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Abstract  
Introduction. Convective drying of various types of food raw materials is one of the most common methods of canning. 
Over three million tons of dried fruits alone are preserved worldwide each year, and the volume continues to grow. Due 
to the duration and energy consumption of the process, when almost 50% of energy is spent directly on removing moisture, 
optimizing drying is a challenge. Targeted and reasonable optimization can be performed only if there is a common 
mathematical model of equipment and drying processes. However, when modeling the drying process, as a rule, a 
mathematical model of the equipment is not used, which makes the results obtained limited in application. This is the 
knowledge gap that the proposed study is designed to eliminate. The article presents the results of the development and 
identification of the parameters of a mathematical model of a small-sized dehydrator used as an experimental installation 
for the study on food drying processes. The research objective is to develop a mathematical model of the thermal 
subsystem of a dehydrator that takes into account the processes of heat and mass transfer. To achieve this goal, the 
following tasks must be solved: to analyze the design of the dehydrator and take into account the effect of the control 
system; to build a mathematical model of the dehydrator in the form of an ordinary differential equation (ODE) system; 
to develop a simulation model of the dehydrator in the MATLAB/Simulink package; to conduct experimental studies to 
obtain data on temperature and power consumption; to identify the parameters of the mathematical model, including the 
amount of air flow and the circulation coefficient; to verify the obtained model through comparing the results of 
simulation and experiment.  
Materials and Methods. A small-sized convective dehydrator equipped with an original microprocessor control system was 
used as a modeling object. This system was designed to provide a preset temperature regime and collect data on the 
parameters of the drying process: temperature, humidity, air pressure, and others. The system used three sensors: two BME-
280 sensors and one DS18B20 sensor. Telemetry data and control commands were transmitted via a bot on the Telegram 
platform. The mathematical model of the dehydrator was constructed in the class of ODEs by the method of accumulators 
and flows. The parameters of the mathematical model were identified both by direct measurements of the structural elements 
of the dehydrator and using data obtained during experimental studies. The least squares method (LSM) was used for 
parametric identification of the model. The calculations were performed in the MATLAB software package.  
Results. A mathematical model of thermal processes in a dehydrator has been developed in the form of a system of 
ordinary nonlinear differential equations of the third order. The model takes into account both the air flow coming out of 
the dehydrator and the air circulation inside it. The total coefficient of heat loss through the walls of the dehydrator is also 
determined, and its dependence on the temperature difference inside and outside the installation is shown. The developed 
model is presented both analytically and as a model in the MATLAB/Simulink system. The experimental verification of 
the model has shown high accuracy: the maximum deviation of the calculated temperatures from the measured ones was  
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less than 0.5°C. The identification method has determined the key parameters of the system: the volume flow of air 
through the heater (14.1 l/s), and the air circulation coefficient (11.3), which indicates a more than tenfold passage of air 
flow through the working chamber. It has been found that intensive circulation significantly speeds up the drying process 
compared to natural convection. The model provides physical interpretability of the parameters and requires a minimum 
amount of experimental data. 
Discussion. The developed mathematical model of the dehydrator based on ordinary differential equations showed high 
accuracy (error less than 0.5°C) in the operating temperature range. The proposed energy approach made it possible to 
identify the volumetric air flow (3.1 l/s) and the circulation coefficient (α = 10.2), which cannot be measured directly. It 
is established that the air performs more than 10 cycles inside the chamber before exiting, which significantly intensifies 
heat and mass transfer. The coefficient of heat transfer through the walls depends linearly on the temperature difference, 
which is consistent with the theory of natural convection. Unlike empirical and neural network models, the proposed 
approach requires less experimental data and provides physical interpretability of the parameters. The model creates the 
basis for optimizing food drying processes.  
Conclusion. The developed and experimentally verified mathematical model of the thermal subsystem of a small-sized 
convective dehydrator provides measurement accuracy and allows for the identification of hard-to-reach parameters: 
volumetric air flow rate and circulation coefficient. The research results can serve as the basis for developing a 
comprehensive model of the food dehydration process and optimizing the device operating modes. The model is 
applicable to the design and improvement of domestic dehydrators. 
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Аннотация 
Введение. Конвективная сушка различных видов пищевого сырья является одним из наиболее распространенных 
методов заготовки продуктов для длительного хранения, только сухофруктов в мире консервируется свыше трех 
миллионов тонн в год, и объемы продолжают расти. Ввиду длительности и энергозатратности процесса, когда 
непосредственно на удаление влаги из продуктов тратиться почти 50 % энергии, оптимизация сушки представ-
ляет собой актуальную задачу. Целенаправленная и обоснованная оптимизация может быть осуществлена только 
при наличии общей математической модели оборудования и процессов сушки. Однако при моделировании про-
цесса сушки, как правило, математическая модель оборудования не используется, что делает полученные резуль-
таты ограниченными для применения. Это является тем пробелом в знаниях, который призвано устранить пред-
лагаемое авторами исследование. В статье представлены результаты разработки и идентификации параметров 
математической модели малогабаритного дегидратора, используемого в качестве экспериментальной установки 
для исследования процессов сушки пищевых продуктов. Целью исследования является разработка математиче-
ской модели тепловой подсистемы дегидратора, учитывающей процессы тепло- и массопереноса. Для достиже-
ния поставленной цели были решены следующие задачи: проанализирована конструкция дегидратора и учтено 
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влияние на нее системы управления, построена математическая модель дегидратора в виде системы обыкновен-
ных дифференциальных уравнений (ОДУ), разработана имитационная модель дегидратора в пакете Matlab/Sim-
ulink, проведены экспериментальные исследования для получения данных о температуре и потребляемой мощ-
ности, идентифицированы параметры математической модели, в том числе величины воздушного потока и ко-
эффициент циркуляции. Полученная модель верифицирована путем сравнения результатов имитационного мо-
делирования и эксперимента. 
Материалы и методы. В качестве объекта моделирования был использован малогабаритный конвективный де-
гидратор, оснащенный оригинальной микропроцессорной системой управления. Данная система предназначена 
для обеспечения заданного температурного режима и сбора данных о параметрах процесса сушки: температуре, 
влажности, давлении воздуха и других. В системе было установлено три датчика: два датчика BME-280 и один 
датчик DS18B20. Телеметрические данные и управляющие команды передавались через бота на платформе Те-
леграм. Математическая модель дегидратора построена в классе нелинейных обыкновенных дифференциальных 
уравнений методом накопителей и потоков. Идентификация параметров математической модели осуществлялась 
как путем прямых измерений конструктивных элементов дегидратора, так и с использованием данных, получен-
ных в ходе экспериментальных исследований. Для параметрической идентификации модели применен метод 
наименьших квадратов (МНК). Вычисления выполнены в программном пакете MATLAB. 
Результаты исследования. Разработана математическая модель тепловых процессов в дегидраторе в виде си-
стемы обыкновенных нелинейных дифференциальных уравнений третьего порядка. Модель учитывает как поток 
воздуха, выходящий из дегидратора, так и циркуляцию воздуха внутри него. Также определен суммарный коэф-
фициент теплопотерь через стенки дегидратора и показана его зависимость от разности температур внутри и 
снаружи установки. Разработанная модель представлена как в аналитическом виде, так и в виде модели в системе 
MATLAB/Simulink. Экспериментальная верификация модели показала высокую точность: максимальное откло-
нение расчетных температур от измеренных составило менее 0,5 °C. Методом идентификации определены клю-
чевые параметры системы: объемный расход воздуха через нагреватель (14,1 л/с) и коэффициент циркуляции 
воздуха (11,3), что указывает на более чем десятикратное увеличение воздушного потока, проходящего через 
рабочую камеру. Установлено, что воздух совершает более 10 циклов внутри камеры перед выходом, что суще-
ственно интенсифицирует тепломассообмен. Коэффициент теплопередачи через стенки линейно зависит от раз-
ности температур, что согласуется с теорией естественной конвекции. Модель обеспечивает физическую интер-
претируемость параметров и требует минимального объема экспериментальных данных.  
Обсуждение. Разработанная математическая модель дегидратора на основе обыкновенных дифференциальных 
уравнений показала высокую точность в рабочем диапазоне температур. Предложенный в работе энергетический 
метод, базирующийся на анализе теплового баланса системы, позволил идентифицировать объемный расход воз-
духа и коэффициент циркуляции, которые невозможно измерить напрямую. В отличие от эмпирических и 
нейросетевых моделей, предложенный подход требует меньше экспериментальных данных и обеспечивает фи-
зическую интерпретируемость параметров. Модель создает основу для оптимизации процессов сушки пищевых 
продуктов. 
Заключение. Разработанная и экспериментально верифицированная математическая модель тепловой подси-
стемы малогабаритного конвективного дегидратора обеспечивает точность измерения и позволяет идентифици-
ровать труднодоступные параметры: объемный расход воздуха и коэффициент циркуляции. Результаты исследо-
вания могут быть основой для разработки комплексной модели процесса дегидратации пищевых продуктов и 
оптимизации режимов работы устройства. Модель применима для проектирования и совершенствования быто-
вых дегидраторов. 

Ключевые слова: моделирование, конвективный дегидратор, идентификация, управление, поток, ОДУ 

Благодарности. Авторы выражают благодарность редакции и рецензентам за внимательное отношение к статье 
и указанные замечания, устранение которых позволило повысить ее качество. 

Финансирование. Финансовая поддержка исследований в части разработки системы управления дегидратором 
осуществлена в рамках гранта Российского научного фонда № 23-76-30006, https://rscf.ru/project/23-76-30006/  

Для цитирования. Лукьянов А.Д., Журавлев А.Н., Петкович М.М., Филиппович В.С., Милетич Н.М., 
Донской Д.Ю. Математическая модель теплового режима малогабаритного конвективного дегидратора и 
идентификация его параметров. Advanced Engineering Research (Rostov-on-Don). 2026;26(1):2249. 
https://doi.org/10.23947/2687-1653-2026-26-1-2249  

Introduction. Convective drying of food raw materials is one of the most common methods of canning, while dried 
fruits alone are produced in the world over three million tons annually, and volumes continue to grow [1, 2]. Due to the 
duration and energy consumption of the process, when less than 50% of energy is spent directly on moisture removal [3], 
optimization of drying is an urgent task. Targeted optimization is possible only if there is an adequate mathematical model 
of both the equipment and the drying process. 
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A significant number of models of food drying processes have been published in the scientific literature. The 
predominant approach is to approximate the kinetics of drying by various empirical functions: the Lewis model [4], 
modified exponential models of Page [5] and Henderson-Pabis [6], combined Yaldiz models [7], and polynomial 
approximations [8]. Researchers are analyzing the applicability of various models for specific products: in [9], an artificial 
neural network was used to study the kinetics of drying wild bitter watermelon, in [10], the drying of avocado peel was 
studied, in [11], convective dehydration of carrots was studied using a statistical approach to curve identification [12]. 
However, this approach is traditional, but “situational” and does not sufficiently reflect the physical patterns of heat and 
mass transfer during drying. 

A more promising method is dynamic modeling based on differential equations, the parameters of which are better 
amenable to physical understanding [13, 14]. A critical analysis of the literature has revealed a significant gap: when 
modeling drying processes, the mathematical model of the equipment itself is usually not used or simplified, which limits 
the applicability of the results. The dehydrator model should describe the processes of heat transfer and air circulation, 
including such hard-to-reach parameters as volume flow and air circulation coefficient, which significantly affect the 
accuracy of modeling [15]. Despite the distributed nature of the processes [16], the use of ordinary differential equations 
ensures interpretability of the results while maintaining sufficient accuracy. 

A significant number of scientific publications in recent years has been devoted to the use of artificial neural networks 
to study food dehydration processes, build mathematical models, and optimize parameters. A comprehensive review of 
the use of artificial neural networks in drying is presented in [17]. Among such works, it is worth mentioning [18], in 
which the authors use a neural network approach to improve the drying process of pear slices. In [19], a neural network 
model is used to simulate the drying process of zucchini slices. In [20], the authors apply a neural network approach to 
simulate the drying process of *Phyllanthus emblica* in a complex infrared drying process with ultrasonic activation. 
Another example of successful application of neural networks (ANN) in modeling complex multiparametric processes in 
food production is work [21]. Despite the promise of the neural network approach, traditional modeling can be more 
effective for deterministic technical systems due to a better understanding of physical processes and lower requirements 
for the amount of experimental data. 

The objective of this study is to develop a mathematical model of the thermal subsystem of a small convective 
dehydrator based on ordinary differential equations with the identification of hard-to-reach parameters. To achieve the 
goal, the following tasks were set: to analyze the design of the dehydrator and the influence of the control system; to build 
a mathematical model in the form of an ODE system; to develop a simulation model in the MATLAB/Simulink package; 
to conduct experimental studies of temperature conditions and energy consumption; to identify model parameters, 
including air flow and circulation coefficient; to verify the model by comparing simulation and experimental results. 

1. Materials and Methods 
1.1 Design of a small-sized dehydrator 
To build a laboratory installation designed to study drying processes, a household convective dehydrator with 

horizontal air movement and 12 trays for the dehydrated product was used (Fig. 1). The maximum power of the dehydrator 
was 800 watts, the air movement was provided by two propeller fans. 

  
a) b) 

Fig. 1 Household dehydrator used for experiments: a — appearance; b — placement of sensors and an approximate diagram  
of the air flow inside the dehydrator (cross section) 
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The design characteristics of the dehydrator (Fig. 1) are shown in Table 1. 

Table 1 
Design Characteristics of the Dehydrator 

Parameter Designation Size Dimension 
Chamber volume V 0.054 m3 
Side wall area Sw 0.189 m2 
Floor and roof area Sh 0.134 m2 
Door and rear wall area Sg 0.140 m2 
Weight of internal elements of the 
dehydrator 

md 3.348 kg 

Weight of the heater mh 0.3 kg 
Heater power Pmax 800 W 

1.2 Microcontroller control and monitoring system 
The temperature control system and timer present in the dehydrator were disabled, and the original microcontroller 

control system was installed instead. Figure 1 b shows the installation locations of the control system sensors: S1 — 
BME-280 sensor for outdoor air parameters; S2 — BME-280 sensor for hot air parameters at the outlet of the dehydrator 
chamber; S3 — DS18B20 sensor for air temperature after the heater. 

The control system was independently developed, manufactured and implemented by a team of the authors. The 
structure of the system is shown in Figure 2. The system was based on the ESP32-WROOM-32 IoT microcontroller. 
BME-280 MEMS sensors were used to measure air parameters (temperature, humidity, pressure). A DS18B20 digital 
thermometer was used to control the air temperature after the heater. The fan and heater were controlled via OMRON 
G3MB-202P and JOTTA SSD-40DA solid-state relays, respectively1.  

 
Fig. 2. Structure of the dehydrator control system based on the microcontroller 

The microcontroller control system provided the following possibilities for controlling the dehydrator: 
– regulation of the air temperature after the heater using a software PI controller in the range from 30 to 100°C with 

a discreteness of 0.25°C; 
– measurement of temperature, relative humidity and air pressure with errors of 0.5°C, 3% and 1 gPa, respectively; 
– the period of measuring the parameters of the dehydration process is at least 10 times per minute; 
– information about the dehydration process is transmitted via the serial port to the connected computer and in parallel 

to the Telegram bot. The information transfer period is 1 minute; 
– the BME280 sensors are temperature calibrated using a DS18B20 digital thermometer (as a reference) according to 

GOST 8.558–20092. The calibration coefficients are entered into the program of the dehydrator control system; 
– the dehydrator is controlled either directly by sending commands via the serial port of the connected computer, or 

remotely via a Telegram bot. 
The use of the Telegram bot cloud technology provided a unique opportunity for both the Russian and Serbian teams 

to receive information about the operation of the experimental facility instantly and synchronously. The Telegram bot 
allows you to quickly receive telemetric information about the drying process, as well as remotely control and configure 
the dehydrator. 

 
1 All electronic components were purchased on electronic trading platforms, the country of origin is China. 
2 GOST 8.558–2009. State verification scheme for temperature measuring instruments. URL: https://meganorm.ru/Data2/1/4293795/4293795489.pdf  
(дата обращения: 26.01.2026). 
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The application of the developed dehydrator control system made it possible to implement a methodology for 
conducting experimental studies that provided online monitoring of the dehydration process, as well as to build and 
identify a mathematical model of the dehydrator. 

1.3 Mathematical model of the dehydrator 
The structure of the mathematical model of the dehydrator, based on a priori concepts of heat exchange processes and 

heat flows in it, is shown in Figure 3. 

 
Fig. 3. Flowchart of the thermodynamic model of a small-sized dehydrator  

The model includes three heat storage units – a heater, hot air inside the dehydrator, and structural elements of the 
dehydrator connected to each other and the external environment by seven heat streams. The model is created in the 
formalism of ordinary differential equations (ODEs) and is described by a system of three first-order differential  
equations (1): 

 

( ) ( ) ( )( )
( )

( )(
( ) ( )0 1

1

1

1

h max p,air air h ext _ air circ p,air air h hot _ air
h h

d d d d h
d d

hot ,air circ p,air air h hot _ air
d p,air

ext , ext , h ext _ air
ext ext _ air hot _ air d

d P u t c f k c f
dt m c
d S
dt m c
d k c f
dt V c

A A
S S

d

ϑ = ⋅ − ⋅ ⋅ ϑ −ϑ − ⋅ ⋅ ⋅ ϑ −ϑ
⋅

ϑ = ⋅α ⋅ ϑ −ϑ
⋅

ϑ = ⋅ ⋅ ϑ −ϑ −
⋅

+ ⋅ ϑ −ϑ
− ⋅ ⋅ ϑ −ϑ − ( )d h d











⋅α ⋅ ϑ −ϑ  

. (1) 

The following notation is used in equation (1) (Table 2): 

Table 2 
State Variables, External Influences, and Identifiable Model Parameters (1) 

Parameter or variable Designation Value or range Dimension 
Heater temperature ϑh 0–100 °C 
Dehydrator element temperature ϑd 0– 100 °C 
Temperature of the hot air at the outlet of 
the dehydrator 

ϑhot, air 0–100 °C 

Temperature external air ϑext_air 0–100 °C 
Regulator duty u(t) 0–1 dimentionless 
Mass flow of air leaving the dehydrator fair – kg/s 
Volumetric flow rate of air leaving the 
dehydrator 

fair, V – m3/s 

Air circulation coefficient inside the 
dehydrator chamber 

kcirc – dimentionless 
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Heat transfer coefficient to the heater 
elements 

αd – W 

Static part heat transfer coefficient through 
the wall 

Aext, 0 – W/(m2⋅K) 

Dynamic part heat transfer coefficient 
through the wall 

Aext, 1 – W⋅s/(m2⋅K) 

Considering the system of equations of model (1), it should be recognized that it is rather cumbersome and not very 
convenient for modeling. Therefore, we transform it to the form (2) and enter the coefficients of the equations in Table 3: 
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When converting system of equations (1) to form (2), it can be noted that a21 = a33, a31 = a12 = a13/kcirc. In addition, it 
should be noted that system (1) uses a mass flow rate of air fair, and during the identification process, the value of the 
volume flow is obtained fair, V. These quantities differ by the value of the air density, which depends on the temperature.:  

 ( ) ( )
.

273 2
atm air

air air ,V air hot air ,V
air hot

p Mf f f
R ,

⋅
= ⋅ρ ϑ = ⋅

⋅ ϑ +
 (3) 

The numerical values and expressions for the coefficients of the equation are given in Table 3 

Table 3 
Formulas and Values of the Coefficients of Equation (2) 

Coefficient Coefficient formula Value 
a10 1/(mh ⋅ ch) 0.0067 
a12 cp,air ⋅ fair = cp,air ⋅ fair, V ⋅ ρ(ϑhot)  0.011 ⋅ patm/ (ϑhot + 273.2)  
a13 a12 ⋅ kcirc 0.111 ⋅ patm/ (ϑhot + 273.2)  
a21 1/(md ⋅ cd)  5.9737⋅10–4 
a30 1/(Vd ⋅ cp,air)  0,0184 
a31 cp,air ⋅ fair = cp,air ⋅ fair, V ⋅ ρ(ϑhot) 0.011 ⋅ patm/ (ϑhot + 273.2)  

a32 
( )0 1ext , ext , h ext _ air

ext
A A

S
d

+ ⋅ ϑ −ϑ
⋅  0.0082 ⋅ (ϑh – ϑext_air) + 0.2351 

a33 1/(md ⋅ cd) 5.9737⋅10–4 

Table 4 shows additional model parameters measured or taken from reference books. 

Table 4 
Physical Parameters in the Dehydrator Model 

Designation Name Value Dimension 
mh heater mass 0.3 kg 

ch 
heat capacity of the heater, 

stainless steel 
500 J/(kg⋅K) 

md weight dehydrator design 2.400 kg 

cd 
heat capacity of the dehydrator 

material, stainless steel 
500 J/(kg⋅K) 

Vd dehydrator internal volume 0.054 m3 

cp,air 
air heat capacity at constant 

pressure 
1005 J/(kg⋅K) 

Sd dehydrator structural area 0.07 m2 
αd metal-air heat transfer coefficient 50 W/(m2⋅K) 
d dehydrator wall thickness 0.75 mm 

Pmax maximum heater power 800 W 
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Figure 4 shows the general structure of the dehydrator model in the Simulink mathematical package. 

 

Fig. 4. Structure of the dehydrator model in Simulink 

The model consists of three dynamic subsystems describing the dynamics of heat exchange with the heater, with the 
internal structures of the dehydrator and with the air inside the dehydrator. The fourth subsystem is used to calculate the 
heat flow carried out by air from the dehydrator.  

Let us take a closer look at the following aspects. A priori information about the functioning of convective dehydrators 
of the considered design indicates the presence of convective air movement inside the dehydrator chamber. However, it 
is difficult to analytically estimate the “circulation coefficient”, that is, how many times the air passes over the product 
before leaving the dehydrator. To account for this effect, a dimensionless circulation coefficient kcirc is introduced into 
the model, which will be estimated during the identification of model parameters. 
Similarly, the heat transfer coefficient from the air to the structural elements of the dehydrator αd is introduced into the 
model. Based on general physical considerations, this coefficient should have the following form (4): 
 5 6 4 ,d . vα = +  (4) 

where v — air velocity in m/s. However, based on the fact that this speed will be constant in the stationary operation of 
the dehydrator, and on the other hand, its measurement presents certain difficulties, we will consider this coefficient 
constant and identify it as a constant. 

For the coefficients of heat transfer from the dehydrator chamber to the external environment through the walls, it is 
incorrect to assume the constancy of the transfer coefficient. Based on formula (4), it is necessary to take into account 
that the speed of the upward movement of the outside air along the wall of the dehydrator will depend on the temperature 
difference between the air inside and outside. That is, it is advisable to present this coefficient as (5) and identify it 
accordingly: 

 ( )0 1ext , ext , h ext _ airA A .+ ⋅ ϑ −ϑ  (5) 

However, the identification of the mass fair (and volume fair, v) air flow coming out of the dehydrator and carrying away 
heat and moisture is of the greatest practical interest. The mass and volume air flows leaving the dehydrator are related 
to the air density ρair(ϑhot, Patm) by the following ratio (6): 

 ( ), ,atm air
air hot atm

air hot

P MP
R

⋅
ρ ϑ =

⋅ϑ
 (6) 

where Mair — molar mass of air, Rair — gas constant of air, and Patm — atmospheric pressure. 
The air flow from the dehydrator is determined by the excess air pressure on the inner front wall of the dehydrator 

chamber. The pressure is created by rotating fans. From general physical considerations, it seems that at a constant 
rotational speed, the volumetric air flow rate should not depend on the air temperature, since its value is determined by 
the geometric design of the fan blades and their rotational speed. 
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The authors have tested several physical approaches to measuring the amount of airflow: 
– by directly measuring the flow velocity using an anemometer; 
– by directly measuring the difference in air pressure inside and outside the dehydrator and estimating the air flow 

rate passing through the holes in the walls of the dehydrator using the Bernoulli formula; 
– by the magnitude of the force acting on the dehydrator door (for indirect determination of the pressure drop), and 

then using the Bernoulli formula, as in the previous paragraph. 
However, none of them, due to insufficient accuracy, allowed us to obtain a reliable and plausible estimate of the cost. 

For this reason, it was decided to estimate the amount of airflow based on energy considerations — based on the amount 
of electrical power that is consumed to heat an unknown amount of airflow with known physical characteristics. The 
procedure for identifying model parameters developed by the authors is discussed below. At the same time, the maximum 
possible number of parameter values was measured directly or taken from reference books. Thus, it is necessary to identify 
the following model parameters: flows fair and fair, v; total heat transfer coefficient Aext, 0 + Aext, 1 ⋅ (ϑh – ϑext_air) ⋅ Sext/d; 
circulation coefficient kcirc. 

Analyzing model (1), it can be seen that some of the identified parameters can be obtained from static equations, that 
is, from equations describing the steady-state operation of the dehydrator (7): 
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. (7) 

Moreover, it makes sense to analyze the first and third equations, whereas the second one turns out to be degenerate 
in the steady-state operation of the dehydrator. From the first equation, we can estimate the power carried away by the air 
flow and the air circulation coefficient kcirc: 

 ( ) ( ) ( ).max p,air air h ext _ air circ p,air air h hot _ airP u t c f k c f⋅ = − ⋅ ⋅ ϑ −ϑ − ⋅ ⋅ ⋅ ϑ −ϑ  (8) 

From the third equation, we can estimate the amount of heat loss through the walls of the dehydrator:  

 
( ) ( )( )

( ) ( ) ( )( )
,ext h ext _ air max h ext _ air

ext
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A P u t
S

d k
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ϑ −ϑ ⋅ ϑ −ϑ + ϑ −ϑ
 (9) 

where the heat transfer coefficient itself is understood as a linear function of the temperature difference inside and outside 
the dehydrator: 

 
( ) ( ) .ext h ext _ air

ext h ext _ air
A

S a b
d

ϑ −ϑ
⋅ = ⋅ ϑ −ϑ +  (10) 

Identification is carried out based on the results of experimental measurements on a real dehydrator, during which the 
following parameters are recorded: ϑh — temperature of the air after the heater; ϑhot_air — temperature of the hot air at the 
outlet of the dehydrator chamber; ϑext_air — temperature of the air outside the dehydrator (indoors); u(t) — continuous 
operation of the heater under the control of the PID controller; Patm — atmospheric air pressure. 

A matrix implementation of the least squares method was used for identification: 

 ( ) ,T T= × × ×Θ X X X Y  (11) 

where Y — vector of experimental results, X — matrix of explanatory variables, and Θ — vector of parameter estimates. 
For the first equation, these values are formed as follows: 
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where N — sample length of the experimental data.  
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For the third equation: 
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 (13) 

The identification procedure was performed in the MATLAB mathematical package. The identification results will 
be described in the Results section, and the identification experiments will be described in the next section. 

The internal design of the dehydrator assumes the presence of an air flow returning to the heater along the side walls 
of the dehydrator and losing some of the heat due to its transfer through the walls to the external environment (Fig. 1 b). 

Accordingly, the first equation of system (1) contains a flow describing the process of returning circulating air to the 
heater: 

 ( ) ( ) ( )( )1 ,h max p,air air h ext _ air circ p,air air h hot _ air
h h

d P u t c f k c f
dt m c
ϑ = ⋅ − ⋅ ⋅ ϑ −ϑ − ⋅ ⋅ ⋅ ϑ −ϑ

⋅
 (14) 

where kcirc — coefficient showing how many times the air “wraps around” inside the dehydrator before leaving it.  
The equation for calculating the amount of mass air flow will have the following form (15): 
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c k
⋅
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ϑ −ϑ + ϑ −ϑ

 (15) 

The conversion of mass flow into volume flow is carried out from formula (15) using formula (6): 
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1 .air hot _ air maxair

v
air p,air atm air h ext _ air circ h hot _ air

R P u tff
c P M k

⋅ϑ ⋅
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ρ ⋅ ϑ −ϑ + ϑ −ϑ

 (16) 

It should be borne in mind that air circulation is “unobservable” and manifests itself only indirectly depending on the 
volume flow rate and temperature. However, if we perform a series of calculations of the dependence of volume flow on 
temperature for different values of the circulation coefficient, we can “choose”k the most plausible value that will give 
the best approximation fv(ϑh) of a horizontal straight line (more precisely, a straight line with the smallest angle of 
inclination to the horizontal). The least squares method (LSM) can be used to obtain estimates of the coefficients of the 
equation of the approximating line: 
 ( ) .v h hf a bϑ = ⋅ϑ +  (17) 

A two-stage search method was used to identify the circulation coefficient kcirc. At the first stage, when identifying 
the parameters of equation (8), values of kcirc in the range from 0 to 20 in increments of 1 were used. At the second stage, 
when a rough estimate of the suboptimal value of kcirc in the region of 10 was obtained, the range from 9 to 11 in 
increments of 0.1 was used. The optimal value of kcirc was considered to be the value at which the approximating line of 
dependence fair, v on temperature, had the minimum modulo tangent of the angle of inclination (was as close as possible 
to the horizontal line). 

1.4 Description of experimental studies 
Experimental studies on a small-sized dehydrator with a microcontroller control and monitoring system were carried 

out to identify the parameters of a mathematical model of the dehydrator thermal subsystem. 
The dehydrator operation mode with a stepwise temperature change was used to identify the model. The air 

temperature sensor after the heater (DS18B20 thermometer) and BME-280 sensors (outdoor air parameter sensor and hot 
air parameter sensor at the outlet of the dehydrator) allow you to measure the air temperature immediately after the heater, 
as well as the temperature, relative humidity and air pressure outside the dehydrator and at the outlet of the chamber. The 
approximate location of the sensors is shown in Figure 1 b. 

Standard stainless-steel trays (12 pieces) with a total weight of 2,450 kg are placed in the dehydrator chamber to 
increase its thermal inertia and reduce temperature fluctuations.  

https://vestnik-donstu.ru/
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a) b) 

Fig. 5. Temperature regime in experiments: a — graph of temperature changes;  
b — corresponding sequence of commands of the Telegram bot 

Temperature control is performed programmatically, using a PID controller implemented in the program, the library 
of which is taken from the website3. The program graph of temperature changes set to the controller is shown in Figure 
5. The experiments were carried out in automatic mode. 

The programmed temperature change in the dehydrator was performed in steps of 10 degrees until the temperature 
reached 80°C. After reaching the maximum, the temperature was reduced programmatically in similar steps of 10 degrees, 
with an offset of 5 degrees relative to the increase stage (Fig. 5 a). 

One cycle of the experiment looked like this: 
1. Empty trays were loaded into the dehydrator at room temperature. 
2. A temperature change program was set in the Telegram bot (as shown in Fig. 5 b). The initial temperature was set 

to 30 degrees, the coefficient of the integral component of the PID controller was set to 0.3, and the coefficient of the 
proportional component was set to 200.3. The drying process was started by a command from the Telegram bot. 

4. The values of the air parameters from the three sensors and the current power of the regulator were automatically 
transmitted to the cloud service of the telegram bot every minute. 

5. At the end of the experiment program, the dehydrator was automatically switched off. The data was uploaded from 
the cloud service to the computer and saved as a json file for further processing.  

This design of the experiment made it possible to exclude any influence of the human factor and external effects. 
2. Results 
This section will present experimental and simulation results for the study of a mathematical model and the 

identification of its parameters using the methods described above. 
2.1 Identification and investigation of the mathematical model 
The dehydrator control program provides a stepwise increase and then decrease in temperature after the transient 

attenuation during experiments to identify the mathematical model. 
2.1.1 Determination of the air flow through the dehydrator  
Based on model (1) and taking into account its transformations (14)–(16), as well as using the data of the new 

experiment, which are presented in Figures 6-7, it is possible to calculate the value of the mass air flow through the 
dehydrator as a function of the air temperature after the heater (Fig. 9). 

 
3 GyverPID — PID Controller Library for Arduino. URL: https://github.com/GyverLibs/GyverPID://github.com/GyverLibs/GyverPID (date of access: 
26.01.2026). 

https://github.com/GyverLibs/GyverPID
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Fig.  6. Temperatures in the dehydrator according to sensors 1, 2 and 3 

The upper graph shows the program for changing the air temperature immediately after the heater. Minor fluctuations 
are associated with the operation of the PI controller and the low thermal inertia of the empty dehydrator.  

The middle graph shows the outside air temperature readings (Fig. 6). There is some instability, but it is only about 4 
degrees when the air temperature changes by 40 degrees after the heater. This effect occurs due to the heating of the 
external air from the dehydrator housing. 

In Figure 7, we see the instantaneous value of the heater power, calculated as the product of the maximum heater 
power and the borehole of its operation. Due to the operation of the PI controller in the microcontroller of the control 
system, fluctuations are observed after switching the temperature, but then the heater power stabilizes. 

 
Fig. 7. Instantaneous power on the heater 

In Figure 8: flowRAW (fRAW) — mass air flow calculated from the initial experimental data; flowm (fm) — mass air flow 
calculated after applying the intervals (Fig. 6, red vertical lines) in which the temperature, ϑh has stabilized; flowv  
(fv) — volume air flow calculated from fm using formula (6). 

https://vestnik-donstu.ru/
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Figure 8. Estimation of flow values (from top to bottom): estimation based on initial data; interval estimation of mass flow;  

interval estimation of volume flow 

2.1.2 Estimation of the circulation value 
The results of the identification of the straight line (17) at values kcirc in the range from 7 to 15 are shown in Figure 9 

a, b. The upper graph shows the dependence of the coefficient (the tangent of the angle of inclination of the straight line), 
and the lower graph shows the coefficient, the constant component of the flow. 

Graph 9 a shows a calculated curve describing the dependence of the tangent of the angle of inclination of the 
approximating straight line on the value of the circulation coefficient. The point of its intersection with the axis of the 
abscissa allows you to determine the real value kcirc = 10.2.  

 
a) 

 
b) 

Fig. 9. Identification of the parameters of air movement: a — dependence of the tangent of the angle of inclination on value of kcirc;  
b — dependence of the displacement on value of kcirc 

The straight line in Figure 9 b allows us to determine the volume flow rate for the obtained circulation coefficient. 
Value of kcirc =10.2 corresponds to volumetric flow rate fv = 0.003096 m3s–1, or approximately 3.1 l/s. 
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2.1.3 Heat loss assessment  
As the basis of an identifiable mathematical model of heat loss through the walls of the dehydrator, we take 

equation (8) and look for the value of the total heat transfer coefficient as a linear function of the temperature difference, 
according to expression (10). 

The identification procedure is based on the same principle as for the identification of the parameters of the air flow 
equation. The temperature measurement results obtained by stepwise changing the controller setting were averaged over 
the intervals after the transient attenuation and processed using the least squares matrix method in form (10). The 
experimental results and the approximating line are shown in Figure 10. 

 

Fig. 10. Dependence of the coefficient of heat transfer to the external environment through the wall  
of the dehydrator on the temperature difference inside and outside the dehydrator 

The actual calculated values of the coefficients of the approximating line are given in formula (18): 

 
( ) ( ) .0.0082 0.2351ext h ext _ air

ext h ext _ air
A

S
d

ϑ −ϑ
⋅ = ⋅ +ϑ −ϑ  (18) 

Thus, an estimate of the heat transfer coefficient through the walls of the dehydrator chamber to the external 
environment was obtained. As expected, this coefficient depends on the temperature difference on different sides of the 
dehydrator wall, and this dependence is close to linear. 

2.2 Model verification  
To verify the model, an additional experiment was conducted using the methodology described in Section 1.4. The 

simulation of the dehydrator operation was also performed using the identified parameters of model (2) in the 
MATLAB/Simulink mathematical package (Fig. 4). To compare the results obtained, output temperature ϑhot and the 
heater temperature ϑh graphs synchronized at the beginning of the drying process were constructed. The graph for 
temperature ϑhot, as the most important for further study of the model, is shown in Figure 11. 

 

Fig. 11. Verification of the operation of the dehydrator. Comparison of experimental data with model data 

The estimated deviation of the model data from the experimental data was less than 0.5°C with an increase in 
temperature from 35 to 80°C and with a decrease in temperature from a maximum to 50°C. With further cooling of the 
dehydrator, the error is about 1°C. 
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3. Discussion  
The results of the study convincingly confirm the possibility of creating an adequate mathematical model of thermal 

processes in a small convective dehydrator using the apparatus of ordinary differential equations. The achieved modeling 
error, which does not exceed 0.5°C in the operating temperature range from 35 to 80°C, indicates a high accuracy of 
reproduction of real heat transfer processes in the equipment under study. 

The main result of the research is the construction, identification and verification of a mathematical model of the 
thermal subsystem of the dehydrator. Analyzing the results obtained, attention should be paid to the following aspects:  

– structure of the developed mathematical model and the selected ODE formalism for modeling; 
– obtaining a numerical estimate of the amount of air flow from the dehydrator chamber based on indirect 

measurements;  
– obtaining a numerical estimate of an unobservable but important parameter of the drying process – the air circulation 

coefficient inside the dehydrator chamber; 
– ability to estimate the amount of heat loss through the walls of the drying chamber through the identified heat transfer 

coefficient; 
– verification of model parameters and assessment of its applicability for modeling drying processes. 
The development of numerical methods and programs for finite element modeling creates prerequisites for the 

widespread use of finite element models, including for modeling thermal systems. For example, in [22], the author 
provides a complex 3D model of a dehydrator for drying corn kernels. However, it seems that the thermal part of this 
model could be replaced not only by 2D (as the author does), but also by a one-dimensional concentrated model with 
minor errors. In [23], a finite element model of a dehydrator with horizontal air movement is also constructed, in which 
the calculated method shows the laminar movement of the air flow along the gratings, which is consistent with the 
assumptions accepted for modeling about the possibility of using a model with concentrated parameters and ODEs. The 
adequacy of the model is confirmed by the graph in Figure 11, which shows the air temperature at the outlet of the 
dehydrator chamber for the experiment and the model. There is a good qualitative and quantitative correspondence 
between the simulation and experimental results. Some discrepancy in the characteristics is observed at the end of the 
experiment, when the air temperature inside the dehydrator chamber approaches the ambient temperature. In this case, if 
the temperature difference inside and outside decreases, the air movement along the outer wall of the dehydrator becomes 
less stable, and heat transfer decreases compared to formula (1.8). As a result, the real dehydrator cools down more slowly 
than the simulated one. The deviation in steady-state mode was about 0.9 degrees. 

Although the effect of internal air circulation is indeed used in a number of designs of domestic and industrial 
dehydrator designs, the authors failed to find a detailed analysis of this effect in the scientific literature. The processes of 
heat and mass transfer during drying, as well as their mathematical modeling, are considered, for example, in [24]. 
However, unlike the proposed model (1.1), the authors do not take into account the possibility of reverse air circulation 
in the dehydrator chamber. At the same time, this process is essential for the considered equipment (Fig. 1). A similar 
situation is described in [25], where only direct air flow is also considered. At the same time, the variability in air velocity 
is small, which leaves room for further experiments to optimize the drying process. In [26], detailed attention is paid to 
the processes of heat transfer using infrared radiation, but the convective component of the drying process is described in 
less detail. In [27], the design of an industrial dehydrator uses an external air flow circulation system, including one with 
a controlled inlet flow. It is shown that regulation of circulation makes it possible to increase the coefficient of productivity 
(COP) up to 39%, which underlines the importance and relevance of the presented studies. However, it is precisely the 
circulation coefficient (multiplicity of air passage over the product) that is not analyzed in [27], which distinguishes it 
from the presented study, that makes it possible to quantify this coefficient.  

The study of the effect of the air velocity in the dehydrator on the intensity of moisture loss was performed in [28]. It 
shows that the effect of temperature is less significant at high air velocity. This once again confirms the importance of 
assessing the magnitude and circulation of the air flow inside the dehydrator. In [29], based on a study of the kinetics of 
drying tomato slices, it was concluded that an increase in the air flow velocity by one and a half times can increase the 
efficiency of water diffusion by up to 25%. This determines the prospects of controlling the air flow velocity during 
drying to increase energy efficiency and reduce drying time. At the same time, direct measurement of the air velocity 
inside the dehydrator is usually difficult. For this reason, the proposed method for estimating the amount of air flow based 
on energy characteristics seems to be practically promising. The margin of error can be estimated at no more than 10%. 

Separately, we should mention work [30]. It is an experimental study of the drying process of apple slices, where two 
directions of air movement are considered: above the grate with samples and through the grate with samples. At the same 
time, it has been experimentally shown that when air moves through the grate at a lower speed than when moving over the 
grate (1.7 m/s versus 3.5 m/s), the drying time in the first case is 15% less than in the second. However, in this case, due to 
the design of the installation, the air passed through the dehydrated product once. The internal air circulation described and 
identified in our work should significantly improve the situation and increase the energy efficiency of drying.  
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Analyzing the heat loss in the drying chamber through the walls, and determining the value of the heat loss coefficient 
as a function of the temperature difference, make it possible to optimize drying modes in terms of energy efficiency, since 
it reflects “non-industrial” heat losses depending on the design and thermal insulation of the drying chamber. In our 
opinion, insufficient attention is paid to this heat flow in the works devoted to the energy optimization of the convective 
drying process [30, 31]. Although this dependence can serve as an optimization parameter when selecting drying modes. 

It is necessary to point out certain limitations of the developed model. The model is based on the assumption of 
concentrated parameters and does not take into account the spatial heterogeneity of the temperature field inside the 
chamber. This simplification is justified for small-sized dehydrators with intensive air circulation. However, for large 
industrial installations, it may be required to switch to models with distributed parameters. In addition, the model has 
been identified for the product-free dehydrator operation mode. In the presence of a dewatered material, the thermal 
balance of the system will change due to energy consumption for moisture evaporation and modification of the nature of 
air flow. 

The practical value of the results obtained is due to the possibility of using the identified model to optimize the drying 
modes of various products. Knowing the exact values of the air flow and circulation coefficient allows you to calculate 
the intensity of mass transfer, which is crucial for predicting the kinetics of drying. The model of heat transfer through 
walls makes it possible to evaluate the energy efficiency of the process and identify ways to increase it. It is noteworthy 
that when operating at the maximum temperature, heat loss through the enclosing structures accounts for about 24% of 
the heater power, which indicates the expediency of improving thermal insulation. 

The prospects for further research are related to the expansion of the model by including mass transfer processes 
during the dehydration of specific types of food raw materials. The identified parameters of the dehydrator will serve as 
the basis for constructing a comprehensive drying model that includes equations of moisture balance, evaporation kinetics, 
and diffusion. 

Conclusion 
In the course of research on the development of a small convective dehydrator with a microcontroller control system, 

as well as the construction and identification of its mathematical model, the following significant scientific and practical 
results were obtained: 

– a mathematical model of a small convective dehydrator has been developed and identified. The model is developed 
in the ODE formalism. Data has been obtained that the model is adequate in the range of drying temperatures from 50  
to 70°C with an error of less than 0.5°C, in the range from 35 to 50°C – with an error of about 1°C; 

– a model estimate of the air flow coming out of the drying chamber has been obtained. The volume flow was 3.1 l/s. It is 
shown that it is possible to model the value of the air outlet flow under conditions where its direct measurement is difficult; 

– a model estimate of the air circulation coefficient inside the dehydrator chamber has been obtained. For the 
experimental conditions, it was 10.2 times. Varying this value by controlling the amount of the output stream provides a 
potential opportunity to optimize the drying process;  

– an estimate of the amount of heat loss through the walls of the dehydrator chamber was obtained as a linear function 
of the air temperature difference inside and outside the dehydrator. This value makes it possible to evaluate the 
effectiveness of the thermal insulation of the dehydrator chamber. The assessment is applicable when the temperature 
difference inside and outside the dehydrator is above 15°C.  

The studies performed and the results obtained will make it possible to effectively use the described small convective 
dehydrator as an experimental installation for studying convective drying processes. In addition, the obtained 
mathematical model of thermal and air mass transfer processes can serve as a basis for constructing models of the kinetics 
of drying products by supplementing the equations of evaporation and moisture mass transfer.  
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