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Abstract. Some thermodynamic characteristics of carrots were calculated and analyzed based on known 
experimental data - the binding energy of water with the material and the specific isothermal moisture 
capacity. An innovative nomogram is presented, which can be successfully used for easy and quick 
determination of the binding energy of water. An empirical equation (third degree polynomial) for the 
specific isothermal moisture capacity is derived. All results in the paper will be used to design dryers and 
drying processes for this product. 

Introduction 
The technological properties of materials can be described 
by a number of characteristics. If a given material and the 
moisture contained in it are considered as one 
thermodynamic system, known thermodynamic 
characteristics can be applied to the moist material. These 
characteristics include the binding energy of water, the 
specific moisture capacity, the thermal gradient 
coefficient and others [1- 4]. 

The purpose of the present research is to determine the 
binding energy of water to the material and the specific 
isothermal moisture capacity. They can be used in sizing 
of drying processes and installations. 

Materials and methods 
Thermodynamic moisture exchange characteristics also 
include the chemical potential, which determines the 
transfer of steam in humid air. In the area of the 
hygroscopic state of a given product, it is a function of the 
partial pressure of the vapor, the temperature and the 
moisture content of the material: 

                     ),,( Tupf П                      (1) 

It has been proved in the literature [2] that the 
chemical potential in the hygroscopic region in absolute 
value is equal to the binding energy of moisture: 

             TПП uTRTRE   ln          (2) 

where: 
 Tu  is the equilibrium isotherm; 

R=461.5, J/(kg.K) is the specific gas constant of water 
vapor;  

φ - the relative humidity of the air with which the 
material is in equilibrium at a certain temperature; 

T - the absolute temperature, K . 
Chemical potential values for carrots are calculated 

from the equilibrium isotherms. For saturated humid air  
φ = 100% - µ = 0. 

Knowing the chemical potential, the specific 
isothermal moisture capacity can be calculated using the 
formula: 
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Using the formulas for the equilibrium isotherms [5], 
analytical dependences [1, 3, 4, 6], which are more 
convenient for work can be obtained. Previous 
experimental results for determining the sorption 
characteristics of carrots [6] were used for the 
calculations. 

Results and discution 
Based on the desorption isotherms and formula (2) for the 
hygroscopic region, the binding energy of water with the 
material, the moisture (W) and the moisture content (u) 
were calculated. The data from the calculations at 
different relative air humidity in the temperature range 
from 20℃ to 80℃ are presented in table 1. As can be seen 
from the values, the binding energy of water in the 
material has the highest values at low moisture content, 
which means that the product is difficult to dry to the end. 
At the same time, the binding energy corresponding to the 
equilibrium moisture content for the environmental 
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parameters (20℃ and 60%) show that it would not be a 
problem to dry at relatively low temperatures. Also the 
practice confirme that the product can be successfully 

dried in low temperature conditions with a relatively short 
duration of the drying process. 

Table 1. Сalculated parameters of the carrots   

t, 
C 

Parameters 
Relative air humidity 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0,9 

20 
W, % 7.79 11.97 14.05 15.40 17.35 21.24 28.41 40.18 57.89 
u.103, - 84.54 135.94 163.50 182.04 209.94 269.7 396.8 671.7 1374.7 
E, kJ/kg 311.5 217.7 162.9 123.9 93.78 69.11 48.25 30.19 14.25 

40 
W, % 5.23 9.89 12.90 14.65 16.21 19.08 25.07 36.21 54.71 
u.103, - 55.15 109.8 148.2 171.7 193.5 235.9 334.6 567.7 1208.2 
E, kJ/kg 332.8 232.6 174.0 132.4 100.2 73.82 51.55 32.25 15.23 

60 
W, % 3.50 8.09 11.53 13.65 15.22 17.64 22.70 32.52 49.48 
u.103, - 36.31 88.02 130.3 158.0 179.6 214.2 293.7 482.0 979.3 
E, kJ/kg 354.0 247.4 185.1 140.9 106.6 78.54 54.84 34.31 16.20 

80 
W, % 3.43 7.76 10.95 12.74 13.90 15.85 20.48 30.00 46.93 
u.103, - 35.54 84.09 123.0 146.0 161.5 188.4 257.5 428.6 884.3 
E, kJ/kg 375.3 262.3 196.2 149.3 113.0 83.25 58.13 36.37 17.17 

 
Fig. 1 shows the dependence of the ratio  ru/r on the 

dry basis moisture content of the carrots, where ru is the 
specific heat of vaporization of water from the material 
with dry basis moisture content (u), and (r) is the 
specific heat of vaporization of free water at the same 

temperature. The graph shows that when the dry basis 
moisture content of the material decreases from 1.37 to 
0.43, the heat of vaporization of the water bound in the 
product increases by no more than 1%, which confirms 
the above statement. 

 

 

Fig.1. Dependence of the ratio  ru/r on the dry basis moisture content of the carrots 

 
For greater convenience and quickness in determining 

the binding energy of water to the material, the nomogram 
in Fig.2 can be used. The principle of working with the 
nomogram is shown in the diagram. 

The dependences u = f(µ) for different temperatures – 
20, 40, 60 and 80℃ were built from the experimental data.  
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Fig.2. Nomogram for determining the binding energy of water in carrots 

 
The graphs shown in Fig.3 were constructed after 

graphical differentiation of the resulting curves.  
The analysis of the dependences cm = f(u,T) shows that 

the specific isothermal moisture capacity is weakly 
dependent on the temperature and in a first 
approximation, it can be considered as a unique function 
of the dry basis moisture content. 

As can be seen from the curves in Fig.3, the specific 
isothermal moisture capacity increases with an increase in 
moisture content, i.e. approaching the hygroscopic point, 
where E = µ = min, the ability of the material to absorb 
moisture decreases. As the temperature increases, cm also 
increases. 

 

Fig. 3. a) Specific isothermal moisture capacity as a function of 
the dry basis moisture content at 20℃ and 40℃. 

 
Fig. 3. b) Specific isothermal moisture capacity as a function 
of the dry basis moisture content at 60℃ and 80℃. 

Equations for the specific isothermal moisture 
capacity of the following type were derived: 

                  dcubuaucm  23                   (4) 

The coefficients for the equations at different 
temperatures in the interval from 20℃ to 80℃ and the 
correlation coefficients are presented in Table 2. 
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Fig.2. Nomogram for determining the binding energy of water in carrots 
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Fig. 3. b) Specific isothermal moisture capacity as a function 
of the dry basis moisture content at 60℃ and 80℃. 
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      Table 2. Parameters of the equations  

№ Temperature,С a  b  c  d  2R  

1 20 -0.1222 0.2332 -0.0376 0.0012 0.9996 

2 40 -0.3734 0.5029 -0.1116 0.0072 0.9997 

3 60 -0.4886 0.5645 -0.1160 0.0069 0.9996 

4 80 -0.8175 0.7774 -0.1461 0.0079 0.9994 

 

Inferences and conclusion 
1. The binding energy of water in carrots was 

calculated depending on the relative humidity and air 
temperature. The obtained results are presented in tabular 
form - table 1. 

2. A nomogram was constructed to determine the 
binding energy of water with the material for carrots - fig. 
1. 

3. Analytical dependences were obtained for 
calculating the specific isothermal moisture capacity of 
carrots depending on the dry basis moisture content of the 
product in the temperature range 20 to 80°С - equation (4) 
and Table 2. 
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