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:

under the conditions of small businesses. For example, high 
operational reliability, wide range and high dosing accu-
racy combined with the possibility of prompt reconfigura-
tion of equipment for different types of liquids and dosing 
ranges. Additionally, take into consideration the possibility 
of smooth dose adjustment in a wide range; the possibility 
of prompt rinsing or replacement of the product pipeline; 
the possibility of mounting the dosing feeder on a conveyor 
line; the construction of multichannel dosing systems. An 
important requirement is the absence of droplet formation 
between operations; compactness, simplicity, and safety of 
service; fire safety, etc.

The task to automate those dosing operations is compli-
cated if it is necessary to implement a system of automatic 
adjustment of technological process parameters in non-valve 
modules in the packing part [1‒3].

To address the issues related to packaging liquid prod-
ucts in containers, the most common are dosing devices of 

1. Introduction

Among those enterprises that are associated with the 
tasks to automate the processes of dosing liquid products, 
packaging production occupies a special place. This is due 
to the development of the packaging industry. A number of 
small and medium-sized enterprises engaged in the produc-
tion and packaging of liquid products were set up. In this 
regard, the task to design inexpensive and compact dosing 
and packing equipment that could replace imported machin-
ery, taking into consideration specific working conditions 
for small businesses, becomes extremely relevant. Examples 
include the production of food eco-products, auto cosmetics, 
perfumery and pharmaceuticals, paints and varnishes, es-
sential and fatty oils with biologically active additives, and 
many others.

Specific requirements are put forward to the systems for 
dosing and packing modules of liquid products in containers, 
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This paper reports the construction of a mathe-
matical model for the process of dosing liquid foods 
(non-carbonated drinking water). The model takes 
into consideration the differential equations of chang-
es in the kinematic parameters of the liquid in a dos-
ing device's channels and the corresponding accept-
ed initial and boundary conditions of the process. The 
boundary conditions account for the influence of soft-
ware-defined airlift dosing modes using the driver and 
the geometry of the product pipeline. The current's 
value measured in mA (with an accuracy of 0.001 mA) 
relative to the standard scale Imin is Imax=4...20 mA.

Individual stages of the dosing process were ana-
lytically described, followed by the analysis of sepa-
rate stages and accepted assumptions.

The accuracy achieved when testing the experi-
mental sample of the dispenser, with the repetition of 
the dose displacement process, ranged between 0.35 % 
and 0.8 %.

 The reported results are related to the established 
dosage weight of 50 ml when changing the initial level 
of liquid in the tank of the dosing feeder by 10 mm.

An experimental bench has been proposed for 
investigating the functional mechatronic dosing mod-
ule under the software-defined modes to form and 
discharge a dose of the product. The bench operates 
based on proportional feedback elements (4–20 mA) 
for step and sinusoidal pressure control laws in the 
dosing device.

The control model with working dosing modes has 
been substantiated. The control models built are based 
on proportional elements and feedback.

During the physical and mathematical modeling, 
the influence of individual parameters on the accuracy 
of the product dose formation was determined; ways 
to ensure the necessary distribution of compressed air 
pressure, subject to the specified productivity of the 
dosing feeder, were defined. The study results make it 
possible to improve the operation of precision dosing 
systems for liquid products based on electro-pneumat-
ic complexes
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the inappropriateness of the same type of equipment to the 
dosage of media with different physicochemical properties. 
The design of dispensers is also affected by their narrow 
functionality, reflected in the absence in a number of struc-
tures of remote control means of operational reconfiguration 
and adjustment of their output parameters.

In [8], the reported results of control over the creation 
of suspensions, involving dosing systems with elements of 
electro pneumatics, showed the possibility of using control 
circuits without feedback. However, the questions of the 
accuracy of the dosage remained uncertain. The results of 
X-ray photoelectron spectroscopy and scanning tunnel mi-
croscopy make it possible to analyze only the composition 
of the resulting product. Even though the data reported by 
the authors of the cited work allowed them to separate the 
content of clean water from the effects of impurities, the final 
recommendations of the dosing structure are not given.

An option for overcoming the corresponding difficulties 
may be the result of study [9]. The cited work describes in 
detail the methodology for developing an electric drive of 
a dosing device with the appropriate load and highlights 
the issue of high-speed PID adjustment. However, the 
above scheme cannot be widely used in control systems of 
industrial-technological dosing systems. The multitude of 
employed structures of control, shut-off piping elements, and 
systems for coordination of their control, complicates the 
process of introducing dosing devices and their subsequent 
adjustment with the help of a controller. That is why the 
method of partial arrangement of the elements of pipeline 
fittings lengthwise the entire product pipeline, proposed 
in [10], is used much more often. However, determining the 
functional parameterization of a set of stabilizing controllers 
that ensure the tracking of technological regulations of the 
dosing process, is a rather complicated process during the 
introduction of equipment. The use of empirical procedures, 
proposed by the authors of the cited work, cannot provide 
for a reasonable calculation of functional mechatronic airlift 
dosing modules, including changing the characteristics of 
the liquid flow due to fixation of various operating modes. 
Issues related to the analytical description of airlift dosing 
processes remain unresolved, in particular when bringing 
products through connecting channels and pushing through 
various cross-sections of nozzles. The issues described allow 
us to assert that physical modeling [11] helps tackle complex 
problems of this type. Heuristic tools for modeling con-
trol systems, including electro-pneumatic ones, as reported 
in [12], are combined with more conventional approaches. 
For example, it is described how statistical analysis helps in 
solving extremely complex problems of synthesis of the con-
trol system with feedback. However, devising such methods 
for building a technical system with the help of these tools 
involves both advantages, for example, reducing the time 
of equipment design, and disadvantages (the time spent on 
statistical treatment of a large data array).

One example of solving the task of data processing is 
highlighted in paper [13], which reports the practical and 
analytical research on devising a methodology for the formal 
evaluation and design of mechatronic systems; the research 
results are given in detail. A procedure to design hydraulic 
mechatronic systems with elements of precision systems has 
been devised and described, which makes it possible to con-
struct more accurate technical modules with the predefined 
initial characteristics.

the volume-piston type with measuring chambers of variable 
volume, and with valve-piston actuators that are proportion-
ally controlled. Additionally, sometimes there are expensive 
weight-dosing devices manufactured abroad. However, these 
and other known dosing devices do not fully meet the above 
requirements and have several fundamental disadvantages 
that narrow the scope of their application by small business-
es. Thus, it is an absolute top task to design reliable, inexpen-
sive, and compact equipment for packing liquid products by 
small-scale enterprises.

2. Literature review and problem statement

Many processes in the food, chemical, textile, perfume, 
and many other industries include operations of dosed sup-
ply of liquid products. Work [1] investigates product losses, 
which are set by technological regulations. The process 
management system provided by the authors of the cited 
work typically contains only closed circuits for the auto-
mated adjustment of basic parameters. Unresolved questions 
remain regarding the design and implementation of airlift 
mechatronic dosage systems with tracking circuits involving 
two or more technological parameters. Critical analysis of 
precision liquid food dosing systems based on electro-pneu-
matic systems is complicated by the absence of ready-made 
industrial actuating modules, in particular, dosing devic-
es [2], for ranges of small doses. These can be difficulties in 
tracking and reducing energy costs in hydraulic and regula-
tory structures with small diameters through cross-sections 
and controlling elements.

The variant of advanced analysis of the task of automa-
tion of technological processes of airlift dosage is the designs 
of servo-pneumatic valves described in [3]. 

The control object has inertial delay and parametric 
non-stationarity ‒ this complicates the above description. 
This can be traced in the variability of its dynamic parameters 
by the dosage time in the mechatronic module. The option of 
overcoming the corresponding difficulties may be the results 
reported in [4]. In that case, high-quality organization of dos-
ing processes is possible only with the use of closed automatic 
control systems with the ability to re-adjust the implementa-
tion of various laws of regulation according to technological 
parameters. For such an object, as specified in work [5], in 
addition to the means of automatic control and adjustment of 
basic parameters, the control system must contain monitoring 
and control circuits with elements of proportional control. 
Solving such tasks requires the development of universal sys-
tems of automatic dosage that are structurally and function-
ally adapted for the execution of operations of both portion 
and continuous dosage [6]. Examples of such solutions are the 
industrial wastewater treatment systems containing contours 
of dosed supply of chemical agents [7]. Solving complex prob-
lems related to the formation of multicomponent emulsions, 
as the authors the of cited work note, is a relevant area in the 
development of synergy of water treatment systems and the 
design of precision dosing systems.

The disadvantages identified in the cited works [4–7] 
include the complexity of designs of dosing and control units 
containing a large number of mechanical moving parts, 
which leads to a significant decrease in the operational reli-
ability of the equipment. An important disadvantage is the 
comparative narrowness of the dosage ranges provided and 
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The authors of [14] thoroughly described conditions 
for synthesizing layouts of the packing machine based on 
criterion evaluation for individual functional mechatronic 
modules. Attention is paid to their combination into two 
main groups of assessments. The results of the performed 
mathematical-statistical analysis are given regarding the 
technical and technological characteristics of the main 
functional modules. However, the applied methods of math-
ematical calculation of the overall efficiency of OEE equip-
ment do not provide for a complete pattern of the analysis of 
the accuracy of dosing systems, in contrast to [15]. Numer-
ical and experimental studies of different nozzle positions 
in the vacuum ejector system were carried out in the cited 
work. Research into the pneumatic-nozzle control system 
is supported by modeling results. The cited work’s results 
are useful for justifying the increase in the mass of the 
product of injection and minimizing energy consumption 
in the electro-pneumatic system. However, the cited work 
does not take into consideration the physical and chemical 
composition of the product.

Regarding the conditions of energy intensity of com-
pressed air control systems, the authors of [16] give the 
objective function of minimizing energy consumption when 
filling the rechargeable battery step by step. It is experimen-
tally confirmed that gas compression in the rechargeable 
battery can be tracked using precision pressure regulators. 
Note that only one model of the open control system is giv-
en; changes in the speed modes of air movement in certain 
complex sections of the working pipeline are not taken into 
consideration. In [17], assumptions are stated for the math-
ematical model of maintaining constant pressure in the flow 
of working fluid. Only hydraulic circuits of dosing valves 
operation in the technological flow are given. Based on the 
conclusions drawn in [18], regarding significant energy loss-
es in dosage systems with elements of pipeline fittings, the 
area of further research related to airlift precision dosing 
systems was defined.

Work [19] reports the analysis of flow-type dosing de-
vices where the means of automation is electro pneumatics. 
The described system is used for portion dosing of drinking 
water at a temperature from +5 to +90 °C, close in consisten-
cy to liquids. However, there are several unattended issues, 
in particular, energy efficiency and accuracy of the proposed 
modules. Although the description shows the control sys-
tems with feedback, in particular the electronic counter, 
there is no comparison of theoretical and experimental 
research results. However, the authors noted a significant ac-
celeration of the dosage operation, provided that pulse valves 
are used. Paper [20] outlines generalized methodological ap-
proaches to the choice of components of pneumatic systems, 
in particular in dosing mechatronic modules. However, it 
does not provide a description of the control system. Given 
the lack of data in [21] on the impact exerted on the dosing 
process by reliability parameters of technological elements, 
in particular pneumatic and connecting systems of product 
pipelines, the results are also not complete.

All this allows us to assert that it is advisable to conduct 
a study on the synthesis of precision dosing systems of liquid 
products based on electro-pneumatic complexes. Addition-
ally, by using the empirical research method, the would-be 
results could supplement the process of forming the dose of 
the product in the airlift dosing system and the subsequent 
accuracy of the dosage.

3. The aim and objectives of the study

The purpose of this study is to synthesize the precision 
dosing system of liquid products based on electro-pneumatic 
complexes. 

This will make it possible to reduce the energy intensity 
of dosing modules, simplify the design, and facilitate control 
over the process of forming the exact dose of the product.

To accomplish the aim, the following tasks have been set:
– to devise an analytical description of individual stages 

of the dosing process, followed by an analysis of individual 
stages and accepted assumptions; 

– to investigate the process of formation and subsequent 
discharge of the product dose in the dosing receiver and 
connecting channels and nozzles of the working product 
pipeline;

– to determine the effect of individual parameters on the 
accuracy of the formation of the dose of the product, as well 
as find ways to ensure the necessary distribution of com-
pressed air pressure, subject to compliance with the specified 
productivity of the dispenser; 

– to design an experimental bench for studying the func-
tional mechatronic dosing module under the software-de-
fined modes to form and discharge the dose of the product, 
based on proportional elements with feedback (4‒20 mA).

4. The study materials and methods

4. 1. Studying the process of airlift valve-less dosage 
of liquid products based on electro-pneumatic complexes

Our experimental theoretical studies are based on the 
use of fundamental laws of the hydrodynamics of liquid 
media and viscous easily fluid media, the theory of solving 
ordinary differential equations.

During the research, the static and dynamic charac-
teristics of the control system of the dosing device were 
taken into consideration; we selected its design parame-
ters aimed at improving the metrological characteristics 
of the automated dosage system. In order to carry out our 
experiments, fundamental schemes of universal dosing 
devices and dosage control algorithms have been devel-
oped that ensure the implementation of various laws of 
the product dose. We also assessed the systematic errors 
in the proposed portion dosing technique. For the portion 
systems of automated dosage, based on the principles of 
airlift system, as well as studies [3, 5, 8, 17], a mathemat-
ical model has been proposed to describe the dosing pro-
cess, as well as the scheme of an experimental installation, 
shown in Fig. 1. Analysis and synthesis of mathematical 
models for exact dosage systems are auxiliary in nature; 
they do not exclude the need for physical modeling and 
full-scale research. Synthesis involves the mathematical 
and physical modeling of the airlift dosage of liquid food 
products.

Additionally, taking into consideration the numerical 
methods; hydro gas dynamics; authentic technological ad-
vances, we performed experimental studies into precision 
dosage processes of liquid products based on electro-pneu-
matic complexes. 

The diagram of the installation for a valve-free elec-
tro-pneumatic dosing device with a control module is shown 
in Fig. 1.
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Fig.	1.	Scheme	of	the	installation	for	a	valve-free	electro-
pneumatic	dosing	device	of	the	airlift	type	with	a	control	module

Fig. 1 shows the valve-free airlift-type electro-pneumat-
ic dosing device with an additional dosing container that 
refers to the pressure-type dosing systems. The structure 
involves a reservoir-feeder (PP) 1 with a liquid level sen-
sor 2 and a system for discharging the product into a dosing 
receiver (DE) 3. The proposed scheme (Fig. 1) includes a 
pneumatic control system (KP) 4, which processes pressure 
signals about PP pi) and DE (p) in a programmable logic 
controller module (PLK) module. Control signals are sent to 
the dispenser’s controlling pneumatic valves 5‒8.

PP with a level sensor, DE, and controlling pneumatic 
valves DU form the object of control OU. The basis of the 
pressure control system in the dosing receiver is a combina-
tion of the control system with feedback (format of the flow 
loop, 4…20 mA). The possibility of adjusting the control 
signal, by current, on the solenoid of the distributor of com-
pressed air supply to DU in the range of 0...5 s.

The principle of operation of the dispenser is based on the 
software control over the pressure supply to the dispensing 
receiver from PP to the DE mounted above it at height Н*у. 
It is envisaged to form the dose of the product through the 
drain nozzle 9 (DE) by changing the pressure in the system 
of DU with the help of an ejector. 

The dosing process is controlled by the amount of pres-
sure p in a closed gas medium of variable volume, which is 
provided in the process of product discharge.

In the initial state of the dosing module (before dosage), 
DE through the open valve 7 is connected to channel 10 
of the power source. At the same time, the compressed air 
is blown along the drain nozzle 9, the inlet nozzle 11, and 
the connecting pipeline 12, which ensures the purity of the 
product pipeline of the dosing feeder until the beginning of 
the next dosing cycle. 

During the operation of DU under a dosing mode, a 
command-programmed pressure change is triggered, formed 
in the control device with PLK.

CAMOZZI elements are used in the experimental 
bench control system: 130 series drivers proportionally 
control the AP series valve type distributors (2/2), elec-
tronic sensors/pressure switches, SWCN series, the booster 
pressure stabilizer 40M2L100A120MC02. The pulse-width 
modulation (PWM) signal, formed by the driver, in a closed 
circuit of current regulation of 4...20 mA, provides a signal 
frequency of up to 500 Hz per coil of the solenoid of the elec-

tromagnetic valve supplying compressed air to the dosing 
receiver and product pipeline system. The supply voltage 
in the control chain is 24 VDC (±10 %), according to the 
value selected by the AP proportional distributor. The con-
sumption of compressed air would depend on the value of the 
input main pressure P (0.1...0.3 MPa), and, according to data 
from [7, 8], is 80...160 (Nl/min).

The use of methods of automation of airlift dosing pro-
cesses is based on a model that could take into consideration 
the main characteristics of the liquid medium (flow rate, 
density, pressure, vacuum).

Pressure change control in DU is program-controlled by 
the pressure regulator (RD) р1 in the PP and digital vacu-
um meter. During the operation of RD, the pressure change 
p1(t) was formed according to the specified exponential, 
sinusoidal, law, formed by the help of the signaling program: 
step-by-step, pulsed, harmonious.

The passing cross-sections of the product pipeline, the 
nozzle, the output nozzle, as well as the time constant PZ, 
are selected on the condition that the product discharge in 
DE exceeds its flow rate through the output cross-section of 
the nozzle. Accordingly, since the product has been leaked 
through the outlet cross-section, its level h in DE increases. 
That also causes an increase in the pressure p of compressed 
air in DE.

If the p value is achieved, which is equal to the pro-
grammed pressure of the dosing feeder ру, the process of 
filling DE is completed. PP through valve 5 is connected 
to the atmosphere, so the pressure p1 drops to almost zero. 
At the same time, the blowing valve 7 opens and the excess 
pressure in DE rises to the value of power pressure. Under 
the influence of this pressure, the product is discharged from 
DE through pipeline 12, then the dispenser enters the initial 
state of blowing.

Under the condition of vacuum forming in DU, a level 
controller (RU) is triggered, which, in the presence of a de-
viation of the initial value in PP (parameter Н0) compared 
to the specified value, forms a control signal for valve 8 to 
replenish PP. Units RD, PZ, RU are part of the UU com-
position.

The dosing cycle consists of the stages of filling pipe-
line 12 with the product, partial filling of DE, and subse-
quent discharge of the product, subject to the establishment 
of the UU blowing mode. In the process of DU opera-
tion, fixed are the values of structural parameters (passing 
cross-sections of the product pipeline, nozzle and output 
cross-sections of the nozzle, height H* of the DE setup, the 
length of the pipeline supply of compressed air, and the full 
volume of DE). Therefore, the time constant PZ and the 
pressure of power supply 10 the size of the dose volume Vd is 
the pressure function provided for the dosing feeder ру and 
the initial level of filling PP – Н0. The function ( )1d yV f p=  
is obtained under the condition of an unchanging value of 
Н0, which provides the working container characteristics of 
the dosing module. The function ( )= 2 0dV f H  characterizes 
an error for the fixed values ру when changing the initial lev-
el of PP filling. According to the results of our experimental 
study, the error value does not exceed 1 %, at Н0=const, and 
when using two-position pressure regulation р1(t).

4. 2. Description of an airlift dosing system based on 
the experimental bench

To assess the impact of various factors on the accuracy of 
dosing, the following assumptions were adopted. A compari-
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son of different implementations of the dosing process during 
DU operation at a constant amount of pressure programmed 
for the dosing device ру was investigated under the condi-
tions of reproducibility of individual stages of the process. 
The stages of the process were studied in the sequence de-
scribed above by the algorithm of DU, with the above system 
of equations of the dosing process.

The stage of filling the connecting pipeline is described 
by a system that contains two equations for variables s(t) 
and H(t), where s(t) is the current fluid level in the pipeline, 
H(t) – the current fluid level in PP.

The free liquid surface motion equation in the con-
necting pipeline described by the Bernoulli equation for 
unsteady motion is built for the cross-section 1–1, which 
coincides with the position of the liquid level in PP, and the 
cross-section 1’–1’, which coincides with the fluid level in 
the pipeline located at a distance s from the inlet edge of the 
pipeline:

( ) ( )

( ) ( ) ( ) ( )

22 2

2 1

/ /
2

1
/ .

2

T

T
s

s d s dt s ds dt
D

p t
ds dt gH s gH t

λ
+ +

+ ξ
+ + = +

ρ
 (1)

The following designations are adopted: DT is the di-
ameter of a connecting pipeline; Hs(s) is the height of the 
cross-section 1’–1’ as a function of the parameter s, which 
depends on the configuration of the connecting product 
pipeline.

( ) ( ) ( )− τ≅ = − 0/
1 1,3 1 ,tp t p t P e     (2)

p1(t) is the actual pressure in PP as a function of time t, 
provided that the programmable RD pressure regulator is 
perfect; p1,3(t) is the set value of control parameter; P=const 
is the power pressure of UU pneumatic elements; τ0 is the 
time constant PZ, which depends on the ambient conditions; 
ρ is the product density; g=const is the acceleration of grav-
ity; ξТ=const is the coefficient of local resistance at the inlet 
to the product pipeline, which depends on the configuration 
of the inlet edge of the pipeline; λТ is the friction coeffi-
cient in the pipeline, depending on the Reynolds number  
ReT =ρDT(ds/dt)/µ, calculated from the Blasius formula:

( ) ( )( )1/4 1/4

0,316 0,316
,

Re / /
Т

T TD ds dt
λ = =

ρ µ
  (3)

µ is the dynamic viscosity of the product, which depends on 
temperature.

When constructing equation (1), several assumptions 
were adopted: coefficients α1–1; α1’–1’ take into consideration 
the uneven distribution of velocities in the cross-sections 
1–1; 1’–1’, we accept them equal to 1. In equation (1), we 
neglect (insignificant values) the coefficient of high-speed 
pressure of products in PP and take the area of PP cross-sec-
tions and the connecting product pipeline as 2 / 4;pDΩ = π  

2 / 4T TF D= π  is the area of the PP cross-section and the 
connecting pipeline.

The equation for the balance of fluid consumption with 
PP is as follows:

( ) ( )−Ω =/ / .TdH dt F ds dt     (4)

The system of equations (1) and (4) is solved under 
the initial conditions s(0)=s0=H0, (ds/dt)(0)=(ds/dt)0=0; 
H(0)=H0. Solving this system produces the value of func-
tion s(t), provided that the time τТ of filling with the product 
of the connecting nozzle and the initial speed u1,0 of prod-
uct supply to DE are determined. Once the value of s(t) is 
known, parameters τТ, u1,0 are determined as:

( ) ( )1,0 | ,;  /Т t tТs L u ds dt == =τ     (5)

L is the length of the pipeline.
The stage of filling the drain nozzle DE necessitates 

defining the initial conditions for the next stages of the dos-
ing process – product discharge in the outlet cross-section. 
Given the small size of the nozzle, in particular, its length l 
and empirical value of the optimal ratio of diameters of the 
inlet nozzle Dn for DE and nozzle (d) – Dn/d³1.7, we accept 
the condition of exceeding the inflow of the product in DE 
at each time above the flow rate through the cross-section of 
the nozzle under the following conditions:

( )1 1,00 ;u u=  ( ) *
0 00 ;TH H H F L= = −  ( ) 00 0;p p= ≅

( )0 0;oh h= ≅  ( ) 00 0;v v= ≅  ( ) 00 2 ;u u gl= =

( ) ( )0/
1 1,00 1 ,p p P e−τ τ= = −    (6)

where u1(t) is the speed of movement in the product pipeline, 
H(t) is the current value of the product level in PP; p(t) is the 
pressure in the gas space of DE during filling; h(t) is the level 
of the product in DE; v(t) is the volume of the filled part of 
the DE part without the volume of the drain nozzle; u(t) is 
the rate of product discharge through the nozzle.

When describing the stages of filling individual DE 
elements, the initial conditions for the course of the main 
stages of the process of discharging and forming the dose of 
the product are defined.

5. Results of studying a precision dosing system of liquid 
products based on electro-pneumatic control complexes 

5. 1. Analytical description of individual stages of the 
dosing process, followed by the analysis of individual 
stages and accepted assumptions

For the stage of product discharge through the cross-sec-
tion of the nozzle, an analytical description was built taking 
into account the pre-formed conditions (6). The equation of 
motion of the product in the connecting pipeline is repre-
sented by the Bernoulli equation for an unsteady motion for 
the cross-sections 1‒1; 2–2, respectively, taking into consid-
eration the condition of equality of diameters of the product 
pipeline and the inlet pipe DE (DT=DP=D, FT=FP=F) that 
takes the following form:

( ) ( ) 2
1 * 1 11 ,

2T T

p t p t u duL L
H H

g g D g g dt
 + = + + + ξ + λ +  ρ ρ

 (7)

( ) ( ) ( )0( )/
1 1,3 1 ,Ttp t p t P e− +τ τ≅ = −    (8)

pressure in PP is a function of time t under the condition 
of the ideality of software pressure regulators RD; λT is the 
friction coefficient in the pipeline, which depends on the 
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number of Reynolds 1Re / ,T Du= ρ µ  which is calculated 
from the Blasius formula:

( ) ( )
1 1
4 4

10,316 / Re 0,316 / / .T T Duλ = = ρ µ   (9)

Similar to equation (1), in equation (7), the α1–1 
and α2–2 coefficients take into consideration the uneven 
distribution of speed in the cross-sections 1–1 and 2–2. 
These coefficients are accepted to be constant and equal 
to 1. Additionally, we neglect the component, equal to 

( ) ( )22

1 1 1/ / 2,F u−α Ω  which takes into consideration the 
rate of head in PP.

Accordingly, for the cross-sections 3–3 and 4–4, the 
product flow equation is also built on the Bernoulli equation:

( )
2

2

1 ,
2 2n n

dh
p t l u l dudt

l h
g g d g g dt

 
    + + + = + ξ + λ +  ρ

 (10)

ξn is the coefficient of resistance of the inlet of the nozzle, λn 
is the friction coefficient inside the nozzle; α3–3 and α4–4 are 
the speed distribution coefficients in these cross-sections 
equal to 1. 

Then, the flow rate balance equation in DE:

1 ,
dv

u F u f
dt

= − ⋅     (11)

v=v(t) is the fluid volume of liquid in DE. 
Consider the equation of the gas state in DE:

( )0 / ,av V p P p= +     (12)

Pa is the atmospheric pressure, V0 is the DE volume, taking 
into consideration the volume of connecting channels, ex-
cept for the drain nozzle. Equation (12) corresponds to the 
isothermal gas compression in the DE system, provided that 
the following inequality holds: 0 0,aP p ≅  p0 is the excess 
air pressure in DE at moment t=0, this is the time of com-
pleting the filling the cross-section of the DE drain nozzle 
with a product.

The equation for the balance of product flow rate in DE 
takes the following form:

1 .
dH

u F
dt

 −Ω =  
    (13)

The equation for the relationship of volume and product 
level in DE:

2
1 3 2

1 1
3 2

v h h fh
   = α + α +      

 provided ,kh h≤  (14)

2
1 3 2

1 1
3 2

v h h fh
   = α + α +      

 provided ,kh h≤  (15)

accordingly 2
1 tg ,

2
ϕ α = π   

 2 tg ,
2

d
ϕ α = π   

 hk is the height  
 

of the lower conical part of DE; 
2

4
e

e

D
F = π  is the area of the  

 
cylindrical cross-section of DE.

Discharging the dose of the product and the subsequent 
process of switching to the blowing mode using the ejector 

occur in accordance with the established algorithm and is 
achieved by bringing the pressure to the programmed value 
of ру.

The process is accompanied by opening valves 5 and 7; at 
the same time, the pressure in DE increases from the value 
of ру to the value equal to the power pressure P. The pressure 
p1 in PP decreases from р1vd (the moment of dose cutoff) to 
zero. Under the influence of pressure P, there is complete 
drainage of DE. At the end of the process, the pressure p in 
DE decreases due to the removal of air into the atmosphere 
through the drain nozzle.

Given the small volume of DE, Vo, and the length of the 
nozzle, l, its complete drainage occurs significantly earlier 
than in the combined pipeline, as well as earlier than the 
pressure р1 drop to zero in PP.

The drainage of the pipeline occurs under the influence 
of a positive pressure drop between DE and PP.

Subject to high values of hydraulic resistance of the 
line, air discharge from PP, and a change in the volume V1dv, 
which coincides with the time of a dose discharge. The sign 
of pressure drop between PP and DE may change to the op-
posite after the drainage of DE.

Then the effect of re-feeding the product to DE and the 
uncontrolled “additional discharge” of a dose after the com-
pletion of the “dosage” stage may occur. The described effect 
of the “additional discharge” of a dose can be repeated until 
the compressed air is completely discharged from PP. The 
conditions described above may cause an additional dosage 
error. This error is mainly due to two factors:

– possible dissimilarity of the volumes of additional 
doses, caused, respectively, by different (in separate dosing 
cycles) values of the volume V1dv of the non-filled part of PP, 
which is equal to:

1 1,0 ,dv dV V V= −     (16)

where V1,0 is the volume of the non-filled part of PP until 
the start of the dosing, depending on the value of the initial 
filling level of PP – Н0, Vd is the volume of the dosage per 
one dosing cycle;

‒ concomitant losses in the pipeline joints.

5. 2. The process of forming a dose of the product in 
the dosing receiver and its connecting channels and noz-
zles of the product pipeline

Fig. 2 shows the results of our experiment based on the 
algorithm of change in pressure in the tank of the dosing 
feeder from excess pressure to vacuum, in accordance with 
the designed plan of the experiment for dosing drinking 
water.

The stationary mode is determined by the speed and 
pressure of the air, which in the process of operation of the 
installation remain constant, taking into consideration the 
mode of transportation. Airspeed and pressure at the inlet 
are the main conditions at the beginning of the stage of 
selection (discharge) of the dose of the product. The first 
stage, Fig. 3, a, b, demonstrates when the installation enters 
a stationary mode of product discharge while supplying com-
pressed air to the system within the software-defined pres-
sure change range from 0.99 to 1.81. The pressure change 
range was chosen by the sorting method, based on tracking 
a change in the flow rate in the system (0.5 m/s) and the 
accuracy of the selected dose (50 ml).
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5. 3. Determining the influence of individual parame-
ters on the accuracy of dosage formation for the function-
al mechatronic module of airlift dosing

The second stage of research, the results of which 
are shown in Fig. 4, involves the tracking of the work-
ing region of changes in the speed of movement of the 
dosed product in the supply pipeline and the accuracy of 
dosing. Measurements were carried out using a digital 
turbine flow meter. The acceleration is due to the time 
interval of 0.1...0.3 s and depends on the established 
control modes for the supply of compressed air. Fig. 3, b 
clearly shows the distribution of the linear displace-
ment rate of the fine-artificial product when moving 
in the product pipeline channel under pressure. This 
confirms the modeling results [7] regarding the im-
pact of local resistances on increasing specific pressure  
losses.

As compressed air accumulates in the feed receiver, the 
speed and pressure stabilize while the dosage accuracy in-
creases by 2 % (Fig. 4, a, b).

The results of changes in pressure at the inlet and outlet 
of the product pipeline, shown in Fig. 3, are due to the in-
ternal pressure fluctuations of 20 Hz per 1 pressure supply 
cycle. This mode of air supply is organized by the driver of 
the 130 series, combined with a network of electric valves 
for supplying pressure to the system (AR series, Camozzi). 
At the same time, these dosing modes depend not only on 
pressure [4, 18] but also on the type of dosed product.

Fig. 4 depicts the characteristics of change in the speed 
of a product as one of the factors influencing the accuracy of 
the formation of the dose of the product. The results, shown 
in Fig. 5, are provided by the limits of the required distribu-
tion of compressed air pressure, provided that the specified 
performance of the dispenser is met.

y = -619.08x6 + 68445x5 - 3E+06x4 + 8E+07x3 - 1E+09x2 + 8E+09x -
-2E+10

R² = 0.985
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Fig.	2.	Characteristics	of	changes	in	the	main	parameters	of	dosing	and	pressure	control	in	the	system	of	an	airlift	functional	
mechatronic	dosing	module,	in	line	with:	a	–	step;	b	–	sinusoidal	laws;	1	–	pressure	change,	bar;	2	–	change	in	flow	rate,	m/s
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To determine the initial conditions for further 
development and research of the airlift dosage 
module, without dose cutoff valves and elements 
of pipeline fittings, the product type is taken into 
consideration.

Thus, in particular, in Fig. 5, an error of dosing 
accuracy when using a step law of pressure change 
control in the dosing receiver system is 0.8 % of the 
set dose of 50 ml. If the step control law is applied, 
the pressure change in the dosing receiver system 
is 0.3 %.

5. 4. Experimental bench for studying a 
functional mechatronic dosing module with the 
software-established modes of formation and 
displacement of product dose

To analyze the conditions for ensuring the ac-
curacy of dosing, the structure of an experimental 
bench of DU was designed (Fig. 5). The flow of 
the product in the connecting pipeline (from PP to 
DE) and subsequent movement through the drain 
nozzle of DU are to be considered as a non-back-
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Fig.	3.	Characteristics	of	the	laws	of	control	over	the	parameters	of	operation	of	the	functional	mechatronic	module	of	airlift	
dosing	with	changes	in	pressure	in	the	product	pipeline	under	the	following	conditions:		

a	–	change	in	pressure	and	flow	rate	in	the	outlet	product	pipeline	under	the	influence	of	the	control	signal	according	to	a	step	law;	
b	–	change	in	the	pressure	and	flow	rate	in	the	outlet	product	pipeline	under	the	influence	of	the	control	signal	in	line	with	a	

sinusoidal	law
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Fig.	4.	Generalized	characteristic	of	changes	in	the	speed	of	movement	
of	the	dosed	product	in	the	supply	pipeline	under	the	following	control	

signal	range:	a	‒	12.5–17.7	mA,	a	step	law	of	signal	change	with	a	
frequency	of	7	s;	b	‒	12.3–17.7	mA,	a	sinusoidal	signal	change	law	with	

a	frequency	of	5.4	s
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ward one-dimensional turbulent movement of Newtonian 
liquid. To assess the impact of various factors on the accura-
cy of dosing, the following assumptions were taken.

The system generates a signal frequency of up to 500 Hz 
per coil of the solenoid of the electromagnetic valve AP of 
the supply of compressed air to the system of the vertical 
channel of the product pipeline. 

The supply voltage in the control network is 
24VDC (±10 %) in accordance with that selected by a pro-
portional distributor.

Compressed air consumption depends on the value of 
the inlet main pressure P (0.05–0.4 MPa); according to the 
experimental data, it is in a range of up to 160 (Nl/min).

The control system diagram, shown in Fig. 6, takes 
into consideration the possibility of processing liquid food 
products.

In order to study the functional mechatronic dosage 
module, the working modes have been developed and pro-
grammed by the system in Fig. 6. The airlift module ensures 
the formation and discharge of the product dose based on 

proportional feedback elements. The series 130 proportional 
valve control device makes it possible to control any elec-
tromagnetic valve at a maximum current of up to 1 A. The 
standard control inlet signal (0–10 V DC, or 4–20 mA) is 
transformed into a pulse-width modulation (PWM) signal 
that makes it possible to send a signal to the electromagnetic 
valve to form the dose of the product.

6. Discussion of results of the theoretical and physical 
modeling of the process

The results of change in the pressure at the inlet and 
outlet of the product pipeline are explained primarily by 
the fact that the shape of a working channel of the product 
pipeline and the diametrical cross-section of the working 
channel to supply and discharge a product from the dosing 
receiver are taken into consideration. As the dosing process 
time increases, compressed air is stabilized in the product 
pipeline; the accuracy of dosing a product is significantly im-
proved. As dosage products, we investigated non-carbonated 
drinking water (density, 1,000 kg/m3); birch juice (density, 
1,000.7 kg/m3), pasteurized milk, 1.5 % fat content (density, 
1,025 kg/m3). These parameters are taken for products at 
20 °С and 1.013 bars.

The results of changes in the pressure at the inlet and out-
let of the product pipeline, shown in Fig. 3‒5, are due to the 
internal pressure fluctuations of 20 Hz per 1 pressure supply 
cycle. This mode of air supply is organized by the driver of 
the 130 series, combined with a network of electric valves for 
supplying pressure to the system (AR series, Camozzi). At 
the same time, these dosing modes depend not only on pres-
sure [4, 18] but also on the type of dosed product.

Our modeling results make it possible to define the ini-
tial parameters for mathematical research to describe the 
dependences of the main kinematic parameters of the dosage 
of the product and predict the fall and compensation of head 
pressure in a dosing system.

Adjusting the time in the control module system using 
the 130 series driver makes it possible to change the step in 
the range of 0.1...10 s (Fig. 5). Additionally, precision control 
systems make it possible to maintain working regulations 
of the airlift dosing device operation with pressure change 
modes in line with various laws and conditions. Namely: 
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Fig.	5.	General	view	of	the	experimental	bench	for	studying	
an	airlift	dosing	system	of	liquid	products:	1	–	consumable	

tank;	2	–	level	sensor;	3	–	dosing	capacity;	4	–	control	
system	(control	drivers	for	the	proportional	supply	of	

compressed	air	pulses;	software	device	setting	the	law	
of	signal	change,	4...20	mA);	5,	6	–	proportional	direct	

electromagnetic	distributors	2/2;	7,	8	–	control	pneumatic	
valves	of	the	dosing	feeder;	9	–	drain	nozzle;		

10	–	a	power	supply	channel	with	ejector;		
11	–	inlet	nozzle;	12	–	connecting	pipeline

Fig.	6.	Generalized	scheme	of	airlift	module	control	at	the	
experimental	bench:	1,	2	–	compressed	air	supply	pipelines;	

3,	4	–	pulse-width	modulation	(PWM)	converter;		
5,	6	–	electro-pneumatic	proportional	control	valves	2/2	NZ;	

7	–	ejector;	8	–	receiver	–	feeder;	9	‒	product
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Imin…Imax=4.1...19.9 mA; air supply frequency, 0.1...1 Hz; 
Imin…Imax=12.3...17.7 mA; air supply frequency, 0.1...1 Hz; 
Imin...Imax=12.5...17.7 mA; air supply frequency, 0.1...1 Hz.

Our designed experimental bench (Fig. 5) also makes 
it possible to investigate the accuracy of dosing by using a 
digital control and measuring complex and change the dose 
of the product from 20 ml to 750 ml. The choice of dose range 
was based on providing the manufacturing equipment to 
small and medium-sized enterprises in the food and pharma-
ceutical industry.

The limitations of the study results are related to the 
following parameters: current control value, regarding a 
standard scale, Imax...Imin=4.1...19.9 mA; the frequency of 
formation of pulses of compressed air in the product pipeline, 
0.1...7 s. Previously, the values of the control signal formed 
the maximum pressure in the pipe of 0.1...0.5 bar. This con-
firms the results reported in [20, 22] and predetermines the 
optimal dosage mode of the product under study.

Features of the proposed method and the results ob-
tained are that the reproducibility of individual stages of the 
dosing process is achieved. We accept, as mentioned above, 
the assessment criterion to be the impact of various factors 
on the accuracy of dosing, it can be achieved provided that 
the software regulator RD and the driver are perfect.

Additionally, there is an assumption about excluding 
dosage errors, which are caused by the effect of “additional 
discharge” of a dose, when the values of working parameters 
of the functional mechatronic dosing module are constant. 

Taking into consideration the conclusions drawn, an 
increase in the accuracy of dosing can be achieved by com-
plying with the accuracy of the software-assisted regulation 
of pressure p1(t) in the PP dosing feeder. The increase is also 
possible by introducing elements into the structure of the 
dosing circuit of the product pipeline, which provide auto-
matic compensation for the impact of changes.

The limitation of our study is that it was carried out only 
for liquid products from the Newtonian media group. The 
lack of complete experimental data for other types deprived 
us of the opportunity to perform a more detailed analysis of 
the effectiveness of the developed structure for a functional 
mechatronic module of airlift dosing and its calculation 
methodology. This would be especially relevant for mixing 
products (suspensions, emulsions) with particles of different 
diameters (up to 1 mm or larger). The curvature of a working 
channel in the diametrical cross-section of the product pipe-
line affects the accuracy of the dosage.

At the same time, the proposed approach makes it possi-
ble to derive similar dependences for other dosage modes of 
these products.

Further research is planned to be carried out to analyze 
the dosage and packaging processes of other types of liquid 
products.

7. Conclusions

1. We have analytically described individual stages of the 
dosing process, followed by the analysis of individual stages 
and accepted assumptions. When testing an experimental 
sample of the dispenser, the accuracy of dose repetitions was 
between 0.35 % and 0.8 %.

The established dose mass was 50 ml (p=const) when 
changing the initial level of the liquid in PP by 10 mm. That 
is, in the course of our physical and mathematical modeling, 
the influence of individual parameters on the accuracy of 
the formation of the dose of the product was determined; 
the ways were found to ensure the necessary distribution 
of compressed air pressure in compliance with the specified 
productivity of the dispenser.

2. The process of formation and subsequent discharge 
of the dose of the product (non-carbonated drinking wa-
ter) in the dosing receiver and its connecting channels and 
nozzles for the working product pipeline has been investi-
gated. We have built a mathematical model for the dosing 
process of liquid products. The model includes differential 
equations for changing the kinematic parameters of the 
liquid in the dosing channels and the corresponding ac-
cepted initial and boundary conditions of the process. The 
boundary conditions take into consideration the influence 
of software-established airlift dosing modes using the 
driver and the geometry of the product pipeline. The mea-
sured current value in mA (with an accuracy of 0.001 mA) 
with respect to the standard scale, Imin, Imax=4...20 mA, 
was in the ranges of 4.1 mA...19.9 mA; 12.3 mA...17.7 mA; 
12.5 mA...17.7 mA. The flow rate characteristics of the 
pneumatic valve at our experimental bench are in the 
range of 180 Nl/mn. The duration of the function change 
period was tracked up to 100 s.

3. The influence of excess and vacuum pressure on the 
accuracy of the formation of the dose of the product has been 
established, subject to changes in the ranges of influence: 
0.9–1.8 bars; 200‒900 mbar. The dose of the product at the 
time of discharge was in the limits of 50 ml, 100 ml.

4. A structure of the experimental bench was designed, 
intended to study the functional mechatronic dosing mod-
ule under the software-defined modes of formation and 
discharge of the dose of the product. The bench is built on 
the basis of proportional elements with feedback (4‒20 mA), 
with the help of drivers of the series 130‒222 (Camozzi), 
proportional elements with the feedback system.
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