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The Chernobyl accident that happened at the fourth unit of the
Chernobyl nuclear power plant (ChNpp-4) almost ten years ago is the
biggest accident in the history of the nuclear industry. However, many
questions about the radioactivity produced in the reactor and released
into the atmosphere still remain unanswered.

Several calculations of the radioactive inventory in the
Clrernobyl-  reactor have been made so far, but none of them has
calculated the short-term activity. In this thesis an attempt is made to
review the available data and calculate the radioactive inventory in the
ChNPP-4 reactor due to both, short-term and long-term activities for
two different reactor power histories. These are the realistic power
history that lead to the explosion while the reactor was operating at
low power levels for certain length of time, and an assumed full power
level of 32,000 MW (thermal).

The ratio of activities due to constant and realistic power
histories was calculated to be about two at the time the prompt critical
reaction stopped. This result means that firemen and other emergency
workers would have received twice as much dose if the reactor
exploded while operating at full power.

Abstract
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Introduction

On April 26, 1986, at about 1:24:00 a.m. an accident occurrecl at the fourth unit
of the Chernobyl Nuclear Powel Plant (ChNPP-4) in the Soviet Unio'. Duri'g the

accident the reactor core was completely destroyecl, and large arnounts of radioactive

material were released into the atmosphere over the next 10 days.

In August, 1986, at the International Atomic Energy Agency Experts' IVleeti¡g in
Vienua, the USSR State Cornrnittee on the Utilization of Atornic E¡erg, subniitted

a report TI¿e Acci,dent at the Chernoltyl Nuclear Power Plant and, Its Consequences

IUSSR 86]1. This report presented inforrnation on the Chernobyl type of reactor

(RBMK-1000), the chronology of the accident and estimates of releases of valious

radioactive isotopes (clecay corrected to X4a¡, 6), bui it did not repor.t the details

of power and fuel histol¡' needed to com¡rute laclioactive inr¡entor.y. Thc accicle¡t

scenario was not at tliat time (and still is not) fully undelstoocl at tlie level t¡at
rvould allorv reconstnrction in clctail of the intcrrsit¡, of porvcr cxculsiorr leaciing to thcl

explosiotl, and acculate calculations of the short-lived reactor. i¡ve¿toty.

Three questions have to be answeled in orcler to unclerstancl the reactor accident

consequences: what was th<l r-eactor's raclioactivc invurtor.¡, at the tirne of the a<:ciclent,:

what fi'action of this inventor.lr þo¿ been relea^secl: al<l wha.t ai-<r (n.rxl/or. will Ìre) th<:

efÍ'ects of thcse releases'?

To get a reliablc alìs\{¡er to thc question al>out the reac:to¡ i¡r¡e¡tor.}, at tire til¡c:
of acc:idettt u¡e ntust have detailed infolmation about the rcactor powct histor.r,. fuel

c:otiteut- as well a^s the r<lactor chsign c:har¿rctelistics. IJ6rncver. a¡ cstirnate of t¡r:
raclioactive itlveutor.)' of a leac:tot' cluc to long-lir,<:cl isotoltcs catì be pcrforr¡ccl usi'g
oulS' ¿. feu' integral pat'ameters of the reactor2. Those c:alculatiorì.s \\¡ero per.for-rncrl

beforc or shot'tl¡'after thc Vienn¿r neeting - [Derrc 86], [KiLc 88]. A later.Russian

¡lublicatiou [Boro 89] provides lnorc cletailccl info¡uratio¡ aSout thc C¡NPP-4 reactor

, 
lAfter the rneeting tlte Ittternatiottal Nuclear Safety Advisoty Group suurrnar.izerl t¡e results of

the rneeting aud published its o'n'u repolt [INSA 86]. Palt I oi thc Soviet Report IUSSR. g6] uas
published tt'o rnoutlts later in USSR [Abag 86] rvhich we n ill use in this text. Ar¡rexL fror., part II
uere updated and published later in various Soviet jourrmls.

2See belorv Section 5. "Physics of the Activity Calculations".

1



liistory, and makcs it possible to obtain better estirnates of the reactor inventorS,.

The estirnate of radioactive release is heavily dependent on the experimental data

taken during the ten days following the accident. Some of this data, as well as

calculations of the release, were presented iu Russian scientific literature - lIzraS7,gg],

[Alek 92] - although discrepancies in published results remain high (see Fig. i8)

The effects of radioactive reiease (and most important - health effects) depend

on the radioactive faliout in. the area under consideration. This in turn, depends

on the meteorological conditions during the release period, the ability of various

radioisotopes to penetrate into different types of soil, etc. The study of these effects

requires much additional inforrnation.

In this thesis we will consider the fir'st problern, detailed ChNPP-4 reactor inven-

tory, aud tlte second oue, ladioactive rele¿ne. Unlike pleviousl.y published papers,

both sllort-tenn and long-term ac:tivit5' will l¡e calculatecl3.

Tlre long livecl isotopes (T1¡2 > 0.5 hours) ale of rna,in concern while analvzing the

effects of thc ChNPP-4 raclioactive rel<:ases on tlx: public. Hou,ever, ¿rt the timc of the

accident the short-terln radioactivity (Trp < 0.5 hours) was the major contributor to

the total radioactivity released from the reactor. This short-term activity could have

affectecl people working at thc four nuclear plants (ChNPP-1 , -2, -3 ancl -4); fir'enen

that auivccl aftel thc explosiou occurleci (thr<x: teams. 5. 10 aucl 20 minutcs aftcr

thc acrcicletrt): rright shift constnr<:tion u'<¡rkc:rs builcling the ChNPP-5 ¿r.ncl ChNPP-6

t'eactors; civilia.ns that happened to be in the neighborhoocl <¡f ttrc ChNPP-4 reactor

tlx; night of the a,cciclcnt. ¿rrxl inhabitants of near.b.1' Pripva.t l>c:forc the tou,u nas

r-:r'a<luatecl.

Another itnpoltaut asi;ect of the ChNPP-4 ac:cicielt is the far:t t,hat the cxplosion

oc:c.ut'rccl while thc reactot' was working at a lou' powcr k:vcl. If th<: r'cactor explo<lecl

ri'hile ri'orkiug c:ontiuuously at full power', th<; shot't tern ¿lctivif,lr ¿1:{runìüla.tcrd in thc:

reactor u'oulcl have been larger. How much larger? \4¡ould it have affc:cteclfir'efiglrter-s?

If radiation levels wele significantly higher', pelhaps firerneu u,oulcin't have been able

3We consider only the activity accurnulated iu the rcactor fuel.



to extinguish tlic fir'es.

In order to calculate both the short-term and long-terrn radioactive invcntory and

to ansrver tire questions raised above, it is necessary to have fairiy detaileci informa-

tion regarding the operating regirne of the RBMK reactor, as well as the cletailecl

power liistory of the ChNPP-4 reactor. Short-terrn activity is very sensitive to these

paratneters. Much of that information is available in some Russian publications: [Doll

80] and [Spra 33] - about the RBN¡IK design, ancl [Boro 89] - about the ChNPP-4

reactor history.



2 The RBMK Reactor:
Design and Operating Regime

2.L Some Design Details

The RBI\4Ka reactor is a channel type, water-coolecl and graphite-moderateds

reactor. It iras a uniquely Soviet design which is not utilized anywhere else in the
world. As of January 1, 1987, 14 RBMI{ reactors were operating in USSR anci 6 were

under construction [Lega 87]. The first number grows to 16 units as at December 1,

i990 [Abra 92].

In choosing the first type of reactor for electrical power generation in late 1960,s,

the RBI\tIK design was chosen as the most effective one6. The first RBNIK reactor rvas

put into operatiou in 1973 at Sosuovyi Bor, about 80 krn west from St.petersbprg.

Thc lcactor core cousists of a.bout 1700 zirconium vertical plcssure tul¡es (chan-

[els) that catl bc fillcxl ivith fuel or absorbers. The core ha^s a cyli'cirical for.'r u,ith
a cliamcter <¡f 1i.8 rnetcrs and height of Z mctcrs.

The RN{BK's fuel rods consist of uranium clioxide pellets (270 enrichedz) in a
tubulal metal (zircaloy) cladding. A cluster of 18 such tubular fuel rods forms a fuel
assembly - a fuel ttnit th¿it is inseltecl into ol remorrecl fi'om the rea,ctor. TIrr: c:r-oss

secti<ln of stlch a,u assetnltlv is showu in Fig. 1a. Uncler normal o¡:>er-a.tio' clrrri'g the

<>ttlilte rcfircliLrg Icgitrtr: tìl<:rcr arc allout 1660 fìrcl a.ss<:nrl;li<ls in th<: R.BNdI{ r.ca(:toL.

Thc c:orc <:ont¿riDs enough fuel to constitutc: as nruch as 50 c:r.iti<:al masses [KLes gZ].

Ser<rral lletranr<lt<;rs influencc the reac:toL's r(¿a(:tirritl,: ¡1r" <roolaut, gra.lthit<: aucl fu<ll

tctttllct'atur<1. t,ltc voicl fra<:tiott, thc burnup. thr: fu<;l <;lu'i<:hrnc¡t. a,'cl t¡* 1lr-crs.rrc:c

of altsorbing nratelial (incrluding xc:uon). Such a gcornetl¡, ancl dclsigrr rccluir.<: a lar.gc

c<rttstrttctiolr)oftlreCltculollvlcottr¡llexrvcr.eRBlrII{-l000
type of t'eactors s'lttrre RBN4I{ stancls for large powcl draunel rcactor, 1000 stauds for 100() it,I\\¡
electric J)o\\¡et'.

sReacto'terr's 
¡r'irrt.d i' bold ar:c ex¡rlai'ed irr the Glossar.y.oAlthough t$'o otltel types of reactols under cousideratiou îrave had rnole safety features. t¡e

RBÀ'II( u'as choserr maitll.y due to cxperieucc the Soviet industr.y had irr r.urrniug gr.aphitc reactgr.s:
a reactor of siutilar desigu had been used itr t]re USSR fol s,eapon ¡rlutoniuur ¡r.oa"u.tìon [ArneL g6].TTIle first RBÀ4K reactors wcre desigued to use t.8% enriched fucl. i,r ì later- desig¡ bv 2%
enrichrneut tvas used.
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Figult: 1: A scltctn¿rti<: t'ept'eserrt¿rtiorr of th<l rlistrilxrticirr of t,h<: R.BI\.{l{ frr<:l in thc'
reac:tor (:ore. Tlte assetubl¡', ¡ralt a), consists of 18 t,ub<s of fucrl pcrlk:ts iu zilr:a.lo.r'
claclding aud otte channel (markecl with X) tha.t uncler uorrnal opelation is fillc:cl r¡,ith
ri'ater. Tltc asscltubly is 7 trtetcrs long ancl has tu'o sciraratc: 3.5 rnct<-:r long palts.
Initial loacling of the RBN4I{ r'eactor', ¡rar-t b), consist of 12 fi'esh fuel assemblicrs, 2
t'egular altsorbers (A) and 2 aclclitional absorbcLs (AA). Al:solltcrrs irr AA ¡rositiou
ri'ill be retuoved and teplacecl by fuel <luling the intelrnccliatc yleriocl (scc Sectiott2.2.
Oper-ating Reg-irne) of the RBMI( operating r<;giurc.
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number of control rods, making the reactor difficult to operate.

The most comprehensive information about tlie RBl\4K-type reactor using 1.8%

enriched fuel is giveu in the book [Doll 80] by Dolleshal' (scie¡tific supervisor of the

RBMK Project) and Ernel'janov. This book is extensively used in this thesis as a

source of factual inforrnation about RBIVIK's design.

An analysis of the radioactive content of trn'o types of reactors - W\MER (a pres-

surized ürater Reactor (PWR) type) and RBN4K - for different campaign times is

given in [Spra 83]. Unfortunately, the calculations regarding the RBI4K reactor in

[Spra 83] were perforrned under the assumption that the neutron flux is a constant

during the carnpaign. Therefore, the resuits obtained are applicable only to the o¡-
line refueling phase of the campaign (see Section 2.2, Operating Reginie). This book

also contains solnc useful infolmation regarcÌing the raciioactive co¡te¡t of sholt-term

irradiated fresh RBII4K's fuel.

Both books - [Doll 80] ancl [Spla 83] - use the same c:alculation models, l>rrt t[cr

latter cottsiclers 2% enrichccl fuel. Although tLrc clata given in [S¡rla 83] u,ere c:al<:ulatcd

for online refueling regitne, a.nd CLNPP-4 was not yet in that regime, we will rnake

use of those clata (see Section 8, Results of Calculations: Short Term A<:tivity in

ChNPP-4 Reactor').

2.2 Operating Regirne

Thc opcrating regime of the RBN4K reactclr ciepencls on the time the lear:tc¡r- has b<:en

Protluc:irrg ellel'g)¡. The RBMK c:arn¡raign tirue ca,n lte clividecl into tlrlec per.io<is [Doll
801:

c Start-tt'p peri,od. Initially thc¿ reactor is loaded rvith fi'esh fuel. Since frcsh filel

Itas a lorv neutrou absor¡ltion rate, special nìeâsures have to l¡c: taken in or'<ler'

to keep the tteutlon flux (i.e. reactor: porver') below a c:eltain levcl detclurirrecl

b.y the reactot' design. Thele ale three principal rnethods to soh,e this ploltl<:rn:

flrst, to use low enrichcd fuel with a lower neutron procluction late; seconcl, to

use additional absorbers and third, to use fewer fuel assemblies. In the RBN4K
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design the last two methods 'iverc implementecl [Doll 80]. During the star-t-up

period the reactor has only about 80% of its fuel ioaded and twice â^s marìy

absorbers as during steady state operation (see Fig. 1b). As the caurpaig¡ goes

on, fission products are accunr.ulated and the non-fission neutron absor.ptio¡

rate increases. In order to compensate for the loss of neutrons due to absorp-

tion in these fission products, additional absorbers are eventually renovecl ald
replaced by fuel assernblies.

o Intermedi,ate peri,od. The intermediate period starts when the first adclitional

absorber is replaced by fuel. This occurs when the average burnup is about 5
M\Ã/d/kg (megawatt-days per kilogram of fuel) [Doll 80]. While rhe reactor

fuel is further burning out, the second aciditional absolber is also r.eplacecl b1,

fuel- At tlie end of this pcriocl the average fuel bulnup has reachecl half the

level (10-12 i\4wd/kg) of the tnaximum buurup tliat can Ìrc achievocl r,vhcrr

ltoth additional absorbers are r.emovecl.

' SteadA State or Online Refueli,ng regime. During this period the fuel with bur-

rrup 20-24 Mwd/kg is retnoveci from the core ancl replacecl with fresh fuel. The

reactor fuel then is a tnixture of old a.n<l fi'csh fuel anrl thc aver.age l:urnu1-r

cluring this periocl is roughlv c:<>nsta.nt8. Thc lcfueling lrrocxrclur.c: is perfor.me<l

u'hile thc: r<;actor is ploclu<:ing c:ner.g.1.. Duriug this opcr-ir.tirrg ¡rhasc thc RBN.fli

rcactol has 14 fuel assemblies ancl 2 a.bsorl_rcrs irr ever5, 16 (axa) chanuc:ls.

A<:c:orclittg to [Doll 80], the fit'st trvo periocls iu tot¿l la"st f'or a.irout 1500 <lat,s for.

RBl\{l{s with 1.8% enlichql fuele rvhile thc dcsign lifc of an R,B\,lI{ r(:Ac:tor. is c:onsicl-

erecl to be a.bout 30 ys¿¡r [Doll 80].

Tlte rlrairt integlal ¡lara,meter of a powur lcactor is the total amo¡nt of erìcr.gt;

ploclucecl. Often it is expressed in a specific folur: a\¡eragc encrg)¡ lrcr fucl asse¡ibl1.

oI' pel' kilogram of fuel. Tltis pararneter is callecl fuel burnup or fuel exposure.

tl.ysirnpIifiesthecaìculatiotrsartclisofterlus<lclirrRBI{i{
inventory estirnates [Spra 83].

elt is uot stated explicit\y what is the lerrgth of this pcriod for RBlvIKs with 2% enriched fuel.
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Another important parameter is the neutron fl.uence, neutron flux rnultipliecl by

time: Õ?. The long-lived isotope activity is directly proportional to the fluence (see

section 5.2 Fission Products Activity). In addition, the fragility of the reactor vessel

as well as the metal constructions in the reactor depend on the neubron fluence.



3 Power History of the ChNPP-4 Reactor

The ChNPP-4 reaetor was started - "tumed on" - in December', 1g83 and thus h¿rcl

been operating for over 800 clayslO. Taking into account the routine testing proceclures

[Doll 80] duling the first few rnonths aftcr starting an RBMK leactor, ChNPp-4 was

producing electricity for 235 days [Boro 89]tt.

On Aplil 26, the reactor was plannecl to be shut dorvn fol schecluled rnaintelìance,

but a decision was made to run a special test before the shutclown. The goal of this

test was to detelmine the ability of a turbogenirator to provide in-house power after:

shutting off its steatn suppiy for the short tirne (norninally 40 to S0 seconcls) neecled

for the emergency diesel generators to start ancl come online. The acciclent occurrecl

while perfonning this test.

FoI the purpose of calculating the ladioactive inventol'.1,, we s¡>lit ttr<; ChNPP-4

power ltistt>rf into three intervals which rvc will <:onsiclr:r scllara.tel¡r.

3.1 A-Period

This periocl covers the timc between connecting the ChNPP-4 reactor to the Sorriet

elet:tricitv gricl in Decembet' 1983 auci 01:06 a.ur. April25. 1986. rvherr Jrrc¡>arations to

pet'fortn the sJrecial ttxt werc startecl. Dulirrg this tiur<.: (about 25 rrr<lnths) th<: r<ractor

lr¡¿'ts ol>c:t'atittg ttn<l<lr uc¡t'rna.l c:<-¡nclitir>us <k:lii<:riug tlu:r'ural lx)\vor of 3200 N,,l\^i (1000

I\4W <ll<x:tric:) <lx<:ept whcu it was shut <lori'n fclr rrraiut<rn¿ur(:o ol r'c1>il.ir'. Iufl>r.rlrati<lrr

givt:tt 14' ¿1t., Sovict team ¿rt th<: Vicnna rur:eting [Allag 86] xlgarclirrg th<r Lr:¿ì<:tor

<rhar¿xrtelistics (l>uruup, nuurllel of fu<¿l a.ss<nrblics irr tlur rc;a<:trx) (:orrospolr(ls to th<r

<:tt<l of this ¡rcri<lcl, but d<¡cs uot ¡rrovidc <nough clata to r'<rpro<lrrc:r: iu <k:ta.il th<: porvr:r

histot'.1' until that tiLn<;. I\4<>r'c rletailctl inforruatiorr alrout tll<l fuel histor.1, in tlx:

ChNPP-4 r'tra<:toL was givett itr a pre¡rriut [Bor'o 89] prLlrlish<:<l a, ftru, .]¡o¿ì,t.s a.ft<:r t|<:

typclt.ca<:tor.s)rr,erstlrt'tlrir<ltlrr<'llttiltilttlrt.S<lr,itltUtti<llr.
¿rltcu the L<.nirrgrad aucl l(ursh Cornplclxrrs.

llThere arcì sollle cliscr:<rpancies iu different 1>rrblic:atiorrs lrrgar'<lirru this figule. F<rr <rxarrr¡rl<r. author.s
irr [Aleli 92] state that thc rc¿rctor rvas operatirrg f<rr- "715 <:ffc'<:tiì,c rla.ì,si'- ¡rr.t:s¡11¡¡¿¡l¡¡1, full-1rorvçr
davs- \\ie ttsc the trttrttbcr frorn [Boro 89] siucc' this prclrriut givt's <letailecl histor..y for. <Ìif[er.<.rrt frrcl
assetnblies in thcr ChNPP-4 reactor..

9



acciderrt and is reproduced in Table 1. Fig. 2 shows the assumecl power history of th<:

ChNPP-4 reactor usecl in our calculations. In this pleprint the refueling timetablc:

is given. All 1659 f,rel usr"t tblies that rÃ/ele present in the reactor at the time of the

accident are divided into 18 groups using the exposure level a¡d ti¡re the fuel fro'r
each group was present in the reactor. These data give us two irnportant i¡tegral
characteristics of the reactor fuel at the time of the accident:

o Total fuel burnup: 2069 GWd - see last line in column 4, Table 1. This gives

arl average power level of 2815 MWt (thermal) over 735 days of operatio¡

(nominal power - 3200 MWtl2) and specific average burnup per kilograrn of fuel

- 10.9 Nawd/kg (last line in column 6, Table 1): tliis nurnber varies frorn 0.4

It4U¡d/kS to 74.4 Xawd/kg for different groups of fuel assernblies. In [Abag 86]

the ar¡erage burnup was r-eported to be 10.3 X4Wd/kg.

' Total ttuurbel of fuei assernblies integlated ove¡ time. This fuel rvas pr-esent in

tìre lca,<:tor: 1.06 x 106 Assrl (assembly-days) - s<:c <:ohurrr 3. Table 1.

The information given in [Boro 89] also shows that no fuel had been rernovecl

frorn the reactor during the campaign. Ar:corcling to [Boro 8g], 1383 fuel assernblies

(83% of all assemblies at the time of the explosion) hacl br:cn preserrt in the rea.ctor.

dur-ing thc rvhole <:aurl>aigu ancl 276 fu<:l assc:mblics u,crr: aclclecl at diffclrent tim<rs

starting fì'onr the 295th da¡' çr¡ the carnpaign (sr:t: Tal¡k: 1. arul Fig. 2.). Ac:c<rr<liu¡3

to [Doll 80]. RB\4K Leactols duling the stalt-up perio<l hax: only a.l-rout g3% (160

tous of 192 tons) of their fuel loa.clecl (see Section 2.2, Operating R.cgiure). Although

tiris info|nlatiou appli<ls to R.BÀ4K's with 1.8% enlichsl fu<ll, wo â^ssurìe this nurnbcr.

should be about the saure fol ChNPP-4 fuel u'ith 2.0% enrichrnent. Theleforc. if sorucr

fuel in the CLNPP-4 r'cactor would have been lernove(l (replagxl bt, fi'esh fucl), thc:

uumÌ:el of fuel assemblies preseut in the leactol frorn stalting the <:ampaigrr u,oul<l bc:

uudet' 83%, what appalently is ttot our case. N4olr:over, rv<,: notic:c that ChNPP-4 lvas

t2Tlris gives us the capacity f¿rct<-l¡: of the ChNPP-4 t'eactor.: I{ : 2BLS: 3200 : 0.gg. This
uutnber is iu good agreetnertt rvith the capacity factors of other RBN4I{ reactors that are typically
in the range of 0.8 to 0.9 [Abag 91].
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Table 1: Histor¡' of th<: ChNPP-4 rcactor fuel. Data in columns 1,2 a.ncl S rvcre
taken fi'oLn [Boro 89], in colunr.ns 3,4 ancl 6 - calculatecl: column 3 - urultiplyi¡g
the corresponding figures in column 1 and 2 - I\4*T, this gives us the total number of
assembly-doys (Ass d) for each group of fuel; colurnn 4 - multiplying the correspo¡di¡g
figures in colunn 5 and 2 - B2:BlxM; colurnn 6: dividing the figut" in coluurn S by
tlre amoutrt of fuel in one assembly - B3:82/114.7 [Abag 86]. The a\¡erage fuel burnup
can be calculated by dividing the total energy (2,069.9b Gwd - gigawatt clays) by
the total amount of fuel in the reactor at the time of explosion: téS-g*tt¿.2:1g0.29
tons. This gives us arì average burnup of 10.g lr,{Wd/kg.
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just about to enter the onli,ne rcfueti,ng regi,me (during which the refuclirìg plocess

takes place; see Section 2.2, Operating Regime), because 190.2 tons of fuel u,erc in
the reactor, *È"r"* some 192 tons is the normal amount of fuel for this regime [Spra
83]. Therefore, we conclude that no fuel hacl been removed from CLNPP-4, hence ail
the radioactivity producecl in the reactor was inside the core at the time of explosio¡.

3.2 B-Period

This period covers the next 24 hours, frorn the time preparations for the test startecl

(reduction in power level to sorne 700-1000 M\ ¡t) to pressing the AZ-513 butto¡. A
few hours into the preparations, when the reactor power was half the norninal level

- 1600 Mtü/t, further power reduction was stopped. The order to keep the reactor

ruuning at tliis po\Mer level came frorn the Kiev energy dispa.tcher [Abag 86, Alek g2].

At 23:00 p.m., after 20 liouls wolking at half norninal powcl level, the clispatcher. gaye

peltnissiou to coutittue the test. After several power level c:hanges clur-ing the next

houl the test ivas stalted at 0i:23 a,.nì. on April 26 with the reactol op<;rating at a
power level of 200\'IWt. A few minutes later an opelator ¡rressecl the AZ-5 butto¡ to
shut clown the reactor, but the leactor went out of control and explodecl.

The Soviet leport in Vienna clid uot pr-ovicle cletailecl information fbr this periocl.

Iu sorue latel R.ussian ¡;ublications - [Alek 92]. [Al>ag 91] thc missing infor.rnatiorr

allout the ¡tou'er level histoly \Ã/ar; giv<;n ancl is surnrna,r'izecl in Fig.3.

3.3 C-Peri,od

This pcriocl14 corrcrs thc tirrre bcltrnc<-:n ¡xessing th<l AZ-5 ìrrrttorr tc¡ tlxr cncl of th<:

explosion. Obselvet's outsiclc; thc plant irealcl tn'o exl>losiorrs lcporteclh, ¿rltout 2 sc<:-

onds apalt and $as'hot fi'agments anrl sparks shoot into thc: skl, ¿¡þo1rs the r.cactor.

A nuurber of fires u'ere startecl as these bulning fi'agurents f'ell clnto the tur.bille hall

ancl the lcactol builcling roof.

138.1' pressiug the AZ5 button (knou,u in the \4restern nucleal iu<lustr.i, as suarn, brrttorr) all
ttrovable absot'bets used fol corrtrolliug the reactor po\À¡el are scut iuto the reactor. core to stop t¡e
chairr reactiou.

laFor discussion about the length of this period see belorv Scction 8.2.2, C-peúod Activit¡r
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Altlrough the Soviet team in Vienna presented their calculations of the reactor

power during this time, as well as c'hanges in reactivity and the ternpelature of the

coolant and graphite, it is not quite clear undel what assurnptions those calculations

were performed (see Section 8.2.2, C-period: Fission Product Activity)
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4 Previous Calculations of the
ChNPP-A Reactor Inventory

4.L Soviet Report in Vienna

The first information about the radioactive inventor¡r 6f the Chenlobyl reactor at the

tirne of the explosion, as well as the amount of radioactivity released during the first
10 days after the accident, was given in the Soviet report in Vienna [Abag 86] a¡d is
reproduced in Table 2 and Table 3.

These Soviet data [Abag 86] were presented without much explanation and require

som.e colnments. It is stated that the activity presented in column 3 in both tables is

decay corrected to May 6, 1986, 10 days after the accident. In addition, it is stated

that the data in colurnn 3, Table 2 give tlie releases "u¡) to Ma5,6, 19g6" [Abag s6].

However, figures in tliis column adcl up to onl¡' 3b l\4Ci instcad of b0 N4Ci given in

the Soviet Report. Tltus, it is not clear if these data inclurle the reieas<:s on the cla1,

of the accidettt, April 26 (colutnn 2) ancl if tircse rl¿rta are alsc> d<lcal, corrcc:tecl to N,la¡,

6.

The activitv level measureurents were startecl immediatelS, ¿f¡., the accident [Alek
92]. Hoivever, the Soviet report [Abag 86] gives only the ac:tivity due to the long liverl

isotopes (both, total amourrt ancl thr: fi'action releascrd) a^s of X4ay O, ig86. Since thr:

ac:tivit)' clue tcl uuclidcs u'ith half'-lir'cs shortel thau 1-2 cla.i,5 h¿lvcr clq:a),c:cl b.\, t,hat

time- tto inforruation about thcrm is giveu. Thc:refbrc:. the cla,ta. iu [Abag 86] c:arr b<r

usc;<l onll'fbr estimates of thr: lon¡¡ telrn eff'e<:ts of the Chr:r¡olr¡,1 explosio¡. \\¡¡a.t

rl'crc: r'aclioa<:tivity l<trrels cluring ttrc first tcu <lays aftcrr. thc ex1>losiou,?

4.2 Other Inventory Calculations

Although cletailecl infomation legarcling ChNPP-4 histolv ll<:carrre av¿rilable onl.1, a

ferv 5'9¿¡5 aftel the acciclent, some atternpts to estimatc¿ th<: Cheruobl,l inveutor.), rverc.r

pelfolniecl outsicle the USSR, onc of thern light after the ac:ciclcrnt.

Ten days aftel the accident Nature receivccl au articlc rvrittcn b.y Devell et al.

[Deve 86] where the CLNPP-4 radioactive inventoly estimates based on the first fallout
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Tatile 2: R¿dioactivity of the releases from the ChNNP-4 reactor as reportecl in t¡c
soviet Report i' vienna (clecay corrected to iMay 6) [Abag g6].

Nuclide

Xe-133

Kr-85m

Kr-85

Activity of releasg A (MCÐ
April25, 1986 May 6, 1986

I-t3t

Te- 132

5

Cs- 134

0. 15

Cs- 137

Mo-99

4.5

Zr-95

45

4

Ru- 103

0.15

Ru- 106

Fraction ofactivity released by
May 6, 1986 (Eo)

0.3

0.5

Ba- 140

0.45

7.3

Ce-l4l

0.45

t.3

C-e-144

0-6

0.5

Sr-89

up to 100

o.2

I

Sr-90

up to 100

0.5

3

Np-239

up to l@

0-4

3.8

Pu-236

0.45

3.2

20

Pu-239

o.25

r.6

l5

Pu-240

0.0r5

4-3

l0

Pu-241

2.7

2.8

t3

Pu-242

0.0001

2.4

2.3

Cm-242

0.0001

2.2

3.2

Total (no
noble gases)

0.0002

o.022

2.9

o.o2

2.9

1.2

0.0000003

0.o008

5.6

0.0003

0.0007

2.3

0.001

-15

2.8

0.14

4

0.000002

4

0.02r

3.2

-35

J

3

5

J

17
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Table 3: ChNPP-4 radioactivity releases (deca1, corrcctecl to l\4ay 6) on a claily basis
(noble gases excluded) as presented in the Soviet Report jn Viànria [Abag Sb]. nor
a graphical representation see Fig. 1g.

Date

April26
Ãprll,27
April23
Ãprll29
April30
May I

Days after
explosion

May 2
May 3
May 4
May 5

0

May 6

1

Mav 9

2

May 23

J

Totat

4

Activity, A
(MCÐ

5

6

7

8

\2

9

4.0

10

3.4

13

2-t5

n

2.0
2.0
4.0

5.0
1.0

8.0

0.1

0.01

0.00002

50

18



ll¡easurerlents done in Sweden were given. Not knorvilg any details al¡out the r.eactgr,

tlie authors used the neasured ratio of. cstza to csr3z activit¡, to conclude that the
fallout came frotn a nuclear reactor (no significant amount of Cs13a is pròduced irr
a nuclear bomb explosion) and that the reactor rü/as unde¡ operation for about 400

days (assuming uninterrupted production of enelgy at a 1000 MWe (electric) power.

level). Using this information they then calculated the radioactive inventory of several

isotopes in the reactor - see colurnn 3, Table 4.

A similar approach was used by Gerrnan scientists l{irchner and Noack [I{irc 8g].

Using the measured ratios of Csl34 1o 6trl37 activity i¡ the radioactive fallout i*
Munich, West German¡ the authors calculated that the average core burnup at the

time of the accident was 12.9 MWd/kg, and concluded that the reactor was under

operation for "722 equivalent-full-power-days". Basecl o¡ thcse results, they the'
calculatecl the activitv of sevelal isotopes in the ChNPP-4 r.eactor- (see colu'r' 5.

Table 4).

Ar:cxrrclirtg to [Bolo 89], CLNPP-4 r'eactor had becn opelating for- 73I clays a,t a¡
average power level of 2815 MWt (i.e. 880 I\4We, since 3200 l\,iwt cor-respoucls to

1000 I\4We). Therefot'e, we at'rive at 646 "equivalent-full-power-days". Com¡rari¡g

this figure rvith the results of [Deve 86] anct [Kirc 88], \ve (Ìarl concluclr: that Der¡ell

<lt al. trudcrcstirnated a,ncl [Kirc 88] overestirnatecl thc: r'aclioar:tir¡cl inr¡e¡tor¡, (clrtc to

isoto¡><:s rvith half-lives longcr that the catnpâigtr tim<r - scc: Scx:ti6¡ 5. P[l,sics of t]rt:

Ac:tivit)' Cak:ulations) irr the ChNPp-4 reac:tor.

In aclclitiort, itt botlt of these cstiruat<;s the fallout in sper:ifi<: c:ourrtries w-a^s usc-:cl,

arrcl it \\¡â.s assltllted that thcl lcleascs \Ã¡ct'c leltlesenta.tivcl of t,Ix,, tnteru,r¡c (Ìor.e. Siucn th<:

¡:eal btrt'ttup of diffetent gt'ou¡ts of fuel assemblies presc:¡t iu thr: ChNPP-4 rc¿a,c:tor at

thc tirtie of the ¿rcciclent changcs in a wicle r'ângc frour 0.4 N,fwcl/kg t,o I4.4 tt4\Ã¡cl/kg

(see Table 1, colutnu 6), it is <lifficrllt to obtain a correct lclsult on the l;asis of these

fallout. tìteasurernents alone.

In 1990 a scientific teatn frour the Kurcha.tor¡ Institutc (a leacling nuclear r.csearch

institution in Russia.) rcported the corrected values of the Chernob¡rl inventorS, on the
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Table 4: Inventory activity (l\4Ci) from different papers and calculated in this thesis
for two poÌwer scenarios: constant power (ConstP column, it is assumecl that cluring
B-Period the CIiNPP-4 reactor was working at fuli power level) - for cornparisons
with other results; real power (ReatP column, the real power curve for B-Period from
Fig- 3 was used) - for cotlparisons with ConsP results. For the listed long lived
isotopes the difference in these results is not significaut. The C-Period (explosio¡
itself) was not taken into account.

Isotope

Fissínn Products

I{alftifg
hours

Kr-85
Sr-89
Sr-90
Zr-95

93972-2

Mo-99

tztt.94

Deve 86

Ru-103

255250.

Ru-106

rs38.33

I-131

Tc-132

66.00

INSA86

942.78

Xe-133

8836. r r

Cs-134

Differcnt nrodels

Cs-137

192.9'l

0.8
62

Ba-t40

KiNo 88

78. r9

38

Ce-141

125.89

5.4

18075.0

t32

Ce-144

27

Actinídes

2644't2.

154

38

90

Gudi89

t32

306.94

No-239

6.2

780.00

54

Pu-239

r54

6825.00

83

Pu-240

1-4

0.55
80

73

Pu-241

t28

lzra90

s6.50

t't t

49

l'u-242

4.2

33

0.21+l I

134

5.1

66

0.574+8

t37

7.8

s6

135.

52

Boro 89

r 28900.

il6

503.

147.

0.33+ l0

5.2

29

Present thesis

r30

4.2

87.

82

r30

8.2

r09

r 33.

ConsP

r30

720.

r93

5.9

52

I 13.

3.1

0.75

90

5.6

97.s

Real[)

tz0

r40.

-560.

5.ó

o.oz4

23

82.

r55

4.0

0.75

0-05

r68

7.2

96.s

5.7

r 30.

1r5

s.6

6.7-F-5

24-9

r 30.

154

90.

86.4

4.t

r40

125

1.0

n3

r85

¡ 300.

24.<)

4.t

0.023

r06.

81.7

6.8

0.03_1

107

r63

4.6

r80

t-570.

149

0.03

4.1

t0l

6.8

0.04

rs't

5.0

1510

148

5.6-8.5

0.022

t0l

0.038
4.4

t410

7.2ti-3

0.022
0.038
4.4
7 _28-3
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basis of lneasuremeuts perforrned in the fall of 1987 [Boro 89]. Again, the^se cla.ta tak<:

iuto account orlly the long lived isotopes and therefore don't arìswer. the qucstion of
the inve*tory just after the accident (see coru'rn g, Table 4).'
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5 Physics of the Activity Calculations

The time dependence of the number of nuclei (botli, fission products and actinides)
of a give' isotope, 1v*(¿) can be described using the following equation:

(/r')

where the first term on the right hand side describes the "disappearance chan'els,,

for À/¡(t) (decay, (n,j), etc.) and the seconcl term - the "sour-ce channels" for À/¡(ú)

production (direct production through fission (for fission proclucts), decay of the

parent isotope, etc.).

Fig. 4 shows the "disappearaÌce" channels for the fr-th isotope. The sa¡re figu¡e

catr bc usecl for the sotuce channels /c' that " feed" the k-th isotopc i.e. lc is the procluct

WP: 
-^9rt/r(¿) + Ð.9¡,*¡N¡,(ú); 

^/È(0) 
: No, (1)

Figure 4: Schematic diagram of the isotope's "disappearance" channels. Each arrow
represents a reaction that causes the "disappearance" of the ,h-isotope and creation
of the ,Y-isotope (see equation (1)). The k-isotope, in turn, is produced through the
same type of reactions from its parent isotopes.

of the reactions shown on Fig. 4- 'We can notice that in general the k-th isotope
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call be "chained" to isotopes with different mass nuûrbers ,4.. The disappearance

channels for such chairæ cau be easily taken into account by putting the corresponcli'g

cross sections in ,S¡. But we can't do the same with the sourcc tcrm ,S¡,*¡: the

correspouding cross sections apply to uuknown lüv(¿) that shouid also be calculatecl

from a sirnilar equation. The nurnber of fr, for which ,SÈ,*k is non_zero givcs the

number of equations we have to solve simultaneousll,.

In our further calculations we will consider only two trues of sources for Àr¡(ú)

production: decay or (n,7) reactions in the parent isotope. In addition, we assu¡r.e

that the given isotope Nr(¿) has only one parent isotope, i.e. only one of these terms

is present in the equation.

By replacing the ^9¡ ancl .9y*r15 in equation (t) we get the equation for calculating

the nurnber of nuclei:

ht case of decay of thc parent isotope:

¿À¡r(ú) 3: -(À+øor,"Õ)r1ü(¿)*Àr_r^h_r(¿)+Õ(¡r) lyno{U|t\; Nr(o) : ¡d (2)
i=l

In case of. (n,7) reaction in the parent isotope:

dN,.(t\ B

--E-: -(À * oo6"Õ)¡l/¡(t) + ø1,,,.y¡Õl/r-r (t) + o(t) Ðan"!uo(t), ¡*lÀ.(0) : 
^¡3i=l
(3)

n'heLe k : [1, L), L - numb<;r. of isotol>es in th<; <ùaiu;

tl - time;

Àrr(ú) - nurnbel of fissiou product a,toins pcr unit r,<>lurnc;16;

(l+ø,,6"Õ)¡ - "disappeal'A,tì(re" t<:rtu: clesr:riÏ:es the clisappear¿ì,nco <:hannels for.isotolt<r

nucrlei - cleca\,, (n,7). etc:.;

À - raclioactive consta.nt;

oabs - total absolptiorr cross sectiou of the À-th isotolte in the c:Ìrairr;

lsSiucc. $'e have otrly orte 1>arctrt isoto¡rc, r,r,c chauge tlte rrotation frol¡ Å:' to Å: - 1 i¡ t¡e s6ut<:c,
terrn.

l6Since rvc dotl't ltavc art1, iuforrnation about spatial clistribution of thc r.cac.tor. ¡larer¡r<:ters, i'
our calculatiolls \\'e rvill use the point-kinetic ap¡>roxirnati<-¡n ancl usc avcragerl ."o"lo,. I)ar-al¡eters
- reactot' po\l¡er' tteutrolt flux, truurber of nuclei per unit voluurtr of fuel, ctc. Therefore, to gct t[e
total nutnber of nuclei in tlte reactor wc just rnultiply N¡(t) by thc total yolurne of thc re¿ctor fuel.
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Õ(ú) - neutrorì flux;

¡/r-r(¿) - nunber of nuclei of the parent isotope per unit volurne;

g¿ - fission fraction;

ø/ - fission cross section;

ur(t) - number of fissionable atoms per unit volume, i : L,2,8. The three

correspond to U235, pu23s and pu2at , respectively.

F\rrtlrernrore, we will also use F¡(ú) : Õ(¿) yl=ryoo{Uu(t)

5.1 Fission Products: One fsotope per Chain

For the fission products l/P : 0 since they are not presented initially in the cor.e. hr

tlie case where we have one isotope per chain, the parent term is zero, and assumipg

À Þ øo6"Õ(ú), onl¡'one fissiouable isotope is present in the leactor (i:I, F¡: eyo|ry)
aud onl.r' 1VÀ(¿) is tirne dependent, we have a sirnple clifferentiaì e<luation (ornitti¡g
the inclexes)

ry: -À¡,,(¡t) + eyol(J ; Àr(o) : 1¡.

Its solution after a campaign time of length ? can be written in form

¡rr(T) :yoreU(t - c:-^r)lÀ.

Irr tlre crase ÀT ) 1 clr T Þ T1¡2, this soluti<)n c¿rn Ìrc u,r'ittgu in for.rrr

¡/(") : yot a[Jf À, (0)

arrcl thelr:fore the acrtivity

Iu this case tltc radioactivitl, does not clepencl on the <:arnpaign tirne ? (l/ for such

isotopes has reachecl the sa.turation lei,el) a.Lrd is clircctl.l' propo¡tio¡al to the ¡e'tr.<ln

flux Õ.

For fission pt'odut:ts with À? ( 1 or T K. T1¡2, kcc¡;ing two tcnns i¡ a Taylor

series fol e-ÀT gives the solution (5) in for-rn

A(T) : yoI óU.

(4)

(5)
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and the activity

The result is proportional

fission products with À?

produce correct results in

5-2 Fission Products: Two or More rsotopes per chain

The result becomes nÌore complicated when \¡/e use more than one isotope per chain

and include fissionable nuclides that are produced in the reactor during the campa.ign,

suclr as pu2ss attd Pu2ar. In this c¿ìse, even for long live<Ì isotopcs with T K T1¡2

the ueutron flueuce Õ7 is not a.nyrnore a, universal parameter that cornpletel.l, clefines

N(")' and tlx:r'efore the 
'aclioactivitv 

of thc: gi'crr isoto¡rc.

Nevertheless, these sirnple f'olrnulas help us to unclcrstand the differelce i¡ lo¡g-

Iived and short-livecl radioactivity production. The activity of the short-lived isotopes

will reach theil satttt'ation level which is directl¡, proportiolal to the ¡eutr.o' flux.

The activity of the long-lived isotopes is pro¡rortional to the neutron fluence or: (sipc:e

the t'clactor power is proPoltioual to the thcrnral lr<:rrt,rorr fhrx) to the t<>tal or.cré1.),

Jrrocluced irr the t'cactor. This in tuln justifies using the bulnulr (spec:ifi<: onerg\¡

produced) âs a pâl'a,llteter in actir¡itl' c¿llculations, but linrits this ap¡r¡oac[ oul.1, ¿1¡

long'-11u"¿ isotopes that alc rrot bumecl up an<l to cases u'ith littk; arnount of sccouclar-\,.

fu<:l ploducecl.

5.3 Actinide Activity

N(") - yot UeT,

Ae): y),oÍUôT. (9)

to the neutron fluence, Õ?. In any reactor tirere are mary

- 1 and therefore neither one of tlie a1>proxiruatious can

calculations of the activit5' for those isotopes.

(8)

Unlike f'ol the fission procluc:ts. for actirriclc;s F¡, : 0 since the¡, ¿¡ç not 1>rocluc:ecl in

fissiotr- For the first isoto¡re in chain -- ¡¡238 o, ¡¡235 in our case * u,c agaiu clou't ¡ave

the sout'ce teLtìl, and tlie exact solution fol a caurpaign time of length T is

N(T) : Nlerp(-^T - for 
o"a"a(t)dt).
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For the rest of the actinides Nk(O) : 0, but we cannot write down an exact solution

siuce the source term is not zero. If the actinide of intelest is produced through a

þr,l) reaction in thc parent actinicle, we arrive at the ,urn" form of equation (3) a
in the case of fission products by replacing AoI with ø1n,7¡, and [/ witli Nr-r. \Ä¡e can

again use the results frorn previous section.

If an actinide is produced by decay of its parent, equation (10) becomes as follows

(ø¡:(oo6"Õ)¡):

# :-orÀh * Àt-rÀL-r ;

The solutioil. can be written in the forml7

Unlike the fission products, most of the actinides fall intcl tr¡o groups -. sholt-

Iiv<:d (71¡2 < 30d) an<l lorrg-livecl (IZz > Lltì, with fcw cxce¡rtious that <kr not

contribute significantl)' to the activity procluced (Puzsu with fi72 :2.9!l anrl Cnz2a2

with fi72 : 163d). Therefot'e, with some caution we can use the above formulas (10)

and (12) for evaluating of the amount of long-livecl actinicles producccl in thc reactor

chiring the campai¡¡1.

5.4 Formula for Numerical Calculations

Notl' tl'c can rvrite down au equation tha.t rve rvill use in oul calc:ula.tions (it cro\¡crs

both cases - fission proclucts ancl ac:tinides):

tLN,.

Ë 
: Fx(t) - orNn+ of-,l/o-t ; ¡úft(o) : ÀÀ?, (i3)

r.vhere o¡:À * ø,,6"Õ and øf-, :ÀÈ- I in tlie ca^se the of <leca,\' of t[e 1ta,r-ent, and øf'- , 
:

cr1,,,r¡Õ in the case of tlie (n,7) reaction.

Nr(") : Àk-te-or' lo' N¡-1(r)eou'd,r.

Nr(0) : 0.

l7Here t\¡e assultìe that the trcutron flux is constant, iu tirne. Although this is not altays the case.
we câll achieve this b.y dividirrg the carnpaign tirne ? iuto small intervals rvhere this assurnptiou ivill
be reasonable.

(11)

(r2)
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To treat this set of equations as a set of sirnple first orcler differential equat,io¡s

in our further calculations we assume that both ø¡ and øf-, are time-independent.

Apparently this is not our case, since the neutron flux Õ can change significantly in

time. To make this assurnption acceptable, we divide the reactor carnpaign time into

intervals during which the neutron flux can be considered as constant. So, we will

use a 1 day time interval while calculating the activity produced in the CLNPP-4

reactor during the A-period r8. While calculating the activit¡' produced during B-

Peri'od we will use, where necessary, the average neutron flux for each of its intervals

with different neutron flux levelsle (see Fig.3).

The general solution of equations (2) and (3) that we will use in our further

calculations is given in Appendix 420.

5.5 Selecting fsotopes

Toda¡' we know about i200 fissiou products, rvhereas only 877 of them have u<;ll

kuowu half-lives aud neutrorì closs-sections arrd ale listecl in t,h<: ENDF/B-V uuc:leal'

data tables [EPzu 84]. While calculating the radioactive inventory of an RBli4K

reactor for campaign lengths of 800, 1100 ancl 1400 cla¡'s, the author-s of [Spra 83]

used 520 r'¿rdioactive fission ploclucts (A:72 - i66) ancl 58 actinides (A:231 - 257)

with half-lives 4/z > 0.1 sec 21. The r-esults shorv thaf thc total activity irr ¿ru

R.BN4I{ lcactor t<:tt clays ¿rftet' shutdowu wa^s onl.y 10% of tirc activity orx: sc:(ron<l

after the shutdown. Although the mock:l that has been usecl in these c:alcrulations

cannot be clilectl¡' applied to the Chernobyl reactor (sce belorr Sectiorr 8.1 Constaut

Porvc':r Regime). it gives thc olciel of magnitucle of thc difTelr:n<:c:. In aclditiou. thcr

huge power excut'sion that reflects thc explosion in the ChNPP-4 Leactor (sc<: Fig.

3. C-Tteriorl) will also pt'oduc:e short-tenn ladioac:tivitl' ¿tr,1 the¡:cfolc r<lquircs spccinl

tervalrviIlbettsedasirritialcotl<]itionsfol.tlrelrextirlt'cr.ral.
lsFor lnore details sec Section 6, Calculatioual À,Iodel.
20F\rrtlter in this text we will refer to thc general equation (4.1) (Appcrrdix A) that covcls both

c.a-ses - (2) and (3).
2lAbout 25%of fission prodttcts (short livcd t'ith Ttlz 15 uriu u,hose contribution is siguificant

orrl.y during the first half an hour after the chairr reaction sto¡rs) don't have accnrate ex¡>erirueutal
data, and therefore sorne sirnple analytical formulas [Yosh 77] were used.
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consideration.

To reduce the nurnber of equations and simplify the calculation procedure, we ca¡
make the following approxirnations: we neglect the isotopes whose

o lralf-lives are smaller than some arbitraryly chosen half-live, T{,r; and

o contributions to the total activity accumulated in the reactor are smaller tha'
an arbitrary chosen value.

The first approximation lirnits the applicability of the results obtained: they can be

used only for times 5 to 6 times the value of. Ti¡r, as by that time the neglectecl

isotopes have almost completel¡' ¿".ut d. The second approximation just introduces

a correctiou factor to tlie final result and - if the cut-off level is chosen low enough -
rvill not change significantly the final result22.

5.5.1 Chosen Isotopes

Iu out' calculatiols we will use botli of these ap1>roxiurations arrcl rx;gler:t isoto¡res

o with half-lives smaller lhanTf,r:0.5 hours. Therefore, the ac:tivity calc:uiatecl

using this cut-off level will be applicable for times t > 3 hour.s after the chain

reaction stoppecl (i.e. the reactor exploclecl). To get the activitl, for tirnes

Ú < 3 houls rvc rvill tts<r artotltcr ur,p¡rroach (su: S<rctiou 8, Shor.t-term ac,tiyit.l, 1,t

ChNPP-4 Reacror.):

o rvltose c:orrtriliution to tht: total a.c:tirrit¡, o,,,rurrrulatecl in the reactor is l<:ss tharr

3ç/r, of the actir¡ity of Csl37 acrc¡¡rula,tccl i¡ t¡e x:a(:toL2:1.

These assutnptious r-eclttce the uumbel of isotopes uuder consideration to 97 (s<,:e Tablct

5) ancl allorv tts to use the formulas clerirred in the previous sectiou. In rnost ca.ses

rvc rvill have ouly 1-2 isoto¡les of interest pcr chain. alq,ays in the pareut-cla¡glrter-

relationship. hi additiou, fcrv fìssion plocluct chairm (see Fig. 5) u,ill requir-e special
22In ttlost cases this cut-off can easily be takeu iuto account. For lnore cletails sec Sectiou 6,

Calculational À,fodel.
23To do so' \\'e tnust Àr¿otu the activity due to C srsz . Iu this câse \Ä'e will use thc figure frorn [S¡rra83] for a carnpaigu tirne of 800 days.
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Table 5: Fissio' fractiorn for fissionable isotopes usedo'ly isotopes with at least one *or-zero fissior- fractio'
are listed in Table Z.

Isotope

Ge-78

Br-83
Br-84

Kr-85m -

Ilatflife
(hours)

Kr-85

1.45

Kr-87

2.39

Kr-88

0.53

Sr-89

Hssion Fraction. 7o

4.48

S140

tn35

10.7v

Sr-91

0.02

t27

Sr-92

0.53

2.-84

Pu239

Y-92

0.99

50.4d

0.03

Y-93

t.l7

29-lv

030

Z.r-95

0.13

9.48

Pu24l

0-48

k-97

253

in calculations [EPRI 84].
are presented. Ali isotopos

2.71

o.0l

0.50

Nb-98

359

354

0.20

0.06

Mo-99

4.75

10.2

0.35

0.82
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consideration- Bach of the^se cha.ins has an isotope in an isomeric state that sho¡lci

be taken into account since its contribution to the activity produced in the r-eactor

is significant. In these cases we rvill divide the chains into two separ-ate ones - as

showu on the right side of Fig. 5. The fraction of fission fractions for each of these

two chains rvill be calculated according to the branching ratios. So, for example, the

,4:133 chain that includo ¡"13314 will use 1.5% of the fission fractions of Tersrr''

and -[133 - the only isotopes with non-zero fission fractions in the cliai¡; the re*rai.i'g
98-5% of the fissiotl fractions will be used in the second chain (X¿rss," not pr.esent).

In case of the A: I29 chain, 35% of the fissio¡ f¡action o¡y"r2srn wiil be used i' the

7"L2sm ---+ [Lzs chain, and the other 65% - ip the y"r2en -+ !"12s ---+ [r2s chai'. To

get tlre ladioactivity of an isotope present in both chains (Tsrzs* in the last example).

rve iust add up lesults fi'orn each chain.

In our calculations we consid<:r-onl1' Z isotopes fiour thc ac:tiuidc gÌ.oul) (star.ting

rvith U23E) siu<:e th<',y contlibute the rnost to the actinirle activity ltr.ochrcccl iu thc

RBi\{li rca<:tor'2a. This acrtiLrick: <:hairr is

In this claiu only Pt¿23e ancl P.¿¿2'll are fissionable rvith thernral ueutrorm thus. thc.i.

relxesent secondart' fuel pr:ocluc:ecl cluling the c:aurl>aign. Sin<:e fissiou pr.ochr<:t pr-o_

<lu<:ti<ltt t'atcl is iliffc':r<:rrt f<rr cliff<:rcnt fucll, uc rvili tall: ilrtg ¿t(:(:o¡ilt this fa<.t ¿rrr<l rrse

thc fissiorr fi'actions that <:orlqs¡><lncl t<.r cach fuel isoto¡lc (scx: Tal>lc 4).

5.6 Neutron Cross Sections

Itt tt<¿tttt'c¡u <'t'c¡sS se<:ti<>rr c¿rlc:ulatioln rv<: 11'i1l f'ollori' thc 2-grou1> nrgtlr:l cÌcs<:r.illr:cl i¡
[Spra 83]- This rnoclel uses th<; thermal cross sec:tion a.ncl thc l't.lsonarrce iutcgral for.

¿tc:tiuiclcl activity calculatiotls. Thc rcacti<¡n ratc for the x-ty¡xr of r.cactio' ((,..r).
(rr,1'), (u.-2n.) or (ru,/)) i" this rnocli:l is rvritt<;n in trrc foilorving fornl:

¡¡238 -t g23e -. Ny,zss --- pu23s --- pu2a0 -- pu24r -_- ptp42

of'(Jn5,sirrceit,ist.lrc¡rrairrcller8.ysotlìjceirrtIrcrcat:tor..
Hou'ever, sirtce the activity due to yz3s it negligibty srnall it rvou't be p¡cse¡te<l i' t¡e activit.t,
tables.
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Tet33m> 1133> Xer33m>Xe133>Csl3a Cs134

Telæm >- | 
133 --*-{>Nsr 33>- 6rf 3+,_ 6ai 3l

Tslænt_ù_¡rz9

1"129m¡-¡"129* ¡f29

S n127 > Sbl 27 t- ¡ 
"127 

m¡- ¡ 
"127

snl2z >_sbl27_>1a.tzt

SÉ1 >-.t€1*>l€l

SÉ1-+t¿at

Figurc 5: Chaius rvith im¡>ortaut iscltopes in
\\¡er'o llse(l in calc:ulatiorm of tlKt givr:n isotopcs

ZÉ5-->¡6ss

ZÉ5 >¡6ssm --¡6ss

isolrreric: statcs. Two separate c:hains
- ¿ìs shown ou the riglrt.
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wlÌere Æ is the reaction rate, Õ the neutron flux, ø" the reaction cross section, 1ø

reaction rqsonance integral, c neutron spectrurn hardness2s. The spectrum hardness

as a function of bu.n.rp is shown in Fig. o. The (n,7), and (n,Í) cross sectio¡s

for aciinides that ale used in our calculations are given in Table 6 [Spra 83]. The

resonance integral for U238 for the RBMK type of fuel assemblies was calculated to be

13.9 barns using formulas from [Hell 57]. In the case of Pu24o, the resonance integral

was calculated using formula

where 1- is the resonance integral for infinite dilution and /
ficient that can be calculated as follows [Hohn 60]:

Fol tlre E :7.057 eV resonance iu

lt:32.4 tttcV. l:34.85 moV. Thus,

with r': 11.5 mm we'll get

I: ÍI*,

t-l _.t-

rvlrere À¡¡ is tlte nuruber of atons of Pu2a0 per cnz3. Tliis formuia has b<;eu

out' c:aic:ulatiotts.

ooft.
Ornl'

(16)

the self-screening coef-

Pu2ao we have

fol the RBi\4K

o¡n:

¡-l _J_

2rNp

[l\4ugh 89] os : 150000 baLns,

lea.ctoL rvhicrh has fucl ta.blets

10-1eN¡',

25This parameter shows how rnuch the ueutron spectrun <.leviates from the À{axr,,elliarr distribu-
tion- For au ideal À{axwellian spectrurn a:0, and ouly the thennal cross section can be used.
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Table 6: Neutrou cross scctions for the two group urodel used in calculatio¡s [Spra83]' In a trvo group moclel, two parameters are used to describe the reaction ratc:
cross section ø and resonance integral R[.

Actinides (n;f cross section,2-group model

u-238
u-239
Np-239

Pu-239
Pu-24O

Pu-241

o, bams

Pu-242

Actinides (n,7) cross section, 2-group model

t4

u-238
u-239

742.5

Np-239

0.03

R[, barns

Pu-239

to23

Pu-240

o.2

Pu-241

Pu-242

2.7r

30r

22

45

570

268.8

289.5

4.7

355

278

r8.5

200

8620

t62
1280
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6 Calculational Model

In a "penfect" tnodel we would calculate the activity of the actirriclcs ancl fission prod-

ucts simultan'eously using thc equations we derived in the previous section. O¡l.y ihis
approach is able to provide irnrnediate (for each time intervai we choose for solving

these equations) feedback about the amount of fission products produced in the r-eac-

tor, and therefore what the thermai neutron flux should be in the next time i'terval.
However, such a "perfect" model woulcl require detailed (i¡ tirne) inforrnatiou about
the position of the absorbers to account for their neutron absorption rate. This i'for.-
mation is not available, and therefore vre will use a simplified (and commonly used)

approach that considers the actinides and fission products separatel¡r Effectively this
irnplies that the neutron absorptiou rate in fission products ør¿d absorbers is ke¡>t

constant by adjusting the positioning of absorbers26.

In this section we will describe the two-step ploccclure we will follorv i¡ our. c:al-

culations aucl explairì sotne averaging technic¡ucs rviclel.l, usccl in actir¡ity calculations

(that also will be used in this thesis).

6.1 Production of Actinides

Calculating the actinide raclioactivitv is the first step in our calcula,tious, si'ce it
ltrovidr:s infoluratiou about the proclur:ti<¡n of secorxlarl, fir<¡I. Urrlike thcl fissiou 1;rorl_

uc:ts- ac:titlides in th<: leac:tor ale ¡>roclucrecl by clecay ancl ueutr<¡n c:alltur.c in 
'r.a'iurrr

initiallv iir the reactor: in oul crasc thesc arc (J235 arxl U238. \4¡<: u,ill b<l onh, inter-

csted in the chain tha.t stalts fioln U238 be<:ause: first. nrost of the a<:tirri<les u,ith

high rr-ac:tivit¡' f¡¿r'¡' a.tomic nunrb<;rs largcl than 238; sccorrd, thc tri,o ¡c*, fissio'a5lc

isotopes rve will take into account -- pu23s and Pu2at -- are pr-ocl¡cecl i¡ t¡is c¡ai'.
The algoritltru we will use in our calculations is tlie followi¡g. Co¡sick:r one of t¡.

18 gloups of fuel assemblies giveu in [Boro 89]. \Ãrc clividc the tirne this fuel has bee¡

in the core into srnall time intervals one claS' 16rr*27 aucl solve er¡uation (A.i) _ using

rideswillbetakerrittto¿rccoturt<lurirrgc¿lcrtIatiorrs.
27We assurne that during one day tlte paraureters of the reactor cau be cousidãred as beiug constarrt

aud therefore, the solutiou frorn Appendix A can be used. In the calculatious iu [Spra g3] that tirne

tÉ
JL,



the getleral solution given in Appendix A - for each of the time intervals as follows:

t !\/e kuow the total ensrgy produced Eøt l¡y tl-ris group of assemblies a¡d the

uumber of days (") this fuel had been in the core (see Table 1, column l and 4).

Therefore, using our assumption of a constant energy production rate cluri¡g

the A-Peri,od, we can calculate the arnount of energy produced (by rnuttiplying

the number of fissions and the energy released per fission) during the given time

interval of one day (let's denote it as .Ð1, ù: Ew/T).

. By choosing an arbitrary neutron flux (that will be kept constant for this ti¡re
interval), we can calculate the number of nuclei of each actinide in (4.1) as well

as the number of fissions of each fissionable isotope ([/235 and new produced

pu23s attd Pu2ar). This gives us the energ¡, (,B2) proclucecl in thc leactor {uring

this time interval (that colresponds to the chosen neutrou flux).

' \Ã/c acljust thc ueutl<¡u flux aucl rcl>cat thc last calcuìat,ion uutil thc <:alc:ulat<xl

arnount of energy matcrhes the givcu amount (8, : Ez). At tltis point wc:

calculate fractions u¿ (at, u)2, û)B define the par:t of the total energr producecl bv

fission of. (J235 , Pu'23s ancl Pu24t, respectivelr') and the macroscopic fission cross

section Ðr : o{tls + o{(ln + o{Ul that u,ill be usecl in our further calculations.

As tlr<-: c:arn¡laigtt goes on. t'uvo factors rvill ck:firx: thc-: neutrorr flux <:liarrge: htst,. [J23:,

is bulrring <¡ut aucl the uuntbel of fissionablc nuc:lei dcclcases; arrcl secoucl, a<:tiuicles

that al¡solb utltttt'ous ai-c procluced in the leactor. This rvill i-erluirc th<l n<lutr.ou flux

to inc:rcasc to kc:<l¡t the energy productioLr ra.tc constant.

Tliis proceclure is perfortned fol clach of 18 gloups of fucl asscrnl¡lies aucl fbr cacrh

titne iutet'val. By aclcling up the results we will gr:t the total number of uuc:lci of each

isotope uncler consiclelation, ancl thelefore the colresponcliug raclioactivity. Data

tables that inclucle the ueutron flux, nr¿ìcroscopic fission cross section, and cu¿ for eaclr

fissionaltle isotope wili be usecl in fission products activit), rralculations.

iuterval q'as choseu to be 100 davs.
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Unlike the A-peri,od, t,he B-peri.orl u'ill be treated without any flux acljrmtr¡c¡ts.
Both, B- and C-periods lastecl together for about 24 hours, and therefore their contri-
bution to the total energy produced in the CLNPP-4 reactor is nàt significant. Hence

the burnup of the long-lived isotopes won't be affectecl during this period. However,

the short-Ìived isotope activity is proportional to the neutron flux (see equation (Z))

and therefore it is important to follow the real power curve during B-peri,od,. \Ä/e

assulne that the ueutron flux Õ(ú) is proportional to the reactor power p(ú) that is
given (see Fig. 3), and will calculate Õ(ú) using the following formula:

where Õs and Ps denote the neutron flux (obtained using the procedur.e described

above) and reactor power at the end of the A-peri,ocl.

6.2 Production of Fission products

For the fission ploclucts the sout'ce tcrm ,F¡ iu equation (4.1) for the k-t¡ isotopc in
the chain can be wr-itten in form:

o(ú):#r,,

wltere o/ is the fissiou cross section.'t/¿ the fission frac:tion, (J¿ t,Ite rrurnl)cr.of uucrlci

ancl the itrclic<:s 1,2 and J q:orlesponcl to (J23s, Py,zte aucl Pu2a1. r-.rsltectirrelt,. 1r, tr:r.urs

of the niacroscopic fission cross section (D/ = o{Ur+o{Uz+o{Ur), it can b<: req¡r.itten

(ouritting the /c inclex):

4 : (y, o{u, + uzo{u, + ll,,o{t}s)¡e.

F : (atr, * yzaz + 373ø3)D/Õ,

wlrerc u¡Dr - ,!(Io,,i : I,2,3. a,ncl oÌ:rriousl),. ay l- a2 i a3: l.
All data llecessar.y to calculate F were ol¡tainecl cluring the first stage of our.

calculational procedure -. actinicle activit¡'calculations. Along with the cross sc<:tions

fol each isoto¡;e, we are able to perfonn all calculations using the cc¡ratiou (A.1).

The procedure described will be used in activity calculations of isotopes with
Ttlz ) 0.5 hours produced in the reactor during ,4-, and B-peri,od. To get the short-
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term activity we will use another method (see Section 8, Results of Calculatio¡s:

Short-term Activity in the ChNPP-4 Reactor).

6.3 Averaging Procedures

At this point we can also calculate (and cornpare results with the 18 groups calcula-

tions) tlie activity in the CIìNPP-4 reactor by using averaging techniques - consideri¡g

the whole fuel in the reactor as one group of fuel (instead of 18 groups in the sections

above). In this case ryr/e need only the total burnup (i.e. total energ'y produced i¡ the

reactor during the campaign) and the total amount of fuel. These average procedures

are exactly the same as [Deve 86], [Kirc 88] and others have used in their calculations.

As we discussed above, the total energy produced in the reactor during a given

titne iuterval can easily be adjusted by valying the neutr-on lìux. Therefor.e, it rvon't

be a problem to itnplement this erìergy "conservatiou law" in the aver.aging proceclure.

Accorcling to [Boro 89], different gloups of fuel assenblies hacl been present in the

colcl fot' cliffercrrt tirucs. Therefore, thc telrn " tota,l aruount of fuel in thc Lea,ctor'" ca,n

be intelpreted in a few different ways.

To ovelcome this problem, we will make use of the second integral parameter

frorn [Bolo 89] - total number of asscrnblies integratecl over tiure it rvas in the core:

1.06 x 10(; Asscl (see Sectiorr 3.1. A-Peri,od).

B,r' acljusting thc ttutnl>cr of fucl asscrul>lics in thc le¿lc:tol or th<: t,irnc ChNPP-

4 was uucler operation we calr. build three diffeleut a\¡eragc uroclels (in all of them

it is assutnecl that no fuel hacl l¡ecn arlclccl ol renro\¡e(l fi'orn thc reac:tor cluring the

cratttpaigu tiux:):

c AuI. No acljustrnents.

1659 assernblies sta¡'ecl irr thc corc f'or 735 cia¡,s.

AuZ. Tine adjustment.

1659 assemblies sta¡'ed in the rrclre for' 638 days

(total 1.06 - 106 Assernbly*days).
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. Au?. F\rel adjustment.

1440 assernblies stayed in the core for 73S days

(total 1.06. 106 Assembly*days)

Both, Au2 and,4.u3 have the same amount of fuel integrated over the tirne it was in

the core - 1.06' 106 Assd [Boro 89]. In Aa2 tbe tength of the campaign and in .4u3

the number of fuel assemblies were changed in order to meet this figure. The Lu1

model does not obey this rule, and uses the total nurnber of fuel assemblies in the

CLNPP-4 at the time of the accident and the total length of the campaign time.

Now we can apply the same calculational model we used for each of the 18 groups

of fuel to each of the average models. The averaging procedure that will give the

closest results to the 18 group calculations carì be consiclered as the most accurate

one28.

æWe should poilrt out that all rnodels used the "euergy couservatiorr lanry''
produced in the ChNPP-4 reactor was the same for all urodels.
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7 Results of Calculations:
Long Term Activity in the ChNPP-  Reactor

As we discussed before, isotopes we have chosen for our calculations (Table 6) witl

give correct values for the long term radioactive inventory in the CIìNPP-4 reactor -
some 3 hours after the accident and later. For the short term activity we rnust use

either other rnethods or an extended list of isotopes.

Using the computational model and procedure described in the previous section,

we caiculated the total amount of radioactivity produced in the ChNPP-4 reactor'

during tlre ,4- and B-peri,od for the " 18 groups" data [Boro 89] as well as for each of

the average models. A computer prograrn that performs this calculatioual procedure

was written in FORIRAN and run on an IBM PC cornputer. The results are shown

in Table 7 and Table 8.

For each of these modcls two different power scenalios during lhe B-peri,od werc

used: coustaut l)owcr (ConstP c:olumn ìn T¿rbl<: 7 aLr<l 8) a,ncl rcal ¡-lo'uver' (RealP

colurnn). The "RealP" sc:enario uses the po',Ã/el histoly as given in Fig. 3. In thc

"ConstP" scenario the power during B-period rernains the same as at the end of the

A-peri,orl. This rvould be the actir¡ity in the ChNPP-4 reactor- if thc explosion <¡ccurleci

n'hile the reactcx v/as at full power.

Iu cxttnl>euin¡¡ the rc;frllence " 18-grou¡rs" ¿r,rr(1 a\¡cra,ge rnoclcls rcsults, rv<: rrotc that

tbe AuZ rnoclcl gives the nrost ac:crlrate lcsults (<rour1>aling to the " 18-grou1>s" (:Al(:u-

lations) for l¡oth fissiorr ¡;roducts and actinicl<; activit¡': the clifference in calculatecl

activity of fission ¡rroducts and actinicles is about 1o/o for both " RealP" a,rxl " ColmtP"

s(:cna,rios2rt. Thulcfore wo carl conclucle that ket:piug the nunrbel of fuel assenrblies

preseut iu the reac:tor'(r'ather than the campaign tirne) gives the rnost accurate "ar,-

erage" moclel.

The time depenclence of the activit.y producecl iu thc CINPP-4 reactor is impor'-

2eAt this point rve do uot pretend to calculate the activity in the ChNPP-4 n'ith au accuracy of
about 1% siuce the unceltainties in the iuitial data, lnodcls uscd, aud assurnptious u'ill be rnuch
highcr. The statcd result ouly teÌìs us rvhich averaging proceclure girrcs tllc closest to thc refelence
l8-group urodel results.
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Table 7: Calculated inventory activity in the CÌìNPP-4 reactor (A+B Periocls) us-
ing the data for 18 groups of fuel assemblies (see Table 1). The calculations were
performed using two models: real power (RealP column) - takes into acðount the
power history from Fig.3; and constant power (ConstP colurnn) - the power was kept
constant during the B-Period. This gives the activity in the reactor if the explosiãn
would occur at full power. The C-Period is not taken into account.

lsotopes

Fissíon Produ.cis
Ge-78
As-78
Br-83

Halflife,
hours

K¡-83m
Br-84
Kr-85m
Kr-85

t-45

RealP
(MCil

Kr-87

1.51

Kr-88

2.39

Sr-89

1.86

0.07

Sr-90

ConstP
rMci)

0.53

0. 13

Y-90

4.48

r.91

Sr-91

10.7 v

2.76

Y-9lm

0.63

t.27

0.77

Y-91

0.63

2.84

5.46

ConstP
RealP

50.4 d

Sr-92

t2.2

0.75

29.1v

Y-92

t2.2

5.47

64.00

22.2

Y-93

12.9

Zr-95

9.48

8.70

25.5

96.s

58.5 d

Nb-95

0.75

4.94

5.64

Nb-95m

0.83

6.39

52.7

5.6r

Zr-97

75.9

2.71

4.42

46.4

28_t6

Nb-97

3.54

97.5

t24

r 0.20

Nb-98

5.64

4.66

29

64.1 d

Mo-99

r.00

5.61

22.1

Tc-99m

35.1d

9.63

129.

35.4

87.00

Ru-103

s.88

s6.8

t25.

Rh-103m

16.90

74.8

1.01

154.

Ru-105

1.20

133.

r.00

t5l

Rh-r05

0.85

t34.

r.00

r.63

66.00

Ru-106

2.78

l 50.

öJ-J

As-110m

6.07

I 55.

l.0r

88.4

39.3 d

As-l I I

2.58

l5 r.

l1-l

Pd-1 t2

6.O2

0.94

1.63

r40.

As-l12

159.

4.M

3.79

150.

35.40

Ae-l l3

r 59.

2.64

I13.

cd-l15

l.0l

r 59.

l.0r

r 13.

250 d

r 68.

r.00

l5.l

Y

r 68.

7.5 d

r.00

s6.

21.r0

l15.

1.91

24.9

r 15.

3.12

1.80

3.54.

70.9

t4.32

5.37

2.89

70.8

53.5

0.71

20

24.9

0_80

T2

3.55

0.23

02

3.09

2.79

02
4.70

t.2t

t.26

T.2T

47

0.97

t.00

3.56

1.00

1.07

r.70
t.52
4.11

28



lsotopes

In-l l5m
cd-t t8
Sn-121

Sn-123m

Table 7: continued

Halflife,
hours

Sn-125

sb-r25
Sn-127

4.30

sb-r27

0.84

Te-127

27.t0

RealP
(MCi)

Te-127m

0.67

t.29

Sn-128

9.6 d

0.04

sb-128

2.8 v

0.40

ConstP
(MCi)

Te-129m

2.t0

0.05

Te-

92.40

3.6 r

0.76

Te-l3lm

9.3s

29

0.55

0.46

I-l3 t

r09 d

0.6r

0.72

Tc- 13l

ConstP
RealP

0.98

0-92

5.64

Te-132

9.0r

0.80

5.88

r-132

33.6 d

0.46

2.80

0.94

f-132m

1. r6

14.75

5-64

0.1I

Te-133m

30.00

6.32

0.30

1.53

r93.00

I- 133

19.94

6.t6

4.39

Xe- 133

o-42

0.94

1.06

5.t

Cs-134

78.20

8.0

1.37

1.00

Xe-133m

2.30

8t.7

0.86

7.80

Te-134

r.38

4.46

t.12

r.68

I- t34

0.92

26.30

107.

1.05

I-I35

20.80

r 1.80

lll

1.00

Xe-

86.40

5.3 d

12.23

0.3

2-06v

Cs-

75.

2.88

8.08

35

Cs-

52.50

125.

36

ll I

r.02

Cs-

0.70

t33.4

31

r80.

5.16

Ba-

0.88

38

2.68

4.05

r.48

Ba-

6.61

107.

39

2.57

r.06

La-

9.09

r 85.

40

44.6

8.29

La-

13d

25.6

40

r 85.

t.t7

Ce-

30.2v

45.2

4.06

4t

r.l6

l-a-

0.54

96.0

2.73

4l

8.99

Pr-142

t3-24

1.39

42

I 55.

l.6r

307.00

Ce-143

204.

6.78

.67

Pr- 143

40.30

164.

6.36

.03

3.93

I 85.

t9.3

780.00

.00

t57 -

r.68

.06

t.54

r8.70

162.

6.79

r 9.10

30.7

7.97

79

33.00

r48.

3.63

73

326.00

18.3

63

r.93

85.4

64.

r.04

104.

r.00

54.

28.14

146.

49

8.96

52.

53.

r.04
I .01

48.

42

5.02

4l

1.01

8.31

1.79

t.42
l.0l



. Table 7: continued

Isotopes

Ce-l44
Pr-145
Pr-146
Nd-147

Halflife,
hours

Pm-147
Nd-149

284.1 d

Pm-149
Pm-150

5.98

Pm-l5l

ReaIP

0.40
265.O0

(

Sm-l5l

MCi
101.

2-6v

Sm-153

25.6

)

Sm-155

r.73

ConstP
(MCi)

1.59

Eu-155

53.10

59.3

Sm-156

2.68

22.1

101.

Eu-156

28.44

99.5

4-1

Eu-157

87v

76.9

?5.9

ConstP
RealP

Eu-158

46.70

62.1

3.47

Total ftssion oroducts

0.37

22.t

l0.l

Actinídes

4-9 v

31..6

r.00

0.18

u-238

9.40

31.5

3.89

5.20

364.00

48.36

u-239

2t.l

0.04

Np-239

15.20

15.2

r.05

o.29

Pu-239

o.77

1.00

0.18

0.48

Pu-24O

7.71

6-7t

t-27

Pu-241

0.39+14

2.17

1.22

0.43

Pu-242

6.08

0-29

0.03

0.39

Total actinídes

56.s0

35?Ã.r

r.50

1.33

Total Activítv

0.21+11

1.00

1.30

6.23-5

O.574+8

0.87

r.29
s6.96

0.46

r6l.

r 28900.

6366.t

1.00

0.33+10

1410.

2.79

0.02r5

6.23-5

0.0376

t.02
2.04

t5r0.

4.38

r 6.51

t5 10.

7.2-5

0.02r5

r.8t

1575.4

0.o376

509s.s

4.38

1.00

t4.5

7.2-5
30u-4

r.07

9390.s

1.00

r.00
r.00
1.00

r.91
1.85

43



Table 8: Calculated inventory activity in the ChNPP-4 reactor (A+g Peliocls) usi¡g
the different average rnodels. The calculations for each moclel werc pcrformecl using
trvo rnodels: real power (RealP column) - takes into account tlie po*o. history frorn
Fig.3; and constant power (ConstP column) - the por,¡¡er was kept constant during
the B-Period. This gives the activity in the reactor if the explosion would occur at
full power. The GPeriod is not taken into account.

Isotope

Fßsíon Products

Halflifq
hours

Ge-78

As-78
Br-83

Kr-83m
Br-84

Average I
(MCi)

1.45

Kr-85m

RealP

1.5 r

Kr-85

2.39

Kr-87

1.86

0.06

Kr-88

0.53

ConstP

0.r I

Sr-89

4.48

t.62

Sr-90

10.7 v

2.3s

0.55

Y-90

AverageZ
(MCi)

0.65

t.2'7

RealP

Sr-91

0.55

2.84

4-76

r0.40

Y-9lnr

50.4 d

0.75

10.40

Y-9 r

0.07

29-l v

4.57

18.70

Sr-92

ConstP

0. 13

64.00

10.8

22.2

Y-92

r.92

9.48

86.1

o.75

Y-93

58.5 d

2.78

0.63

Average 3
lMci)

s.62

44.t0

Zr-95

0.78

0.63

RealP

0.83

s.6

63-70

Nb-95

5.50

t2.30

39.0

z.7t

86.90

NF95m

0.78

12.30

3.54

0.06

tt2.

s.63

Zr-97

22.30

5.5 r

ConstP

10.20

24.4

0.1 I

5.60

Nb-97

l3_

64_l d

25.7

t8.7

AveragdlS groups

1.66

t08.

Nb-98

103.

35.r d

0.78

29.9

2-4t

0.55

tt2.

Mo-99

5-74

53.20

87.00

48.4

62.9

0.67

0.55

Avl

Tc-99m

76.6

5-72

r6.90

t0.70

4-59

l4r.

46-7

Ru-103

104.

13.

t.20

0-77

10.70

r43.

0.88

r33.

Rh103m

t4.

5.75

0.85

Av2

19..10

4.77

L-49

0.88

Ru-105

29.2

28-

66.00

5-72

72.10

l 1.3

21.4

0.85

22-3

Rh-105

42-

r 30.

6.02

76.60

89.2

0.77

r.0r

35.6

0.85

Av3

Ru-106

43.

134-

39.3 d

9.62

46.00

l.0r

5.72

57.2

Ael lOm

0.85

1.5

't5.4

0.94

66.3

5;7

l.0l

22

As-l I I

t64.

0.84

38-

t34-

0.87

90- l

4.44

40.5

l.0r

30.

r66.

Pd-l r2

38.

1.00

0.87

t35.

35.40

il5.

t.0r

5-73

05.

0.84

A.p-l 12

38.

l5r_

0.87

t.75

r.0t

25.3

5-7

l.0r

05

83.6

0.84

Ae-l l3

46.

250 d

165-

0.87

r9.3

¡ 13.

1.03

88.8

4.1

0.89

cd-t r5

46.

r66.

0.87

30.9

7.5 d

s2.3

r 16.

t.0 r

il.t

r.00

In-l l5m

o7

0.88

2t.t0

49-5

r.75

65.3

24.8

r.0 l

l4t.

r.00

cd-l l8

o7

60.

t.0z

143.

3.tz

66-3

1.07

3.53

0.84

r6.

150.

Sn- 12 I

0.87

60

5.37

144-

2.76

66.2

1.02

0.90

r 16.

t7

0.88

60.

53.5

0.68

24.9

t.o2

t.5 t

3t

0.84

r 16.

o.92

69.

72-4

0.76

4.30

l.0 t

3.54

0.85

44.

r5.0

t.0l

76.9

69

0.84

t.07

0.22

55.4

0.84

2.96

44.

27.t0

1.02

9.6 r

r8

1.0 r

2.72

r-52

24.O0

0.8s

l. I5

0.87

t22.

l.0r

t8

38.

t-25

0.92

1.15

70. I

3.37

0.93

r30.

0.03

0.95

38.

0.9 r

-01

2.8 t

70.1

0.87

l0 r.

0.37

0.91

3-44

38.

_0t

0.69

24.t

0.87

l0 r.

0.87

46.

3.49

.06

0-'17

0.87

3.39

t2-9

0.87

0.51

46-

0-23

0.87

t0

3.0r

48.0

03.

0.87

0.s6

-o7

2.79

0.93

22;t

t. l8

03.

0.87

.00

0.9s

1-27

60-7

t. t8

3.r4

0.87

0.04

.00

0.93

0.94

60.7

2.44

0.93

.00

0.87

0.40

3.50

22-7

0.60

0.93

.0r

0.87

3.55

0.67

3.15

0.93

.00

0.87

0.55

0.20

2.62

0.93

.03

0.87

0.6r

2.34

t_oz

r.00

.03

0.87

0.99

t. r0

r.o2

r.00

0.89

0.99

0.82

0.03

0.96

0.89

0.96

3.03

0-3s

0.95

0.85

0.95

3.07

44

0.9s

0.86

0.97

o-47

0-94

0.9 r

0.97

0.53

0.97

0.89

0-97

0.97

0.84

0.97

o.92

0.84

0.98

0.92

0.84

0.98

0.84

t.00

0.85

r.00

0.85
0-87

0.87



lsotope

Sn-123m

Hatflife,
hours

Sn- 125

sb- r 25

Sn-127
sb-127

0.67

Te-127

9.6 d

Average I
lMciì

Te-127m

Table 8: continued

2-B v

RealP

Sn-128

2. r0

0.04

sb-r28

92.q

0.7r

Te-129m

9.35

0.46

ConstP

Te-129

r09 d

o.76

Te-l3lm

0.85

0.98

5. r8

0.74

I-13 I

Average2
(MCi)

9.01

5.45

Te-13l

0.46

Re¿lP

33.6 d

0.9r

Te-132

5.18

0.05

t. r6

0.10

f-132

s.8 r

o-77

30.00

o.n

5_7 t

I-132m

0.45

ConstP

r93.00

4.04

0.9 r

Te- I33¡n

0.82

0.92

0-42

4.63

t- r33

t.24

5.64

78-20

0.8 r

7.06

Average 3
(MCi)

0.78

Xel33m

5.93

0.45

RealP

72.20

2.30

Xe-133

4.r0

0.98

5.64

r.38

0.04

23.6

l_47

Cr-134

0.1I

6.33

0.92

93.80

0.67

Te-134

10.4

0.30

20.80

6.Zt

97.4t

0.44

ConstP

76.3

f-134

4.51

52.50

0.98

o-7 t

65.9

0.28

0.8

r-135

Averagey'lS groups

5.18

5.3 d

1.37

4.89

o.7

7.04

109.

Xe-

2.06 v

8-0r

0.86

96.t

5. l6

r r6.95

0.44

Avl

Cs-

82.20

4.59

35

0.70

0.86

2.24

4.88

2-47

Cs-

0.93

26.4

t.68

36

0.88

157 -

0. r0

92.6

5.49

Cs-

0.93

107.

I I.8

37

6.6 r

4.08

0.26

r6 r-

5.4

Ãv2

Ba-

1il.5

86.9

t.00

38

9.09

3-93

7.1

0.86

r.00

Ba-

2.38

75.2

0.30

l.0s

39

22.t

t3d

4.50

r6 r.

r. r9

La-

t.0l

0-92

8.25

t25.

30.2 v

39.3

Av3

40

6.94

0.75

0.98

L.a-

4.09

0.93

lll

132-

83.7

0.54

40

7t-r

0.87

3.99

Ce-

t.t4

33.

2.58

0.97

2.7

4t

0.87

r.39

22.9

r.45

1.45

r.00

LÀ-

r8r.

307.

77.

0.90

107.

93.0

4t

0.96

6.78

10.2

l.0t

Pr-142

3.57

0.90

42.

40.3

r86.

42

96.s6

0_98

75-2

5.49

1.04

Ce- 143

8.3r

o-92

6r

2.74

0.87

3.93

t6-7

0.26

65. r

r.00

25.6

Pr-143

780.

t.5 r

0.9r

t89.

0.88

137-

7.02

t09.

6.79

4s.3

r-00

Ce-144

0.88

95.90

3.58

o.92

142-

t.54

tt5.67

r54.

1.03

96-2

Pr-145

0.89

t56.

l9. r

0.87

26.6

2.24

t50.

2.33

t-o2

Pr-146

0.88

204.

t-64

33.

t56-

0.86

t32.

92.4

r 43.

Nd-147

1.00

0.88

326

6;19

t64.

0.90

t 5-8

r 60.

3.5 r

r 43.

l.0l

Pm-147

0.88

6.38

r85.

284.1d

0.88

"73;1

7.19

2.38

r33.

1.00

Nd-r49

0.92

t9.3

r.70

0.87

22.2

5.98

89.5

r63.

134.

1.00

0-87

r59.

Pm-149

6.79

39-Z

0.88

0.4

l2'1.

3.52

l3t

1.00

165.

0.87

265.

t79.

83.3

98.3

0.86

t32.

35.

30.8

t.00

0.87

174.

2.6 v

0.87

22-l

1.42

127.

t.oz

77

153.

0.87

r 6s-

0.87

6.77

1.73

128.

1.37

1.00

42

18.4

t.0 I

166.

53. I

s r.9

0.87

98.s

5.53

r.00

85-7

0.86

6I

154.

t6.7

22.

0.87

85.6

t.0t

r.48

0.86

105.

I55.

t38.

0.86

66.4

6.77

3.59

0.88

0.87

r48.

t53.

0.87

143.

22.7

54.3

55

0.87

108.

.00

153.

26,7

0.87

22.0

5t

0.90

25.7

.00

t49.

0.87

133.

n.6

43.

r.6

r.00

149.

00

0.87

15.9

27.6

59.5

0.86

M,

.00

109.

74.3

0.87

34.

0.87

22.7

99.9

02

0.87

90.1

34.

0.87

77.1

4.1

00

0.87

t29.

25.9

0.88

32

62.4

.00

99.2

0.88

33

0.87

22.7

.00

22.3

r.00

29

0.89

3t.6

.01

0.87

r.38

29

0.86

31.6

.o2

51.7

0.87

99.4

0.86

.00

22.0

0.88

86.s

0.86

.03

0.88

66.8

3.55

0.87

.01

22.5

0.87

54.1

45

0.97

.00

0.90

22.0

0.86

.01

0.87

27.3

0.86

.01

0.87

27.4

0.88

.07

0.87

.00

1.00

0.88

0.88

.01

0.98

0.88

.00

0.87

.03

0.87

.00

0.87

.00

1.00

0.87
0.87



Isotope

Table 8: continued

Pm-

Halflife,
hours

Pm-

50

Sm-
5l

Sm-
5l

Sm-

2-68

53

Eu-155

28.40

55

Average I
tMciì

Sm-156

87v

RealP

Eu-156

46.70

3.08

Eu-157

0.37

9.0s

Eu-158

4-9 v

ConstP

0.18

Total
Físsion Products

9.40

4.72

r8.70

364.00

0.04

r3.60

Actínides

AvengeZ
(MCil

t5.20

0.30

0. 18

RealP

u-238

0.77

o.45

6.09

3-47

u-239

t-2t

2.lo

l0-t0

Np-239

0-41

0.30

ConstP

0_18

Pu-239

0.03

t.26

0.39+14

5-r7

zt-oo

Pu-2¿t0

1.23

0.39

0.04

15.10

31273

Pu-241

Aùerage 3

tMei\

0.83

56.50

o.z7

0.18

Pu-242

RealP

0.44

0.21+l I

Q.47

Total actinides

6.67

3.00

6.23-5

0.574+8

2.t3

t.26

8.73

5s89.0

138-2

r28900.

o.42

0.27

Total Activitv

0.18

ConstP

0.33+10

tzto_

0.03

t-3 I

18.20

4.49

Averagey'l8 groups

0.02r5

6-23-5

1.28

0.03

r3. r0

3s91.5

o.0432

1300.

0.85

0.26

0-r8

AvI

3.72

r300.

0.4s

0.4r

5.79

0.89

0.0215

6-23-s

t.48-4

1.10

r.85

1351.9

6452.1

0.90

0.0432

159.

0.36

Av2

o.27

r.00

3.72

1400.

0.02

f .00

1. 13

0.9 r

4478.7

r.48-4

0-0215

6-23-5

1.00

t -t2

0.97

Av3

2603.7

0.0423

3L27.4

1500.

0.98

0.74

l.0l

0.86

3.72

0.39

0.99

t499-

0.95

0.86

8192.7

1.48-4

0.02r5

0.98

5-t+5

0.95

0.98

o-0423

s602-s

L562.7

0.9 r

I 10.

0.96

0.86

3.12

0.98

0.95

r050.

0.85

5153-2

0.99

1.48-4

0.0 r87

5. l4-5

0.90

3002-7

0.98

0.89

0.0376

I 130.

0.8s

0.97

3.22

r 130.

0.87

9454-8

0.0r87

t.28-4

0.85

r.0

0.99

r 163.3

0.0376

0.84

0.83

3.22

0.83

0.89

4290.7

t.z8-4

t.0

.0

2263.2

l.¡

.0

0.83

0.9r

.0

0.9 r

7865.7

.0

0.77

0.83

o.7't

I

0.83

0.9r

0.9 r

0.88

0.9 r

1.0

0.7 r

0.77

0.99

o-77

0.84
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tant while analyzing the irnpact of those activit¡, in the future. The same computer
program was used for those calculations with one rnodification: the neutron flux in
equation (A-i) rvas set to zero. Figure 7 shows the dynamics of the sum of all fission
products activity calculated by using different modcls. Again, the given results are

valid only for some times ú > 3 hours due to half-lives of isotopes used in our calcu-

lations. We notice that there is not much difference between the results for different
models - less than 15% at 1 day afber explosion to almost none at 1 rnonth after
explosion- Therefore, either of these rnodels can be used for activity calculatio¡s for

times more than few months after the explosion.

Now we can compare our results with the ones from other calculations, since the

last colrespond only to the long-lived isotopes. Those data are shown in Table 4,

column 9.

As we discussed above, Borovoy et al. [Boro 89] usecl the correct value of the

total energ¡'produced in the ChNPP-4 during the campaign ancl therefor.e obtainecl

the most accur¿rte results. \AIc notice that our lcsults alc in good agr:eemcut with the

ones reported in [Boro 89].

As we discussed earlier in this thesis (see Section 4.2, Other. Inventory Calcu-

lations), thc CLNPP-4 reactor was opcratiug 646 "equivalent-full-power-days". As

expectecl, the results of [Devc 86] urrd<:restiru¿rtecl arr<l [Kilc: 88] ov<;rc-:stirnated the r.a-

clioac:tive iuv<ntot'.1' (clue to the isoto¡rcrs u,ith half-lir<:s longr:r'tharr t¡e ca.mpaig' ti'rc:
which activitv is pr'oportioual to the cam¡>aign time, sec forrnula (g)) in the CIìNpp-4
reactor sinc:e tlt<-y uscxl 400 ancl722 "ec¡uivalcnt-full-p<twer-d¿ìys". r.cspcctiv<:l)r. T¡c:

dat¿r iu Taltl<l 4 sult¡>or.t this stateruent.
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8 Results of Calculations:
short rerm Activity in the chNpP-A Reactor

The methocl we used in the previous section for calculation of long-terrn radioactivity
produced in the CINPP-4 reactor cannot be applied to short-terrn activity calcula-

tioits due to the absence of short-livecl isotopes in our list (Table 4.). To obtain results

fol short tcrm activity we will make use of sorne additional ilfor.rlatio¡ provided i'
[Spra 83].

8.1 Constant Power Regime

Data given in [S¡lra 83] give the total r¿ldioactivity clue to fission proclucts as r,vell as

actinicles producccl itl an RBMK reactor cluring threc diffelent campaigrr le¡gths -
800, 1100 ancl 1400 cl.rys. All thesc calculatiorìs lvcre perfonnecl usirrg au zrssunr¡ltiorr

tlrat tlre average tteutt'on flux over this tirne is corxtant ancl equaì to 0.5*101'1 rt¡.-2s-t.
Tlre authors rncrttiott that the results are applicable only to the oriline refuelingrcginre

of the RBN4K opet'ation wlteu the average fuel lluruu¡l renrains const:rnt, anci thcrefore

constattt ileutron flux leads to constant power. Since ChNPP-4'uvas stil uot <lperati¡g

under this regime, we cannot apply directly the results from [Spra 88] to the ChNpp-4
reactor.

In general, using a constant in time neutron flux while calculating the radioactive

inventory of RBMK reactor with fresh (zero burnup) fuel, creates a disproportion

in energr production - the amount of energr produced at given period of time at
the beginning and at the end of this period will differ significantly. This can easily

be explained. The fraction of neutrons that initiate fission is much higher at the
beginning of the campaign, when there are very few neutron absorbing isotopes, than
at the end when a certain amount of such absorbers is produced. This, in turn, will
lower the production rate of radioactive isotopes at the end of the campaign and

consequentl¡ the total activity of the ChNpp-4 inventory

Therefore, we cannot use the data from [Spra 83] in our calculations. Ho',vever, we

consider the decay of the radioactive isotopes as a function of time after the reactor is
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shut down. Three curves fol different campaign lengths are sliowu on Fig. 8. Bei¡g
presertt iu a uormalized form (equal to each other at a give¡ point, i¡r this case at

t: I sec), the slmTtc of these three curves is exactly the same up to some b0 days

after the chain reaction stops, althougli the carnpaign time has almost doubled fio'r
800 to 1400 days. \Ve will use this slmpe iu our calculations in the following way:

o Since out' data for the total activity (fission products ancl actinides) are correct

for' ú > 3 hours, we will uortnalize both curves - ours and that from [Spra 88]

(Fig. 8) - at t: 3 hours: see Fig.g.

. We take the shape from the [Spra 83] curve (for tirnes t < 3h) and transfer it
to our data. By returning to the non-nonnâ,lizecl forrn u'e get the total activity

in th<: chNPP-4 reactor valid for tirnes startiug as low as 0.1scc.

Since thc cl¿rta u'ct usecl fiom [Spra 83] impl.y coust¿rnt nominal po\Ã¡er cluliug thc;

rvlrtllc <rarrtp¿tigtr, thc fiu¿rl rcsult (Fig. 9) ¡¡iv<rs us thc total actiyit\, ¿¡<:curnulatr¿cl ilr

th<l ChNPP-4 t'c¿x:tor- aftcr tlx: t'<:ac:t<)r is shut <l<xvu at firll l)o\vor (" CorrstP" sccuaricr

in Table 7, uo C-Period).

8.2 Real Power Regirne - Integral Approach

Thc uxltho<l rrscrl in tlrr: ¡rL<lvious scr<:tiou still clor:s rrot allorv us to <:¿rl<:ulatr: tLrc shol.t-

tt:rrrì ¿t<:l,it'it1' tlttt: to B- atxl C-\tr:ri,od, <tf tlx: ChNPP-4 r'<:a<'tor' <:¿uul¡¿r.igu. Tt¡ sclhrc

tlris prolrl<ln \vc ivill rne at i,tr,te.qrul a¡>ploach.

Tlx: i,tt.t'u¡ru.l a,¡ryroa<:h is l¡¿rs<:<l <¡u tlx: <lata gir<ln irr [Spra 83] that givcs th<: fission

Pt'oclttc:ts iì(:ti\¡it.t¡ of li't:sh R.BI\,Íl( fixl in'a<liattxl f<ll a, slurrt ¡x:r'io<l of tiurc: fi-om 1 sc:<:

to 100.000 s(-r<r 
30 - sonl(l 28 hours. Thr: a<:tivit)' of this fìrel is g-ivr:u in Fig. 10. Thes<r

<lata <:att't l¡<: ttsi:<l iu r:al<:ulatiug th<l ¿1:fiiril,1r c;f t:ac:h ¡la.rti<:ular isotoP<: of irrtere^st.

l¡ut will ¡lt'orritlt: ¿r mc:l,hocl f'or total short-tr:r'ru fissiou 1;roclu<:ts ac:tir¡ity <:¿llculations.

In arlditiou. sirrr:<: t,lrc B-pr:r.i,r.rd lastcrl for. a.bout 24 hclirs. \\¡o (.A.rì also <:alculate thc:

radi¿rtiorrtirrreislirrrite<ìl-l,tItcasstttrr1lti<ltttlrattlrclbrtrttttp
of R.Blt'II{ fuel rt'tnains rregligiblc ¿uud uo additi<lnal fissiouabfti 1lr<lcìucts ar.r: prgduced. T¡creforã.
radioactivity of the actiuides is ttot inchrdecl arrd the clata ¡>reseut only fissiou ploduct activit¡
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fission products activity produced during this period using the. i,ntegral lnethocl an<l

conìpare the result with the one obtained using equation (4.1). Hence, thesc data

from [Spra 83] give us the opportunity to check our previously obtained results.

Data in Fig. 10 do not take into account thc activity of fission products proclucecl

in tlre ¡eactor by fission o¡ pu23s and Puzat, these being produced during the A-periorl.

However, since the data presented in Fig. 10 are normalized to the fission rate g,

g : otau,, (22)

we wili modify this normalization factor and use it in the form that will account for

additional fuel produced in the reactor,

This simplified for-rnula does not t¿rke into ¿rccount the clifference in fission fi-actions

corresponding to different fuel for a ¿1iveu isotope, a.nd implies the sauì.e arctivitl,

¡>roduction latc fol auy fuel (correctecl for fission cross s<.:ction). Although this a¡>

proach is not absolutely correct, the srnall amount of. Pu isotopes as secondary fuel3l

produced in the ChNPP-4 makes this assumption reasonable.

8.2.1 B-period: Fission Product Activity

g : ô(otu, + o{us + o{ur): ÕDr.

TIx: B-\tcri,¿¡rl of thc ChNPP-4 t'c¿rctor lasl,ccl fot' 24 hours ¿r.rrd 17 rnirult<.:s. Thr:r.cfor.c.

we can use the i'r¿teqru,l,approach to get the activity cluc to fission procluc:ts proclucecl

irr the lcactol cluling tliis time. The results of these calculatiorLs are giveu in Fi¡¡. g.

At this ltoirrt wo a,t'o alrk: to couìpa.re those x:sults u'ith thc orrcs clisr:usserl in Scctiorr

6.

Iu olcler to tnake suclt a c:omparison let's calculatc thc fìssion ploducts activit)¡ at

tlre cncl of B-peri,orJ. To clo so. lve will perform tlie following ¡rloceclulr.::

. Step I. A-period activit¡' - sc¡lution of the equation (4.1)

Calculate the activity at tlie end of A-periorl and let tlie fission ploclucts dr:cat,

kgtlreatnountof'PlP3gald'Pu2a|togetlreris3tirtle.sless
than LIæs: 2.7 aud 8.6 kg per ton of fuel, respectively [Doll 80].
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during tlre ß-period - (let's denote the result æ Alp). Since tIrc B-period, is

allout 24 houls long, all the short-lived isotopes not taken iuto account explicitly
(Ttp < 0.5h) ivill decay and our result will be valid despite the fact, that we

used only isoto¡>es wilh T1¡2 > O.bh.

o Step 2. B-Ttcriorl activity .- integralapproach.

Calculate thc ¿rctivity (A2t,ò procluceci cluring B-peri,orl (Fig. 11). In these

c¿rlc:ulatiotn we used average neutron flux, corresponcling to average power level

ccluatiort (19), f<lr cliff'clcnt intervals that are shown orr Fig. 3 with tirne nrarks.

Tltc suttt ALip : ALon +A2r7, will givc us the fission procluct activity at the encl

of the B-period.

o Step 3 ,4- ancl B-peúorl ac:tivity - solrrtion of the equation (A 1). Calculate

tlrcr activity (AIò ¿rt thc errd of B-periorl, using the ¡>owc:r history (Fig. 3) arrcl

fbnnulas frorn Ap¡>errclix A (clatzi frour Table 7 for real polver.regir¡e).

Since tlre last resttlt will be valicl or-rly some 3 hours after thc encl of B-pe.riod. ,,ve

will let tlrc activity Afn calcv,latecl at Stc¡r 2 clecay for 3 hours aucl after that co¡rpare

it with the result from Step 3.

Calculation of Step 3. grves us .4|" :2g\\MCi.whereas afber 3 hours decay Afr,
:2570+ 470:3040MCi. There is only a 5To difference between these two figures

and we consider this result as acceptable to justifu the procedure we followed in our

calculations.

8.2.2 C-peri,odz Fission Product Activity

As we mentioned before, po\Ã/er pulses that correspond to this "run away,, period

(see Fig. 3) were calculated, by the Soviet team and reported in Vienna. No detailecl

information about assumptions and models used in these calculations was given. An
analysis of this period was made by an American team [AmRe 36]. Based on their

analysis, they state that the Soviet power history during the C-perio¿l was obtainecl

under the assumption of coherent fuel failures, i.e. a point-kinetic model has bee¡
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fuel (see Fig. 7). Since the B-Period lasted for about 24 hours, we can use this
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used to produce this result. An account for noncoherence in fuel failures (using the
spatial distribution of the reactor parameters) can "stretch out" the C-period, and

therefore, clelav thc time of explosion) [AmRe 36]. A sirnilar correction to the tirne

of explosion t'eported in Vienrta was made by Soviet scientists [Veli 90], rvhich is

also in agreement \,vith G.X,Ieclveclev's [Mectv 88j statement (without any references

or ex¡llanations) that the explosion occurrecl at 1.23.58 a.rn. - 12 seconcls later than

stated in the Vienna report.

Irr aclclitiou. evclt usirtg a point-kin<;tic rnodcl the Aurcrican team was unable to
rt:¡>rocluce t'Lrc C-period power history frorn thc Soviet Vieun¿r le¡rort. Accr>rdiug to

their l¡est estirnates, the ¡lower excursion in the last peak (cxplosion) shoulcl be 4

tirncs lorver thau statecl in the Soviet report.

Again, usirtg t,lte i,nteqral a¡rproach we will c:alculat<: the activitv using tlrree clif-

f'crcrrt po\,ver scenalios clur-ing tlte C-period:

o As giverr by the Sovict tc¿rn in thc Vicnna le¡tort (cohe:rcrrt frrcl failurc). In this

case allottt 222 MWh encrgy rvas producccl in the ChNPP-4 reactor cl¿ri¡g

C-period.

o As given in the Vienna report with 4 times lower po\¡/er peak (120 times the

nominal power instead of 470 times) - coherent fuel failure in the American

interpretation: 75 M\Mh energy produced.

o Additional 6 power peaks that mirror the first small peak before the explosion

(last power excursion) - our approximation of the noncoherent fuel failure: Bbb

N'IWh energy produced. This scenario shifts the time of e>çlosion to 01:23:58

a.m.

The results of those calculations are shown on Fig. 12.

8.2.3 Total Fission Product Activity

Norv rve are able to calculate the short- and long-term activity accumulated in the

ChNPP-4 reactor clue to fission products. We must simply add the results in Fig.
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IL (B-perioû, Fig. 12 (c-periorl ror the soviet a.d America.

(after 24 hours decay time, i.e. shifting the tirne scale for 24

shown in Fig. 13.

8.2.4 ,B- and C-peri,od: Actinide Activity

The integral approach does not allow us to calculate the short-telm activity clue to
the actinides since it considers only fresh fuel and uses short irradiation tirnes (up to
100,000 sec) fol which the atnount of actinides produced is ¡egligible32. \A¡e calculated

the actinides activity using our list of isotopes (Table 7), but this result is valid for
times from about S hours and later.

To overcome this problem we turn again to the activity data given in [Spra g3] for
differe[t campaigu times. Iu comparing the data for fissio¡ proclucts a¡cl acti'ides
Iaclioactivity, we find that the actinide activity accou¡ts fo¡ about 20% of the total
activity during the fir'st few minutes and up to 33% for times from few hours to 1

cla¡'. 1'1t"r.fole, we siniply apply those ratios to the fissiou ¡lrocluct activity given in
Fig. 13- The final result of the total activity (fission products ancl actinides) for the
Soviet and American estimates is given in Fig. 14.

\4¡e would like also to know the differenc:e between tlrc ¿rccurnulatecl ¿ictivit), foi-

" ConstP" aucl " RealP" scena,rios. Thc curves in Fig. 14 1>roviclc info¡lation for thoscl

courpalisclns.

Now we can calculate the total activity in the ChNPP-4 reactor. 10 days after the
accident aucl compare with the Soviet figure given irr Vienrra. Orrr. c:a.lculatigrìs, âs

scenalios) and Fig.

hours). This resuit

I
is

showtt on Fig. 14, giv<: 1450 l\4ci. Acrcorrlirrg t<> thc Soviet Rcpor-t [Abag 86]. S0 N4Ci

(deca¡' cot'rect<;cl to I\[a¡' 6, 1986) had been releasccl, wþicþ a<:c:ou¡t<:cl for S.ST,¡ of the

total activitS' 1tt the t'eactor (noble gases exchrclecl). This g'ives ¡s 50/0.035: L42g

I\4Ci. If we include 50 X4Ci of activity clue to noble gases (see Table 2 a¡cl also Fig. 19)

\r¡e get tlrat their estilnate was 1479 l\4Ci.Thus, there is only 2% ditre.rence betg,ee'

this figule and the olte we have calculatecl (this clifference is uuclistinguishable on Fig.

[ypreserrtilltlreRBIt4I(reactorisuegligibleitrcotnparisou
to the fissiou products activity.
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A-Period activity calculated using equation (4.1) - see Appendix A.
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pendix A: sh<irt-tc:rrn ¿rc:tiuicle a.<:tivitf is cal<:ulat<:cl usirrg th<l r.atio fr>r. ar:tiniclc/fissiurr
pt'oclu<:t acrtit¡it)¡ takerr fi'o¡r [Spra. 83].

Time after explosion, t (sec)
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In addition, we calculated the radioactivity of tire iocline isotopes after the explo-

sion. Those data are shown in Fig. 15.

To show the irnportance of taking into account the burnup of the reactor fuel, we

calculated tire energy producing ratios (ø;, see Section 6.1, Production of Actinides)

for two groups of fuel assemblies with different burnup (see Fig. 16). It can be

noticed, that in fuel with trighest burnup - 74.4 Mwd/kg - almost half of the energy

is ploduced in fission of. Pu23s. Therefore, it is important to include pu23s that is
produced in the reactor.
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9 ChNPP-  Radioactivity Release

I[ previous sections we calculated the ClìNPP-4long-terrn aucl short-term raclioactir¡e

inventory as well as the tirne dependence (due to the ra.dioactive isotope deca¡,) of
this activity. In order to estirnate the irnpact of this activity (and primarily - the
healtir effects this activity can cause), we need informatiol about the amount of this
activity that was released into the atmosphere.

These data - total atnount of radioactivity released on a daily basis as well as

fractions for long-lived isotopes, both decay corrected to May 6 - were given i' the
Soviet Report in Vienna [Abag 86]. These data are claimed to be of experimental

origin aild checking this information goes beyond this thesis. However, b.y cornpar-i¡g

tlte [eported results [Altag 86] with the ones fi'orn some Arnerican reactor. r.esca,rc:lr

publications, we rvill be al:le to estirnate the plausibiliti, of the Soviet d¿rta.

9.1 WASH Reports and Aps Light-\Mater Reactor safety
Study

Studies of ¡rotential consequences of a majol nuc:lear reactor accident have bee' 
'rr-

det'takcrt bY the Atornic Bnergy Comurission (AEC) of thc US in 19SZ [\^IASH 57]. iu

1965 [\^/ASH 65] and in Lg74 [\ ASH 741".The 1>xrlirrrina,r'.1, <lraft of tlxr lasr rep<x¡

(N'ell kttou'rr as \ÄASH-1400 R<:Port) q,as rcvicu,<:rl ilr ¿rrr in<l<:pr:rr<k:rrt li¡ilrt-rvat<:r. r.<:¿rr,-

t<¡t'safetv stucly IAECR 75] s1;onsor.t:cl b1' thc Aur<:ric:a,n pht,sir:al So<:ic;t), (ApS). This

sttttl.l' userl sorn<l rnor<: simplifit:cl <:a.k:ulati<>nal ntoclc:ls. l;ut ru:vcr.theless was alrlc t<r

<rottfirrÙ thc infbrtrration 1;rovi<lecl in tlrc \Ä¡ASH-1400 r<:port h, 1.rr.1¡rlu<:iug courlrar,ll¡:
rc:sults.

TIie ¡lttlpose clf these two studim (WASH-1400 ancl [AECR-75]) rva.s t9 ura.kr: a

t¡uautitative estitnatct of thc likr:lihoo<l of ¿rn acr<'i<lcrrt of giv<lr s<:v<rr.ity. Tlul \\ASH-
1400 Rclpolt is a cl<:ta.iled aual.1'sls of su<:h (ìonscqricll<:<ls. q,hcr(.:¿r.s tlrç ApS Stri<1,1, rk:a.ls

ortl¡' rvith releases-contanination-<loscls ¡rarts of tlxr \^ASH-i40g Rqt<lrt.

otlSelltol.crealisticassttttr1rtit-lrrst.harr[\\ASH57,].Htlrr<lr,<lr.
aftcr drafts of tlte new repolt ltad been circulated for reviet, r,ithin AEC arrd tlrtr lurclear iuc¡rstr..y.
a decisiou rvas ¡nadc to al¡ort the study IWASH Z4].
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The Anlerican nuclear power reactor clesign differs significantly from ttre RBI\41{

reactor design. However, as will be shown below, most of tliese two r-eactors' pa-

rameteLs relevant to the problern of radioactivity release - power, fuel type, differe't
isotope contribution factors to the radioactive inventory - ate comparable, and we can

use the results obtained in those American reports in our estimates of the ChNpp-4

radioactivity release.

9.2 ChNPP-4 and P.WR, Reactors

Both the APS Study and the WASH-1400 Report consider a "Reference Accident,,

on a Pressurized Water Reactor (PWR) a meltdown of a 1000 MWe pWR with

essentially cornplete containrnent failure.

To estinate the activity r-elease in the " Reference Accident" in a P\A¡R, the ra-

dioactive nuclides were divided into seven princi¡lal groups ba^sccl on chemical ¡>r.op-

eúies, boiling ancl urelting ternpera,tures, ability to fonn oxi<lcs, volatility of those

oxicle¡. <ltc:. The fractiou of tlt<: a<:c:uulrlatecl larlioa<rtivit), that rvas rc;lea.serrl iuto

the atmosphet'e was tstirnated fcrl sonre isoto¡res in these princi¡ral groups ancl was as-

signecl to all isotopcs in the corres¡:oncling group. The ¡rer-group releases in the pWR

"Reference Accideut" are given in Ta.ble 9. The CIìNPP-4 column in this table c<>n-

tains iufortnaliott taken frour tlu: [Aba,g 86]. \Are a.lso assi¡5ru:cl tirc frac:tiol of t¡c: gi'cu

isotope t'eleases [Altag 86] to all isoto¡;<:s iu the (Ìon'ospon(ling ¡l'irrci¡ral group:t'1. Th<,

ttlaiu par-ametet's of thosc two re¿x:tors âre also given irr Tablc g. Excluclin¡1 thi: ncln-

volatilc oxides. there is a t¡ritc goocl a¡çr'cern<+nt irr the r¿rtios <>f the activitl, rclcas<l<l.

Data in Tablt: 10 an<l Table 11 givc tlu: estirnatecl a,morurt of actir¡it1, 1>rr:seut iu th<:

rea(:tot's ott the per-isotol>t: basis ¿Ls well as leleasc-:cl fol c:acLr princ:ipal gtorq) (orrlv

those isotopes uuder cousicleratiou in \^¡ASH-1400 are shown is Table 10). Aga,in,

there is a goocl agleernent betwe<:n thcse data35.

3alu this sectiou tve us(ì thc calculatecl d¿rta for ChNPP-4 colrstaut po\r¡cr s<;euario siuce iu thc
"Reference Accident" it is assurned that thc reactor crxploded at full po\\¡er..

35The z0% releaseof the total irncntory activity in thc ChNPP-4ìeactor (Tablc 11) shoulcl rrot
be cotnpared ivith the. Soviet figulc 3.5% [Abag 8ô] siuce thc last is vali{ oirlv l0 clays after t¡<r
ex¡rlosion (see Fig. 14.)
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Table 9: PWR vs. ctrNPP: parameters arrd release fractions.

Principat chemical groups
PIryR

Reference Accident
wÁsH-1400

Reactor Parameters

Fuel exposury, MWD/lig

(l)rne amount of cesium released has been corrected to be 0.25-0.30 [lzra gz].

0.0æ-0.032
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Table 10: PWR vs- ChNPP: inventory activity. The WASH-1400 data ¡,vere taken
froür [AECR 75], ttre ChNPP-4 data - i.o* Tabtu Z, l8-group rnodel, constant l)o'ü/erregime' The per chentical group raclioactive inventory. aÀ rvell as the releasecl activity
is giveu in Table 11.

Chemical group
Isotope

Noble Gases
Kr-85
Kr-85m
Kr-87

Halflife
(hours)

Kr-88
Xe-t33
Xe-135
Iodínes

93972.2

Present

Paper
(MCÐ

I-I3I
I-132

4.ß

r-133

t.27

WASH
- t400

I-134

2.84

o.7s

r2s.89

I-l3s

25.5

(

Telluriums

9.09

MCi

52.7

Te-129m

75.9

192-97

)

Te-129

0.6

t8s

Te-l3lm

26

2.3

r85

20.80

Te-132

52

Cesíuns

0.88

76

86.4

(Table l0 continued)

170

G-t34

6.61

133

26

Cs-136

t85

Chemical group
Isotope

806.39

Cs-137

204

Alkalin¿ Eørth

85

1.16

164

120

30.00

Sr-89

VololíIe Oxîdes

t70

78.19

Sr-90

Mo-99

26.3

200

Sr-91

8.8

18075.0

Tc-99m

r50

Ba-l4O

Ru-103

il.8

3l1.53

Halflife
(hours)

264472.

Ru-105

t33

28

Rh-105

10

Ru-106

L2tl.94

4.1

Nonvolotile Oxides

t5

255250.

t20

Present

Paper
(MCi)

t.7

66.00

Y-90

6.8

9.48

Y-9lm

6-02

306.94

942.78

Zr-95

97.s

t.7

WASH
-r400

Zr-97

6

4.44

5.6

168

35.36

Nb-95

5.8

t29

8836. I I

r68

(

I-a-140

MCi)

t63

il5

It0

Ce-l4l

10.9

64.00

t60

C-e-l43

5-2

70.8

r4¡'4.n

t30

Lq

Ce-[44

24.9

1538.33

r60

r00

Pr-143

r6.90

Nd-147

58

5.61

84250

Prn-147

125

58

q.2s

Pm-149

155

l9

780.00

Pu-239

159

33.00

15l

6825.00

5.2

tq

164

325.s6

r60

149

265-44

160

148

22997.2

r60

l0l

r60

53.08

t47

0.21+ll

r60

62.t

150

22.1

110

3 1.5

r50

o.022

60

68

t7
4
0-01



Table 11: PWR vs- ChNPP: Total Aciivity and Release. The activity in the ChNpp-
4 rcactor (per chcmical group ancl total) was calculatecl on ba^sis of the results from
Table 7 arrcl 8 and Table 10. The released activity was calculated on basis of the
release fractio¡rs given in Table g (average values were used for cqsiurn, alkaline earths,
volatile and nonvolatile oxicles).

Chemîcal Group

Noble gases

Iodines
Cesiums
Telluríums
Alkaline earth
Volatile oxides

PWR Actívíty
(MCî'

Nonvolatíle oxídes

In core

350
725

(7o released)

13.5

Released

t73

315

Total

q5

ChNPP4 Activity
Const P (MCîl

508

535

6.8

ln core

1472

52.

525

3675

24

772

It

Released

t2.6

6

525

180

923

395

154

CLNPP4 Actívity
ReaI P (MCí)

25

618

3.5

In core

27

t420

300

3922

20

374

T6

t2.5

39

Released

125

785

300

306

20

75

499

3-5

r286

r8.8

2903

t5
t3
35

460
t6
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FinallS', we can cotnpare the time clepcnclence of the total activity in the PWR

IAECR 75] and CIìNPP-4 reactors after shutdou,n36. Those clata ale shorvn in Fig.

17- M¡e can notice that there is no significant difference between the data for these

two reactors.

Thus we can conclude that although these two reactors have a completely differe¡t

design, and use different fuel elements and enlichrnent, the total amount of radioac-

tivity pt'esent iu these reactors is compalable. Finall¡', the release fi'actions repoltecl

in [Abag 86] and \ /ASH-1400 ale also comparable. Thelefore, we will assume that

the same methods are applicable - applying the release fraction of a given isotope

(that is known) to all the isotopes in its chemical group (this tirne all the isotopes

from Table 7) - a^s in the P\MR accident analysis by the American researchers. In our

fulthel calculations we will use the published release fi'actions [Ab.rg 86].

Tlie rnelting ancl/ol boiling points <¡f the isotopes usccl in our calr:ulations ¿rncl

thcir oxiclcs arc giveu in Tablc 1237. Separatirrg the is<ltop<:s iuto volatilcl aucl n<>n-

volat,il<l oxicl<-:s is sottt:r.l'ltat arbitlar-.1' sinc:r-: this clx:rni<:al lrchavic¡r' of a gir<lrr isotoJr<:

de¡rends ott tlic tenperaturc of the corc. It is not c:lear how this se¡raratiou rvas clonr:

irr the \\"ASH-1400 Re¡:olt. But since we use thc lek;ase<l fractions repoltccl iu tlx:

Vierrua r<r1>olt. this will uclt ma.ke auy differenc:c:- tlrr: r.c:llorte<l fra<rtious ¿r¡:<l tlx: salrÌo

for lroth r'ltclnti<:al gt'olu)s. \,for<xrvctr. these fi'a.c:tiorrs ar<: high<:r tlr¿r.u t:<lrrsi<k:r<:<l iu thc

"Rr:fclLr:ru'r: Ac<ri<l<:1r1," irr \ÄASH-1400 aurl APS Lcllorts.

9.3 Short-terrn Activity Releases

Slt<ut-ttrt'ttt a<'tiyit), ¡xotltt<:rxl rnaiuly <hrrirrg t,Ix: C-ltrt"i.ud iu th<: ChNPP-4 l't:ar:tor'

catttPttigti t'c:<¡tilcs s¡r<-:<,ial <:ottsickrratiorr. Due to its na,trrr'<:. tllis a.<:tivi1,.1' .tttt har<: ¿rrr

itrtpa<:t \'ol'.\¡ liuritcil iu tintc: " sorl(-) fbrv hours aftel th<: r:xplosiclrr. Sirxc th<: a,rr:i<klrt

Ital)1lt:ttt'<l tú,0I.24 itr thc urorttiug this inca,ns that oul.l' 1.rrxr¡>k: irr r:losr-: r'iciuitv tr> t[<:

ChNPP-4 u'ere afl'ectecl. Thc:r'efore, an analysis of thr: iurl.rrx:t of short-tclnn ¿r,r:tir¡it\¡

:l(iRrr the ChNPP-4 rctactor those data u,ere tak<ru fronr Fig. g.
:JTOlrlv oxicltx [Haud 9a] u,itlt kuown at least orre c.ritic:al terrrp<rrtrtur<, boiliug or uxrltiug l¡oilrt

- ¿¡çr gircrr irr tlrc table.
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Figure 17: Total activity in the PWRand ChNPP-4 reactors after shutdown: ChNpp-
4 - filled triangles, P\Ã/R - line. The pWR data were taken from [AECp zs] and
correspond to a 1100 MWe PWR similar to the one considered in the "Reference
Accident" in the WASH-1400 Report. The ChNPP-4 data were taken for constant
power regime, A+B-Periods scenario (see Fig. 9).
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Table 12: IVlelting and boiling temperatures (where known) for isotopes usecl in cal-
culations [Hancl g4]. Isotopes given in italics were not used i¡ WASH-1400 Rcport,
but are used in this thesis (see Table z) t(d) - clecomposes, (v) - volatizes].

Isotope

Br
BrTO
BrOt
Brt I0HtO.

Melting
temo- "C

Kr
Xe

-72

Sr

-17

Ba

0(d)

' BaO

Boiling
temp-'C

6-8(d)

BaOz

-156.6

Cs

58-78

-r I t.9

CszOr

769
7?5

Gzor .

I

I918

(tabte 12continued)

-t5L3

450

lot

2l'-4

-t0zl

IzOs

Isotope

l¿os

1334

400

Te

400

I640

Zr

2000

TeO2

I r3-5

ZrOt

800

TeO

7s(d)

I-.a

669.3

30G3s0

TeOl
Mo

LazOt

6s0

Melting
temp- "C

Ce

Ru

452

CerOa

1852

733

t84-4

RuOz

Pr

Rh

2700

370(d)

PrOz

918

395(d)

RhuOr

Nd

Boiling
ûemp. t

Pd

2307

75(d)

26tO

NdrOa

798

r390

23t0

Pdo

As

4377

In

1692

t245

255

931

5000

AczO

r966

IntOz

3464

>350

Y

AttOt

I I00

Cd

4200

I02r

5560

/,554

YzOr

3443

cdo

Nb

r 900

3900

&70

S¿

961 33

t08(d)

rs66

NbrOc

3520

SnO.t

230(d)

37n

Nb2O3

SnO

>t00u)

t52Z

s/,

320.9

3074

2970

24tO

>1500

SbtOç

2468

22t2

232

ShtO¿

2050

t520

ShzOt

1630

850tu)

r780

Gc

r080(d)

3338

76s

630.5

GeOT
Pm

380

5tn

Pu

2270

930

Np

1800

6s6
937-4

NnzOz
.Sm

1750

IOM

Eu

1042

As

641

U

1550

63qtr278

72

2830

500 (d)

1074

3000

822

3232

817 (28a)

I t32

1794
1527

613

38r8



on those people would heavily depend on thc location at any given time of each persol
that happened to be close to the reactor. For those people (e.g. operators, fireme¡)

the activity that retnained in the reactor rnight aclcl significantly to the totaÌ cffect

of the radiation. Therefore, the average approach that is ofte¡ usecl i¡ calculatiou of
the impact of the radioactivity released (and in which the results of our calculations

could be used) is not applicable, and we wili not consider the short term activity
releases (up to few hours) in this thesis.

9.4 Releases on a Daily Basis

The figures of activity released depend on the "point of view" - how rnuch tirne
passed from the accident until the measurernents were perforrned. In the pWR "R,ef-

elence Accident" it is assumed that the activit), u,as r.eleased in one blast, i.e. the

released fi'action of tlie radioactive iuventoly was clecaying while being outsicìe the
leactor. This was not the case in the CLNPP-4 acciclent. Accolding to [Abag g6] the

CIìNPP-4 reactor hacl beeu leleasing activity for' 10 <lavs. This i1 particul¿rr was thc
reason why in the Soviet report in Vienna [Abag 86] ttre activity released was decay

corrected to N4av 6, 1986, 10 days after the accident. The sane approach was used in

[Izra 87] tha't reported diffelent activitv relca^se clynamics (a¡other rnoclel aucl sorne

aclclitiorra.l experitneutal data rvere usccl), but rro iuf<¡rnation alrorit hc¡rv thosc r-esrilts

rr'er<; obtaiuccl rvas givcn. Both r¡f these lesults are shou,n irr Fig. 1g.

!\¡e will be interested iu tlie activit¡, ns of tlte rlay of release.. since just after. the

rclease the activitv presents a poterttial clanger to the po¡rulation. Thqsc¿ fi¡¡rres nr<:

tnox: irupoltant tharr tlx: clata 10 days aftcl the acc:ick:nt.

9.4.L Releases on the Day of the Accident

Tlie leleases during the first day a.fter the accident rverc giyel i¡ the Soyiet Rcpor.t in

Vienna [Abag 86] (see Table 2). As we cliscussecl earlier' (see Section 3.2, ChNpp-4

Reac:tol Iuveutory - Viettua Re¡rolt), it is not clear wha.t the cla.ta for. t¡e r.eleases on

the day of the accident nìean (Table 2, column 2), a¡d the¡efore we cannot rnake 
'se

.7t
It)
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Figure 18: Daily ChNPP-4 radioactivity releases during the 10 days after the explo-
sion from different papers. Unlike the Soviet report in Vienna [Abug 86] (see àlso
Table 3), [Izra 87] claims the releases were increasing during the Àrst th.* days.
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of this information. However, we can use the data fron Table 3 about the arnount

of activity released as of May 6. According to these data, 12 MCi were leleased on

the day of explosion (noble à*.r exchrcled). Since only 10% of the initial activit¡,

is left in the CLNPP-4 reactor 10 days after the chain reaction stopped (see Sectiou

3.1, Reactor Power History), the released activity øs of tlte day of release was 120

\4Ci 38. This figure is in agreernent with that stated in [Izra 90]: 120-150 MCi. If rve

use the assumption that noble gas releases had the fractions of the average [Izra g0]

releases (in our case 40To of the total releases 300 N{Ci for noble gases (see Table 11)

happened during the first d"ytn), we arrive at the total number of.240 MCi released

including noble gases.

9.4.2 Releases During the Following 10 Days

A sirnilar approacir cau be used to obtain the releases during tLre following 9 cla)'s after'

explosiott. In this case \\'e must couvert the rcpolted in Vienna. releases 10 clays after

the explosion (see Tal:le 11) to tlie day <¡f r'<:lease. This <:an be clone l;.1'usiug the tirne

dependence of the activity from in Fig. 13 for the "RealP" scenario4o. To include

the noble gases in the total release^s, let's consider the decay curve of the noble gas

activit)'. that is presented on Fig. 19. Since we kuow the fractions of r-elease during

eaclt da1' (clata from Tablc 3 c:ouvelted to leleases as of th<-: da¡' of lelease), rve aplth'

tltern to the rrr¡ble gas ac:tirritt, a,rrcl correct f'ol de<:ay using Fig. i9. Aclding this

to the rest of the releases, we get the total ac:tir¡it)¡ released clur-ing each of tite ten

clal's n¡1"t the acciclcnt (as <¡f theda¡' 6¡r'eklase). The lc:sults of thqse calculations are

shoq'n on Fig. 20. Thc sanrc approach was usecl in the [izra 90] ca.lc:ulatiols (tlrn clata

ec<¡rrt¡:overSialTable2,c,oIurrttt2.Sirrcetlrcactir,ityofthe
giveu isotopcs adds up to about 15 À,fci (rroble gases excluded) - u'hich is close to 12 À,fCi frou
Table 3 - we coule back to thc assumption that the ¡tresented data arc as of \.Iav 6 and are uot
irrcluded itt colutnn 3. Therefolc, the total actir¡itv released os of tlrc dag of rclease.n'ill be altout
150 À,fci.

3e300 lt'fCi of noble gases have been releasecl (sec Table i1), hencc 120 À{Ci - duriug the da.y of
explosiou.

a0Hcre we assume that the clecay curve of thc lele¿ses u,ill follou, the sarne shapc, i.e. the activit].
of different gtoups has the saure rcleasc fraction during a given darr l\4ore ac.curatc calculaticlus
could be perfolrned if rnore data for per-group releases u'erc available.
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Figure 19: Time dependence of the noble gas activity after explosion.
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corre^sponding to the 800 davs canpaign from [Spra 83] were used). As was shown

(see Section 7.I, Coustant Power Regirne), ail th¡ee curves (800, 1100 ancl 1400 days,

normalized) agree for times from l to 1,000 hours (see Fig. 8), and therefore the

results are vet'y close for releases excluding noble gases.
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10 Conclusions

In the present thesis the radioactive inventory due to fission products and actinides as

well as the activity released into the atmosphere during the CLNPP-4 reactor accicle't

were studied.

Using a simple computer model, we calculated the activity in the ChNPp-4 re-

actor. Two different rnodels vrere used for these calculations. For. isotopes with
Trlz ) 0.5 hour the activity due to each such isotope was calculatecl. The obtained

results are valid for any time ú > B hours after the explosion.

At integral approach based on inforrnation given in [Spra 83] was used for short

term radioactivity calculations - due to isotopes withTy¡2 < 0.b hour. This method

gives onlS' the total activit5' frorn all isotopes (fission ploclucts ancl/or actinicles gr.ou¡>)

¡>lesent in the reactor.

A spec:ial method was used to calculate the activity procluced in the reactor cluring

the last ferv secoucls and durirrg the explosion itself. Data about the raclioactivit), of

shoft tertn irradiated fresh RBMK fuel frorn [Spra 83] were used. These calculations

were pelformed for different models (Soviet and Arnerican) describing this periocl.

BI' cotnparing the total actir¡ity in the leactor fol tu,o clifferent scena,rios. both

constant and real po\Ãrer (see Fig. 14), we can conclucle that this activity woulcl bc

tq'ice as high if the reactor- r:xploclecl ¿rt full po\\/er. Irul>licatiou of tiris rcsult is t|at
fit'ctneu would have beeu getting racliation sickness in about 15 ¡ri¡utcs after ¿,trivi'g

at the site, rather than after about half an hour. hacl the rea<:tor cxploclccl at full
power- This could have tnadc: impossible for the firernc:lr to extinguisli the fircs. For

times some 10 houls and rlore after thc acrcideut the clifl'er-enc:c in actirrit), pr-<lducccl

in these trnzo scenarios is negligible.

The calculated total raclioactive invcntor), in the ChNPP-4 reactor. ancl th<l clata

provided by the Soviet team in Vieuna allowed us to calculate the activit), releases

on a clail¡' basis.
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A
4.1

Appendix A

The nurnber of nuclei of each isotope in the chain 
^fo(ú), 

can be calculated by solving

the following set of differential equations:

d,N,

Ë : Fr(¿) - ørÀL * øf-rr/r-r; NÈ(0) : N3, (4.1)

wlrere k: [1,L), L - number of isotopes in the chain and ,Nf - the initial amount of

a given isotope in the reactor.

Solution of the General Equation

To solve the set of differential equations (4.1), let us express the solution in

&

^¡k(ú) 
- l{e-ør't + t af e-o,L +

i,:1

where af aud 1,,|'(t) are solne coefficients rve rrurst

Since ¡/À(0) : ¡4, wc re<¡uirc
t,:

!a'l;: rt'
í=l

In addition. for the fir'st isotope in the chain (of_, : 0) the solutiou of (A.1) is

^r,(¿) 
:lry'f"-ørr * 

.[,.,' 
,rror(u-t)¿,1¡. (A 4)

¿rncl th<':r'r:folr:

Nou' rvc (:au oxl)r'oss S iu twr¡ rliffc:r<:rrt w¿ìys: filst. lll, takiug tlxl

dit'c:c:tI1, irr (4.2); srx:orr(l, b.)' r,rlrrrtautirrg iu tlxr right halr<l si<lc: of (4.1)

(4.2) B.\' crcluating thes<.: tu¡o <:xlrrcssi<lns u<:'ll olltairr

-o¡.Nf;.e-'-' - Ë o¿rt,!ir:-o;L* É ¡l - f,, f',,,,r",rr-,),r,u :i=r 
=t 

" ,Z .10 t ')

F/,(¿) - o¡.(Nfi e-o,"' + Ë u!'r'-oit * É [,,' 
t,!',,",{r-,t,,,,,,,

i:l i.-l rt'

Ð lr'bleo;(u-t)¿Y'

fincla2.

øf :1¡' ltt, : 1;,.

formal

(^ 2)

'tlThe easiest n'ay t<l art'ivc at this fcrlrrr of the solutiou is to soh,<' tlur <'<¡ratiorrs (4.1) for li:1,2,3...
explicitlv. After that thc choice (4.2) bccorncrs obvious.

a2The af coefficiettts are tirne iudepen<ìent, u,hererLs the ¿rf (ú) <xreftic:icuts are tillrc cle¡rerr{ent.
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(A 5)

rk:rirrativr:

Ài,(ú) fi'orrr

(A.6)



+o'f-r(¡4- ,e-ox-rt. Ð fii-t"-o;t+ bt fot 
bf-r"",<r-t)cta).

i:! à=1 J

This expressiolì gives us the two desirecl equations for finding øf and óf. For the
øf coefficients ,uve obtain:

À ¡ fr_l
- Ð o¡afs-ott - -o¡,7,o!"-",t * of_r(Nf_, e-ot-ú + I a!-re-,,t¡, (A.Z)i:l i:[ i=l

or in a simpler form

Â; l,-l
f(oo - o¿)a!e-"": of-r(14_ 1c-o*-rL + Ð a!-r"-,,t.¡. (A.g)

i=l

Sittc:e the last relation nrust holcl for ¿ruv timc ú. the corresponcling c:oeffìcients urrmt
be equal:

(o^,- o^.-r)o,I_,: øf_r(Nf=, + r¿f_l)

(oo - ")"1 
: of_,a!-, .

Tlrus rve olrtain the r.csrilt for uf :

-T:a\: -u-t:J-,oj-r, :j :ïI,k-2)r ok_oj

¿f-r : oI-' (¿f-1 + n¡'o
ø¡ 

--(afi-i 
+ NË-'). (A.e)

Following the same procedure for öf we,ll get

ß¡t
I(oo - or) 

Io' bfe"'@-t) : o|-t lt bF-re,otu-o

ß

Iaf - Fk. (A.10)
i:I

This gives us

-kbl: _"_r-J_6*-t. j:ll,k_ 1lJ ok_oj
&-l

bf : Fn- Ð bf (A.11)
i:l

Together with (4.3) and (4.5), formulas (4.9) and (4.11) give us the coefficients af
and ðf in (A.2).
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Thus, summarizing the results, solution of the equation (A.i) can be written in

form

¡ir(¿) - Nf;e-*t. 
å 

o.!e-o,t *Ðlr'þ\so;(a-t¡¿r, (A.12)

where the coefficients af and bf 
"b.y 

the foliowing relations:

øl --0
fr

Ðof:o
i=l

^k ekak_t: 
=+:@,i_l 

+ lr*9_,¡ (A.18)o*_oj .-

-k oE-,ai : ---:!=J-aj-r .i : [r,k _ 2l

¿rurl

Ól :Ft
-k

bLi : -! t'-t-'¡¡-r .:j : :.7, k - 11 (A.14)r ok_oj

ttf;: po- Ï rl
i=l

The corresponding activify of each isotope At (t) is calcurated as

A*(t): Àrlür(ú) (4.15)

These formulas allow for time dependence of F. Assume that F is equal zero -
than so are bl in (4.i2). Assuming in addition only Nro I 0, the solution can be

written in the form [Conn Z8]:

This formula can be used for actinide activity calculations, since only for the first

isotope in chain - [J238, No + 0 and actinides are not produced in fission, i.e. F: 0.

fr È o-o¡t/ve(¿):NiF_ú-'Ðfrfu (4.16)

82



Glossary

Absorber - special rod made of neutron absorbing material (e.g. cadmium) and inserted
into core in place of fuel assemblies. These absorbers are used for conftolling
the fission rate in the reactor.

Actinides - isotopes with atomic numbers 2:89-103.
Assembly'days - number of fuel assemblies integrated over time each assembly was in the

core.
Campaign time ' time during which the reactor has been under operation (producing

energy).
Capacity factor - ratio of total energy produced in a reactor to the maximum energy this

reactor is capable of producing. It is most often applied to one year time
interval-

Channel type reactor - a reactor whose core consists of a large number of channels that
can contain fuel assemblies, absorbers, and other special equipment.

Enrichment - a chemical process that increases the content of 23sU front 0-7Vo (natural
uranium) to some 2%o-4o/o used in power reactors.

Fission products - isotopes with mass numbers A:12-166. These isotopes are produced
in the reactor through fission reaction in actinides prcsent in the reactor.

Fuel assembly - unit containing reactor fuel. It is so constructed that it can be loaded into
or removed from the reactor as one piece.

Fuel burnup (or fuel exposure) - cumulative energy produced by the fuel. Usually
expressed in Mwd or GWd per kilogram of fuel or per fuel assembly.

GWd (gigawatt-day) = 8.64*1013 J - unit of energy used in nuclear reactor industry (see
also MWd).

Moderator - part of a reactor that consists of special material (e.g. heavy water,
beryllium, graphite) with very low absorption cross section and the ability to
slow down neutrons to thermal enelgy - 0.025eV.

MCi - megacurie, unit that is used for measuring the activity of the radioactive isotopes
produced in the reactor.

M\ryd (megawatt-day) = 8.64* 10'0 J - unit of energy used in nuclear reactor industry
(see also GWd).

MWt' MWe - thermal (MWÐ and electric (MWe) power of a reactor. RBMK reactor-
under normal conditions is working at3200 MWt or 1000 MWe power level.

Neutron fluence - thermal neutron flux in a reactor integrated over the campaign time.
Noble gases - volatile radioactive isotopes of Kr and xe (see Table 10).
Point-kinetic approach - a calculational model in which the reactor is considered as one

point, i.e. the spatial distribution of reactor parameters (fuel and coolant
temperature, neutron flux, void fi'action etc.) is not taken into account and
averages over the whole reactor are used instead. This approach is often used
in tine-dependent calculations of the reactor parameters-
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