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Abstract:  
 

Hazelnut, which is one of the major export products in Turkey, can be generally 

evaluated and preserved in dried form. There are difficulties encountered in keeping 

its internal temperature and humidity constant at desired values because it is 

commonly exposed to solar energy and dried in outdoor environment. Especially due 

to rainy and variable weather conditions, it is possible to decay and decompose the 

inner hazelnut without full drying. Because of improper drying, hazelnuts are known 

to lose their nutritional value. In this study, the attitude of hazelnut was observed in 

different ambient conditions and the drying temperatures in hazelnut drying processes 

performed under laboratory conditions. For this purpose, insulated drying booths for 

experimental setup were created and air circulation was provided for forced 

convection by fans. Approximately equal sized hazelnuts were placed in the cabin. 

The main properties of hazelnuts before and after conditioning were recorded for each 

experiment. The internal temperature, surface temperature and mass loss of the 

hazelnut were evaluated together. Drying attitudes were recorded for different types of 

hazelnuts (round, pointed and long). The optimum ambient conditions and drying 

temperatures were determined during hazelnut drying process. Drying times at 25-50 
0C temperature were determined for hazelnuts with 60% relative humidity under 

ambient air conditions at 3 m/s rate. It has been understood that keeping the drying 

speed and temperature high or low causes uncontrolled and insufficient drying. It has 

been observed that different drying conditions can be applied depending on hazelnut 

storage properties. 

  
 

1. Introduction 
 
Turkey, the leader of world hazelnut production, 

accounts for 68,8% of world hazelnut production. 

Although consumption of hazelnut is very limited, 

dry hazelnut consumption corresponds to a large 

part of hazelnut market. The dry hazelnut quality 

varies depending on the conditions of the hazelnut, 

depending on the growing conditions as well as the 

drying conditions. For this reason, work continues 

to determine the best hazelnut drying conditions. 

Hazelnut, together with other nuts, is consumed as 

a common snack food. They are also used in the 

main sweet and savory dishes that represent a 

valuable component of a healthy Mediterranean 

diet [1,2,3]. According to many clinical trials, 

regular intake of nuts is associated with a reduced 

risk of various diseases such as cardiovascular 

disease, specific cancer types and neurode 

generative disorders such as an improved memory, 

learning and cognitive ability [4, 5]. Some studies 

[6, 7] that examine the drying of hazelnut, which is 

a biological porous structure, indicate that the 

diffusion coefficient changes during drying 

depending on the temperature and nourishment. 
 

2. Material and Method 
 

2.1. The Experimental Setup 
 

Experiments were carried out in a laboratory scale 

convective air dryer duct as shown in Figure 1. 

There are one electric motor, fan, flow trimmer and 
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heater in the experiment setup. The channel is 12 

cm square in cross section and 135 cm in length. 

The perimeter of the duct is insulated to prevent 

heat losses to the surround. The mass flow rate of 

the drying air was controlled by a fan at different 

engine speeds to determine the u value ranging 

from 0,2 m / s to 0,6 m / s at the channel entrance. 

The air heated at the inlet of the channel passes 

through the test zone, allowing the sample of the 

nut in the axial center to be dried by convection. A 

thermometer and a U-manometer channel are 

connected to measure the temperature and pressure 

drops in the channel. In addition, a data logger was 

used throughout the experiments to record the 

temperature changes in the sample and to record the 

mass losses. 
 

 
 

Figure 1. Schematic view of the experimental setup 

 

 

2.2. Sphericity Ratio for Hazelnut 
 
The statistical study done on 100 hazelnut samples 

selected from the test samples determined the 

sphericity ratio of the hazelnut. According to the 

geometry in Figure 1, the global ratio of the nut to 

the nut was determined [8]. 
 

 
 

Figure 2. Hazelnut dimensions considered for shape 

value 

 

 

The average diameter of the hazelnut, da, can be 

determined with the height H, the width W, and the 

Length K as 
 

 𝑑𝑎 =
(𝐻 + 𝑊 + 𝐿)

3
 (1) 

 

The actual volume of the hazelnut was determined 

by the amount of mercury overflowing when 

immersed in the bolt. 

 

 
𝜑 =

𝐴0

𝐴𝑣

𝜋 (
6𝑉𝑣

𝜋⁄ )

2
3

𝐴𝑣

 
(2) 

Where 𝐴0 is the equivalent surface area, 𝐴𝑣 is the 

surface area of the hazelnut, and 𝑉𝑣 is the volume of 

hazelnut. In this way, the calculated globality rate 

was determined as 91% on average.  
 

2.3. Moisture Determination and Balance 

Moisture 
 

The moisture content in the hazelnut was 

determined before and at the end of the 

experiments. After grinding with the shells of the 

samples taken from the hazelnut parties, the 

humidity content was determined by using the 

Ohaus MB-45 model moisture analyzer for 

determining the amount of dry matter.  The 

equilibrium moisture values of the dried hazelnut 

are determined in closed glass jars containing 

saturated solutions of various chemical substances, 

keeping the environment at different relative 

humidity seen Table 1. The jars are made in two 

sections. Chemical solutions are placed on the 

bottom of the jars. Sieves were placed in the middle 

of the jars and samples of hazelnuts placed in petri 

dishes were placed on top of the sieves. The jar 

covers are tightly closed and placed in a constant 

temperature environment. 
 

Table 1. Certain substances that hold the environment in   

which saturated solutions in water are present 

at different relative humidity [9]. 

Salt Name 
Chemical 

Formula 

Relative 

humidity 

(%) 

Quantity 

(gr) 

The 

amount 

of water 

(lt) 

Potassium acetate CHCOO

K 
22 200 65 

Magnesium 

chloride 

MgCl2 32 200 25 

Potassium 

carbonate 

K2CO3 41 200 30 

Magnesium nitrate Mg(N3)2 53 200 80 

Sodium bromide NaBr 57 200 50 

Sodium nitrate NaNO3 66 200 50 

Stronsyum 

chloride 

SrCl 70 200 60 

Sodium chloride NaCl 5 200 60 

Ammonium 

sulfate 

(NH)2(S

O)4 
90 200 60 

Potassium 

chloride 

KCl 67 200 90 

Barium chloride BACl2 90 250 70 

Lidyum chloride LiCl 11 200 70 

 

 

2.4. Heat Transfer Modeling 
 

With the assumption that the structure of the nut is 

a multi-layered sphere, studies first focus on 

numerical solutions of heat transfer in a one-
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dimensional transient regime in layered spheres. 

The numerical solution of the heat transfer in a 

single-layered culvert is given in [9]. In the study, 

heat transfer in three-layered cullet with numerical 

method was obtained for various parameters. The 

same material values are given for the layers and 

are calculated as a single layer sphere and the 

results are consistent with the values given in 

[11,12]. In the experiments, the cooling curves 

were drawn using dried chestnuts. Wherein the 

moisture inside nut has the value of the equilibrium 

moisture. . In the mathematical model considered, 

single hazelnut grain is modeled with a layered 

sphere approach consisting of eutectic + air + crust. 

The number of Ra (Ra = Gr * Pr) was calculated in 

the air layer for chubby hazelnut. Since Ra> 1708, 

it is assumed that heat conduction is only 

conduction since there is no air movement in this 

layer. 
 

 
𝜕2𝑇

𝜕𝑟2
+

2

𝑟

𝜕𝑇

𝜕𝑟
=

1

𝑎

𝜕𝑇

𝜕𝑡
 

(

3) 

 

Hence, 
 

 
𝜕𝑇

𝜕𝑡
= 𝑎 (

𝜕2𝑇

𝜕𝑟2
+

2

𝑟

𝜕𝑇

𝜕𝑟
) (4) 

 

Where a (= 𝑘 𝜌𝑐𝑝⁄ ) is the diffusion coefficient. 

Boundary conditions must be taken into 

consideration in order to determine the temperature 

distribution in the hazelnut from r=0 to r=R1. 

Related correlation is written as follows: 
 

I.  From Fourier's law at r = 0, 
 

 
𝜕𝑇

𝜕𝑟
= 0 (5) 

 

II. From Fourier's law at r =R3, 

 

 −𝑘3

𝜕𝑇

𝜕𝑟
|

𝑟=𝑅3−3

= − 𝑘2

𝜕𝑇

𝜕𝑟
|

𝑟=𝑅3−2

 (6) 

 

III. From Fourier's law at r=R2, 
 

 −𝑘2

𝜕𝑇

𝜕𝑟
|

𝑟=𝑅2−2

= − 𝑘1

𝜕𝑇

𝜕𝑟
|

𝑟=𝑅2−1

 (7) 

 

IV. From Fourier's law at r=R1, 

 �̇� = ℎ(𝑇𝑦 − 𝑇∞) = − 𝑘1

𝜕𝑇

𝜕𝑟
|

𝑟=𝑅1

 
(8

) 

 

In these equations, �̇� is the heat flux. Ty and T∞ 

shows the surface temperature and the ambient air 

temperature respectively. R(3-3), R(3-2) and R (2-1) 

represent the radius on the right side of the third 

layer, the radius of the second layer side and the 

radius on the side of the first layer respectively. 

These expressions can be obtained in dimensionless 

form using the following relations. 

 

 𝜃 =
𝑇 − 𝑇∞

𝑇0 − 𝑇∞

 , 𝑟∗ =
𝑟

𝑅1

, 𝜏 =
𝑎1𝑡

𝑅1
2 ,  𝑎𝑖

∗ =
𝑎𝑖

𝑎1

 (9) 

 

Where 𝑎𝑖 represents the heat dissipation 

coefficients in the layers. 

Thus, the equation 4 can be written as 
 

 
𝜕𝑇

𝜕𝑡
= 𝑎𝑖

∗ (
𝜕2𝑇

𝜕𝑟∗2
+

2

𝑟∗

𝜕𝑇

𝜕𝑟∗
) (20) 

If the following definitions are made for border 

conditions, 

 

 
𝜕𝑇

𝜕𝑟∗
= 0 , −𝑘2−3

∗ =
𝑘2

𝑘3

   𝑣𝑒  𝑘1−2
∗ =

𝑘1

𝑘2

 (13) 

The following dimensionless expressions can be 

obtained.  
 

 

−𝑘2−3
∗

𝜕𝜃

𝜕𝑟∗
|

𝑟=𝑅3−2

=
𝜕𝜃

𝜕𝑟∗
|

𝑟=𝑅3−3

 

−𝑘1−2
∗

𝜕𝜃

𝜕𝑟∗
|

𝑟=𝑅2−1

=
𝜕𝜃

𝜕𝑟∗
|

𝑟=𝑅2−2

 

(42) 

 

Using the r* and θ terms in the equations, a 

dimensionless expression can be developed based 

on the number of Biot as follow; 
 

 ℎ𝜃 = −
𝑘1

𝑅1

𝜕𝜃

𝜕𝑟∗
 (53) 

 

Bi number for the sphere is written as 

 

 𝐵𝑖 = −
ℎ𝑅1

𝑘1

 (64) 

Hence,  

 
𝜕𝜃

𝜕𝑟∗
= 𝐵𝑖𝜃 (75) 

 

Numerical solutions of differential equations are 

different for parabolic and elliptic differential 

equations. Since the heat transfer is in the transient 

regime and the temperature in the sphere changes 

only radially, the differential equation expressed in 

Equation 10 is a two-dimensional parabolic 

differential equation. The implicit solution method 

and the Crank-Nicolson method are used after the 

differential equation is made the finite difference 

equation by using the finite difference method. The 
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resulting finite difference equation generally takes 

the following form in the solution domain: 

 

 𝐴𝑗𝜃𝑗−1 + 𝐵𝑗𝜃𝑗 − 𝐶𝑗𝜃𝑗+1 = 𝐷𝑗  (86) 

 

Where Aj, Bj, Cj ve Dj are some coefficients for the 

corresponding expressions. The solutions of these 

equations are done by the Gauss-Elimination 

TDMA method. In order to remove the 

discontinuity at the center of the sphere, r = 0, some 

derivative equations can be derived from the 

contact surfaces of the layers using the derivative 

condition. The results obtained for the various 

parameters are given in graphical form using the 

implicit solution method [11, 12]. 

 

2.5. Calculation method applied in 

determination of mass transfer 
 

For each experiment, real hazel weights were 

obtained from relative hazel weight of hazelnut 

parties. Full dry hazel weights were determined 

using an oven. The values obtained from the 

experiments are plotted with time with respect to 

the hazel party weights with the help of the 

following relation. 
 

 𝑓(𝑡) =
𝑀𝑡 − 𝑀𝑒

𝑀0 − 𝑀𝑒

 (97) 

 

Where Mt, is the weight of the hazelnut [13, 14]. 

 

3. Results and Discussion 
 

The average dimensions of the hazelnut samples 

and the experimental conditions are given below in 

the process of determining the heat transfer 

parameters. 
 

Re=45500, Rhazelnut=0,00868 m, Tmedium=18 0C, 

Whazelnut=%6,6, C=0,007721 1/s, Ji=1,4116723   
 

For the selected plump hazelnut samples, the heat 

transfer coefficient as h=87.91 W/m2K and the heat 

transfer coefficient as k=0.187 W/mK were 

determined for Bi=4 according to the experimental 

data. Figure 3 shows the temperature distribution 

graph obtained as a result of the experiments for 

changing the central temperature in the hazelnut. 

According to the studies on this subject can be 

continued hazelnut varieties and sizes.  

During drying, the central temperature changes in 

the thin exhibition hazel party, the values according 

to the exhibition entrance and exit temperatures, 

and the changes in the drying air depending on the 

drying air speed and humidity, are shown in Figures 

4-8.   

 
 

Figure 3. Temperature distribution in hazelnut. 

 

The graph obtained for equilibrium moisture 

measurements of hazelnut samples is given in 

Figure 9. 
 

 
Figure 4. Change of experimental drying air and 

hazelnut center temperature (Tg=45oC, u=0.3m/s, 

∅=0.65) 

 

 
Figure 5. Change of experimental drying air and 

hazelnut center temperature (Tg=40oC,u=0.3m/s, 

∅=0.65) 
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Figure 6. Change of experimental drying air and 

hazelnut center temperature (Tg=35oC, 

u=0.3m/s, ∅=0.65). 

 

 

 
Figure 7. Change of experimental drying air and 

hazelnut center temperature (Tg= 25oC, 

u=0.3m/s, ∅=0.65) 

 

 
Figure 8. Change of experimental drying air and 

hazelnut center temperature (Tg=30oC, 

u=0.3m/s, ∅=0.65) 

 
Figure 9. The equilibrium moisture curve for plump 

hazelnut (T= 20oC). 

 

 

At various temperatures of the drying air, the 

change in the time of the nuts in the hazelnut part 

(Mav-t) is given in Figure 10 for a 65% relative 

humidity and a 0,3 m/s rate. It has been observed 

that the results obtained with the experiments 

performed in this study are in close agreement with 

the mathematical model used for temperature 

distribution in hazelnut (layered sphere). The 

compatibility of experimental and theoretical work 

is shown in Figure 3. 

 

 
Figure 10. Mav-t changes in hazelnut (=0.60, u=0,3 

m/s) 

 

In the study, drying of hazelnut at 60% relative 

humidity, 0.3 m/s speed and 25, 30, 35, 40, 45 and 

50oC air temperatures were discussed. At the time 

of drying, the temperature of the drying air at the 

outlet and the center temperatures showed a fall in 

the first time depending on the temperature of the 

inlet product and the latent heat of vaporization, but 

later this difference only appeared due to 

evaporation latent heat. This is seen in Figures 4, 5, 

6. 7 and 8. The increase in air temperature reduces 

the drying period and increases drying speed, 
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weight loss and percentage of nematode plotted 

against time (Figure 10). During the same drying 

period in columns where the drying air velocity is 

great, over hardening in the hazelnut kernel and 

gaps in the center of the inner hazelnut have 

occurred. Dried hazelnuts should be around 6%. 

This seems to have occurred at about 20% ambient 

air humidity. The ambient air will also increase the 

balance of the waste ash. It is seen that the nut is 

changing very rapidly in the equilibrium humidity 

when it exceeds 65% of the humidity of ambient 

air. 

 

3. Conclusions 

 
The results obtained in experiments with air 

humidity of 65% relative humidity, air velocity of 

0,3 m/s and air temperatures of 25, 30, 35, 40, 45 

°C were interpreted in fine view. 

As the temperature of the drying air is high, the 

drying time is reduced and the drying speed is 

increased, while the initial times of weight 

reduction are rapidly decreasing, the reduction rate 

is slowing down to the balance amount of moisture 

in those conditions. It has been shown that the 

mathematical model introduced for the 

determination of heat transfer parameters in nuts 

can be used to determine the thermodynamic 

properties of hazelnuts. The mathematical model 

established with the experimental data obtained in 

the drying of the pomegranate nuts very well. It has 

been shown that the drying characteristics of 

hazelnut can be determined when the temperature 

of the drying air, the product balance nemesis and 

the moisture content of the product are known. Our 

recommendations are to determine the 

thermodynamic properties of hazelnut based on all 

hazelnut species. Investigation of the effects of 

drying conditions on hazelnut storage properties in 

artificial drying. 
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