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Abstract. The article considers the theory of similarity as a development of the theory of experiment. 

Summarizing the experimental data obtained in the study of the acoustic and magnetic device designed for non-

reagent treatment of liquid, the task of transferring to an unlimitedly large class of devices, which, in accordance 

with the criteria obtained, is recognized as similar to this device, is set. The work establishes the criteria 

connecting the geometric parameters of different types of devices and criteria that establish the ratio of the 

environmental temperature to the thermal regime of the device. The similarity of heat transfer conditions on the 

surface of the device is provided, and the relation between the scale of the temperature and the power, that is lost 

when the ferrite and the windings of the device are heated, is determined. The criterion of the heat transfer 

process is established. In accordance with the task, on the basis of the third theorem of similarity, a group of 

criteria is chosen that ensures similarity of the model to the proposed original on selected indicators.  

Keywords: theory of similarity, experimental statistical methods, regression model, plans for experiments. 

Introduction 

Improvement of the effectiveness of the experiment is due to correct conducting of experimental 

studies and their processing. The existing methods of conducting experiments and processing their 

results do not reflect the current state of affairs. A quick change of the instrument base, development 

of software containing modules with statistical processing of data, computer modeling further and 

further leads researchers away from physical modeling, which ultimately interferes with production of 

real objects. Creation of physical models in large-scale variants becomes possible on the basis of the 

theory of similarity. The designated problem is solved by creating a new technique that allows creating 

large-scale physical models with determination of their parameters level. 

Materials and methods 

Agricultural technology of growing vegetables in greenhouses requires accurate maintenance of 

the temperature regime. Geothermal sources are used for heat supply of greenhouse complexes. 

Heated water from the greenhouse is supplied to the heat exchange unit. Geothermal heat double loops 

contour with intermediate heat exchangers that are used to prevent scale formation of hydroponic 

greenhouses equipment and communications. Geothermal water heats fresh soft water, which is 

supplied further for consumer needs. The heat exchanger and the communication of the primary circuit 

of the system are corroded because they contact with the geothermal water (heat carrier). It is known 

that the thermal characteristics deteriorate; the hydraulic resistance of pipelines increases, their 

complete blockage and system failure are possible in the process of scaling. The process of cleaning 

the heat exchanger continues for at least two weeks and technical regulation depends on the 

aggressiveness of geothermal water. It is technologically impossible to maintain the temperature in 

greenhouses during technical regulations, so, if the regulations coincide with the low ambient 

temperature, harvest will be lost partially or completely. 

Reagent (chemical) geothermal water treatment methods do not allow to prevent geothermal 

water heating system scale formation, and work upon scale formation. The conducted research of 

nonchemical water treatment leads to the conclusion that a significant scaling reduction will be 

achieved with the acoustic-magnetic treatment of geothermal water. The highest efficiency of water 

treatment is achieved by combining ultrasound with a magnetic rotating field. This method has 

received patents of the Russian Federation [1-4]. 

Observations of calcium carbonate deposition processes in geothermal water with various 

chemical composition, mineralization, temperature and pressure at the wellhead, suspended particles 

resume that calcium carbonate scale formation locates along the route of water transportation. Various 

water pressure and temperature values determine scale locations, all other things being equal. Most 

DOI: 10.22616/ERDev2019.18.N466 



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 22.-24.05.2019. 

 

1228 

often, calcium carbonate scale formations locate behind the valves, at places of a sharp pressure 

dropping and pipe knees. 

Thereby, it is necessary to create energy-saving modification of acoustic-magnetic devices used at 

geothermal heat sources for geothermal water treatment. The designs of acoustic-magnetic devices are 

determined with prototypes. It is proposed to optimize the acoustic-magnetic devices by usage of 

experimental statistical methods with simultaneous application of the theory of similarity.  

The general scheme for planning experiments for solving extremal problems consists of the 

following stages: statement of the problem, selection of optimization parameters, selection of factors, 

linear planning and construction of a linear model, search for an extremum area, description of the 

extremum area and interpretation of the results [5]. 

Having set the task of identifying the factors that affect the characteristics of the acoustic 

magnetic device, we form the goal of transferring the results obtained on the model to the original, as 

well as finding ways to change the characteristics of the device in the desired direction.  

There are many different conditional indicators and empirical coefficients for calculating the 

parameters of magnetic devices. But all of them have one essential drawback: a narrow range of 

parameters of the construction that work under certain conditions. The criteria of similarity have some 

advantage that does not depend on the size of the structures being compared, as they are dimensionless 

complexes. 

Composition of the criteria of similarity shows which values should be measured in experience so 

that their results should be comparable. The obtained experimental data, recorded in the criterial form, 

can be used to generalize the results of experiments in order to create new constructions or to compare 

with the existing constructions. To create acoustic magnetic devices of a new design, it is necessary to 

consider geometric, electromagnetic, thermal, and mechanical similarities. 

The flow of processes in the acoustic magnetic field is characterized by the following criteria of 

similarity: 

• generalized criteria for geometric parameters of various types and designs of an acoustic 

magnetic device; 

• criteria connecting the physical parameters, the parameters of the environment and the 

acoustic magnetic device; 

• criterion establishing the relation of the temperature of the environment to the thermal mode 

of operation of the device; 

• criteria establishing the initial state of the circuit containing mutual inductances; 

• criterion that establishes conditions on the boundaries of the system and the cavitating fluid. 

This article will focus on a brief description of the criteria, connecting the geometrical parameters 

of different types of devices and criteria for establishing the ratio of ambient temperature to the heat 

mode of the device. 

Let us consider the generalized criteria for the geometric parameters of the construction of an 

acoustic magnetic device. 

The core of the acoustic magnetic device is completely characterized by three linear dimensions: 

a = RH – RB; b is the width of the magnetic circuit: c = Din = d.  

Let us take the size a as the basic one. Using a system of relative units, one can determine all 

other dimensions and geometric parameters, depending on this basic size and two dimensionless 

parameters: 

 ,, 21
a

b

a

c
== ππ   (1) 

where  π1 – the ratio of the inner diameter to the base dimension;  

 π2 – the ratio of the width of the ring to the base dimension. 

For the acoustic magnetic device, the value of the coefficient of the fill of the window with 

winding π3 is found from the expression: 
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where d0 – the size of the hole for passage of the shuttle. 

In order to find the dimensions of the device, first of all it is necessary to determine the constants 

π1, π2, π3, π4, calculate the size of its basis size a considering π4 as the ratio of the losses in the core to 

the losses in the winding: 

 .
2

0

4
ir

Pc=π   (3) 

As a result, we obtain a criterion equation of geometric parameters of different types and designs 

of the acoustic magnetic device: 

 ( )432115 ,,, πππππ f= . (4) 

The steady-state value of the superheat temperature of the acoustic magnetic device depends on 

the efficiency of the heat sink from its surface. The efficiency is determined by the α coefficient of 

heat transfer, which characterizes the power allocated to the unit of the surface with a temperature 

change of one degree. 

The heat exchange of the toroidal acoustic magnetic device with the environment is realized 

through two side and two end surfaces. Since it is not known beforehand which factors influence the 

heat transfer coefficient values and how they do it under the specific operation conditions of the 

acoustic magnetic device, we assume that the cooling conditions of the acoustic magnetic device are 

the same over the entire surface, and all the heat exchange coefficients are equal: 

 04321 ααααα ==== .  (5) 

You can apply the expression [6] to calculate the parameters. The steady superheat temperature of 

the toroidal transformer:  

 
2

000

2

0
0

irF

Pir
T c

χα
θ

−
+

=− ,  (6) 

where r0 – the impedance of the device; 

 χ – the temperature coefficient of resistance; 

 i  – the total value of the device current; 

 θ – the average temperature in the volume of the device; 

 T0 – the ambient temperature; 

 F0 – the surface area of the device; 

 r0i
2
 + Pc – the total power of losses; 

 Pc – the loss in the magnetic circuit. 

The power lost due to eddy currents Pv, can be calculated by the formula: 

 ( )( )251 10−⋅⋅⋅= Mv BtsbP
ρ
δ

, (7) 

where δ1 – the coefficient depending on the magnetostrictive material; 

 ρ – the density of the magnetostrictive material; 

 b – the thickness of the ring; 

 s = s(t) is the frequency of the current applied to the device; 

BM – the amplitude value of the magnetic induction (found along the curves of 

magnetostriction). 

The power loss due to the hysteresis Pg is determined by the expression: 
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where δ2 – a coefficient depending on the magnetostrictive material. 

The losses in the magnetic circuit consist of losses for eddy currents and hysteresis [7] 

 gvc PPP += .  (9) 

Dependence (6) is realized, if the denominator of the fraction is positive. This expression includes 

the surface area of the device. Suppose that the value of the area of the device and the magnetic circuit 

are constant and do not depend on the power of the device. 

Let us introduce the coefficient of similarity, as the ratio of the area of the device and the 

magnetic circuit: 

 
F

F0
6 =π , (10) 

where F = 2π(RH + RB)(b + RH – RB) – the surface area of the magnetic circuit, where HR is the

 outer radius of the magnetic circuit;  

 RB – the internal radius;  

 b – the height of the magnetic circuit; 

 F0 = 2π(R2
out – R

2
in) + 2π(Rout + Rin) – the surface area of the device through which heat

 exchange with the environment takes place, where Rin is the internal radius of the device 

 window;  

 Rout – the outer radius of the device;  

 h – the height of the device. 

Let us substitute the value 0F from (10) into expression (6): 
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irF

Pir
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χαπ
θ

−
+

=− .  (11) 

We introduce the generalized coefficient of heat exchange similarity π7 = π6α0, then the steady-

state overheat temperature of the acoustic magnetic device can be written down as: 

 
2

07

2
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0

irF

Pir
T c

χπ
θ

−
+

=− .  (12) 

The total value of the device current consists of the active and reactive components [8]: 
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µµπ
,  (13) 

where E – the EMF of the windings of the device; 

 mc – the mass of the device; 

 S – the cross-sectional area of the magnetic circuit; 

 µ0 – the magnetic constant equal to 4π·10
-7

 H·m
-1

; 

 µ – the relative magnetic permeability of the magnetic circuit material; 

 w – the number of turns of the device winding; 

 P0 – the specific power of losses in ferrite; 

 s = s(t) – the frequency of the current. 

The weight of the emitter mc is determined by the expression: 

 ( ) ( )( )22
22

4
inout

cc
c RR

hk
m −=

πρ
, (14) 

where ρc – the density of ferrite. 
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The value of P0 can be determined from the formula: 

 0PmP cc = . (15) 

When calculating the parameters of the device at high frequencies because of the manifestation of 

the surface effect, the active resistance of the device can be determined by the formula: 

 
q

knlw
r rkk

a
0ρ= , (16) 

where wk is the number of turns of one coil;  

 l0 – an average length of a winding turn; 

 nk – the number of coils in the device;  

kr – the coefficient of resistance increase, the value of which belongs to the interval  

[1.05; 1.3];  

 ρ – the electrical resistance of the conductor;  

 q – the cross-section of the conductor. 

In order to test the hypothesis (12), a series of experiments was carried out with devices of 

different power. The analysis of the obtained results allows calculating this coefficient of similarity. 

Several percent made up difference for devices of different power, i.e. in fact, π6 = const = 5.25. The 

criterion π7 is an empirical value, the numerical value of which was obtained in the process of 

comparing the results of testing the device with theoretical data. 

To verify the theoretical data, we conducted the thermal tests of an acoustic magnetic device. 

Devices were tested in full load operation mode. Besides, it is necessary to ensure the similarity of 

heat transfer conditions on the surface of the device and to establish a relationship between the scale of 

temperature and the power lost on heating the ferrite and the windings of the device. The similarity of 

the heat transfer process is established by the criterion: 

 
( )( )

cPir

irFT

+
−−

=
2

0

2

070
8

χπθ
π .  (17) 

Let us consider the application of the experimental statistical methods with simultaneous 

application of the theory of similarity for studying the processes of acoustic magnetic effects on scale 

[5]. 

The processes taking place in the acoustic magnetic device can be represented by the dependence 

 ( ) 0,...,,...,,...,, 21 =mSk PPPPPf   

 010987650403121 ;;;;;;;;; rPPPPhPPPiPdPdPaPbP outc =Θ========= . (18) 

The characteristic of the process connecting the anti-scale indicator with the ongoing processes in 

the acoustic magnetic field is represented by the established criteria of similarity: 

 ( )5432111 ,,,, ππππππ ′′′′′=′ f ,  (19) 

where π2, π3, π4, π6, π8 are equal accordingly π′1, π′2, π′3, π′4, π′5. 

The quantity π′1 is the objective function, in the search for which the theory of similarity allows to 

reduce the number of variables from m dimensional quantities to m-k dimensionless. Applying 

methods of factor planning of the experiment, we obtain a criteria equation of regression of the form 

 ,...),...,,(

2

2

2
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03211 ∑∑ ∑
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=
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− ++++=′′′=′
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ji

iii
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i

km

j
ji

jiijiikm bbbbf ππππππππ  (20) 

where m – the total number of parameters studied;  

 k – the number of independent parameters. 

The peculiarity of the application of this method is that the researcher deals not with individual 

factors, as usual, but with generalized ones. 
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The application of the classical approach to the study of criterial ratios is somewhat complicated, 

since it is impossible to specify the step of variation by the criteria of similarity, regardless of the step 

of varying the factors included in these criteria. 

In this case, two approaches can be used: 1) to repeatedly simulate the factors of the process at 

random within a given variation range and, for each random implementation, calculate the values of 

the criteria of similarity, then determine the step of varying the similarity criteria; 2) to set the step of 

varying the factors of the process and on this basis determine the value of the step of varying the 

criteria of similarity [9]. 

Further, according to the methods of experiment planning, the necessary experiment plan is 

selected and the experiment planning matrix (Table 1) is compiled for one of the series of the 

experiments. 

This matrix differs from the usual one as it indicates not only the values of the criteria of 

similarity, but also the value of the parameters corresponding to a given numerical value of the criteria 

of similarity. In this case, the step of deviation of the criteria of similarity is determined by the 

variation of the parameters included in them [9]. 

Table 1 

Effective and factor characteristics for a linear model 

1π ′  2π ′  3π ′  
4π ′  5π ′  kπ ′  

Y  0P  

11P  12P  21P  22P  31P  32P  
41P  42P  51P  52P  1kP  2kP  

11π ′ (-) = 0.75 21π ′ (-) = 0.5 31π ′  (-) = 0.00034 
41π ′  (-) = 5.01 51π ′  (-) = 0.01 1kπ ′  

1Y  01π ′ (1) 
(-) 11P  (-) 12P  (-) 21P  (-) 22P  (-) 31P  (-) 32P  (-) 41P  (-) 42P  (-) 51P  (-) 52P  1kP  2kP  

12π ′ (+) = 0.46 22π ′ (+) = 0.38 32π ′ (-) = 0.00034 
42π ′ (-) = 5.01 52π ′ (+) = 0.13 2kπ ′  

2Y  02π ′ (1) 
(+) 11P  (+) 12P  (+) 21P  (+) 22P  (-) 31P  (-) 32P  (-) 41P  (-) 42P  (+) 51P  (+) 52P  1kP  2kP  

13π ′ (+) = 0.46 23π ′ (-) = 0.5 33π ′ (+) = 0.00063 43π ′ (-) = 5.01 53π ′ (+) = 0.13 3kπ ′  
3Y  

03π ′ (1) 
(+) 11P  (+) 12P  (-) 21P  (-) 22P  (+) 31P  (+) 32P  (-) 41P  (-) 42P  (+) 51P  (+) 52P  1kP  2kP  

14π ′ (-) = 0.75 24π ′ (+) = 0.38 34π ′ (+) = 0.00063 
44π ′ (-) = 5.01 54π ′ (-) = 0.01 4kπ ′  

4Y  04π ′ (1) 
(-) 11P  (-) 12P  (+) 21P  (+) 22P  (+) 31P  (+) 32P  (-) 41P  (-) 42P  (-) 51P  (-) 52P  1kP  2kP  

15π ′ (+) = 0.46 25π ′ (-) = 0.5 35π ′ (-) = 0.00034 45π ′ (+) = 5.57 55π ′ (-) = 0.01 5kπ ′  
5Y  

05π ′ (1) 
(+) 11P  (+) 12P  (-) 21P  (-) 22P  (-) 31P  (-) 32P  (+) 41P  (+) 42P  (-) 51P  (-) 52P  1kP  2kP  

16π ′ (-) = 0.75 26π ′ (+) = 0.38 36π ′ (-) = 0.00034 46π ′ (+) = 5.57 56π ′ (+) = 0.13 6kπ ′  
6Y  

06π ′ (1) 
(-) 11P  (-) 12P  (+) 21P  (+) 22P  (-) 31P  (-) 32P  (+) 41P  (+) 42P  (+) 51P  (+) 52P  1kP  2kP  

… … … … … … … … 

n1π ′  n2π ′  n3π ′  n4π ′  n5π ′  knπ ′  
nY  

n0π ′ (+) 
() 11P  () 12P  () 21P  () 22P  () 31P  () 32P  () 41P  () 42P  () 51P  () 52P    

Levels of variation of the parameters of the device with a power of 7 W with real physical 

dimensions: 

 (-)P1 = 6;(+) P1 = 7;(-) P2 = 8;(+) P2 = 15;(-) P3 = 4;(+) P3 = 10; 

 (-)P4 = 8;(+) P4 = 15;(-) P5 = 0.4;(+) P5 = 0.6; (-)P6 = 0.01; (+)P6 = 0.05; 

 (-)P7 = 40;(+) P7 = 45;(-) P8 = 22;(+) P8 = 28;(-) P9 = 60;(+) P9 = 80; 

 (-)P10 = 180; (+)P10 = 220. 

For a system of normal equations in a matrix form, we will write down some matrices and the 

relationships between them: 

1) matrix of factor characteristics (π′): 



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 22.-24.05.2019. 

 

1233 

 





















=′
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01100150006303807501

1310015000630504601
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.....
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.....

.....

.....
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π ; (21) 

2) transposed matrix of factor characteristics:
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111111
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Tπ ;  (22) 

3) on multiplying the matrices π ′ and Tπ ′ , we obtain: 
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05101832
4

10834117802370420
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4
1083410140

6
102561

3
101531

3
105851

3
10622

178071913
3

1015311831581642

237086418
3

1058515813222633

4201831
3

106226426336

......

......

......

......

......

.....

Tππ ; (23) 

4) let us find the inverse matrix 1)( −′∗′ ππ T (correlative) [2]: 
1)( −′⋅′ Tππ  =  























=

−
⋅−

−
⋅−−

−
⋅−⋅

−
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⋅−−

−
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−
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−
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−
⋅−−

−⋅−−−

44469
13

10681
10

104153722343681483128

13
106811893

3
100793

13
10912

13
1003191517

10
10423

3
100793

7
101891

10
10855

10
10941

4
10122

72234
13

10912
10

108485444693681467941

36814
13

10031
10

109421368148911151214

42091517
4

1011926794152114663131

......

......

......

......

......

......

. (24) 

Let us write down the column of parameters 

 





















=

070

295

0004850
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6050

1

.

.

.

.

.

A ;  (25) 

5) we multiply the matrix ππ ′∗′T by the matrix-column of A parameters and obtain 

 





















=⋅′⋅′

19112

143908

0760

70376

537105

329174

.

.

.

.

.

.

Aππ T
; (26) 

6) let us write down the matrix-column of the outcome: 
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7) let us multiply the transposed matrix Tπ ′ by the matrix-column of the outcome 

 





















=′ −
⋅

3110

93922

3
109231

9331

6942

424

.

.

.

.

.

.

Vπ T
;  (28) 

the system of normal equations in the matrix form is written like this  

 VA TT πππ ′=′⋅′ ;  (29) 

8) let us find the matrix-column of parameters by means of reverse matrix 

 





















=′′′=

−

−

−

−−

0420

1160

414172

50

0860

5861

1

.

.

.

.

.

.

Vπ)ππ(A
TT

; (30) 

9) for all the transformations made and actions with matrices, we should bear in mind that matrix 

ππ ′′T  must be nondegenerate, and this is possible, if  π′1, π′2, π′3,..., π′k are linearly independent. 

10) if factor signs at the pair correlation give a high correlation coefficient, one of them is 

excluded from consideration. 

In accordance with the planning matrix the experiments (calculations) are carried out and criterial 

regression equation is defined in the form: 

 54321 042.0116.0414.1725.0086.0586.1 πππππξ ′−′−′−′−′+=vp . (31) 

The conducted statistical analysis of the results of the experiment revealed the homogeneity of the 

dispersion of experiments, the dispersion of the reproducibility of the experiment [9;10]. Testing of the 

hypothesis on the adequacy of the model: 52.3=RS characterizes the normal distribution, as 

3.12 < 3.52 < 4.12. 

The average relative error of approximation is: e̅error = 2.93 % 

The obtained value of the average relative error indicates a sufficiently high level of accuracy of 

the constructed model, the error of less than 5 % indicates a satisfactory level of accuracy. 

According to the results of testing of the model on the adequacy and accuracy, the decision on the 

possibility of its practical use is taken. 

Results and discussion 

The use of various empirical coefficients and conditional indicators for the calculation and 

comparison of magnetic and acoustic devices depends on the individual characteristics of the 

experimental conditions and size of the devices. Therefore, the area of application of the above 

mentioned coefficients and indicators is always limited to a narrow range of structures of devices 

operating under certain conditions. Significant advantages over different indicators have similarity 

criteria. Being dimensionless complexes, they do not depend on the size of the compared structures. 

On the basis of the second and third similarity theorems, the number and composition of the criteria 
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necessary to create new devices from those developed earlier was established. Figure 1 shows an 

acoustic and magnetic device installed in a geothermal boiler house, on the basis of which a model 

was constructed and similarity coefficients were calculated.  

 

Fig.1. Exterior of devices installed on pipes in boiler room 

The criteria of geometric similarity allow to calculate acoustic-magnetic devices for another 

geothermal well (Figure 2), and use the acoustic-magnetic device alone.  

  

Fig. 2. Exterior of tube supplying geothermal 

water and device with electronic components 

installed on it 

Fig. 3. Acoustic-magnetic device installed in 

hydroponic solution supply system 

By changing the inner acoustic-magnetic device diameter and using the constructed model and 

similarity coefficients, it became possible to reduce the consumption of non-ferrous metals, 

ferromagnetic materials, body materials and the time of creating a device with significantly lower 

power in comparison with the prototype. Figure 3 shows the acoustic-magnetic device installed in the 

hydroponic solution supply system. This device was calculated on the basis of the proposed model, 

only the effective feature (hydrogen index) and the calculated similarity coefficients were changed. 

The studies confirmed the maximum effectiveness of the feasibility of combining the methods of 

the theory of similarity and modeling with the methodology of planning the experiments for the design 

of the acoustic magnetic device [1-4]. 

The obtained experimental data closely coincide with the constructed model. The industrial 

samples of the magnetic acoustic device of the power of 100 W and 192 W installed in geothermal 

heating systems were calculated using the obtained coefficients of similarity.  

Conclusions 

The article is devoted to the investigation, which resulted in the development of the technique for 

studying the process of acoustic magnetic effect on the process of scale formation on the basis of 

combination of experimental statistical methods with the theory of similarity. To create acoustic 

magnetic devices of a new design, geometrical and thermal similarity were considered, similarity 

coefficients were established: π′1(0) = 0.605; π′2(0) = 0.44; π′3(0) = 0.00048; π′4(0) = 5.29; 

π′5(0) = 0.07, the choice of factors was made, the linear plan was made up, the linear model was 

constructed and checked for adequacy and accuracy.  
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Experimental studies of a large number of devices revealed that for water with a carbonate 

hardness of about 7 mg-EQ·l
-1

, the effect of preventing scale formation in small-scale power plants is 

obtained with a magnetic field strength of 9.6·10
4
-12·10

4
 A·m

-1
 and the water speed of 1.5-2.5 m·s

-1
. 

For the devices created by the model, the intensity of the magnetic field, due to the combination of 

acoustic and magnetic fields in the working gap, was reduced several times. Accordingly, the total 

power consumed by the device has decreased more than twice. 

The use of the constructed model allowed to shorten the time for creation of the devices of the 

required capacity and eliminated the need of constructing intermediate models to refine the individual 

parameters. Let us note that the use of an exclusively computer model could lead to erroneous 

parameter values and it does not guarantee high accuracy of the model forecast. 

As a result of the statistical analysis, homogeneity of the dispersion of the experiments was 

verified and the dispersion of the reproducibility of the experiment was determined. 
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