POCCUNCKASA AKALLEMUA HAYK

(T~ WUHCTUTYT npobnem 6e3onacHOro pasBuTus
WBPAS aTOMHOW 3HEepPreTUKK

C.B. Kasakos, C.C. YTKuH

HCCJIE/IOBAHME TIPOBJIEM OBECTEYEHHS
 PAJIMAIIMORHO# BE30MACHOCTH
BOTHBIX KOCHCTEM

2018



C.B. Kazakos, C.C. YTKHH

UCCJIEJOBAHHME ITPOBJIEM OBECITEYEHHA
PAIMALIMOHHOM BE30ITACHOCTH BOJHbIX
JKOCHUCTEM

000 «CAM TMonurpaduct»
2018



YIK 621.039
BBK 314
K14

HccnenoBanue npobiem obfecneyenns paaHalHOHHOH Ge3omacHOCTH BOAHBIX dKkocHeTem / C.B. Kasakos,
C.C. Y1kun ; nox pen. U. U. Jlunre ; H-t npo6iiem 6e3omacHoro pa3BuTHs aToMHOM dHepreTuku PAH. —
M. : 000 «CAM Monurpaduct», 2018. — 270 c., unn.

ISBN 978-5-00077-798-5

OcHOBHasi LElb MOHOrpaguu —— MPOAEMOHCTPHPOBATE M MPOAHATH3UPOBATH INPOOIEMBI BOAHOM
PaIMO3KONOTHH, KOTOPBIE ABISIOTCH HHICPECHBIMH, BAXHBIMH H aKTYaJBHBIMH UL IPOTHO3a M OLEHKH
PAMOIOTHYECKOTO M PaJHO3KOIOTHIECKOrO COCTOSHHS BOAHBIX JKOCHCTEM ILIMPOKOTO IeHe3nca (BKIIoYas
[OBEPXHOCTHBIE  BOAOEMBI-XPAHHIMINA IKUAKHX DAJAHOAKTHBHBIX OTXONOB). ABTOPBl CTPEMHIIHCH
MPOJEMOHCTPHPOBATh MIEH, METOIB! M CnocoObl pelicHHs 3ajay B o0beMe HaHHOH NpobGneMaTHKH,
KOTOpbIE TPEACTaBIAIOT HAYYHO-TIPAKTHYECKHH HHTEpeC ¢ TOYKH 3PEHUs PeryJHpOBaHHA COCTOSHHMS
BOAHBIX IKOCHCTEM ¢ MCIOIB30BAHMEM KaK PAJHOTIOIHYECKMX, TaK M PaIHOIKOJIOTHYECKHX IIOAXOMIOB.
OtaensHO PacCMOTpeHbl 3alauyM 0 HCCHCNOBAHMIO OCHOBHBIX NApaMeTpoB (ITO, IaBHbIM 00pasoM,
K03 PUUMEHT paciipeaenenus PaIHOHYKIMIOB B CHCTEME «PacTBOP-B3BECH» U KO PHUILIHEHT HAKOMICHHA
PaIHOHYKIMIOB B I'MAPOOMOHTAX, 3 TAKXE JAMHAMHUYECKHE HapaMeTphl), KOTOpPhiE HCHONB3YIOTCS HLPH
pElIeHUM 33aay¥ MPOrHOCTHYECKOTO MOJENMPOBaHUS NOBE/IEHHA PAAHOAKTHBHBIX BELIECTB B MOPCKHX M
[IPeCHBIX BOAHBIX OOBEKTAX.

HWsnanue ocyuiectBneno npu ¢uHaHcoBoi nopnepxke Poccuiickoro ponna GpynnaMeHTaIbHBIX
HcenenoBaHui o npoexty Ne 18-18-00028\18, He moanexuT npoaxe.



CoaepkaHue

TIpeaucIOBUE HAYIHOTO PEAAKTOPA ... vviiresiriineteeeevuensresmeressssssteste s sastasssansasassaraesssonscssenanserees 7
BBEIIEHME cocusinmevsummes sevssisssaes s s s ST A Y S S G ¥ o g S S S S R e 12

Pasnen 1. Knaccuukanus BOMHBIX CHCTEM, [TOABEPKEHHBIX PaIHALHOHHOMY BO3IEHCTRHUIO ... 18

1.1. Knaccudukanus BOOHBIX CHCTEM MO T€HE3UCY HATUYMS PAJHOaKTHBHBIX BELIECTB......... 18
1.1.1. BonoeMbl — XpaHHIINILA XKAAKHX PATHOAKTHBHBIX OTXOMOB ....cevteieiuiianannieseneanerennnes 18
1.1.2. Bonusie 00bEKTHI, 3arPSi3HEHHBIE B Pe3yIbTaTe PaJHALIMOHHBIX aBAPHH .....covvvvevnnrne 27
1.1.3. 3arps3HeHHble BOIHBIE OOBEKTHl — OOBEKTBI «SIAEPHOTO HACTEAMS) wveivernvnreereeeaseannns 30
1.1.4. Bonoembl-oXNaguTETH ADC....oiiiiiiiiiiiiici it et e 34
1.1.5. Bognable 00BEKTHI OOLIETO HCHOMBIOBAHMS «...coviviieeriiuiriitresiesiesnesesnsrasasssssnessesnesrans 37

1.2. Knaccnbukanys BOAHBIX CHCTEM TI0 9KOJOIHYECKHM MPU3HAKaM U XapaKTepUCTHKaMm... 38

1.2.1. KnaccHDHUKAIMS MOPCKHX FKOCHCTEM .....ooveiveriuianiesisieeanienreesensnssnnssssenssesessussssasnassaas 39
1.2.1.1. TunoBas ruaporeoMopdHOIOTHS MOPCKOM CPEMBL.iruerireririiniienreierseiereierieraananes 39
1.2.1.2 TIpuGpeskHasg (6EPErOBAL) 30HA.......ccoiouriieiieietrereeiisesiensi s st e ssessesre s s ssens 40
B2 03 THIEHBD . o enemeaomonemmsesommmnboncio i i a3 505 SR ST 404008 BRSSO AT R AR Ay 05 43
1:2.1:4. MOPCKHE SCTVAPME ;i sussswrssssssssussssissssssss s dovissss s 8y misss susions 1oosast svsossasoess voseee 45
1.2.1.5. OrxpbITast MOPCKas (OKEAHMYECKAN) OOMACTD . ....ovvvuerrirmiirniirire i 47

1.2.2. Knaccupuxanys NpECHOBOIHBIX SKOCHCTEM .....ueuverrrirerisiuriiaessessesssessnsonsonsansenssansenas 49
1.2.2.1. BOBOTOKH ...cccuuiiiiiniiiiiinteceietis s etssiesssninns s e sbesee s vesse s bbb e s s nnasae e 49
L2202, BOMOCMBL. .t sees5. 55 oo i i LSR5 8 O S S S0 T S S VSR SRS A 50

TIuTeparypa K.PARTEIHY | wuusmsorussssssssmmerssmsmsssesres s s ovss s s (535 5§ S5m0 oy oo s g ossavsvas s 54
Pasnen 2. Onenka paauaniOHHOTO COCTOSHHUS BOJHBIX IKOCHCTEM ...vvivrienrerininsnnennnesieseniennens 59
2.1. JeicTBYIOIINE PETIaMEHTh! PaHaliOHHOR 5€30NaCHOCTH BOJHBIX JKOCHCTEM. ............ 59

2.2. CpaBHuTENbHAsA KNACCH(HKAIMA Ka4eCTBA BOX 1O (PAKTOpaM PajHMariiOHHOTO ¥
KHMAYCCKOTO, SATPHBHEHMI ssnssvswssssesssw vy usmssssess 6oy §050 800y s soass v 638 S SR e P v womsv sy 68

2.3. PaHyK4pOBaHUE TIPUPOJHO-TEXHOIEHHBIX BOAHBIX CUCTEM N0 YPOBHIO HX ONACHOCTH .....72

2.4, AnbTepHaTHBHBIC IOAX0/1bI K 00ECTICUEHUIO PafialliOHHOMH 6€30MacHOCTH BOJHBIX
IKOCHCTEM ...ceroeeerioreiesentenesansssnsesesissareseetsebensestosessiansonbasssessnbsnssnabesteasaness

Jluteparypa x Pasgeny 2
Pasznen 3. Paguonornyeckoe periaMeHTHPOBAHUE COCTOAHHA BOMHBIX S3KOCHUCTEM.....ccveuvvereanens 83
3.1. Cxema pacuera /10361 JJist HacelIeHHs, HOPMHUPYEMOH 3a CUET BOAONONL30BAHNA ............ 83
3.1.1. PacueTr no3bl BHEIIHETO O0IYUEHHS /ISl HACENEHHA TIPH BOJIONIONB30BAHMH ............. 86
3.1.2. Pacuer 103bI BHyTpEHHET0 00Iy4eHHA A4 HACENEHH NIPH BOJONOJIL30BAHHM. ........ 87

3.2. OcoGeHHOCTH MOCIHPOBAHMS JO3bI, POPMUPYEMOil 32 CHET HCIIONbB3OBAHHS
MIPECHOBOJIHBIX HIIH MOPCKHUX BKOCHCTEM. .. .eiiiricieretieiiesisnssseisessensensesnesnanscassassnessesssessssssessenss 90



3.2.1. Moaenu pacyeTa 1036l U1 HACEICHHUS IPY PaJHOAKTHBHOM 3arpsa3HEHUH
TIOBEPXHOCTHBIX HPECHBIX BO/u.ovrirerieinersrerinsieesuesintonsiensaneieesesssmssncenessessmonesseessmesnsessonassensnne 90

3.2.2. Moaein pacuera 103bl ISl HACETEHHS IPY paJlMOaKTUBHOM 3arpsi3HEHUH MOPCKOit

0L 91

3.3. [Ipouenypa pernaMeHTHPOBAHMS PaAVONOTHIECKOTO COCTOSHUS BOAHBIX IKOCHCTEM..... 93

JInteparypa K PasAemmy 3 ... e e 106
Pasnen 4. Paguosxosorudeckue noaxoas! k 00ecedeHUIo paualoHHONH 6e30nacHOCTH

BOIHBIX OROCHCTEM - vovsuorsnssmamnonsvessssvress ooy simessess e amnys v s e oF oS F eSS 883 S B 5 108

4.1. AHTPONIOIEHTPHYECKU I NOIXOA PAAUALMOHHON 3AIMTBI OHOTBI «..oovvecveeineenrire e 108

4.2: O6ocHOBaHUE PATNOIKONOTHYECKHX MOAXOIOB: APIYMEHTALMS SKOLECHTPH3MA ............ 112

43. Pannoaxonomqecmle HoAXoAbl B CTPYKTYpEC OTEYECTBEHHOH CHCTEMBI o0ecIiedeH s

PANHATHOHHON OEBOTMACHOCTH s vcuusss sussessss suvsasssssesy s ssnmss s nsesmssyessssss s soys o uaeis siesssnsts siu s sussen s 117
4.4. Ilpouexypsl H MOPAAOK pacdeTa 03B! Ha THAPOOHOHTBL.......cc.ccuerermermecesinrenensacrsenieenens 123
4.5. O B3aUMOOTHOILEHHH PAIHOIOIHUECKUX H pannoaxonomqecmx KpMTEpHEB

PaAMAIIMOHHOM GE30TIACHOCTH BOTHBIX DKOCHCTEM ....oouvervinremeeenrerieetasecsensinensesnssesunsessessensan 130
B T2 o B oL (1 B — 133

Pasnen 5. MozaenupoBanHe MpoLECCOB MHUIPAIHM H HAKOIUICHUS PaJHOHYKIIHIOB B
KOMITOHEHTAX BOHBIX DKOCHCTEM ...vverrieeieinrrerreiiesaasesseesessaniserssssisssessessessasssessnssnasesssssrnsassonssens 140

5.1. O630p OCHOBHBIX THNOB MOAEIEH IPOrHO3a M OLEHKH PAJHALHOHHOIO COCTOSHHSA

BOTHBIX DKOCHCTEM :occsvsissmsrvevssies vesrins sissevs s o ieyss oo om0 o vS A S Do A PO Py SO OE S H S S ESY 141
5.2. Ilponeccel, ONpEAEISIOUME NEPEHOC PANUOHYKIHAOR B BOAHBIX 3KOCHCTEMAX ............. 144
5.3. Mogenu ¢ cocpeOTOYCHHBIMH ITaPAMETPAMU (KAMEPHBIE MOTCITH) ..eeevneeerivenrernruerinnnene 146
5.4. Mozaeny ¢ pacpeIeCHHBIMH HAPAMETPAMIE ...c..oeereererrerrererramireseesesemesnssssessoncsseesrennes 153

5.5. Moaenu, UCHONIb3yeMbIE VTS OLCHKM PaJHOdKOJIOTHYECKUX NIOCTIEACTBUH aBapuy Ha ADC

«DYKYCHMA» I MOPCKOM CPEIIBI ......vvveiiciicuiitetietiieieims e e sbesteab s atasssnas s sesbn e saa s sensmeneas 155
5.6. TIporpamMHubie KOMILIEKCH «KaccaHIpa-CHOHILIAN .....c.cocvuerminerrenrenreneiesereeeenanee e 159
JINTEPATYPA K PA3HEIIY 5 ..oveoiiiiee ettt et e 160
Paznien 6. AHanu3 u ofipefiesieHHe 3Ha4eHUH kK03 PUIMEHTOB paclpeAeNieHIs PAIHOHYKINAOB B
CACTEME (BIBECHPACTBODM cyusscueeres s sums syveuns grogis povsgspesssssy s3 s o s i oo g v G v oo s sy (o BV R 843 165
6.1, Ky - OOIIHE CBEMEHIS ...c.eoevitiiaiieieits et sttt traes et ee e et et s s ra et bt an e esaenesans 165
6.2. PacnpeeneHye paJHOHYKIH/IOB B CHCTEME «PACTBOP-B3BECH) .......ciovieereerecsnavemiaconsenss 168
6.3. Hakomienue pagHOHYKIHAOB B JJOHHBIX OCAIKAX ...cuveeuraiveciairsaerseesuisnesininsseesesssinneonnne 176
6.3.1. O611He CBEAEHNS 00 OCAIKOHAKOTITEHMIY ...oeevveiiieriansersensesosirseesessecssaressssorsnesssssnsansss 176
6.3.2. DCTYAPHH [17] ettt e s st sttt sttt et sre st 179
6.3.3. Ilpubpesxabie paoHbl M EIb [17] oo 179
6.3.4. OTKPBITBIA OKEAH [15, LT] oottt e 180



6.3.5. OcOOGEHHOCTH COJIEpHKAHUS U PACTIPEAEICHHS €CTECTBEHHBIX PAJHOHYKITHIOB B

] 019 .ol & 0L 2 b, T 181
6.4. Onpenenenue peepeHTHBIX 3HAUCHUH Kq . ..ovvviviiiiiiiiee e 182
6.4.1. 3HauCHN Ky IS MPECHBIX BO ..vvvivvenieeniireiniaiueisesoreesnmemmsessne e sessasisesssensssssnsenses 183
6.4.2. 3naueHns Ky A5t MOPCKHX DKOCHCTEM......ouivveireieeeieearinisranmessssnnsenesiessesnansnsesessaees 185
6.4.3. K4 171 OTKPBITHIX OKEAHUIECKHUX OOMACTEM ....oevveueiiiiiniirimiciiiienc et 186
6.4.4. Ky aymst 01 TPUOPEIKHBIX PAROHOB M 3CTYAPHEB .....vvvenirreniiirenrinnessseieseessnaressossesnnse 189
6.4.5. Onpenenerue peepeHTHBIX YPOBHEN Ky .ovveeeeiiriiiiiiiie e 192
6.4.6. BO3MOKHOCTH HU3MKO-XMMHYECKOTO MOJAEIHPOBAHEA Ky ..oovovviiivivccec 194
6.4.7. OCOOEHHOCTH MCTIOIB30BAHUSA NMAPAMETPA Ky .oovvevnriniiiiiiiiiiicci e 196

6.5. JlunaMuyeckie XapaKTepUCTHKY paciipe/icliCHNnd PaguoHyKIHIOB B CHCTEME «BOJIa-

BABECEY sonsvssmnsrsmssniiss s s S AR SRS s TR E % §5 e 3 S T s S e S 202
6.5.1. lunamuxa K03¢PUIHECHTA PacTIPERENEHHA Ky oo 202
6.5.2. TTapameTpbl CAaMOOYHILIICHHS] MOPCKOM BOJBI ............ erorsmaresomssoneransnsands PO E ne e O 206

TIUTEPATYPE KPABTIEITY: 63 e o d5i5550 5 558 0500 0 0 0 S0 A S SRR SR SRV SRS 216

Pasnen 7. Ananu3 u onpeenenne K03(GHUUIMEHTOB HAKOILIEHHs PaIHOHYKIHIOB B
THIPOOHOHTAX ...evvveerureenieiereseestreseremseesuconesseesreste s s s seseseiaasentenseeabasbbssasnaneesessabe st s enseasansanansaane 220

7.1. CBegeHus W HCTOYHHUKH JAaHHBIX O HaxbnneHHH PaaMOHYKIIHAOB B THAPOOHOHTAX ....... 220
7.1.1. HakOTUIEHHE B HITOTUIAHKTOHE ....ec.veuiemrerneneenniaresenrinresisnnsiesnssnninseassesasssseassnnsessans 221
7.1.2. HaKOIUICHUE B BOOTUIAHKTOHE :vusvusssssssvnsrsvumssssussrss sossesss comerssssssiss siispanaussssissvovigssasisinesns 222
7.1.3. HAKOIUICHHE B PBIDC. ......reeciierireeiereercriestssaeeeecssasnessse i enac st st et st s resnesneaes 223
7.1.4. HAKOIIICHHE B MOJUTEHOCKAX ..evreerveeuennrernesuennennerssuassesssiannssssssessansssassassssssssnnsseennsns 224
7.1.5. HaKOIUIEHHE B PAKOOOPAZHBIX «....vveieieeeieriiiesiacninneresessnressssssisnsosesseeessassnssnsessnsssassons 224
7:1.6. HakONICHHE B MITCKOIIMTAROTIIVIK :uss sisssssssvssssesns tosisssasssssns s sussusnes 97355 sopossaasssssmnins 224
7:1.7. HakOnA€HIE ‘B BOKODOCTIN sucusvessssnssmess svesssrssss soussssssssssmsvssgssgaesssorssesommssnsnsssussemvaranten 224

7.2. 3HaueHna K03 PUIMEHTOB HAKOIUIEHHS PAINOHYKIIH/I0B B IIPECHOBOJHBIX THAPOOUOHTAX

7.4. 3Hauenns K03GPUIIMEHTOB HAKOILICHUS PaJMOHYKANAOB /U1 pepepeHTHRIX BHIOB
THIPOOTOHTOB ....veevvereiireieeieeetiseaseisbeere e e it e s st sre s e s sbesaasaas s se e ks s ebaesseseseassebeesbae st ae st ansaassenaseses 241

7.5. JluHaMiueCKHe XapaKTepPUCTHKN HAKOTUIEHHS PaIMOHYKIHIOB B THAPOOHOHTAX .......... 243

7.5.1. luHaMUYeCcKHe XapaKTEPUCTUKHA MApaMETPOB HAKOIJICHHUS paJHOHYKIHIOB B
DHUTOIITAHKTOHE .....veiieieiitcener e beaeenreeseaeeestserca e s caeessssresre et e ste s sete s e nnebsenbsbeersereersanes 243

7.5.2 JlunamMu4eckne XapaKTePHCTHKH NapaMeTPOB HaKOIIEHUS paJUOHYKINIOB B
(00 P21 1 0] 5 (= 246

7.5.3. luHaMUYECKHE XapaKTEPUCTHKA HAKOILICHHS PaaMOHYKIH/IOB B PBIOAX..........c...... 248



7.5.4. lnnamMHYeCKHE XapaKTePHCTHKH NMapaMeTPOB HAKOIUIEHHS PaIOHYKIIHIOB B
MOTITEOCKAX s 55855055535 55500850875 00753 545 557 54405 68855554070 500 050 56455 59 550n 580 595 42004550 S5 £5 ke T Fha o Fhn e e S 255

7.5.5. JluHaMudecKue XapaKTepHCTHKA HAKOIICHHAS PaTHOHYKIHIOB IS MOPCKHX

MITEKOTIUTAROIIIHX ...vccvinvieresicnsntsctaseesaessansssesenssea e sbesbesssmeseesaensen seesscssenenmeus smessebensessenseuenes 258
7.5.6. Hapamempor nakonnenus u 8vi6e0enUs PpAOUOHYKNIUO0E 8 MAKPOPUMAx................. 260
JIuTepaTypa K PABHEIY 7 . coiciiiisiisiimisiasimaiavse o0 st aiinnieiiintinnsbeniiansinsiinainsibarsinninnsberneneaoes 262

BAKIIHOUCHIE ...vvveiivreeeiererieueeeeireeeesisrsssisesesssessossseessoreessassassnssessrssssssssssossnssasesssnssesnsessontesssseonss 266



