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MATHEMATICAL MODEL FOR DETERMINING
THE INTERNAL ELECTROMAGNETIC FIELD
IN A SMALL FISH (WHITEBAIT)

H.B. Timosa, O.€. I[lipommi, €JI. Ilipommi, HB. Maniuesa, C.O. Pomaniox. MaTeMaTH4Ha MoJesib /UISl BU3HAYEHHS
BHYTPILIHIX €J1eKTPOMArHiTHUX MOJIB y MajbKkax pud. PoboTa npucBsdeHa po3poOIi MaTeMaTHYHOI MOJE, IO JO3BOJISE€ BH3HAYUTH
enextpomartitHi nonst HBY nianmasoHy BcepeluHi MallbKiB OCETPOBHX 3 METOI0 CTUMYINIOBaHHSA X po3BHTKY. OOpaHa HaMm MeETOIMKA
PO3paxyHKy MaTeMaTHYHOI MOJIENI BHYTPIIIHIX €JIEeKTPOMATHITHUX IIONIB y MalbKaxX pHO IIAHYEThCSA B IOAAIBIIOMY BUKOPHCTOBYBATHCS
UL TIPOBECHHSI eKCIIEPUMEHTY. Lle 103BOMMTE MiABHUIMTH KUTTECTIHKICTH MaJbKiB, MOAAJBIIOIO 340POBOrO 3POCTAHHS MOJIO] OCETPOBUX
Ta OOpaHHS KpallMX OCOOMH I IIOJAJIBIIONO INTYYHOTO BiATBOpeHHs. IIpoBemeHo miTepaTypHMH aHami3 3 IPOOJNEMH BIUIMBY
€JICKTPOMArHiTHOrO BHIIPOMIHIOBAaHHS HA TiIpOOIOHTH 1 MBI opraHizMu. Po3risgaeTses BIUIMB €IEKTPOMArHITHOIO BHIIPOMIHIOBaHHS Ha
MaJIbKiB OCETPOBHUX B MEPIIi JBa TWXKHI iX PO3BUTKY. Y JaHOMY BUINAJIKY 3aBJaHHS BUPIIIEHI 32 JONOMOTOK iHTErpo-nudepeHIialbHuX
piBHSAHB B pa3i KBasicTaTiki. BiAMiHHOIO PHCOIO 1ILOTO METOMY € T€, IO BiH aBTOMATHYHO 3aJI0BOJIbHSE IPAHNYHIM yMOBaM Ha MOBEPXHI
eneMeHTa. PinreHHs 3a1aui mpo BU3HAYEHHS €IEKTPOMATrHITHUX TOJIIB BCEpEHHI Maibka puOu Oyzie MPOBEICHO 3 ypaxXyBaHHAM il MajoCTi B
MOpIBHAHHI 3 JOBXHMHOKW mnanarodyoro EMB. ¥V Hamomy Bumaaky B Npomeci pocTy JIMUMHKH ii po3MipH 30UIBIIYIOTBCS 1 HYJIbOBE
HaOJMKEHHS J]a€ JOCUTh IPyOnid pe3yapTaT. 3anmpornoHOBaHi BUPaXXE€HHs JUI HyJIbOBOTO, MEPIIOT0, APYroro i T.J. HAOMIKEHb JI03BOIAIOTh
BPaxXoBYBAaTH 3POCTAHHsS MaJIbKiB i 3MiHA CHiBBIJHOIICHHS MiXX IX pO3MIpoM i TOBXHHOK Manaro4oi xBwimi. Cnif Npu 1OMY 3a3HAYUTH
BHCOKY TOYHICTb JAHOTO METOXNY, OCKUIBKH B)X€ B HYJIHOBOMY HAaOMIDKEHHI HOro moxuOka He HepeBHInyBana 15% B HOpIiBHSHHI 3
€KCIIepHUMEHTAIBHIMH JIOCIIJUKEHHSMH PO3CIFOBAaHHS €JICKTPOMATHITHUX ITOJTiB HA METAJIEBUX 00'€KTAX ENINCoiaanbHOI (hOpMH.

Kniouosi cnosa. CTHMYIIOBaHHS PO3BHUTKY, €JIEKTPOMATHITHI Mo, piBHSAHHA MakcBemia, iHTerpo-audepeHiianbai piBHIHHS,
KBazicrarika, nepepaccesHie

N. Titova, A. Pirotti, E. Pirotti, N. Manicheva, S. Romanyuk. Mathematical model for determining the internal electromagnetic
field in a small fish (whitebait). The work is devoted to the development of a mathematical model that allows one to determine the
electromagnetic fields of the microwave range inside sturgeon whitebait in order to stimulate their development. Our chosen method of
calculating the mathematical model of internal electromagnetic fields in fish whitebait is planned to be used in the future for the experiment.
This will increase the viability of whitebait as well as further healthy growth of sturgeon small fish and the selection of the best individuals
for further artificial reproduction. A literature analysis of the influence of electromagnetic radiation on aquatic organisms and living
organisms has been carried out. The effect of electromagnetic radiation on sturgeon whitebait in the first two weeks of their development is
considered. In this case, the problems are solved using integro-differential equations in the case of quasi-statistics. A distinctive feature of
this method is that it automatically satisfies the boundary conditions on the surface of the element. The solution of the problem of
determining the electromagnetic fields inside the fish fry will be carried out taking into account its small size in comparison with the length
of the falling electromagnetic radiation. In our case, as the larva grows, its size increases and the zero approximation give a rather crude
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result. Suggested expressions for zero, first, second, etc. approximations. Its allow take into account the growth of whitebait and the change
in the ratio between their size and the incident wavelength. At the same time, it should be noted the high accuracy of this method, since
already in the zero approximation its error did not exceed 15% in comparison with experimental studies of the scattering of electromagnetic
fields on metal objects of ellipsoidal shape.

Keywords: stimulation of development, electromagnetic fields, Maxwell's equations, integro-differential equations, quasi-statics, re-
scattering

Introduction

In recent years, due to a significant decrease in the fish stocks world's oceans and, accordingly,
the volume of its catch, the development of various forms of aquaculture is becoming more wide-
spread. It is quite understandable that all types of fish farms are built and operate using the developed
methods. These are methods of biotechnician and biotechnologies for growing various types of fish or
using the natural resources of certain water bodies.

At present, there is a growing understanding that under conditions of anthropogenic impact the
biological resources of the biosphere need not only protection, but also the restoration of their numbers
in the main exploited aquatic ecosystems, primarily during their artificial reproduction. Artificial re-
production of fish provides not only the preservation and increase of fish stocks, but also an improve-
ment in the structure of biohydrocenoses and a more rational use of the productive capacities of reser-
voirs. This is, of course, one of the levers for the development of managed fisheries.

To increase efficiency in aquaculture various technologies are used. Namely: various pharmaco-
logical additives to stimulate growth, changes in the composition of feed, low-intensity laser radiation,
helium-neon lasers, stocking density, changes in temperature, oxygenation of water, and others.

However, these methods have certain drawbacks. In some cases they negatively affect the quality
of the offspring, have a depressing effect, high price, bulky equipment, pharmacological stimulation of
fish growth is not always beneficial to the human body.

Literature review

As a result of many years of functional and applied research, a scientifically grounded basis has
been laid and approaches have been determined to implement the stimulating effect of low-intensity
electromagnetic radiation on fish-biological and economically useful qualities of sturgeon planting
material because of the effect of this radiation to fish embryos and sperm. It was also shown there that
the efficiency of such production significantly depends on the biotropic parameters of this radiation.
This indicates the possibility of its use in the technology of artificial reproduction and rearing of valu-
able fish species [1, 2].

Currently, the high biological activity of EMR has been reliably established and all living things
are really extremely sensitive to artificial EMF (electromagnetic fields) of anthropogenic origin. Some
species of living things and plants are particularly sensitive to certain frequencies. Thus, fish do not
tolerate the frequency of 50 Hz at fairly high field strength.

It should be noted that the applied technique is mainly used to influence fish eggs.

Modern technological schemes for rearing larvae and early juveniles, with all their significance
and development, are ambiguous. They differ in different combinations of abiotic parameters aimed at
maximizing the growth rate and practically do not take into account environmental requirements at
different stages of development of juvenile fish. Therefore, fish hatcheries often note its significant
mortality, especially of larvae. There are no objective data on assessing the resilience of juvenile fish,
including larvae, to unfavorable environmental factors.

Many studies have noted the positive effects of extremely high-frequency radiation on various
living objects and studied various physiological effects caused by extremely high-frequency radiation.
These are acceleration of growth and increase in biomass, intensification of photosynthesis, accompa-
nied by increased oxygen and content in photosynthetic cells, organic compounds in the environment,
changes in the reactivity of exometabolites, changes in ion transport, and others. [3]

The obtained experimental results indicate the ability of polarized electromagnetic radiation to in-
fluence metabolic processes in the body and cause a correction of the postembryonic development of
sturgeons. Experimentally, this is manifested in an increase in the survival rate of juveniles under the
influence of radiation, as well as in a significant reduction in the studied group of individuals with ab-
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normal morphological characteristics [4, 5]. The most important parameter that determines the magni-
tude of the stimulating effect is the radiation frequency, the EMR power density and the type of its
modulation [6, 7].

It should be noted that the currently available results of the application of stimulating microwave
radiation to sturgeon juveniles are mainly experimental. Therefore, there is a need to create a mathe-
matical model of the interaction of electromagnetic radiation (EMR) of the microwave range with fish
fry, taking into account their physiology.

All this indicates the need for further development of technologies, methods and tools to optimize
the rearing of larvae in intensive aquaculture due to electromagnetic irradiation of whitebaits.

The purpose of our study is to study the effect of electromagnetic radiation on sturgeon juveniles
at the first stages of development.

Main material

Consider the effect of electromagnetic radiation on sturgeon fry in the first two weeks of their
development.

This limitation will allow representing them, in the first approximation, as an elongated ellipsoid,
the length of which is in the range of =~5...15 mm.

Taking into account the linear dimensions of the fry and the centimeter range of wavelengths
used for the stimulating effect, a model is proposed in the quasi-static approximation, that is, when the
wavelength incident on the fry is about an order of magnitude larger than its size.

In this case, it is convenient to use the method of integro-differential equations [8]. A distinctive
feature of this method is that it automatically satisfies the boundary conditions on the surface of the
scattering element (fish fry). The dependence of the amplitudes of the electromagnetic field on the
spatial coordinates can be considered practically absent and the considered fields can be expanded in
terms of a small parameter I/X, where | are the linear dimensions of the object, A — is the length of the
scattered wave. This will make it possible to obtain different approximations for the internal fields
depending on the size of the irradiated whitebait. The proposed approach makes it possible to take into
account the change in the size of the fry itself during its development.

Let us designate the dielectric and magnetic permeability of the water in Which_’the WhEebait is
located ¢,, and p, =p, =47107 Gn/m, respectively, and use Maxwell's equations E and H to de-
scribe the EMF components at all points of this space. In this case, we will bear in mind the harmonic
dependence of the indicated vectors on time, associated with the appearance of the factor e’ [9, 10]:

{rotI§+ j.(D},L0|:| =0, (1)
rotH — jog, E=0,

where j —is an imaginary unit;
o — is the radiation frequency.
Considering that whitebait is characterized by dielectric and magnetic permeability € and p,, in-

ternal electromagnetic fields (EMF) can be described by the equations:
rotE + jop,H =0;
ST (2)
rotH — joe, E=0,
where § = jo(e —¢,)E .
The dielectric constant ¢ is considered as a function of coordinates and is a variable value. On the
surface of the whitebait in the direction of the environment, the dielectric constant changes abruptly
from e to ¢_. Consequently, equations (2) can be considered as describing not only the whitebait itself,

but also the surrounding water.
Using the simplest transformations, the equations of system (2) are reduced to second-order dif-

ferential equations that depend on only one variable E or H [11]:
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graddivE — AE — k’E = — jou,g; @)
graddivH — AH — k*H = rotg,
where k=2mwA\ is the wavenumber in the water surrounding the whitebait.
Using the relation describing the electric potential of Hertz [9]:
T I(i—ljﬁ(ﬂ f(F-Fadr, 4
4ny | €,

—Jk‘r r‘

where f(|r T |) _¢ F and ¥ — are the radius vectors of the outer and inner points of the

r-rl
whitebait body, respectively, we represent the expressions for the fields scattered on the biological
object as follows [9]:

{E(F) = E, (F) + (graddiv + k?)*; -

H(F) = H, (F) + joe_roti®,

The integrals that determine T° in (4) and (5) apply to the entire volume V occupied by the
whitebait.

As mentioned above, the solution of the problem of determining the electromagnetic fields inside
the fish fry will be carried out taking into account its smallness in comparison with the length of the
falling EMR. This condition allows us to expand the expressions for the components of the electric
and magnetic fields in a power series in terms of the smallness parameter:

EQ(F) + (JK)E® (F) + (jk)’E® (F) +...= EQ(F) + (JK)EL (F) +

+(jK)’EP (F) +.. +—(gradd|v+k )I( j[[E“”(r)+ (6)

+(JKOED(F) + (jk)*E® (F) +]]L?+F— jk —k?z||7 —F’|+...]df";

I:|‘°’(F)+(jk)ﬂ“’(?)+(jk)2I:|‘2)(?)+...: HO (F) +

ARV ) + () A (F) + ..+ A% rotj[ JE‘O’(r)Jr (7)

+(jk)E‘1’(F')+(jk)ZE(z)(F')+...]][—|F_1F,| — jk—k—22|F—F'|+..1dF'.

In expressions (6), (7), the indices at the components of the electric and magnetic fields indicate
the degree of approximation with which these components are located.

In our case, during the growth of the larva, its size increases and the zero approximation gives a
rather rough result. Considering that for large whitebait in the centimeter wavelength range the ine-
quality a/x <1 may no longer be strictly fulfilled, we will consider not only the zero approximation

when solving equations (6) and (7), but also the first and second [10].

This problem is solved by equating the terms containing the factor (jk) in equal degrees to the left
and right of the equal sign, which leads to a system of equations that allow finding different approxi-
mations.

Zero approximation is determined from the expressions:
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E® (7) = E¥ (F) + ——graddiv [| =120 =
4n e P-F | ®
H® (F) = A (F).
First approach —
EY([F)=EY () +
1 vl 2 ® 1 EO(FY |dF -
+—gradd|vJ. L1 EY(F)———EO(F) |dF; (9)
4n A |r r |

H®Y(F) = HY (F) +

rotj( j O(F) |F—1F'|drl'

Ho s the characteristic resistance of the environment surrounding the biological object.

€

C

For the second approximation, we obtain the relations:

where Z_ =

E(Z) (r) = Egz) (F) + igraddivj. 1 E(Z) (r_ )
4r v €, |

F_;| +E<1>(r)m@|r —4—1th[i JE(O’(F') ar_. (10)

\

+E©@ (F')|

o L 1 g I‘_:’(l)(F') = 0y y= e
H® (F) = H¢ >(r)+HrotJ‘[g——lj{—,|—E( '(F )}dr.

In expressions (8) — (10), the terms E (F), HO (F), EX(F), HY (F), EQ(F), H? (F) are equal
to the zero, first and second terms of the power series expansion of the electric and the magnetic com-
ponent of the incident field.

Discussion of results

From expressions (8) — (10) we see that if the free term in the equations for the zero approxima-
tion is a constant vector determined by the incident field, then the free terms in the higher-order ap-
proximations are already variable vectors determined from the previous approximations. As for the

expressions for the magnetic component, they are equalities that determine H(F) through the values

found in the previous approximations, as well as through the expansion of the incident field. Higher
order approximations can be found in a similar way.
Thus, relations (8) — (10) make it possible to find the components E , E , E, of the electric and

magnetic components of the internal electromagnetic field in fish fry with varying degrees of accura-
cy. It should be noted the high accuracy of this method, since even in the zero approximation its error
did not exceed 15 % in comparison with experimental studies of the scattering of electromagnetic
fields on metal objects of ellipsoidal shape [12].

Conclusions

A method is proposed for calculating internal electromagnetic fields in cylindrical biological ob-
jects using Maxwell's equations in an integral form. The results obtained can be used to describe the
processes in the body of aquatic living bioorganisms under the influence of low-energy electromagnet-
ic fields of the microwave range.
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