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1. INTRODUCTION 

Drying is the process by which water is removed from a 

material using specific techniques [1]. Drying is a widely used 

process in various industrial applications, including the food, 

leather, wood, chemical, ceramic, paper, mining, and textile 

industries [2]. The primary reason for food preservation is the 

removal of microorganisms, inhibition of enzymatic reactions, 

and control of water activity [3]. During drying, the goal is to 

achieve optimal heat and mass transfer, thereby maximising 

drying rates [4]. In this context, researchers are developing 

suitable drying processes and technologies to meet the demand 

for clean and fresh food, which is driven by the rapid growth of 

the human population, forced migration, and war. The main 

objectives of these efforts include the reduction of drying period 

and energy costs, the obtaining of high-quality dried materials, the 

development of theoretical concepts in the drying system, and the 

creation of new hybrid drying technology [5]. 

Infrared radiation is a form of energy that occurs through 

electromagnetic waves with frequencies ranging from 3x1012 Hz 

to 4.3x1014 Hz [6]. Wavelength of infrared radiation (1x10-4 m - 

7x10-7 m) is shorter than microwave (0.1 m – 1x10-4 m) and 

radiofrequency (> 0.1 m), but longer than visible light (4x10-7 m 

- 7x10-7 m), ultraviolet (4x10-7 m - 1x10-9 m), X-ray (1x10-9 m - 

1x10-11 m) and gamma ray (< 1x10-11 m) [6].  Since infrared 

radiation is a non-contact heat transfer mechanism, 

electromagnetic waves propagate without any medium, such as a 

vacuum [7]. In the infrared drying method, the energy is 

converted into heat by penetrating into the materials at a small 

depth, and this method is seen as a very attractive technique for 

drying agricultural materials. This method has advantages over 

conventional drying technologies, such as high energy efficiency, 

short drying period, low energy cost, homogenous heating of the 

product, and high product quality [7]. 

Studies have been conducted for different products in the 

literature related to infrared drying, some of which are as follows: 

beans, bulgur, brown and white rice [8], carrot slices [9], carrot 

[10], black mulberry [11], mushroom [12], saffron [13], banana 

[14], brown rice [15], paddy [16], kiwi [17], dragon's eye fruit 

[18], onion slices [19], green beans [20], mint [21], quince slices 

[22], sweet potato [23], strawberry [24], and canjiqueira fruit [25]. 

Some of the studies in the literature are relating with different 

types of products in a combined drying system such as: green 

pepper [26] with microwave- and infrared- assisted convective 

drying, eggplant [27] with microwave-infrared combination 

drying, mushroom [28] with combining freeze-drying and mid-

infrared drying, banana [29] with infrared assisted freeze drying, 

button mushroom slices [30], pomegranate [31], and pumpkin 

[32] with infrared-vacuum drying. 

Drying models are necessary to define and interpret the 

optimum drying method for a particular material. The models 
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The purpose of this paper is to define the drying characteristics, and also to include 

quality analysis, mathematical modeling and energy analysis of green tea leaves for 

natural convection infrared drying process. The manufacturing of the drying system 

has been realized, and experimental study was carried out for 100, 250, 500 and 750 

W infrared power outputs. Depending on the drying time and moisture loss, 

dimensionless moisture ratio, moisture content, and drying rate were estimated. 

Mathematical modeling was conducted with 14 drying models and 7 evaluation 

criteria to estimate drying behavior of green tea. Water extract, total ash, total 

polyphenols, caffeine, and cellulose were determined for quality analysis. It was 

found out that the best model was Improved Midilli-Kucuk. Also, it was determined 

that the maximum values of the water extract, caffeine and total polyphenols were 

found as 36.06% at 750 W, 2.41% at 250 W and 9.28% at 500 W, respectively. As a 

results, it is concluded the buoyancy effects occurring due to the density difference 

depending on temperature gradients highly influence drying behavior of green tea 

leaves. 
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proposed in the literature are utilised to decide on the appropriate 

drying conditions. An important step in describing the 

characteristics of the drying system is to choose the most suitable 

model. The best models found in the literature as a result of 

mathematical modelling for products dried with infrared radiation 

are given in Table 1.  

 

Table 1. The best models in the literature for infrared drying. 

Model name Product dried Drying process Ref. 

Midilli-Kucuk Carrot crop Infrared [9] 

Aghbashlo Carrot Infrared [10] 

Parobolic 
Black 

mulberry 
Infrared [11] 

Logarithmic 

Logarithmic 

Mushroom Infrared [12] 

Onion slices Infrared [19] 

Midilli-Kucuk, 

Aghbashlo 
Green beans Infrared [20] 

Aghbashlo Pomegranate Infrared [31] 

Diffusion 

approach 
Potato Infrared [33] 

Logarithmic Pistachio Infrared [34] 

Alibaş Hazelnut 
Swirling flow fluidized 

bed infrared-250 W 
[35] 

Balbay and 

Şahin 
Hazelnut 

Swirling flow fluidized 

bed infrared-500 W 
[35] 

Improved 

Midilli-Kucuk 
Hazelnut 

Swirling flow fluidized 

bed infrared-750 W 
[35] 

Improved 

Midilli-Kucuk 
Hazelnut 

Swirling flow fluidized 

bed infrared-1000 W 
[35] 

Alibaş 
Green tea 

leaves 

Swirling flow fluidized 

bed infrared-250 W 
[36] 

Balbay and 

Şahin 

Green tea 

leaves 

Swirling flow fluidized 

bed infrared-250 W 
[36] 

Parabolic 
Green tea 

leaves 

Swirling flow fluidized 

bed infrared-500 W 
[36] 

Aghbashlo 
Green tea 

leaves 

Swirling flow fluidized 

bed infrared-750 W 
[36] 

Wang and Singh, 

parabolic 

Green tea 

leaves 

Swirling flow fluidized 

bed infrared-1000 W [36] 

 

Proposed a novel drying system as swirling flow fluidised bed 

infrared drying of green tea leaves [36, 37]. Maximum total 

polyphenol, caffeine, and water extract were obtained as 4.30% at 

1000 W, 1.91% at 750 W, and 44.04% at 500 W, respectively. 

The lowest cellulose and total ash are determined as 15.73 at 250 

W and 4.48 at 500 W [36], respectively. Köse et al. [38] also 

recommended a novel drying system as swirling flow fluidised 

bed microwave drying of green tea leaves. The lowest total ash, 

the highest caffeine, and water extract of the product were 

obtained as 5.94%, 2.2%, and 43.83%, respectively, at 800 W 

microwave power. Köse et al. [39] studied microwave drying of 

green tea leaves and determined quality parameters of the dried 

product. They determined that the minimum cellulose and total 

ash were 17.79% at 300 W and 5.95% at 800 W, respectively, and 

the maximum caffeine, polyphenol, and water extract were 1.93% 

at 800 W, 11.20% at 300 W, and 35.44% at 300 W, respectively. 

In this study, an innovative drying method, which can be used 

in the drying industry and to contribute to the elimination of the 

problems encountered in drying, has been developed. This paper 

presents a simple drying method called natural convection drying 

under infrared conditions that does not require extra power for air 

transfer. In this method, the walls of the drying chamber are 

heated by the energy gained from the infrared energy provider 

through electromagnetic waves, and the heated walls heat the air 

molecules nearby by natural convection. The heated air passes 

over the materials placed at the entrance of the narrowing area of 

the drying cabinet due to the buoyancy force and performs the 

drying process. This paper covers the conceptual design of the 

natural convection drying process under infrared conditions, the 

definition of drying behaviours and mathematical modelling, and 

the quality parameters of green tea leaves for this novel drying 

system. For this purpose, 100, 250, 500, and 750 W infrared 

powers were used, and mass losses were measured depending on 

drying time. The surrounding temperature varied between 19.0 ºC 

and 19.9 ºC during the tests. Depending on the moisture loss and 

time, the moisture content, dimensionless moisture ratio, and 

drying rate were estimated. Water extract, total ash, caffeine, 

cellulose, and total polyphenols of dried materials were also 

analysed. 
 

2. MATERIAL AND METHODS 

2.1. Material  

Green tea leaves (Camellia sinensis) used in drying 

experiments were harvested in Rize province in September, as 

seen in Figure 1. The experiments were conducted at the 

Department of Mechanical Engineering at Recep Tayyip Erdoğan 

University. 

 
Fig. 1. Green tea leaves. 

 

2.2. Experimental Setup 

The schematic of the natural convection drying system under 

infrared conditions is given in Figure 2. The diameter, edge height, 

and hole diameter of the mesh tray produced from stainless steel 

are 355 mm, 30 mm, and 10 mm, respectively. Also, the diameter 

and the height of the drying chamber, manufactured from stainless 

steel, are 400 mm and 600 mm, respectively. No extra power (fan, 

compressor, etc.) was used in the experiments, and the drying was 

conducted only with the effect of natural convection. For this 

purpose, an infrared heater was placed in the centre of the drying 

chamber, and the ambient air heated by this element enabled the 

drying of the products placed into the mesh tray as a thin layer in 

the throat part with the effect of buoyancy.  
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The experiments were carried out at 100, 250, 500, and 750 W. 

A TEM brand precision scale with a sensitivity of 1 g was used to 

measure the weights, as seen in Figure 2. Temperature and 

humidity were measured by using an EMKO Pronem Mini PMI-P 

(-20/80°C (±0.1) and 0-100% (±2%)). Humidity and temperature 

were read by using the EMKO brand ESM-3723 digital 

temperature and humidity monitoring unit. Infrared power levels 

were adjusted by using an adapter, and the WellHise brand 

wattmeter was employed to read the infrared power as seen in 

Figure 2. 

Fifty grams of green tea leaves were used for infrared drying 

experiments, and their weights were measured at 20-minute, 10-

minute, 5-minute, and 3-minute periods for 100 W, 250 W, 500 

W, and 750 W, respectively. The duration of the experiment was 

established through preliminary trials, and the collection of data 

was executed over a shorter time frame at infrared powers that 

resulted in a high drying rate.  

  Fig. 2. Flow chart of the infrared drying system. 

 

2.3. Mathematical Modelling of Drying Process 

Mathematical modelling for drying processes is used to obtain 

optimum drying conditions of the products, design a new drying 

system, predict heat and mass transfer phenomena, and estimate 

drying time [40]. The thin-layer drying model, depending on the 

experimental results, can be implemented for single-layer or thin-

layer drying of the products, and they are effective enough to 

accurately describe drying processes. 

 

2.3.1. Drying curve equations 

The experimental data obtained from the product's natural 

convection infrared drying were used to determine the best drying 

curve equation from the drying models given in Table 2 [39, 41, 

42, 43], and drying and empirical constants of the best model were 

determined for each infrared power value. 

 

2.3.2. Evaluation criteria 

To decide the most suitable model, the maximum values 

(closest to 1) of the correlation coefficient (r), the coefficient of 

determination (R2) and adjusted R2 ( R̅2) and the minimum values 

(closest to 0) of the reduced chi-square (χ2), the root mean square 

error (RMSE), the reduced sum square error (RSSE) and the mean 

bias error (MBE) were determined as seen in Table 3 [34, 39, 42, 

43, 44]. 

Precision scale 

Dried 

product 

Fresh product 

Temperature and 

humidity meter 

Electrical 

panel 

Temperature and 

humidity meter 

Infrared 

element 

Adapter-wattmeter 

Mesh tray 
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Dimensionless moisture ratio, moisture content, and drying 

rate are described in Equations (1), (2), and (3), respectively, [35, 

42, 45]. 

𝑀𝑅 =
𝑀𝑡−𝑀𝑒

𝑀𝑖−𝑀𝑒
        (1) 

𝑀𝐶(%) =  
𝑀𝑡− 𝑀𝑒

𝑀𝑖
      (2) 

 

𝐷𝑅 = − 
𝑑𝑀

𝑑𝑡
= −

𝑀𝑡+𝑑𝑡− 𝑀𝑡

𝑑𝑡
      (3)

 

Table 2. Drying-curve equations. 

No Model name Model equation                                                                                        

1 Newton (Lewis, Exponential, Single exponential) 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡) (4) 

2 Page 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) (5) 

3 Modified Page 𝑀𝑅 = 𝑒𝑥𝑝(−(𝑘𝑡)𝑛) (6) 

4 Henderson and Pabis (Single term) 𝑀𝑅 = 𝑎 𝑒𝑥𝑝(−𝑘𝑡) (7) 

5 Logarithmic (Asymptotic) Yagcioglu et al. 𝑀𝑅 = 𝑎 𝑒𝑥𝑝(−𝑘𝑡) + 𝑐 (8) 

6 Midilli-Kucuk (Midilli, Midilli et al.) 𝑀𝑅 = 𝑎 𝑒𝑥𝑝(−𝑘𝑡𝑛) + 𝑏𝑡 (9) 

7 Weibull 
𝑀𝑅 = 𝑒𝑥𝑝 (− (

𝑡

𝑎
)

𝑏

) (10) 

8 Wang and Singh 𝑀𝑅 = 1 + 𝑎𝑡 + 𝑏𝑡2 (11) 

9 Hii et al. 𝑀𝑅 = 𝑎 𝑒𝑥𝑝(−𝑘𝑡𝑛) + 𝑐 𝑒𝑥𝑝(−𝑔𝑡𝑛) (12) 

10 Parabolic 𝑀𝑅 = 𝑎 + 𝑏𝑡 + 𝑐𝑡2 (13) 

11 Aghbashlo et al. 
𝑀𝑅 = 𝑒𝑥𝑝 (−

𝑘1𝑡

1 + 𝑘2𝑡
) (14) 

12 Balbay and Şahin 𝑀𝑅 = (1 − 𝑎) 𝑒𝑥𝑝(−𝑘𝑡𝑛) + 𝑏 (15) 

13 Alibas (Modified Midilli-Kucuk) 𝑀𝑅 = 𝑎 𝑒𝑥𝑝(−𝑘𝑡𝑛) + 𝑏𝑡 + 𝑔 (16) 

14 Improved Midilli-Kucuk 𝑀𝑅 = 𝑎 𝑒𝑥𝑝(−𝑘1𝑡𝑛) − 𝑒𝑥𝑝(−𝑘2𝑡𝑛) − 𝑏𝑡𝑛 (17) 

  

Table 3. Evaluation criteria. 

No Evaluation parameters Equation  

1 Correlation coefficient 
𝑟 =

𝑁 ∑ (𝑀𝑅𝑝𝑟𝑒,𝑖)(𝑀𝑅𝑒𝑥𝑝, 𝑖)
𝑁
𝑖=1 − (∑ 𝑀𝑅𝑝𝑟𝑒,𝑖

𝑁
𝑖=1 )(∑ 𝑀𝑅𝑒𝑥𝑝, 𝑖

𝑁
𝑖=1 )

√(𝑁 ∑ 𝑀𝑅𝑝𝑟𝑒,𝑖
2𝑁

𝑖=1 − (∑ 𝑀𝑅𝑝𝑟𝑒,𝑖
𝑁
𝑖=1 )

2
) (𝑁 ∑ 𝑀𝑅𝑒𝑥𝑝, 𝑖

2𝑁
𝑖=1 − (∑ 𝑀𝑅𝑒𝑥𝑝, 𝑖

𝑁
𝑖=1 )

2
)

 
(18) 

2 Coefficient of determination 𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
= 1 −

∑ (𝑀𝑅𝑒𝑥𝑝, 𝑖 − 𝑀𝑅𝑝𝑟𝑒,𝑖)
𝑁
𝑖=1

2

∑ (𝑀𝑅𝑒𝑥𝑝, 𝑖 − 𝑀𝑅𝑎𝑣𝑔)𝑛
1

2  (19) 

3 Adjusted R2 𝑅̄2 = 1 − (1 − 𝑅2)
𝑁 − 1

𝑁 − 𝑘 − 1
 (20) 

4 Reduced chi-square 𝜒2 =
∑ (𝑀𝑅𝑒𝑥𝑝, 𝑖 − 𝑀𝑅𝑝𝑟𝑒,𝑖)

2𝑁
𝑖=1

𝑁 − 𝑛
 (21) 

5 Root mean square error 𝑅𝑀𝑆𝐸 = √∑ (𝑀𝑅𝑝𝑟𝑒,𝑖 − 𝑀𝑅𝑒𝑥𝑝, 𝑖)
2𝑁

𝑖=1

𝑁
 (22) 

6 Reduced the sum of squared error 𝑅𝑆𝑆𝐸 =
∑ (𝑀𝑅𝑒𝑥𝑝, 𝑖 − 𝑀𝑅𝑐𝑎𝑙,𝑖)

2𝑁
𝑖=1

𝑁
 (23) 

7 Mean bias error 𝑀𝐵𝐸 =
∑ (𝑀𝑅𝑝𝑟𝑒,𝑖 − 𝑀𝑅𝑒𝑥𝑝, 𝑖)

𝑁
𝑖=1

𝑁
 (24) 

2.4. Quality Parameters 

Dried green tea leaves were analysed in ÇAYMER (Private 

Food Control Laboratory), Rize, Türkiye, to determine water 

extract, cellulose, caffeine, total ash, and total polyphenols by 

using TS ISO 9768/T1, TS ISO 15598, TS 1564, TS ISO 10727, 

and ISO 14502-2 standard methods [46], respectively.  

2.5. Experimental Errors and Uncertainty Analysis 

Errors can arise from various factors, such as measurement 

devices, production processes, the actions of the person 

experimenting, and observations made during the experimental 

work. All these factors can have a detrimental effect on the 

accuracy of the study. The total error rate for this experimental 

study is given as follows [45]: 
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𝑊𝑅 =  [(
𝜕𝑅

𝜕𝑥1
𝑤1)

2

+ (
𝜕𝑅

𝜕𝑥2
𝑤2)

2

+ ⋯ +  (
𝜕𝑅

𝜕𝑥𝑛
𝑤𝑛)

2

]
1/2

             (25) 

 

𝑊𝑅 =  [(𝑎1)2 +  (𝑎2)2 + ⋯ +  (𝑎𝑛)2]1/2 = 2.001%             (26) 

Where a1 is the error due to mass, power, and time 

measurements during experiments (± 1.5g, ± 0,5W, 

± 0.001min) and a2 is the error caused by reading of mass, power, 

and time (± 0.01g, ± 0.005W, ± 0.00001min). 

 

3. RESULTS AND DISCUSSION 

Natural convection drying behaviour and mathematical 

modelling of green tea leaves under infrared condition were 

studied for 100, 250, 500, and 750 W by using 50 g of the product. 

Experimental data, including moisture loss and drying time, have 

been used to calculate dimensionless moisture ratio, moisture 

content, and drying rate, and mathematical modelling was carried 

out by employing 14 drying models Table 2 and 7 evaluation 

criteria Table 3.  Also, water extract, total ash, total polyphenols, 

caffeine, and cellulose of dried products were determined.  

0 20 40 60 80 100 120 140 160 180 200 220

Drying time (minute)

10

20

30

40

50

60

70

80

90

100

O
u
tl

et
 t
em

p
er

at
u

re
 o

f 
d

ry
in

g
 a

ir
 (

o
C

)

100 W

 250 W

 500 W

 750 W

 
Fig. 3. Variations of outlet temperature with drying time. 

 

During the drying period, ambient air temperature varied 

between 19 ºC and 19.9 ºC, and drying of the product was 

performed by heating the ambient air using infrared power. 

Drying cabinet walls are heated by energy gained from an infrared 

power source through electromagnetic waves, and heat is 

transferred to the ambient air from the heated walls by natural 

convection. The heated ambient air rises because of the buoyancy 

force and passes over the product placed at the entrance of the 

narrowing area of the drying chamber. The bottom part of the 

drying cabinet is open to the environment, and the drying air is 

naturally supplied from the surroundings. The variations of drying 

air outlet temperature are presented in Figure 3, depending on the 

drying time. As seen in Figure 3, the outlet temperature of drying 

air rises when the infrared power value increases, because the 

effect of buoyancy force created by density difference occurring 

due to temperature gradients increases with the increase of 

infrared power. Outlet temperature of drying air ranges between 

19 oC and 56.1 oC for 100 W, 18.9 oC and 75.7 oC for 250 W, 19.7 

oC and 85 oC for 500 W, and 19.9 oC and 95 oC for 750 W. The 

photos taken during the experiments and the best model equations 

obtained are presented in Tables 4-7. 

 

Table 4. The best drying curve equation and photos for 100W. 

Improved Midilli-Kucuk 

𝑀𝑅 = 2.000 exp(0.046403𝑡0.565611)
− exp((−0.193389𝑡0.565611)
− 0.251740𝑡0.565611 

 
0th minute 

 
100th minute 

 
200th minute 

 

Table 5. The best drying curve equation and photos for 250 W. 

Improved Midilli-Kucuk 

𝑀𝑅 = 1.999 exp(0.028861𝑡0.805141)
− exp((−0.094492𝑡0.805141)
− 0.155537𝑡0.805141 

 
0th minute 

 
40th minute 

 
80th minute 

 

Table 6. The best drying curve equation and photos for 500 W. 

Improved Midilli-Kucuk 

𝑀𝑅 = 2.000 exp(0.060009𝑡0.751681)
− exp((−0.245498𝑡0.751681)
− 0.328339𝑡0.751681 

 
0th minute 

 
20rd minute 

 
35th minute 

 

Table 7. The best drying curve equation and photos for 750 W. 

Improved Midilli-Kucuk 

𝑀𝑅 = 1.999 exp(0.040989𝑡1.044907)
− exp(−0.117456𝑡1.044907)
− 0.220231𝑡1.044907 

 
0th minute 

 
9th minute 

 
21st minute 
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The maximum moisture loss was recorded, and light form and 

colour changes were observed during the first drying stage. It was 

determined that moisture loss decreased and colour and shape 

changes increased during the middle drying period compared to 

the first drying period, as seen in Tables 4-7. It was observed that 

some products burned during the middle drying stage, and the 

burning event became more intense during the last drying stage at 

500 W and 750 W infrared powers because of high drying air 

temperature, as shown in Figure 3. During the final drying period, 

for each infrared power value, it was noticed that the product 

shrinkage became greater, the moisture loss decreased, and even 

pollination occurred, as seen in Tables 4-7. Also, the minimum 

moisture loss was recorded in the final drying stage, and drying 

time was obtained as 200 min, 80 min, 35 min, and 21 min for 

100, 250, 500, and 750 W, respectively. 

Drying curve equations, as seen in Table 2, were utilised for 

mathematical modelling, and the best model was determined by 

using evaluation criteria such as r, R2, R̅2, χ2, RMSE, RSSE, and 

MBE as seen in Table 3. For the model to be the best, the r, R2, 

and 𝑅2 must be closest to 1, and the χ2, RMSE, RSSE, and MBE 

must be closest to zero. Considering this explanation, Improved 

Midilli-Kucuk (Model 14) was determined as the best model for 

natural convection infrared drying of green tea for all infrared 

powers. The best model equations for each infrared power are 

presented in Tables 4-7. 

Table 8 presents the values of evaluation criteria for the best 

five models for 100, 250, 500, and 750 W, and the best drying 

curve equation is determined as Model 14 (Improved Midilli-

Kucuk) for all infrared powers. 

 

Table 8. Evaluation criteria values for 100 W. 
Model Name             Power (W) r R2 χ2 𝑅̅2 RMSE RSSE MBE 

Model 14 0.99988 0.99998 0.00005 0.99996 0.00511 0.00003 0.00004 
Model 9  0.99935 0.99982 0.00048 0.99964 0.01610 0.00026 0.00297 

Model 8                      100  0.99933 0.99982 0.00032 0.99977 0.01617 0.00026 0.00271 

Model 3 0.99931 0.99978 0.00040 0.99972 0.01800 0.00032 0.00376 

Model 2 0.99931 0.99977 0.00040 0.99972 0.01801 0.00032 0.00377 

Model 14 0.99982 0.99997 0.00010 0.99991 0.00666 0.00004 0.00012 

Model 13 0.99980 0.99996 0.00011 0.99990 0.00712 0.00005 0.00015 

Model 12                    250 0.99974 0.99995 0.00012 0.99991 0.00801 0.00006 0.00003 

Model 6 0.99973 0.99995 0.00012 0.99990 0.00821 0.00007 0.00011 

Model 9 0.99929 0.99979 0.00066 0.99943 0.01712 0.00029 0.00322 

Model 14 0.99877 0.99979 0.00085 0.99927 0.01788 0.00032 0.00003 
Model 11 0.99771 0.99947 0.00109 0.99926 0.02861 0.00082 0.00324 

Model 9                     500 0.99710 0.99936 0.00263 0.99775 0.03143 0.00099 0.00468 

Model 7 0.99705 0.99927 0.00149 0.99898 0.03348 0.00112 0.00611 

Model 3 0.99705 0.99927 0.00149 0.99898 0.03348 0.00112 0.00611 

Model 14  0.99978 0.99996 0.00016 0.99986 0.00773 0.00006 0.00003 
Model 6 0.99937 0.99989 0.00033 0.99974 0.01292 0.00017 0.00000 

Model 12                  750 0.99937 0.99989 0.00034 0.99973 0.01298 0.00017 0.00000 

Model 13 0.99938 0.99989 0.00044 0.99961 0.01287 0.00017 0.00004 

Model 11 0.99901 0.99968 0.00063 0.99955 0.02181 0.00048 0.00478 

Figure 4 presents the variation of MR depending on drying time for 

natural convection infrared drying of green tea. It was noticed that the 

highest moisture loss occurred during the initial, middle, and last drying 

periods, respectively. The moisture loss is quite small in the final drying 

stage, as expected. As seen in Figures 4(a) and 4(b), exponential variation 

was observed for 100 W and 250 W in accordance with the general 

drying curve characteristic, and almost linear variation was obtained for 

500 W and 750 W, seen in Figures 4(c) and 4(d), in the dimensionless 

moisture ratio.  It was considered that because the high temperature of 

the drying air for 500 W and 750 W infrared power values, the buoyancy 

effects occurring due to the density difference, depending on temperature 

gradients, influence drying behaviour. Also, it was seen that drying time 

decreases with the increase of the infrared power value. Except buoyancy 

force, there is no extra power to transfer the drying air in the natural 

convection infrared drying system. Therefore, the natural convection 

heat transfer mechanism is effective, and the drying time is significantly 

shortened because of the increased natural convection effect at high 

infrared power values. Drying time was obtained as 200 min, 80 min, 35 

min, and 21 min for 100 W, 250 W, 500 W, and 750 W, respectively. 

Okur et al. [36] determined drying time as 210 min for 100 W, 180 min 

for 250 W, 135 min for 500 W, and 90 min for 750 W for the swirling 

flow fluidised bed infrared dryer. When comparing the natural 

convection drying system under infrared conditions with the swirling 

flow fluidised bed infrared dryer, the drying time is considerably 

decreased in the natural convection drying system under infrared 

conditions. The most important parameter affecting drying time is the 

temperature of the drying air. In the swirling flow fluidised bed infrared 

drying process, high air velocity (high mass flow rate) is required to 

create the fluidised bed condition, which is achieved using a compressor. 

Therefore, at the same power values, the drying air temperature in this 

process is lower than the drying air temperature in the natural convection 

infrared drying process. Consequently, the drying time in the swirling 

flow fluidised bed drying process is longer than in the natural convection 

infrared drying process. 
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(c)      (d) 

Fig. 4. Variation of dimensionless moisture ratio with time; (a) 100 W, (b) 300 W, (c) 600 W, and (d) 800 W. 

 

The water extract, which indicates the quality of the green tea, varied 

between 28.68% and 36.06% depending on the infrared power outputs. 

It was reported that the water extract varied between 32.7-48.7% in green 

tea [48]. According to the literature, it is stated that the water extract value 

of green tea must be a minimum of 32% [46, 47]. The maximum water 

extract was determined as 36.06% at 750 W, as seen in Table 9. The 

maximum water extract was obtained as 44.04% for 500 W in a swirling 

flow fluidised bed infrared dryer [36]. The maximum water extract of 

green tea was reported as 43.83% at 800 W power in a swirling flow 

fluidised bed microwave dryer [38] and 35.44% at 300 W in a 

microwave dryer [39]. Also, the water extracts were determined as 

33.03%, 29.84%, and 28.68% for 100, 500, and 250 W, respectively, for 

the green tea sample dried in the natural convection infrared dryer, as 

seen in Table 9. 

As shown in Table 9, the cellulose content, which is 

expected to be low in green tea, changes between 18.66% and 

18.92%. It was stated that the cellulose varies between 1.8-20.5% 

in green tea [48]. However, the cellulose value in green tea should 

be at most 16.5% [46]. The minimum cellulose of green tea dried 

in the natural convection infrared drying system was obtained as 

18.66% at 500 W, as seen in Table 9. The lowest cellulose was 

recorded as 15.73% for 250 W in a swirling flow fluidised bed 

infrared dryer [36]. The lowest cellulose content of dried green 

tea was determined as 11.81% at 300 W power in a swirling flow 

fluidised bed microwave dryer [38] and 17.79% at 300 W in a 

microwave dryer [39]. Also, it was determined that the cellulose 

was 18.77%, 18.79% and 18.92% for 100, 750, and 250 W, 

respectively, as seen in Table 9. 

It is expected that the total ash is to be between 4% and 8% 

[46, 47]. Analysis results indicated that the minimum total ash 

was 4.50% at 100 W in the natural convection infrared dryer (see 

Table 9). The lowest total ash was determined as 4.48% for 500 

W in a swirling flow fluidised bed infrared dryer [36]. The 

minimum total ash of dried green tea leaves was determined as 

5.94% at 800 W power in a swirling flow fluidised bed microwave 

dryer [38] and 5.95% at 800 W in a microwave dryer [39]. In 

addition, the total ash was obtained as 4.98%, 5.01%, and 5.42% 

for 750, 500, and 250 W, respectively, as seen in Table 9. 

The polyphenol content in tea should be high. As a result of the 

analysis, it was determined that the total polyphenol value varied 

between 6.42% and 9.28%. The total polyphenol content in green 

tea ranges from 21-33% [49]. The total polyphenol value in green 

tea should be at least 11% [46]. For a 500 W infrared power value, 

the maximum polyphenol value in dried green tea leaves was 

determined as 9.28% as seen in Table 9. Total polyphenol values 

were obtained as 8.49%, 8.18% and 6.42% for 100 W, 750 W, 

and 250 W, respectively, as seen in Table 9. 
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As seen in Table 9, it was determined that the caffeine, which 

is expected to be high in green tea, varies between 2.19% and 

2.41%. Caffeine in green tea has been reported to range from 

1.1% to 2.8% [48]. However, the caffeine in green tea should be 

at least 1.6% [46]. The maximum caffeine amount in dried green 

tea leaves was determined as 2.41% at 250 W, as seen in Table 9. 

The highest caffeine was determined as 1.91% for 750 W in a 

swirling flow fluidised bed infrared dryer [36]. The highest 

caffeine content of dried green tea leaves was found to be 2.2% at 

800 W microwave power in a swirling flow fluidised bed 

microwave dryer [38] and 1.93% at 800 W in a microwave dryer 

[39]. Also, caffeine amounts were found to be 2.38%, 2.24% and 

2.19% for 100, 750, and 500 W, respectively, as seen in Table 9.  

 

Table 9. Quality analysis results. 

Analyzes Method Power (W) Result, % 

Water extract (on 

dry basis) (g/g)% 

TS ISO 9768/T1 

November 2003 

100  

250  

500  

750  

33.03 

28.68 

29.84 

36.06 

Cellulose (on dry 

basis) (g/g)% 

 

In-facility 

method (Device 

application and 

modified from TS 

ISO 15598) 

100  

250  

500  

750  

18.77 

18.92 

18.66 

18.79 

Total ash (on dry 

basis) (g/g)% 

 

TS 1564 

100  

250  

500  

750  

4.50 

5.42 

5.01 

4.98 

Caffeine (on dry 

basis) (g/g)% 

 

TS ISO 10727 

100  

250  

500  

750  

2.38 

2.41 

2.19 

2.24 

Total polyphenols 

(on dry basis) 

(g/g)% 

ISO 14502-2 

100  

250  

500  

750  

8.49 

6.42 

9.28 

8.18 

 

Figure 5 indicates the change in drying rate calculated from 

Equation (3) with drying time. The drying rate rises when the 

infrared power goes up because the buoyancy effect created by 

the density difference, depending on the temperature gradients, 

rises when the infrared power increases. It is known that 

increasing infrared power causes a rise in drying air temperature, 

as seen in Figure 3. The maximum drying rates for 100, 250, 500, 

and 750 W were calculated as 0.3 gwater/min at 40th and 60th 

minute, 0.7 gwater/min at 30th minute, 1.6 gwater/min at 10th 

minute, and 2.66 gwater/min at the 12th minute, respectively. As 

seen in Figure 5, when infrared power increases, drying time 

decreases because of the buoyancy force. It was determined that 

drying time is 200, 80, 35, and 21 min for 100, 250, 500, and 750 

W infrared power, respectively. It is concluded that the effect of 

natural convection in an infrared drier increases extremely with 

the rise of infrared power. 

Figure 6 presents the change in moisture content estimated by 

using Equation (2) with drying time. The moisture content 

decreases with drying time, and when the infrared power 

increases, which causes an increase in buoyancy effect, the drying 

time significantly decreases. While the initial moisture content of 

green tea is 75%, the final moisture content is determined as 7%, 

5%, 5%, and 5% for 100, 250, 500, and 750 W infrared powers, 

respectively. As a result, it was seen that increasing the infrared 

power increased the effect of natural convection and was 

therefore very effective in reducing the moisture content. 
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Fig. 5. The variation of drying rate with time. 
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Fig. 6. The variation of moisture content with time. 

 
4. CONCLUSION 

This study focuses on determining drying characteristics and 

performing quality analysis and mathematical modelling of green 

tea leaves dried in a natural convection infrared dryer for 100 W, 

250 W, 500 W, and 750 W. Some important conclusion 

statements are given below: 

 The best model was determined as Improved Midilli-Kucuk 

for 100, 250, 500, and 750 W. 

 Drying rate rises with the rise of infrared power. 

 Drying time considerably reduces with the rise of infrared 

power. 

 The highest water extract was obtained as 36.06% at 750 W. 
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 The maximum caffeine was found to be 2.41% at 250 W 

infrared power. 

 The maximum total polyphenols were obtained as 9.28% at 

500 W infrared power. 

 The lowest cellulose in dried green tea leaves was determined 

as 18.66 at 500 W. 

 The lowest total ash was found to be 4.50 at 100 W. 

As a result, it is concluded that the buoyancy effects occurring 

due to the density difference depending on temperature gradients 

highly influence the drying behaviour of green tea leaves dried in 

a natural convection infrared dryer no extra power to transfer the 

drying air except the buoyancy force.  

  

Nomenclature 

a, b, c, g, n  Empirical constants in models 

c, g, h, k, k0, k1, k2 Drying constants (1/min) 

DR   Drying rate (g water/minute) 

EF    Modelling efficiency (-) 

MBE   Mean bias error 

MC   Moisture content 

MR   Dimensionless moisture ratio 

Mt Product moisture on dry basis at “t” (g 

water/g dry solid) 

Mt+dt Product moisture on dry basis at “t+dt” 

(g water/g dry solid) 

Mi Initial product moisture on dry basis (g 

water/g dry solid) 

Me Equilibrium or final product moisture 

on dry basis (g water/g dry solid) 

N    Number of observations 

n   Number of constants 

r   Correlation coefficient  

R2   Coefficient of determination 

𝑅̅2   Adjusted R2 

RMSE    Root mean square error 

RSSE   Reduced sum of squares error 

SST    Total sum of squares  

t   Time (minutes) 

WR   Total error 

𝑥1 , 𝑥2 , 𝑥3, . . , 𝑥𝑛  Variables affecting measurement 

w1, w2 , w3, . . , wn Error rate regarding independent 

variables 

Greek Symbols 

χ2   Reduced chi-square 

Subscripts 

avg   Average 

exp   Experimental 

pre   Predicted 
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