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Abstract. Product drying is the most popular method of product preservation in the food industry, while 

rehydration is a process that results in restoration of the properties of the product. During the carried out study 

characteristics of drying and rehydration were examined. The aim of this study was to investigate drying and 

rehydration characteristics and experimentally determine the changes of sample dimensions of carrot cylinders 

during drying and rehydration processes. Cylindrical carrot samples of 10 mm and 15 mm diameter were cut 

using stainless steel die. Prior to rehydration the samples were dried in a convective oven at temperature 40 ºC 

for 24 hours in laboratory conditions. Samples were weighed during the first 6 hours and at the end of the 

experiment. At specified time intervals the diameter and shrinkage were examined. The dried carrot samples 

were then rehydrated in a water bath at temperature 23 ºC for 24 hours. The weight of the samples was examined 

at specified time intervals over the first 6 hours and additional measurement of a diameter and thickness at the 

end of the experiment was performed. Results of this study showed that thickness of carrot cylinders decreases 

1.8 times during the drying process, but after the rehydration process the thickness size returns up to 93 %, while 

the diameter changes are smaller in both processes. As a result of drying, the diameter changes by 35 %, but after 

rehydration its size returns to 82 %. As a result of drying carrot samples lose 87 % of their weight for 24 hours, 

but after rehydration for the same time about 40 % of their initial weight returns. Besides, about 70 % of the 

recovered weight returns during the first 3 hours of rehydration. Results of this study can be used for modelling 

purposes of drying and rehydration characteristics of carrot cylinders. 
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Introduction 

In several few years the European Union (EU) citizens are increasingly focusing on their health. 

One of the great products of a healthy lifestyle is a carrot. Carrots are rich in beta-carotene, vitamins 

A, C, and D, iron and calcium. Carrots contain 6 times more calcium than potatoes and have relatively 

higher antioxidant content. According to the data provided in website of the EU statistical office called 

Eurostat [1], in the EU totally were produced 5,593.6 thousand tons (th.t.) of carrots in 2016. Further, 

the main producers in the EU were Poland (822 th.t., 14.7 %), the United Kingdom (723 th.t., 12.9 %), 

Germany (641.6 th.t., 11.5 %), the Netherlands (600.4 th.t., 10.7 %) and France (578.5 th.t., 10.3 %). 

In 2016 the Baltic States, Latvia, Lithuania and Estonia take the places 24, 19 and 26 accordingly in 

the EU producers rating with their contribution 14.8, 43.0 and 11.1 thousand tons of carrots. 

To enhance the storage life of agricultural products drying is applied. Drying is the most popular 

method of food preservation, during which water is removed up to a certain level, microbial activity is 

minimized and the product is relatively chemically stable [2; 3]. Food drying provides an opportunity 

to minimize losses during storage [4], save transportation and shipping costs [5; 6]. Several studies 

were performed to examine characteristics of different drying methods such as sun drying [5], 

convective drying [2], microwave drying [7; 8], vacuum [9] and freeze-drying [10; 11]. Other 

researches were focused on the effect investigation of different pre-treatments [12; 13] and pre-

treatment methods, for example blanching [14], in order to prevent the loss of colour, become a good 

quality product and reduce the drying time. As Doymaz argues [5], the most common and 

commercially used pre-treatments are potassium and sodium hydroxide, potassium carbonate and meta 

bisulphate, methyl and ethyl ester emulsion, ascorbic and citric acids.  

Prior the use dehydrated products are usually rehydrated and show similar characteristics to the 

fresh product [15]. During the rehydration process the properties of the product are restored. As Vega-

Galvez et al. [15] note, rehydration can be considered as a measure of the damage to the product 

caused by the drying process. Several studies were performed to estimate characteristics of rehydration 

[3; 5; 16]. Other studies were related with estimation of several factor influence on the rehydration 

process such as drying pre-treatments [17], techniques, conditions, temperature [15], and composition 

of the immersion media. 
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The aim of this study was to investigate drying and rehydration characteristics and experimentally 

determine the changes of sample dimensions of carrot cylinders during drying and rehydration 

processes.  

Materials and methods 

Food material. The research object is a carrot, which was purchased at a local market in Jelgava. 

A cylindrical carrot samples of 25 mm ± 0.5 mm diameter with two different thickness 10 mm (Fig.1. 

a)) and 15 mm were cut using a stainless steel die and cylindrical tube.  

Experiment procedure. Before the drying process measurement of the sample dimensions was 

made using the Digital Caliper 1103 with measurement accuracy ± 0.01 mm. The carrot samples were 

dried in a convective oven Memmert at 40 ºC for 24 hours (Fig.1. b)). The samples were regularly 

weighted using the laboratory balance Kern EW 1500-2M with measurement accuracy ± 0.01 g at 

specified time intervals during the drying process. At the end of the drying process measurement of 

the sample dimensions was made.  

The initial moisture amount was determined using the amount of the product dry mass or basis 

(db) that was obtained according to the methodology described by Rubina et al. [18].  

The dried carrot samples were then rehydrated by immersion in distilled water with temperature  

23 ºC ± 1 ºC. At specified time intervals the samples were removed from the water bath, blotted with 

tissue paper to remove superficial water and weighted. The measurements of rehydration 

characteristics were examined over 7 hours (Fig.1. c)). After 22 hours an additional measurement of 

the sample weight and dimensions was taken.  

a) 

 

b) c) 

 

Fig. 1. Carrot sample: a – before drying; b – after drying; c – after rehydration 

Mathematical modelling. The moisture content of drying a sample at time t can be transformed 

to be the moisture ratio (MR) [5] and was calculated using equation (1): 
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where Mt  – moisture content at any time of drying, g; 

 M0 – initial moisture content, g; 

 M∞ – equilibrium moisture content, g. 

The drying coefficient value at time t can be calculated using the formula (2) described by 

Aboltins and Upitis [19]: 
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where tt – drying time, h. 

The diffusion coefficient at each time moment t can be expressed using equation (3) described by 

Rubina et al. [18]: 
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 L – thickness of carrot slices, mm. 

The rehydration ratio was calculated using equation (4) used by Doymaz [5], Cunningham [2] and 

[20]: 

 
D

Rt

M

M
=RR , (4) 

where MRt – weight of rehydrated sample at any time, g; 

 MD  – weight of dried sample, g. 

The analysis of the experimental data was performed using descriptive statistics and regression 

analysis. Using the experimental data and performing the regression analysis the average thickness of 

the sample slices and average diameter dependence on the drying (rehydration) time were determined. 

Linear and exponential regression equations, as well as the determination coefficient (R2) were 

determined using Microsoft Excel built in facilities. 

Results and discussion 

Two series of measurements concerning drying of carrot cylinders were taken: 10 mm thick and 

15 mm thick sliced carrot cylinders with an average diameter of 25 mm ± 0.5 mm. 

The ratio evolution of present moisture for 10 mm and 15mm thick cylinders with confidential 

interval (P = 95 %) during the drying process, expressed in g of water per g of dry basis (g H2O/ g db) 

is presented in Fig. 2. The scattered points show the average value of the moisture ratio, but the 

continuous line indicates the obtained theoretical law that describes the changes of the concentration 

ratio in drying time. The dynamic changes of the moisture ratio have exponential character. 

The obtained results show that average moisture ratio was 0.888 ± 0.005 for 15 mm thick carrot 

cylinders and 0.932 for 10 mm thick carrot cylinders before the drying experiment. During the drying 

experiment after the first approximately 5 hours average moisture ratio decreases down to 

0.502 ± 0.057 and 0.638 ± 0.031 (P = 95 %), accordingly. But after 20 hours of drying it decreases 

to0.07 ± 0.025 and 0.289 ± 0.019 in carrot cylinders with the previously mentioned thicknesses 

appropriately. 

 

Fig. 2. Drying curves of carrot samples 

Evolution of the measured diffusion coefficient considering shrinkage changes in fibber direction 

(thickness) during the drying process, expressed in square millimetres per hour, is presented in Fig. 3. 

The scattered points indicate the values of the diffusion coefficient and the continuous line represents 

the linear regression of the type (5): 

 10 k+tk=D , (5) 
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where D – drying coefficient in mm
2
·h

-1
;  

 t – drying time, h;  

 k0, k1 – regression coefficients. 

The results show that the changes of the diffusion coefficient values (Fig. 3.) depend linearly on 

the drying time similarly for cylinders of both thicknesses. In addition, consideration of the thickness 

changes results in the values of the diffusion coefficient decreasing during the drying experiment. 

 

Fig. 3. Diffusion coefficient dependence on drying time  

Fig.4. shows evolution of rehydration ratio in time. As the results indicate, thinner samples uptake 

water faster than thicker samples with the approximate ratio of two thirds after one hour from 

beginning of the experiment and further. After 1 hour of rehydration the weight of 10 mm thick carrot 

cylinders increases more than 3 times, while the weight of 15 mm thick samples – a little more than 2 

times. After 6 hours of the rehydration experiment the weight of 15 mm thick carrot cylinders 

increases a little more than 3 and a half times, but in case of 10 mm thick samples the weight increases 

approximately 5 and a half times. Similar results were obtained in case of blanched apple slices by 

Doymaz [5]. 

 

Fig. 4. Rehydration curves of carrot samples 

As the experimental data indicate, shrinkage changes in the fiber and in the side direction take 

place during drying and rehydration processes. Fig.5. shows the changes of average diameter, 

expressed in mm during the drying process and after rehydration. After 20 hours of drying the average 

diameter decreases one and a half times with the value 16.34 ± 0.91 mm (P = 95 %) and constitutes 
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65.4 % of the initial diameter. After almost 23 hours of rehydration the average diameter has 

recovered reaching the value 20.43 ± 0.55 mm (P = 95 %) and constitutes 81.2 % of the initial 

diameter. 

 

Fig. 5. Average diameter changes of carrot samples with thickness 10 mm  

during drying process and after rehydration 

In case of shrinkage changes in the fiber direction (Fig. 6.), the situation is sharper. Comparing 

the initial thickness with it after 20 hours of drying, the thickness has become 1.85 times smaller with 

the value 5.56 ± 0.82 mm (P = 95 %) and constitutes 54.1 % of the initial thickness. But after 23 hours 

of rehydration it has recovered reaching the value 9.64 ± 0.41 mm (P = 95 %) that constitutes 93.9 % 

of the initial thickness. 

 

Fig. 6. Changes of average thickness of carrot samples with thickness 10 mm  

during drying and after rehydration process 

Conclusions 

1. Study results show that the changes of shrinkage in the fiber and in the side directions differ. The 

thickness of the samples becomes smaller up to 1.8 times during the drying process, while the 

diameter decreases 1.5 times. Moreover, the thickness recovers more than 93 % of its initial size 

during the rehydration process, while the diameter of carrot cylinders recovers about 82 % during 

the same time. As a result of drying carrot samples lose 87 % of their weight for 24 hours, but 
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after rehydration for the same time about 40 % of their initial weight returns. Besides, about 70 % 

of the recovered weight returns during returns first 3 hours of rehydration.  

2. Taking into account the thickness changes, it became possible to describe more precisely the 

diffusion process and diffusion coefficient dependence on other parameters, such as the drying 

time and moisture concentration. The study has shown that, in theoretical description, modelling 

of the drying process must take into account the dimensional changes in the product itself during 

the drying process.  
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