δ ingredient

45

46 INTRODUCTION

47 Passion fruit (Passiflora edulis) is one of the most consumed fruits because it has a source of 

48 vitamins and minerals that are beneficial to human health (Amaral, de Resende, Junior, & de Lima, 

49 2016; Bezerra, Meller da Silva, Corrêa, & Rodrigues, 2015; Santos, et al., 2020). This fruit can be 

50 consumed in fresh or processed form (Do Nascimento, Mulet, Ascheri, de Carvalho, & Cárcel, 2016; 

51 Catelam, Trindade, & Romero, 2011; Ramos-González, et al., 2020). These passion fruit plants can 

52 grow easily in the tropics or subtropics (Allardyce, Fankhauser, Zakeeruddin, Grätzel, & Dyson, 2017; 
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53 Atukunda, et al., 2018). Two types of passion fruit are cultivated in Indonesia, namely yellow passion 

54 fruit (Passiflora edulis f. Flavicarpa) and purple passion fruit (Passiflora edulis Sims f. Flavicarpa) 

55 (Ansar, Nazaruddin, & Azis, 2020) (Figure 1).

56

57 Figure 1. Yellow passion fruit (A) and purple passion fruit (B)

58

59 Nowadays, passion fruit is generally processed into syrup (Febrina, Sinulingga, & Napitupulu, 

60 2017; Ansar, Nazaruddin, & Azis, 2019). The manufacture of the syrup has the most important 

61 economic impact on the passion fruit market because world demand continues to grow to date (Seixas, 

62 et al., 2014; Figueiredo, et al., 2013). Processing of passion fruit into syrup produces solid waste in the 

63 form of seeds between 4-12% of the total fruit mass (Oliveira, Mezzomo, Gomes, & Ferreira, 2017; 

64 Araujo, et al., 2019). This fruit waste can be reused because it has oil and protein content, especially 

65 linoleic acid up to 70% (Malacrida & Jorge, 2012; Silva, et al., 2015; Silva, et al., 2019). Fatty acids 

66 from passion fruit seeds have the potential to be applied in the food, pharmaceutical, cosmetics, and 

67 energy industries (Oliveira, Mezzomo, Gomes, & Ferreira, 2017; Oliveira, Angonese, Ferreira, & 

68 Gomes, 2017; Yang, Hu, & Long, 2019).

69 Unripe passion fruit seeds generally grow sprouts, so they have a short shelf life, (Váquiro, 

70 Rodríguez, Simal, Solanilla-Duque, & Telis-Romero, 2016; Barrales, Rezende, & Martínez, 2015; 

71 Bidgolya, Balouchi, Soltani, & Moradi, 2018). To maintain the shelf life of this passion fruit, it must 

72 be dried until it reaches 14% water content so that it lasts longer before being extracted into the oil 
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73 (Chen, Yang, & Liu, 2011; Leao, Sampaio, Pagani, & Da Silva, 2014; Pereira, Correa, & Oliveira, 

74 2015). An effective drying method for grains can be carried out based on a temperature distribution 

75 mechanism to optimize the evaporation of water content (de Menezes, et al., 2013; Castro, Mayorga, & 

76 Moreno, 2018).

77 Research about temperature distribution using the numerical equation of the finite element 

78 method (FEM) approach has been widely reported (Bezerra, Meller da Silva, Correa, & Rodrigues, 

79 2015; Takalkar & Bhosale, 2018). However, existing scientific publications generally still use a one-

80 dimensional numerical equation to describe the process of drying grain (Váquiro, Rodríguez, Simal, 

81 Solanilla-Duque, & Telis-Romero, 2016; Jinshah & Balasubramanian, 2020; Zhoua, Kea, & Deng, 

82 2018) have simulated temperature distribution on one dimension using FEM. While (Zhou, Yi, Wang, 

83 & Ye, 2015) have simulated a one-dimensional temperature distribution using the FEM with graph 

84 visualization. Another temperature distribution analysis has been carried out by Monjezi & Campbell 

85 (2016) at each point of the two-dimensional plate using the FEM with the system state considered a 

86 steady-state.

87 Temperature distribution during drying cannot be observed directly (Shinong, Qianlong, Jie, 

88 Yuan, & Shilin, 2020), but can only be predicted and calculated using numerical modeling (Castro, 

89 Mayorga, & Moreno, 2018; Xiao, Yang, Monaco, Song, & Rong, 2020). The numerical modeling that 

90 has been compiled is then simulated and displayed in a graph (Ma, Gu, Shen, & Li, 2019). The 

91 numerical modeling can produce valid, detailed, and comprehensive data (Essa & Mostafa, 2017; 

92 Mayer & Grof, 2020).

93 Research on the process of temperature distribution in seeds whose shape is not uniform during 

94 drying using a numerical equation of the FEM approach has not been found in any publication. 

95 Therefore, this research is important to describe the process of drying passion fruit seeds as a function 

96 of temperature using numerical modeling of the FEM approach. This model was used to predict the 

97 temperature distribution in passion fruit seeds during non-isothermal convective drying. Thus, the 
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98 purpose of this study was to compile a numerical equation using the FEM approach to predict the 

99 temperature distribution of passion fruit seeds during drying.

100

101 MATERIALS AND METHODS

102 Numerical equation development

103 To simplify the compilation of the numerical equations of the FEM approach, then passion fruit 

104 seeds are assumed to be in the shape of a uniform ball as shown in Figure 2.

105

106 Figure 2. Purple passion fruit seeds that are assumed to have a uniform ball shape

107

108 Figure 3. Modeling of three-dimensional spherical coordinate systems
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109 By simplifying, the transformation function of the spherical coordinate system irregular (Figure 

110 2) is simplified into a three-dimensional regular spherical coordinate system (Figure 3), so that it can 

111 be written in the form of an equation:

112 (1)
t

T
cVAqAqAqAqAqAq prrrrrrr 


   )(

113 The rate of heat flow towards the axis of the radius (r) is:

114 (2)
r

T
Akq rr 




115 The rate of heat flow towards the vertical direction () is:

116 (3)
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117 The rate of heat flow towards the horizontal direction () is:

118 (4)
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119 The results of substituting equations (2), (3), and (4) into equation (1), the equation is obtained:

120 (5)
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121 Initial condition (IC) and boundary condition (BC) equation (5) is:

122 In all positions T(r, , , t) = Tinitial = 29,5oC for t = 0

123 The solution of equations (5) and BC was to use the numerical method of the FEM approach 

124 explicitly. The temperature distribution on the surface of the seeds is calculated by the equation:

125 (6)
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126 The temperature distribution in the position of the seed axis was calculated by the equation:

127 (7)      
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128 The temperature distribution at the center position of the seeds was calculated by the equation:
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129 (8)  wtkjwtkjwtkj TMT
M

T ,,,0,,,11,,,0 1
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130 The temperature distribution of the simulation results as a function of the three-dimensional 

131 position of r, θ, and  which can be calculated by the equation:

132 (9)



   


V

R

hit

dVCp

dddrrTCp

T

0

0 0 0

2
2 2

sin




 

133 The solution of equation (9) was to use the Trapezoidal Rule method as follows.
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141

142 Sample preparation and equipment

143 Passion fruit seeds used in the study were obtained from purple passion fruit. The fruit is cut in 

144 half and the seeds are separated from the meat using a pulpier siever. Furthermore, passion fruit seeds 

145 are washed with water to remove the remnants of the pulp. Passion fruit seeds are drained and stored at 

146 room temperature to wait for the next process.

147 The equipment used is a circulated air tray type dryer with a heat source obtained from a 300 Watt 

148 electric stove (Figure 4). The main parts of the dryer include drying chamber, drying tray, electric stove, 

149 blower, and exhaust. Each component is made using industry-standard construction. The support frame 
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150 is made of galvanized type iron box measuring 2.5 x 2.5 cm so that it can withstand the burden of dried 

151 material. Overall dimensions of the dryer are 100 cm long, 80 cm wide, 150 cm high, and the wheel 

152 height from the ground to the tool is 10 cm.

153 The inner drying chamber is insulated to reduce heat loss so that the hot air inside the drying 

154 chamber can be optimally optimized for drying. Inside the drying chamber, there are 5 shelves arranged 

155 vertically with a distance of 20 cm between the shelves to collect the dried material. The tray is made 

156 of stainless steel wireframed by wood. The electric stove is located at the bottom right side of the drying 

157 chamber. At the right end of the stove, there is a blower to encourage and circulate air in the drying 

158 chamber.

159

160 Figure 4. Sketch of a circulating air tray dryer type

161 Sample drying

162 Drying passion fruit seeds was done by placing seeds on each tray with a thickness of 1 layer. 

163 Drying is done using a temperature of 70oC and an airflow velocity of 0.2 m/s. Hot air generated from 

164 electric stoves was used to dry the samples in a tray of 5 pieces. Some of the air was discharged through 

165 the outlet valve and some are recirculated through the heater and then returned to the drying chamber. 

166 To reduce heat loss to the environment, all parts of the drying chamber are coated with insulators. 

167 Drying was carried out for 7 hours to obtain 14% water content.

168
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169 Measurement of seed temperature distribution

170 Seed temperature distribution data during drying is measured using a data logger. The temperature 

171 sensor is installed in one of the passion fruit seeds in each drying chamber by placing the tip of the 

172 thermocouple in the surface position and the center of the seeds. This measurement was repeated with 

173 5 replications.

174

175 Data validation test

176 Data validation test used regression analysis by comparing predictive data obtained from FEM 

177 numerical model simulation results with observational data generated from measurements in the drying 

178 chamber. The closeness of the relationship between predictive data and observational data can be seen 

179 from the coefficient of determination (R2). If the value of R2 approaches the number one it means that 

180 there is a very close relationship (Ansar, Sukmawaty, Abdullah, Nazaruddin, & Safitri, 2020).

181

182 RESULTS AND DISCUSSION

183 Temperature distribution in the drying chamber

184 The measurement results of temperature distribution from time to time during the drying of 

185 passion fruit showed that the temperature distribution on each the tray had different values (Figure 5). 

186 At the beginning of drying the temperature, distribution is still uniform, but an increase occurs with 

187 increasing drying time. The biggest temperature is on the tray1, reaching 45.16°C. This is presumably 

188 because the bottom tray gets the most heat from the electric stove, so the average temperature on the 

189 bottom tray is higher than the other trays. While the average temperature on the tray no. 2, 3, 4, and 5 

190 are 42.33, 41.45, 40.75, and 39.43°C, respectively.
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192 Figure 5. Temperature distribution on each tray during the drying of passion fruit seeds

193

194 In general, the drying of the tray type in this study only takes 7 hours to reduce the water content 

195 from 21% to 14.15%. This drying time is shorter when compared to the method of sun-drying which 

196 requires 10-11 hours (Shavazi, Torres, Hughes, & Pye, 2020). The same trend data has been reported 

197 by Bahadur et al. (2019) that the higher the dryer temperature, the lower the final water content 

198 produced.

199 Uneven airflow velocity can cause uneven temperature distribution. The higher the airflow 

200 velocity, the faster the air temperature distribution in the drying chamber. This means that the speed of 

201 airflow in the drying medium can function as a catalyst so that the temperature distribution of the seeds 

202 is also faster. The results of the study Ozakina & Kaya (2019) also reported that airflow velocity can 

203 cause a high-temperature distribution, so that the temperature distribution in the seeds is also getting 

204 bigger.

205

206 Temperature distribution in seeds

207 Temperature distribution in passion fruit seeds during drying is shown in Figure 6. In the figure, 

208 it appears that in the first hour there was a very rapid increase and began to fall in the second hour until 
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209 towards the end of drying. Temperature distribution in passion fruit seeds occurs because of differences 

210 in temperature and heat energy arising during drying. The same thing has been expressed by Serrano-

211 Arellano et al. (2015) that the temperature distribution of materials is strongly influenced by the 

212 coefficient of displacement of the conduction pad and the thermal diffusivity of the material.

213
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214 Figure 6. Three-dimensional temperature distribution in passion fruit seeds

215

216 Three-dimensional temperature distribution of passion fruit seeds spreads from the surface of the 

217 seeds toward the center of the axis slowly until evenly distributed to all parts of the seeds. Furthermore, 

218 the temperature is distributed with an even distribution pattern in the determined boundary plane. This 

219 temperature distribution pattern follows an elliptic pattern. Numerical models for predicting 3-

220 dimensional temperature distribution are very important when information is still limited about ideal 

221 conditions during the drying process. This developed model can accurately predict the temperature 

222 distribution in various positions of passion fruit seeds during the drying process. In the same case, Xiao 

223 et al. (2020) have explained that the modified numerical model can accurately predict the percentage of 

224 germination at various temperatures in seeds with a value of R2 = 0.810.

225 Another phenomenon that can be revealed is that the temperature distribution occurs 

226 simultaneously in all directions of the three-dimensional axis of the seeds. The more inward (r direction), 
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227 the smaller the temperature distribution, which is almost the same as the ambient temperature. Whereas 

228 the vertical direction () and horizontal direction () also have the same pattern, namely the smaller the 

229 distribution. This is following the results of the simulation program, which is for parts of the position 

230 that are closer to the sides given an initial value of T0 = 29.5oC, then the temperature approaches the 

231 limit value. Whereas the position on the surface that receives the dryer temperature earlier has a higher 

232 temperature distribution. The same phenomenon has been reported by Fecher, Romero, Brabec, & 

233 Buerhop-Lutz (2014) that temperature distribution is caused by energy transfer that occurs due to 

234 temperature differences. This energy cannot be observed directly, but the direction of its displacement 

235 can be calculated using numerical modeling (Vogta, Holst, Wintera, Brendela, & Altermat, 2015).

236
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237 Figure 7. Prediction and observation data of temperature distribution during drying

238

239 There is a difference between the predicted temperature distribution and the observation result 

240 (Figure 7). The prediction temperature distribution is always higher than the observation temperature 

241 but has the same tendency. This difference is caused by the thermal conductivity value (k) used for 

242 simulation data slightly greater than the thermal conductivity value of passion fruit seeds. This is in line 

243 with the results of the study Reed, Sugo, & Lattice (2018) which reported that the higher the thermal 

244 conductivity value of the material, the faster the temperature propagation occurs.
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245

246 Model validation

247 The validation of the air temperature distribution model is done by comparing the observations 

248 of the temperature distribution of the measurement results in the drying chamber with the prediction 

249 data of the FEM simulation results. The results of temperature distribution measurements in the drying 

250 chamber tend to follow the temperature distribution pattern of the simulation results with a low error. 

251 The highest error value occurred in the vertical position of 0.45%, then the horizontal position and the 

252 axis of the radius of 1.27 and 2.23% (Figure 8).

253
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254 Figure 8. Validation of prediction and observation data of temperature distribution during 

255 drying.

256

257 The results of the analysis of variance showed that there were no significant differences between 

258 predicted and observational data. The temperature distribution data observations have the same pattern 

259 as the prediction data. Despite that, it is still found differences that are suspected due to the influence 

260 of the level of sensitivity of the sensor used, but the error data is still within reasonable limits. Another 

261 factor that is thought to cause differences is the effect of initial temperature variations which are not 
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262 taken into account in compiling a numerical model of the FEM approach. But the difference only 

263 appears if the initial temperature is higher than the ambient temperature. Therefore, the higher the initial 

264 temperature, the higher the difference between prediction and simulation data. Similar results were also 

265 expressed by Khurana & Karwe (2009) that the simulation results differ from the predicted results when 

266 the initial temperature is higher than the ambient temperature. Thus, the results of this study can be used 

267 as a basis for further research.

268 The results of the analysis of variance showed that between the observations of the temperature 

269 distribution of the measurement results in the drying chamber with the FEM simulation results from 

270 data obtained R2 value of 0.8786 (Figure 8). This data shows that there is a close relationship between 

271 observational data and predictive data. Thus, this FEM simulation model is valid and can be used as a 

272 system representation in analyzing the temperature distribution of grains during drying. In line with the 

273 results of these studies, Moreno, Fernández, & Esquivias (2017) also reported that the FEM method can 

274 produce accurate and valid temperature distribution prediction data and can be scientifically justified.

275

276 CONCLUSIONS

277 Temperature distribution in passion fruit seeds occurs because of differences in temperature and 

278 heat energy arising during drying. This temperature distribution occurs simultaneously in all directions 

279 of the three-dimensional axis of the seeds. The deeper (direction r) the temperature distribution gets 

280 smaller. The same pattern also occurs in the vertical direction () and horizontal direction (). The speed 

281 of the drying air influences the temperature distribution. The higher the airflow velocity, the faster the 

282 air temperature distribution that occurs. The results of this study can be used to design dryers for grains. 

283 To improve this research, it is necessary to add blower power to provide faster air circulation.

284
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NUMERICAL ANALYSIS TO PREDICT TEMPERATURE 1 

DISTRIBUTION OF THE PASSION FRUIT SEEDS DURING DRYING 2 

Highlights 3 
• The temperature distribution occurs because there are differences in temperature on the surface and 4 

inside the passion fruit seeds 5 
• Temperature distribution occurs simultaneously in all directions 6 
• The deeper into the temperature distribution the lower 7 
• The same pattern also occurs in the vertical and horizontal directions. 8 

ABSTRACT. The optimization of the drying process can be determined based on temperature 9 

distribution patterns using numerical analysis of the finite element method (FEM). This study has 10 

compiled a numerical analysis using FEM to predict the temperature distribution in passion fruit seeds 11 

during drying. The study was conducted using a circulating air tray dryer. Temperature distribution 12 

data on passion fruit seeds were measured using a data logger. The results showed that the numerical 13 

analysis using FEM approach can be used to simulate the temperature distribution of passion fruit 14 

seeds during drying quickly and accurately. This model has been validated by comparing the 15 

temperature distribution data measured in the drying chamber with FEM simulation results data with 16 

a relative error between 0.45 to 1.27%. The numerical analysis using FEM is important as a reference 17 

for controlling temperature distribution during drying because this method is easy to implement and 18 

results in low errors. 19 

Keywords: Drying, finite element methods, numerical analysis, passion fruit seeds, temperature 20 

distribution 21 

 22 

Nomenclature: 23 

Abbreviations 24 

A surface area (m2) 25 

c  air heat capacity (kJ/kg °C) 26 

k conductivity (W/m °C) 27 

M  modulus 28 
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r the rate of heat flow towards the axis of the radius (m) 29 

T temperature (°C) 30 

t time (hour) 31 

q heat energy (W) 32 

V volume (m3) 33 

Subscripts 34 

i radius index 35 

j vertical direction index 36 

k horizontal direction index 37 

wt time index 38 

Greek symbols 39 

𝜕 differential 40 

   heat diffusivity (m2/dtk) 41 

  the rate of heat flow towards the vertical direction 42 

  the rate of heat flow towards the horizontal direction 43 

Δ  ingredient 44 

 45 

INTRODUCTION 46 

Passion fruit (Passiflora edulis) is one of the most consumed fruits because it is a source of 47 

vitamins and minerals that are beneficial to human health (Amaral et al., 2016; Bezerra et al., 2015; 48 

Santos, et al., 2020). It can be consumed in fresh or processed form (Do Nascimento et al., 2016; 49 

Catelam et al., 2020). Passion fruit plants can grow easily in the tropics or subtropics (Allardyce et al., 50 

2017; Atukunda, et al., 2018). Two types of passion fruit are cultivated in Indonesia, namely yellow 51 

passion fruit (Passiflora edulis f. Flavicarpa) and purple passion fruit (Passiflora edulis Sims f. 52 



ASABE Journal Template July 2020   3 

Flavicarpa) (Ansar et al., 2020) (Figure 1). 53 

 54 

Figure 1. Yellow passion fruit (A) and purple passion fruit (B) 55 

 56 

Nowadays, passion fruit is generally processed into syrup (Febrina et al., 2017; Ansar et al., 2019). 57 

The demand for passion fruit syrup products continues to increase until now (Seixas et al., 2014; 58 

Figueiredo et al., 2013). Processing of passion fruit into syrup produces solid waste in the form of seeds 59 

between 4-12% of the total fruit mass (Oliveira et al., 2017; Araujo et al., 2019). This fruit waste can 60 

be reused because it has oil and protein content, especially linoleic acid up to 70% (Malacrida & Jorge, 61 

2012; Silva et al., 2015; Silva et al., 2019). Fatty acids from passion fruit seeds have the potential to be 62 

applied in the food, pharmaceutical, cosmetics, and energy industries (Oliveira et al., 2017; Yang et al., 63 

2019). 64 

Unripe passion fruit seeds generally grow sprouts, so they have a short shelf life (Vaquiro et al., 65 

2016; Barrales et al., 2015; Bidgolya et al., 2018). To maintain the shelf life of this passion fruit seeds, 66 

it must be dried until it reaches 14% wet basis water content so that it lasts longer before being extracted 67 

into the oil (Chen et al., 2011; Leao et al., 2014; Pereira et al., 2015). An effective drying method for 68 

grains can be carried out based on a temperature distribution mechanism to optimize the evaporation of 69 

water content (de Menezes et al., 2013; Castro et al., 2018). 70 

Research on temperature distribution using numerical analysis of the finite element method 71 

(FEM) has been widely reported (Bezerra et al., 2015; Takalkar et al., 2018). This numerical analysis 72 
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can be used to explain the temperature distribution process during drying (Vaquiro et al., 2016; Jinshah 73 

& Balasubramanian, 2020; Zhoua et al., 2018). While Zhou et al. (2015) have simulated a one-74 

dimensional temperature distribution using the FEM with graph visualization. Another temperature 75 

distribution analysis has been carried out by Monjezi & Campbell (2016) at each point of the two-76 

dimensional plate using the FEM with the system state considered a steady-state. 77 

Temperature distribution during drying cannot be observed directly (Shinong et al., 2020), but 78 

can only be predicted and calculated using numerical analysis (Castro et al., 2018; Xiao et al., 2020). 79 

The numerical modeling that has been compiled is then simulated and displayed in a graph (Ma et al., 80 

2019). The numerical analysis can produce valid, detailed, and comprehensive data (Essa & Mostafa, 81 

2017; Mayer & Grof, 2020). 82 

Research on the process of temperature distribution in seeds whose shape is not uniform during 83 

drying using a numerical analysis using FEM approach has not been found in any publication. 84 

Therefore, this research is important to describe the process of drying passion fruit seeds as a function 85 

of temperature using numerical analysis using FEM approach. This model was used to predict the 86 

temperature distribution in passion fruit seeds during non-isothermal convective drying. Thus, the 87 

purpose of this study was to compile a numerical analysis using FEM approach to predict the 88 

temperature distribution of passion fruit seeds during drying. 89 

 90 

MATERIALS AND METHODS 91 

Numerical analysis development 92 

To simplify the compilation of the numerical analysis of the FEM approach, then passion fruit 93 

seeds are assumed to be in the shape of a uniform ball as shown in Figure 2. 94 
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 95 

Figure 2. Purple passion fruit seeds that are assumed to have a uniform ball shape 96 

 97 

Figure 3. Modeling of three-dimensional spherical coordinate systems 98 

By simplifying, the transformation function of the irregular spherical coordinate system (Figure 99 

2) is simplified into a three-dimensional regular spherical coordinate system (Figure 3), so that it can 100 

be written in the form of an equation: 101 

 
t

T
cVAqAqAqAqAqAq prrrrrrr




=++−++ +++  )(  (1) 102 

The rate of heat flow towards the axis of the radius (r) is: 103 

 
r

T
Akq rr




−=  (2) 104 



ASABE Journal Template July 2020   6 

The rate of heat flow towards the vertical direction () is: 105 
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The rate of heat flow towards the horizontal direction () is: 107 
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The results of substituting equations (2), (3), and (4) into equation (1), the equation is obtained: 109 
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Initial condition (IC) and boundary condition (BC) equation (5) are: 111 

IC: In all positions T(r, , , t) = Tinitial = 29,5 °C for t = 0 112 

BC: at t > 0 and r = 0; 0=




r

T
 113 

The solution of equations (5) and BC was to use the numerical analysis using FEM approach 114 

explicitly. The temperature distribution on the surface of the seeds is calculated by the equation: 115 
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 (6) 116 

The temperature distribution in the position of the seed axis was calculated by the equation: 117 
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 (7) 118 

The temperature distribution at the center position of the seeds was calculated by the equation: 119 

 ( ) wtkjwtkjwtkj TMT
M

T ,,,0,,,11,,,0 1
1

−+=+  (8) 120 

The temperature distribution of the simulation results as a function of the three-dimensional 121 

position of r, θ, and  which can be calculated by the equation: 122 
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 (9) 123 

The solution of equation (9) was to use the Trapezoidal Rule method as follows. 124 
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 (10) 131 

 132 

Sample preparation and equipment 133 

Passion fruit seeds used in the study was obtained from the purple passion fruit. The fruit is cut 134 

in half and the seeds are separated from the meat using a pulpier siever. Furthermore, passion fruit seeds 135 

are washed with water to remove the remnants of the pulp. Passion fruit seeds are drained and stored at 136 

room temperature to wait for the next process. 137 

The equipment used is a circulated air tray type dryer with a heat source obtained from a 300 Watt 138 

electric stove (Figure 4). The main parts of the dryer include drying chamber, drying tray, electric stove, 139 

blower, and exhaust. Each component is made using industry-standard construction. The support frame 140 

is made of galvanized type iron box measuring 2.5 x 2.5 cm so that it can withstand the burden of dried 141 

material. Overall dimensions of the dryer are 100 cm long, 80 cm wide, 150 cm high, and the wheel 142 
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height from the ground to the tool is 10 cm. 143 

The inner drying chamber is insulated to reduce heat loss so that the hot air inside the drying 144 

chamber can be optimally optimized for drying. Inside the drying chamber, there are 5 shelves arranged 145 

vertically with a distance of 20 cm between the shelves to collect the dried material. The tray is made 146 

of stainless steel wire framed by wood. The electric stove is located at the bottom right side of the drying 147 

chamber. At the right end of the stove, there is a blower to encourage and circulate air in the drying 148 

chamber. 149 

 150 

Figure 4. Sketch of a circulating air tray dryer type 151 

Sample drying 152 

Drying passion fruit seeds was done by placing the seeds on a tray. The drying process used a 153 

temperature of 70 °C and an air flow velocity of 0.2 m/s. Hot air from the electric stove was used to dry 154 

the samples in trays. Some of the air was expelled through the exhaust valve and some was recirculated 155 

through the heater and then returned to the drying chamber. To reduce heat loss to the environment, all 156 

parts of the drying chamber are insulated. The drying duration was calculated when the temperature in 157 

the drying chamber reaches 70 °C up to 7 hours. 158 

 159 

Measurement of seed temperature distribution 160 
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Seed temperature distribution data during drying is measured using a data logger. The temperature 161 

sensor is installed in one of the passion fruit seeds in each drying chamber by placing the tip of the 162 

thermocouple in the surface position and the center of the seeds. This measurement was repeated with 163 

5 replications. 164 

 165 

Data validation test 166 

Data validation test used regression analysis by comparing predictive data obtained from 167 

numerical analysis using FEM results with observation data generated from measurements in the drying 168 

chamber. The closeness of the relationship between predictive data and observational data can be seen 169 

from the coefficient of determination (R2). If the value of R2 approaches the number one it means that 170 

there was a close relationship (Ansar et al., 2020). 171 

 172 

RESULTS AND DISCUSSION 173 

Temperature distribution in the drying chamber 174 

The measurement results of temperature distribution from time to time during the drying of 175 

passion fruit showed that the temperature distribution on each tray had different values (Figure 5). As 176 

the drying time increases, the material temperature also increases. The highest temperature for the seeds 177 

on tray 1 reached 45.16 °C achieved for 6 hours. This is presumably because the bottom tray gets the 178 

most heat from the electric stove, so the average temperature on the bottom tray is higher than the other 179 

trays. While the average temperature on the tray no. 2, 3, 4, and 5 are 42.33; 41.45; 40.75; and 39.43 °C, 180 

respectively. 181 
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182 

Figure 5. Temperature distribution on each tray during the drying of passion fruit seeds 183 

 184 

In general, the drying of the tray type in this study only takes 7 hours to reduce the water content 185 

from 21% to 14.15%. This drying time is shorter when compared to the method of sun-drying which 186 

requires 10-11 hours (Shavazi et al., 2020). These results were in agreement with these reported by 187 

Bahadur et al. (2019) that direct drying in the sun was slower than artificial drying. 188 

Uneven airflow velocity can cause uneven temperature distribution. The higher the airflow 189 

velocity, more even temperature distribution in the drying chamber. This means that the speed of airflow 190 

in the drying medium can function as a catalyst so that the temperature distribution of the seeds is also 191 

faster. The results of study by Ozakina & Kaya (2019) also reported that airflow velocity can cause a 192 

high-temperature distribution, so that the temperature distribution in the seeds was also getting bigger. 193 

 194 

Temperature distribution in seeds 195 

Three-dimensional temperature distribution in the passion fruit seeds during drying is shown in 196 

Figure 6. In the figure, it appears that in the first hour there was a very rapid increase and began to fall 197 
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in the second hour until towards the end of drying. Temperature distribution in the passion fruit seeds 198 

occurs because of differences in temperature and heat energy arising during drying. The same thing has 199 

been expressed by Serrano et al. (2015) that the temperature distribution of materials is strongly 200 

influenced by the coefficient of displacement of the conduction pad and the thermal diffusivity of the 201 

material. 202 

 203 

Figure 6. Three-dimensional temperature distribution in the passion fruit seeds 204 

 205 

Three-dimensional temperature distribution of passion fruit seeds spreads from the surface of the 206 

seeds toward the center of the axis slowly until evenly distributed to all parts of the seeds. Furthermore, 207 

the temperature is distributed with an even distribution pattern in the determined boundary plane. This 208 

temperature distribution pattern follows an elliptic pattern. Numerical analysis for predicting 3-209 

dimensional temperature distribution are very important when information is still limited about ideal 210 

conditions during the drying process. This developed model can accurately predict the temperature 211 

distribution in various positions of passion fruit seeds during the drying process. In the same case, Xiao 212 

et al. (2020) have explained that the modified numerical analysis can accurately predict the percentage 213 

of germination at various temperatures in seeds with a value of R2 = 0.810. 214 
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Another phenomenon that can be revealed is that the temperature distribution occurs 215 

simultaneously in all directions of the three-dimensional axis of the seeds. The more inward (r 216 

direction), the smaller the temperature distribution, which is almost the same as the ambient 217 

temperature. Whereas the vertical direction () and horizontal direction () also have the same pattern, 218 

namely the smaller the distribution. This is following the results of the simulation program, which is 219 

for parts of the position that are closer to the sides given an initial value of T0 = 29.5 °C, then the 220 

temperature approaches the limit value. Whereas the position on the surface that receives the dryer 221 

temperature earlier has a higher temperature distribution. The same phenomenon has been reported by 222 

Fecher et al. (2014) that temperature distribution is caused by energy transfer that occurs due to 223 

temperature differences. This energy cannot be observed directly, but the direction of its displacement 224 

can be calculated using numerical analysis (Vogta et al., 2015). 225 

 226 

Figure 7. Prediction and observation data of temperature distribution during drying 227 

 228 

There is a difference between the predicted temperature distribution and the observation result 229 

(Figure 7). The prediction temperature distribution is always higher than the observation temperature 230 

but has the same tendency. This difference is caused by the thermal conductivity value (k) used for 231 
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simulation data slightly greater than the thermal conductivity value of passion fruit seeds. This is in line 232 

with the results of the study Reed et al. (2018) which reported that the higher the thermal conductivity 233 

value of the material, the faster the temperature propagation occurs. 234 

 235 

Model validation 236 

The validation of the air temperature distribution model was done by comparing the observation 237 

of the temperature distribution of the measurement results in the drying chamber with the prediction 238 

data of the FEM simulation results. The results of temperature distribution measurements in the drying 239 

chamber tend to follow the temperature distribution pattern of the simulation results with a low error. 240 

The highest error value occurred in the vertical position of 0.45%, then the horizontal position and the 241 

axis of the radius of 1.27 and 2.23%, respectively (Figure 8). 242 

 243 

Figure 8. Validation of prediction and observation data of temperature distribution during 244 

drying. 245 

 246 

The results of the analysis of variance showed that there were no significant differences between 247 

predicted and observation data. The temperature distribution data observations have the same pattern 248 

as the prediction data. Despite that, it is still found differences that are suspected due to the influence 249 
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of the level of sensitivity of the sensor used, but the error data was still within reasonable limits. Another 250 

factor that is thought to cause differences is the effect of initial temperature variations which are not 251 

taken into account in compiling a numerical analysis using FEM approach. But the difference only 252 

appears if the initial temperature was higher than the ambient temperature. Therefore, the higher the 253 

initial temperature, the higher the difference between prediction and simulation data. Similar results 254 

were also expressed by Khurana & Karwe (2009) that the simulation results differ from the predicted 255 

results when the initial temperature is higher than the ambient temperature. Thus, the results of this 256 

study can be used as a basis for further research. 257 

The results of the analysis of variance show that there was a close relationship between the 258 

observed temperature distribution data and the predicted data from the numerical analysis simulation 259 

results indicated by the termination coefficient value (R2) which is 0.8786 (Figure 8). Thus, this 260 

numerical analysis using FEM was valid and can be used as a system representation in analyzing the 261 

temperature distribution of grains during drying. In line with the results of these studies Moreno et al., 262 

(2017) also reported that numerical analysis using FEM can produce accurate and valid temperature 263 

distribution prediction data and can be scientifically justified. 264 

 265 

CONCLUSIONS 266 

The temperature distribution in the passion fruit seeds occurs because of differences in 267 

temperature and heat energy arising during drying. This temperature distribution occurs simultaneously 268 

in all directions of the three-dimensional axis of the seeds. The deeper (direction r) the temperature 269 

distribution gets smaller. The same pattern also occurs in the vertical direction () and horizontal 270 

direction (). The results of this study can be used to design dryers for grains. To improve this research, 271 

it is necessary to add blower power to provide faster air circulation. 272 

 273 
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Highlights

The temperature distribution occurs because there are differences in temperature on the surface and inside the passion
fruit seeds
Temperature distribution occurs simultaneously in all directions
The deeper into the temperature distribution the lower
The same pattern also occurs in the vertical and horizontal directions.

ABSTRACT. The optimization of the drying process can be determined based on temperature distribution patterns using
numerical analysis of the finite element method (FEM). This study has compiled a numerical analysis using FEM to predict
the temperature distribution in passion fruit seeds during drying. The study was conducted using a circulating air tray dryer.
Temperature distribution data on passion fruit seeds were measured using a data logger. The results showed that the
numerical analysis using FEM approach can be used to simulate the temperature distribution of passion fruit seeds during
drying quickly and accurately. This model has been validated by comparing the temperature distribution data measured in
the drying chamber with FEM simulation results data with a relative error between 0.45 to 1.27%. The numerical analysis
using FEM is important as a reference for controlling temperature distribution during drying because this method is easy to
implement and results in low errors.

Keywords.Drying, finite element methods, numerical analysis, passion fruit seeds, temperature distribution

Nomenclature:
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Abbreviations

A    surface area (m2)

c     air heat capacity (kJ/kg °C)

k    conductivity (W/m °C)

M     modulus

r    the rate of heat flow towards the axis of the radius (m)

T    temperature (°C)

t    time (hour)

q    heat energy (W)

V    volume (m3)

Subscripts

i    radius index

j    vertical direction index

k    horizontal direction index

wt    time index

Greek symbols

?     the rate of heat flow towards the vertical direction

INTRODUCTION
Passion fruit (Passiflora edulis) is one of the most consumed fruits because it is a source of vitamins and minerals that are
beneficial to human health (Amaral et al., 2016; Bezerra et al., 2015; Santos, et al., 2020). It can be consumed in fresh or
processed form (Do Nascimento et al., 2016; Catelam et al., 2020). Passion fruit plants can grow easily in the tropics or
subtropics (Allardyce et al., 2017; Atukunda, et al., 2018). Two types of passion fruit are cultivated in Indonesia, namely
yellow passion fruit (Passiflora edulis f. Flavicarpa) and purple passion fruit (Passiflora edulis Sims f. Flavicarpa) (Ansar et
al., 2020) (Figure 1).

Figure 1. Yellow passion fruit (A) and purple passion fruit (B).

Nowadays, passion fruit is generally processed into syrup (Febrina et al., 2017; Ansar et al., 2019). The demand for passion
fruit syrup products continues to increase until now (Seixas et al., 2014; Figueiredo et al., 2013). Processing of passion fruit
into syrup produces solid waste in the form of seeds between 4-12% of the total fruit mass (Oliveira et al., 2017; Araujo et
al., 2019). This fruit waste can be reused because it has oil and protein content, especially linoleic acid up to 70% (Malacrida
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& Jorge, 2012; Silva et al., 2015; Silva et al., 2019). Fatty acids from passion fruit seeds have the potential to be applied in
the food, pharmaceutical, cosmetics, and energy industries (Oliveira et al., 2017; Yang et al., 2019).

Unripe passion fruit seeds can germinate easily, so they have a short shelf life (Vaquiro et al., 2016; Barrales et al., 2015;
Bidgolya et al., 2018). To maintain the shelf life of this passion fruit seeds, it must be dried until reaches the water content of
14% (wet basis) so that it lasts longer before being extracted into the oil (Chen et al., 2011; Leao et al., 2014; Pereira et al.,
2015). An effective drying method for grains can be carried out based on a temperature distribution mechanism to optimize
the evaporation of water content (de Menezes et al., 2013; Castro et al., 2018).

Research on temperature distribution using numerical analysis of the finite element method (FEM) has been widely reported
(Bezerra et al., 2015; Takalkar et al., 2018). This numerical analysis can be used to explain the temperature distribution
process during drying (Vaquiro et al., 2016; Jinshah & Balasubramanian, 2020; Zhoua et al., 2018). While Zhou et al. (2015)
have simulated a one-dimensional temperature distribution using the FEM with graph visualization. Another temperature
distribution analysis has been carried out by Monjezi & Campbell (2016) at each point of the two-dimensional plate using
the FEM with the system state considered a steady-state.

Temperature distribution during drying cannot be observed directly (Shinong et al., 2020), but can only be predicted and
calculated using numerical analysis (Castro et al., 2018; Xiao et al., 2020). The numerical modeling that has been compiled
is then simulated and displayed in a graph (Ma et al., 2019). The numerical analysis can produce valid, detailed, and
comprehensive data (Essa & Mostafa, 2017; Mayer & Grof, 2020).

Research on the process of temperature distribution in seeds whose shape is not uniform during drying using the numerical
analysis FEM approach has not been found in any publication. Therefore, this research is important to describe the process of
drying passion fruit seeds as a function of temperature using the numerical analysis FEM approach. This model was used to
predict the temperature distribution in passion fruit seeds during non-isothermal convective drying. Thus, the purpose of this
study was to compile the numerical analysis FEM approach to predict the temperature distribution of passion fruit seeds
during drying.

MATERIALS AND METHODS

Numerical analysis development

To simplify the compilation of the numerical analysis FEM approach, then passion fruit seeds were assumed to be in the
shape of a uniform ball as shown in Figure 2.

Figure 2.Purple passion fruit seeds that were assumed to have a uniform ball shape.
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Figure 3. Modeling of three-dimensional spherical coordinate systems.

By simplifying, the transformation function of the irregular spherical coordinate system (Figure 2) was simplified into a
three-dimensional regular spherical coordinate system (Figure 3), so that it can be written in the form of an equation:

        (1)

The rate of heat flow towards the axis of the radius (r) was:

        (2)

The rate of heat flow towards the vertical direction (?) was:

        (3)

The rate of heat flow towards the horizontal direction (?) was:
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        (4)

The results of substituting equations (2), (3), and (4) into equation (1), the equation was obtained:

        (5)

Initial condition (IC) and boundary condition (BC) equation (5) were:

IC: In all positions T(r, ?, ?, t) = Tinitial = 29,5 °C for t = 0

BC: at t > 0 and r = 0; 

The solution of equations (5) and BC was to use the numerical analysis using FEM approach explicitly. The
temperature distribution on the surface of the seeds was calculated by the equation:

        (6)

The temperature distribution in the position of the seed axis was calculated by the equation:

        (7)

The temperature distribution at the center position of the seeds was calculated by the equation:
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        (8)

The temperature distribution of the simulation results as a function of the three-dimensional position of r, ?, and ?
which can be calculated by the equation:

The solution of equation (9) was to use the Trapezoidal Rule method as follows.

    (10)

Sample preparation and equipment

Passion fruit seeds used in the study was obtained from the purple passion fruit. The fruit was cut in half and the seeds are
separated from the meat using a pulpier siever. Furthermore, passion fruit seeds were washed with water to remove the
remnants of the pulp. Passion fruit seeds are drained and stored at room temperature to wait for the next process.

The equipment used was a circulated air tray type dryer with a heat source obtained from a 300 Watt electric stove (Figure
4). The main parts of the dryer include drying chamber, drying tray, electric stove, blower, and exhaust. Each component is
made using industry-standard construction. The support frame is made of galvanized type iron box measuring 2.5 x 2.5 cm
so that it can withstand the burden of dried material. Overall dimensions of the dryer were 100 cm long, 80 cm wide, 150 cm
high, and the wheel height from the ground to the tool was 10 cm.

The inner drying chamber was insulated to reduce heat loss so that the hot air inside the drying chamber can be optimally
optimized for drying. Inside the drying chamber, there were 5 shelves arranged vertically with a distance of 20 cm between
the shelves to collect the dried material. The tray was made of stainless steel wire framed by wood. The electric stove is
located at the bottom right side of the drying chamber. At the right end of the stove, there was a blower to encourage and
circulate air in the drying chamber.
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Figure 4. Sketch of a circulating air tray dryer type.

Sample drying

Drying passion fruit seeds was done by placing the seeds on a tray. The drying process used a temperature of 70 °C and an
air flow velocity of 0.2 m/s. The hot air from the electric stove was used to dry the samples in trays. Some of the air was
expelled through the exhaust valve and some was recirculated through the heater and then returned to the drying chamber. To
reduce heat loss to the environment, all parts of the drying chamber are insulated. The drying duration was calculated when
the temperature in the drying chamber reaches 70 °C for up to 7 hours. The temperature in the drying chamber and the
environment were measured by a thermocouple.

Measurement of seed temperature distribution

Seed temperature distribution data during drying is measured using a data logger. The temperature sensor was installed in
one of the passion fruit seeds in each drying chamber by placing the tip of the thermocouple in the surface position and the
center of the seeds. This measurement was repeated with 5 replications.

Data validation test

Data validation test used regression analysis by comparing predictive data obtained from the numerical analysis using FEM
results with observation data generated from measurements in the drying chamber. The relationship between predictive data
and observational data can be seen from the coefficient of determination (R2). If the value of R2 approaches the number one
it means that there was a close relationship (Ansar et al., 2020).

RESULTS AND DISCUSSION

Temperature distribution in the drying chamber

The measurement results of temperature distribution from time to time during the drying of passion fruit showed that the
temperature distribution on each tray had different values (Figure 5). As the drying time increases, the material temperature
also increases. The highest temperature for the seeds on tray 1 reached 45.16 °C achieved for 6 hours. This is presumably
because the bottom tray gets the most heat from the electric stove, so the average temperature on the bottom tray is higher
than the other trays. While the average temperature on the tray no. 2, 3, 4, and 5 were 42.33, 41.45, 40.75, and 39.43 °C,
respectively.
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Figure 5. Temperature distribution on each tray during the drying of passion fruit seeds.

In general, the drying of the tray type in this study only takes 7 hours to reduce the water content from 21% to 14.15%. This
drying time is shorter when compared to the method of sun-drying which requires 10-11 hours (Shavazi et al., 2020). These
results were in agreement with these reported by Bahadur et al. (2019) that direct drying in the sun was slower than artificial
drying.

Uneven airflow velocity can cause uneven temperature distribution. The higher the airflow velocity, more even temperature
distribution in the drying chamber. This means that the speed of airflow in the drying medium can function as a catalyst so
that the temperature distribution of the seeds is also faster. The results of study by Ozakina & Kaya (2019) also reported that
airflow velocity can cause a high-temperature distribution, so that the temperature distribution in the seeds was also getting
bigger.

Temperature distribution in seeds

Three-dimensional temperature distributionin the passion fruit seeds during drying is shown in Figure 6. In the figure, it
appears that in the first hour there was a very rapid increase and began to fall in the second hour until towards the end of
drying. Temperature distribution in the passion fruit seeds occurs because of differences in temperature and heat energy
arising during drying. The same thing has been expressed by Serrano et al. (2015) that the temperature distribution of
materials is strongly influenced by the coefficient of displacement of the conduction pad and the thermal diffusivity of the
material.

Figure 6. Three-dimensional temperature distribution in the passion fruit seeds.

Three-dimensional temperature distribution of passion fruit seeds spreads from the surface of the seeds toward the center of
the axis slowly until evenly distributed to all parts of the seeds. Furthermore, the temperature is distributed with an even
distribution pattern in the determined boundary plane. This temperature distribution pattern follows an elliptic pattern.
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Numerical analysis for predicting 3-dimensional temperature distribution are very important when information is still limited
about ideal conditions during the drying process. This developed model can accurately predict the temperature distribution in
various positions of passion fruit seeds during the drying process. In the same case, Xiao et al. (2020) have explained that the
modified numerical analysis can accurately predict the percentage of germination at various temperatures in seeds with a
value of R2 = 0.810.

Another phenomenon that can be revealed is that the temperature distribution occurs simultaneously in all directions of the
three-dimensional axis of the seeds. The more inward (r direction), the smaller the temperature distribution, which is almost
the same as the ambient temperature. Whereas the vertical direction (?) and horizontal direction (?) also have the same
pattern, namely the smaller the distribution. This is following the results of the simulation program, which is for parts of the
position that are closer to the sides given an initial value of T0 = 29.5 °C, then the temperature approaches the limit value.
Whereas the position on the surface that receives the dryer temperature earlier has a higher temperature distribution. The
same phenomenon has been reported by Fecher et al. (2014) that temperature distribution is caused by energy transfer that
occurs due to temperature differences. This energy cannot be observed directly, but the direction of its displacement can be
calculated using numerical analysis (Vogta et al., 2015).

Figure 7. Prediction and observation data of temperature distribution during drying.

There is a difference between the predicted temperature distribution and the observation result (Figure 7). The prediction
temperature distribution is always higher than the observation temperature but has the same tendency. This difference is
caused by the thermal conductivity value (k) used for simulation data slightly greater than the thermal conductivity value of
passion fruit seeds. This is in line with the results of the study Reed et al. (2018) which reported that the higher the thermal
conductivity value of the material, the faster the temperature propagation occurs.

Model validation

The validation of the air temperature distribution model was done by comparing the observation of the temperature
distribution of the measurement results in the drying chamber with the prediction data of the FEM simulation results. The
results of temperature distribution measurements in the drying chamber tend to follow the temperature distribution pattern of
the simulation results with a low error. The highest error value occurred in the vertical position of 0.45%, then the horizontal
position and the axis of the radius of 1.27 and 2.23%, respectively (Figure 8).
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Figure 8. Validation of prediction and observation data of temperature distribution during drying.

The results of the analysis of variance showed that there were no significant differences between predicted and observation
data. The temperature distribution data observations have the same pattern as the prediction data. Despite that, it is still found
differences that are suspected due to the influence of the level of sensitivity of the sensor used, but the error data was still
within reasonable limits. Another factor that is thought to cause differences is the effect of initial temperature variations
which are not taken into account in compiling a numerical analysis using FEM approach. But the difference only appears if
the initial temperature was higher than the ambient temperature. Therefore, the higher the initial temperature, the higher the
difference between prediction and simulation data. Similar results were also expressed by Khurana & Karwe (2009) that the
simulation results differ from the predicted results when the initial temperature is higher than the ambient temperature. Thus,
the results of this study can be used as a basis for further research.

The results of the analysis of variance show that there was a close relationship between the observed temperature distribution
data and the predicted data from the numerical analysis simulation results indicated by the termination coefficient value (R2)
which is 0.8786 (Figure 8). Thus, this numerical analysis using FEM was valid and can be used as a system representation in
analyzing the temperature distribution of grains during drying. In line with the results of these studies Moreno et al., (2017)
also reported that numerical analysis using FEM can produce accurate and valid temperature distribution prediction data and
can be scientifically justified.

CONCLUSIONS

The temperature distribution in the passion fruit seeds occurs because of differences in temperature and heat energy
arising during drying. This temperature distribution occurs simultaneously in all directions of the three-dimensional
axis of the seeds. The deeper (direction r) the temperature distribution gets smaller. The same pattern also occurs in the
vertical direction (?) and horizontal direction (?). The results of this study can be used to design dryers for grains. To
improve this research, it is necessary to add blower power to provide faster air circulation.
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