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Superconducting Magnetic Energy Storage (SMES) is an exceedingly promising energy storage device for its cycle efficiency and
fast response. Though the ubiquitous utilization of SMES device is restricted because of the immense cost of cryogenic refrigeration
system to sustain the superconducting state but with the continuous evolution of high Tc superconductors, SMES is turning into a
major contender to the existing energy storage devices in the future. Among its several parts, the superconducting coil is considered
to be the most crucial segment of this technology and the inductance generated in the coil determines the quantity of stored energy.
In this paper, the possible geometrical configurations of SMES coil have been demonstrated. High Tc superconducting tapes are
usually employed to form these configurations worldwide. BSCCO (Bismuth strontium calcium copper oxide)-2223 tape
superconductor has been considered for studying the conceptual designs of superconducting coil of SMES. Before estimating the
results, the value of critical current at different magnetic field densities and temperatures have been addressed through the study of
superconducting tape characterization. Numerical results and the relationship among the several parameters for both the solenoid and
toroid configurations in different specifications have been presented. Based on the results, the size ratio in solenoid and the mean
toroid diameter in toroid arrangement is found to play the vigorous roles in the generation of inductance and hence the energy
storage. The results also match the propensity of other studies. Suggestions for maximum energy gain from a specific solenoid
configuration have been provided. Future research scopes with alternative superconducting tapes and limitations of this study have
been briefly conferred.
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Superconducting magnetic energy storage (SMES) is one of the benedictions of superconductivity. SMES stores
energy in the form of magnetic field produced by the flow of direct current in a superconducting coil which has been
cryogenically cooled to a temperature below its superconducting critical temperature (Tc). The stored energy can be
released back to the network by discharging the coil [1]. Discovery of high-Tc materials as well as the development of
other equipment is making SMES a better option in energy storage facilities [2]. SMES is considered as one of the most
efficient energy storage systems and its lifetime is also relatively higher than the other storage systems [2]. SMES can
be used in several ways like FACTS (Flexible AC Transmission System), UPS (Uninterruptible Power Supplies),
System stabilizer and so on [3]. The essential parts of a SMES system consist of superconducting coil with the magnet
(SCM), power conditioning system (PCS), cryogenic system (CS) and control unit (CU) [3]. Of them, the
superconducting magnet coil or inductor is the most important part for technical as well as electrical perspective. The
SCM is considered as the heart of the SMES technology. It is well known that the storage energy depends on fixed
operating current I (of course below the critical current, 1) and the inductance of the magnet coil. The possible way of
increasing energy storage is to increase the inductance of the respective coil. Therefore, it is necessary to study the
magnet coil which can be done by observing its characteristics. Since the beginning, there have been many experimental
and theoretical studies led on this topic. There are three types of coils that may be considered; Solenoid, Multiple
solenoid and toroid coil. Here, we will present the study on conceptual designs and theoretical considerations of
superconducting magnet coils (solenoid and toroid) of SMES system for energy storage purpose. Before going to the
key section, pertinent formulas utilized in this study have been introduced for understanding the study goal.

INDUCTANCE, ENERGY AND VOLUME OF A SMES COIL

When a DC current is passed in a normal conductor the energy would be dissipated due to the resistance of the
wire. But when the flow of DC current in a wire made of the material that possesses superconducting behavior, a
magnetic field is generated due to the flow under proper condition. This means that the energy will be stored in the form
of a magnetic field in a persistent mode and will remain the same until utilized. A very steady DC current will also exist
in a closed circuit due to the zero resistance environment of a superconductor. This principle works on a
superconducting coil storing electrical energy in the form of magnetic field and the stored energy will be inductive. It
can be written in the form [4, 5],

E:§L12 )

where, L = Inductance of the coil, / = current that flows through the coil.
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While designing a SMES system the calculation of inductance of the coil is very important to understand how
much energy can be gained from this and how to accumulate or connect the other components including the protection.
Typically there are two kinds of SMES magnet topologies:

1. Solenoid and
2. Toroid.

SOLENOID CONFIGURATION
Solenoid configuration is frequently used due to its simple winding process, high stray field and non -uniform
stress. Fig.1(a) and 1(b) are showing the construction of the superconducting magnet in the solenoid configuration in a
SMES system.
The inductance of a solenoid coil can be written in the form [5],

N2D; (a+1)?

L =muy (?ﬁl) 1 +0.9(“_“)+0,64(“—‘1)+0.84(a—_1)’ -

4B a+1 2B

where N is the total number of turns of the solenoid, Dy is the outer radius and D; is the inner radius of the solenoid coil.
o and f are the size ratios which are determined by the following formulas,

D
a=2
Dj

and B = Di 3)

where H is the total height of the coil and
H = Wyn, @

where: n,, = the number of pancake and W,= width of the superconducting tape.
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Fig. 1(a) SMES Coil in solenoid configuration Fig. 1(b). Three dimensional representation of

SMES Coil in solenoid configuration
The total number of turns of the coil N of the solenoid is determined by the relation

N=nXn, 5)
Here, n is the number of turns in each pancake and is written as

__ Outer Diameter(Dy) —inner diameter (D;)

” (6)
where ¢ is the thickness of the tape conductor.
Using Eq. (1) for inductance L and replacing I by 1., the energy stored in a solenoid coil for a critical current I,
_ 12 N2D; (a+1)?
B=5 o (55 Y Ay PP oy M
Here, L. (>]) is the maximum current sustain in a superconducting coil, determined by the relation
L = JAs, (8)

where J= critical current density of the superconducting tape in (A/m?), A= Area through which current flows
And the area (in m?) can be written as
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A=Wyt (€))

The total volume of the SMES coil in solenoid arrangement can be written as (Figure 2)

V, = nrfH (10)
And the volume of the inner empty space
V, = nrH, (1
Vy=mrH
Vy =mr;’H 7 |
mn? nry?

N ‘ |
Q\ )

= | //’

Fig. 2. Schematic for volume analysis of SMES coil

l_
T_

where 77 is the outer radius and 7, is the inner radius which can be calculated from

= % and 1, = % (12)
So the volume of the superconducting material is
VSC = Vl - V2 = 7TT’12H - T[TZZH (13)
TOROID CONFIGURATION

In the toroid arrangement, the winding process is relatively complex but there are no limits to the stray field and
the stress can be optimized more efficiently than the solenoid arrangement of the superconducting coil for the SMES
system [6]. In Fig. 3(a) and 3(b) are showing the construction of the toroid configuration.
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Fig. 3(a). SMES Coil[7] in Toroid configuration Fig. 3(b): Three dimensional representation of SMES Coil in

Toroid configuration

In the Fig. 3(a) and 3(b) D is the mean diameter of torus, d is the inner diameter of winding and g is the thickness.
For a thin winding torus, the exact analytical expression of inductance is written as [4, 7].

L= "D - VPT=a7), (14)

where py= permeability in the vacuum.
Using equation (14), the energy stored in a toroid coil now can be written as

2
E= ~LI>=*%[D - VD7 = d?] (15)
The total section or area of superconductor corresponding to the inner radius shown in Figure 2(b) is [7]

Asc:ng(D_d_g) (16)
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Using equation (8) and (16), equation (15) can be written as,

2
E=2En262(D—d - g)?[D - VD? = d?] (17)
The volume of the superconducting material [7]
Vsc =m?g(D —d — g)(d + g) (18)
Let us define,
_4a =9
a—Dandﬂ—D (19)
The energy and volume equations in terms of size ratio can be expressed as
2
= —°r —a-— - —a
E=#En2p2p51 B)?1 - V1—a?] (20)
Vsc =m?*D*(1 —a — ) (a + ) (21

HTS TAPE CHARACTERIZATION

Superconducting tapes or more specifically high temperature superconductor (HTS) tapes plays the major role in
determining the quantity of inductance as well as the energy stored in the SMES system. But before utilization we have
to understand the characteristics of the tapes that provide the proper idea about the quantity of the inductance that can
be generated. Now a days, there are several options to this and the silver coated Bi2223 (Bismuth strontium Calcium
Copper Oxide) HTS tape has been chosen for this study. These tapes are responsive to both the perpendicular and
parallel magnetic field. The critical current that flows through the tape is also dependent on temperature. Lower the
temperature, higher the critical current at a specific magnetic field density [9] [16]. The critical current also differs for
perpendicular and parallel magnetic field.

For this study we have only considered the perpendicular component of the magnetic field. Figure 4 is showing the
relationship of the current with the magnetic flux density at some certain temperature. From these we can find out the

critical current in the HTS tape. These figures are taken from the experimental results [8] determined by Kozak J.
et.al. (2009).
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Fig. 4. (i-iv) - Ic-B relationship of Bi2223/Ag HTS tape with the perpendicular field component at different low temperatures [8,9]

From the characterization we have the critical values of current for the different perpendicular magnetic field at
some specific temperatures (shown in Table 1).
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Table 1.
Value of the critical currents at different temperatures for different perpendicular magnetic field component [ 8]
Temperature Magnetic flux density Critical Current Ic
77K 0.15T 25A
64K 0.30T 50A
35K 1.0T 180A
13K 1.5T 264A
STUDY METHODOLOGY

From section II we can see that the inductance is dependent on the several parameters like the inner diameter,
outer diameter etc. for solenoid arrangement and in the toroid arrangement the toroid diameter and inner diameter of the
pancake. So, several cases will be considered in this study. After the study of the inductance and energy the volume
energy relationship will be presented. A comparison between these two configurations will also be presented. All the
primary numerical calculations have been done with the help of SMES-PCC (superconducting magnetic energy storage-
parameter calculation & characteristics) computer program developed by us. It is useful in calculating the inductance,
energy and some other parameters required for designing a SMES coil [18]. Also MATLAB has been employed for
additional calculations. The block diagram (Fig. 5) is showing the considerations and steps in this study.

STUDYING SMES COIL

SOLENOID TOROID
{

Varying the outer diameter
and keeping the no. of pancakes
and inner diameter fixed

I

Varying the inner diameter
and Kkeeping the no. of pancakes
and outer diameter fixed

1

Varying the no. of pancakes and
inner diameter keeping the outer
diameter fixed

!

Varying the no. of pancakes and
outer diameter keeping the inner
diameter fixed

1]

Varying the no. of pancakes,
mean toroid diameter and
inner diameter keeping the

outer diameter fixed.

Estimating the volume of the
superconducting material

Estimating the volume of the
superconducting material

Fig. 5. Block diagram for describing the several steps and considerations in the study.

RESULTS
The tape specification is given in Table 2. As mentioned in the methodology, we have started with a fixed no. of
pancake layers and inner diameter and considered some possible cases. Fig. 6 is illustrating the coil specification and
the design. All the necessary illustrations have been drawn with Edraw-Max software.

Table 2.
Superconducting tape specification [5, 8, 9]
Tape specification Bi2223/Ag HTS tape
Width of the tape (Wp) 4.2 mm or 0.0042 meter
Thickness of the tape (t) 0.31 mm or 0.00031 meter
Critical current I, at 77K,0.15T 25A
Critical current I, at 64K,0.30T 50 A
Critical current I at 35K,1.0T 180 A
Critical current I at 13K,1.50T 264 A
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42 mm

Tnner Diameter

Outer Diameter 14 pancake layers 168 mm

Fig. 6. Illustration of Pancake layers and solenoid arrangement (for 14 pancakes)

Fig. 7. is illustrating different values of outer diameter while keeping the inner diameter fixed. Fig. 8 is illustrating
the considerations for the different values of inner diameter while keeping the outer diameter fixed. In Fig. 9, it is
observed that the inductance increases when the inner diameter is retained constant and varying the outer diameter,
greater the outer diameter greater the inductance and hence the energy, shown in Fig. 10. The opposite results are
obtained when the outer diameter was kept constant and gradually increasing the inner diameter (Fig. 11).

Fixed inner
diameter with
variable outer

diameters

1.05 meter
0.90 meter
075 meter [
0.60 meter
0.45 meter
0.35 meter

Fig. 7. Constant inner diameter with variable outer diameter

Fixed outer
diameter with
variable inner

diameters

0.80 meter
065 meter
0.45 meter
0.35 meter
0.25 meter
0.15 meter

0.80 meter

Fig. 8. Constant outer diameter with variable inner diameter
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Fig. 11. Variation of inductance and energy with outer diameter at
25A @77K, 0.15T (keeping the inner diameter fixed)

FIXED INNER VARIABLE OUTER

0I5 meter
0.60 meter
045 meter
——> 035 meter

n, =30,H = 0.13m )

—— L L

“
% 1S meter

A\ \ GO \\\\\\\ &

i

n, = 24, H= 0.10m

f

FIXED OUTER VARIABLE INNER DIAMETER

045 mater
0.25 mater

080 meter
045 mater
0.35 meter

——> 0.15 moter

) U [ S ——

J

n, = 4,H = 0.0168m

np = 2,H = 0.0084m ——) -~
n, = No.of Pancake layers
H = Height

0.90 meter

Fig. 12. Variable Pancakes consideration

Now we will observe the variation when the no. of pancakes varies with outer and inner diameters. Fig. 12 is
showing the variation of pancakes with outer diameter (keeping inner diameter fixed) and inner diameter (keeping outer
diameter fixed).

The calculated results (Fig. 13,14) indicate that the inductance as well as energy increases when the inner diameter
is kept constant and vary the outer diameter and pancakes and vice versa. Quite interesting results obtained when we
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kept the outer diameter constant and gradually increase the inner diameter and number of pancake layers. In this case
the inductance rises up for a certain configuration but ultimately the inductance starts to decrease after reaching a

maximum value (Fig. 15).
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Now considering the volume of the superconducting materials and the corresponding energy stored. The
maximum energy can be obtained when we keep the inner diameter constant and vary the outer diameter at 264A
@13K, 1.5T. Considering the variation of pancakes with the constant inner diameter and varying outer diameter, the
volume of the superconducting material has been calculated. We see that the energy is positively related with the
volume (Fig. 16) i.e. greater the volume greater the energy output.
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Fig. 17. Toroid design considerations Fig. 18. Relationship between inductance, mean toroid

diameter, inner diameter of the pancakes

Now we can study the toroid arrangement of SMES magnet. Fig. 17 is illustrating a few of the considerations.
There are mainly two variables that determine the toroid inductance. The first one is the toroid diameter and the next
one is the inner diameter of the toroid windings. So keeping the outer diameter fixed, varying the toroid diameter, inner
diameter and pancakes we have calculated the values of inductance, shown in Fig. 18.
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From Fig. 18,19,20 it is clear that the inductance as well as energy in the toroid arrangement increases with the
increase of mean toroid diameter as well as the inner diameter.

DISCUSSION AND CONCLUSION

The theoretical considerations of superconducting magnet have been demonstrated in Fig. (6, 7, 8, 12 and 17) and
the results are in Fig. 9-11, 13-16, 18-21, provide the understanding of the relationships among the parameters that
determines the amount of the energy stored in the system. In the study of the solenoid coils or magnets, it is observed
that the outer diameter should be as great as possible to ensure the maximum amount of energy stored considering the
smallest possible inner diameter. This can also be understood in terms of size ratio i.e. the ratio between the inner and
outer diameter, greater the size ratio greater the inductance. Also the increasing number of pancake raises the amount of
stored energy. But when we want to employ less amount of superconducting material and ensure maximum energy we
have to optimize the configuration with inner diameter (Fig. 15). In the case of toroid the mean toroid diameter as well
as inner diameter of the pancakes plays the most substantial role in determining the quantity of energy stored in the
system. The obtained results are completely in coherence with the former theoretical and experimental studies [5, 7, 8,
9, 10, 16]. Though we have neglected the inter-distance between the pancakes in solenoid arrangement but it did not left
any major impact on our results. This inter-distance between the pancake layers which is very tiny but definitely
contribute to the height of the coil. If not omitted, the results should be the same, determined by others [8, 9].

We have calculated inductance for the toroid arrangement using thin torus winding (low thickness, g). The overall
results suggest that the designs we have illustrated (regarding pancake layer, critical current, etc.) are not efficient for
this arrangement (toroid), even the material volume does not affect much in stored energy compared to the solenoid
arrangement.

It is essential to mention that for our theoretical study we have considered the same critical current for all the
configurations while calculating the energy. Practically when the dimensions or the structural parameters changes there
should be changes in the magnetic field as well as the critical current. So the practical implementations for some of
these configurations will definitely deviate from the theoretical results.

However, for this study BSCCO tape superconductor has been considered but there are some other alternatives
like YBCO tapes [13, 14] or the comparatively contemporary MgB, based superconductors [15] which are capable of
attaining greater current densities ensuring greater amount of energy under the same condition as described in the HTS
tape characterization. Also studies can be extended for other conceptual designs with LTS superconductors, like Nb-Ti
which has greater current density.
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J1JIS1 3BEPITAHHS EHEPI'Ii B HHME
M. Aéayaiaa Aab 3aman?, MLP. Icaam®, X.M.A.P. Mapy¢*
“Kagedpa mexcmunvroi mexwixu, Ilieniunuii ynigepcumem bawnenaoew, /Jaxa, Baneradew
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Haampoinaunit HakormmayBay MmarHiTHOI eHeprii (HHME) — Han3BuuaiiHO mepcHeKTUBHUA NPUCTPii 1uist 30epiranHs eHeprii yepes
e(eKTHBHICTh HOTO LUKy Ta MIBHAKUH BiAryk. Xoda MoBCronHe BuKopHucTaHHs mpuctporo HHME oOmexeHe depes3 BennuesHy
BapTICTh KPIOT€HHOI CUCTEMHU OXOJIOKEHHS ISl MIATPUMKH HaJIIPOBIIHOTO CTaHY, aje 3 MOCTIHHOIO €BOJIONIEI0 HAANPOBITHHUKIB 3
BucokuM Tc, HHME mnepeTBoproeThcsi Ha TOJOBHOIO KOHKYPEHTa iCHYIOUHMX IPHCTPOIB aKyMyJIOBaHHs eHeprii B MailOyTHbOMY.
Cepen [eKiIbKOX HOrO YacTHH HAAMPOBIAHA KOTYIIKA € HAWBaXJIMBIIIAM CErMEHTOM Ili€i TEXHOJOril, a iHAyKTHBHICTb, IO
CTBOPIOETHCSI B KOTYIII, BH3HAYa€ KUTBKICTh HAKONMWYEHOI eHeprii. Y miif poOOTi MpoAeMOHCTPOBaHI MOXKIJIHBI T€OMETPUYHI
koH¢irypanii korymka HHME. Haanposinai cTpiuku 3 BucokuM Tc 3a3BHMUail BHKOPUCTOBYIOTECS Y BChOMY CBITI JUIsl ()OpPMYyBaHHS
X KoHQirypauiif. Y po6oti posrisiHyra HaxnposinHa crpiuka 3 BCKMO (BicMyT-cTpoHLii-KabLid-MigHUH OKcHa)-2223 mist
BHBYCHHS KOHIIENITYIbHIX KOHCTPYKLiH HaanposiaHoi korymkdn HHME. Cnovatky Oynu BU3Ha4YeHi 3HAUE€HHA KPUTHYHOTO CTPYMY
MIPH Pi3HIA MIITFHOCTI MAarHiTHOTO MOJISA Ta TEMIIEpaTypi IUIIXOM BHBYCHHS XapaKTEPHCTHK HAAMPOBIIHUX cTpidok. [IpencraBieHi
YHCEIbHI Pe3yJIbTaT! Ta CIIBBIIHOIEHHS MK JEKUIbKOMA IapaMeTpaMy SIK JJIsl COJICHOIHOT, TaK 1 IS TOpOinHOI KOHQIryparii y
pisHux cnenudikamisx. Buxonsun 3 pe3ysbTariB, BCTAHOBICHO, IO CITiBBIJHOIICHHS PO3MIPIB y COJICHOIII Ta CEpeHii aiamerp
TOpOiZa B pO3TalllyBaHHI TOPOI/IB Biirpae BaXJIMBY pOJIb Y TeHepallii iHIyKTUBHOCTI, a OTXe, i B HAKONWYCHHI eHepril. Pe3ynbraru
TaKOX BIAMOBINAIOTH MOCHIKEHHSAM IHIIMX aBTOpiB. HamaHo mpomosumii om0 MakCHMaabHOTO MiACWIEHHS €Hepril s
KOHKpPETHOI coyeHOinHoi KoHGiryparii. Takox Oyl KOPOTKO TpeNncTaBiIeHI MaiOyTHI cdepH MOCTIHKEHb 3 albTepHATHUBHIMHU
HA/IMPOBITHUMH CTPIYKaMH Ta X 0OMEKEHHS.

KJIFOYOBI CJIOBA: HHME, iHnyKTHBHICT, HAKOIIMYYBay €HEPrii, COJICHOI N, TOPOIx.

HCCJEJIOBAHUE KOHIIEIITA KOHCTPYKIIMHA CBEPXIIPOBOIAIIENA KATY KU
JJIA1 XPAHEHUSA DOHEPTUH B CHMD
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CBepXnpoBoIsIIHi HaKOMUTENb MarHUTHOU sHeprun (CHMD) — upe3BeI4aiiHO NepCIeKTHBHOE YCTPOMCTBO JUIS XPaHSHUS SHEPTUH
n3-3a 3G PEeKTHBHOCTH €ro LUKJIa U OBICTPHIA OTKIMK. XOTs MOBCEMECTHOE MCIoib30Banue ycrpoiictBa CHMD orpanudeHo u3-3a
OTPOMHOH CTOMMOCTH KPUOT€HHOW CHCTEMBI OXNaXKICHHs IS MOJJEPKaHUSI CBEPXMPOBOJSIIETO COCTOSHUS, HO C TOCTOSTHHOM
9BOJIIOIMEH CBEPXMPOBOJHUKOB ¢ BBIcOKMM Tc, CHMD mpeBpamaercs B TIaBHOTO KOHKYpPEHTa CYIIECTBYIOUINX YCTPOICTB
aKKyMyJIUpOBaHMsSI 3Hepruu B OyaymeM. Cpeanm HECKOJBKHX €ro dYacTeldl CBepXMpOBOJIIAs KaTyIIKa SBISIETCS BaKHEHIINM
CETMEHTOM 3TOH TEXHOJIOTHH, a HHAYKTUBHOCTB, CO3/laBaeMasl B KaTyIIIKe, ONpeelsieT KOJIMIeCTBO HaKOIUICHHOH 3Hepruu. B aroit
paboTe MpoaEeMOHCTPUPOBAaHBI BO3MOXKHBIE TIeoMeTpHueckre KoHgurypaumu katymku CHMD. CepxmpoBopsiye JEHTHI ¢
BBICOKMM Tc OOBIYHO HCHOJB3YIOTCS BO BCeM Mupe s (GOpMHpOBaHMS 3TUX KoHburypammit. B pabGore paccmoTpeHa
cBepxmpoBonsmas JsieHTa ¢ BCKMO (BHCMYT-CTpOHIMH-KaTbUMH-MEIHBIA OKCHI)-2223 Ui W3y4YCHHS KOHIENTYaJTbHBIX
KOHCTpYKIMH cBepxnpoBogsmeil karymkn CHMD. Crauana ObuM OmnpeneieHbl 3HAaYSHUs KPUTHYECKOIO TOKa JUIS Pa3IM4HON
IUIOTHOCTH MArHUTHOTO TIOJISI M TEMIIepaTypbl IyTeM H3Y4YeHHs XapaKTepPUCTHUK CBEPXIPOBOMAIIMX JIeHT. IIpencraBieHHbIC
YHCIICHHBIE PE3yNbTaThl U COOTHOIIEHUE MEXIY HECKONbKAMHU IapaMeTpaMH Kak A COJCHOMAHBIX, TaK M TS TOPOUAANBHBIX
KOH(MUTYpaIri B pa3NU4HBIX crienudukanusax. Mcxomns u3 pe3yabTaToB, yCTAHOBIEHO, YTO COOTHONIEHUE Pa3MEpOB B COJICHOUME U
CpefHHH aMeTp TOPOHJIa B PACIOJIOKEHHH TOPOHUIOB UIPAeT BaXKHYIO POJb B T€HEPAIlMU WHIYKTHBHOCTH, a CIEJOBAaTEbHO, H B
HaKOIJIGHHU SHEPTUH. Pe3ysbTaThl TAKXKE COOTBETCTBYIOT UCCIICIOBAHHSM MPOBEICHHBIMHU JPYTHMH aBTOpaMu. J{aHbI MpeIoKEeHHS
N0 MaKCHMaJIbHOMY YCHIICHWsI SHEPIMU /Ul KOHKPETHOW COJICHOWAHBIH KoHpurypamuu. Taioke OBUIM KpaTKO MPEICTaBIICHBI
Oymymue cepbl UCCIeA0BAHNH C aTbTePHATHBHBIMU CBEPXITPOBOSIIMMH JIEHTAMH 1 UX OTPaHUICHHUS.
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