AOEPHAA SQHEPITETUKA:
HACTOSALUEE U BYAYLUEE

Nropb Bnagummposuny LLlamaHuH




OENEHUE ALOPA

[eneHne aapa — npoLiecc pacLlenyieHns aToMHOro sapa Ha Asa aapa
c ONM3KMMK MaccaMu, Ha3bliBaeMbiX OCKONKamMu Aenenus. B pesynbsraTe
OENeHns MOryT BO3HUKaTb U Apyrie NpoaykThbl peakumn: nérkme aapa (B
OCHOBHOM arnbda-yacTuLpbl), HENTPOHbI U FaMMa-KBaHTHbI.

[eneHne bbiBaeT CNOHTaHHbLIM (CaMOMNPON3BOSIbHBIM) U BbIHY>XXAEHHbLIM

(B pesyrnbraTe B3aMMOLENCTBUSA C OPYrMMM YacTmuamMn, npexae BCero, C
HENTPOHaMMN).

[leneHne TAXENbIX Saep — 3K30TEPMUYECKNN NPOLIECC, B pe3yrbraTte
KOTOPOW BbICBODOXAAaeTCcHA DOSbLLIOE KONIMYECTBO SHEPTUN B BUOE
KWHETUYECKOMN SHEPINU NPOAYKTOB peakunmn, a Takke U3ryyeHus.

[eneHuve saep cnyXnT UCTOMHUKOM SHEPTUKN B AAEPHbLIX peakTopax u
A0EPHOM OPYXKUK



BEPOATHOCTb PEAKUWUU OEJIEHUA
U QHEPTUA HEUTPOHA

YUT0 BNNSAET Ha MUKPOCKOMNYECKOEe ceveHne peakumin (BeposaTHOCTb peakLunin)?

OcHoBHOM hakTop, 3TO AHEPIUSA HEMTPOHA, KOTOPYHO OH UMEET nepen
CTOJIKHOBEHUEM C AOPOM.

HenTpoHsbl, cTankuBatomecs ¢ sgpamm, obnagatot pasnnyHom SHEPrnen.
B pn3uke aoepHoro peaktopa npuHATa eauHuLa UaMepeHns SHEPrnm —
MeraanekTpoH-BonsT [MaB]
1 MaB = 1.602 x 10" [ (1 MaB =1 000 000 3B).
B 3aBMCMMOCTM OT 3HEPIUM NPUHATO AENUTb HENTPOHbI Ha rPYIMbI;

TennaoBble
SHEPrus ABMXEHUSA KOTOPbIX COM3MEpPUMa SHEPIrUEN TENSTOBOIO ABMKEHUS
atomoB cpeabl E < 0.5 3B.

3ameansowmecs
9HEpPruns KoTopbix NexuTt B gnanasoHe ot 0.5 aB oo 2000 3B.

ObICTpbLIE
E > 2000 3B.



[leneHne noag gencTBUeM
TEenmoBbIX HEUTPOHOB

[leneHne nog gencTtBmem
ObICTPbLIX HENTPOHOB

CnoHTaHHOE AenexHune

He4eTHo-4eTHbIE Aapa
p'(4éT.) n'(HeuérT.)

UeTHOo-4eTHbIE Aapa
p'(4éT.) ;n'(uéT)

UeTHo-4eTHbIe aapa




OENEHUE AOEP U%° N U##

OCHOBHbIM BMOM TOMMBA B SAEPHbIX peakTopax ABMSeTCH CMEeCb M30TOMOB ypaHa
N3oTon U?3° — anepHoe roproyee peakTopoB Ha TEMNoBbIX HEMTPOHAX

N3oton U?8 — chipbeBoi (BOCNPOM3BOAALLMIA) HYKNUA, (M30TONM)

B pesynbrare uccrnenosaHuin 6bIno yctaHoBEHO, YTo AerneHne usorona ypaHa 228U
BO3MOXHO TOSIbKO HEUTPOHaMU ¢ aHepruen donblien 1 MaB, HO BEPOATHOCTL
[eneHns (ceveHne peakuumn aeneHuns), Npy Takux aHepruax B 4 pasa MeHblLLe
YyeMm 3axBaTa UM paccesiHNS.

Opyrumu crioBamu U3 5 HEMTPOHOB CTONKHYBLUMXCS C A4poM 228U, Tonbko 1 BbI30BET
[eneHue.

[Mpy MEHbLUNX SHEPTUAX BO3MOXHbI TONMBKO pagnauMoHHbIW 3axBaT UK pacCesHume.
[Mpuyem npu aHeprmnax 7 aB - 200 3B ceyeHne 3axBaTa 04eHb CUMBHO
Bo3pacTaeT (Pe3oHaHCcHbIN 3axBaT). HenTpoHbl nornowatotca 6e3 geneHnsa u
BblObIBAIOT U3 LLEMHOW peakuum.

Ons nsotona ypaHa 2*°U geneHne BO3MOXHO HEWTPOHaMM NOBbIX SHEPTUIA, OAHAKO
BEPOSATHOCTb AeNieHUs1 (CedeHmne peakumn geneHunst) ans TennoBbiX HENTPOHOB
B 100 pa3 6onbLue Yyem Ans 6bICTPbIX HEUTPOHOB C AHeprnen 5 - 6 MaB.
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236 — «cocTaBHOE» A0PO
(3Heprusa Bo3dyxaeHnsa sapa Benuka)

92Kr n "'Ba — ockonku (NpoayKTbl) AeneHus
(BbICOKOSHEpreTuyeckune Tskenble

3apsKeHHble YacTuubl)

OENEHUE TEMNJ1IOBbIM HENTPOHOM

F'.El.pO U233 U235 Pu239
v, 249 | 242 | 2,87
E,,MboB| 1985 | 2043 | 2103
E_,M»>B| 1605 | 166,0 | 171,5
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YNPABJNNEHUE AOEPHbIM PEAKTOPOM
(koadhchbmuMeHT pa3MHOXeHUS)

KoadhdumumeHT pasmMHOXeHNA HENTPOHOB K — OTHOLLEHME YnCia HENTPOHOB
nocrnenyroLlero noKOMeHUs K YuCry B NpeaLlecTBYOLWEM MOKOSIEHUN BO BCEM 0bbeme
pasMHOXarLLEeN HENTPOHLI cpefbl (aKTUBHOW 30HbI AAePHOro peaktopa). B obwem
cny4ae, aToT KO3 MPUUNEHT MOXET ObITb HAaNOEH C NOMOLLI POPMYIIbl YeTbIPEX
COMHOXUTEneun:

k, = noon

K, — KO3 PULNEHT Pa3MHOXEHUSI B OeckoHe4YHou
cpene;

‘U — KoapdumumeHT pasmMHOXEHNSA Ha BbICTPbIX
HEUTPOHAX;

‘(0 — BeposTHOCTb usbexaTb pe30HaHCHOro 3axBara;
‘0 — KoadhpurumeHT ncnonb3oBaHUSA TEMNOBbLIX
HEUTPOHOB;

N — BbIxog HENTPOHOB HA OAHO MOrMOLLEHNE.



YNMPABNEHUE AOEPHbIM PEAKTOPOM

(cTepxHM ynpaBneHus)

O DEKTUBHBIN K-HT pa3MHOXEHNS kaqbqb — ko . P
P — yTe4yka HENTPOHOB U3 aKTUBHOM 30HbI KOHEYHbIX Pa3MepoB
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LEMHAA PEAKUUNA OENEHUA
(BO3MOXHOCTb OCYyLLEeCTBIIEHUS)

Peakyus deneHusi 8 cmecu u3omoros ypaHa “>4U u %3°U.
B oToenbHbIX akTax AeneHns aHeprust poxaatoLwWwmxca HENTPOHOB MOXET
npuHuMmaTbh 3HadveHus ot 100 aB go 10 MaB.
CpenHsaa aHeprua HEUTPOHOB AENIEHNST cocTaBndeT okosio 2 MaB.
HelTpoHbI ¢ Takon sHepruei, MoryT pasaenutb U3oTtonbl 28U,
HO Ha 1 HEeNTPOH, BbI3BaBLUNI AeneHune >°U, npuagercs YeTblpe 3axBaveHHbIX
0e3 npeneHus
(nornouwieHne 6e3 geneHunsi B 4 pasa bonee BeposTHO, YEM NOrNOLLEHNE C
aeneHnem)
B pe3ynbrate AeneHns BO3HUKaeT B cpedHeEM 2,5 HEUTPOHa
crnepoBaTenbHO, KO PUUMEHT pasMHOXeHUA Kagh = (4+1)/2.5 = 0.5 - peakuus
3aryxatouiag.
MoXHO caoenaTh BblIBO, YTO NMPU HanMumMm TonMbKO O4HOro nsorona 238U

OoCyweCTBUTb LUErNnHYyr peakuno HEBO3MOXHO.



LEMHAA PEAKUUNA OENEHUA
(paccesiHne HEUTPOHOB)

CpenHsasi aHepruss HEMTPOHOB AENEHUSA cOCTaBnsaeT okono 2 MaB

B pe3ynbrate paccesiHusi Ha TaXernbiX S4pax OHU NOTEPSIOT YacTb CBOEMN
SHeprnu (3amennarcs)

UeM HmKe nx aHeprusi, Tem bonblue 3dPeKTUBHOE ceEHEHUE AeNeHnsa ans
nsorona 2*°U

OpgHako B npouecce 3ameaneHusi B KaKkon-To MOMEHT BPEMEHU SHEPrus
HEUTPOHOB ByaoeT HaxoamuTbcAa B ananasoHe 7 3B - 200 aB, raoe ceyeHune
3axsara ans agep 22U oyeHb cunbHO Bo3pacTaeT (pe3oHaHCcHoe
NOrnoLleHne).

[oaTomy 4O TennoBow 3Hepruu, rae BepoATHOCTb AeneHuns 2>°U
MaKcumarbHa, CMOXET 3aMeaSINTbCs NLLb Manasi YacTb HEMTPOHOB.

B ecTecTBeHHOM ypaHe Konm4decTtso usorona 2>°U cocrtasnseT 0.7 %

ocTanbHoe 238U



LEMHAA PEAKUNA OENEHUA
(cnocobbl ocywecTBrieHns)

Cnoco®6 1 - [1nsa ocyuwecteneHus LIPL Heobxoanmo nponssecTtn oboraweHune
- YBENNYNTb KOHLEHTpaLmio n3ortona 2°U Takum o6pasom, YTobbl HENTPOHBI
nocne poXaeHus crankmsanuck ¢ sapamu 2°U vaue, yem ¢ sapamm 28U. B
STOM Cry4Yae Mbl MOXXEM OCYLLECTBUTb LIEMHYIO peakLmio AeneHns Ha
ObICTPbIX HEUTPOHAX B TAXENon 3ameansatolen cpeae.

Cnoco®6 2 - icnonb3oBaHWe 3ameanuTtensd, Hanpumep Boadbl. Ecnu HENTPOH
nocne poXXgeHnsa CTOSTKHETCS ¢ 9A4pOoM Bogopoaa, To OH “cOpocut” YacTb
CBOEW 3Heprnun, Nocsrie HeCKONbKUX CTONKHOBEHUW (OKOSo 14) ero aHeprug
CHU3WUTCH OO YPOBHS TEMMOBOW, rAe BePOATHOCTb AeneHus 23°U
MaKCcuMarsbHa.

B aToM cny4ae Mbl MOXXEM NOMYYUTb LEMHYIO peakunto B CMeECU U30TOMOB
ypaHa ¢ MeHbLumMMm oboratieHnem no 23°U.



TEMNJNOBBIE N BbICTPbIE PEAKTOPbI

PeaKTOpr, B KOTOPbIX OOSMbLLUMHCTBO aKTOB AefieHNs BbI3BaHO 6bICprIMI/I
HeIZTpOHaMI/I, Ha3blBAlOT PEaAKTOpPaMin Ha 6bICprIX HeﬁTpOHaX.

PeaKTOpr, B KOTOPbIX OOMbLUMHCTBO aKTOB AerneHnd BbiI3BaHO TernJjioBbiIMU
HeIZTpOHaMI/I Ha3blBAOT pE€akKTopaMn Ha TenJioBbIX HeﬁTpOHaX. B Takux
peaKTOopax obsa3aTenbHO NCNOoJib3yeTCA 3aMeOJINTESb.

B kauecTtBe 3amennutenen obbI4HO UCMOMb3YIOT:
Bopy (H,O) - peaktopbl Tna PWR, BBOF.
Tsxkenyto Bogy (D,O) - peaktopbl Tna CANDU
N'pacuT - peaktopel TMNa PEMK, Magnox, HTGR.
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Crepsexs ¢ NbOa OBomoges TEC

Creeq - (DpArMeHT QKTUEHO 1 230 HLI. BeepXy -
OAHQ TONAMBHAR KacceTa, Buy ceepxy.
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BH YTPEHHUR KOpMYC peakTopa C
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AKTUBHAA 30HA

AKTMBHas 30Ha S4epHOro peaktopa — NPOCTPaAHCTBO, B KOTOPOM MPOUCXoauT
KOHTpOnMpyemas LienHas peakuns aeneHus saep TSHKEnbIX M30TOMOB ypaHa unm
NNyTOHUS. B xoaoe uenHom peakumn BblAENAETCS SHEPrnsa B BUAE HENTPOHHOIO U
y-n3ny4yeHus, B-pacnaga, KWHETUYECKOW S3HEPIUN OCKONKOB AENeHus.



COCTAB AKTUBHOW 30HbI

B cocTtaB akTUBHOW 30HbI BXOOAT:
» AnepHoe TonnuBo (OcHoBon AT aBndeTca saepHoe roprovee — aensuieecs

BELLECTBO)

« 3ameanuTenb (B peaktopax Ha TEMNSIOBbIX HEUTPOHAaX)

- TennoHocuTtenb, NepeaarLLmii obpasyloLleecs TENNo 3a npeaensl peakTopa,

HarnpuMmep Ard npuBoga 3J1eKTpU4HeCKnNX reHepaTtopos.

* YCTPOUCTBA CUCTEMbI YNpaBreHnsa 1 3aunTbl peaktopa (CY3)

[ensuieecs BELWECTBO MOXET ObITb KOHCTPYKTUBHO OTAENEHO OT 3aMeanuTensd u
OPYrux 3rIEMEHTOB aKTUBHOW 30HbI (FeTeporeHHbIN peakTop), NMMbo ObiTb B CMecu ¢
HUMMN (FOMOreHHbIN peaKTop).



3SAMEQJIUTENIb HENTPOHOB

B kayecTBe 3amennuTens UCNonb3yT creayoLlme BelecTsa:

» Bopa ( JlerkoBoaHbIn peakTop, Bogo-BoasiHon peakTtop);

» Tshkénasa Boaa;

* 'padpuTt ( NpadhunTo-BOAHBLIN peakTop, [paduTo-ra3oBbIN peakTop);

» bepunnuu;

» OpraHn4eckune XnakocTu.

dunsnyeckme ceBomcTea HEKOTOPbIX MaTepmnanoB

AAMAMAMUATAONOIA
OGUNVIVLAIITVITUITUVI

D,0>C>Be>H,0.

CBOMCTBO =0 P50 B¢ C
MakpoCKOITM4eCKOe
CEYCHHE MONIOMICHHS X 1,7 0,0080 0,13 0,036
(TerioBble), M7
MUKpPOCKOTTHYECKOE
CEUYCHHE PACCESHUS O 49 10,6 5,9 4.7
(HaaTemioBkIe), O
¢ 0,927 0,510 0,209 0,158
) S(HaHTeHHOBHe) / 2 5360 138 166
Y (TerIoBbIe)
OmmmTena—  yMeHAbtaeTCA B TOPALORTS




TEMNJIOHOCUTEIDb

B kayecTBe TensioHOCUTENS NPUMEHSAIOTCS:

» Boga ( JlerkoBoaHbIn peaktop, Booo-BoagaHoOW peakTop);

» BogsaHown nap ( Kunawmm peakrtop);

» Taxkenas Boaa;

» OpraHuyeckune xnakoctu ( Peaktop ¢ opraHM4yeCcknm TENSIOHOCUTENEM);

 [enuin (BblcokOoTEMMEPATYPHbIN PeakTop);

* Yrnekucrbln ras;

« Xngkne metansnbl (npenmMyLLecTBeHHO HaTpuin) ( PeakTop ¢ XXugkoMeTannmyecknm

TENSIOHOCUTENEM, B T.4. peaKTOpPbl Ha ObICTPbIX HEMTPOHAX).



OTPAXATEIb

CHapyXmun akTUBHas 30Ha OKpYy>XaeTcd oTpaxaTernem g HEMTPOHOB, COCTOSALLMM,
KaK npaBuno, U3 Toro e BelecTBa, YTo 1 3ameannTers.

Hanunuune oTtpaxarenss Heobxoanmo ans noBblWeHNS 30 (EKTUBHOCTHU
NCMNOSIb30BaHNA S4EePHOro TONMANBa N “ynyylleHUa” Opyrmx HEUTPOHHO-PU3NYECKNX
napamMeTpoB peakTopa, TaK Kak oTpaXaTernb Bo3BpallaeT Hasad B 30HY 4acTb
Bblf1ETEBLUNX U3 aKTUBHOM 30HbI HEUTPOHOB.

OTpaxaTtenb yMeHbLUaeT YyTe4Ky HEMTPOHOB U3 aKTUBHOW 30HbI

(yBenuuusaet k o qo)



BANAHC 3HEPIUW, BbIOENAIOLWENCA
3 NMPU OENEHUN AOEP U%°

* KuHeTn4eckasi aHeprmsa OCKonkoB AeneHuns 82.0%

* KnHetnyeckasi aHeprust HEMTPOHOB AeneHns 2.5%

« QHEPIUS N3NYyYEHUS Y-KBAHTOB 5.3%

« DHEprusa nany4vyeHmna B-pacnaga 3.4%

» DHEPIUs N3Ny4YeHns, BO3HMKAIOLLENO Npu 3axeaTte
HENTPOHOB 0e3 aerieHuns 1.5%

« QHEPIUS HENTPUHO 9.3%

KnHeTnyeckasa aHeprusi OCKOSIKOB AefieHns aaep sBnseTca OCHOBHOM YacTbio
BblaenstoLwencs aHepruun. NpakTtnyeckn BCce OCKOSKN OefieHUst OcTaroTcs B 00beme
TabneTok a4epHOro TonnmBa, TEPSSt BCIO CBOKO KMHETUYECKYHO SHepruto. Matepunan
TabneTok HarpeBaeTCs N 3Ta SHEPrUss MOXKET ObITb OTBedeHa B BUAe Tenna oT
Tennosblaensowmx anemeHToB (TB3An) agoepHoro peaktopa.
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AKTUEHIA 30HU: TEMACELI S TENS BTop oA
MAYTOHAR TEMACHOCH TGS
TENACHOCHTEMS - PUCTVCE HOTPUA PUCN/CE HOTPWA




PeakTop

JaMe IMHTeNE K
TeNMNOHOCHTE IE -
TIWe M4 T EO0 X4

Mepeuit KoRTYp . Te InOKOC mi-_e TE X 3ame AmKTe N5 - D10

[N

Tenmo -
TpyfGonmpoEoau obmMe HHHEK




PeaKkTopHoe 3gaHue

Cucrema
npeodpaszoBaHua
IHEPTUM

PeakTopHBIN OTCEK

CucTema oxnaxaeHus
WaxTsbl peakropa




Cxeva wuprvasuns (IonocTpaies ¢ caitra gt-mhrga com)



Fuel element design for PBMR.

5 mm graphite layer

Coated particles imbedded in graphite matrix |

Pyrolytic carbon
Diameter 60 mm
Fuel sphere [

|

Silicon carbide barrier coating |

Inner pyrolytic carbon

Half section Porous carbon buffer|

Diameter 0.92 mm
Coated particle

Diameter 0.5 mm
Uranium dioxide
Fuel




Generator
Oil lube system '

Main power system layout.
Pre-Cooler

Compressor | | :
| Compressor | o
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" Module No. 1 )

Module No. 2 |
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MModule No. 37‘

_Module No. 4

Reactor




NMNOoNyyvyeHun n NPMMEHEHUE BOAOPOOA

|_|pl/l OKNCJIEHUN METaHa Ha HUKEJIEBOM KaTalsrindatope BO3MOXHbI CrieyLine
OCHOBHbIE peaKUnn.

CH, +H,0 .. CO +3H,—206 Kkx

=
CH, +CO, . 2CO +2H, — 248 kX
CH, +0,50, . CO +2H, + 38 KlIx

CO +H,0 PN CO, + H, + 41 k[x
BelicokoTeMnepaTypHYyt0 KOHBEPCUIO OCYLLIECTBAIOT B OTCYTCTBME
KaTanmaartopoB npun temnepatypax 1350—1450 °C v gasnenunax oo 30—35
kac/cm?, unn 3—3,5 MH/M?; Npy 3TOM MPOUCXOAUT MOYTU MOSTHOE OKUCIIEHNE
MEeTaHa 1 gp. yrnesogoponos kucriopogom o CO um H,.

CO un H, nerko pasgenstoTcs.



NMNONyyvyeHUE U NPUMEHEHUE BOOOPOOA

BoccTtaHoBReHue Xenesa U3 pyabl:
3CO + Fe, O, — 2Fe + 3CO,

Booopoa cnocobeH BoccTaHaBNMBaTb MHOrMe MeTansbl U3 UX OKCUMAOB (Takue, Kak
xene3o (Fe), Hukenb (Ni), ceuHel (Pb), Bonbdpam (W), megb (Cu) n gp.).
Tak, npun HarpeBaHun go temnepatypbl 400-450°C n Bbile nponcxoauT
BOCCTaHOBIeHMe xenesa (Fe) Bogopogom mn3 ero nioboro okcuaa, Hanpumep:

Fe,O, + 3H, = 2Fe + 3H,0
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PeakTusnas
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1.4 x 1010y 22.3 min 27 days 1.59 x 10y

137 barns 1500 barns 20 barns c.,47b ;c; 530 b
Fertile Fissile

45x10Py 23.5 min 2.36 days 24 x 10y
2.7 barns 22 barns 32 barns 0.270b ;0, 752 b
Fertile Fissile
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Case-VI

Case-Vil

Pul | MA

Burnup
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