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(UB-T TepMoaneKTpryecTBa, I. YepHOBIHI)

[TIPOrHO3UPOBAHUE ITOKA3ATEJIEN HAJIEXKHOCTU
JIBYXKACKAJIHOI'O TEPMODJIEKTPUYECKOI'O
OXJTAJKJIAIOIIETO YCTPOMCTBA B PEXUME Q,

Ilonyuenvl coomnowenus 01 OYeHKU no-
Kazameneu HAOeHCHOCU O8YXKACKAOHBLX
T3V paznuunoii KoncmpyKyuu 8 3a8UCUMO-
cmu Om UxX OCHOBHBIX 3HAUUMBIX NAPAMeEn-

poé & pedxcume Q.

B mocnennee BpeMs B TEPMOAIEKTPUIESCKOM IPHO0-
pocTpoeHHH Bce Ooliee MUPOKOe MPUMEHEHNE HAXOSAT
YHU(PHUIMPOBAHHBIE PSAIbI MOAYJIEH U COOpaHHBIC HA UX
OCHOBE KacKaJIHbIE TEPMOIIEKTPUUECKUE OXJTaXKIAIOIIHe
ycrpoiictsa (TIY) pa3inuHbIX KOHCTPYKIUH.

WnTepec k mpumeHeHNIO Kackaaabix TOY BhI3BaH HE
TOJIBKO HEOOXOIMMOCTBIO TOCTHKEHHSI MAKCUMAITBHO BO3-
MOYKHOTO YPOBHSI OXJIQXKIEHUS, HO M TIOBBIIIIEHUEM KO-
HOMUYHOCTH OXJIQXKJICHHUS [IPU 33JaHHOM TIepernajie TeM-
neparypabl.

B psze ciaydaeB npu npoeKTHPOBAHUM B paciopsiKe-
HUH pa3paboTINKa UMEETCS PsA KOHCTPYKIMH KacKas-
HBIX TOVY 1100 psi yHUPHUIUPOBAHHBIX (CTAaHIAPTHBIX)
MOJIyJIeH, OTIIMYAIOIIUXCS JPYT OT JIpyra KOJTU4eCTBOM
TEPMO3JIEMEHTOB 331aHHON T€OMETPHUH.

I[Tpu kommoHOBKe KackagHoro TDY HeoOXoaumo olie-
HUTb BEJIMUUHY MaKCUMaJIbHOM X0JIOJOIIPOU3BOIUTENb-
HOCTH IIPH 33JJaHHOM Tiepenajie Temneparypbl AT Ha yc-
TporicTBe. [ 3TO# 1enu HeoOXoauMO TpH 3aJaHHON
BernunHe AT 1 BBIOpaHHOU KOHCTpYKIMK TV, T. €. mpu
3aJJaHHOM KOJIMYECTBE TEPMOIIEMEHTOB B Kackajgax (B
IIEPBOM, «XOJIOJHOM» — 71,, BO BTOPOM, «IOPSAYEM») —
n,), ONPEJIEIUTh OCHOBHBIE 3HAYMMBbIE TAPAMETPBI, a
MMEHHO 3HAaY€HUs OTHOCUTEIBHOIO pabouero Toka 1 oT-
HOCHUTEJIBHOTO I1€periaia TEMIIEPaTyphl B KaCKaax, U 3a-
TEM OLIEHUTH MTOKa3aTenn HaiexxHoCTH TAY, yemy u mo-
CBSIIICHA HACTOSIIAS CTAThS.

Paccmotpum nByxkackaanbsie TOY ¢ nmocnenoBareib-
HBIM JJICKTPHUYECKUM COCMHEHUEM KacKal0B, KOTOPHIE,
KaK MPaBuIo, COOMPAIOTCs Ha 0a3e yHHU(DUIIUPOBAHHBIX
Y OIMHAKOBBIX BETBEH TEPMOIIEMEHTOB I CTaHIapT-
HBIX MOJyJIel ¢ TakuMu BeTBsIMU. [1oaToMy mipu onpene-
JICHUM TIOKa3aTelIe HaIe)KHOCTH KackaaHoro TOY (uH-
TEHCHBHOCTH OTKAa30B A U BEpPOSITHOCTH O€30TKa3HOM pa-
00TbI P) osiaraem, 4To Bce BETBH TEPMO3IEMEHTOB TOY,
B TOM YHMCJIE U KaCKaJIbl, COSJIMHEHBI AIEKTPUUECKH T10-
CIIEIOBATEIIHHO, IPUYEM BBIXOI U3 CTPOSI TFOOOTO TepMO-
3JIeMEHTa (BETBH ) TPUBOANT K BBIXOAY M3 CTPOSI MOZYJIS,
KackajJa 1 yCTpOMCTBa B LIEIOM.

CoObITHS, 3aKITIOYAIOIINECS B BBIXOJIE TEPMODIIEMEH-
TOB U3 CTPOSI, MPUHUMAIOTCS He3aBUCUMBIMH [ 1]. Kpome

TOTO, KOXKJIbIM KacKaj paboTaeT B pa3IMuHbIX TEMIIepa-
TYPHBIX YCIIOBHUSIX, YTO HEOOXOAMMO YUHUTHIBATH IPH OLICH-
K€ moKasaTeliel HaJle)KHOCTH KackamHoro 10DV 3amaH-
HOH KOHCTPYKIUHU B pexkume O, .

Jli1st perieHust MOCTaBICHHOM 33J1a4d BOCIIOJIb3YyeM-
Csl U3BECTHBIMU COOTHOIIICHUSIMH, B KOTOPBIE C COOTBET-
CTBYIOUIMMHU KacKajiaM UHJIEKCAMH BXOJAT CIIEAYIOIIHNE
BEJIMYMHBL:

I, — MaKCUMaJbHBIH pabo4nii TOK;
€ — KO3 UIMEHT TEPMOI/IC BETBH TEPMOIIICMEHTA,
R — arexTpudeckoe CONMPOTUBICHUE BETBH TEPMO-
JJIEMEHTA;
B — otHOCHTENBbHBIN pabounit TOK, B=1/1
() — OTHOCHTENBHBIH Meperaji TEMIEPaTyPhl;

ATmax — MAaKCUMAJIbHbIU NT€peTiag TEMIICPATYPHI.

XapakTepHbIMU TeMIIEpaTypaMu JIBYXKaCKaJIHOTO
TOYV saBustrores:

T\, — Temmeparypa TEIIONONIOMIAIONIETO Criast Iep-
BOr'0 KacKaja;

T, — nmpoMexyTo4Hast Temrepatypa (Temreparypa
MEX]y KacKaJamu);

T — TeMmiepaTtypa TeIIOBBLACISIONIETO CIiasi BTOPO-
ro Kackaja.

XoJ100TIPOU3BOIUTEIIBHOCTD JIByXKackagHoro TOY
OTIpe/IeNIeTCS TIePBBHIM KACKAJOM M BBIYUCISIETCS TI0

hopmyie
Q= nl|2 R(2B,- le—@ )

max1

(1)

rae Imaxl = ﬂ;
R
Ol = Tl _TO
AT o

HOCHeZ[OBaTeHLHOC OJICKTPHUYCCKOEC COCAUMHCHUEC Kac-
KaJI0B OIIPEACIIACT PaBCHCTBO pa60“H/IX TOKOB B KacCKa-
Jax, T. €.
I B=I_.B

max1 max2™ 2" (2 )
OO0mmit mepemnaj TeMrepaTypbl Ha JIBYXKacKaJHOM
TOY cknaapiBaeTcs U3 MepenagoB TEMIEPATyPhl B Kac-

kanax AT\ =TT u AT,=T-T:

AT:AT1+AT2:ATmax1Q1+ATmax2Q2’ (3)
T-T,

e ©, =——21.

M AT

max 2
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VYciioBre TEmIOBOTO COMPSHKEHUST KACKaI0B MOYKHO
3amnucaThb B BUJE

Q=W 0,

rie O, — XOJIONONPOU3BOUTENLHOCTL BTOPOTO KacKasa,

Quo = Nl RA2B,~ B,-© );

W, — mommHocTh n0Tpe6J1eH1/m MIEpBOTO KacKasa,
W, =21 17,,,RiB( Bl+

0
[Toncrasus Beipakenus (1)—(3) B (4), momydnm

(4)

maxl
(C]
T 94

AT, AT
2Bb- BPct2B a—mxl- =
Cl = TO ATmax 2 (5 )
AT ’
d-2Ba~ M
TO
rac Cl — OTHOCHUTECJIbHAs TCIJIOBAst Harpy3Ka IIepBOro Kackana,
=
nllmaxl 1
= M
r12 I rznax ZRZ
b= Imax1+ ATma\xl.
I max 2 ATmaxz
c= % + 4aATmax1+ Izmax1+ 2a
ATmaxz TO r2na><2
d= ATmaxx:l. +a
AT,

max 2

d
N3 ycnosus B =0 nosxy4uM ypaBHEHHE UIS OII-
peneNeHusl ONTHMAIFHOTO OTHOCHUTEIBHOTO padouero
TOKa TePBOro Kackajaa B, . COOTBETCTBYIOLIETO MaK-
CUMYMY XOJIOIOIIPOU3BOAUTENBHOCTH JIBYXKACKaHOTO
TDYV 3a1aHHON KOHCTPYKIIMU:

AB’ - BB+ LB,—D =0, (6)
rne A=4a E}‘Mg
0T O

b= A maxlljl max1+ aE§+4ATmax]D+ 2maxB
TO E A max 2 |:| TO ImaxZE

L= DAD Tmaxl +aEp;
max 2 O

5 < Do A AT
DI max 2

g AT max1
T, AT,

L

maxleADj max1+ a
T 2lTAT max2 El

C morpemnHocThIO He 6oree 1% BrIpakeHne (6) MOXK-
HO YIPOCTHUTH U NIPEACTABUTH B BUIE KBAJPATHOI'O ypaB-
HCHUS

BB’ - LB + D=0. (7)

Tounoe 3HaueHue 7 MOXHO MOJTYYHTh UCTIOJB3Ys Me-
TOJI IIOCIIEIOBATENbHBIX MPUONMKEHUH, YTOUHSAS OCHOB-
HbIE 3HAYMMBIE MapaMeTphl JByXKackaanoro TOY B,
B,, ©,, O, ¢ yueToM TeMIlepaTypHOH 3aBUCHMOCTH TIa-

pameTpoB. Jl71st moy4eHus pe3ysbTara J0CTaTOYHO JBYX-
TpeX NPHOIMKEHUH.

C yuerom [2, 3] OTHOCUTEIbHYIO BETUUNHY UHTEH-
CHMBHOCTH OTKa30B JIByXKacKkagHoro TOY MOKHO 3amu-
caTb B BHJIE

N}
B (O, + CJ)DBH ’“a“@lm
)\72_ 0 D kT +
Ao 0 AT N} !
i+ maXlelﬂ
o T 0
max2 ﬁ
n,B: (0, +Cz)DBz+ T 0,0
¥ L Oy, (8)
%l ATma><2@ ﬁ
0 T D

rae A, — HOMHHANbHAS HHTEHCHBHOCTD OTKA30B;
C,— OTHOCHTENIbHAs TEIJIOBAsk HArpy3Ka BTOPOro Kackaja,

- QW
2 = 2 ’
n2|max2R2

K03 QUIIEHT 3HAYNMOCTH, YUUTHIBAIOIIHI BIUSHHE I10-
HIDKEHHOM TeMIepaTyphl.

leakn*

PacueTsl OCHOBHBIX 3HAQYUMBIX MapaMeTpoB TOY
MPOBOIWINCH JJIs KOHpUTypanuu Betseit //s=10 (/, s —
JUIMHA U IJIOLIAJb [ONEPEYHOr0 CEYEHUs BETBH, COOT-
BETCTBEHHO) ITPH YCPETHEHHOM 3HauYeHUH (P (PEKTHBHO-
CTH TEPMOIJICKTPHIECKOTO MOy Z, =2,5" 107 1/K. Pe-
3yJBTaThl PACUETOB JUIs PA3JIMYHBIX 3HAUEHUH OTHOIIIE-
HUS YMCJIa TEPMODJIEMEHTOB B KacKajax 71,/n, Ipu 110~
CTOSHHOM 71, CBEJICHbI B TAOJIHILY.

AHaJIu3 OJyYEHHBIX JaHHBIX [10Ka3aJl, YTO C yMEHb-
IIEHHEM BEJMYMHBI 71,/1, OCHOBHBIE napameTpel TOY
W3MEHSIOTCS CIIEAYIONIMM 00pa3oM:

— TIPOMEXYTOYHas Temreparypa I yMeHbIIaeTcs
(puc. 1);

— BEJMYHHA OTHOCUTEIBHOT0 pabouero Toka B Kac-
KaJlaX yBEIMYMBACTCH;

— OTHOCHTEJIbHBIN NTepenaj TeMIepaTypbl B IEPBOM
KacKaJle YMEHbBIIIACTCS, BO BTOPOM — YBEIHUUBACTCS,

— MaKCHMaJIbHasi OTHOCUTEIbHAs XOJIOI0TIPOU3BO-
JUTETLHOCTH NepBoro Kackana C yBEIMYMBAETCS,

— MHTEHCUBHOCTb OTKAa30B YBEINYMBAETCH;

— BEpPOATHOCTH 0€30TKa3HOH pabOThl yMEHBIIACTCH.

C pocrom niepemnasa remrepaTypsl Ha TOY B quana-
3one AT=60—80 K npu 1, /n,=const npoucxoaur cie-
Jyroree:

— NIPOMEKYTOYHAs Temreparypa I, i OTHOCHTEb-
HBIH TIepeTIajl TEMIIEPaTyphl BO BTOPOM Kackajie O, npak-
THYECKH HE H3MEHSIOTCS;

— OTHOCHTEIBHBIH ITeperaj] TEMIIEPaTyPhl B IEPBOM
KacKajie ©, yBEIMIMBAETCS,

— BeanuuHa C, YMEHBIIAETCS;

— UHTCHCUBHOCTH OTKAa30B HE3HAYUTEIILHO YBEIHIH-
BaCTCH;

— BEPOSATHOCTh 0€30TKa3HOM paboThl TDY yMeHb-
raeTcsl.
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Ocnognvle napamempot oeyxxackaonozo TOV npu T=300 K, Q,=0,1 Bm, n,=9

A
B, B, LA | 0 o, | nm | T,K ﬁ As, 1078 1/a P Ci | Oomaw BT
0
AT=60 K
0,48 0,42 2,1 0,65 0,19 1,00 282 0,08 2,04 0,9998 0,07 0,12
0,59 0,55 2,7 0,46 0,35 0,67 270 0,18 4,87 0,9995 0,23 0,41
0,66 0,63 3,0 0,38 0,44 0,50 264 0,41 11,13 0,9989 0,33 0,59
0,72 0,76 3,4 0,25 0,59 0,33 255 1,16 31,33 0,9969 0,50 0,88
0,82 0,84 3,8 0,14 0,72 0,20 249 2,76 74,49 0,9926 0,68 1,19
0,91 0,92 43 0,04 0,84 0,10 242 7,67 207,11 0,9795 0,87 1,52
AT=70 K
0,58 0,54 2,7 0,70 0,33 0,67 271 0,23 6,21 0,9994 0,09 0,15
0,69 0,61 3,1 0,62 0,43 0,50 265 0,46 12,33 0,9988 0,20 0,32
0,73 0,73 3,3 0,46 0,57 0,33 256 1,07 29,00 0,9971 0,35 0,56
0,88 0,79 3,6 0,34 0,69 0,20 249 2,33 63,00 0,9937 0,55 0,82
0,92 0,90 42 0,22 0,84 0,10 242 7,20 194,00 0,9808 0,71 1,14
AT=80 K
0,70 0,61 3,0 0,84 0,42 0,50 264 0,54 14,60 0,9985 0,07 0,10
0,79 0,72 3,5 0,70 0,57 0,33 256 1,19 32,18 0,9968 0,21 0,31
0,86 0,81 3,8 0,57 0,71 0,20 249 2,70 72,80 0,9927 0,35 0,52
0,92 0,90 4,1 0,45 0,84 0,10 242.5 7,40 199,60 0,9802 0,50 0,72
AT=0 K
0,41 0,46 2,2 -0,32 | 0,40 1,00 266 0,13 3,42 0,9997 0,40 1,16
0,59 0,69 3,3 -0,40 | 0,54 0,50 258 0,99 26,80 0,9973 0,75 2,20
0,68 0,80 3,8 -0,45 | 0,63 0,33 252 2,33 62,80 0,9937 0,97 2,90
0,76 0,92 42 -0,50 | 0,73 0,20 247 5,65 152,50 0,9849 1,18 3,38
0,82 1,02 4,5 -0,55 | 0,85 0,10 243 14,20 382,00 0,9625 1,37 3,85
I, K C TOUKM 3peHHs1 pacrpeieieHNs TeMIIEPaTyPHOTO TIOJIsT
280 HaubOJIBIINI HHTEPEC TIPEICTABIISET PEKUM TEIIOBOTO
Hacoca, T. €. ipu A7=0 K. B 3ToM pexxnme npu yMeHb-
270 IIEHUH BETMYHMHBI 71, /11, TIPOMCXOJIUT CIIEYIONIEE:
— MPOMEXYTOYHAst TeMIepaTypa T yMEHbIIAETCS
(cm. puc. 1);
260 — BEJIMYMHA OTHOCUTEIHLHOI0 paboyero Toka B Kac-
KaJax yBeJauunBaeTcs (puc. 2);
250
— B
240 T T I T T I T T | AT=0 K. T=300 K
0,1 0,3 0,5 0,7 n,/n,
Puc. 1. 3aBucuMOCTb IPOMEXKYTOUHOH TeMIEpaTypsl OT 0.8 7
BEJIMYMHEI OTHOWIEHUs 1 /n, npu AT=60—80 K B pexnme d
Qomax (1) 1 B PEKHME TEMIOBOTO Hacoca (2)
3 0,6 1
Tak xak BbIpakeHHE Uil OTHOCUTEIHHOW BETMUNUHBI
MaKCUMAJIbHOM XOJIOAOTPOU3BOAUTEIBHOCTH HOCUT 0000- 4
IEHHBII XapaKTep, OHO TI03BOJISET OMPEACIUTD BETUUNHY
MaKCHUMaJIbHOM XOJIOIOTTPON3BOIUTEILHOCTH ITPH JIFO0OM | 0.4 | . . . . . | .
3Ha4eHuu 1, u l/s. Tak, npu n,=9, l/s=10 u n,/n,=0,5: 0,1 0,3 0,5 0,7 n/n,

AT=60 K, O, =0,6 BT;
AT=70K, Q.. =0,33 BT;
AT=80 K, Q.. =0,1 BT.

Puc. 2. 3aBHCHMOCTH OTHOCHUTEIIBHOTO pa60qer0 TOKa B KacC-
KaJax OT BCIMYHUHBI OTHOIICHUA I’ll/l’l2 B PCKMUME TECIIOBO-
TO Hacoca
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AT=0K, 7=300 K

,0’6 T T T T T T T T T

0,6 0,8 n,/n,

1,2 AT=0K, 7=300 K
1,0
0,8
0,6

0,4 y

0,1 03 0,5 0,7 n,/n,

Puc. 3. 3aBUCHMMOCTh OTHOCHTEJIBHBIX 3HAYCHUH Mepernaaa

TeMIepaTypsl B Kackajax (a) ¥ MaKCUMAaJIbHOH X0JIOJOIPO-

U3BOAMTEIBHOCTH (6) nByXKackagHoro TOY 0T BeJIWYHHBI
OTHOLIEHMS 71,/1, B PEXKUME TEILIOBOIO HAcoca

— OTHOCHUTEJIbHBIH Mepenaj TeMiepaTypbl B IEpBOM
Kackase, XOTs ¥ IMEET OTPUIaTeIbHOE 3HaueHHE (M3-3a
00paTHOT O Ieperaia TeMIepaTyphbl), YMEHBIIIASTCS 110 a0-
COITIOTHOM BEITMYMHE, @ BO BTOPOM KaCKaJie YBEIHMUHBa-
ercs (puc. 3, a);

— Bemuunna C,  yBenu4IuBaeTcs v pu n,/n,=0,1
nocruraet 3HadeHus 1,37 (puc. 3, 6), 4TO IMpPEBbILIAET
MaKCHMAIIFHYIO XOJIIOJOMPOU3BOIUTEIHHOCTD OTHOKAC-
kagHoTo TOVY Ha 37% (st ogHOKackaaHoro TOV mpu
T=300 K, AT=0, //s=10: B=1, 6=0, n=9, E=0,5, C__ =1,
QOmax:3 BT)’

— TI0 CPaBHEHHUIO C pexUMamMu, korjaa A7>0, UHTeH-

As

CHUBHOCTb OTKa30B PAaCTCT (COOTHOIHCHI/IC HOCHUT

o'
0000IIIeHHBIN XapaKTep, T. K. TO3BOJISIET ONIPECITUTh NH-

TEHCUBHOCTH 0TKa30B TOVY ¢ M0OBIM KOJTHYECTBOM Tep-
MO3JIEMEHTOB B IIEPBOM Kackaze (puc. 4, @) — Tak, IpH
n,=9, n,/n,=0,5 A;=27-10"% 1/u);

— BEPOSTHOCTB O€30TKa3HOH pabOThl yMEHBIIIAETCS,
npudeM npu n,/n,<0,33 HabmrogaeTcs ee pe3Koe yMeHb-
mienue (puc. 4, 0).

*kk

Takum 00pa3oM, IMpeUIoKEeHa U PACCMOTPEHa MO-
JIeb B3aUMOCBS3H TI0Ka3aTele HaJIeKHOCTU JBYXKac-
kagHoro TOVY 3amaHHOI KOHCTPYKITUH C €r0 OCHOBHBI-
MU 3HAUMMBIMU [TapaMeTPaMHy TIPH T0CIIEI0BATEIHHOM
SJIEKTPUYECKOM COEIUHEHMH KaCKAI0B B pexume O .
[TommyueHnHbIe COOTHOIICHNS MTO3BOJISIOT OIIEHUTh MHTEH-
CHUBHOCTB OTKA30B M BEPOSITHOCTh O€30TKa3HOM padoTHl,

a) As
Aoy

AT=0K, 7=300 K

10

6) p

0,99
0,98

0,97

AT=0K, =300 K, n,=9

0,96 -

095 T— 77171 T T T T T 1

0 0,2 0,4 0,6 0.8  n/n,

Puc. 4. 3aBUCHMOCTb OTHOCUTEIILHOW BEIHMYHMHBI UWHTCH-

CHUBHOCTH OTKa30B (a) U BEPOSITHOCTH 0€30TKa3HOH pabOThI

(6) nByxxackannoro TOY oT BeIMYUHBI OTHOLICHHUS 71,/71, B
peXHMME TEIJIOBOr0 Hacoca

OIPEENTUTH MAKCUMAJIbHYIO XOJIOAOTIPOU3BOAUTEIBHOCTD
T3V B 3aBUCUMOCTH OT OTHOIIEHUS KOJIMYECTBA TEPMO-
JIEMEHTOB B CMEXHBIX KacKaJax ¢ y4eToM TemIlepa-
TYPHOIi 3aBUCHMOCTH OCHOBHBIX MTApaMETPOB.

ITosryueHHbIE COOTHOIICHHUS MTO3BOJIAIOT TAKXKe MPO-
aHAJIM3UPOBAThH PabOTy JBYyXKackagHoro TOY B pexu-
Me TeruioBoro Hacoca (mpu A7=0 K). YcTanosneno, 4to
B TaKOM PEKUME IPU UCIOIb30BAHUH JIByXKACKaJHOTO
TOY MOXXHO MOITYYNUTH 3HAYUTEIHHO OONBIIYIO, UM B
OJTHOKACKaTHOM BapHaHTE, XOJIOA0TPOU3BOTUTEIHHOCTD
ipu 1,/n,<0,33. BemMunHa MHTEHCHBHOCTH OTKA30B JIBYX-
KackagHoro TV, paboTaromiero B pexxuMe TerioBOro
Hacoca, MPaKTUYeCKU B JIBa pa3a 0oJiblle, YeM MpH pa-
0ote B peskume oxmaxaenus mpu A7=60 K.

IIpuBeneHHbIe JaHHBIE I03BOJIAIOT IPOTHO3UPOBATH
MOKa3aTeNu HaJeKHOCTH JIByXKackaaHbeix TOY 3amaH-
HOW KOHCTPYKIIMH B Pa3lIUYHBIX YCIOBHUSIX DKCILTyaTa-
LU ¥ BECTH ONITUMHU3UPOBAHHOE MPOCKTHpOBaHe POA
¢ ucnonpzoBanueM TOY.
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