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The open space inside torus of superconducting magnetic devices, as against a fusion device, may be used for placing
elements of mechanical support structure. The toroidal systems with O-shaped and racetrack-shaped coils and support
elements inside torus are investigated in this paper. Two problems are solved proposed magnets configurations:
elimination of bending moments in the support system and ensuring uniform mechanical stress in all support elements.
Support system requirements as well as the volume of a superconducting winding and sizes of toroidal system are
analyzed. The racetrack-shaped torus support system requirements are approximately the same as corresponding
values for O-shaped torus with spokes and for traditional systems with geometrically more complicated banded D-
shaped coils. The volume of superconducting winding of toroidal system with racetrack coils is considerably lesser in
comparison with O - shaped coils and approaches to theoretical minimum for D-shaped torus. Also, the toroidal
magnet with racetrack coils has minimal radial sizes as compared with other researched configurations. References 25,
tables 2, figures 8.

Key words: toroidal superconducting magnetic energy storage, support system, spokes inside torus, size and mass
parameters.

Introduction. Recent studies have explored some of the important benefits that large-scale SMES
technology could provide to both the electric power industry [1,2,12] including applications in power
systems with renewable energy sources [3, 4] and industrial end-users of electric power, particularly those
that critically depend on a supply of reliable, high quality electricity, such as computer chip and
pharmaceutical manufacturers, and electric arc steel mills.

Nowadays it is designed SMES with different value of stored energy. The energy of magnets for
electric power industry has values from 1-10 MJ [11,16,19] up to 10°-10° MJ for large-scale devices
[8,15,17,24]. The mass of the support structure increases proportionally to the magnetic energy [13] and for
magnets with large accumulated energy its mass constitutes a major fraction of the mass of all structural
elements. One of the primary challenges in designing suitable SMES devices is to accommodate as efficiently
and economically as possible the large mechanical stresses arising from the electromagnetic forces.

Two ways are known to reduce the mass of the magnet support system in toroidal energy storage
devices: application of a helical winding configuration resulting in reduced forces [5,21,22,25] and
application of constant tension D-shaped toroidal coils [9], [20]. In both cases, the winding geometry and
overall design of the magnet systems become complicated in comparison with storage using simpler and
cheaper circular, O-shaped coils.

Support systems usually contain clamping belts around coil windings to resist the large forces that
are developed when the coils are energized. Because tension is not constant and bending moments are not
zero in toroidal systems with O-shaped coils, the mass of the support structure becomes much greater than
the idealized value calculated based on average tension and zero bending moments [7]. As developed in
magnetic fusion research, toroidal systems with D-shaped coils provide a more optimal distribution of
mechanical stresses than those with O-shaped coils, eliminating bending moments and producing constant
tensile stress along the length of the coil case. However, these devices are more complicated and expensive
to fabricate, resulting in preference often given to SMES devices with O-shaped coils.

Many studies have sought to define and develop the most advantageous method of supporting the
coils of toroidal fusion devices, however, none of these studies has considered internal spoke supports since
the center of the torus of a fusion device contains plasma inside a vacuum vessel. SMES devices, however,
do not have such restrictions, and may take advantage of the open space inside the individual toroidal coils.
For this reason, the conceptual design of SMES with spokes placed inside of torus has been proposed in [10,
14, 23]. The main aim of this paper is to investigate toroidal systems with different configurations of coils to
reach the minimization of both the volume of structural materials and the mass of a superconductor. For this
purpose the toroidal magnets composed of circular-shaped coils with various support systems and the
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magnets consisting of racetrack-shaped coils with spokes are considered. In this type of spoke design all
components of the support system have no bending moments. There are only either tension (spokes) or
compression (support rings). The main features of proposed SMES spoke support systems and its parameters

as well as comparisons with more conventional SMES designs are presented below.
Mathematical model. An ideal model of toroidal system that has a sufficient number of coils is
A considered. The configuration of each filament is the same as the
configuration of the curvilinear axis of a coil. The following
parameters define the geometrical sizes and the configuration of
dF=fd toroidal system: a large radius R, a relative radial size of torus cross-
dl section (aspect ratio) ¢ and ratio of the vertical size to the radial size

P of torus cross-section A4 (Fig. 1):

R =(p1 +,02)/2 > g:(p2 _pl)/(pz +p1) s A=2z,, (pz _pl)il' (1)

The magnetic field confined within the torus and the induction
B has only an azimutal component, which is inversely proportional to
the distance from the z-axis

P B=u,IN(27p) ", 2)
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‘ R ) Where N Iis the total number of coils in the torus, I is the current per

< P2 > coil (NI is the total of ampere turns in the current sheet or the total
Fig. 1 poloidal current of the torus).

Equation for energy stored in magnetic field is determined by

integration with respect to the volume of torus 7 and can be written as
B’ I*N°R
ay =t kyy » 3)
i 24 4

W =

where kj, is a dimensionless parameter.

Each incremental length dl of the coil experiences an electromagnetic force dF = fdI which is
perpendicular to the surface. The distribution of linear force density, f along the perimeter of each coil, is
given by

f=IB"/2, 4)
where B* is magnetic fields inside the torus near its surface.

The total electromagnetic force F that acts on each coil is non-zero and it is directed to vertical z-axis

Fszf(l)cosﬁdl. (5)
l

Superconducting magnets with support structure inside torus. The toroidal magnets with circular
and racetrack shaped coils and support structure inside of torus are investigated below. These toroidal
configurations have some similar elements and its main parameters are the same while as relative vertical
size of torus is equal to A=1. At first more simple configuration with support structure placed inside
circular coils (Fig. 2) is examined. Then it is examined the magnets with racetrack shaped coils (A > 1) that
have some additional elements (Fig. 3).

1. Toroidal magnets with circular coils and support rings outside of torus. Toroidal system with

circular coils of radius a has geometrical parameters ¢ :% :% and A =1. The energy stored in the
magnetic field of torus is given by [20] S
W =0,25u,*N*Rk,, ky = 2(1 V- ) ©6)
and the linear density force is
f= %IB = 47[(:0—;::0@ . (7)
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Instead of clamping belts, each circular coil is supported by a number of internal spokes. The spoke
system aims to solve two mechanical problems: to eliminate the bending moments in the support system and
to ensure a uniform mechanical stress in all spokes.

The main components of toroidal SMES and support rings arranged outside of torus are shown in
Fig. 2. All radial spokes are connected at one central unit. As the central unit has no additional support, the
sum of forces in the spokes must be equal to zero. For this reason the radial spokes are absent in the sector
with an angular size 2 6, as it is seen in Fig. 2.

T

The value of the angle 6, is determined by _[ f(@)cosdd=0. ®)
%

Combining (7) and (8) the following equation to determine the angle 6, is given as

2 1-¢ o
-0 - tan'| [—tan'| =2 | |=0. 9
RN {\/Hs o (2]} )

The electromagnetic forces distributed along the arc —6, <8 < -6, must be resisted by additional

components, support rings, of the support system. The forces arising in the support rings compensate for the
radial component of magnetic forces and, therefore, the support rings are in compression. The z-directed
forces that act on the support rings are equilibrated by vertical

dF dFsinv  spokes, which are in tension.
In this proposed support structure design, all
dl components of the support system have no bending moments.
dFp= dF cosu They are either in tension (radial and vertical spokes) or

compression (support rings).

To determine the required volumes of the structural
materials, radial and vertical spokes as well as support rings, it
is assumed that all spokes have equal stresses G, in tension and
all support rings have equal stresses 6. in compression.

All spokes are assumed to have equal stresses in tension
o The support ring has stress in compression G..

If the radial spokes are located densely enough, the
mechanical stress in each spoke can be approximated as

o =dF/dS=f (l )dl /dS , where dS is the area of the radial spoke cross section (Fig. 4, a).
The volume element of the spoke is given by dV, =adS=(a/o,)f(I)dl. For circular coils the

a) - b)
Fig. 4

elemental length of perimeter is d/ = ad@ . The total volume of the spokes is determined by the integration
for @ gaping from 6, to 27 —6,. The volume of the radial spokes of all N coils is given as
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2a’N % I’N°R
V=" [ £0)0 =20 == (r-6,). (10)
T 4 2ro,
The volume of the vertical spokes is determined in the condition of equilibrium in the z-direction. In
this case, as shown in Fig. 4b, o, = dF, /dS, = f(0)sinfad8/dS, , where dS; is the area of the vertical spoke

cross section. The length of the spokes is not constant, /, (9)= 2asin @ . After integration, the volume Vy, of
vertical spokes of all coils is given as

[2)) 272 .
Vo =N [L(0)ds, =M52{ 7, sinb —ﬂ+00}. (11)
0y 270, 1il-g? €

Note that the volume of the vertical spokes is very negligible and these spokes may have a rather
theoretical interest as, in practice, they may be replaced by an unbroken non-straight cylinder as the
compression structure [10].

The total volume of the structural materials that are in tension will be the sum of the radial and

vertical spoke volumes, V, =V, +V,,. Utilizing a x4/ 2N2R factor appearing in the equation for stored
energy W in (6), the volume of spokes is as follows:

V.=Wo,'Q,, where Q =x" (1+g(1—\/1—g2 )" siné’o). (12)

The volume of the support rings that are in compression can be easily defined taking into
consideration the fact that each support ring is under the action of the uniformly distributed forces, which are

directed to the center of the ring. Each of the N coils presses down with force dFy =dF cosé on a ring
element with length dl (Fig. 4, b). In this case, the ring is in compression with stresses o, =dF,N/2xdS_,

where dS, is the area of a ring cross section element. The volume of each ring element will be
dV, =2rpdS, = ojlf(H)Na(R —acos H)cos 0d0 and the volume of all rings is given by

0o 252
y =N ff(&)pcosﬁd&zMgsinHO. (13)
¢ _n 2ro,
o
Using (6), the volume of the structural materials in compression is
V.=Wo.'Q., where Q =rx'g(l-+1-¢")"sind,. (14)
The comparison of (14) and (12) gives
0,=0.+1. (15)

A similar equation is valid for toroidal solenoids with momentless constant tension coils. The
equation is also valid for magnets with O-shaped coils and support belts around the coils, but only if o, is
the average stress value and the bending moments are not taken into consideration [6]. The research has
shown that equation (15) has a more general application; it is appropriate for toroidal magnet systems with
spokes as the tension structure.

2. Toroidal magnets with racetrack shaped coils. The toroidal systems with the racetrack coil
configuration also allow the usage of spokes as a support structure, and systems with O-shaped coils make a
particular case of this configuration. Each coil has upper and lower semicircular parts with radius a and a central
straight part with length 4 (Fig. 3).

The geometrical parameters which characterize the toroidal magnet configuration with a racetrack-
shaped system include a aspect ratio of torus & =a/R and a ratio of the vertical to the radial sizes of the

torus cross-section A = (2a + h)/ 2a . In comparison with an O-shaped torus the racetrack-shaped coil system

has additional elements, namely, a central spoke, horizontal spokes, a backing cylinder. As well as for O-
shape torus, all construction elements have no bending moments, additional spokes have constant stresses in
tension and the backing cylinder has constant stresses in compression.

Equation for dimensionless parameter &y of the magnetic field energy W =, I°N°Rk, (8, i)/ 4 is

kW(g,ﬂ)zz(l—\/l—gz +Mlnl+—8j. (16)
T

1-¢
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The sum of forces in the radial spokes must be equal to zero. So, the radial spokes are absent within
the angles 0 <60 <46,, where 6, is the same as for O-shaped coils (14). The electromagnetic forces here, as
well as at the straight part, are balanced by the reaction compression forces in the support rings and the
backing cylinder.

The choice of the permissible mechanical stress in vertical spokes allows to determine their cross

section dS, =o' f(6)asinfddl. Taking into account the fact that the lengths of vertical spokes are
[,(0)=2(asin@+h/2), after the integration for & from 0 to 6, the volume of all vertical spokes will be the

2 2 .
following: V), =Mktz, where k;, = £ il + 2 % +6, -7+ - ln1 £c0sby Y]
20, T+ \/ 1— &2 &£ & l-¢
The horizontal spokes compensate the electromagnetic forces at the straight part of the winding on
the external side of torus as shown in Fig. 5 a. If the spokes are located densely enough, their volume is
_ 2aN Lol *N*R 262(A-1)

Viy= dl = k., where k,; = .
t3 o, {f 2O-t 13 13 7[(1 N 8)

(18)

The volume of the central spokes V,, =hS, is determined in the condition of equilibrium in the z-
direction. The cross-section of all central spokes S, = F. /o, is defined as the total force F, that acts on the
upper-half torus in the sector with the angular size 6, < @ < = (Fig. 5b). Therefore, this volume is given by

T 272 _
V="M T rsinaar =N Ry o Ghere gy =EAT Dy e
% 4, 20, T 1-¢gcosb,

(19)

The total requirements of the
structural materials that are in tension is the
sum of the radial, vertical and central spoke
volumes V, =V,; +V,, + V3 +V,4. Utilizing

the factor g/ 2N?R appearing in the

equation for the stored energy W in (16),
the volume of spokes is as follows:

-dF=fdl ::

w kg +kip+ks+k
Vo= , _ 12 t3 t4 - (20
-Fz=Fsin6 [ i o kr =
The volume of the support rings and
a) b) the backing cylinder comprises the volume
Fig. 5 of the structural materials in compression.

The volume of the support rings is the same as for circular coils (13) and can be written as follows:
v.,=(20,)" pI* N*Rk

cl>

where k, =en'sin6,. (21)

The backing cylinder is under the action of the uniformly distributed forces, which are directed to the
center of the cylinder. This support element compensates the difference between the forces Fp = F; — F;,
acting on the straight part of the winding: F, at p=p, and F, at p=p, of the torus. The backing cylinder

is in compression with stresses o, = FyN (278, )_1, where S, is the cross-section area of the backing
cylinder wall. From this equation the volume of the backing cylinder is given by

I°N’R 2(A-
—#O—kcz, where kcz—w.

‘" 20,  z(l+¢)

14

2= 27[:01S (22)

The total volume of the structural materials being in compression is the sum of the support rings and
the backing cylinder volumes V.=V, +V,,. Using (16), the volume of the structural materials in

compression is
V.=Wao.'Q,, where Q. =(k, +k,)k, . (23)
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The comparison of (20) and (23) gives the same condition O, =0, +1 as for O-shaped coils and in
this case for racetrack-shaped coils it may be written as
2oko=2 ke +hy 24)
3. Comparison of Support System Requirements. If the permissible mechanical stresses in tension
and compression are equal, a general dimensionless parameter characterizing the requirements of the
structural materials can be applied. As the volume of the structural materials is determined by
V=V+V.=Wo'(Q,+0.), general parameter is the sum

0=0,+0.. (25)
The values of the Q parameter for toroidal magnet systems with spokes at different aspect ratios of

torus € are presented in Table 1. The factor Q is compared for torus with spokes inside O-shaped coils and
racetrack-shaped coils at 4 =1.89, and traditional configuration systems with support belts for O-shaped
coils and D-shaped coils.

The results (Table 1) show that for the racetrack-shaped coils the O parameter practically does not

depend on A and the volume of the support system requirements does not exceed the values for D-shaped

toroidal system at the same ¢ as well as for O-shaped coils with spokes and support rings outside of torus.
Size and volume of superconducting materials. The total cost of superconducting magnets

depends on the geometrical configuration which determines the size and the mass of storage. The

superconducting winding consists of expensive materials so finding an optimal configuration is important.
Table 1

& *1 2 3 4 The maximal induction of the magnetic field B,, on
r% the superconducting winding takes place on the
internal side of torus at p = p,
§4® B, = uyIN (2zR) " k, (&), where k,(¢)=(1-¢) "
(26)
0.1 2.812 2.81 2.813 3.01 Expressions (6) and (26) give a system of
02 | 2.643 2.638 2.649 3.041 equations for large radius R and the total ampere turns
0.3 2.488 2.481 25 3.097 IN of coils as functions of initial SMES parameters:
0.4 2.345 2.338 2.362 3.182 energy W and the maximal value of the magnetic field
0.5 221 2.204 2.232 3.309 B Using (6) and (26) the required parameters are the
0.6 2.081 2.079 2.104 3.5 following:
0.7 | 1.953 1.958 1.976 3.801 s Y3 U3
0.8 | 1.823 1.836 1.838 4333 | g WMoy (), where Iv="""Bn" 1 (5). @7)
*1 — Racetrack Coils, 2 — O-coils with spokes and support rings BZ/ 3 R ’ qu/ 3 1 )
outside of torus, 3 — D-coils, 4 — O-coils with support belts m 0
Here dimensionless parameters are
-1/
ky =k Pk, where &, =27 (k,k; ) . (28)

Now let us determine the equations to define the volume of the superconducting winding of all coils
with constant cross-section

V. = NSI. (29)
The area of coil cross-section is S =1/j,, , where j, is a permissible maximal density current of the
superconducting winding. The length of the coil curvilinear axis can be written as / =kR, where a
dimensionless parameter k; connects the length of a coil with a large radius of the torus, R.
The combination of (28) and (29) yields

W2/3

IR
Vie ==k =— 7575 ks>
mBm 0

Im

where the dimensionless parameter is k, =2kky k" .

(30)

In the general case parameter k; is k;(e,4) = 28[7[ +2(4 —1)] and other dimensionless parameters for
the racetrack-shaped coil system are determined according to the equations (16) and (26) above.
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This allows to give the following expressions:

13
kR(g’i):{27[2(1_8)2(1_@4'@11114_8)} '
T

12 l1-¢
(31)

5

k. (&,A)=4e(m +2(A-1))x
-1/

w {4;;(1_8)[1— 1‘8”@1‘1%” NE)
—/
—

122
_-—'—'-/

123
124
\ 25
——
4 0

5 0,6 0,7

The results of the £k, parameter calculation is

plotted in Fig. 6 as a function of two geometrical
parameters ¢ and A. The dimensionless parameter k.

i

A\

has a minimum value fy,, (gmin,ﬂ,min)z 11.99 at
Emin =0.63, Apin =1.89. The defined &y (emin» Amin)
Fig. 6 value is approaching to the minimum of analogous
parameter for D-torus that equals
szc D(gminD’]'minD): 11.70 at €minD = 0.68, ]'minD =1.75

and corresponds to the theoretical minimum for toroidal system [18].
The calculated results in Fig. 7 indicate that the minimal volume of superconducting materials for
system with racetrack coils is practically the same as for D-shaped coil torus at aspect ratio & = 0.6 for both
configurations. On the contrary, the racetrack-shaped coil system (A=A_;,) has a considerably lesser

u]

0,

volume of superconducting winding in comparison with the usual O-shaped coils (4 =1).
Fig. 8 illustrates the influence of the relative size of the torus cross-section on the value of the large

radius. As indicated in the figure, the lower values of the dimensionless parameter k, have magnets with the
racetrack-shaped coils. The parameter k, has a minimum value at &=0.52 for O-torus, at &=0.53 for

racetrack torus, and at & =0.6 for D-torus.

Example of SMES. The calculated size and volume
\ parameters of SMES are given in Table 2 as an example for the
18 \ following initial parameters: ¢ =0,4, A =22, o, =0, =350

MPa, W =450 MJ, B, =5T, j, =4-10" A/m’.
14 — In Table 2 p, is a maximal radial size of torus
—2 P> =R(1+¢) (Fig. 1); V5 being the total volume of the

12
\<\3 support system and V,; being the volume of the spokes or
0 0.2 0.4 0.6 0.8 ¢ support belts. For momentless constant tension systems V is
Fig. 7 equal to V; (D-shaped torus and coils with spokes). For O-
shaped coils with the support belts the volumes V, (upper
kg values) are calculated with regard to the bending moments
3 A\(l and the non-uniform tension along the coil perimeter. In this
case, the belt of the constant cross section calculated at the
/\ maximum mechanical stress has been chosen, and position of
2 the support rings corresponds to the minimal value 7, for

L.5
\ / such designs. The data under the line for volumes V, and ¥

A are calculated at average values of stresses and without the
bending moments. These data are, probably, a theoretical
limit for the volume of this support structure.

k Vsc

0 0.2 0.4 0.6 0.8
Fig. 8
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Table 2

*] 2 3 4 Conclusion. The internal volume of

Q@ toroidal coils of SMES devices can be used for the

placement of the support system components, to

minimize the volume and the cost of the structure

@ material. The proposed systems, with spokes

V., m’ 0.864 0.860 0.87 1.401 placed inside each simple O-shaped and racetrack-

V,m’ 2149 2146 216 6.870 shaped toroidal magnet coil, solve two mechanical

’ 2.691 problems: the elimination of the bending moments

Vs m’ 3.013 3.006 3.03 % in the support system and ensuring a uniform

R m 2645 3366 2954 3.466 mechamcal stress in all the spokes and the
supporting structure.

£, M 3.703 4712 4.136 4.712 The toroidal magnetic system composed

Znae M| 1.926 1.346 1.607 1.346 of racetrack-shaped coils with spokes inside

V., m’ 10.040 10.677 10.075 10.677 torus has a considerably lesser volume of a

*] — Racetrack Coils, 2 — O-coils with spokes and support rings outside of | superconducting winding in comparison with O-

torus, 3 — D-coils, 4 — O-coils with support belts shaped coils and is close to the theoretical

minimum which is realised for toroidal magnets with D-shaped coils. The volume of the support system
requirements of racetrack-shaped torus is approximately the same as the corresponding values for O-shaped
torus with spokes and for geometrically more complicated traditional D-shaped toroidal system. Thus, the
toroidal SMES with spokes and racetrack-shaped coils could provide attractive alternatives to conventional
coil systems in the development of SMES devices.
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V]IK 621.355
MOPIBHSIHHS HAJIIPOBIIHUX THAYKTUBHUX HAKOIHAYYBAUYIB EHEPIII (HIIIH) 3 KOTYIIKAMH PI3HOI
KOH®IT'YPAIIIl TA MEXAHIYHUMH Y TPUMYIOUUMMM EJJEMEHTAMM BCEPEJIUHI TOPOiIAJILHOI'O OB’EMY
FO.M.Baceubkuii, 10kT.TexH.HayK, I.JI.Ma3ypeHko, kaH/.TexH.HayK, A.B.IlaBarok

Incturyt enexkrponunamiku HAH Ykpainn, np. Ilepemorn, 56, Kuis-57, 03680, Ykpaina,

e-mail: Yuriy.Vasetsky@gmail.com

Posensarymo mopoioaneHi maeHimHi cucmemu, 6HympilHit 00 €M AKUX UKOPUCTOBYEMbCA O POIMILYEHHS. MAM eNleMEeHmMI8 MEeXAHIUHOT ympu-
Myrouoi cucmemu. Jlocriodcero cucmemu 3 KOMywKamu Kpyenoi i peticmpexogoi oopm. 3anponoHosano ympumyiowy cucmemy, y sKiil 6i0cymHi
3eUHAIOU] MOMEHMU | 3aDe3neveHO 0OHAKOBI 3HAYEHHS! MEXAHIYHUX HaNpye 8 eleMeHmax Koncmpykyii. Ilposedero ananiz poamipie mopoioanbHux
conenoiois i 00’emie HAONPOGIOHOT VOMOMKYU Ma mamepiany mexaniunoi ympumyrouoi cucmemu. Tloxkazano, wo 00’em ympumyiouoi cucmemu
NPAKMUYHO OOHAKOBULL OJISL CONEHOIOIB 13 CIAICKAMU OIsL KOMYUWIOK SIK PElICIPEK08OL, MAaK I Kpyenol (hopm, a maxodic onsi OLibld CKIAOHUX 34
2eomempieio D-noOiOHux Komyuwiok, 07t IKUX HeOOXIOHUM € MEXaHIYHULL OaHOaxC HABKoNo nepumempy komyuiok. O6’em HaOnposioHoT 0OMOmKU
0N HAKONUYYBAHiE 3 PeliCpeKoBUMIU KOWYUIKAMU € 3HAYHO MEHWIUM, HIJIC 3 KpY2IUMU | HAOTUICAEMbCS 00 MEOPemuyHo20 MiHIMYMY, SKULL
Maroms mopoioansti conenoiou 3 D-nodionumu komywikamu. Tloxasarno, wjo mopoioanbi MazHimHi cucmemu 3 pelcmpeKosUMU KOMYUKAMU
Maioms HatMeHWE padianbhi po3MIpU NOPIGHAHO 3 THUUMU QOCTIOXHCY8aHuMU KoHgizypayiamu. biomn. 25, Tabm. 2, puc. 8.

Knrouosi cnoea: TopoinansHA HAIPOBITHIH 1HIyKTUBHII HAKOIIAYYBA4 €HEprii, MEXaHIYHA YTPHMYFOUa CHCTEMa, MacOrabapuTHi TIapaMeTpH.

YK 621.355
CPABHEHHWE CBEPXITPOBOJSAIINX WHIYKTUBHBIX HAKONMUTEJEN SHEPITAN (CIIMH) C KATYIIIKAMHA PA3ZHOM
KOHOUT'YPALIMU 1 MEXAHUYECKHUMU YJIEP)KUBAIOILIMMU JIEMEHTAMU BHYTPU TOPOUJJAJIBHOI'O OBFBEMA
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Paccmompensl mopoudanvibie Macnummusie cucmembsl, GHymMpenHull 06beM KOMOPbIX UCKONb3YemCsl Ol pasMewjerts Mam NeMeHmos Me-
Xanudeckou yoepacugaioujeti cucmemvl. Hccnedosanvl cucmemvl ¢ Kamywikamu Kpyenoul u peticmpexosoti goopm. Ilpeonoowcena xongu-
aypayus yoeparcusaroweli cucmempl, y KOmopou omcymcmeyom useubaroujue MomMenmol U obecneyenbl 0OUHAKOBbIe MEXAHUYECKUE HA-
npsvHceHUs 8 NeMeHmax KoHempykyuu. IIposeden ananus pasmepos mopouUOaibHbIX CONEHOUO08 U 00BEMOB CEEPXNPOBOOsUYEli OOMOMKU U
Mamepuana MexaHudeckol yoepocusarowen cucmembl. I1okasano, umo obvem yoepicusarouell CUCemMbl RPAKMUECKU 0OUHAKOBbIU ONist
CONEHOUA08 CO CIMAINCKAMU OISl KAMYWIEK KAK PelicmpeKoBol, max u Kpy2ioti popm, a maxdice Osi 6oiee ClodiCcHbIX no 2eomempuu D-06-
Pa3sHbIX Kamywex, 0 KOMopbix HeobXo0um makoice mexanuieckutl banoadc 6okpye nepumempa kamyuex. Obvem ceepxnposoosueti 00-
MOMKU OJisk HAKONUMENEll ¢ PEeCMpPEKO8bIMU KANYUKAMU S6TIAEMCsL 3HAUUMETbHO MEHLIWUM, YeM C KDYSIbIMU U NPUOIUdICAencs K meope-
MUYECKOMY MUHUMYMY, KOMOPbIlL peanu3yemcs 8 mopouoanbiulx conenouoax c¢ D-obpaznbimu xamywkamu. Ilokasano, umo mopo-
UOAanbHbIE MAZHUMHbIE CUCEMbL C PELiCMPEKOBbIMU KANYUKAMU UMEIOM HaUMeHblUUe PAOUATbHbIE PA3MEPbL N0 CDAGHEHUIO € OPYUMU UC-
cnedosannbimu Kongueypayusmu. budn. 25, tadm. 2, puc. 8.
Knrouesvie cnosa: ToponganbHblil CBEPXIPOBOAAIIMN HHIYKTUBHBII HAKOIIMTENb SHEPTUH, MEXaHHUCCKasl YACPKUBAIOLIAs CHCTEMA,
MaccorabapuTHbIE TapaMeTphl.
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