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P. P. VOROBIYENKO, I. YU. DMITRIEVA

ANALYTIC SOLUTION OF THE DIFFERENTIAL MAXWELL SYSTE M AND ITS NUMERICAL
IMPLEMENTATION

The differential Maxwell equations are solved camstively under the specific requirements in thatisp Cartesian coordinate system. The expres-
sions of the unknown electromagnetic field vectaenmsities are found explicitly as the solutiongh® general wave equation regarding all scalar
components of the initially unknown vector fielchfilions. The aforesaid equation is equivalent &dtiginal Maxwell system. The present results
are obtained using two new efficient operator aidy methods which application is shown also fog heterogeneous media. The numerical imple-
mentation for the particular case of the considetedtrodynamic mathematical model is proposed asneell.

Key words: general wave equation, analytic operator methomsstructive solution, mathematical model.

II1.II. BOPOBIEHKO, 1. IO. IMHTPI€EBA
AHAJIITUYHE PO3B’ I3AHHSI IU®EPEHIIAJIBHOI CUCTEMU MAKCBEJLJIA TA MOT'O
YNCJIOBA PEAJIIBALISA

3anponoHOBaHO KOHCTPYKTUBHE PO3B’ 13aHHA JU(epeHLiaIbHUX PIBHAHL MakKcBeIUla 3a IEBHUX YMOB Y IPOCTOPOBIH JEKapTOBiil CUCTEMi KOOPIMHAT.
SIBHI BUpa3u IIyKaHUX BEKTOP-(YHKIi HaMpy»KEHOCTI eIeKTPOMArHiTHOTO MOJIS 3HAMICHO SIK PO3B’ SI3KM 3arallbHOTO XBHJIBOBOTO PiBHSHHS, €KBiBa-
JICHTHOTO BUXIiJHill MaKCBE/UIOBCBKIN cyucteMmi. J[aHi pe3yibTaTit OTPUMAHO 3aBJISKM JBOX HOBUX €(DEKTHBHUX ONEPATOPHUX AHATITMYHUX METO/IIB,
3aCTOCOBYBAHHS SKUX IPOAEMOHCTPOBAHO TAKOX JUIS HEOJHOPIIHUX cepefoBHIl. YacTKOBHIA BUITAJOK PO3IIITHYTOI MaTeMaTHYHOI MOJIEN €JIeKTpo-
JIMHAMIKH PeaTi3oBaHO YMCENBHO.

K/11040Bi ¢/10Ba: 3aranpHe XBUJIbOBE PIBHAHHS, aHATITHYHI ONIEPaTOPHI METOAM, KOHCTPYKTHBHE PO3B’ I3aHHS, MAaTEMAaTHIHA MOJIEIb.

I1.I1. BOPOEHEHKO, H. 1I0. IMUTPUEBA
AHAJIMTUYECKOE PEHIEHUE IU®®EPEHIIUMAIBHOM CUCTEMBI MAKCBEJLJIA U ETO
YUCJIEHHASA PEAJIM3ALUA

[TpeanokeHo KOHCTPYKTUBHOE pemeHne T depeHIanbHbIX ypaBHeHHIT MakcBelia mpH ONpeIeIeHHBIX YCIOBUAX B MPOCTPAHCTBEHHON JeKapTo-
BOI CHCTEME KOOPIMHAT. SIBHbIC BRIPOKEHHS NCKOMBIX BEKTOP-(DYHKIMIT HaNpssKEHHOCTEH 7IEKTPOMArHUTHOTO MO HalAEHBI KaK peleHns o0Imero
BOJIHOBOTO YPaBHEHHsI, SKBUBAJICHTHOIO MCXOJHOI MaKCBEJUIOBCKOM cucTeMe. J|aHHBIC pe3ysbTaThl MOJTY4eHBI C TIOMOLIBIO JIBYX HOBBIX 3(deKTuB-
HBIX OMEPATOPHBIX AHATUTHYECKIX METOIOB, MPHMEHUMOCTh KOTOPHIX MPOJEMOHCTPUPOBAHA TAKXKE JUT HEOAHOPOIHBIX cpel. YacTHsIii ciydaii pac-
CMOTPEHHOM MaTeMaTHYECKOH MOJICIH 3IEeKTPOANHAMUKY PEATN30BaH YHCICHHO.

KuioueBsle cj10Ba: o0liee BOJHOBOE yPaBHEHHE, aHATUTUYECKHE OTEPaTOPHBIE METOIbI, KOHCTPYKTHBHOE PELICHHE, MATEMATHYECKAs MOJIEIb.
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Introduction. The majority of current problems connected with thathematical simulation of the electromag-
netic phenomena in the guided structures and sgracgescribed bthe system®f partial differentialequationgPDES).
It is natural, because the original fundamentalhmiadatical model in the electromagnetic field theisryepresented by
thedifferential Maxwell systeny1].

The resent years of the computer expansion diretiedcientific tendencies to the numerical andreximate
study. However, the challenge of search of the aealytic solving techniques for the applied andieegying problems
remains urgent till now. Really, the constructivethods enhance the development of the relevantythesveal the
principal patterns, rules and laws which are foated as the general statements and theorems.

Moreover, the engineering can not manage withopr@gpiate computations which become essentiallypkm
dealing with the explicit solutions and exact fotawu The latter often promote faster getting of riaguired numerical
result as well as determination of the calculatedtfional dependencies.

Therefore, even nowadays the creation and the wepnent of the existing analytic procedures forrésearch of
the respective applied problems are prior.

Analysis of recent studies. It is known that each vector function is determingiuely by its scalar components
which usually aréniddenin some matrix problem.

Pursuing the twofold goal of analytical as welledfective numerical study, it is better to diagaralat first the
original matrix statement. This operation meansréwriction of the initial system to the equivalanton of the equa-
tions or problems each of which depends on onauscamponent of the unknown vector field functioryo

Actually, investigation of the aforesaid scalatestaents is either well-known, or the developmenthefr solving
procedures is incomparably simpler with respec¢h&aforesaid vector-matrix problem. Hence, thet Btep of the pre-
sent challenge implies the creation of the analjiggonalization technique which will allow gettitige explicit results
in the electromagnetic field theory and in the agsk of the corresponding engineering phenomemals

The classicaldiagonalizationmethodsexist in the general algebra [2] andtire ordinary differential equations
(ODEs) [3] theory. Still, until the recent yeare thystems of PDEs mathematically describing thetreldynamic proc-
esses were diagonalized mostly in the particulae€44]. In general, the majority of the electroayic problems are
solved using the approximate numerical methode@ptrevious century [5].

Nowadays, the practice confirms that the successfidly of the electromagnetic field behavior baginty on the
approximate numerical algorithms rather often bezoinsufficient [6, 7]. Thus, the general necessitthe develop-
ment of the effective analytic apparatus for thentioned scientific branch appears again as extyecta@med.

Problem statement. The general detailed operator diagonalization gaace for a system of PDEs was suggested
in [8], its preceding algorithmic scheme as theveht flow-chart was described in [9], and the ipalar application to
a specific engineering version of the differentilxwell equations was considered in [10].

The aim of the present article concerns the amabtidy of the differential Maxwell statement i tBartesian co-
ordinate system regardless the initial and boundanglitions in terms of a unified wave equatione Tétter is derived
by the above mentioned diagonalization technigastains all scalar components of the unknown edetdignetic field
vector intensities and is equivalent to the origsystem of PDEs. The given wave PDE is solvedieiiyl using the
improved version of the integral transform methbl][

The research proposed in the paper generalizestiadlyethe results from [12] uniting the improvedegral trans-
form apparatus [13] and the aforesaid operatoratialization procedure

Mathematical model. Let the classical differential Maxwell equatiorssthe base mathematical model in the Car-
tesian coordinate system be given

rotH =9,D+i;

rot E =-9,B;

divD = p; D=¢E; (1)
divB=0; B= uH;

i =0E.

In (1): E,H=E,H(x y,z} are the unknown electromagnetic field vector isits with the scalar components
E.H =E,H(xY 2z (i=1,3); D,B=D,B(x Y 2} describe the electric and magnetic field inductiespec-
tively; i =i'(x,y,zt) and p=p(xy,z1) determine the current (charges) and charge density u =t >0,

£=¢&,>0 denote the specific conductivity, relative magnednd electric permeability of the mediundy :%;

R Y .
rot F,=det| 9, 9, 95|, divF =ZaiFki represent the fundamental field operations, where
Fau Fe Fis =
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0, :ai, 0, 261,03 :ai, and F; =F;(x, v,z (k=1 2;i :TS) are the corresponding scalar components of the
X y z
electromagnetic field vector intensiti€s, F, = F;,F,(x,y,z 1), F,F, =E, H.
Writing (1) in the equivalent form

- L (9o +0)E~-rot H=0;
rotH =a@,E+0E; _ ~
{E =0, rot E+dyH =0;
rotE=- ;
edivE = S @
_ 4_’0' divE = p/¢;
pdivH =0. divE =0
and using the diagonalization technique from [18]reduce the first part of (2) to the following &ya
(rot2 +5§) E=0;
2,32\ g ®)
/Jao(rot +60)H =0
with the partial differential operator
05 = 100 (o+0). 4

Further, the identity of the classical field theowt? = graddiv—A , grad F (x, Y, Z, t) =9, FO+d,FOj+0,F k,

3
A= 20,2 and the second part from (2) applied to (3) give
i=1
(53 —A) E= —lgradp;
£
10,(03-a)H =o0.
Then, applying the inverse operat(b{;l = Idt to the second equation from (5), which right-hgadt is the zero
vector, we arrive at the following system:

®)

(53 —A) E= —lgradp;
£
o (6)
05 —AJH ==g(x YV, 2.
(03-0) =La(x .9
The vector functiong(x, A z) from (6) is the integration result mentioned abdeéermined by the physical char-

acter of the specific engineering problem statement
It is clear that (6) represents diagonalizatiorflgfat the vector field level and can be writterttaes general vector

wave PDE regarding both electromagnetic field istiées E and H :
(53 —A) Fo=fi, (k=12); FR,=E, F,=H; f,= —%gradp, f,==d(x v 2. 7)

Simultaneously, it is easy to notice that (7) carrdwritten in its scalar form including all comons of E and

N

H:
(ES—A) Fa = i (k:l, 2 :1_% ®
where
0.0(%. . 29
Fy :{Ei}igzl' F; :{H}i3=1; fy :_%0“0, fa =%gi (%, Z)'(i:r‘?’); grad p =| 3,0(x. ¥, 21|,
930(x, v,z 1)
o (x ¥ 2
9= %(x %3l ©
%(x v 2

The explicit solution of (8), (9) and the formutais of the corresponding boundary problems desgyilvivesti-
gated electrodynamic phenomena are simpler evearniparison with (7), not mentioning (1) where bibté statements
and the constructive results are almost unobsezvabl

Summarizing the ideas of the present paragraphonelede that the original mathematical model (1jhef elec-
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tromagnetic field behaviour is reduced to equivaferm (8), (9) which is easier to deal with. Hentiee exact study of
(8), (9) presented below solves (1) explicitly aslw

Main analytic results. The explicit solution of (8), (9) is obtained ugithe improved method of integral trans-
forms [11] on all spatial variable(sx, Y, z) but the time argumertt, which is accepted as the main one. To simplié th

further computation, the following table of symbddsproposed here: the new notations for the dpedidables from
Rjarex=x, y=%, z= %; K; =K;(x,p) stands for the kernel of theth integral transform on the argumext

with the paramete, ; and the direct integral operator transform iedained by the formula
b
s=[K(x p)d
3

where a,, i are the initial and the endpoint respectively lig bpen integration contoulr;, (i =1_3) The values of
a,k can be either finite or infinite real, or complgkl]. To analyze the influence of the integral sfamm on
3 —
AF = Zaﬁ: the spatial coordinates are rewritten in the foxny, 2) ={ ),(,( i=1, 3)} , which makes the function look
i=1
as follows: F = F(x,y,z ) = F( X, ( i=r$ ;t).
The application of the -th integral transform tad\F foIIowed by double integration by parts gives
) —
[(92F)K (x.p)dx=(K(a F-(a K) Ff. +j(@ K)Fax=s(n % (v#iv=19;(+
3
()i R (—1,3), (10)
where
s=s(p ¥ (v2iv=19:0= (K@F)-@K)F)E,=s(R % x ) (12 1>v), @D
and the right or the left irierior index «tr» evahere in this paper stands for conversion of tlepeetive transform.
Though in general,v,l =1, 3, two last inequalities in (11) imply that,| take on only two values from the possible

three. Moreover, the second itegn(p, ); k. in the right-hand part of (10) has the factp{p ) dependent only on the
parametep, of thei -th integral transform. This item results from tygerationd?K; , (i =f3) .
Further, theéncompletei -th transform ofF on the argumenk, —;F, and the correspondirpmpleteone on all

spatial variable;{x, Y, z) =( X, i=f3) — R, are determined by the following formulae:

iFn=iFtr(p.,>s(V¢i:v=f3):t) Fx (=23 1)k (x ) dx= IFK & (i=13; (12
Fr=F (n (1=1.3)it)=F ()= ﬁbev ax, |k =
=?TKV(><V,FL)K|(x,p)i F(p x.x}dydx D=CJH=(H1 R R), (=13, (13)

i=1
where the conditions for,| are the same as in (11).

Problem (8), (9) is solved using the technique frid®, 13] developed in [11], but regardless of #pecific
boundary and initial conditions. Application of tmequired integral transforms (12), (13) to thetisppavariables

(x, Y, z) =( X, i=f3) reduces the original general wave PDE (8), (3h&oODE of the second order regarding trans-
forms dependent on the time argumeént

d*> od A, _
(F P ﬂ;JtrFkl  fiis (k 12i= 13 (14)
In (14),
Dy = -3 g 3 3bVKd o fe =t (=T 3Kk=1 15
tr_Atr(p)_Z”l(p)' tr ki Ttrt ki j v Xv S' tr ki T ,(I—, (A !%i ( )
i=1 _1 v—lav HE

V#
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the symbols in (15) are either introduced in (1@)3) or described at the beginning of the prepardagraph, and

ﬁbevdxv 5=WKV(XV®)K(>W)§( P, ¥ d xdix (vl#isl>viiv) =13.

v=1
v#ia'/ Y

The general solution for (14), (15)
o i = v i (t.p) = C(t p)explart) + Cy( t, P exrfa, ) (16)
is sought by the method of variation of constaBis \Where the unknown functior§; (t) = C; (t, p), (j =1, 2) repre-
sent the solution of the system

Cyexp(ait) + C, exp{wyt) = O; _9G (i=12)
Clmeplw)+ Canolwl)=, 7 | a7
and looks like
1
Co(tip)=¢ - jeXp(‘aﬁ,zt) v i (tp) dt+ Ci( P - (17)

In (17), the unknown functioné:Ez( p) are found from the corresponding transformedahitionditions of the

specific boundary value problem, which is the matatcal simulation of the studied physical or emrgiring phenome-
non.
It should be noted, that in (16), (17)

1( o
=—| ——++/D 18
a2 2( pa ) (18)
are the roots of the performance (characteristjopgon w? +£a)—ﬁ =0 with the discriminant
£ EU
2

D= (E) +ﬂ . (19)

£ &u

The substitution of (17) for (16) gives the reqdigeneral explicit solution of (14)
2 2 -1 j+1
R = o Fa ()= 2C (1 p)exp(w ) =" ex{y t){%j exf-gth [ (tp) d+G(p|, (20
j=1 j=1

where w, (j =1, 2) and D are determined in (18), (19). The direct check cord that (20) undoubtedly represents the

general solution of (14).
The further inversion of the original inverse triomm regarding (20) gives the function

Fi =Fki(xyy-z,t)=|3| $'v B (k=1, 2;i=T$, 1j2
=1

where S, (I :1_3) are the integral transforms inverse to the injtiabed one, ang F; is from (20).

Hence, the required explicit solution (21) of thengral scalar wave PDE (8), (9) is obtained andritess all sca-
lar components of the electromagnetic field vedtdensities. Formulae (20), (21) can be effectivebed when the
mathematical modeling for the engineering / phygitablem statement is specified and the appropeaiact analytic
result is sought for.

Heter ogeneous media. It is known that when studying the real electragiyiic engineering problems in heteroge-
neous media it is often acceptable to considerctesficients o, £, ¢/ in the relevant systems of PDESs as piece-wise

constant functions, where, i can be also negative [14, 15]. Such structuresvarg important in the metamaterials

which are used for the construction of the absbfutew types of antennae, filters, etc. Howevee, tlecessary condi-
tion of the electrodynamic equations states thatetlectromagnetic wave propagation is possible anlyrose media
where sgne = sgrnu . In such cases, the reverse waves appear andtam@ters of the medium become controlled ow-
ing to the magnetic field modification [14, 15].

Therefore, turning back to (1), (2), the electrometiy field parameterg, &, i represent now the piece-wise con-

stant functions regarding the spatial coordineﬁbesy, z)

ol [o o
el=|e|(xy.=>]€0(% vz V, (22)
Ml |u Y
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1 (xy,20,V; — moo . . .
(I =1,I) is the Croneckersymboj V =U \V is the finite union of various
0, (x,y,20OV\}V, =1

media V = \V(x v 2; ], Vv=0, BV, ( lv=?n), and each of them has its own special field charac

where:d(x, y, z V) ={

10, €, 4 =consl. In terms of (22), the scalar action of the paditierential operators from (1), (2) looks like

o o
0| e|Ra(xy.29=0;| X e|d(x%z V| F(xyz)t=
H = U
=Y 1e8(x vz V)9 B (x ¥z} (k=12i=13]=073. (23)
= 14

Dealing with the vector field function which is foed by its scalar components, (23) is applied s&dplly to
each scalar summand in the expression

~ 3 .o N .
FRxy.z)=> Ri(xvwz}e §=1.8=] =k (k=1,2).
i=1

Namely,
g B m 1o B m 4 B
0| € |R(xyz9=0;| > 1e|o(x vz V| F(xy =X £|0(xy.zV) |0, k(xy2)=
1=1 1=1
H 14

U
.Z|

Y.Z,V) [iaiji(x,y,z,t)”ej. (24)

i=1

i=1

1
=

= i I|5 (% v.z,V)|9; [i':ki(xayyz,t)éj= ,ZT: I,f]é’(x,
“Lu

1 H

F11lm

5E-43 !
I, ‘\ m
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o
5 o o -1 6E-30-1 4E-30
s 8.8 x(m) 35 ym)
=8 ° c o
Fig. 1 — The real part of the first scalar compdradrihe Fig. 2 — The imaginary part of the first scalar gament of the
electric vector intensity. electric vector intensity.
H21Re H21Im
m 05E-48
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a8 ° é :
° 2 vim)
Fig. 3 — The real part of the first scalar compdradrihe Fig. 4 — The imaginary part of the first scalar pmment of
magnetic vector intensity. the magnetic vector intensity.

It is obvious that the final action of the partififerential operators (24) remain here the saredpathe homoge-
neous medium, accurate within the complete operatisult regarding all considered media’s bodigsere each of
them has its own featurgw, | £, ¢ = const. Mathematically it means the correctness of tla@ainalization operator
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procedure [8, 9] for the PDEs systems with the piece-wise constant coefficients. The last fact gives possibility using the
method [8, 9], [12] in the heterogeneous electromagnetic field media as well.

Partial numerical implementation. The particular case of the constructive results from this article was realized
partially for (1), (2) when the electromagnetic field vector intensities were assumed to be harmonic in the time argument

t,ie. E=E(xy dexp( Wi, H=H(xy, 2 exp( wt), wherei =+/-1, and @ was the vibration frequency.

Several frames of the computer simulation for the specific engineering problem regarding study of the spatial rec-
tangular resonator are shown in Figs. 1 — 4 below.

Conclusions. The generalized operator diagonalization procedure evoked by the Gauss algebraic method was ap-
plied here to the analytic investigation of the finite dimensional systems of PDEs representing the original mathematical
models in the electromagnetic field theory. The proposed apparatus allowed reducing the relevant differential Maxwell
equations in the Cartesian coordinate system to the general wave PDEs regarding all scalar components of the electro-
magnetic field vector intensities.

The aforesaid technique gives opportunity to obtain the required unified scalar equations regardless the specific
boundary and initial conditions. The last fact essentially simplifies the mathematical simulation in terms of the corre-
sponding boundary value problem whose explicit solution is got here by the generalization of the integral transform
method.

Future research concerns the complete numerical implementation and computer modeling for the various types of
the engineering problem mentioned in the preceding paragraph. The heterogeneous media will be considered as well.
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I. A. BOPOIIAEB, A. A. BACKOBA

MOJAEJIUPOBAHHUE IMPOLHECCA ITEPEXOJIA B TPYBAX CO CITMPAJIBHBIM
roO®PUPOBAHUEM

ITpoBenieHO MpsIMOE YHCICHHOE MOJICITHPOBAHHE HEN30TEPMHUUECKOTO TEUCHNS HA HAYaJIbHBIX YYaCTKaX INagKol TPYOBl M TPpyOBl C TOPUPOBAHHBIMH
BCTaBKaMH Pa3IMYHOM T€OMETPUH IIPU MEePEeXOHbIX unuciax PeliHonbaca. [IpoaHanu3supoBaHO BOHHKHOBEHUE H Pa3BUTHE KOIeOATEIbHBIX IIPOIEC-
COB B IMIaJKoH TpyOe U TpyOax ¢ roppHpOBaHHBIMU BCTaBKaMU. McciaenoBaHbl 0OCOOCHHOCTH CTPYKTYPHI BUXPEBOTO JBIDKCHUS H M3MEHEHHUS THUIPO-
JIMHAMUYECKUX MapaMeTPOB B TOPPUPOBAHHBIX BCTABKAX pa3HOW reomerpur. OnpesesieHa CTENeHb BIMSHUS yIila HAKIOHA ToQpUPOBaHUS K OCH TPY-
OBbI Ha THAPOANHAMUYECKHE IIPOLECCHI B IOTOKE B CIIE/IE MOCIe TOGPHUPOBAHHON BCTABKH.

KiioueBble c10Ba: TeueHHE B TpyOe, IMepexoaHble uucia PelfHombaca, BUXpEBbIe BO3MYIIECHNS, HEH30TePMUUCCKUH TOTOK, IPSIMOE U BUTOE
ropupoBaHye, YaCTHYHOE roGpUpPOBaHHE.

I'. O. BOPOIIAEB, O. O. BACKOBA
MOJEJIOBAHHSA IMPOLECY NEPEXOAY B TPYBAX I3 CHHIPAJIBHUM I'O®PYBAHHSM

ITpoBeneHo mpsiMe 4nceNIbHE MOAEMIOBAHHS HEI30TepMIUHOI Tedii Ha MOYaTKOBHUX AUISHKAX IMIaKol Tpyou i TpyOu 3 rohpoBaHUMYU BCTaBKaMH Pi3HOI
reoMeTpil npu nepexigHux uyncnax PeiiHonmbaca. [IpoaHanizoBaHO BUHMKHEHHS Ta PO3BUTOK KOJNMBAIBHUX MPOLECIB B I Kiil TpyOi 1 TpyOax 3 rod-
poBaHMMH BcTaBKaMu. JIOCIimKeHi 0COOIMBOCTI CTPYKTYpH BUXPOBOTO PYyXy Ta 3MiHHM TiIpOJMHAMIYHUX MapaMeTpiB B TOPPOBAHUX BCTaBKaX Pi3HOI
reoMeTpil. BusHa4eHO cTymniHb BIUIMBY KyTa HaXuily roh)pyBaHHs 0 oci TpyOH Ha TiipoJAMHaMIYHI IPOLECH B CIIijli Micist TOQPOBAHOI BCTABKH.

Kurouosi cioBa: Tedis B TpyOi, nepexiaHi uncia PeitHonbaca, BUXpOBi 30ypeHHs], HEI30TEpMIiYHUI MOTIK, IPsIME Ta BUTE TOMpyBaHHI, YaCTKO-
Be ro)pyBaHHS.

G. A. VOROPAIEV, A. A. BASKOVA
MODELING OF TRANSITION PROCESS IN TUBES WITH SPIRAL CORRUGATION

A direct numerical simulation of non-isothermal flow in the initial sections of a smooth pipe and a pipe with corrugated inserts of various geometry at
transitional Reynolds numbers was carried out. The formation and development of a three-dimensional unsteady flow structure in a smooth tube and
tubes with corrugated inserts were analyzed. The structure of the flow and the nature of changes in the hydrodynamic parameters inside the corrugated
insert were investigated. The influence of corrugation geometry on the flow mixing and the nature of hydrodynamic parameters distribution in the flow
after the corrugated insert were analyzed. An increase in hydraulic losses of up to 9% in tubes with corrugated inserts compared to a smooth tube was
observed and its dependence on the geometry of corrugation was studied.

Key words: flow in a tube, transitional Reynolds numbers, vortex disturbances, non-isothermal flow, straight and spiral corrugation, partial cor-
rugation.

Beenenue. OO0IEH3BECTHO, YTO TEPMOTHIPABINYECKUE XAPAKTEPUCTUKU BHYTPEHHUX TCUCHUUN TPH NEPEXOOHbIX
yuciax Petinonvdca ONPENENSIOTCS PeXNCUMOM MedeHuss (IAMUHAPHLLI I mypOyienmubill), HOPMUPYIOIIMMCS B
YCTPOMCTBAX B 3aBUCUMOCTH OT YCJIOBUI Ha BXOJI€, KAUECTBA U BUJIa TEOMETPUH [TOBEPXHOCTH, & TAKKE U3MEHIEMOCTH
(U3MYECKUX MApPaMETPOB TEKYILEH cpe/ibl. B MPOTSIKEHHBIX YCTPOUCTBAX MPH U3MEHEHHH MTPOXO/IHBIX CEUCHUN PEXUM
TEYCHHUSI MOXKET HEMPEICKa3yeMO MEHSTECS, YTO PHBOIUT K PE3KOMY M3MEHCHHIO TEPMO-THAPABINIECKAX XapaKTepH-
CTHK TEIJIOOOMEHHBIX YCTPONCTB.

BMecte ¢ TeM, TEOPETHUECKHUM KIACCHIECKHN aHAIN3 TeYEHHS B TpyOax MOCTOSHHOTO JAWAMETPa He JAeT Moporo-
BBIX 4Hcell PeiHONIBICA TOTEPH YCTOWINBOCTH TEUCHHUS, B OTIIHUHME OT YCTONUMBOCTH MOTPAHUUYHBIX CIOEB, TIE TEOpe-
TUUYECKHUI JINHEHHBIN aHAN3 TOTEPH YCTOWIUBOCTH KAYECTBCHHO M KOJIMUECTBEHHO MOATBEPIKAACTCS SKCIIEPUMEHTOM.
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