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Abstract. This paper proposes a method for optimizing the drying process of pectin hydrolyzate in 
the vibrofluidized bed of inert material, which allows to determine the values of the parameters of 
the regime at which the drying process continues with minimal costs for thermal and heat. It is 
based on the experimentally obtained relationship between the specific productivity of the drying 
equipment and the following parameters of the drying process: air movement speed in the drying 
chamber, initial air temperature, specific load depending on the drying area, gas distribution 
network , the initial concentration of dry matter. A complex criterion for the optimization of the 
vibrofluidized drying process has been developed, its minimization allows to increase the efficiency 
of the drying process. Restrictions on the ranges of changing the parameters of the drying process 
have been developed. 

1 Introduction 

The technological process of pectin production is 
energy-intensive and environmentally unsafe. Such a 
process traditionally includes the stages of washing 
apple pomace, extracting pectin by acid hydrolysis, 
separating the solid fraction, followed by treatment with 
ethyl alcohol, and drying [1]. In industrial conditions, 
large volumes of ethyl alcohol are required, as well as 
significant energy costs for its regeneration. One of the 
promising directions of the technological process of 
pectin production is the drying of the hydrolyzate 
directly before its precipitation with ethyl alcohol. 

A promising direction for the modernization of the 
technological process of pectin production is the use of 
an intensive method of drying pectin hydrolyzate in a 
vibrating fluidized bed of inert granules [2]. Carrying out 
the drying process in a vibrofluidized layer of an inert 
material is associated with increased costs for thermal 
and electrical energy. In this regard, the urgent task is to 
find the optimal values of the regime parameters of the 
pectin hydrolyzate drying process in a vibrofluidized 
bed, which minimize the reduced costs, including the 
cost of steam and the cost of electricity. At the same 
time, in the optimization process, it is necessary to take 
into account a number of restrictions on the regime 
parameters of drying, due to the specifics of the 
technological process [3–6]. 

The purpose of the studies carried out in this work 
was to develop a methodology for optimizing the process 
of drying pectin hydrolyzate in a vibrofluidized bed, 
based on the criterion of minimizing the reduced costs 
for energy carriers. The proposed method is based on the 
dependence obtained experimentally, which determines 
the restrictions on changing the regime parameters of the 

drying process. The developed technique made it 
possible to determine the values of the regime 
parameters of the drying process, at which the minimum 
energy costs are achieved. 

2 Methodology and research results 

The limiting productivity of the vibrofluidized bed 
drying plant depends significantly on the parameters 
of the pectin hydrolyzate, including its initial 
concentration in terms of dry matter, and changes with 
varying temperature and air velocity in the drying 
chamber [3, 4]. Also, an important factor affecting the 
performance of the installation is its specific load. In 
order to identify the relationship connecting the listed 
mode parameters of the drying process, an 
experimental drying installation was developed, which 
includes the following elements (Fig. 1): drying 
chamber 1, fan 2, eccentric vibration drive 3, heater 4. 
The vibration drive provides vertical oscillatory 
movements of the drying chamber. Cubic fluoroplastic 
granules are placed on the gas distribution grate of the 
drying chamber. The fluidization of these granules is 
ensured both by fluctuations in the gas distribution 
grid and by supplying hot air to the drying chamber. 
Temperature control and regulation is carried out by 
an electronic potentiometer complete with a fast-
response thermocouple. Before the product is fed into 
the drying chamber, it is preheated using a heat 
exchanger 6. From the container 8, the pectin 
hydrolyzate is pumped by a pump 7 into a pneumatic 
nozzle spraying the hydrolyzate in a layer of granules. 
The air consumption for spraying in all experiments 
was 11 m3/h. The product is deposited on the surface 
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of the inert granules, forming a thin film. To reduce 
the viscosity of the product, before it was fed into the 
layer of inert material, it was preliminarily heated in 
heat exchanger 6 with hot water coming from a 
thermostat. After drying, the product loses its 
connection with the inert granules and moves with the 
air into the cyclone 5, which ensures the separation of 
the dried product from the air stream.  

 
Fig . 1. Scheme of the experimental drying plant 

In the course of a preliminary experimental study, 
it was shown that the process of drying pectin 
hydrolyzate in a vibrofluidized bed proceeds 
continuously. With an increase in the product flow 
rate, the nonuniformity of the boiling of the fluidized 
bed increases and sticky granules are observed, while 
the surface of the granules is not completely covered 
with the product. Therefore, to increase productivity, 
a vibrating gas distribution grate was used, which 
makes it possible to break agglomerates of granules. 
In the experiments performed , the vertical vibration 
frequency was 7.5 Hz, the amplitude was 8 mm. 
Drying was started with a low productivity with a 
further stepwise increase in the supply of pectin 
hydrolyzate with an interval of 30 minutes. 

In the course of the experiments, the following 
regime parameters of the drying process acted as 
factors: air velocity in the drying chamber v , m/s, 
initial air temperature t 1, оС , specific load G , kg, 
related to the area of the gas distribution grid Fp , m2, 
initial dry matter concentration С, %. Accordingly, 
when conducting experiments, an orthogonal plan of 
the four listed factors, varied at four levels, was used. 
The plan is built on the basis of two ordered and two 
Latin squares of size 4 x 4 [4, 5]. Based on the results 
of these experiments, an empirical relationship was 

obtained between the performance of the installation 
and the controlled process variables 

𝑈௣ ൌ 1,47 ∙ 10ି଻ሺ1,15𝐺௣ െ 0,23ሻሺ0,38𝑣 െ
0,026ሻሺ1,9𝑡ଵ െ 41,63ሻሺെ3,12𝐶ଵ ൅ 210,8ሻ             (1) 

where pU =U/Fp , U is the ultimate performance of 

the plant, kg/h; Fp is the area of the gas distribution grid, 
m2; Gp = G / Fp , 

G is the specific load, kg; v is the speed of air 
movement, m/s; t 1 - initial air temperature, o С ; C 1 - 
initial concentration for dry matter, %. 

The obtained dependence (1), as well as the 
recommendations outlined in [6, 7], allow us to 
formalize the following two indicators of the efficiency 
of the pectin hydrolyzate drying process in a 
vibrofluidized bed. 

The first indicator is the reduced cost of thermal 
energy consumed by the vibrofluidized bed installation: 

𝐽ଵ ൌ 3600𝑃௦𝐶௔𝜌௔ ൈ
ሺଵ଴଴ିௐమି ஼భሻሺ௧భି௧బሻ

௎೛ఎೖ௥ೞ
→ 𝑚𝑖𝑛;        (2) 

where 𝑃௦is the cost of steam, rub./kg; 𝐶௔- specific 
heat capacity of air, kJ/(kg/K); 𝜌௔- air density at the 
entrance to the drying chamber, kg/m 3 ; 𝑊ଶ- humidity of 
dry product, %; 𝑡଴- ambient temperature, 0 С; 𝜂௞- 
efficiency of the heater; 𝑟௦- specific heat of phase 
transformation of steam, kJ/kg. 

The second indicator is the reduced cost of electricity 
consumed by the vibrofluidized bed installation: 

𝐽ଶ ൌ 𝑃௘𝑣ሺ100 െ𝑊ଶ െ 𝐶ଵሻሺ𝐺௣𝑔 െ ∆𝑝ሻ/𝑈௣𝜂௣𝑟ௗ     (3) 

where 𝑃௘is the cost of electricity, sum ./kW*h; g - 
free fall acceleration, m/s 2 ; ∆𝑝- resistance of the air path 
of the dryer, Pa; 𝜂௣- fan efficiency; 𝑟ௗ- the same electric 
motor. 

3 Research results 

In accordance with the scalar convolution method [8, 9], 
we combine (2) and (3) into the following complex 
criterion for optimizing the drying process in a 
vibrofluidized bed: 

𝐽 ൌ 𝐽ଵ ൅ 𝐽ଶ → 𝑚𝑖𝑛                       (4) 

Thus, taking into account (4), the problem of 
optimizing the drying process in a vibrofluidized bed is 
reduced to finding the values of the regime parameters 
included in formula (1), which provide a minimum cost 
for thermal and electrical energy, with a maximum 
specific productivity per unit area of the gas distribution 
grid [10-19]. 

When minimizing the optimization criterion (4) , the 
following restrictions are imposed on the ranges of 
change of the regime parameters of the drying process in 
the vibrofluidized bed t1, v, Gp and C1: 
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air temperature at the inlet to the drying chamber 

𝑡ଵ௠௜௡ ൑ 𝑡ଵ௠௔௫ ൑ 𝑡ଵ௠௔௫                        (5) 

where 𝑡ଵ௠௜௡- 100 o C; 𝑡ଵ௠௔௫- 120 o C - minimum and 
maximum air temperatures at the inlet to the drying 
chamber, the values of which are selected according to 
the conditions given in [2, 19-23]; 

air velocity in vibrofluidized bed apparatus 

 

𝑣௠௜௡ ൑ 𝑣 ൑ 𝑣௠௔௫                              (6) 

where 𝑣௠௜௡- 4.0 m/s; 𝑣௠௔௫- 5.5 m/s – minimum and 
maximum air velocities in the apparatus of the 
vibrofluidized bed, the values are selected according to 
the data of [2, 20]; 

– specific load of inert material granules 

𝐺௣ ௠௜௡ ൑ 𝐺௣ ൑ 𝐺௣ ௠௔௫                       (7) 

 Where𝐺௣ ௠௜௡  - 140 kg / m 2 ;𝐺௣ ௠௔௫  - 170 kg/m 2 - 
minimum and maximum specific loads of cubic 
fluoroplastic granules with a fin size of 4 mm; 

– dry matter concentration 

 𝐶ଵ ௠௜௡ ൑ 𝐶ଵ ൑ 𝐶ଵ ௠௔௫                        (8) 

 

 Where𝐶ଵ ௠௜௡ - 5%; 𝐶ଵ ௠௔௫- 15% - minimum and 
maximum concentrations for dry matter according to [7]. 

Additionally, a limitation is introduced on the final 
moisture content of the dry product W 2  

 𝑊ଶ ௠௜௡ ൑ 𝑊ଶ ൑ 𝑊ଶ ௠௔௫                    (9) 

 where 𝑊ଶ ௠௔௫- 9%;𝑊ଶ ௠௜௡ - 5% - the minimum and 
maximum allowable dry product moisture content 

according to technological conditions. 

Also, according to technological conditions, the 
temperature of the product during drying should not 
exceed 75. Considering that the temperature of the 
product during drying in a fluidized bed practically 
coincides with the temperature of the exhaust air, the 
condition t 2 - t 2 d occurs , where t 2 d = 75 oC. In this case, 
the exhaust air temperature t 2 is related to the air 
temperature at the inlet to the drying chamber t 1 by the 
heat balance equation. In this equation, it is permissible 
to neglect the heat costs for heating the hydrolyzate 
because of their smallness in comparison with the costs 
for moisture evaporation. The equation for such a heat 
balance has the form 

 𝑈௣ ൌ 3600𝐾௣𝜌௔𝐶௔𝑣ሺ𝑡ଵ െ 𝑡ଶሻ/𝑟          (10) 

 Where 𝐾௣ - heat loss coefficient; r is the specific heat of 
vaporization. 

The value of the specific heat of evaporation is 
determined by the formula 

 𝑟 ൌ 𝑟଴ ൅ 𝐶 ௦𝑡ଶ െ 𝐶௪𝜃 ൅ ∆𝑟                    (11) 

 where 𝐶௪is the specific heat capacity of water, kJ/(kgK); 
𝜃– product temperature, K; 𝐶 ௦– specific heat 
capacity of steam, kJ/(k*K); Δ r is the specific heat of 
overcoming the bond between moisture and material, 
kJ/kg; 𝑟଴= 2500 kJ/kg. 

 

Table 1. Optimal values of regime parameters of the 
drying process 

Mode parameter Optimal value 
mode parameter 

Air velocity in the drying 
chamber v , m/s 5.5 

Specific load of inert material 
granules G / F p , kg/m 2  170 

The initial concentration of 
pectin on dry matter C 1 ,% 5 

Exhaust air temperature t 2 , 
0 C 74.76 

 
Thus, the problem of optimizing the mode of the 

drying process in a vibrofluidized bed is reduced to 
minimizing the quality criterion (4) under constraints 
(5)–(10). The problem posed was solved numerically by 
the method of sequential quadratic programming [10, 11, 
19] using the MATLAB software package. Fig. 2 shows 
the analysis of the drying process to obtain pectin based 
on the experiments. 

 

 
Fig. 2. Kinetic characteristics of the drying process 

in a vibrofluidized bed apparatus at a drying agent 
temperature of 60 °С(1), 70 °С(2), 80 °С(3). 
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Based on the results of solving the optimization 
problem, the values of regime parameters of the drying 
process were obtained (Table 1), at which the complex 
criterion (4) reaches a minimum. 

4 Conclusion 

A technique for optimizing the process of drying pectin 
hydrolyzate in a vibrofluidized layer of an inert material 
is proposed, which makes it possible to reduce the 
energy intensity of this process. An experimental 
dependence has been obtained that determines the 
restrictions on changing the regime parameters of the 
drying process. The optimization of the drying process 
based on the minimization of the complex criterion of 
reduced energy costs has been carried out. On the basis 
of the proposed method, the values of the regime 
parameters of the drying process are determined, at 
which the costs of thermal and electrical energy can be 
minimized. 

References 

1. K.G.Abidov, O.O.Zaripov, and ofters. AIP 
Conference Proceedings, 2552, 030023, (2022), 
https://doi.org/10.1063/5.0112385 
2. Liu Y.H. et al. Journal of Food Science and 
Technology, 52(8), 4955-4964, (2015), doi: 
10.12691/ajfst-7-6-10.  
3. Tunckal C., Doymaz İ. Renewable Energy, 150, 918-
923, (2020), doi.org/10.1016/j.renene.2020.01.040.  
4. Hi Q.L. et al. Journal of Food Engineering, 84(1),12-
20, (2008), doi.org/10.1016/j.jfoodeng.2007.04.012. 
5. F.Westermann,  J. S.Wei, M.Ringner, L.Saal, 
F.Berthold, M.Schwab, C.Peterson, P.Meltzer,  J.Khan. 
GBM Annual Fall Meeting Halle (2002) 
https://doi.org/10.1240/sav_gbm_2002_h_000061 
6. Arfan, M., Khan, R., Rybarczyk, A., & 
Amarowicz, R, 2012, International Journal of Molecular 
Sciences, 13(2), 2472–2480. 

7. M.E.Adabi, A.M.Nikbakht, A.Motevali et al. Journal 
of Agricultural Science and Technology, (2012), 15(1): 23-
34. 

8. A.M.Castro, E.Y.Mayorga, F.L.Moreno. Journal of 
Food Engineering 223 (2018). pp.152-167. 

9. S.Ebrahim, A.Ali Haghighi, M.Kamyar. Food Sci 
Nutr. (2019). (7). pp.3589–3606. 

10. M.Fazaeli, S.Yousefi, Z.Emam-Djomeh. Food 
Research Inte rnational, (2013), 50(2): 568-573. 
11. Sultanova Sh.A., Safarov J.E., Usenov A.B., 
Samandarov D.I., Azimov T.D. AIP Conference 
Proceedings 2507, 050005, (2021), 
doi.10.1063/5.0110524. 

12. Guedes J.S. et al. Food Structure, 29, 100202, (221) 
doi.org/10.1016/j.foostr.2021.100202. 
13. S. Zhuang, G. Ravichandran, D. E. Grady. Journal of 
the Mechanics and Physics of Solids 51 (2003), pp. 245-
265. 
14. V. Bharti, Xu HS, G. Shanti, QM. Zhang, K.Liang. 
J Appl Phys (2000)  87 452. 
15. Y. Saito, H. Takao, T. Tani, T. Nonoyama, 
K.Takatori, T. Homma. Nature (2004) 432 84–7. 
16. S. Kalpat, X. Du, IR Abothu, A. Akiba, H. Goto, 
K. Uchino. Jpn J Appl Phys (2001) 40 713. 
17. Leriche, A. Aït-Kaddour, Foods 9(6), 724. (2020). 
18. Rakhmonov, A. Berdishev, B. Khusanov, U. 
Khaliknazarov, U. Utegenov. IOP Conference Series: 
Materials Science and Engineering. 883(1), (2020).  
19. Verma Sunil, A.B. Usenov, D.U. Sobirova, S.A. 
Sultonova, J.E.Safarov. IOP Conference Series: Earth 
and Environmental Science 17551307 (2022), doi: 
10.1088/1755-1315/1112/1/012012  
20. N.N. Merenkova, E.V. Sennova, V.A. Stennikov. 
Electronic Modeling, 6, pp. 76-82, (1982).  
21. S. Mitra, L Sun., I.E. Grossmann. Energy, 54, 194-
211 (2013). 
22. S. M. Turabdjanov, H. Hasanov, A. Boboev, L. 
Yotova, International Journal BIOautomation (2011) 
15(1), pp. 5-12. 
23. N. R. Yusupbekov, A. R. Marahimov, Sh. M. 
Gulyamov, , H. Z. Igamberdiev. 4th International 
Conference on Application of Information and 
Communication Technologies, AICT 2010, 5612015, 
(2010) DOI: 10.1109/ICAICT.2010.5612015   

 

  
RSES 2023

https://doi.org/10.1051/e3sconf/202346101059E3S Web of Conferences 461, 01059 (2023) 

4


