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‘This report preseuts the- caqllotiu of. tnlouui.u -obtained by various orgsn-
izations regarding the sccident (and the consequences of the accidect) that
occurred -t Unit & of the muclear pover station at Cheraobyl in the USSR on
April 26, 1986. Each organizstion bas indecpeodently accepted responsibility
for one or more chapters. The various sutbors are identified in a footnote to
each chapter. Chapter 1 provides sa everviev of the report. Very briefly the
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| ?%t»release, dispersion, and trausport;
‘emergency actions; and Chapter. 8;

. This .report presents the compilation of informatiia obtained by various organ-
izations regarding the accident (and the consequences of the accident) that
occurred at Unit & of the puclesr power station at Chernobyl in the USSR on
April 26, 1986. Each organization hus independently accepted respomsibility
for one or more chapters. The various authors are identified in a footnote to
each chapter. Chapter 1 provides an overview of the report. Very briefly the
other chapters cover: Chapter 2, the design of the Chernobyl nuclear station
. Unit'4; Chapter 3, safety analyses for Unit 4; Chapter &4, the accident scenario;
,QJChaptet 5, the role of ‘the operator; Chapter: 6 -an assessment of the radioactive
pter:7, the activities associated with
“information on the health and environmental
Thele cubject- cover the major aspects of the
spev 1nfo:-ntion and - lesaons for the:

consequences from the accident
accident that have :the potenti
nuclear industry:inm. general

The task of evalnating ‘the: info:nitidﬁ’dbtnincd in these various areas and the
assessment of the potential .implications ‘has been left to each organizstion to
pursue according to the relevance of the subject to their organization. Those
findings will be issued mepsrately by the cognizant organizations. The basic
purpose of this report is to provide the information upon which such assessments

can be made.
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CHAPTER 1

OVERVIEW

Jn response to the Chernobyl Nuclear Power Station acciden’. in April 1986, a
group comprised of representatives from the Federal Government and the nuclear
power industry met to compile factual data and information relevant to under-
standing that accident. Specific organizations, as noted below, prepared de-
scriptions of the accident. The individual inputs are herein comp11ed and
. represent, therefore, ‘the views of the responsible organ1zat10n e

. The effor; drew heav11y on th-:e sources dur1ng the. preparat1o“ ofﬁ1ts report .
he . first; source is a report prepared in the Soviet:Union. (USSR, : -1986): that - vasﬂ '
presented to the Internatioral A:»aic Energy Agency (IAEA) at a meeting held -
August 25-29, 1986, in Vienna, Austria (IALA Experts' Meeting). The second"
mzjor source of information came from discussions with Soviet representatives
attending the IAEA Experts' Meeting in August 1986. The third major source is
a report prepared by the International Nuclear Safety Advisory Group (INSAG,
1986) for the Director General of IAEA (Post-Accident Review Heeting,

August 30-September 5, 1986).

The focus of this report is limited to the factors bearing directly on the
accident at Chernobyl. It does not extend to all aspects of the design and
operation of the Chernobyl plant. As such, the report includes information
on the relevant areas of plant design, plant safety analysis, the accident
scenario, the role of operating personnel, radioactive releases, emergency
response, and health and environmental conseguences. . . L.

Chapter 2 was prepared by the U.S. Department of Epergy (DOE). It describes
the unique derign of the Soviet high-power, graphite-moderated b0111ng-water-_
cooled reactor at the Chernobyl Nuclesr Power Station. This uniquely Soviet
design evolved /rom early desmonstration and plu‘onium production resctors.
General charscteristics of the RBMK and its predecessors include the use of
graphite as a neutron moderator and light water as the coolant. Pressure
tubes, contained in vertical channels in the graphite, either contain low-
enriched uranium oxide fuel or are used ss locations for control rods and
instrumentation. '

The use of boiling wzter as a coolant io a pressure-tube, graphite-moderated
resctor distinguishes the RBMK desigr. from any other reactor design. Other
distinguishing features of the RBMK design include:

. on-line refueling '

. single uranius enrichment level

separation of core cooling into independeni. halves
. use of computerized control systems

. separate flow control for eac’ pressure tube

positive void reactivity coefficients under most operating condit*ons
slow sCram syatem




steam suppression. s)ctem - ’ ' :
programmed power . aetbacks (‘athzr than scrans) for varxous abnormal
conditions T b : . :

low coolant- to-fuex ratio -
accident localization systems

vhapter 3, prepaired by the Tlertric Power Research Institute (EPRI), is dxrected
. at a. safety analysis .of. Chernobyl Unit 4, one of 14 operating RBMK-1000 reactor:
plants Significant differences exist 1n RBMK-1000 designs, as they have
evolved from the early Leningrad design (first-generat?on RBMK, eight tctal
units) to the more aodern Smolensk design (second-generation RHBK gix total
units, imcluding Chernobyl Units 3 and ‘4). This evolution of the RBMK design
is often difficult to -discern in Soviet literature, and details of the plant-
specific differences among the 14 plants are mot available. However, descrxp-
- tive. mater1al of second-generation RBMK-1000 reactors is more. complete,-~
ecially ‘result .of ;information in.-the Soviet report.on.the.accident i
USSK, . 1986)L Ihzvsafety‘analytis in this chapter sometimes:. presenta "8 < COMPOB=""
( 0T geneti»,annlysic -of -second-generation BBMK-1000 reactors. -‘Where known i~
differences exist between first- and s:cond-generation reactors, & brief dis-
cussion is included .of the effects:of. those . differences oa the RBMK safety
analysis, but am. c&nlynis the-clder:design is mot included in this report.
Since many of the design festures unique to the second generation do aot appear
to Lasve been backfitted inio the first generation, the reader is cautioned '
against assuming that. laiety capabilities discussed here apply to the eight
older RBMK-1000 reactors. :

Chapter 4 was prepared by the U.8. Buclear Regulatory Commission (NRC). It
presents the events leading to the accident at Chernobyl Unit 4 om April 26,
1986. The events are detsailcd in marrative form and are summarized in

Table 4.1. The accident:chronology includes relevant information on several
asoects of tae plant design characteristics and operastion and includes the
orerator and procedural -errors that contributed to the actident. These factors
were important in the sequence of--events that ultimstely resulted in an uncor-
troiled power excursion that destroyed the reactor and breached the integrity
of the reactor building. focus in the chapter is on the response ¢f the.

" system to the varjious: even :inf reation used in reconstructing the sequence
of events was obtained o O ry reports -on tha Chernobyl accident
prepared by the USSR ‘on ‘the Utilization of Atomic Bnergy (USSP,
1986) and the Intetnntionnl lnfleat la!ety -Mvisory Group (INSAG, 1986).

Chapter S, prepared by‘;haﬂlnstituteJIOt:lucleat Power Operstions (INPO), ex-
plores the role of operstir} personnel at Chernobyl Unit 4. During the per-
formance of s turbine generator test on April 26, 1986, Chernobyl Mait &
‘experienced a core-damaging ‘sccident. A severe excursion was accompanied by »
preasure surge and fire that ‘destroyed the reactor and breached the surrounding
building. 1lbe test procedures had mot be2n sdequately reviewed from s safety
standpoint. Menagement control of the performance ¢f the test was not msin-
tained; the test procedure was not followed; safety systems were dypassed; and
control rods were misoperated. -Operators los: coatrol of the reactor during
the performance of the test. ‘Chapter S focuses on the operator actions during
the e/ent and on the breakdowns in mansgement/sdministretive controls.

Chapter 6 wrs prepared by the U.8. Nuclear Regulatory Commission (NRC). It has
o8 ite firrt topic the magnitudes snd timing characteristicas of release of radio-
‘nuclides rrom the Chernobyl Unit & plant. lts second topic is the stmospheric

1-2 N ¥



' ggtettive actions taken' byjthe Sov

~Radionuclide release ana: »n ‘
described in Chapter & are derived fron the 1n£ornation conteined prilarily in
the two reports cited. (INSAG 1986; USSR, 1986). -The last section’ of ‘Charter 6
offers a short discussion on consiatency of the estimates of the radionuclide
release provided:in. the Soviet: report :with the observed dats fron regions;
side the Soviet boundary : : :

Chapter 7, prepared by the Federal E-ergency Hanagement Agency (FEHA), docu-
ments the avcilable offsite and onsite emergency plans and preperednesn ‘meag-
ures that were in place for the Cherrsbyl muclear facility. -It also. deecribes :
. the Soviet response to the accident, and relates it, where feasible, to the ‘
- preaccident emergency. plenning an preparedness activities.  Where: known, '
‘emergency .respounse. organizations e5 .81

! N ! . L 3 9y
sheltering, use of redioprotective drugn, -and wedical errangenents.” Finnlly,
Soviet infor-ation pertinent to. "ta-ination, relocation, end re-entry
documented. , T : - R A

Chapter 8 was prepared.by. the En!ir&n-ental Protection Agency (EPA) t exam~ -
ines the radiological health and environmental consequencies eseociated vith the
Chernobyl accident.  Radistion doses and their reported or cslculated health
effects are discussed for populations at the site, within 30 kn (18.6 mi) of
the site, in the balance of the European Soviet Union, in other European coun-
tries, and in the Unjted States. Because of linitations in the exposure date,
bhowever, most of these estimates must be regurded as tentative.

Data for the Soviet Union vereudravn'Chiefly from the Soviet report to the IAEA
(USSR, 1986). Estimates for other European countries were based largely on
information reported by the World Health Organization (WHO, 1986a snd 1986b)
and individual European govern-ental agencies. For the United States, measure-
merts made by or reported 21 'e-ployed

Refe'encee

INSAG, 1986  Intermatiomsl-Buclear Safety Advisory Group, "Summary Report on
‘the Post~Accident :Review Meeting on the Cherrobyl Accident,”
August 30-September 5, 1986, GLC(SPL.1)/3, IAEA, Vienna,
September 24, 1986.

USSR, 1986 USSR State Committee on the Utilization of Atomic Energy, "The
Accident at tte Chernobyl Nuclear Powver Plant and Its Consequen-
ces,” Information compiled for the 1AEA !xpert- Meeting,

August 25-29, 1386, Vienna) 1986.

WHN, 1986 Uorld lealth Organiz:tion‘ Regiona] Office for Europe "Sunnarj

Reviev of Measurement Results Relevant for Dose Arsesssent,”
Update Revision No. 7, Copenhagen, June 12, 1986.
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3 ,;The .use: of ‘boiling- vater

The Soviet h;gh-poue pressute-tube teactor (Soviet designation.
graphite-moderated, -boiling-water=cooled reactor. -This unique design, which
has been comstructed only-ian the*quxet Union, eévolved from early demonstration
and plutonium production reacto ::General characteristics of the RBMK and its
predecessors include the use: of ‘grap hite as a neu.rar moderator and light water
as the coolant. Pressure tubes, contained in vertical channels in the graphite,
. either contain low-enriched uranium oxide fuel or are used: as locatxons for ‘
control rods and 1nst.ru‘entation. T «

“reactor distinguishes the. MA design: fto- any other reactor design. . -Other dis-
tinguishing featurea' RBMK . des include ( .

on-line refueling ‘ '
single uranium enri : .

separation of core: ,lin; into 1ndcpendent halvel

use of computerized:control systems

separate flow control :for each pressure tube

positive void reactivity coefficieqtl under most operating conditions
. slow scram system

. Steam suppression system

. programmed power setbacks (rather than scra-s) for 'arious abnor-al
conditions § v
. low coolant-to-fuel ratio o -

+  accident localization cylte-n
These featnre- are dc:ctibedkinadetail'Jutcr 1n this chapter.

_«teoeatch and development .on several
types of reactors. ) ‘4o the construction aad operation of
various prototypes. :In the mid-1960s, the Boviets decided to develop two types
of power reactors: :the VVERs (pretluriled-vatcr reactors) and the RBMKs
(boiling-vater reactorl) S

| The soviet nnclea  gmo.:

The evolution of the genernl design pnrt-etcro related to Souviet graphitc-

moderated, water-cooled reactors is-presented in Tadle 2.1 (Semenov, 1983;

Klimov, 1975). The units at the Siberian Atomic Power Station were built as

dual-purpose resctors .(Klimov, 1975).teo produce both plutonium and electricity.

The Beloyarsk reactors are demonstration plants and are uniquc because they _
superheat the steam in the resctor core. o )

5. Rosen, E. Purvis, D. McPherson, and ¥. Tooper of the U.8. Department of
Energy (DOE) and DOE contractors, motably Pacific Northwest Ladoratorien
(J. McNeece and L. Dodd) compiled this chapter.

2-1
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‘Table 2.1 Development of Soviet graphite-moderated, water-cooled reactors

_ RBMKs
Item . Mipsk SAPS* - Reloyarsk-1 Beloyarsk-2 Cherﬂobyl-lq- Ignalina-1
Year of operstion 1954 1958 1964 “ . 1983 1984
Electrical capscity (M) § >100 100 1000 - 1500
Thermal capacity (M) ' - 286 M40 6800 ¥
Wamber of fuel channels | N g :
(equilibriom loading) - 998 1661 1661
Fusber of steim superhest
channels : 0 268 0 '
Steam pressure at tuibine R G
ot (atm) - 87 65 657
Stesm tesperature (°C) 0 - 500 280 280
Total ﬁrqnim loading ’ o ' s : o
(tonne) - 67 48 189 189
Average enrichsent (%) 5.0 - 1.8 3.0 2.0 ST 200
Buroup (WD/kg) - - 4o 1%.6 = 22.3 216
Specific power (kW/kg) S4.6 4.3 1.3 167 25.4 s
Fuel cladding material  Stainless Aluminum Stainless  Stainless ~ Zirconium . Zirconium
- : stael ' steel ‘steel - 1% niobium 1% niobium

#Siberian Atomic Power Station - Six identical
generators. . B

steam




generat1on plant
present in Lenxz

th"RBHK 1000 desxgn The cores are"

design d1ffers 11ttle Ily. ..
n11dfeven larger plants with electrical capacxtxes

" identical. - Plans: exlet
as large as 2400 HHe

The Soviets had severaI< easons fot pursuing the RBMK design ‘The.e reasons.
included (Semenov, 1983)

. an extensive englneerxng exper1ence base wlth graph1te-noderated, b0111ng-
" “water- cooled reactors

¢A35§}#ex13t1ng -anuf Auld'fabrxcate -ajor*co-ponentsd

. the reactor tize

ot lindted by’ 'nsiderations telated to fabtication, .
transportation i '

. B serious loss-of-coolent accident larger than that considered -as design o
basis thought to be vittually impossible because of the use of numerous
pressure tubes . tathcr then a single pressure vessel

. very efficient fuel use

. use of online refueling could schieve a very high plant capacity factor
The Soviets considered:the ‘RBMK to be their "national” reactor and showed con
siderable pride in the development of ‘the design. A number of design issues

were identified by the: ‘Soviets and addressed in newer designs. Economies of
- scale, control, and safety were. three such issues:

. *  Economies of. acale!ﬂéthe econa-dclfuere -yecognized to improve subltantially
by going to .. “ge g resuit, one 1500-MWe RBMK is-currently
opersting -snd severs. Intewitn%nndetéconntruct1on.- :Plans exist for =~

plants as large as 2400 Mie.

. Control: The RBMK~-1000 was recognized to have stadbility problems and was
difficult to control, particularly at low power levels. The approach to
resolving these problems was to place increased re'iance on automatic con-
trol systeas and adopt a-slightly -higher fuel enrichment and slightly
lower graphite -oderator density 1n order to decrease the positive void
coefficient.

. Safcty: The Soviets. re-evaluated the safety systems of their resctors.
“As a result, later RBMK designs, including Chernobyl Unit &, incorporated
improvements in emergency core cooling systems snd steam .uyprenaion ‘pools.

A summary of the hey design pltaneters of the Chernobyl Unit & reactor is given
in Table 2.2 (UQSR 1986).
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ertical pressure tube, boxling water,
raphite moderated

Reactor type

Refueling

V;On-lxne

3200 MWt

Design power generation

Total reactor coolant flo&ftte T 37 600 tonnes/ht (23 026 lbn/sec)
Core Descr1ptxon

i

Beight T i47:0°8.(23.0 £t)

Diameter n(38.7 ft)
Volume ;5;0:-’ut20,655 fta)

Total number of fuel cﬁaﬂhel‘

~.1661
Lattice spacing ' | - 25 mx25 cm (9 8 in. x 9.8 in.)
Moderstor material e ?Graph1te |
Maximus nllowable -eanured T.bh"“ﬁf*l750°c (1382°F)

temperature

Material density €5 g/ca® (103 1b/ft3)
leflector di-ens{ona' -
(1:64 ft)

Top and bottom ‘4v 9
10,88 m (2.89 ft)

Sides )
"Grasphite core weight ~ 7 ‘1700 tomnes (3.76 x 10® 1b)

Fuel Description

b!nijn o __ 1'§ 18-rod elements connected in series
Ursnium saterial ’ _ . U0g

Cladding materisl | Zr-1% M

Enrichment 2.0 wty U-235

2-4
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2 (Continved) =

‘Ttem Description

Fuel Deécription (Copﬁiq ed

Fuel assembly pellet tegxon-length 56,9 m (22.6: ft)
Maximum cladding tenperatute ‘*nki[“? 323°C (613°F) o | B
| umT2100°C (3812°F) R

Maximum fuel.temperature

Total uranium weight 130 tonnes (418,500 lbm)

"20.0-WD/kg

System material  ; Austenitic stainless steel

Independent flow lobps_ 2

'Stean.drums 4 total, 2 per lébp

Pumps ' ~7_ R N totdl, 6 normally operating
Pump dynamic head ! 1.96 MPa (284 psi)
Net positive suction head »;»: »*7»  -40.6 MPa (87 psi)

"Main pump suction and- dischnrge i"ﬁﬁ wx90'ép (35.4 in.)
header diameters : '

5500 .to 12,000 w3/hr
26_200 to sz,aoo we)

5.7 x 0.35 cm (2.2 % 0.1% in. )

Main pump capacity

Diwensions of individus ressure ,-5

tube inlet piping (0D x vall)

Dimensions of individusl pressure ~ 7.6 x 0.4 c» (3.0 x 0.16 in.)
tube outlet piping (0D x wall)

Fuel Channel

Number O 1661 ;

Pressure tube diameter (0D) - 8.8 cm (3.46 in.)

Pressure tube wall thickness - 0.4 o (0.158 in.)

Material : 2r-2.%% Nb

Connection Diffusion welded Zr to ?tainlrls steel o
Joint in core zone §x§;

2-5



Collector (ID x lengtk)

gbﬁiinue&)‘f

Fuel Channels (antfﬁuéd) :

Individual .channel flow.control

Inlet temperature

Ouilet temperature (avg.) -°

Operating pressure

Radial peak/avg.‘ﬁowcrjt;tio’ :

Steam Secondary Sy_steli TR

Steam collector

Beat tejection uithout turb
-generators :

Feedwater inlet te-perature 27 3 -tea-

‘Number of collectors

‘Steam flow rate (total)

‘Power generation

separators

Control Shutdown and 84f¢ty Shutdown

lete-

Type

Nusber of control shutdown sssemblies
Reutron -buoiptidn material

Control

rd ppacing

ﬁ270°C (518°F)

,284q65(543°F)
:6 8 HPa (986 ps1g)
5%_

szzilafy systen steam drun scparators

= total 2 per loop

5800 uT/hr (3552 lbn/sec)

;;enerators)
%

%
EH
&
=

b*%lgc ‘segments encased in aluminum,
~-Jowered and retrieved from above by »
- belt cnble and motorized drum

2n é

BC

500 s x 500 mm (19.7 in.

2-6

'!anually adjusted regulatxng ‘valve- -

(average steaa) 20 1! «

226 if-‘a30 084 » (8.5 x 101.7 ft)

»h1ooo'uue (two 500-Mwe tucbine

x 19.7 in.)




. Control. Shutdovn and
st-en (

Control tod,trnvg;?

‘Safet Shntdovn

5. (20.5 ft) except auto. control
: ‘214 -8 §t) lnd axial control

Cooling method

'OVegpresuufﬁfcoﬁgi'I;syigéi.

Partial steam suppression of releases

Type

rom the reactor cavity, inlet. p;ping
Enclosure ‘Reactor éoze.inlet and piping system
Function Condens= steam from piping break or

_teal sepazator relief valves

Bntloluré areas'designed for ‘either |
45 HPa (65 psig) or 0.18 MPa

_belign ptéssure

standing veter in bubbler pond below
reactor. Water spray above bubbler
,pond hclp- condensation process.

OB RTIE NE

2.1 Reactor, Puel,&nnaﬁfn!iﬁnkglncntne'
2.1.1 Highlighte B

Chernobyl Unit & is-@ IOOO-HHe vertical preasute tube boilin;-wntet reactor
that uses online refueling. The core and reflector are in a cylindrical .
graphite stack with a diameter of 13.56 » and » height of 8 m. The resctor is- Py
penetrated by sbout 2000 channels thst provide locations for fuel, control rods, ' ‘
and instrumentation. The fuel is 2% enriched uranium oxide clad with zirconium

containing 1% nicbjum (Zr-1% Wb). Fuel elements sre constructed in 18-element

clusters connected to a ceutral support tube. There axre two subassembly - Pl
clusters spproximately 3.5 m (11.5 ft) long in each fueled pressure tube. The '
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fueling machine ié,lf
operating floor and i

2,12 Reactor (Dollez al, 1

Chernobyl Unit 4 is & IOOO—HHe verticalpptessute-tube bo111ng-water reactor
that uses online retueling. The plant contains two independent primary recir-, .
culation coolant loops” that sérv eparate balves of the reactor. Figure 2.1 B
shows a schematic cross-section of the Leningrad first-generation RBMK-1000,
which is representative: of - Chernobyl Unit 4. Each loop has four primary
recirculation pumps (with: three functionlng under noraal operatxng cond1t1ona)
and two steam séparators. : :

. The pr1mary coolaq; fron these' u-ps d1schatges to a common header to‘wh1ch”22v’“5‘~

"ly line: contains a mei
e:coolant is ‘directed up.tl
igure 2.2). The inlet water reaches

hird of the. length. of the fuel. ele-ent. .
’"”"the fuel length. L

‘the saturation te-peratura:
Nucleate boiling occurs ‘

The pressure tubes 1n the core . are:sade of. sirconiun containing 2.5% niobium.
The Zr-2.5% Nb is diffusion. uelded fo. otainless steel piping by heating it to
600°C under s vacuum (see Figure 2.3). The joints are constructed separately
and joined to the tube .assembly before installstion. The top and bottom tran-
sition joints are located immediately above and below the graphite reflector.
A permissible rate of heating and cooling of 10 to 15°C per hour has been
establ1shed on the basxa of thet-nl and sttength tests

‘Chernobyl Unit 4 has 211- control and - lhutdoun ‘rods. The rods are fuhct1oha11y"
divided into manusl control rods,: sutomatic control rods, emergency powver reduc-
tion or scram rods, ahortgng@mabao:bing rods, -and compensating rods.

'tacked in the shape of a vertical cylinder
23:ft) high. Each column is composed of

blocks.. The main:.blocks: ‘are 60 ca
3 ?'led An the-50-cm (19. 7-1n.)

The 1700-tonne graphite moderator
. 11.8 m (38.7 ft) in diameter:asnd
.25 cm x 25 cm (9.8

:(23.6 1in.) high, -

The outer side reflector. 1. 0. 88 (2,89 £t) thick making a total ltack
- diameter of 13.6 m (44.5 ft). ‘The side reflector gtnphite columns are pinnea
with cooled steel tubes to embance rigidity and provide reflector cooling. The
. moderator and reflector columns are capped ocn both top and bottom with a thermal
shield. The top caps sre steel-blocks 250 mm (9.84 in.) thick and the bottom
caps are also steel but 200 mm (7: 87 ia.) thick.

A gas mixture, pominally 80% halin- and 20% nitrogen, is fed into a chasmber
below the reactor where it is distributed across the bottom face of the reactor.
The gas mixture flows between the graphite columns, providing o heat-conducting
sediun for transmitting the graphite heat to the coolant channels. The space
between the tubes in the channels is fitted with graphite rings, which are
fitted alternately to the tube and graphite channel opening (see Figure 2.4).
During reactor staciup operations a pure mitrogen cover it used. The graphite
temperature can reach 750°C (1382°F) under these conditions. The gas mixiure
is monitored for moisture to detect leakage fros the tubes.
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Figure 2.4 Assembly of graphite
rings on pressurs tube and
agraphite block cooling

2.1.2.1 Resctor Core, Reactcr Cavity and Vessel (Dollezhal, 19808,‘b;
Dubrovsky, 1981; Dollezhal, 1577; USSR, 1986) '

A cross-section of the reactor ccze, ¢. ty. -ad vessel is shown in Figure 2.5.
The reactor iz located in a cavity 1. ..+ %X 21.6 m long x 25.5 m deep

(7! ft x 71 ft x 84 ft). The reacto: . sie core is located in a sealec
cylindrical vesse! forscd by a 14.5-+ - (47.6-ft) x 9.75-m high (32-ft)
steel shell. This shell is bouided and bottom by upper and lower
biological shields. The shell, iog:.- the top and bottom biological
shields, forms the closed reactor sj - :

The 16-mm (0.63-in.) thick reactor ve. servee maicly as a gas barrier and -
structursl restraint for the graphite. .ie reactor vessel coptains the circu-

" lating helium-pitrogen atmosphere for ti:: graphite moderator st « pressure of
about 0.0015 MPa (0.27 psig). The space cutside the reactor vessel is €illed
with nitrogen at 8 pressure of 0.0017 MrFa (0.25 psig), which is greater than
the oressure ip tne reactor vessel.
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2.1.2.2 Upper and Lover: Bhields and lcactor Support (Dubrovlty, 1981
"~ Dollezhal, 1977; ‘Dollezhsl,1980b; USSR, 1986)

The upper biological shield. 48 4 cylindrical shell about 17 m (56 ft) in dia-
meter and 3 @ (10 ft) thick. -It comsists of two circular plates welded to a

cylindricel outer skell. .Additionsl stremgth is provided by vertical stiffe:.-
ing ribs. Openings for the pressure tubes consist of welded cylindrical tube
ducts. The space between the ducts is filled with serpentine aggregrate. The

entire assembly, which weighs 1000 tonnes (2.2x:0® 1b), rests on rollers to~ =~~~

accommodate thermal expsnsion. In addition to providing for biological shielé-
ing, it also supports the weight of the fuel channels, control rod drive
channels, the upper reactor cutlet piping, and, tie removable flocr covering.

The lower biological shield is 14.5 @ (48 ft) in diamcter and 2 @ (6.5 ft)
S thick. Jt is similar in construction to the upper dbiological thield. This



. -ghield Lransm1ts the 1
‘support 1mmed1at ly

~;The;qaln,;eactq: up
- (17 ft) high placed p
- port transmits the we

- foundation. o

\ fe ing ribs 5.3

The floor of the re ctor"ha

access to the fuelachannels

The floor se:ves as botb

movable sections are m
_concrete and rest.
.“extracted from 1
- and to prevent
I bu11d1ng

theflif barr1er. The ré-
ith iron-barxun-se

2. l 2.4 Side Blologica' Shield

sky, 1881;. .-»bqli;e,zh-l.:asf;f_s@pb;- USSR,
1986) S

A double-walled vessel

ide dia-eter (ID)~x19.0
outside diameter (ob),

» Surround . actor.vessel inside the reactor‘cavity
The vessel consists of 16 vat colpcrt-entl and provides shielding in
_the lateral directiom. ° e 1 #slls ‘are 30 mm (1.2 in.) chick. The space
_between the water-filled. shield and the walls of the reactor cavity is fill~d

with sand. The space between the water-filled shield and the reactor vessel is
f111ed with nxtrogen . e

2.1.2.5 Reactor Cavity - 81; USSR, 1986)

te;n!orced concrete 2a (6 S ft) thick
snviz, 1981

The reactor cavity Ullll-lte l.de

2.1.3 Reactor lnll (DuerViky ;;Dollezhnl,”1980c.;e;.Usik.

A croos-section of ‘the ﬁ is lhovn intrignre:2'6

. A
‘plan view of Units 3 and: 6 1.%‘50'! ia li.nt! 2.2. '

The reactor hall (the a:ea nbove tha_uppet lhieldin; cover. of the reactor) is a
lirge open workspace containing the refueling meschine and an upper, high-bay
area with a 50-tonne-capscity overhead traveling crane. The refueling machine,
which weighs about 350 tomnes,: is: mounted on a traveling bridge. The inside
dimensions of the reactor ball are about 24 m wide x 80 = long x 35 = digh

(79 ft x 262 £t x 115 ft). -The lewer bay 1s conrtructed of reinforced concrete
and bas walls sbout 1.5 m (5 ft) thick. The massive walls and columns support
the fueling machine snd provide shielding for the steaw separators located
‘adjacent to the reactor hsll. -A spent fuel storage pool is located in each
reactor hall. The bigh-bsy portion of the reactor hsll is of steel frame
construction using precast concrete panal sheathing for the walls. The resctor
hall roof, atop the high bay, is supported by steel trusses about 6. » (20 ft)
deep. The mass of a preassembled roof block is 50 tonnes. The reactor has
four roof blocks, and each block is 20 m x 24 m x b » (66 ft x 79 ft 2 20 ft)
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! @ 0.18 MPa (286 psig)
: ' ;! Pressure Boundary

9"

13000 | s 000

7 . Low-greesure hagter. § - Deperator. 9 - sonmmnmu-n.um 10. Mmcncumwﬂ- | :
13 S0 Ot remately camtrolied overhasd travelling crene: 14 - Relusting mechanism. 15 - RBMK- 1000 reactor 18- Aeemmﬂmmm 17- mm
] J P«ooash u mmmm WMMMMrm 2t Mumvmm 22 andmonplomlocnmn chum

Figure 2. 6"' Crou-lectiml viev of
Chernobyl Uniu 3and &



»§
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Figure 2.7 ;I..yoiii of uilding of Chernobyl Udits 3 and 4

Bonrce Mmsky,h 1981, p 95.

2. 1.4 Reactor Building and’ anbxne Generator Hall (Dubrovsky, 1981' Konv;z,‘—
1981; USSR, 1986)

Ttefoverall”diiensions"of“«ﬁé*t!lctbr“ﬁﬁildihg,’nbt including the turbine
generator hall snd connecting mounting frame, are about 72 m vide x 160 m long
x S0 m high (236 ft x 525 ft.x:164 ft) (see Figure 2.6). The distance from -
ground elevation to the top:-of the high bey is 71 » (233 ft). The reactors are
separated by a wall and shared wentilstion systems. A ventilation stack is

rounted. between the two units diroctlyvabovuﬂthe general “ventilstion ‘equipment. '
fhe control rooms of;Che';‘ ob '

re nparauly v»locnted ia. 'ﬂule '
lntge T0Om. :

rhe reactot building is .enerauy constructed of rein'orced coucrete, -ott of
thich is precast, but thick walls ‘[over 70 cm (2.3 ft)] are built by the
Pprecast cast in situ” method: -using prefabricated reinforced form panels.
More than 200,000 m? (2 million ft2) of building surface ou esch power unit

a8 a special prot.ective -cover onted t.o bc polyet.hylm. pzen-ubly for
ase of surface decont.uiutioa

turbine generator hall, about $1.@ vide x 600 ” long x 30 » high (167 ft x
3)2 ft x 98 ft), adjoins the reactor I»mil_di_n‘g_‘ ‘ﬂu space between the turbine

Square brackets denote 1nfomtion bclieved to be true but not found in Soviet
literature.

1
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‘generator hall and th
. The upper floors are occ
. floors. are occupied by a

. switchgear, storage ba

- 2.1.5 Fuel Ahselbljf

' The fuel assembly consi
---tral rod. Each cluster
ring of 6 rods and an

od clusters, connected by &: cen-
11.96 ft) Iong and consists of an inner T
) of 12 rods held by 9 stainless steel spacer .. 7
grids and 2 end plates. .Xods are .composed of cladding tubes (Zr-1% M) =
containing sintered ura ts. :The central rod is wade of 2r-2.5% ;. '
Nb. A schematic drawing: f the: assembly. is shown in Figure 2.8. Details on . -

the design are given-in Table 2.3 o : : .

3.1.6 Fueling Hjch;ﬁéicno,AéjA

" The refueling systea incl
carriasge that operates along the'c
is held by the carriage: (Figure 2.
(770,000 1b). The refiel
fuel channels and over’ th
to refuel five fuel cham

tor are

; and the refueling machine, which ,
10le assembly weighs abo t-350&gqhneq4”; o

be itioned over any of the 1661
e area:- :The refueling machine is designed
-24-bour period while st full pover. - -

The rzfueling ayste-vtinjciwjied%tdgn fuel .at ‘lesst 10 channels every 24-hour
perioC while the reactor is°

_ is sbut down. : Refueling at full pover permits replace-
ment of defective fuel elements and acrmal refueling without interrupting power
generation. The refueling machine can be used to move irradiated fuel assem-
blies from storage to the reactor or from one reactor position to amother.

While-centered over arfﬁélgéﬁinﬂelgﬁtﬁé“tgfugling'-achine lowers a cylinder
that contains a seal, which fits over the outside of the fuel channel nozzle.
The cylinder, which il”)!tt;dfgthlé’:ﬁﬁlut‘Q'Cllel, is filled with water from
an on-board water tant,,#1b¢;oyat¢-ﬁildbretsutired._at wvhich time the nozzle
cap is ready for removal grab hook, located inside the pressurized cylinder . .
.(Fisyxcwz.IO),mia.lovg % «

grab hook are remotel

top:of the moxzle plug. The jaws of the
sctusting device, which:

-nozzle plug extension: An *
, Aged with lugs ea ‘the outside of the plug, is °

then rotated. This rotation l-beillflje;aotzlegplng gasket and releases the
ball-locking device tlit@iig’.g&lﬂylpcileyplq. is place. The pressure in the .
prel.urized‘tefuelin.4lnchdh¢4eylildetv1pJhigher than the pressure in the
internal locp; thus, preventiag the nozzle Plug frcy being ejected. The nozzle
plug, the shield Plug, the suspensioa rod, -and the fuel assembly are lifted
into the pressuriszed cyltndotﬁolvthngt.tuoltn. ®sachine and retained within o
cartridge bolder. The cartridge 1is rotated to permit imsertion of a gauge
(used to check the foel channel dismeter). The fresh fuel assembly, with
sttached nozzle and shield plug, is then lowered into the fuel channel.

nring- this entire refueling operatica, water is pumped at a controlied raie
from the pressurized cylinder iato the fuel chennel to cool the discharged fuel
tlements. After the fresh fuel is 12 place; the noxzzle plug locking device is
'gsin engaged, sealing the plug gasket. The refueling machine seals are then
lepressurized and the cylinder i» retracted. A biological shield plug 1is moved
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~ 1- Susnension
, 2o 573 Adapter | .
1M T 4. shank
il 1. 11 — o7 B - Fuel Elem.ent
11 E : - Carrier Rod

“Note that the fuel length in each subsssesbly {s 3.43 m (11.2 ft), vith & 20-ms
(0.79-in.) gap between the subassemblies. The upper and lower assemblies have
their rod pleaums at the upper snd lower ends, respectively.

Figure 2.8 Schematic drawing of the 36-rod fuel element (18 rods ia each
of two subassemblies) :

Source: Dollezhal, 1981.
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e

'Three princi al
reactor: (1) ‘the ) ‘
power; (2) the control :rod coolin' aylten, ‘which provides cooling to the con-

trol rods and the nflect.ou, a8d_(3) the reactor gas circuit, which enhances
heat transfer from the ;raphite -oderltor to the pressure tubes

“The Chernobyl Unit & reactor cootains two-independent prinary coolant loops,
each of which cools half of the reactor. ‘A schematic draving of the cooling
_systes is shown in Figure 2.11. -Rach loop has four primsry coolent pumps, three
of vhich are normslly in use; the fourth scts as s backup. Each pusp has a
capacity of 5500 to 12,000 u‘/br (about 24,200 to 52,800 gpm) and s dynanic
head of 1.96 MPs (284 pot) The discherge line from each pusp slso has a check
valve, to preveat backflow should the pulp fail, and s flow-regulating valve.
“The pusps are fitted with heavy flywheels to provide a 120-second rundown time
in cane of a loss of electrical power to the pump, and to provide interim cool-
ing until natural circulation can Le estadb)ished Vatural circulation is ex-
‘prcted to be establiched 30 to 35 seconds after aain pumps are deenergized.

Fuel cladding gap

iato. posltxon -below. the ;
transported to the spent ve.

"2.2.2 Primary Cooling ‘System (8edov, 1979. Bovosel 'skii, 1984; Dubrovsky, 1981;

Parhmetér

Subassemb]1es per

[ ] (3 1 in. )
9 ® (23.0 ft)
ctiv w43 o (11.25 ft)

Plenum length ‘ :'7.5 m (6.9 in.) - -
Cladding tube outer dxaneter : 3 6 am (0.5 in. )
Cladding radial wall th1ckn'ss mm (0.035 in.)
Cladding material ! :
‘Fuel material - : c
Fuel enrichment b-235

.5 am’ (0.45 1n‘5.";1”
.0:m (0.59 in.)
4 g/cc (0 376 1b/1n.;)

Fuel pellet ‘dia
Fuel pellet’ length
Minimum pellet .
Pellet end

‘0. 18 to 0 38 Il
"(o 007 to 0.015 in.)

'Fill gas coipoiition - He
‘Fill gas pressure - '50.1 MPa (14.7 ps1)
Hater-to-fuel volule r l 23 -

,fue¢ing -ach1nz, and the d1scharged fucl elenent is
1 ltorage pool ’

i1u1d and dest Transpott Bylte-s ;jf,

2.1 Bighlightl

'hichhcooln th?rcore ;nd produces”

Dollezhal, 19‘1;*'otonin.~1930, Kulikov, 1984; P?SR 1986)
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LEGEND: ]-Cartridge; Z-Snpport_lquip-ent 3-Upper Pressure Vessel Se<tion;
&4-Grab Drive; 5~Grab Actuating Cbains; 6-Framevork; 7-Chain Winding Mechanism;
8-Cartridge Rotation Drive; 9-Middle Fressure Veasel Section; 10-Shutoff Device'“”

11-Manual Tube Locstion Device; 12-Television Tube Location Device; 13-Movable
16-Sealing

Lover Shielding; 14-Lower Pressure Vessel Section; 15-Specisl Hook;
Drive; 17-Shielding; 18-Crane; 19-Corrtage. ,

Figure 2.9 Cross-sectional view §I the luflin; machine
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.- “Bach of these.puips
- -bypass .valwes ‘snd s check
permit nstural circuls tion

stalled pumps.

. The coolant from
32.5-ca (12.8-4n

The individusl supply pipes of-§.7=
(0.14-in.) wall thickness to-the pressure tubes sre comnected to these dis-
* tributor hesders. Rach &

regulating valve

. quality, is set by adjusting these fiow-control valves on the basis of calcu- -
lated channel power, calculated power distribution, and measured inlet temper-
sture. The coolant is directed from the supply pipes up through the fuel .
chapuels. The full core coolant flow st 100% power is 37,600 tonnes per hour.

The inlet water,

tion temperature,

7

AN

AN

AN S S S SR N N

1
(S )
5

-

@)
N

N

N

' te the pump.. :Tvo normsl
stvee: t and the outlet of -the pump
thi:tta;tqg after shutdown 2f the four in-

y

thefiuiiijflaviiﬁoQ‘1¢niion§heidervnpd then o twenty-two
.) dismeter distrihutor hesders on each half of the reactor.
‘ (2:241n.) diameter, and 0.35-cm

h supply pipe contains s manuslly operated flow- ,
and flo4 meter. Pressure tube coolant flow, and thereby steam

initially at 270°C (518°F), is Leated to the average saturs-
, 284%C (843°F). R ‘ B o
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To Turbogenerstor ~ws

' \.Condensate:

Pressurized
Collector
" Flow Limiters ==

Distributing Group
Collector

ERCS Collector’

At apptoxmtely 2. 3
- -occurs, and this pr
average exit steam qus
‘quality is 20.1%.

Steam exits fto- t.he topof adl,l'eparautﬁmt.o two. 426-ma (16 77-in.)- din-eter
stean headers. Betveen 4the upauto: ontlet.s snd the main t.urbine or steas
ders. ;. :

ter header, which pun rcl thmct.o Mlding into the t.utbine nllery
There are four 630- (2 ' s

steas discharge dcvimz cuht utn ufety valves with a throughput of 725
tonnes (1.5 million ibm) of stesm per hour, four turbine condenser fut-nct.ing
stean dump stations with a capacity of 725 tonnes (1.5 sillion lbm) of steam
per hour (two per turbine plant), |nd six service-load fast-acting steam dump
stations.
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. ;Steam at 6 46 MP
is fed from. h
-pressure. turt
“inlet valve, agiw
- sent to the heating s
main cohdenset,m

-After ex1t1ng th
two separator/re
263°C (473°F) befo 5
Inter-stage steam: isg

'service condensate

After leaving the lo

ters the steam sepdrntors
It is mixed with 284°C(543°F)
r at-270°c (518°F) ;

at 6.964 MPa. (1010
saturated water

Twelve downcomer- pipe are-attac ‘the- botto- of" each ltell ‘separator.
" These pipes connect. uith Y he de,hthat feeds the suction of the primary
coolant pumps. This heade and the ‘pump. discharge header descr;bed eat11er,

are 90 cm (35 4 in.). 1n internal .dismeter. - :

Under certain (unspec:fied but p‘esu.ably lov-povet) conditions, stea- from the

reactor can bypass the main turbines and be discharged to the main condensers

. via a steam dumping systes Ihizrsypte- consists of a series of reducers, .
vhich pass the high-pressure teanfidto one -of ‘two bubble tanks vhere 1t is
cooled before being sent 0:th ' L

2.2.3 Control Rod Cooling. System (USSR 11986 Dollezhal 1981)

vides cooling to’the-reflector

Approximately 1100 l‘lhx 6050ﬁ¢pl =@ eoolinc water fto- a snpply reservoir
(known as the ‘emergency-storage tank)-at.40°C (104°F) flows under gravity to
the control rod cooling channels (snd reflector cooling passages) at the top of
. the reactor. The ccoolant:ia. ‘the; colitrol rod channels flows downward through
the core. The flowrate:in, ach:of :these channels is approximately 4 s3/hr

- (18 gpm), and orifices st ithe Dottos prevent the rapid loss of water even if
the supply is terminated. “The :volume of the supply reservoir is governed by
the condition that it /should supply the rsted flow for 6 minutes after the
supply vater from the lower circulstion tenk is interrupted. After flowing.
through the control rod pressure tubes, the water (65°C, 149°F) is cooled and
returned to the circulstion tank. -VWater is pumped from the circulstion tank
back up to the supply reservoir. Part of the water in the reservoir is sent
through a purification :y.te- consisting of lcchanical filters #2d ion exchange :
bcd1 , _ r
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belium and 20% nxttogen g

.lpacel ‘in the graphxte moderator at a rate
of about 200 to 600 norla

062 to 16, 125 normal ft /hr) This sction

~~}ptevents oxidati L £
. el=by: the‘pressure tubes’ integrity.
- during operation_ o : ’ S

The gas mixture is. fed isto a channel below thc reactor snd distributed across

- the bottom face of the reactor. -The mizture then flows between the graphite
columns, providing s hest conduction medium for transeittiag the heat generated
in the graphite to the processchannels. -Monitors are provided at the top of
each chanuel to sense the relativa"hnlidity und tempersture of the exiting gas.
These data are used to .detect ‘any leaks that Iay be present in the various 2
pressure tubes. . o

"The gas scrubbing system consists of s set of contact catalyzers, scrubbing and
dewatering units, and cryogenic cooling system units. In the contact catalyzer,
hydrogenation with Hy takes place at. a tempersture of ~160°C, with the forma-
tion of water vapor and combuation of CO to CO; and the relvase of heat. The
reaction takes place in an oxygen stmosphere in the presence of a platinum
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Helium N

“Secrubbing |
System |
DS Ca—

- Fuel Charmel lmegnty
Momtonng Svstem Drum

"4 Active Drainage.

Supply of Nitrogen to the
Metal Structures of the Reactor
HeNz

"!‘;Li‘jsfure’_ 2--;_13 Gas circuit system

the muct catalyut. the pa pum thtouh
s ¥ then.ob into the- -cnbbm .and dewatering
geolite and mechanicsl filters. Adsorption takes
iter Vapor impurities are scrubbed fros the helium-
: 7ubich then: passes to the cryogenic cooling unit. Any impurities
=re.nini=;~ in-the gas are-removed in this unit by a cold trsp at a temperature
of -185°C. ' o ‘ ' . '

v
cd

‘During lurtllp pu:c nitro.n cover gas is uud. ‘The graphite temperature 1-
sllowed to ipcmoc sp to & maxisum seasured value of 750‘(: (1382°F) dunn;
thil time. :

2.3 React.or muc
2.3.1 HRighlights

The uniqne design features of the reactor core, from a reactor physics perspec-
tive, sre its graphite. -oderator, large size, and large core load of enriched
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;_.'uran1um fuel ‘The 3raph1te ncderator plays a s1gn1f1cant role in def1n1ng the

'iJ;character1stics of the reactivity feedback coeff1c1ents The large core 81ze
‘causes it to be’ loosely coupled, snd the’ large fuel load causes it to contain

.- wany critical masses. These special design features produce un1que neutron1cs
. characteristics and complex react1v1ty control requ1rements :

N G Reactiv1ty Coefficients. (Doflezhal 1980a,~u§SRg71986ynRomaoenko;gp,;f.;_,u;w e
o - 1982; Virgil'ev, 1979) 5 - ‘

Reactivity-feedback coefficients are associated with the temperatures and densi- -
ties of the reactor core materials. The five primary coefficients that deter-
mine the neutronics behavior of the reactor during both normal operation and

- . accident conditions are coolant density, graphite temperature, coolant tempera-
ture, fuel dens1ty, and fuel temperature< The nagn1tude and151gn ~f these

»1sotop1c content of the fue: Becanserthesload1ag¢of absorbers-1n”the core and.
the isotopic content of the fuel change vith time, the react1V1ty coeff1c1ents
change with time.

-Reported values for the coeff1c1ents as a function of core conf13urat1on for
1.8% U-235 fuel and for the 2% U-235 fuel for Chernobyl Unit 4 are given in
Table 2.4. Of the five, the effects of fuel density and coolant temperature
are minor because the ranges of possible density and temperature changes are
small. The remaining three coefficients, however, significantly affect the

"reactivity state of the core. Each of these three is discussed in detail.--

. 2.3.2.1. Coolant V01d Coeff:cfent
The coolant void coefficient is pos1t1ve under -oat operat1ng cond1t1ons Thls
is due to the large grapLite-to-fuel ratio, which produces a well thermalized
neutron spectrum with no water in the fuel channel. The magnitude and sign of -
© this coefficient are strong functions of void fraction, control rod positionms,
--.-fuel enrichment, fuel. exposure, and supplemental absorber loading.  Since th@se .
factors vary cona1derab1y ‘over the reactor volume, there is a lsrge variation
in void coefficient. As shown in Table 2.4, the coolant void reactivity coeffi-
_ cient is positive in most operating conditxona and it becomes more positive
as the rea:tor continues to operate. Figure 2.14 shows that the void coeffi-
cient becomes constant st approxilately 1000 effect;ve-full-pouer days

2. 3 2 2 Graphite Temperature Coeffxcxent

The graphite temperature coefficient is poaitive. -Increasing the graphite
moderator tempersture hardens the energy spectrum of the thermalized peutrons.
The net reactivity effect is s combination of decreased neutron absorption in
*he water coolant (positive), increased neutron sbsorption by U-238 (negative),
and increased fission reactions in the-plutonium- isotopes (positive). . -The ...
latter effect continues to increase as the fuel undergoes burnup; thua, tke
reactivity effect associated with increasing praphite temperaiure becowes more
positive as the reactor continues to operate (Table 2.4). Figure 2.14 shows
that the graphite temperature coefficient becomes. conatant at approxxnately
1000 effective-full-power days.
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' A. 2 3 3 Reactivity Coutrol chuite-eato

~

‘_full-pouer Jayl _

““otcurred with a frequency -of approximstely 24 bours. -In sn effort to reduce
the teudency toward locsl power variatioms, the later RBMK reactore were

. coefficients for REMK - -

Item.

~»Exposu:e,(ﬁWD/R§)
Reactivity per §

Number of equ1valent
rod worths

~ Number of supplenental
g'absorbers

"256-“ .

Graph1te temperat
(p/°C)

Water teuperature
(/0 e
Fuel temperature 1.0x10-5  -1.1x10-5  -1.2x10-5
(p/°C) | . ‘
Fuel dens1ty 7 41.4Ax10-2  -0.22x10-2  -1.3x10-2 -
.(p/sm/m ) - ‘ '

1 voxd

*coeificient becomes less ne;ntive as
it at: appto:ilntely 700 effective-

Thr renctivity control - lyute- 1: dcaignad to co-penaate for any teactivity :
charges. The number and spacing of the control rods are used to control spstisl
varistions in the powver. The total :resctivity worth is sufficient to hold the
reactor subcritical nndcr .11 conditions.

During |tlrtup of the Lcnin;tad.uuit‘l.llul teactor,-local power oscillations

designed with s fuel emrichment of 2% U-235 snd 2 reduced graphite density. An
increased relisnce on sutomssted control was also initiated to sssist in reduc-
ing power oscillations.
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. Vg.d .
Coefficiant
ae. %

~ Moderate
Coeflicient
10%°am,/°C

“Coefficient
10%, ,7°C

: telperature teactivity

"The large enriched nraniu- fuelulpad creates -any critical masses in the core.
The reactivity control system xs;deaigned to hold the core subcritical under
all conditions. The control -rod system alone is rot sufficient to hold the
core subcritical for the initial fuel loading. During the initial loading, one

- supplemental absorber rod is loaded for every six urarium-fueled channels. As

~the reactor operates and the initial reactivity is burned out, the supplemental

‘absorbers are replaced with. uranium: fuel. ~The- positive react1v1ty coefficients
"add to the d1ff1cu1ty of" -aintaining thejteactor subcritical during accident
cond1txons . S :

the»;iinés of the reactivity féedback
loading of absorbers and the isotopic
f the coeffxc;ents varies

'As discussed earlier in thi section,
coefficients are dependent'on the . coi
- ccaposition of the f
- considerably. - From'the
temperature, and fuelatelpe

reactor average fuel exposuré:of’10 lHD/kg The average fuel exposure at
Chernooyl Unit 4 st the time :of ithe sccident ‘was spproximately 10.3 MWD/kg.) .
Because of the contrul rod configuration at the time of the accident (virtually
all rods fully withdrawn), the void. coefficient wvas 1.5 times its normsal value.

The delayed neatron fraction and the pto-pt ‘neutron lifetizme determine the
dynamic behavior of the teactot 4in response to changes in reactivity. For aa
RBMK lattice with an exponure of 10.3 HHD/la. these vnlues are 0.0048 and 0.77
Esec, respectively -

2.4 Instrumentation and Control
2.4.1 Highlights

The reacter i1 highly instrumented and relies upon extensive computerized
control for operation. Control rods are grouped as follows: manual, sutomatic
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regulatxon, scram, an
rods are. used diring"
equ111br1um exposure lev

. 2.4.2 Core Instrumentatn,_

Reactor 1nstrumentation coll
'power At least six sensor;
. Beta emission sensors ; '
of the core at seven different heights
of neutron flux.

;the.rad1a1 reflector

. Thermocouples
to monitor graphite

. Gamma-spectrome ter: probes t.lnt ‘measure the scnvity of the te's-/iuter
~ mixture in the drain pipes at the separator inlet (near drum separator in
Figure 2.11) are used t.o -onit.or lesh 1n fuel-ele-ent elsdding '

. 'The relative- hun1dity and te-persture of a heliu-ni rogen .1xture, vhich
-~ is pumped through the gap betweer the tnbe and the graphite, is nsed to
-on1tor leaks in pressure tubes.

2.4.3 The Monitoring ad Contto‘ g -:e- (Dollezhal 19aad ussn 1936)

The -onitorxng and eontto ‘gystem i._en-poted of tso bssic subsyste-s the -
couirol and protection syste-;ﬁspd.@hz reactor process lonitoring systes. The
1lsz‘er contains the central ‘monitoring system (8¢viet designstion. Skala).

2.6.3.1 The Contre.

The control and protection tem (BOV1et designstion: 802) tegulstes both the
pover and the power distribution-in the reactor. It also provides sutomatic
¢-ergency protection if ‘the: pouet devel - ezceeds set limits (see Bection 2.7).

- The control and prutection- lyste- prvvides _ _
.  control of the pover level (bssed on- the neutron-!.aa) of the reactor snd
its period under sll opetsting regimes !rol 8x10-1% to 1. z times. full

pover
. stsrtup of the reactor: !rol the shntdoun ltste to the required pover levelj

. sutonatic regulating of the reactor pover at the required level and
.changes in that level : .
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:_-q_':nnnual (fton the
s diatribut1on'thro
;penaate for b

. 'autonatic stabil'_
" i the reactor

'ﬂ“powet to safefig@el
level 2 is J0%. 6

. e wergeucy ptotection vhen the»poxu-eters of the reactor or genetating unit ﬁo_:w
'chaage as a result of an. accitwﬂt'(protecticn level 5) - CT

Overall power contrc; can be dlvided_into three gtoupa. -anual.:auto-atic, and
ye: divided -int

"matic control rods
or scram rods (Sovi ; -
_designation: USP) j = tont.anpple-ental absorber rods 1n the
‘core are used to bold down the 1n1ti§1gq;cenn veactivity. These additional
absorber rods ate-;radnally\replocod with fuel during burnup. The nulber and
function of these vhtions types :odn are disted in Table 2. 5 '

'i“ﬁrisleT?f57415!¢o;0fwcont;ol rods

. Name ‘ﬁoﬁfﬁnétion

vaPerator controlled - a portion
:18 used to shape power and a
;portion is reserved.

Maintain _power shape byuusin;'
ignals from four late
oni:ation chnlbert.f*‘ o

..Hanuolgconttoi.__»d

"fLocilfoutoqatic}[:’”"{"‘

Automatic power ze'nloigv, Maintain total reactor power.
S S e Three sets of four ganged rods.
sBcram rods - pormally withdrawn
- from core.

Scram

. Used to control axial pover
~'. shape = msnually controlled,
- .and enter from btottow of

Short absorbing

i

| reactor.
‘"Au:i)iory sbsorbers P 240 Replnced by fuel during burnup.
: Compound ol ooron steel (2%
“boron).
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. The absorb:mg nate
"design (see Figure ,
.sealed annular e

'rhjthe botton”

the rods. haveplections tu:-displace- vatet
the control Tods The displacer

f !
symmetrically with tespect to ‘the core so. that the 1-a rod channel sestions
, ‘on either end are f111ed vith vater (see Flgure 2.16). ,

Hanual control is ytovided sntrol (RR) rod-. These rods are divided
~into four groups. Onme group- cate ”1ngthe periphery of the core, snd the
remaining three are located eentrally% the co¥e. The central rods are divided
~ into three regular, intermized lattices. Control of excess reactivity is accom-
plishad by the RR rods.in one of these central groups and by the peripheral rods,
vhich are moved up or down to équalize the current in.the peripheral ionization
. chambers. The rods of each centrsl group are -nved sequentially to maintain the
position within $£0.5 m: (20.in.).0f each.other. . The rods of the two other
- central groups are at the ezt:a-e ‘uppe ‘o'”lbvet positions dependxn; npon thz
reactivity reserve, ' y _

The overall pove ‘
; tegnlator..
- resctor. Infot-ltian“ T
- of the four asutomat
- different semsitivi

y ] rk in either the low-power range,

- from 0.5% to 1) of fu PN rking-pcwer range, from 5% to 100% of '
full power. In the low-power: e:is one. auto-ntic regulator (3AR); ia

.the working-power range. there are two (1AR apd 2AR). One of the working-range
_regulators is switched on; the second is in "hot" standby. The second »

. fegulator is auto-atically .uitched on if the first regulator malfunctions.

-An emergency signsl is .nnctltod Af thc set limit of a chamber is exceeded and
the signsl is recorded on ‘st least two measuring chsnnels of different groups.
1f an emergency signal is generstad, the emergency control rods are lowered.
This action protests the reactor as & whole from power excursions, and it also
protects the reactor from periphersl local power excursions.

The power density dtotributton in the reactor is stsbilized by the 1::al
sutomatic regulating systes snd by the local emergency protection sy.iem. The
former is designed on the principle of independent power regulatior in 12 locel
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y o
wdwnhtsase

N 25
\\'A’/:S :

Rods

'USP godo have their displacers on the top and the B,C absorber

Figure 2.15 ‘Control rod dcuigh

2-)




 specifications

Conpohéﬁﬁk'

"Control mpteﬂ

Claddxng -ateriTl

:Contro‘ length/section.”
Total length/aection B
Displacer»le gth/sect

Outer B,C diaseter
B,C diameter

In@etﬁ

B

.

w

Figure 2. 16 Sclematic drawing of fully withdrawn and fully 1n-erted
control rods
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. zZopes’ of the reac
- lat1ng system. rod
_the local autonat

=~ The local autonat
power range after thz
transitional reglnel,
advantages, because" 1t'
#8180 -smoothes:.out - po

equipment. B

The local automatic re

cally regulate overagl' r-in: th
The automatic regulating,ay:te- for
.. automatically switched on uhen the
?nalfunctlons

verall jouer 13 used for ltandby and is
a1 sutomatic regulating system

lnélei} o

’Safety Regulations
of the local system

tation prevents the
- more than 8 seconds.

7 ﬂ f/lec) uA’bnilt-in lili-
;o‘~the auto-atic tegulatoty rods for

Vhen a pouer-overshootJ :sppears in one’ of the channeln of thc local
emergency protection zone, ‘the Uithdravll of the local automatic regulating -
rods is sutomatically blocked. ‘When emergency power overshoot signsls appear
in both channels of the local emergency protection zone, two local emergency
protection rods are lowered into this zone of the core unt11 at least one of
the emergency signals disappearo In this. case, the overall power of the
reactor is reduced by anto-atica. : overin' the powver transducer settings at
_their operational rate chnnge._ L ,

The withdrawal of more than 8 to'lo of the -nnnal regulating and emergency pro-
tection system or shortensd .blOtﬁtt:tO‘l.‘pon -any malfunction is prevented by
~:-a "power blocking” -circuit.: This ciz ssutomatically determiazs the r

‘of rods that may.: be is greater:than 8 to 10 ‘
servo -drive -‘power -supply-source

thdrswn from the core. Three power blocking
41!,1 : w-oi-th:ee logic.

" and no_sdditional rods::
chanoels process the signs

12.6.3:2 Reactor Process Moa{toring Systes '

' The Chernobyl Unit 4 type llll ‘resctor process monitoring systes provides the
operstor with informstion- 40 -visusl ‘and -documentary fors on the values of the

‘parameters that define the ‘veactor'!s-opersting regime snd the conditon of its
structural elements (e.g.,:prucass channels, control channels, reflector
cooling, graphite stack, .nd @etal structure).

The following systems rolatc*to~tht;prbcgasvlonitotin; system:
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. 'channel by-channel

channels
» » t‘éllpetaturé ’ loni ng:- t ;
f" channel irtegrity nonitorlng f fﬁg;ﬁ?éperitﬁ:e,dnduHumidity{6f‘ﬁﬁe-

surrounding gas

. fuel cladding failure detect1on

Skala central lonitOTQ;: lysten N

fuel channel fiourate

. control channel flowr: , ' »
. temperature -easuze-en ‘0 the tal tructure and. biological -hielding P
"~ 381 points : ' :

measurement of the gtaphite stack and plates < 46 points
radial and vertical power messurement - 214 po1nts

'gas temperature measuresent - 2044 points

mecasuremeut. of coolln actxvity 1661 points

The results of computer calculationa are given in the form of c-rtogrlnm of the
reactor. A csrtogram is- a~cn-pnter printont organized to.be geometrically simi-
lar to the layout of channels in the resctor. -The cartogzam lists the psrameters
for each channel (e.g.,- the type:of eellwchar;e, the rod po:itxon) and allo
1dentifiel the bhottest: 2 :

.-z.b.b‘wbc-criytioov !lyntinnkiy, 1983)v‘
The rod drive mechanisa is louet, and monitor the position of
the control rods (Figure 2.17). +The: lechanina has a dc motor with a built-in

elec:romagnetic brake that stops rotation of the shaft when vcltage is applied.
“The motor transmits rotatioa through a gearéd transmission link to a drum. A

belt-cable wound around thc d:un tuppotta the control rod.

-hotation is monitored by awoclcyn ‘sensor.- Cams driven by a screvw sove vhcn the ‘
rod moves. Limit switches -sctiveted by the cams indicate when the control rod
ha: reached its extreme upper or lower position.

In thc absence of motion ee-ando, the circuits of the armature and the excita-
tion winding of the electric motor sre de-energized; voltage is applied to the
electromagnetic brake; snd the drum, which holds the belt-csble and rod, ;
remaine motionless. Uhcn s command to axtract the rod is trannnittcd volta;e




Figure 2.17: pntrol rod'ﬂiivé'-iéygnisi

i;éa,.and'ihe electric motor raises
,tOP-Bignal-is given or the upper

'is removed from the brake,-the drim is
the rod. Motion- continnes nntil either,
limit switch is activated

Rods- are: inserted:-into: the;cotf”in oue'of'thxee ways:

m(l) Hhcn 8 aignal.to louerf;he rpdwis
is de-energized and“hecgnsg £ the Ieight of the rod,

'ived the electronagnetxc conpling
the drive initistes

| ‘?)'

(3) 1t is also pousible«to use:the. nototwto 1n1t1ate the lowering of the rod,
thus reducing the transition time. In this case, full voltage is applied
to the armature circuit :and-to the escitation winding, and power is cut
off from the oloctro-n.nctichbtakn. The drive initistes a lowering move-
ment in the motor mode. . Then power 48 cut off from the armsture winding
- but not from the .xcitation*viudia'. ‘The rod continues to fall, but its
motion is slowed by the ptcscnce -of - olecttical current in the excitation

.winding of the -otor.. '

The aafety systes has !ive dif!ertnt lcv¢ll of response to reduce the pover
‘level. These levels of reaponae are discussed in Section 2. 6
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and reserve supplxes
and automatic diesel

,ee categories depend;ng on allowable
'econd fractions of s minute, and

The equipment i. groupedr
power-interruptica ti-el.
extended.

“All élgctrically-dti‘ plant is categorized into one of

three "dependability

- 2.5.2.1 Categbty 1

sEquxpnent in this ;roup cunnot lerate an- intetruption 1n pover lupply or can
tolerste only very brief- 1ntetruptiona of between fractions of s second and
several seconds. A power supply.is absolutely essential for this group sfter s
scram. The power users in this group and in the Category 2 group are. lnb- -
divided into "safety-related process systess users" snd "whole-unit users” for:
which a power supply. iakabnolutely*qssential, even vhen the plant's xn-hpule

A

pover supply has been totally shut, off.

- Category 1 safety systes. uaetu 1nc1ade ‘the 1solatin3 lechnnis- for the accident'f
- localization (contain-ent)wsyute- and>hydro;en rémovsl system, the fast-scting

. protection and su ¢4 A,‘“ ¢ of safety systems.. Hhole-nnit
. include the: Bkala¢ the control:and.
R 4 : :, the turbine and gimerator,

. and the. fast-actin; pteun d ‘The emergency power for these

_systems coses from .toxlsn‘ba jtiel.iith ntatic tranntotlerl to provide 0. 6-kv :

2 5.2.2 Cotegory 2

=lqu1p-=nt in this category can- tolettta 1:&.::-,11003 ic the povwer suppiy from
tens of seconds to tens of minutes pover supply for this equipment is abso-
lutely essential sfter s screm.-:Safety systems that use Category 2 equipment
include mechanisms of the emergency core coolims system snd the accident locsl-
izstion (containsent) system. -Whole-unit users are sechsnisms of the suxiliary
‘turbipe geperator systess, ceriain suxiliery reactor systems (intermediate cir-
cuit, cooling systems of the fuel cooling pond, blowdown ané cooling system,

"~ etc.). The backup power source !o: this cetegory of equipment is provldod by a
diesel generator.




. own electrical .cotinections

: Category 2 is considered Catego ,
allows ;Kese pumps to be c1a351 ;e

A pover suppiy eystf 
ﬁgerator -shaft;: theé-n

power supply;'

380/220-V SO-Bz@cetegory dependnble powet nupply network

. s 380/220-V, 50-Hz Categoty 1 network prov1d1ng power to the control
computer system

"2.5.3 The Diesel Generator: Station (USSR} 1986)

 Three dxesel ‘generators- ptovide;gackup powet ‘to Chernobyl it & These genera-

tors, each with s capacity:of 5500 kW, were used as an indepéndent power supply

for the 6-kV emergency . poue y & ction:. The startup time of the diesel

.-generator was 15 .seco rators start.up: nuto-atxcnlly but

take up the load ent: +. sThe. time for -

each stage to'be’ dieoeligenetatorl were located in

‘separste ‘compar ly of fuel, oil, and asir and its

- generstors were uned to supply power to the
most important -equipment. du:ingathef ntire tine of s co-plete voltage loas from

sll sources except storage-batteries. -

2.6 'Safet.j Systems (0888,1986) ‘ |
'2.6.1 Highlights ..

The Chernobyl Unit & type RBHK teactor elfety systems provide for

emergency core coolin; '

main coolant loop overpressure protection

rea.tor space overpressure protection
.mitigation of radiocactive releases

steaw pressure suppression

Lvirogen gas removsl
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(2) The ECCS Bust-operate:-a to-ntically onVre eipt of the l”i“inn- design-bnnis
o ' breck in the main coolant pusp dischnrge yiping) The

~ Ciean :
-Condensate - I
- Container - - ¥ Steam Soqyrptm

Figure 2.18 S8chematic drawing of the reactor emergency cooling system
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. basis for d1st1ngu1sh1ng between the danaged and undamaged halvee of the
_cooling system are . .

(a) an increase it pressure in conpartnents conta1n1ng primary coolant
_ pip1ng (indication of p1pe11ne rupture) . '

ew(b) coincidence with either of the follow1ns two. 518n°15 (show1n8 selec-
5 B tioDVOf ‘the dmaged half) :

. drop in water level in the steam separators of the damaged: half
of the reactor :

L decrease in the pressure. dlfferentzr‘ srtween the main circula-
... tion pump pressure header and the steam -=parators of the damaged
alf of the reactor i '

' (4)v'There must not be an unacceptable reduction in water supply to the reactor
channels a8 a result of a pipeline rupture. B

(5) The -ysten must perforn its safety functions in the eﬁent of ghy faiiure
: 1ndependent of the source event, in any active or passive element having
moving mechanical parts. : o : '

(6) The system must comprise a'number of independent channels (subsystems) anA
must function with the requied effectiveness in the event a failure occurs
independently. of the source event, in any one channel (subsyste-) of th1s '
syste- . _

(7) In the event ‘of drainage of the ECCS vessels, nxtrogen fron the vessels
must not be allowed to reach the reactor ; :

(8) The ECCS must operate &8s intended in the event of a maximum design-basis
-accident coinciding with a loss of internal power from the power unit.

In order to comply with the above essential requirements; the ECCS comprises
three independent channels (subsystems), each of which ensures not less than
50% of the required outyut. Each channel (subsystem) includes a fast-acting
section and a section providing prulonged afterheat removal. The fast-acting
section supplies water to the damaged hslf of the reactor during the fnitial
stage of the accident. The afterheat removal oection comes into operation
after the fast-acting section has ceased to operate. The fast-acting section
of two ECCS channels consists of a system of tanks filled with water and nitro-
gen at a pressure of 10.0 MPa (1450 psi), connected by pipelines and headers

to the distributing group headers of the primary coolant system.

Each of the two fast-acting sections consists of six tanks of 25 m3 (880 £13)
volume each. The total initisl voluae of water is approximatelv 80 @® (2800 ft3),
and of nitrogen, spproximately 70 m® (2500 ft3). Each section supplies not

less than 50% of the required quantity of water to the damaged half of the
resctor over a period of not less than 100 seconds. The period of operstion
depends on the magnitude of the coovlant. leak. ' :

2-139

i
&
¢



,tf1c feed'p
ounf -of watg ’

ﬁater'from the'e
while the puip r

;&Th pxplonged

o t! wqhiaged haif of the reactor, and the ccoling
) lf.o the reactor e ,

d:aun by the pumps fro- the pressure
ization system, .is cooled: by the. service
‘the ‘common intake lime of ‘the two puaps,
h-the discharge lines. -Flow réstrictors are
“the pumps and are designcd to ensure the
Y : rgency situations characterized by a. .
of thc teactor '8 coolnnt circuit retultin; fro- a rup-

sum des1gn-baa 8 accident
supptessxon pool
water in the heat.
and reaches the E

tured pxpé

Each of the ECCS channels contains one ;u-p and supplies vater at 8 rate of
approximately 250 tonnealht" ~lbm/sec), that' is, not less than 501 of the
flow required for the “half in. e maximus design-basis eccident. ‘Water

- is dravn from the tanks. costaining clean condensate and flows to the headers of

~  the cylinder gection’ behiiqu; ‘quick~opening ‘gate valve. The flow restrictors
 1in the discharge lines’ fthe pﬂl’l<perf0tl the same functions as Jo those in.

the damaged hulf'of&:he*"
2,623 umcoo

- This' lyltel 1- des: that :the ’etliulible prencure levtl is not :
exceeded. This is done ptoviding 8 path for steam into the pressure sup-
pression pocl. ' The system includes relief valves and s system of pipes and
beaders that condnct the steas {ato thc pressure suppression pool of the scci-

- dent localization nyttel ' _ o e

The -ynten was desi.ned iitn;tﬁjgéqucttvo¢o! satisfying the following sain

requiresents:

e pressure in the -nta eoolin. tyltel not to be c - 10ded by more thau 15%
o of the uorhing pressure

. be operational uhcn the pressure io thc coolant circnit rcachen the
ainisus operating value

. to close th» maic cnlo;y'valvel
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:i;v1n safety

+ . to introduce-
o speeds that are
is in operat;q@ﬁ(

is shown in Figure 2. lf

" The system" consists of
A5800 tonnes/hr (3500 1

nately 1200 nozzles im

J
‘Fresh S1eem trom —- 4

Figure 2.19 Schemstic draving of the system for discharging steas ficn‘the
main safety valves into the pressure suppression pool of the
accident localization nyltc-
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>When an overpressure:
g1n the follow1ng seq

16 kgf/ca?
77 kgf/cuz';
78. kgf/cm

81 kgf/l-

prevents the exces;,pressure 1nk’
(abs) (25 6 psza) il

M prevents water fro- the steal and gas dxscharge compartment of the pres-
: sure suppression pool from. cnter1ng the reactor vault in the event of a
vdesxgn-basxs accxdent

-pressure supprelsxon pool by ‘a 'et ifqpipes (Thxa is e specxal compartsent of
- the pressure suppression poo systess : ving a water 4epth approxisately 1 m
(3.25 ft) greater than the. ¥t . f*) Two sets of four . O-mm '
(11.8-1n.) exit pipes: (foi t ‘the ‘bottom. .f : sthe _reactor
.space) connect to itwo b t go 10 . the lteal and gas
discharge compartment. !
the surface of the water
reactor space i3 oepafateﬂ

_3th¢ﬁat-otphere by a 2-m seal.

In® the event of a rise im- pressute in the reactor vault to 1.2 kgf/ca? (abs)
(17.6 psia), the seal opens and the -stesm and gas mixture enters the pressure
suppression pool through the steam discharge pipes. When the pressure in the
sbove-water part of the compartment :reaches 1.1 ‘kgf/ca® (abs) (15.6 psia), the
check valves open and the steas and gas mixture enters the steam distribution
corridor. The steam and gas mixture then enters the wvater of the pressure
suppression pool by means of the steam discharge pipes. The gas from the
reactor space, bubbling through the layer of water in the compartment/pressure
suppression pool, is cooled and maintaiped in the cospartments of the sccident
localization zone. After s pecessary holding and cleaning period, the gas is
dxscbar;cd into the atnoaphere by the hydrogen disposal system.
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PSP=Piessure
- Suppression -

777777

Companmem
Enclosmq Mam .

IIIIIIIIIIIIIII”IIIIIIIIIIIIIIII’ g

‘s,tum Distribution

ittt rdiocddomdredidianddentlodlmdrad ol dd .

Ihe teactor vanlt.ov rpres Bo deaigned to acco-nodate lnltiple
pressure tube failures. ;Multigle feilures will cause overpressurization of the
reactor space. . 1f the pressure-exceeds 0.3 MPa (44 psi), the upper biological
shield will lift up. Since-the fuel channels are welded to the upper shield,
its upward sovement will lead .to msssive tube feilures. Furthermore, since thc
control rod channels are also connected to. the upper shield, the contrel rods
will be lifted out of the corc.

2.6.% Accident Localizattou»ﬂyste-

The accident localization systes is dcligned to mitigate radioactive releases
during accidents involving failure of cercain piping of the reactor cooling
system. Piping wvithin localization zones includes

. primary pump suction headers
. primary pump outlet pressure headers
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«  the group diatribution headers ) ' SRREEE
. the coolant supply pipes bet.ween tbe gtoup distribution headets and the
fuel channel inlets v o L

‘wi

Piping not within localization Zones includes

. fuel channels (they are enclosed in the gealed teactor vault)

.,

EY
£

R

. sections of the fuél channels above the upper biological shield not
enclosed within the sealed reactor space :

. steam-water crossovet pipes fron the fuel channel outleta to the stean
separators

e at.eam separators

i steanlines ""fro- the s’tei-"‘ separate

el dowi:coner from the .teu'»_ BP"“"-OT-" ¢° the Pu-P inlet headers

The accident localizationjyst.a m:hu of 8 set of sealed compartsents and
rooms interconnected by ulm and yipin; ~The main tyst.e- compcaents are

. two compartmsents ‘with a_design preuure of 0.25 Ps (3_6 psig) esch enclos-
ing four main cooling pusp inlet and outlet hegders

. th. steam distribution cortidbr, vith o design pressure of 0.25 NPa
(36 psig) ’

. the pressure suppression pools, vith » design pressure of 0.25 MPa
(36 psig)

. the portion of the building with s design pteuure of 0.08 MPa. (12 psig)
' enclosing the group diuributioa ‘headers and the fuel channel inlet piping

A ochentic diagzu of the accident J.ocaliution oy-ta 19 shovn in !‘ignre 2 21. ‘

‘The various conpirtmests-and. rioss the _»ed‘m lmlmuon systes are con- -
- pected by three types of!alm -

+  check valves (Figure 2 21, it_e- 9). inoulled in the openings of the cover
_ separating the finlet piping and the stesm distribution corridor

. release valves (Figure 2.21, item 10), instslled in the openings of the
cover separsting the air space sbove the pressure suppression pool and
»  the tvo primsry pusp cospartsents

»  papels of check valves (Figure 2.21, ites 11), innulled in the panitim
separating the stean distribution corridor snd the two primary pump
co-part.aeutl '

The two primary pup compartments snd the cteam distribution corridor are con- '-
pected to the pressure suppression pocl by steam outlet cbannell (Figure 2.21,
items 17).

P : ‘



_ : tions*in the follouing manner. If a -
failure occurs in the ptillty pusp 1n1etl‘"' utlet beader, the tesulting steam
_ ffected compartment. The check
valven between the‘co-pittlen and; the stean distribution cotridor:{?igure 2. 21-~'
_-item 11) open at s pri .2 tPa (0 29 = e
pteonure ‘reaches .

Uhen the pressure in thc:' - SPaCE elceedc -§ tPa (0.73 psi), the release valves -
between the air space and the other primsry pump compartment open and part of

the air flows into that compsrtment. . Thus, its volume is used to reduce the
.pressure in the compartaent.sustaining the pipe bresk. During the course of

this accident, the c\eck valva j(lignre 2. 21 item 9) remain closed.

If s failure occur: in the group distribution beaders or in the supply pipes be-
tween the group Aistribution Beaders and the fuel channel inlets, the resulting
pressure rise opens the check valves leading into the steam distribution corri-
dor. From the corridor, vis the steam discharge channels, the steam-air mixture
goes into the water volume of the pressure suppression pool's central region.
When the pressure in tbe air space above the water exceeds 5 kPa (0.73 psi) the
release valves connecting the air space with the two primary pump coupartncnts
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~ open. In this i
-to. reduce press

To prevent the i
localization syst
seal penetrations at thi
cable. In addltion'

]

ing .
(see Fxgures 2. 19, 2. 20 . [,cpace 1n each elevation is divided by
- ‘longitudinal partitions into fou: corridors and by traverse partitions into
“three sections: two lateral :(under the pri-ary pump compartments) snd one cen-
tral (under the steam disiribution corridor). The longitudinal and transverse
valls have cpenings for water and air. The lower elevation is filled with water.
The depth of the water layer is 1.2 m (3.9 ft). The total volume of water in '
. the two elevations is 3200 n? (113 000 ft’), and the volune of thz air. space
is 3700 @% (131,000 £t3). .

..Steam goes into the vater:yqlf‘ through- thevltea- discharge chnnnela. The nu-—
ber, diameter, and spacing: f‘;he,ntea- distribution pipes and their depth
under water are determined from tests on a-large-scale model. Thcse pipes

r»ensure full condensation of :the steam-in the Iater.yolu-c

- The accident locslizatioca
?fsylte- !or hydrO|¢01

. Heat from the sealed ‘locations:of thefaccident localization systes is resoved
by a sprinkler cooling systems, - aadgby onrtncn-type condensers locsted in the
- gteam distribution eorridot.»

.2.6.7 Bydrogen Removal -Bystem

by

(-

 She hydrogen removal system crestes a npegstive pressure in the accident locali-
zsation zones, then messures the concentration of hydrogen and removes the hydro-
gen upon its occurrence. ‘The hydrogen removal systes consists of an electric

" heater, a contactor, s condenser, a moisture separater, and s gas blover.

Under normsl operating conditions the 3nl-lti'lixturc passes through the'eiéé¥m
tric beater.\cohtactor {in the presence of hydrogen), condenser and moisture
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”ifseparator, and by

.«...the general power grid,:

o is_discharggd*into

' Tﬁe reactor is: pr&t

-vfor the emergency. protec
" and’ emergency ptotection '

»Adetfro- ‘the total number of -anual regulat1n3 :
When the reactor is started up, thc 24 eaergency
x The

logxc block. The
is not serious, #i
the reactor by rods of: roup
. meighboring rods in Uorking rder.

The design of the SUZ o ennurel autonatic insertion of a1l SUZ
. rods (except the shor ) ‘into ‘the core in s power failure. The relia-
bility of the protection tyste- is ensured by functional redundancy (redundant
monitoring channels) for each paraseter and equipment redundancy (redundant
channels for log1cal processing of. the signals) :

In view of the large contributic ‘f,nnclear power plants with RBHK reactors to
is nccessary to reduce to a minisus the outages of
7 ergency situations in the reactor
en: adopted in orgsnizing the emergency
' f the emergency, there are a

- such plrnts‘ A d;ffer

- pretection system.
;;.nu-ber of differen

(partial AZ-S) .

. preventive controlled;rednctioa iof. reactor power at an increased -peed
to safe levels (AZ-1, Az-z, ‘and AZ-3)

The safe pover levels fordvlrioul'e-nrgcncy lituatioaa snd the speed of prcven-' ,
tive power reduction are -determined by calculation sad confir-cd expcrinentally. !
The highest level of emergency protection is AZ-S, which is achieved by_inoert-
ing all the S8UZ rods (except the shortened absorber rods) into the core up to
the lower cut-off switches. This regime is eatered in the following situstions: .

. s pover‘qurlbodt.of 10% of full power
. » reduction in the period to 10 seconds
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"~ .+ a pressure

w®

_emergency rate (speed) of power rednction and renctor operstion stabjlizstion

»  voltage loss in‘thg p;an':

_e-ergency load rejection

The. Az-l regile (reduction to:
e One cof the three operattn. lntl circulation pu-pl 1n any pu-p room is

. Separators

l pressure

separators, ot l:”'

pduer supply systea or 1ndication of
(AZ-S AZ 2, or Az-l) without its

one of the protection level z

resultxng rod inse;tion 8
appeared (when the. p 2 : '
makes it possible ) ‘regime if the poueriovershoot
signals have been ca ed: by power distortions and the emergency situation
can be removed by rapid partisl::reduction:of the reactor power. The same is
true in transitional operating: regimes and in the case of significant local
perturbations. Thée partial AZ-5:-regime can only operate for a shurt time, for
if the SUZ rods are lowered to s significant extent into the core during
partial AzZ-5 event, ‘the reactor vill be: co-pletely shut down just as in an

AZ-5 regime.

:20%..0: vfnll pouer) il ordered uhcn there is an

The AZ- 3 regime (rednctioq?~

: t!o turbine gencratorsnvu
601 of !-11 pouer) is ordered when

switched nff.

The water flow in thn prilnry eircnit falls.

The feedwater flow falls.

The water level in the drwm ocpnrltors ‘falls. : '
The group closure tey for thc throttle rt;ulating valves 1is actuated

In AZ-1, AZ-2, #2d AZ-3 rn.tlon thc reactor power is auton;tically reduccd st
a rate o! 23 of full pover per second to levels of 60%, 50%, and 20% of full o
power, respectively, by the online sutomatic power regulating system. The _
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'iyv,the reactor. At this
_':,tion margia.

- structures of the

at a: safe power
into the autonat

2.7 Reactor Qperations

2.7.1 l!ighlights

‘Notlal ‘operating a
. Startup and shutde

- stresses in the
"plant operating .
- reactor safety.

aring full-power operation,
vith1n3_pecified boundar1es to ensure

g in circulatlon N
tput_using the throttle-tegnlating

coolin3~vnter £1 e i ’

D ly. ni»ialkheating of the

ssure_in the steam. separators, i. e,
ses_as the temperature rises. .

fuel channélsQéf
reactor is carri
-the pressure il B

During ltlttup andu i the teactor, the main coolant loop is fed
~ by the emergency feed . ugpl., ,cto pover during startup and initial heating

is maintained at 'an average level of 2. to 3% of nominal capacity. The thermal
- power oi 1nd1v1dual tnel channcll anring this process can be as auch as 6%
formit oi;pouer densxty dxstrxbutxon ‘in the .

core.

ey _ ' o of the cooling loop can take place e
.with oae, tuo, or three of : € ation pumps opersting on each side of
- fscible to. -onitor the vnteryflovtate

...through each fue
‘heated to:

At a pressure of 2: kgt/c
up. A vacuum begins to buil
at a separator pressure-of abo
been created, the turbine stax
generator is normally -synchi
in the separators is abou f/cm*
parameters, up to rated valnao,u,”

“psi) the de-aerators begin to heat .

-the condensers: of the turbine being started

~kgf/cm® (213 psi). Once the vacuum has
ladfbe'ins to build up speed.  The turbine

g onnected to the grid vhen the pressure

11.psi). Further increase in the

lace: in parallel vith the buildup of

electric load.

‘Figure 2.22 gives an exalple o! thc cvolution of the main reactor para-etets '
from the time the reactor resches the minimus power level that can be monitored
_until the turbine gencratot is lynchronized and connected to the grid.

The main circulation pumps remain in operstion during ncheduled shutdown and -
cooling of the reactor. Beforc the onset of shutdown cooling, the reactor
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LEGEND: 1 - vater'é”ﬁ:.
-im separatorl. 3 =

pover is reduced to the after-heat level the nnit tnrbine generatoro are
vdisconnected from the nd she » Hien zeactor power is reduced to the
20% level, the capacity ‘of the main : _rcnl‘t;on pumps in service is reduced to
6000 to 7000 =3/hr (27,000 to 31, ;000 gpm). The coolant loop is ccoled down to
& temperature of 120 to 130°C (268 t0266°F). by gradunlly lowering coolant loop
"pressure by discharging steam in.s - .controlled manner from the stesa separators
20 the turbine coudensers “to ‘the process- ‘condenser. To achieve a greater
degree of cooling, 8 lpecial:lhntdoun cooltn; systems composed of pusps and heat
exchangers is used.

Thermel stresses in the -ctal .ttuctnroa of the reactor liuit the cooling and
beating rates. During shutdown cooling, the rate of temparature reduction in
the coolant loop is determined principally by the rate of controlled steam dis-
charge from the separators. Therefore, it is mot difficult to keep the cooling
rate at the prelcrxbed lovcl under thcue conditione.
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. 2.7.3 Operation st

' 1capac1ty of the f

Nt tvis circu ted through the réactor
umps operating at 6000 to 7000 m3/hr (27,000 to 31,
ttle-regulating valve is: opened:
increases to 8000 nslhr (35_000

-Up to a _power level

gpm). At a powet“

total flow through the tew tor i

2.8 References

ety Design of the RBHK 1000 Reactor,

Cherkashov, 1984 ’ ,
- : ratlonal Safety of Nuclear Povet Plants,

_wDollezhnl ‘N. A, et al "Des1gn of the RBHK 1000 Reactor,
Paper presented at R1sley under the SCUAE/UKAEA Agreement

~ for Exchanges of Information onm Pressure Tube Reactors,
ﬁAtonnaya Energ1za, February 1977

Dollezhal, 1977

Dollezhal, 1980a ifDollezhnl N A., nnd I Y. Yemel' yanov "Physlcal
: , ﬂrCharacteristics .of the Core,” Chapter 2 of Channel-Type
%Nuclecr Eneg‘; Reactor, ‘Atomizdat, Honcow,'ﬂatch 1980.

- Dollezhal, 1980b

Dollezhal, N and I.:Y, Yeuel'yanoﬁ, ”The<lzchnrﬁing
gHachinc,” :Chapter 5 of Channel-Type Nuclear Ener;y Reactor,
Atomizdat, Moscow; - Harcﬁ“‘?io -

" Dollezhal, 1980c

- Dollezhsl, 1980d Dollezhal, N. A .. And 1. X. Yemel'yanov, "Control
Devices," Chapter 6 of Channel-T Reactor,
PP 1199123._131-138. Atonizdat, scov, Mar 0.

Dollezhal, 1980e nonezm, K. K., and J. Y. Yemel'yanov, "The Recharging |
Machine,” Chapter 10 of Chanoel-Type Kuclear lneg;g Renctor.
Atomizdat, Holcov. March 1980.

| Dollezhal, 1981 Dollezhal. N. A., "Graphite-Water Steam-Generating Reactor
in the USSR," Nuclear Energy 20(5):3&5-390, 1981,

2-51




‘Dibrovsky, I

~ Egiazarov,

: T presented at seninir'at Rlsley,
CUAE/UKAEA Agreement: for Exchanges of Informa-: .

ure Tube Reactors, tomnaya Energ Lys ],
-021)

iyév,'!! V., et al., "Un]oading Ad2itional Absorbers
om the RBMK- 1000 Core," Ato-n’za Energiza 56(5): 280 282
84.

Isayev, 1984

:Huclear th 1cs.andwluc1eat'keact0ts Mi

d 8., "Hork Cont1nues on nstruct1on
“ya AES " Moscow. Energgticheskoye Stroxtel'sno

8}=V

!buvzz, V.. 8., and L. V. Golubkov, "Chernobyl 'skaya AES
Third-Phase Construction Deginn, Moscow. Energet:cheskoye
troit.el ! smo, 1984. -

' vKonv'iz, 1984

lulikov;'l984 flplikov E. V., ‘"Statc of the Art and ucvelop-ent Prospects
' for Ruclear Power Stations Containing RBMK Reactors,"

%Atalnaya Energiya 56(6) 359 365, 1984

. Levim, 1983

“"?}, Y. I., pnd lre-en » M. 6., "Particulara of Startnp,
Adjustment on Third Geneuting Unit. of Chcrnobyl AES,"”
: ’ _voianGSO-Slo 1983.
. Markov, 1294' ”‘i@?,» f ,, et al., ”lnetgency Localization: Systel at

Chernobyl A!S uoscow
tel'sno 61-63.., :

‘Energeticheskoye

ot .Consultin; Engineerl,‘”hccidcnt at the
_‘znobyl llant, Unpublilhed annlylil, .Columbus, Ohio,
9

lovooel'okii 0. Y., V. B. Karasev, et al., "‘l'estn
Improved Bt.m Separators in the Third Unit st the Chemobyl

Nuclear Power Station," Atomnasya Energiya 57(12):382- =385,
March 1984.

Plyntinlkiy, 1983 Plyutinskiy, V. 1., and V. I. Pogorelov,' "Automstic Control
‘ond Ssfety of the Therms} Power Generstion Components of
.»-éluclnr Power Plants,” Energostomizdat, 1983.

- P\uhhrev, 1979 Pushkarev, V. 1., e al. "\hyl of Altering the Coeffi-
' ' - cients of Reactivity in RBHK Reactora," Atonmaya ?ner; ye
66(6) 386-389, 1979.

2-52



-ﬁo@anepkd;elggi.__

Sedov; 1979

"~ Semenov, 198,

Usik, 1984

Virgil'ev, 1979

'Voronin,_l980

Yemel'yanov, . 1981

'{_Yeael'yanov, i984'

JRomanenko, V 3,, and A V. Kra"ushkln, "Phy81cal-Charac-'
- teristics of an RBMK Reactor in the Transxtxonal Per d
-;fAtohneya Ener‘1xa 53(6) 367~ 373 1982 ’ -

:nologlcal Systems of Atoml" Power Plants With an RBMK- 1000
‘Reactor During Operat1ons " Atomnaya Energiya 46(1) 23 28
19797 i

Yemel' yaaov I. Y., "Design Measures To Ensure Operability -
-of Nuclear Electt1c Plants With RBMK Reactors Under Emer-
gency Cond1t)ons," Atomnaya Energ1xa 50(4) 251 254. 1981

- Turning on of Reactor's Emergency Cooling System,” Soviet .
,Powex Eeg}neeting 3:10- 13, Maxch 1984. i

Sedov, V. M., et al. "Corrosxon Products in Ha1n Tech-

Semenov, B. A., "Nuclear. Power in the Sov1et Unxon " IAEA
Bullet1n 25 (2), June 1983 .

"Progrese Report: . Chernobyl ' skaya
ck "_Hoscow Eneg&;;xcheskoye Stro1te1 sno

U31k A H " et al.

sequences," Informaticn compiled for the IAEA Experts Heet-
ing, August 25-29, 1986, Vienna, 1986. : -

Virgil'ev, Y. S., "Tbeimal Expansxon of Structural Graphite
and the !ffect of Neutron Irrad1at1on," Atomnaya Energxya
47(5): 305 308, 1979.

Vorozin, L M. "Ruclear EleLtr1c Power Plants " At omnaya
Energiya, July 1980 A

Ye-el yanov 1. Y., et.al., "Study of Operatxng Condit1ons
of Power-Generating Unit Vith RBMK Reactor With False

2-93



for, this chapter is thz :
tion 3.1 susmarizes the
Sectxon 3.2 explalns hov‘

e sttempted to smalyze' RBMK'reactor <i*
- y. er ferenced vhgn used;, but Soviet source docu-
ments are used vhenever po R o

The Soviet rcport on- thc den Chernobyl (USSR 1986). and earlier Soviet -
literature, contain extensive1info:-ntion about RBMK reactors. Most of that
information is descriptive,-abd not snalytic. -Hence, there exists a rather

~ complete body of knowledge | ich. to sssemble Chapter 2 ("Plant Design");

- .there is less informstion sabout Soviet safety analysis. The available informa-
tion on Soviet safety analysis is very general in.nature, is m>t plant specific
or site specific, and presents the qualxtat:ve results of genetic analysis,

usually not quantxtative dctail: :

“ Chernobyl Unit & was ‘one of 14 ope ting3RBuK-1000 reactor pllntl Signzficant o
..differences exist in RBMK- -1000 esigns, as they have evolved from the early Lenin- - .. -
. ‘grad-design: (firlt-generatton total units) to the more modern Snolensk o
‘design (second-gererstion, 6 - including Chernobyl Units 3 and 4).
This evolution of :he’llﬂl n:difficult to discern in Soviet liter-
B wdifferences.smong the 14 plants
RBMK-1000 second geoerstion, 4
rrent status of first-generation’
z oviet litersture - -does 8ot discuss whetber the design fea-
. tures unique to the oecond-;enctation REBMK hsve been backfitted into the first .
‘generation. Therefore, safety capabilitiel discussed bere may or may mot apply
" to the 8 older RBMK-1000 reactors. Also, since the single operational REMX-1500
unit (Ignslinsk Unit 1) operates with less safety sargin to "boiling crisis”
leritical best flux limits) ‘then RBME-1000 1eactors, a sizilar caution applies
to sssuming this dincusalee 8 Lappliad to the RBMK- 1500 reactor. '

3.1 Introduction ' o ' c ' _ i
3.1.1 Purpoce of This Chaptor

Chapter 2 described the Chernodyl Unit & reactor plaut design, and Chapter &
explains what happened at Chernodbyl in April and May 1986. This charter vill

G. Vine of the Electric Power leqearch Institute (EPRI) compiled this cbapter.”
' - 3-1 .



“help exp1a1n why it ha P
response to frequently
the transients discussed
zceident. Reviewing them
what happened in. the co-p

In addition; some Westg
Chernobyl" for their ¢
review of Soviet . reactor
accident such as the

sight does not exist thnt coul fhlve

’llel in our own safety
A broad 1nvest13at10n of Chetno

safety s necessary for

rbzs chapter does not pn: . gn or operat;on of the Chetnobyl
reactor. This chapter is iictend actual and constructive, snd is based .
m published information from: the Soviet Union wherever possible. A major
iource ~f information is the Soviet report:on the accident st Chernobyl (USSR,
'986). . An independent safety review of {Chernobyl based on Western approaches
s included to belp us understand the- éecign performance from s wore familisr

erspective. -A comparison of the relsative merits of U.8. and Sovxet reactors
8 not the obJect1ve of this report :

-1.2  Summary of the Safety. levxev

nernobyl Unit 4 ia one of the ‘newer nnul-looo teactoru, snd as euch has bene-
itted from the evolutionary improvesents:in RBMK reactor safety since the
riginal Leningrad design. As 'second-.enetltion RRMK reactor, Chernobyl
it 4 bad an accident localizstion sy (ALS) underneath the reactor, de-.
:;gned to condense steas ad of r‘dioactivity fre-,large
pe bresks in lower rea ns i _
' the Soviets to be t A ."—.The teectot protection -
stes énd thie emergency core: €oo. systea taclude featuree shut down the
actor, cool the core, sad: ptevuat'!nel dann;e in ench an event

other "saximum credible eccidento" are defined in Foviet literature, but a
sber >f transients are studied, such .as loss of feedwater, turbine trip, and
sirculstion pump trip. The Soviets attempt to keep the reactor criticsl st
juced power during many such trsnsients. .The reactor protection systes pro-

les sutomatic power reductions to 60%, 50%, snd 20% pover for selected tran-
'ots in order to avoid full plent shutdowns.

ice the emergency core cooling system and sccident localization system are
igned for a single maximum credible accident, other credible accideats are
discussed in Soviet safety analyllo. presumadbly becasuse they are conlldered
be of euffxcnently low probebllity to jultitv disregarding tbe- in the



'des1gn basis. - Ex
;quences not dlscu‘

-blocked flov chann_e > O
»d1scussxon) Many of
analysis vere part of the
sion to consider only pip¢

nces not. "addressed by Sov1et safety

~the reactor as cred1b1e is that thete

\ review of these Soviet
ixist between Sovxet
Iifferences include:

oie.f@nda-entaludiffgréncgs ‘
fety m'lyqifs . Some of these

l) The Soviets place heavy reliance ﬁsytte- testing to verify that safety
criteria sre met. ‘For example, the 8oviets have conducted extenmsive in-
plant experimentstion, ‘and have zecently developed one or more scaled test
facilities that can duplicate RBMK-1000 functions without the use of nu-
clear fuel. The Soviets state the’r analytic capab1lit1es are good, but
‘their capacity for colputer-assistedvpnalysis may be more limited than in
.Western. countries..  Scviet. technical:literature contains less pretest pre-
‘‘dictive modeling sad. ,eas post- code validation than is in U.5. tech-
. mical literature.. ’ ’ rical approach to safety anslysiz masy
‘be adequate for studying itions and the ability to cope with

- . routime transients. It wever, that their approach has pliced

: lant performance in sbnormal ,

:apola:ion of teatftenults.

: 3 - £0! ) e =e;naf¢ty analytin cslcnlationlv-r
T t.ypicol ‘of the Uut.e censing prom re pot as extensive in the Soviet
‘Union. Also, Boviet.safety.criteris generally emphasize overall safety
objectives, witbout .pccifyil; the:. dctailod~cr1t¢r1¢ or methods to be used.

1) ¥ Available Soviet safety. annlyn 0of :he VVIR (PWR) design is more complete
than svailable RBMK analysis. :BSoviet VVER safety requirements are gener-
ally more stringent than RBMK safety requirements. The VVER is the Soviet
* export design, vhereas the RBMK is mot exported outside the USSR. Hence
VVER designs tend to be more compstible with Western safety criteris; and
Soviet safety analyses of the VIR often rely on Western studies. This
Western influence on the VVER has led to some recent Soviet lppl;cationa
of VVER safety approachco to the REMK.

ccident. An. important result of the deci-




(&) SOV1et safety an
- early mitigatic
-’ consequences an
the plant. -As. & re
literature on i ’
excursions, or copi
zirconium, H, ge

3.2.1 Soviet Design I
‘(This section is Based:on.fn.otéetfoneih~fgglei983 Schet fiteratﬁre»)

.The following requ1renents form the bas1s of safety for Soviet nu-
- clear installations (Cherkashov, 1984)

a. the plant*nust'”

are (Cherkashov, 1984 Sidorenko 1981)

.///

a. securing hxgh qnal1ty -anufactnre and 1nstallat10n*of co-ponents,A

.c; develop-ent end'tealizat.on ofueffective technical safety -ea-b
sures to preven eccidentl, _vco-pensate for possible malfunc-
';txons, ‘and to dec jegu nces of poss1b1e eccidents,

’ﬂ;releesed in [ (! S

e. realization of:technicel and ’tjiiizat1onal méasures to ensure
safety at all :stages of. construction and. operation of nuclear
pover plants; :

" f£.  zegulation of technicel aod o:;anizational aspects in securing
- lafety, and ‘ N o __

8- introduction o!ue:lyotel o!bjtete safety control and regulation.:
3.2.2 Soviet Nu:lesr Safety Regulation )

(This section is based on information in Soviet literature published in 1983
(Semenov, 1983). _ .



~ The regulation of
v.tools for ensur,pg
- The state superv1

_sion of Safe 0perat1ons in Indus-
’ hthe Couoc11 of Hlnxsters of -

,pl1ance with Regulat1ons and ndards of ehgxneer1ng safety in
design, construction, and operatxon of nuclear power plants;

The established syste- of three;aupervisory bodxes largely determined

the structure of the whole eo-plex of regulatory documents on. nnclear
pover plant safety R

A regulatory document on nucleer power plant eefety in the USSR "General Regu-
lations To Ensure the Safety of Nuclear Power Plants in Design, Construction
snd Operation,"” was introduced in 1973. .In 1982, the "General Regulations"
were revised. The new document.is.title ;”General Safety Regulstions of Nu-
clear Power Plants During-Design, ‘Comstruction, and Operation” (GSR, 1983).

This document covers 011 types of co-lerciel ‘reactors operating or under con-
struction in the USSR. ) 1, Tequirements sre presented in &
jeneral way, without concrete dete”ls pst cases the General Regulations
)nly prescribe tasks which have- to be olved to ensure safety (what -ust be
-lone), they do not determine > 0 4t lhould be done) :

‘Other reguletorygw
further and. specify-|

' et theeeﬁenerel !egulationl,

lishing the basis for activities designers and corresponding
supervisory bodies. One of the. ocuments in the field of engi-

. peering safety is "Regulations for Design and Safe Operation of Com-

R ponents for Nuclear Powver Plents, Telt ond Research Reactors, and
Installations.” .

The boeicvdocu-ent-10:Golt;élnod:orﬁi»ottivity. "Nuclear Safety Regu- .
lations for Nuclesr Power Plants,” was imtroduced in 1975. It regu-

" lates nuclear safety, governing not omly criticality problems in
reactor operation, but also refuelimg, transportation and storage of
fuel assemblies. It contains the main technical and organizational
requirements to ensure muclear safety in the design, construction,

and operation of nuclear power plants, snd the training requirements
for perlonnel associated with reactor operation.

e



The system of reg
complemented by

lished by the St )
The system of standardu
ensuring nuclear

Figure 3.1 Nuclear safety regulntory bodies and documents .. -
1o the USSR v o : ?

Source: Semenov, 1983
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3.2.3- RBMK-1000' Comp y Regulations
vThe 1982 "Genetal
‘subsection, establ h a
power plants The regul;
in 1973. The ptOVlsions
form1ty with the revised
‘case by the Soviet tegy

¥

A content of the TOB.. o

The main docu-ent

ting nnfety of the nuclear
power plant is the techno

ical regnlntions containing the rules and
main procedures. for on of the plant, the general proce-
dure for performing ted to muclear power plant aafety,
~ and also the li-dtn and&conditionn'of nnie opetation

The tegulntions are vorked out by thc boata of directors of the nu-
clesr power plant with participation of the scientific director,
chief designer and 3ener signer, and is confirmed by the operat-
. ing orgsnization." {Thi gests ‘local regulations with no highet
' .npptoval ] o o

None of the above docu-ents.hnyu bgen;lpde nvailable to the International Atomic
Energy Agency (IAEA) to assis nnderntnnding thc delign and’ operation of the
Chernobyl Unit 4 reactor. :

Jith respect .to complisnce ragul ,1ons At 1: vety difficnlt to
issess. the conforn;ty,of Chernoby! Uh;t” 0 those regnlations .'The available .
joviet literature on the ‘RIMK-1000: design does not provide a complete under-
standing of how some of theﬁgnnct Tequirements are met. Documents that might
lemonstrate that Chernobyl :Unit-4 complied with the genéral regulations would -
e ‘of graat value to safety engineers in- teachinr un understaanding of the
iccident. To date, the Soviet Union has sot pro i. "1 these documents to the

IAEA.

mnfqvidence from the .cc1a¢a£gia§§§.£;»eh.; Chc:nobyl Unit & wes not in com-
1iance with the following specific requirements in the 1982 regulatious:

2.1.4. The systeas snd devices of auclear power plants important t»o
safety should be designed, manufactured, and instslled with regerd to
possible mechanical, thermsl, chemical, and miscellaneous effects
that arise as 8 result of planned accidents.




- 2. 2.2. £
‘be. poaxtive

. any states;o =
the first circi
operating modes: is

and_emergency -odf

- £roM. SRy NOrMal operating
ently of each other and should
ersture of the coolant and

2.3. 3 At least one of the provided independent reactivity control
vlyste-s ahould ensure conversion fro- any nor-cl operat:ng state to .

juny considered inj
failure in a ‘given .4

, - in the- 1nd1cated transi
" “tion ‘processes can-be:4iv to several temperature snd mode
ranges, using part:of the,tadicnted ystem for each ranmge (part of
-the members asnd some.groups-of members) wvith application of the prin<
ciple of unit tailure for eachAport of the system.

2.3.4. At least one. ot the provided tndependent reactivity control
systems should ensure conversion from say norssl operating state to
a subcritical state and should maintsin this state with regard to
possible release of reactivity during prolonged shutdown cooling
under apy normsl conditions and those that take into account initial

events according to; -principle of unit failure in the given system
~and with failure of ‘the most effective reactivity control member to
respond. -

2.3.5. The rerctiiity control system, together with the core charac-
teristics, should ensure the absence or rapid suppression of such
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-y

2.3.6. The

. materials that have sped f1
- accident v1th1n the boundc provided by the design.

~ tainment buildings or, as in the case of planned accidents, localiza-

. radioactive materisls iato- the ‘emvironment is permissible in indivi?

" plant safety is- enauted—vith thi. discharge.

:;ponible me

.. 3.3.1. The be'
'tion [atart

which the fuel
operation dur:

auce in the
of posxtive

quof the reactivxty control members: and
":ncrease of reactivity in the case of
' “8in le disturbance of any devxce

lipatzon

2.8.1. Locnlxzing tems should be provxded to conf1ne radioact;ve
P rom the reactor installation during an

2.8.2. The firtt circuit lhould either be located ent1re1y in con-

tion of released radioactive ..sterials within the boutndaries of
containment buildings should be ensured. Directed discharge of

dual cases if it is: cuhctantiated in the desxgn that puclear yover

2.8.4. Localizin;ﬁ ‘tellwshou "¢yerfor- their functions during
sccidental leaks.. - ‘

’fi?d 5ut{$;f§;g;getidnenifonéri‘

_ .conformity: ofathe'naclect pouer plant structures to the design o
nhould be checked; ‘

startin;-adjustia; opetations lhonld be eo-pleted (1nc1uding
test- of individusl oqnip-ent Systome) ;

lex testiq.lof the suclesr power plant should be coug}eted
Zin Tuding physical and power startups of the reactor).

The procedure for putting the puclear power plant into operation is
carried out in the order established by existing regulations fer tae
corresponding enterprises and accord'ng to these "General Regulstions.”




 f, ;3i3;3n ~ Docume 3 8 atartxgg:ad btlng operations should
‘- contain a list of the operationr that are gptentially‘ha” rde
D fety (for qnpib, qperatio' waic

.’:?Tﬁbly conver ,
measures: t.hat.

sting weter pumps;

- supply . sources; :
filled by standard -akeup

; ' : ﬁtolatic power reduction or shutdown (scram)

for some but not all the above violations (see Section 2.6.8). The protection:

. scheme for each of the: above design-basis violations of normal operation is
‘discussed below. : .

IOne 1983 Soviet report (Che‘ka hov, 1984) lutes that

The follovzng are considetgd the -ost likely transzent conditions

" The criterion'o, pucles Ltion;.lfety assuned for thz above
. emergency condltion: the ,bnence o! dryont on the fuel pin

surface. . .

which correlates to the fuel. ele-ent defeet criteria of the general require-
ments. Each of thz above "lolt likely ttanslent conditionl" is dilculled
below. o :

3.2.4.1 Protection for Dtii;n-la.ta Ttaaaients

The Scviet protection system for -oot tranlicntl is deai;ned to initiate s power
reduction, but nct to shut down (or scram) the reactor. One 1981 Boviet textbook
(Voronin, 1981) differcntilteo between tranlienta and accidentl as follows:

Under transient conditions, the primary gosl is to keep the power
unit in operation st the sdmissible power level with observation of
all requirements with respect to reliability of heat transfer from

3-10




= - tion system also. initiateaxan tomst

the reactor

One of the worst | stem lalfunctions Hou
. continuous rod vithdraval accxdent.’*wnch an accident would" increase reactor
pover to an unsafe level. .:A high reactor power scram on. power overshoot of 10%
of nominal power is. liated in the: Soviet report on the accident at Cher:obyl
(USSR, 1986). However,. ‘the. ability of the high power scram to respond with
adequate speed to a rod vithdtawal accident and to ;revent fuel .damage is not
. ¢ number and

negative. However, :the rite. ir
is less severe than: it Alao,_thc
list of most likely transi “does not include ‘reactor control and

Jthe Chernobyl accident.»

wonitoring system -alfunctiona./;,fli,$.'

'_(2) Loss of Power Suppll;toithe?uain Circulatiog Hhter Pulg_

V‘Section 2.6.8 liata the follouing auto-ntic actions. in relation to this -
transient:

- AZ-5: Emergency ahntdoun of ‘the. teactor (acra-) on: ahutdown of three or lore
lain circulating pumps . in one loop D

~ AZ-27 " Reduction to S0% of tated pove: becanae of loaa of one of tuo turbine -
generators and its aaaociated -ain circnlating pumps (MCPs).

- AZel. .Reduction: to 60) .of
...cause -of shutdown

the water throughpu

both the- reactor. and generator be-

imary citcni g il o st
) trip-of one- recirculation pqu in the
opposite loop, so flow- thron;h the- eoto.uill be balanced. This prevents power
oscillations and thersal tranaienta. %ﬂne 1983 Sovie- report (Cherkasbhov, 1984,
discussed inveatigationa 4n’ which the output of the remainiag pumps increased

from 8000 m®/hr to 11,000 -’/hr .00 ahdtdovn of one pusp and reduction in steam
quality.

.Shutdovn of a coolant -circulating pump 18- liatod aa one of the most frequent
ttanaient conditions. )

"Note that ioss of two out of throo main citculatin; pumps per loop is not
covered by the protection logic. Based on protection logic described in the
Soviet study on the Chernobyl accident (USSR, 1986), loss of two out of three
MCPs in either loop will mot reduce power below 50%. However, "Operation

and Msintensnce of Nuclear Power Plants" (Voronin, 1981) 1ndicatoa the plant
would trip on loss of two out of three pumps per loop

-1




3) -§ufcchiug off

.,' Section 2.6.8 11
' Mttans1ent

"A2'5 Emetgency s
loss of on-s1te

AZ-3: Reduct1on to 202‘pouer,

AZ-2: Reduct1on,to' 01.

is "relat1on to this trans1ent. It
does liat "loss of ; O

emergency shutdown (scr’ )
pover" indicates that al

Agenerator output. (One

_ -1n a 198k Soviet report (S-olin. 1984)

When the 1ntetnal equipment in a nuclear power stat1on is dept1ved of
current the main czrculatlon«puppa stop: along with the feed pumps,
. ‘equipment operates and the automatic
'shutoff valves ahzad of the _turbiges are closed, which causes the.
pressure to increase apd‘the"afety ”alves to open. Then the: pres-

Section 2.6.8 lists three cobditions telating to recirculation systes (Soviet 17
designation:  first circuit) leaks which cause an automatic emergency shutdown
(scram): : Sl . : S T

. uncompensated coolgnt.Ieik;graatermthbn 557kg/|ec
. decrease in steam separator vater level outside set limits in either half
* - high pressure in reactor piping spaccl (leaktight co-part-entu)

Each of these three conditions is indicative of a large leak. The regulation
-on transients is directed st smsller leaks that are within standard makeup
capability (no need for emergency cooling actuation). It appears from Sec-
tion 2.6.8 and from "Operation and Msintenance of Nuclear Power Plants"
(Voronin, 1981) that smasller leaks do not require an immediste plant shutdown
unless the leak is in the graphite region, and therefore leaks within makeup
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ap automat*c scram

nnel . lover (1n1et) Tine
ould not cause ‘an automatlc scram. Section 2.6. 8
s wh1ch are 1nd1cat1ve of a leak inslde the reac-

.wrtor vault.
~which shou

“can’ be powered by external ac power oources,"
ine'generator output. The Soviet report on :
-8 drop-inm- feedvater flov ceuaes both a powver

gency shutdoun.

\ epor! ' irklshov, 1984) d;srusses the co-plicationt es.ociated o
«of feedweter flow to the stea- separators.

vzth a loee

In this situation;the e-ergencv aafety aysten is- tr1ggered com-
. stog ' fission. chain reaction, and the reactor power
e 7 X , e ‘decay hest ‘removal level. The turbogenerators
o [turbxne 3eneretorl] are nnloaded ou rece1pt of 3 pressure reduction-

r~pouer level. The 1ncre sed tete of
iprevents eny-itgnttgcen redugtiqn'of L

‘the -Zsedwater ‘supply t ‘o!
“water ‘to the separators

-means of

i gency vith a total output of about 10X nominal.
These: pu-ps ‘are-switched on sutomstically about 10 seconds after the

_ ‘start -of :the Joss of normal feeiwater. [If the loss of main feed-

- vater is:.caused. by loss of in-house electrical power, then about 2

- to 3. -1nnteo are-required to get emergency ieedwater pu1pn loaded on
' ’ 1¢;gneretors.]

A {eature of the“taasient 1s that the coolant. circulation pusps are
svitched off sfter triggering of the emergency safety systes. This
feature permits a. teduction 0° water level in the separators and
prevents steas from being trspped in the downcomer system. Trapped
stesm could lead to cavitation of the coolant circulaction pumps and
to a deterjoration in the condi“ions for convective circulation in
the circuit. After shutdown of the pumps, decay heat is resmoved from
the reactor by convective circulation of the coolant.
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'3&2;452vanalysis of‘Design-ﬁasiénTréHSients o

- As stated above, most of the desxgn-basls trans1ente are Drovxded for by auto-
© matic or manual scrams or power reductions. However, n.  -uantitative analysis
-could be found in Soviet literature that documents how a: " cmatic actjons will
keep fuel element temperature within llmlts Sp-c1f1c examples of transients
. that appear to be within the RB but do not. appear to be..

“analyzéd for- safety ‘in the’ So' o _

(1) The leak or rupture of a single fuel pressure tube in the graphlte region
is the limiting design-basis event for the RBMK-1000 reactor vault. Detec-
tion and manual reactor shutdown are prescribed in procedures, but effects
of tube rupture on surroundlng graphite and the gas pressure boundary are
uncertain. .The reactor t ] re boundary might be breached in such::

an event if- operator‘: nanual alt1on are delayed '

2).-1 o ?the leak or rup

~ . & singYe- p,es ure- e rrpe ocated below the refuelxng
floor but above the upper biologicai shield and gas boundary Although
makeup capacity is adequate to handle this event, the escaping steam and
water are not contained. Such a rupture has not been anslyzed in the
available literature for its effects on adjacent outlet pipes, on ccn-
trol rod drive mechanisms aubJected to high-pressure steam, or on nearby
refueling operations in progresa , .

{3) With s positive void coeffxcxent ‘and complex systems and procedures for
© maintaining adequate heat transfet margin to critical heat flux (CHF)
limits in each individual tube, the plant operators face demanding re-
- sponsibilities. 1i is not clesr what measures exist to assure they sre
- capable of detecting and selecting the proper course of actioa for each
of the large spectrum of credible -alfunctions in the reacitor control and

-onxtorlng lysten
3.2.5 RBHMK-1000 Design-Basis Accident

The Soviets e-ploy the concept of "meximum credible accident"” (HCA) or maximum
permissible accident (MPA) in their approach to deaigning the RBMK-1000 safety
systems. The MPA is defined as the largest credible pipe break in thé primary
circuit. The size of that largest "creaible" break has evolved over the years
t> the size of the main circulsting pump inlet and outlet piping (900-mm
diameter). Early RBMK-1000 designs (first generation) did not cona1der large
pipe breaks as credible accidents.

The existence of an emergency core cooling system to cope with pipe breaka was
wmentioned in 1975 (Konstantinov), and general descriptions of this system
appeared in 1977 (Yemel'yanov). However, ‘he emergency core cooling of this
period consisted of the high-pressure tanks anJ pumps only, without & tie-in to
a bubbler pond (or steam suppression pool), which did not yet exist as a source
of emergency makeup water or as a heat sink for pipe bresks (see ligure 2.1).

A 1979 Scvict textbook (Dubrovsky) discussed a 300-mm (12~in.) pipe bresx as
the maximum credible accident, although other references shortly thereafter.
dincussed a 900-mm (36-in.) break. Soviet documents in that same timpe frame
(e.g., Margulova, 197%) discussed "bubblers" and "technological condensers”
that were fnstalled - the turbine building to condense main steam safety valve
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.- discharges only (ni

- ments to describe {

‘. .tem installed ben
‘. _break), appeared in'

. RBMK-1000 reactor wen
o ;fion>Dubrovsky,j1

represented a "sem

“*1t”iﬁ§”thé’ﬁa§i§‘£ot

- vverheating, bt it wa
not yet exist. o

o saosgihdﬁﬁaflyfiQBOStCpncerﬁidg«éng:gency
zstion is much more ambiguous about first-
 xeactors. -Soviet literature reveals .

Soviet literature dur.
core cooling and accident 1o
. -generation than second-generi
"~ .’the following about

- reacts

-he ‘case of pipe breaks is:
arl At ‘sécond- generatio: RBMK-
re designed to handle the largest
o Lt ”Ttet),zpnd_.ugggst'that

) - High-pressu
‘provided.  Sov
1000 emergency
. recirculation

first-generstior

the

tems are now equivalent.

tjii?ﬁ&iﬁ}ﬁnehchvpafety vnlve,Qischérges.“ These
rison to the bubbler ponds to be inatalled

(2) "Bubbler" vessel
o "bubblers" were sma - 48 Ep ) ,
- later on second-gene_sti RBMK-=1000 reactors. The older RBMK-1000 plants
- had two bubblers, each ssel about 10 ft in diameter and 70 ft long.
"~ They did not have the capacity or the physical connections to .condense
the steam from large pipe breaks. B : .

- (3) Originally, first-genérati n“Pecirculation piping was instslied inp "strong
i boxes",designed-to»dithﬁtindtgpxﬁo'ibbnt 4 atmospheres pressure (about s
60 psi). But these: "tﬁﬁc:boiépgérigiults'had’no means of relieving
stesa pressure: froa ipe:bresk to
RBMK-1000 reactors:do mot. have
. only small asmounts:
ture and.a

0: 4 condensing system (first-generation -
bubbler pond beneath the reactor): Hence,

“contsined.”  However, the liters-
in Viesns during the postaccidént

.review._mee ‘tundels from these atrong boxes to

--;additional: Yexte

11 Yex sequently msy bave been provided. No
Soviet reference

D4 it states whether or mot .such tunnels
are backfitted on a1l f1 'generation RBMK reactors, or whether such
localization systems are capablé of handling o 900-mm bresk.: Therefore,
- older (first-generation) REMK-1000 reactors may still bave a limited
' ability to cope with the largest break size: ECCSs spparently have been
. upgraded to provide adiquata core cooling, but breaks may not be contained
. sad could veat to the atmosphire. ‘Bubbler ponds deneath the resctor could
- bever be backfitted on older-generation RBMK-1000 resctors. ' '

(4) Extensive Soviet literature appesres 1o 1979 (Dubrovsky) that described
| emergency core cooling systems, bubbler pond design and testing, and the
capability of the RBMK-1000 design to handle a 900-mm (36-1n.) pipe break.
However, the literature did nct differentiate between first- and second-
generstion RBMK-1000 systems, and could be Bisinterp.oeted an implying. that
8!1 KRMK By:teas vere designed o localize large pipe breaks: .
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he lead plant for the nevw
he reactor was Swolensk: )
ppeared in 1979 (Dubrovsiﬁ
ntil 1983. In fact, '
LS was- Chernobyl Unit 3.
molensk Unit 1,

[ the $00-mm pipe break event.

svtechnical means to-p

s of the ALS featuring Smolensk

the firnt

The des1gn of the safety syste-
serious emergency aituationl
pipewvork of the ptxlary

" the service areas anc pa

The fracture of a-laige ,'1kely., Experi.ents on
full-scale models have:g st at-s pressure of 8.5-9.0 MPa the
fracture of s pipe with -,dialetet of sbout 800 mm is possible if the
depth of fatigue cracks is- lpproxilately 0.75 of the wsll thickness
and the crack length exceeds 470 mm. Operstional monitoring of the
state of the metal ensures the exclusion of the sudden fracture of
~ pipework since the critical. defzct size is large and is reliably

" revealed during planned shutdowns of the unit. During inspections,
the metal is examined and inspected using special methods (ultrasomic
defecroscopy, acoustic en;ssxon) .Despite this, the nuclear powver -
station design provides measures to ‘ebsure its safety in the event
of tke 1nstantaneous transverne rupture of the largest p1pe

The leak rate is 1nitially sbout 6 -w3/sec in the event of the com-
plete instantaneous rupture of 8:300-ma-disseter pipe, and 40 m®/sec
wvith the same fracture of '900--d£a-eter yipe As a result of the
snalysis of emergency.
chosen for the :actustioa ) X - :
. an increasge in pressureis ) rtleatl contlining circu1t pipevork
and a reduction in level:im A'.leporltor down to a value exceeding
the departure from the ao-illl ialuc for ttcnsient conditions.

The most dangerous pipework fracture is in tke discharge line of the
main covlan: circulastion pump, since this instantly cuts off the
coolant delivery to the channels in the half of the reactor in which
the emergency has occurred. :It is this hypothetical accident which
determines the characteristics of the reactor emergency cooling sys-
tem, including its rapid sction end meximus output (sbout 1.1 83/sec).

Water fros the emergeacy coolin. oylten enterl each group dietribu-
tion header. Noa-return valves sre provided in the pressure hesder
st the inlet to the group distribution header to prevent the useless
discharge of water through the fracture. The reactor emergency cocl-
iny syslem conzists of two subsystems: (1) the basic subsystem with
water tank unit; (2) decay heat removal subsystems with special prumps
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i -snd vatet ng. water 18 fed £

. gency cooling system: header of es : ' “and from
" there through pipe to ea "”:{d1str1but1on beader. High-speed
. valves on the water ly. 1 t ”fe headers open on receipt of R

the signal that the
_lThe ptocedute for 8

ant c1rcu1t rupture

In the 1nitia1 perxodlof an energency'w;th.a_full p1pe break 1n ‘one '
: pressure headet‘th - 3

: atup of‘fuel p1n clnd- '
_tion_of coolant flow from the emer- .
: _bave heated up to 650-700°C.
: g cladding is slowed down and . .
is then co-pletely [ 12 : - transfer of hest to the steam-water - .
mixture and steam undet non-equilibtiu- conditions

. Maximum cladding terpernture 1- very sensitive to the 1nterruption time of -
‘cooling water. A Soviet calculation: (Kabanov, 1983) of peak cladding tempera-
ture with s S-second interruption was over 1100°C.  With only a 3-second
interruption, pesk temperatures can e 200°C lower. (The Soviet criteria for

* fuel performance- following an eccident are given in the safety regulations ) '
(GSR 1983) as: i s S -

zepeated aupply of coolont.
e thea_useé to calculate the ther-al
t was shown that even in such s hypo-

Hpenetrotion of watet into ‘the fuel

T results” of these :

conditions of the !ael ptaa
- thetical situation thoto 888
””pin:

All equipment and ptpevort of :he recirculation loop of the rzactor
is located in closely sesled cuspartments preventing the discharge
of a steam-gas mixture from the auclesr powver station into the atmos-
phere in the event of pipevork ruptures, since the stess-gas sixture
is removed via special tunnels into & localizstion unit where the
steas is condensed. The compartments are designed to withstand sp
overpressure of 0.4 MPa, whick is not exceeded even with s full
instantaneous rupture of the largest pipevork.

. e

3.2.5.] Other Dc;l;n-Bnni. Accidontn

Boviet literature discusses other deni.u considerations and less severe events
including transients, various equip-ent failures, and husan errors. A fev large
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epipe bteaks in Jocat =%
‘discussed briefly and not.
. distribution headers;

in detail in the av:
tube 1n1et line. This

-adjacent’ conf1nenent area}

No other des1gn-bas1s or be
Soviet literature that has been reviewed For exa-ple, conttol rod lalfunc—
tions are discussed, but reactivity insertion accidents are not def1ned or
analyzed. :

“fles of 1-portant p1pe
. accidents The de-
iping confinement areas
v outlet piping are not part
in steamlines and main feedlines
do not appear to be equi lation valves or main feed
isolation valves st the: st pos boundary. These factors seem to
indicate that the Soviets do not consider ®ain steamline and main feedline
:breaks in their design basis. -The anslysis of these accidents is ilportcnt for
a8 complete understanding of: RIHK-IOOO safety for the followirg ressons:

‘Main steamline breaks and main‘'fee:

;breaks that do not appeat
-gcription in Chapter 2 of the
‘shows that the steam Beép

of the confinement/bubbler

. They teptesent credible pipe ‘breaks of . large size.

. They would discharge steam outside a confinement area and outside the
bubbler pond designed to condense steam. from pipe breaks. They would be
unisolable Lresks allowing :ed;onctive ‘steam to reach spaces that could
vcontaxn vital equxp-ent ‘ -

. They would cause s rapid ltea- de-and and steam ptes:ute decrease that
would in turn create rapid and levere voiding in pressure tubes. HNot only
would this create CHF cc issembly heat transfer, but it
could initiate & ' : juse of the politive woid
coefficient. T ﬁvﬂai

' Since euergency lhutdovn aetpoil sre. e'tablilhed on the ba:is of recir-
- - culation pipe breaks instesd -of féedline or ‘steamline pipe breaks, it
-is not clesr which setpoint will initiste s shutdown or power reduction,
or hov long it will take. Since the void coefficient power excursion
would proLably react such more rapidly than protective action, the tram-
sient could permit an ezcellive ‘amount of reactivity insertion before
- power could be reduced.

" Finslly, msin stesmline asnd main feedline bresks in the stess separator
- room would not initiste emergeacy core cooling syste-c, since initiation
‘criteria would not be met.
Note that Section 3. 3 this chapter, dilcuelel these aceident sequences in
reater detail.) '
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3.2.6 RBMK~-1000. ¢

Sov1et 11teratute
and operation of
in 1973 at Len1ngr

A ) nafety reasons. For example, sone
changes were made to s1np11fy constructxon or improve the economics of RBHK 1000
‘operation and maintenance. | Some of these changes were made ‘o upgrade the :
sefety of the RBMK desxgn ? %reviev of these safety-related changes provides
additional insight imto RBMK- 1000 safety problems, Soviet analysis techniques,
and the degree to which these problems hay been cortected (More recent Soviet. .
®* literature before the Chernoby “sta ed that 011 the RBHK 1000 .

_problems have been

’f§{2;6;1*‘§éactot-68

fThA followxng discus i
Soviets before the. d 1.
' impact on safety ? gt of ;he-infot-nt1on co-es fro- 1983 and l98k Soviet

‘chAtactetxstic of RBHK type teactora, uhzch is. provxded for by conti-.
.nuous fuel recharging at the operating facility. Fuel recharging at
capacity is constantly acco-plxshed at all RBEMK-1000 nuclear power
plants with the help of an unloading loading machine. The U-235 con-
centration-decreases from 18-20 to ~3.7 kg/ton of ursnium, and the '
amount of fissionable plutonium reaches ~2.8 kg/ton of ursnium. With
such a change in the isotopic. composition of the fuel, the meutron-
physical characteristics of the cell are. signxfxcantly altered. 1If
in the steady-state. tegi-c;of fuel recharging only the local charac-
teristics (e.g., the channels are altered but the ,_
- chazacteristic: le.remain practicelly com- - .
stant, then ts physical :characteri- ' -
stics, in part y coefficients (steam, thermal of
- ‘the" ;rnphite,zthe” rol . \g up) occur during the initial
.period of operatiom: of ?!"Ctﬁ osded with fresh fuel and addi-
tionsl absorbere. Tae values of t.ese coefficients depend mot only
on the isotopic composition of the fnel bdbut al-o on the presence of
~ absorbers in the active zome. . , ,

Experience with the opetation of the RBMX-1000 has confirmed the
theoretical conclusions that as the fuel is depleted and the sbsorbers
sre withdrawn, the reactivity coefficients increase snd the stability
of the energy distribution decresses. A radisl-szisuthal energy dis-
tribution, for which the form of the monsteady deformstions is deter-
mined by seversl of the lowest barmonics, turned out to be the least
stable. HMeasures related to stabilization of the energy distributien
have been carricd out in two directions: ;

W
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~'im-core detectors.

'Jtion by V1rtue of the

t;on of the teactor° and

: Va purposef 1 changelxn the conposxt1on of the nuclear fuel

(1) Increased Automat1on

8 ufEdf~ﬁfov_eﬁr‘areeé First,

emproved automation ln ”control can

A qualitatively n ;'Qsteivof“;ical autonat1c regulation of the
energy distributi R) and local emergency protection (LEP) which
operates from intrazonal detectors bas been created and introduced
',into\upera*tionalvprqctice. he LAR system fulfills the function
- .. of automatic stab1llzatinn of - the “rmonlcs of the radial-
;;;azlmuthal ener ‘ 'f1ed .capacity of
. the reactor, ‘,ele-ents operat- -
- 'ing ‘in the ipdiv : ‘ te the. capacity. in '
‘individual reglons of ~ The LEP system accomplishes
emergency power : £ local bursts of power, which
can arise due to wits or for other reasons. A
structural pecul FP consists of the use, for
regulation of the capacity end,protection of the reactor, of groups
of (from 7 to 12) slave mechanisms with a regulating rod uniformly
positioged in the active zone and surrounded by two LEP detectors
- and four LAR -detectors. The average correction signal of the LAR e
" _detectors is used.to control ‘the rods. Triaxial chambers -located in - -
the central hermetic sleeves of the HGA serve as the detectors of the

LAR-LEP system

The Soviets claim "the LAR-LEP eyste- hae exhibited h1gh re11ab111ty end effec-
tiveness, based on operatxng experxence. ,

Second, nuclear lon1toring of the radxel youet distribution, which works on the
- power level of 130 fuel- leelbliel%unifornly distributed over the core, using

: ystem measures the neutron density
12 fuel assemblies. The: detecto: g
;couplex. B

at seven points .alon;
i#eignale are paleedv‘

" Third, s data-proceanin; prograncvhich calcnleten ‘the .pover of all fuel assem-.
blies from the detector signals and from calculated reactor physics dats, the
safety margins to maximum allowable power for the particular flow through each
channel, the maximum persmissible levels of the detector s;gnals, the void frac-
tion, the power geoerstion of eech channel, etc.

Fourth, s co-puter st a center: out:ide the reactor installation, vhich periodi-
cally carries oul muclear: end optiaixation calculations. ‘

(2) Increased Fuel Eanrichment

Computationsl investigations have shown that when the init:a) Furiche
ment of the fuel in U-235 is increased, not only do the dynem:e pro
prriies of the reactor improve, but its economic indices alsc 2o

crease due 1o an increase in the depletion depth and a decroa
the specific consumption of nuclear fuel. An important depenos
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. reactor. The most i
- cient is-an. imer
- and the noderatox:

(4)

>of the variat
»5of the defo:
: »reactiv1ty

of . the RBMK- 1000 fuel to 2
':The Sov1ets be11ev:

The 8-year operatii'
‘regulation of ithe-
‘physical control of the: ‘énergy distribution (SPCED) with respect to

control (SCC) - has facilitated the reliable control and regulation =
‘of ‘the- energy-distribution" 1n~a11~operating -odes of the reactor.

~ and incorporating seasures. directed a8t 8 further increase in the

}.;heir operutional teieivc, ‘and the

of the posxtxve-st
ity of the ener

coefficient due

to be approxina ely
delayed neutrons:
basis for the adoption of the solu ion of 1ncreasxng the enr1chment

Results : 

”“””Uhichjprovxde for the control and

\ stribution®in RBMK-1000 has confirmed the
correctness of the engineering solutions which have been taken as the
basis for their develop-ent., ‘The combined and consistent function-
ing of the three systems - :the sionitoring and protection system
[MPS], which operates off lateral ionization chambers; the system for

radius and height of the active zone, which uses B-emission peutron’
detectors of the cable type; and the Skala system for centralized

The accumulated experience of the assimilation and subsequent opera-
tion of the monitoring and control -8ystems has- perlxtted developing -

reliability of their operat;on._ A-ong these measures one can count
the conversion .of -the 1o ic. 19 of thz HPS to more reliable inte-

,h,by,:everal ti-e:-in ‘the T e
mt, ‘the replacement of the cable - - - . ..
MPS by a belt link to increase :
-datroduction of moncontact
thyristor ciccuits for strong control -of the MPS servomechanisms.
The service term of the detectors for control of the energy distri-
bution with respect to the radius of the active zone exceeds the
operating time of the HGA in which they sre mounted. In order to
increase the relisbility of operstion of the detectors, soldered
connections have been zoplaccd ‘by welded ones. The detector sssem-
blies for control of the erergy distribution with respect to the
height of the active zonc preserve their effectiveness for &4 years.

Tentinsﬁand Anuiylil

A great deal offl:tention has been devoted to the perfection of ther-
mal automation and esmergency protection systems in the interests of
incressing the reliability and safety of the operation of RBMK-1000
nuclear power plants. The equations of kinetics, hydrodynamics, and
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Qeat transfer, pefit1on of the equipnent end

: plant are: use
© the 1nvestigatiA”.
. . Soviet references-
- channel- by-channel

;”edhihatvthe nodel
1 So-e emer-

_satlsfactor11y d
gency conditions a
circulation of" the_h,
In order to justify t
.under conditions of

- have' been perfor-ed nnde B

. Leningrad units’snd‘t

, p_;31t1onal reglnes

ady-state and tran- _ 

.3ﬂ2 6 2 - Problens .‘;'ﬁe iicuiitign fiie'ﬁ}eais"

.As previously discusse p ;rupture of the b
~largest recirculation an r)-is considered the maximum credible
sccident for the RBMK-1000 reactor -:The. second generation of RBMK-1000 plants
bas been designed to handle this event “The Soviets state they bave done much
testing and- analysis to vet1fy that - their improved emergency coollng 1nject10n

and bubbler pond pressure- euppteesion vill perform as intended.

-Improvements in the ECCS desxgn ‘have been made since the initial des1gn These
iaprovements are su-atlzed belov N
€}) The capac;ty of the- BCCS inJection end pressure suppression systens was
studied.  Apparently, the limited steam condensing capacity of the bubbler
: ponds led to the addition of .a- onrfoce condenser using s freon-type cool~
.ing system, directly under" ‘the’ core. This surfac: condenser and adde’
pool spray systems eug-ented'the:thet-nl capacity of the water in the
pools. The abilit ol :the bubbler pool water with a systes of heot
. . exchangers. appes >bleé 1.desi
»,.olthou.h pool '

(2) 'The reaponae o! the» ex pond-, 1luloted pipe bteok evento in vorioua
... - locations was modeled im s test’ ‘facility and reported in 1984 (Turetokiy)
The response to recirculation ‘pipe breaks was considered adequate. Test
results were also presented in the Soviet report on the Chernobyl ‘sccident
(USSR, 1986). , , .

b‘ea 1ncreooeo T

(3) Soviet documents 1ndicate tlot the ebillty to discharge steam from the
main steam safety valves to the externsl bubbler vessels and sub-reactor
bubbler ponds was nart of the original design for first- and second-
generation RBMK reactors, respect.ively.v ‘Bowever, recent reports indicate
improvements have been made in the zusber and modes of operation of these

- safety valves. Such improvements asy have creoted the need for 1ncreaned_
~ bubbler pond ther-ol capacity.

' Alao. a 1984 Soviet report (Seolin) discussed a test that va-,éooduoted to
simulate a stuck-open safety valve following a simulated loss of ac power.
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2

'Th1s conplexi”
witer. flow,
o demonstrated
- lead to boil
;dtops below

 a-series of ‘calcu
- operating phxlosophyfe-phasizes maintaining vower: operat1on thtoughout
;»these trans1ents : ‘ .

"iPower excuts;o
. "condition were

ption of core c_wl;ng when pressure
‘iliary feedwatet must be in1t1ated or’ naxn

into one-half of

right-half power
by the positive void

’oeffiEient :It‘is 1nportant to recogn1ze that Sovxet

Xc
coefficients typ1ca_
state overload ]
control rod re:ponseu
presented below: :

There is finite probabilityrof falle response of the emergency
cooling system: (SAOR) with:malfunctions in sutomatic devices or
-~ with erroneous actions of the operator. Here the most probable.
..case-is the feeding of water froms the SAOR into one-half of the
reactor. False response ox the SAOR results in a sudden change
in bo;lxng conditions in the reactor, which via the reactivity
' steam-efféct can-cause:s:sudden disturbance of meutron power.
"The nature and: amount .of the reactivity disturbance are deter- .
- mined by the sign.and _‘gnitnde of the steam reactivity
coefficient, q...ﬂf s

_ The action. ‘f the

' tection systems (SUZs) plays an -
of”tkis,oituatiou Reactors of |
-automstic :power regulation
ignals from lateral ionization =~
of the AR is simed at maintain-

o -signal: -of fonr -gymmetrically placed chasbers
equal to a specific.value and is implemented by the synchronous

moving of a set of four rods. When the rods of the working AR

reach end cutoff 'vitchea, the .automstic changeover to the

_ : ,-;Pisbalance interlocking of the ARs is

provided for the case of -feilure in the AR (spontaneous with-

draval of the set of four fods of the AR because of a failure in

tae synchrorization systea; false appearance- ‘of negstive dis-

bslance because of a bresk in the chamber’'s circuit). For the

purpose of suppressing power flash-ups caused by sudden changes

in resctivity with the compensation of which the AR cannot cope,

the RBMK is furnished with an emergency power protection (AZM)

system. Upon s signal from the AZM, sll rods present in the

reactor (exc2pt the shortened .blorbcr rods) are entered into

the resctor.. The operation of the AZM ceases when s signal
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,?g,arr1ves,.
,‘exceeded

control the
. form of radial
vtem has_be[

' LAR channel ‘
(LAZ) systen
LARs in addltxon _

_ False turnlns
~.:0f flow and

vessels (for 63to3;
-system begins
‘in 32 aeconds:itr

Cases of the- feedins of vater fto- the SAOR into one-half of the -
reactor were . considered S : .

. ‘Maintenance of pouer is eceo-plxehed exther by the AR syste- or
-~ -the LARLAZ system, and the e-ergency pover. protect1on syste-
~ takes part in auppressxng power flash-ups ' o

;Because of a delay dn-the- cirrulation loop for the first 30 to

35 sec, the enthalpy 4in the inlet does mot depend on the behavior -

. of the pressure and the: operation of the regulator for the wvater
level in sepatato dru-n‘ L _

With a negati .
. turning on: oi
”r;tive teectivit'

Tis 8 pouer di’w. at :

. .compensate the reactivity: ietnrhance ‘and to -axntain the power
‘at a specific.level !ollovin; ‘the -flash-up, the drop in the
rate of flov from the SAOR requires from the power regulation
systeam a8 sharp‘xeeponse in the opposite ditection.

Thus, with a, <.0 the leading edge of the SAOR dincharge pulse
is potentiel’y dangerous, ‘and with a, < 0 ‘the discharge drop
folloving the first flasi-up lesds td a power surge. It was
established in the process of calculations that potentiaslly
dangerous situations arise in the triggering of the SACR. This
situation is caused by the response of the AR system, and
negative reactivity disturbances vhich are aeynnetric wvith -
respect to the halves of the reac’ .r.

The Soviet ~nalysis was conducted lor the following conditions:
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_‘(‘)

~ -(2) LAR-1AZ eysten only,

(1) AR system only. vithout tmkina :lnto eccount t.he operation of the Azu end
disbelance utetlockinc o _ s

“without teking into account the apeution of the AZH
. and disbelance intetlocking ) .

(3) AR systea with the euieunce gg, ,ngAZH (lcm eysteu), but vithout
- - -disbahnce mtezlockinge" :

. g
ed e . = et -

,('lo‘) 'LAR-LAZ eysteu vit.h the ulieunce of the AZH (scru eyste-), but vit.hont
disbalance interlocking

In the first two conditions, povet flash-ups were as high as 140-150% power from
an initial 100 power condition.

Other tests were run vhich tncluded disbalance interlockiry. ‘I'hie interlocking
caused a full reactor shutdown:fn 30-40 seconds because of the power inbalaace.

The interlock prevents AR snd LAR-IAZ rods from being pulled out to compensate
for the partial insertion of scres rods.

The study concluded that the transients were acceptable. The option of main-
taining power (primarily with the LAR-LAZ systes) was judged the best option
for -maintaining full-power operation during inadvertent ECCS initiations.

3 2”6 3v Materisls Problems

-

Early problems were reported with the transition weld between zirconium pres-

- gure tubes and the stainless steel inlet and outlet piping. Welding technology
., was improved, end those transition welds are now designed to withstend limited

temperature transients. (up to 15°C per bhour).

The relisbility of fuel.-nee-bly mtmuon has been increased. Based on the
results of the startup sdinstment o

opersting experiencs, S0me .

a the coostruction of the individual reactor

subassemblies and the. mipient~cf tbe circulation loop have been introduced.

r!

A 1981 Soviet report. (Bldomko, 1981) dilcuued l.lptove-enu in quality con-
trol:

At the precent time engineering ste'dards requirements are being
worked out for sll pieces of squipment which are importast for
safety. A component of this prodlem is the development of scienti-
ficclly substantisted intervale between {nspections for each class of
equipment. Another problem {s that of deveioping methods of conti-
nuous or Quasi-continuous aonitoring ¢f equipwent (acoustic and
peutron noise, stress waves, etc.). The developwent and introduction
of such methods to the full extent will make it possible to go over
to a qualitatively nev level of monitoring during operstion and may

possibly lead to a review of equipment failure taken into sccount in
atomic powver plant projects today.

3-2%
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In the second tvo-conditions, the scram systes o
helped suppress the. fluh-upu s but ogly operated ‘until power was restored. below
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. A 1984 Soviet repos
~ ..diameter from- 2.
~“tional operating.a

R Also, theaﬁipeliﬂei.pf'”

- .of the levels lengthwise

| 3.2.6.4 Stean Sep

carry
circu

separator diameter. pe
. provided additionsal sy

the s

optimal shimming of the 8

intro

- well

3.2.7
The f

‘these goals. The elaboration of additional safety Tequirements

elements of the quantitative-probabilistic spproach, however,. do
" exist kere end theygjge,laidgput~in~&henlgandatds-technical
documents. o ’ X :

steam separator

): THis chénge pr d- ad

hat could result in moisture--
hat could allow cavitation of re-
1 Increasing the steam
» rapsientconditions and "
arious. transients and-accidents. .. .. .

over to the tur
lation pumps ©

D

";fcgtions.wete being redesigned,
T TOOME were being rearranged, and

f the sep

team pipes in the s

eam-discharge fittings of the separators had been .
p of the steam loads. and elimination of misalignments
,  we tors... . o _ ignments.

duced for equaiizatio

‘ the regulation system-as

as hardware was

" Soviet Use o Qﬁiﬁiduéb S - ; » »: _

cllowing information rtakeh;ffdi~i 1983 Soviet reﬁort (Sidorenko):
In the early yéé;odVS? Ehi;ﬁéﬁelopiehfuof.the Soviet atoiic pOVgi
industry, the formulation of safety requirements was characterized

by purely intuitive and engineering approaches. At the present time
the quantitative-prdbabililtic.lpprolch-is increasingly becoming tke
basis. The studies being developed and expanded in the Soviat Union
onqquantit;tivgfprghgbilipticﬁagjlyii.‘arQndirected‘prinarily toward
for atomic heating plg@tqahap-beén?bjsédfin'great measure on the
quqntitativefprqbgbiligg#cquprggqh;=7,' : _ : :

For reliable application.of quantitative-probabilistic snalysis of
safety in the ary:to have the pertinent .
sl. aed in sufficient-sumber for
tfcal data about ths relia-
the stomic industry are limited
responsible for the determinis-
on/operation stage. Certain

e R = - A [ N = 4
tic approach in the design/constructi

As s rule, the parameters of the astural paenomens taken into account
in the design are chosen on the basis of a quantitative-probabilistic
anulysis. For exsmple, the design for the construction of an atomic
pover plant makes provision ‘for -an earthquake with an average
recurren:e period of up to 100 years, and the maximunm design earth-
quake is assumed to bhave parameters which, according to the calcu-
lations, have a probability of 10-4 yr-}. The choice of the design
values for the wipd, snow, and otber loads when taking the meteor-
ology iato account is also based on statistical data. (Some reports
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_ listic a 08 uring desxgnlng ‘of power'plant equxpnent and
systems. _Thus, the "General Regulatxons" envxsage a quant1tat1ve
m‘analys1s‘of the reliability of

Spec1al procedures have
In add1tion to the postulated o
‘_1c pouer plant des1gn may not take account of fail-
~ures of systens (elenents) whose re11ab'1' 1s fa1r1y high accordlng'

This ‘section presenta an independent uafety review of various transients on the
RBMK-1000 reactor: plant. ~Jt reviews a broad range of credible accident ini-
‘tiators, utilizing a: consistent forma¥. The organization of the transients and
‘accident imitiators Pons;dered in this section is patterned generally after

: Uestern approaches. .

Conputer -odels of.. the RBME-1000 have been developed. Quantitative ans;ysxs has

. been performed for the ‘sequences of grestest relevance to the accident. Through

«he use of anslytic modeling techniques, valuable insight was developed concern-

ing the specific behsvior of RBMK-1000 reactors during a Chernobyl-type accident

sequence, .and about the. charucteristics of RBMK-type reactors. One set of anal-
yses was .performed.using. -computer codes and models that have been developed under
'DOE and NRC_research progr. for aa.lyaiu of LH!: .and fast ‘reactors. .Safety

. .analysis:packages th- ) X [ic .and’ -tructural

o s g 1 ratory, Brookhaver Na-
‘tional Laborat ok dge letionll Laboratory, and Pacific Northwest Labcra— ;
. tory. The-e analy-eo BUCCH d:in modeling the bchavior of the accident. The
results are reported oepcrutely ‘4n -DOE-NE-0076, ‘Report of the U.§: [m- o - -

"~ of Energy's Teésm Anslyses of the Chernobyl-4 AES Accidrs “iusrnvys

~set of Chernobyl onalylel ic in. _progress at EPLi.

Most of the ufomtion muued in this section comes ¢ ST
.ports or can be inferred from hlfomtum pro sided by the
“an RBMK transient that imvolves an fncy cse un ceré v Alng
power incresse by virtue of the pouitzvr vl
avoided when the outcome of a ’lrticular-!‘a
principles, or the conclusion is speculs’
presented because models, design detail:
insufficient to permit quantitativc an - S
criteria also are qualitstive: S8equrn: : _ tooag
icant fuel damage, and sequences with t! :
cause significant damage to the partic!
systems are considered unacceptable.
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Most sequences are cons1dered from an 1n1t1a1 normal full-power (100%) condi- .

tion.

In addition, any sequence for which the outcome might be significantly:

. different or potentially more severe in a. .low-power cond1t1on is considered at
both full pover (100%) and low power (typlcally 10-20%).. The. degtee of average
~ fuel burnup or "core life" assumed for most of these analyses is equivalent to
that for Chernobyl Unit 4 at the time of the acc1dent (about two effective full-

(2)

(3)'

(5)

(6,

(7)

:;s, or. about 10 GwD/t urnup)

Trensient and aCC1dent sequentes are categorlzed by‘the1r 1n1t1at1ng cuuse v1a
the. process variable whose change may have a deleterious effect on the nuclear .. .
" fuel.
»',seven categorles

) .

Each postulated initiating incident is aSS1gned to one of the following.

Trans1ents 1nvolv1n§ 1ncreases>1 R
coollng events. includes, '

claddlng from overheat

Transients involviggﬁdecreasés in heat removal. This cat:gory of under-
cooling events is primarily composed of loss-of-b-~t-sink events. These
events lead to increased temperatures and pressures, and typically reduce
channel voids, thus adding negative reactivity. However, these events
present a threat to fuel 1nteg ity 1f heet tenoval cannot be restored

Transients 1nvolv1n§ increases in reactor f;ow rate. This category in-
cludes transients involving increases ir recirculation flow rate, including
credibie reactor inlet temperatire changes (and resulting reactivity

- changes) as a result of the increased recirculation flow. These events

typically involve an 1n1~1al 1-provement in pouer-to-flow ratio, and thus' o

. less voxdxng

(&)

Trans1ents 1nvol"1 ng dacreases in- reactor flow rate. Th1s category in-
cludes transients invclving decreases in recirculation flow rate, ptxnar11y

due to losses of maip circulating pumps (MCPs). These events typically in-.

volve an initial degradation in power-to-flow ratio and thus fuel element
heatup and 1ncreased voiding. : :

Transients involving reactivity aud power distribution anomalies. This
category of events includes a variety cf control rod withdrawal events,
control failures, reactivity imbalances, etc. This category is pri-atily
a result of errors in the positioning of control rods or fuel, and
includer errors ir on-line refueling.

Transients involving increases in couvlant inveatory. This category in-
cludes cvents that might incrzase total coolant ipventsry to the poiat
that ¥ croive steam separator water levels occurred, which cculd thresten

the turb:ic generators with turbine blade damage fron water entrainment in
the steam sysiem.  Since the RBMK is a boiling water reactor, these events
will generally not result in increased lylten pressure.

Transientx 1nvo.v1u£_derreases in RCS inventory. This category includes
all events that decrease coolant inventory (i.e., loss of steam sreparator

"level), other than excersrive steam demand :vents. This category primarily
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cons1sts of 4
latge breaks.

’(1-)

*These transients are -aot -discussed in the Soviet literature and are jﬁdged to
be beyond the design capabilities of the plant or beyond the deui;n capabil-
ities of the plant or beyond thbe ahility of operators to control.

**These ttan-ient- appear to preseot a_dt!ficnlt challenge to the plant. Prbmpt
operator action (withian a few miputes) is mecessary.
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S Cont1nuona r

© power)¥
< - Miscellaneo
. Refueling érror
, -enr1chment)**
+ - .Rod drop out bottom of reactor (short absorber rods only)* or. %k

. Loss of inventory in control. -od cooling system

Pressure tube rnptureavinaxde reactor vault (graph1te reg1on)* or &
3.3.1 Other REMK-1000 Safety Rev:.e\n |

This part1cular approach to lafety reviev ia not the only acceptable approach
Other organizations in the United Sta*es and overseas have used different for-
mats for RBMK-1000 safety review. -The U.S. Department of Energy's team analysis
of the accident - sequence:.pro ided. that team with the opportunity to develop an
vnderstanding of RBMK safety characteristics. The U.S. nuclear 1ndustry has
- developed a position paperon the: :Chernobyl ;accident that summarizes some of
the more i-portant-deaighecharactetis ics. of :the RBMK reactor. -The IAEA and
NEA also have conductedf ’fety“revieua of the ‘accident and reported their
results. :

3.3.2- lecnrriu

A number of reactor core
of RBMK-1000 aofetyvanal
yses. These elements are
vidual transient analyaia aectiona

3

3.3.2.1 Graphite

In the RBMK-1000 deatgn,_the phite loderator heat is reaoved by conduction
heat tranafer to the. !uel -channels during normal operation. The heat genersted

*These transients are not discussed in the Soviet literatnre snd are judged to
be beyond the design capabilities of the plant or beyond the design capabil-
ities of the plant or Beyond the ability of operators to control.

*+These tranaienta appear to present a difficult cha]lenge to the plant. Prompt
operator action (within a few minutes) is pecessary. : =
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L;f;e.perntute UhiChii.!
~ sormal operatioa; thii

&

in the reactor vnulr'

v'during porma’ opetn

sequences of fh-able gas p ﬁ;v ti
raphite reactions. : '

."l'he dmensxonal lubility of t.he gtnphit.e in the presence of high neutron
. desi 4 ;:

tEri.t:.nh rev:.eju of_ the RBHK reac;or

Lwet qulity grnphite
BT ¢ L . The: di.nensional
! Vthe ability to transfer the heat
: nnel coolent ‘st not be degreded by

resistances. These u.hnt tqe stures cnn cent.ribnt.e to ;mt.et rates of

" hydrogen and carbon momoxide- ’rodnct on.,:'fnlhving an accident which sdmits

steam to the ;nph:lt.e tn the TE8CtOr. nnlt.

-

The close-packed deeip ' the _'raphiu ptle ‘and t.he pmeure-teuining ebility

of the reactor vault create problems in-the event of one or more pressure tube

ruptures. The reactor vsult ‘has very little free volume, a small-capacity gas
trestment systes and limited relief capscity. Therefore, in accidents vhich
relesse large volumes of gas or stesm imto the graphite re;ion under pressure,
there is s potential for graphite blocks to be damaged, for the graphite pile
to be "blown spart,” and lct the preunte bouadary to fail.
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. slight coolxng effect on the pressure tnbe inner surface.

'*In the: RBHK 1000
f/zlrconlum_nxobl
‘water at high temp p
and metal oxides: i exponent1a1 ,unct1on of telpera-
.. ture, and beg1ns ; °C. . ‘Following a loss-of-core-cooling
- event it is anticipa at zirc water reactions would originate in the
ding becau the heatup of the cladding by the ‘decay™
sater reactions in the fuel channel

| heat from the fue
pressure boundary CC

o : "from the fuel rods (5 mm away), or by hav-
ing fuel rods slu-p gaxnst.the,pressure tube. The zircolloy-water reaction .

would be limited by the availability of both water and zirconium. The water
,1nventory_1n the core can be oepleted before all the z1rcon1un reacts. Th1p=w"

t ;rea are constructed of 97. S!
- of.a loss-of-core cooling event, the
in to increase immediately from the steam-
wvater saturation tesperatu: --approximately 285°C to the graphite operating

. temperature of 600-6502 Additionally, radiation heat from the nearby fuel

. rods as they also begin: - heatup: transient would raise the temperature of the.
zirconium pressure tubes to ‘even hxgher temperatires. The passage of super-
‘heated steam through the pressure tube during this time period vould have a

The pressure. tube
zirconium and 2.5%:
pressure tube te-peratnre‘

obove 750‘0 *In the event of a

-are sufficientl;
“relult

Thus loss of eoolin. several -fuel- ohanne;s could resnlt in a severe accident
condition if core cooling is mot -re-established within a very short time period.
As mentioned in Section 3.2.6.3,:various Soviet reports have discussed the dif-
ficulty in cresting a strong transition weld between stainless steel and zirc-
alloy. A transition diffusion weld-is used .at the top and bottom of the fueled
portion of each pressure tube inside the reactor vault. The weld is designed

to handle temperature changes up to 15°C per hour. Many metsllurgical experts
consider this weld to be the weakest point in the RBMK primary system. The
Soviets discucsed problems with this weld in the 1970s, but later reported the
problem solved.
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. ‘feedvater would occur;:

f.3*3a3*-Transieh£sf; eat Removal

1es, among other thxngs

iThxs category of e ,
ses increased vo1d1ng'ini

' flow transients. I
&nd thus increases
cause of overheatrng

“3:3. 3% 1 dadn Stean11

1y Soviet literature. The rupture of a main
-would: be an unisolable loss-of-coolant acci-

dent that bypasses the supptessiongpool The rapid steam demand would result

in vo141ng in one-half of the core. This voiding would cause a power surge end

114t eno ALS pressurxzation aignal to actuate the
; "llunltaneous loss of steam separator level ~
‘ ) CC injection valves). The failure
to inject colder BCC veter at'thil pbint woulé allow the channel voiding to con- .
tinue and the neutron: power: to continue to rise from positive void reactivity.
Without protective action, ‘this: nncontrolled reactivity excursion would continue
- until very high fuel temperatures added sufficient negative reactivity from the
fuel reactivity coefficient to stop the power rise. Extensive CHF violatioms
would be likely. It is possible that manusl or automatic start of emergency
but this:provides 10} of full feed flow, not enough to
control the power excursionor handle- the 1nvcntory -akeup de-anda of a nain :
eteauline break. » , ‘

am] inevbteak in e1ther stean leparator room
bi ”gical shield, end belov the ehield

" The steam relessed fro.
~ ~would £ill the sps
g 3blocks coverin;

- 3
lhield blocks conldﬂ,

: Bince emergency lhutdovn eetpoilte are eeteblished on the basis of recircula-
tion pipe breaks instead of stesmlinme pipe breaks, it is not clear which set-
point will ipitiste -a: .resctor:shutdown or power reduction, or how long it will
‘take. Since the loss of .coolant is in the form of steas instead of water, the
rate of wvater level drop in the affected stess separator(s) would be slower
than in the case of s recirculation pipe bresk. Without detailed information
on scras setpoints, it is Yfficult to predict the mesur ot scram. It appears
that if the event starts .rom high power, the scraa would occur on high pertron
flux. However, if the event started at low power, the low stesa separator water
level setpoint might be reached before the high neutron flux setpoint.

A sain steanline break from low power eppeern to be vorse‘tbnn an equivalent
accident at high power (or'four reasons. First, the magnitude of the positive
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void coeff1c1ent s
reactivity excurs
period of time be
“positive react1vit
- off selected MCPs andtthrottli :

. steaw quality. The RBHK design does not appear to be equipped with the cspa-
bility to increase recxrcnlation flov quickly in responae to rapid ltean denand a
or power increases. lin ver ;
- to-flow mismatch’ that wo ldfpe ve fuel overheatlng beforev‘

protective action. At high power, an auto-at*c scram would be initiated before
severe powerto-flow mismatch would occur. Fourth, nuclear instrumentation has
limitations in accuracy and response time st low power, again permitting thc
‘event to progress rapidly before 1nltrunentation detects 8 proble-._

: _Aﬁrev1ew of the Soviet literature indicates that the RBHK 1000 plant
= 'S . 1

the blowdown of all four stea- ueparntotn.
break locations (e.g.;:ir thc tutbin;”yal

blowdown of only the stea- lep.ratorl on nne side of the reactor, vzth 20 auto-
metic protective action, would lead té re power excursions and left-half/
right-half power oscillations. -~The ‘available Soviet reports provide very -

limited information on the RBMK main: -tea- :yste- design, valve place-ent, and
nor-al lineups.

vInd1rat10ns available in the control room include a Joss of steam separator _
level, an initial decrease in steam. pressure aud outlet feeder tube temperature, . ...
and ap increase in steam quality ‘and peutron flux. Immediate actions would be

. required by the operator, who must lnnnally scram the reactor if sn sutomatic

scram does mot occur, and initiste EFV and BCC injection. This accident could

- result in a rapid power excuroion 'lpid fuel hcatup before » .cral would

occur. ,

~Since the break flov
the turbine hall. :

"pool water would notwbc-po--ible.# 11
-addressed by the dent;n of thc:pl_M .

3.3.3.2 Stuck-Open Safety Relief Valve

A stuck-open safety rcxiel vllvo (llV) 1 -sn unilolable stess discharge similar
in some respects to s small :steamline.bresk. The plant response would be simi-
lar to that discussed above for a steamline brtql with a fewv important excep-
tions. First, severity would probadbly be less becnuoe the size of the safety
valve opening is less than the size of s mein steamline break. B8econd, SEVs
discharge to the suppression pool, so the qncotlon. of pressure suppression,
offsite release, snd availability of water for lomg-term cooling are not issues.
Third, most stuck-opsn SRV sequeaces would be initisted by other events (e.g.,
load rejection) that cause 8 reactor scras. Thus, the transient resulting frowm




rotective‘action

A stuck-open stean et
‘trip or load reJectio~-’
atean pressure relf"

, r SRVs. ‘l'his SRV, ai’iure is analyredf‘ffv‘vf:
',i ure (Turegskiy, 1984) and is '

:ult in the actuation of the ECCS: (ﬁilcharge rite f,““"
both lov stea. separator level and containment
The_likely 1n1 1at1ng evept (load

effectiveness o coo

.depressurization of t
on a test loop and f
tive cooling cannot ‘be

tes greater than 0.2 HPa/-in, effec-
; toring feedwater flow ,

'irhis event. requires tipia r:to"recponse, ‘but should be s benign event for
-the case of one stuck-open reliéf.valve if feedweter is not lost; more than onme
-stuck-open SRV could result\in inadequate core cooling (see: Turetskiy, 1984).

3.3. 3 3 Excessive Stea- De-ands !ro. Full Pouer and Low Povet

'his event is very li-ilo “to. the s in&lteanline break accident and- conld be
‘ipitiated if the steam pressure regulator fail:zd open, if a turbine generator
loaded rapidly, or. if. the ;n;p- bypall;volve failed open. Iapid deptesauri-

politive void coefficient
bresk would occur 1if th
. ‘some of these:blowdow
;éterilnited;eﬁrliir

»-Thio event -raises the: 2 vtb'iéhievi'tiiely_auio-atic
protective action that !erexdioenssed or“theqhnin steanline bresk. Extensive
.‘CHF violatisns would be 11kely.becsuse of protsctive action delays, power-to-
flow missstch, and voidin‘ “The potential ‘exists for s significant power
-trensient vith Bo immediate scram, escalating into a-serious transienmt that
“could resvlt in significast ‘fuel overhesting. ;PTOlpt cperator sction is essen-
tial in terminsting this event. by stopping the .stean blowdown if possible and
by initisting s scram, KFV, ‘and BCC fnjection.” It is possible that even vith
pro-pt operator actionm, core da-s'e ¢ould occur in thil ‘sequence.’

An in “he case of the -ni- steanline bresk, thio event would have more severe
consequences if initiated from conditions of low power or lov power-to-fiow
ratio.
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' ?533»3ﬁ£; ﬁ6s§’§

her Reductions in Feedwater Temperature

i ) those dxscussed?above.-~
essltate a power reductlon, but fuel
kely : : ' v

e Pattial Load Re3ect1ons

:1n1ts in the following autonatic actions by

. decrease in pltnt powet level to 50% at ‘a ra’ e of 4% per second

e opening of stesm du-p*or

utntbiae:bypass valves to rcl1ev¢ excess stea- due
to. slou rod: insertiﬁ o

at &

- _~~.ﬂ'cont1nued feedvate" litculatlng pu-p flow to reactor'.,! e

JOf snfficieut: o
- or more of feedwat
some MCPs sad: HFHP-
from off site.

HCPdpet lqop) -igh* be powt:ed

A nor-nl trip of one turbine generator?vould .require the ragulation of the
remaining feedvater flow.and:main . circulation pump flow in order to reestablish
the proper power-to-flow.ratio, -and thus maintain proper steam quality in the
reactor outlet piping- ond.-adequate-stean flow to the other turtinme. Since the
four steam szparators appear to: ‘toed both turbines, the circulatiug flow to the
reactor must be decreased quickly to s level supporting a 50% power level. It
is not apparent from the Soviet litersture how this is ac-omplished. One MCP
supports 40% power, and two MCPs support 80% power: Therefore, if the turbine
trip caussd the loss of one MCP in each loop, flow would decrease to-roughly
80%.  The remaining MCP flow fiom two MCPs in each loop would have to be throt-
tled rapidly to 50% flow to match the new 50% power level. Without this de-
crease in recirculation flow rate, voids would col!apse, and steam quality
would fall, resulting in a decrease in steam production. This condition would ..
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 water actuation.

As discussed above- 
~turbine generator
cause a temporary

tip of both tnrbine generators uonld e,
] ) : loads, and should initiate the start of o
‘all emergency diese “sc that emergency ac loads, suck as emergerncy
feedvater pumps, ca erated ‘(after 3 minutes). It is likely that a trip
of both turbine generato ‘ Uouldwcause ‘a loss of all HCPs and a loss.of all
feedwater : . : S

The AZ 3 autonatic pover teduction setp01nt discussed 1n Section 2.6.8 (reduc- -
tion to 20% cf rated power instead of emergency shutdown - "scram") occurs when
- two turbine generators drop off the grid and internal power 1s left on, i.e., g
1oad rejection: = e el

ﬂ:jrators will resnlt in » large reduction- in steam -
"casei”and steam void collapse. ‘Steam dumps,- tnrbine :
ef-valv :(SRVs) vill open Lo relieve pressure

" The loss of both tnrb’
. flow, a steaa presante
_“abypa.l valves.'!ﬂd- ‘

- dent (ussn. 1986)- 0
-capacity to handle “f@; ‘oad rejection. <It s . also likely that this ‘event
was considered in- the decign of . luppression pool cooling systems.

If a1l HCPs vere lost;-sstural circulation would be established during the MCP
coastdown period, -in ‘about: So.lecondq.- -Sufficient cooling of the core can be
accomplished by natural: circulation and inventory eddition by emergency teed-

-System pressure would :e-ain st or slightly above normsl operoting'conditiohs

. throughout the initial portion of the trapsient (until emergency feedwster flow
~ is established) but stesm separator levels would fall during this time per.od
as inventory loss through the steas dump and 8RVs would not be replaced. The
level in the steam separators provably would not be depleted in the first

3 winutes before emergency !ocdwotcr injection.
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Thie~eVent ie'"
a-safety probles
3.3.4.3 Turbine~Geﬁer’
- ;h1s event is 81.1

~gboves W The* RBHK. .
enough to handle. a. fi

'3.3.4.4 Loss off

The loss-of-feedwater:

ot is & dee1gn-bas1s trans1ent in- which either a
epart1a1 loss of norlal "

‘dwater or s co-plete loss_of.nor-al feedwater is

’ticallyi tipped in the effected loop Thie trip ie
required in order to avoid c.vitetion of the MCP suction due to loss of sub-
cooled feedwater. Pump cavitation could damage the MCPs, snd miy.t interfere
vith the estsblishment of matural circulation for long-term cooling of the
reactor, if-MCP discharge loop seals £ill with steam or gases out of solution.
The loss of 50% feedvater flow also results in a reactor scras signal and the
initiation of the- e-ergency feedvater system to provide feedwater flow to the
‘affected steam separat .Lon;-tern cooling of the reactor is via. natural
. circulation. -Natursl 8¢ B E
circulating pumps

,:For the case

..response is vexy
‘fnitiation of ‘res

: P and- the ‘startup- of- the e-er;ency

feedwater pumps. fs: ‘ 1y Following the scram, steam pree-
sure will be relieved wi. 1fety-valves ‘to ‘the suppression pool. Yeedwater
msust be supplied to provide- ‘adequate core cooling If o safety valve sticks
open, the depre--nrizction can tnterr-pt nntural circulation eooling of the
core.

k4
3

This event is listed 1n -nny Soviet :uporte a8 a desi;n-bnuis transient. The
event appears to be e.peble of being mitigated by the autouatic actuation of
emergency systems, but would require imsediate operstor sction, if a safety
valve stuck open or suxiliary feedwater did nmot start.

3.3.4.5 Loss of Offsite “ower

- This event is very ‘similar te » simultsneous turbine trip or full-load-rejection
event. Onsite ac power 1cads are pormally powered from the turbine generator
output, instesd of from » traraformer powered frow the grid.  The loss of off-
site power would not mormally cause the loas of onsite loads dtrectly, but
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hich could 1a turn drop all omsite loads as &

3 ! ,handle 8 load rejection trans1ent without dropp1ng
't_en reactor power is reduced automatically to 20%. If onsite

1 Natural c1rcu1at1on will be
the HCP coastdown perxod of about 30 séconds. System
pressure Uill~1ncreaae ‘because of the decreased heat removal, causing turbine
'bypsss actuatxon Safety re11ef valves (SRVs) will actuate 1f 1n1t1a1 power

"fqonld be one MCP from each loop, and‘at least one
L'ight define "loss of 0ff81te pouer (LOSP) aif-

' per. _,'f and‘one ‘of two. !FH?: In this case, the plant response would
be similar to- < 5 ain;le tnrbine trip, with a power reduction to 60% or as low as
50% power. ,

The event eppeart to- be addressed by the automatic actuatzon of e-ergency ays- v
' ;, re: 1l-ediate operator Aaction.

pover results in 1-ediate plant behavior uxlilar
ac power. Bouever in this event, the electri-
pumps and ECC pumps are mot .available. because
rator.units. With-wo'makeup witer to the 2
“lost ‘via SRVs.-<Matural ‘circulstion will con- ’
e ry ¢ircuit resches bulk boiling: Adequste core
E ﬁdegraded¢nltural ‘circulation may continue as long as there is ade-
-quate. vuter in the :stesa separators. The time tu txh- st the steam separator
vater icventory is -a-function of initial power level, snd sssumed values of :
REMK decsy beat .and .graphite sensible heat. After stea- separators are empty,
natural circulation: cooling ‘of the core is losi. However, assuming electricsl
pover still ‘has not been. testored. decsy hest removsl can continue for smother
short period of time in s "percolsting” mode. Doiling continues as long as
water exists in the core region. Water in the steam sepsrstor downcomers at an
equivslent elevstion will flow into the core region vis recirculstion piping ia
a "manometer mode”. VWhen system water inmventory is depleted to a level nea:
the midpoint of the core, steam cooling of the upper core region will no lorger
be adequate, and the resctor fuel elements would begin to dry out "and undergo
. beatup. Tuel temperstures exceeding the fuel design te-perature under arcident
condittonl of 1200‘C can be expected.

. *Loss of all offsite snd onsite ac prwer.

g
ISR

»erators trxp), the reactor vould acran,automat1ca11y S PR




f'An important safety concérn is- the posslb111ty of & return to cr1tic311ty be-
cause of core boiloff and the positive moderator characteristics of the reactor.
. One Soviet textbook (Dollezhal, 1980) indicates ir general terms that adequate '
. control rod shutdown margin exists in a completelr vo1ded core.

The'RBHKrplantwrs#not*equrpped*wrth'sny”steam-drxven feedvater pumpsﬁof”iﬁjéei**““*ﬁ

tion pumps to prevent this sequence from leading to fuel damage when water
_-inventory is depleted. - S :

This event is capable of causing core damage if ac power cannot be restored
~ from either omsite or off51te sources. S ‘

re for a suff1C1ent'per1od of time.” Fedeets11s are'k
RBMK long-term DHR systems, and this postulated event represents different
initial plant conditions than “hose in effect at the time of the accident.

3.3.5 Transients Involving Increases in Reactor Flow Rste

This category includes transients involving increases in recirculatiun flow

rate, includinrg credible reactor inlet temperature changes (and resulting reac-

tivity changes) as a result of the increased recirculation flow. These events
typically involve anp 1n1t1a1 rnprovement in power-to-flow ra‘xo, snd thus less

voiding.

3.3.5.1 Startup of “sn Idle Main Circulating Pump (MCP)

This event will increase total core flow and reduce channel voids, adding some
negative reactivity. An idle pump would typically ve started up to support
bhigher power demands. The pump start would then be followed by increased demand
. for .steam flow, which would restore normal chsnnel voids ard exit stesn quality -
to its previous value.

Controlling large swings in void fraction and exit steam quality following MCP -
startup sppears to be done by throttling MCP flow to maintain a consistent
.power-to-flow ratio. For example, operators might ‘have procedures (or even pump
starting interlocks) that require the discharge throttle valve on each MCP to -
be shut before pump start. The throttle valve could tlieu be opened st a suffi-
ciently slov rate to balance the flow increase with increased steaam demand,

thus avoiding swings in reactivity. From the Soviet .iterature, we have no
.indication that this procedure is followed, and no indication that thLe MCP
throttle valve is designed for this use. On the other hand, we have no indi-

- cation that HCP startup has created any operationsal problems

This transient is part of the normal anticipated operating requirements of the
plant on sscension to full power, and shculd not be a safety problen if systems

respond 28 designed
3 3.5.2 HCP Startup With Idlc Coolent Pump Branchcs at Abnormal Te-perature

Even if an idle puamp Lranch were allowed to ‘cool down slightly, it is unlizely
that any core Teactivity problems would result from pump start brcause the RBMK




-~ reactor does not |
u‘creaLe a rea

—

- would be injected into the reactor. . Th1s event would cause a large negative
react1v1ty 1ngert1on, and. could 1n1txate power osc1]1atxons sxn11ar to an -

"3.3.6.1 Single NCP Trip Ptu- !hll Power

' 3.9.6.2 Loss of AL 'romed, ncr':'nou l’m Full Pover, Low Power

- ;mt. ) § A
- ‘than loss of:
_ forced MCP flov"vould
“turbine gegerators.--Core.coolin ul

driven by the MCP- flyuheels, Aftct bout 30 seconds, natural circulstion would
~take over as the primary means.of -decay heat re-ova}. Turbiae bypess valves

‘typically involve an’ initial degfadation in pover-to-flov ratio and thus fuel
- elemert’ heatup and 13crea-ed voiding = , -

This event 14 a design-basis transient for the RBHK 1000 reactor and initlates

:loop. This event.ia:handled: by the: sutomatic: actuation of_safety systems, and :

power, safety relief valvno 8!7:) uould open to. tclieve this pressure to the '
;lupprellion pool. .

Failure to scras oa total looa o! flov would creste an 1-ediate boiling crisis

ing on other signals such as turbinpe trip, to 1nitiate the scram).

- 'rsion fron idle oolant could occur if
an 1nd1v1dual pu-p branch could be isolated and (ooled down for maintenance
while the reactor remsins in operstion. ‘1f that cold pump brench were uniso-
lated and restarted” suddenly without rewarsing, a sudden slug of cold water

1*1ving decreases in recitculotion flow

This category nvo
in circulating pumps (MCPs). These events

rate, primarily due to.1

an asutomztic power rumback to 601 and a ttip of a single pump in the opposite

does not appear to requite aay i-edxate operator action.

This event vould progtes' -nch'thé .a-e;as 8. tnrbinc trip or IOII of. offnite
wnl; ; 0 £ i
total looa of

‘rzency..hmtdoun (ncr-i),:-hd trip ‘of both
1d-be provided initially by tlow coastdown

would open to relieve:excess: pressure crested by *ae loss of heat sink. ' At Ligh

because of the seriocus violation of balanced power-to-flow operation. It is
likely that CHF violations would occur in all fuel channels, followed by over-
heating, rapid voiding, ‘further reactivity incresses, and damage to fuel.

Since these effects would occur within seconds on loss of {low, the Soviets
have focused much attention c¢cn this sres. Very large NMCP flyvbeell provide
good coastdown cbaracteristics. Also, there is a quick-response reactsr scram
signal based on sensiug the loss of two or more circulating pumps in one loop
(instead of requiring the detection of s loss of all MCPs or instead of depend-
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Since ‘the autonat
-;on loss of flow

'the automat1c ac uat‘

3.3.6.3  MCP. Throttle:

qu1ck acting, the1r-j
the HCP coastdown.,

ould increase somewha Increased-
- and control rods would be inmserted to
ing :Operators would detect the valve . ..
'zflov or discharge pressure ind1ca-‘
"quallty 1nd1cat1ons =

vould result in a powe;. i
transient to a single MCP ttip event,a
present- a safoty ptoblem

3.3.6.4 MCP Se1zure

This event is similer:So-t ‘seizure:discussed above. The same comments
about flow coastdown and uncertainty about-detection snd sutomatic response

also apply to this eveat.:  -Power. should be reduced to 60% in this eveot. If

detected and responded to rapidly,:it would pot present a safety probleas. 1f
undetected, some fuel. da-n ,Ynight occur. ﬂ‘a'#

3.3.6.6 Co-plete Less of Flou in Oue Channel*

The complete loss of cocling flow in one preluure tube could result from the
closing of the manuslly operated 1nlet pressure tube ~-¢ulat1ng leVC (which
can be fully closed).

—— ot 3 s et

*Fiow blockage, inlet isolatica valve shutoff.
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~ .manual actioms: bo'ﬂ"

‘pressure tube, and s :single pressure-tube LOCA into the graphite region. -Adja-

of shutdown. Before
cool1ng

e dding da-nge is leanuted in leconda

fuel ‘damage is likely: "15e¢.u.e of the sudﬂen qneuchins ) Al-o. the
severity of this event. eypeert to be beyond the capability of locsi. teactivity
control eyste-c to -itigate the: local power excuraion

It is probable that this - event uould tesult in fuel. dn-age in the aifected , .
i:.channel. -Extepsive ‘fuel selting would: ‘probably csuse a rupture of the affected -

© .cent tubes could be ‘sdversély sffected by the heatup and locsl resctivity excur-'—
sion. Escaping stess :and: hydro;en from a’ ‘Tuptured tube could dasmage adjacent ’
graphite. Additionsi precsure-tube ruptures are possible as these effects prop-

agate. -Multiple ‘tube :uptnxes sre beyvnd ~the. design-capsbility of the'reactor

. wault and mu ;re;m:e :,:bmdaty:.:t.o :fau

tpgﬁe:plehtfind ibﬁldiitkeiy?clnse#eeveie

o0 3.3 Transients luvolvin;fleactixlty .ad Puver Diotribution Anomalies

This category of . events: Aacludes: Lvlriety ;of control rod withdrswal events,

.-control failures, ‘resctivity imbalances, etc. This category is primarily
-dedicated to errors:inthe: ponitionin' ‘of -control rods or fuel, and includes
errors in on-line refueling. _

3.3.7.1 Continuous Rod Vithdraval Accidest - Single Rod*
This event is oot analysed in the svsilsable Boviet litersture and is mot ipdi- -

 cated to be s design-basis event. The uncontrolled withdraval of a single con-
tro]l rod would result in a local power incresse in the reactor core. This power

*Full bover and low power.
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j'1ncrease vould lead"
. “fuel’ channels: Sing
" fuel channels, the wvi
channels. Because of
.would result in furthe
probably would result in’
- channels., =~ 7

teases in the local core reg1on, vhzch
”1;-1t in those affected fuel

Because of the posxt1ve void coefficzent thxs event is not self—termxnatxng
The RBMK reactor must rely on the response of slow control rod: and the fuel
Doppler reactivity coeffxcient to’“';ibzz_ rod withdrawal accidents. .The tacon-
trolled withdrawal of ome control rod would lxkely result in the insertion of

-adJacent control rods by the uto-atxc power d1str1butxon controlas .

of the reactor by either -
. reactor trip) or opetef
" and heatup of the fuel:du;

ment damage. Because of the €o!

that insertion of adJacent‘con
' dangetous situation inm- the; _

~chpnnels conld experience dryout o
with ‘the potential for some fiiel ele-
loose neutronic coupling, it is not clear
: s, even if done promaptly, can avoid a
snrtoundxng the vithdrevn rod '

'If the sutomatic conttol eylte-ef re. cepeble of detecting and -1txgat1ng the
continuous withdrawal of one conttol rod, then it is likely that the limiting

(worst case) sequences would be omes tuat ini:iste from low power. The amount _

of positive reactivity inserted and degtee ) 3 voxd1ng would be greater by the = "'
- time the local high-power: condition WA detected becanse of poor instrument YT
response at lov pover. ;'~,_ . .

3.3.7.2 Continuous Rod Uithdreu&

;1-od¢.< -The ler.e -nusber.: o 0 ';

individually and eeqnentielly_ 8o ‘latge .group wzthdrawal of RR or USP rods .
-appears unlikely. A withdrawal ‘of -the scram rods (AZ) is sn unlikely accident,
because the scram rods .are maintained 1a s fully withdrawn position during
critical operations. The group withdrawal of the 12 or more sutomstic regulat-
ing rods (ARs) appesrs the most 1ikely, yet these rods may be moved individually
instead of in bank duriag non-nleopctetion It 48 also possible that multiple
withdrawal of AR rods is sore likely ia. .roups of 4 rods because of the way the
control system is designed. One’ Soviet report. lentioned a possible synchroniz-
ing error that could withdrsw four rods.: ,

The effects of a continuous rod withdrawal accilent of » bsnk of rods would be
very similar but more severe than the single rod withdrawsl accident discussed.
above (Section 3.3.7.1). The group withdrawal accident would be worse for two
reasons. First, much more reactivity would be inserted; and second, it is un-
likely that sautomstic control actions would be effective, since the sutomatic

PP

*Full power #nd low power.
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3.regulat1ng rods. tha‘u

~ occur before the p »
coefficient would lultip y the
discussed above in the aingle rod'

bably be worse if initiated atvlov pover.-,

) Th1s event is very diffxcult to analyze bccause -of 1ts couplex1ty and lack of

During normal reactor ‘woid fraction must be -nintained at
a specified level by ope: tor ac Ihe operator does this by adjusting the
control rod positions and/or regulating the coolant flow to individual fuel
channels. The instrumentation system measures the flow rate at the inlet of
each pressure tube, a7/ ‘he individual alaeubly power and steam guality at the
outlet of each pressire vnbe . ‘From the litersture, this measurement and calcu-
lation cycle occurs on & continual basis with a time interval of 5 to 10 minutes.

Failure of the operator to recognize s CIF violation, or fazlure of the mea-
. suring instrumentation.to identify: approach to critical hest flux boiling in
_the reactor, can lead to.s local power traasient. The event results in in-
. creased voiding in the affected fuel .channel with a fesultant power increase
‘that channel. Because-of the wesk neutromics coupling of the fuel channels,
the increased power level ism the,atiected fuel channel would result in an in-
crease in power level :in: s els. %!hc adjacent channels would then-
‘-experience increased. '

~the adjacest .channels. This'¢ ) g 2 u
- the nuclesr instrusen E lnacc-ptable pover 1ncr¢aoe in-a region
"' of the reactor and 3eaerated # igna for .coatrol rod insertion. Proper con-
trol rod positioning :(either manual or:sutomstic) is very important to these
power excursions, improper rod motion:is -the most likely initistor of local
jpower transients; sod proper control rod positioning is the cal¥ practical
seans of stopping them. (Adjustta. 1341116001 channel flov 1- s olou, compli-
cated operation.)

Another important conttol:xodliiioporition that.Cln have severe safety conse-
quences is the excessive ssnual withdrawal of control rods. As evidenced by .
the Chernobyl sccident, excessive rod withdrawal can degrade safety for two
reasons: First, rods pullod to full height have little initial effect during

a scram because they move into a region of little rod worth. B8econd, rods
pulled to full height actually insert positive reactivity during the first

3 seconds because of the displacement of water out the bottome of the coatrol
rod channel by graphite rod followers.

(&
]
~
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: ﬁfFailure of
.iesult in overhea,n
3.3.7.4 Refueling §

Th1s category, of event
rods. Possibl

- fuel or ibsorﬁet

L load1ng fuel of chnent (either toov ow. late in the fuel
vcycle or too high early in the cycle)

‘without cospensating con-
y‘enriched fuel with the refueling
ihg s "boo:ter rod.")

These errors cannot,he;ana y:ed'uith lvailable information.
3. 3 7.5 Rod Drop Out

-This event is a specialmcategory of rod vithdraval accidents. involving the
downward withdrawal of short absorber rods (USP rods) out of the bottom of the
reactor. The slov withdrawal.of these rods by control rod drive mechanisas has
been-discussed in Sections. .3 -and:3.3.7.2... This: special category is for ... . i
the unique possibility fi very pid”teactivity insertions by a rod drop scci-

dent involving USP rods. :Since:these: rods are pulled into the reactor from the
botiua of the core by &3 mounted above the core, the possi- .
bility exists for rapid od, ‘reactivity insertions as a result ofA
control tod drive £ 11' . 3e-cnt. cable break etc

. Becan..‘thh oequ.ea
---vithdravnl .eeideatl

3.3.7.6 *Loll of Invgp

The cooling system for 1-rods (CPS .ytte:) il s -njor contributor to
the overall effectiveness:of the coatrol rod channels (rods. Plus cooling water).

a8 peutron sbsorbers, - becnnac}thcvcaoliag water is itself o oignificant abnorber-t )
of peutrons. However, ‘the :

ling water also helps moderste seutrons and thul
‘tends to increasse thc thc!l- aacutron llux. :

Because of the dominant sbsorbding property ‘of the cooling water, a lonn-o'-
‘coolant accident in the ‘sepa:ate; :low-pressure, l..~temperature control rod
cooling systes would add e significant smcunt of positive resctivity to the
core. One very preliminary estimste is that a total loss of control rod cool-
.ing would be equivalent to the complete withdrawal of sbout 10 to 15 control

 *E.g., improper enrichment.
**Short absorber rods only.
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' 3-3 8.1 Inadvert:é'h

- occur. During the tests discussed in the referenced section, the high-l*vel

»control rod coollng systens wlth | :
.1986) Also, autonatlc reactor»acrans s

RCS Inventory

3.3.8 Transients Involving Increauet

at '1ght increase tot;l prinary circ

This transient was dilcnsted in detailxin Section 3.2.6.2. It creates power
oscillations because of the: teactivityfdifferencen -between the affected and
unaffected halves of the reactor: i¢e ‘the volume of high-pressivre injection
vater is limited, it-is mot anticipated tliat steam separator overfill would

scram setpoint in the steam separators apparently was not exceeded.

3:3. 8 2 Excessive. Feeduatet Flov

A feedwater control: -ulfnnction could renult 4n° overfeeding thd :reactor. If’~g
 the malfunction occurred,in ouly one=half of the reactor (most probable case),

pover oscillations, snch as:. in thé-inadvertent ECCS actuation discussed. above,
might result. The
1nJection, but ‘the

high-level -etpoint thh douldff‘ téct thcit tnrbinc generatots from -oiltnre
cartyover. S DTS , .

3 3.9 Transients Involvin. D!ttelA'l 4a ICS Inventory

_This category includes all cvuntn thnt decroauc ptinnry citcnit 1nventory (1.1.,
" loss of stesm separator level) other thnn excessive steam demand events. This
category consists primarily of a range of credible less-of-coolant accidents
from s-all to large breaks.
‘ I
3.3.9.1 Large-Break LOCA of lccitcnlation Pipe (HCP Outlet or Combined
Discharge Hcader) _ . , _
The rupture of one msin coolant pump discharge line would result in the immedi-
s2ie increase in voiding in one-half ef the reactor, and the discharge of steam
and water to the high-pressuia containment sros. This steam would discharge to
the suppression pool. The check valves on the .roup dlutribution headers would
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fy=e-ergency systems. . :Alt

: close, thus pre.
.- from" the steau se

izcrease in pressure
471eve1 1n rhe steal 1

_ . .e the affected loop and 1n1t1ate ;y¢%f:
: ,?CC flow in 3 S sec response tine is requ1red to
avoid violating CHF -

fwould include a dect

fsociated contain-ent con-
. It appears that the ECC

jet i-pxngenent._ Thio
'*beyond the: capabxlity ,

; Th1s event is conzidered the -uxi-ul credible accident for the RBMK- 1000 plant
‘and appears to be capable of being -itigated by the sutomatic actuat1on of the

" operator action, there i.oL

.. coincident "loop-selec
.quate flow in a short
in all situstions.

_Fincreaoe in voidin'.gn
.steam and votet to thc

IUpP! P°°”' A
«oeparator(o) would px _vide- 1l-ediat¢ coolin; of the core. The increase in
pressure in the lov~prcoontp_conzoinlent ases; along with the rapidly decreas-
ing level in the affected stess séparator(s), would result in the generation of
‘sn ECC signal and s reactor -emergeacy. shutdown (scram) signal at some short =
time after the event ipitistion. The- ptobable control voom indications of the
event would include s decrease in the tempersture measured in 40 outlet feeder
tubes due ¢ reverse flow from the steam separators of saturated or slightly
subcooled water, an increase¢ -in pressure in the associsted low-pressure con-
tainment compartaent, and a decrease in stesms separstor level. The initistion.
of ECC would provide sufficient water flow to the steam separator(s) for long-
term cooling of the fuel assemblies in the affected channels. The break flow
" from the group distribution header would be directed to the luppreslton pool
‘which serv's as an alternste vater source for the ECCS.



3 ‘header is the
‘because of pipe
0. accxdent beyond EREI

potentxal vulnerav
possibility that i
" whip: and/or jet ims
the capab111t

‘one group'dzst

Th1s event appears
systems without requj

- 3.3.9. 3 Large-Brea

affected half. '§:
. piping room pressure
ECC and emergency shutde
‘be directed to the fne channels,
. the break flow being

uouid be ;enera"d’iflcc flow uould 1
ong-term cooling would be assnred due to
upptession pool. ’

If the recirculatio comer:-fupture is: outside the nuppre.sion pool pro-
tected recirculation: pe room, ‘then it would be similar to a main feedwater
pipe break, which is discussed. belov vahiu event appears to be handled by the
automatic actuation of: the emergency. yste-s v1thout requiring in-edxate opera-
tor action. , . :

pdwpter . efltel " For bresk locstions .
the resultant transient would look much =
;,Sectiéh 3.3.4. b) !or break locetions

like » partial lollﬂ
downstrea- of the. che

tgcncy feedwater ayute- could oot be .
used to provide leedvlter to the stesm eepetatorl. The loss of feedwater flow
to the main circnlatin' pumps wouid result in the cavitation of the main ci:r-
culating pumps, and possible - damage. . The !CP- probably would not trip on a
loss-of-feedvater-flow signsl,- bccanle this lignal is measured by feed flow _
instrumentation which probably would mot sense breaks close to the steas separa-
tor. The accident would result in the emptying of the steam separators in the
affected half of the reactor and the possible loss of inventory from the steam
separators ip the unaffected balf of the reactor due to the connection of the
stesm separators via main stesmline cross-counections (see Section 3.3.3.1 on
nain steamline breaks). This accidernt Uonld aot rv-ull in the automstic
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igitration of: ﬁh
~inultaneoua s_’

suppress1on pool
because of the loss o

ep to - ‘conci . dan cnised’*'by otoo- escaping
. through the gaps: iﬂ : ,_guﬁ~ww,‘ : ;t allo apply here B

gency reactor lhutd"_
would be- required to
- contlnual 1¢ :

_ose the nin ot.en crou-connectim
“ In oddition, there vonld be a
bresk

$3.3.9.5 Small Brea)

The rupture of ove inlet -feeder tube reault in an immediste increase 1n
veiding in the associated fuel: chgnne Land the discharge of. steam and water to
the low-pressure ALS vault-underneath . “reactor. The escaping steam would
vent to the luppreolion pool !everoezvo;er flow from the steam separator
would provide some immediate cooling of the affected channel. This reverse =
- flow normally would be as great or 3reater than noraal channel flow, and prob-
_ably would not increase voids nor add positive reactivity. The above descrip- .
~tion.aspplies to a co-plete rupture .of one dinlet feeder tube. .Obviously, a flé,h%@-.'
small lesk in an inlet-feedér ‘tube uould not cause flow reversal, but vould S
diminish coolant flow in the a € Therefore, there exists a e
~unique inlet line brea "‘1z¢ n-nllef than co-plete ruptnre, ‘larger than small
leak), that would stagnate flc " the p ‘ Thio breat size is
the worst-case inlet- channelJline~break
.channel. --This plausible:"stagaant-flo
- loss of flov¢1a

. . ’ ' : _oy-pre ure ‘ALS vanl: alon; with the slowly
-decreasing level - 4a thcsotean separzto isociated wvith the ruptured channel
tube probably would result in'the’ ‘generation of an ECC signal and a rveactor
‘shutJown signal at some’ nndefincd ‘time afte initistion of the event. -Depend-
ing on initial power level, ‘the: féedvater- ‘consrol system: might compeasate for
decreasing water level. -:The ¢oatrol zoom: tndicotion- of the event would in-
clude a decrease in the te-peratnro @sssured in the outlet feeder tube due to
reverse flov from the:stesm separstor(s)-of -sstursted or slightly subcooled
vater, an increase in pressure in the sssociated low-pressure compartaent snd a
decrease in steam separator level. The operstors should initiate s manusl scram
in accordance with procedures. ::I1f they fail to do so, an automatic scrams and
ECCS actustion will probably result from continuous loss of coolant. The ini- o ‘
tiation of the ECCS would provide sufficient water flow to the stesa separator L
for msintaining long-te=m cooling of the fuel assembly in the ruptured channel. -
The break flow from the ruptured channel would be directed to the suppression -
pool, which serves ss an alternste water source for the ECCS.
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" po scram setpoint would-be ‘exceeded by this ‘sccident. Normal circulating water

 Details of the p
A potential vulnerabili
that it could propagate to-
‘impingement. This situa

capability of the e
In general, the rupt
mitigated by the auto rtus
quire immediate operator action.

her feeder tubes because of pipe whip and/or jet
bglg?gyegfuglly result in .. accident beyond' the

u,lj,iﬁé ;ipeifé?éd ﬁifééﬁiglé _be
f the

he. emergency systems and does not re-
! : ’ [t is considered by the Soviets in the design

basis of the RBMK-1000 reactor . However, as discussed above, it. appears that

a certain medium-size inlet line break could lead to flow stagnation and fuel

damage. Immediate operator sction (scram, ECCS actustion) would be required

Let Line o Refueling, Comn

] d fuel channel and the discharge of steam and W to
the area above the reactor vau +This region is not within any pressure sup- -
 pression system boundaries.: ned: water flow from the main.circulating
" pumps initially would provide ‘ade “cooling of the affected channel. Row-
ever, because of the positive void coefficient, the increased voiding would
cause an immediate power -increase.-in the affected fuel channel. This power

increase is likely to- cause overheating and propagrte to. adjacent fuel channels
" because of the increapgdvnzhtfbn*flnenéé."Ihe'level in the affected steam sep-
arator(s) would decresse slowly because of blowdown through the ruptured fuel

channel. C : o . S o L

iystem.should sdjust rods in an sttempt to. control the = .

- The local -power cont ste 0l : t he .
‘local power increase.. The immediate reaction of the plant cperators should be
s manual acram or at.least .a:sanual-insertion of the control rods in the vicin~
ity of the break in.order to control:the puwer distribution. The probsble
indications of this break.would include s slow lcvel decrease in one or more of

13 gh temperat ‘hunidity and pressure in one or both
am around the shield blocks:ea the re-
11ty would:depend.upon the break

= tion tion. For s bresk upstream of the .~ -

detéctors, they would: be-exposed to-s turated or slightly subcooled water flow-
. ing from the stesam separator i#For:bresk locations downstresa of the detectors,
& superheated steam indicstion-probably woild be registered by the detectors.

lation

A . this ‘accident would not sutomstically initiate
the ECCS since mo lower vault pressure-iscrease would be detected. Also, an

Because of the bregkglbcgtioh,

~automatic scran of the resctor would not be expected since it is prbblble.thatv

flow would continue and sccident termination would require oprrator action to
scram the reactor and begin a cooldown process. The break locstion camnot be
isolated since there is no valve between the pressure tube and the steas separ-
ator. (If valves existed tc permit isolation, it is highly unlikely that plant
procedures would permit isolation in this situstion, since fuel meltirg snd =
extensive zircalloy-water resctions in the affected tube would result.) Once
vesctor cooldown is schieved, the sffected pressure tube would have to be
defuecled. Then, closing the feeder tube inlet valve and installing & freeze
plug in the outlet feeder tube dowpstreaa of the break would isolate the bresk

" location.

[e
]
w
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the gdctor vault, it is likel that

“be- d1scharged'o tside of the plant. The discharge-"
ie: suppression pool. This raises the quest1on of the -
ng-ter- cooling of the core. S

;~S1nce the break flow i
the coolant eventually
would not be returne
adequacy of water supplleswfor-

'*1nlet feeder tubes are not available

' Details of the piping’
A potent1a1 vulnerabilxty

Jet impingement. _
the capability of the s

~ This event has the potent n
could result in significal
to scram the reactor und begxn the

, = _oipt operator actxon is not taken
cooidoun process

3.3.9.7 Pressure Tube Rnpture Inside the lcactor Vault (Graphxte Reg1on)

A rupture of a pressure tuhe ins1de the rcactor vault is cons1dered by the
Soviet' designers to be beyond the delxgn basis of the plant, based on expecta-
tion of "leak before break" and the monitoring ior pressure tube leakage.
"However, the pressure-relxef cupab1lity of the reactor vault via rupture discs .-
or relief valves is" baued onﬂthe -tea-water flow from the rupture of: one pres-
sure tube. Lo : : .

The ruptv:e vf one presiuré'tub iniide ‘the :reactor vault would result in the
immediate increase in voiding: in:‘ a:uociated iuel channel, and the admission
- of -significant quantities:of: ter.to the graphite cover gas. Be- .
"cause of the positive the water in:the fuel: channel
-an immediate power:ime e exp e :
“postulated to propagate t 1s becsuse of the 1ncrealed
neutron fluence. :The avera;g chaanclhpoucrﬁincrease might be less near the
break because of -a decrease:in- grtphite ‘tempersture in the immediste vicinity
of the break as the stesm and-water -cools:the graphite slightly. The level in
the affected steam separator(s) would-decrease slowly as a result of blowdown
through the ruptured fuel:channel.--NHowever, . the feedvater control systea would
probably compensate and lnintata adequate lcvcl

The rupture of more than one preslure tnbe 1- beyond the design basis of the
RBMK-1000 reactor. Such sn event would exceed the stated relief capacity of
the reactor vault and could overpressure it. -Excess pressure might deform or
rupture t'.e vault, or it might 1ift the upper biological shield enough to
‘relieve pressure to the upper core exit piping region.

The immediate reaction of the plant overators should be a manual scram or at -
least s manual insertion of the coatrol rode in the vicinity of the break in
order to control the power distribution. The probable control t1oom indications
would include an increase in the ta-perature anéd Pumidity of the circulating '
cover gas, and » slov level decrease in one or more of the steam scparatorr.



is ecc1dent'won1d not

_ )‘tor would not be expected

scram s1gnal would be: generated by this accident.

Low- would continue and accident termination would
the reactor and begxn & cooldown process

“fired electrica:
erode localkll

' ) -for escalat1ng into a very serious event which
could result 1n significant core damage if prompt operator actlon is not taken
‘to scram the ‘Teactor: and begin the cooldown- proce:s :
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.tuxo e gene tor systea This test
g eactor trip, with the teeultxng )
- eupply to the- tux*ine, ‘the totat-

: sufficient to generate enough elec-.
trical power to energize certain. lafety lyste-s until the diesel generator system
could be started and accept. the electrical loads. This test had been performed
earlier at similar plants. iThe specific purpuse of this test war to .determine

if a new generator magnetic: field. .regulator would maintain the voltage output -
"from the generator for a longer period.

"In the process of establxshing the test condxtxons for the reactor, the opera-
ters brought . the-plant. to- an.unstabl operutxng condition. Howsver, for a num- . .
ot n‘the test from this unstsble conditiom. -

y shutting down, the operators purposely
fety The role of the operstor in this

bypassed several lyste-n j“' 0
accident is discussed in- Chnptet

- With the lafety lyute-~bypa'sed“ jt”un:”in ‘an unstable ‘and vulnerable
‘condition. -Tha mostipr of this unstable condition was tke
positive void reactivit fficient sllowed the resctivity
to increase as the volume -of steam increased: in the core. Other significant
‘parameters included the low. iaitial :power level, low subcooling, lov initial
 steam void fraction in the core, fuel burnup conditien, snd control system
characteristics. The desi.n chatacterilticl of ‘the Chernobyl plant are detailedl

in Chapter 2.

The initiation of the test. caused the ltec. wolume in the core to increase. Un-
‘der the unique test conditions (for which the plant was not designed), and with
the safety systems bypassed, @ ligniiicent insertion of reactivity resulted. The i
relulting power increase ptoduccd ‘sdditioral steas voidn wvhich added reactivity

B. Sheron and C. L. Allen of the U 8 Ruclear le.ulatory Commission (NRC) com-
piled this chapter.
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" and further incr

to melt gome 2 the
 sequence of events.
‘ruptured the fuel: cla '; ,
coolant channel. The tion of the ‘6b1ant with the hot fuel fragnents
. produced steam very The high ti 'eratures and rapid production of
" - gteam quickly overpre i : ‘essure tubes in the core vegion: .The
. pressure tubes then failed and ove:ptessurized the cavity region around the ;
.;graphxte blocks Sufficient forcefwas genetated to lift the top plate off the
: sctor building and eJect ,core. -aterial *

 This postulated sequenee-o :
heard by operators at the- plant.
ﬁoccurred approxxnately ‘3 .second

In su-nary, the event

def1c1enc1es,.hyqen- charecteristics. .

. x":

4. 2 Events Leading to the Accident

The events leading to. ac {dent t‘the faurth unit of the Chernobyl Nuclear
‘Power Station on April 26, 1986 are discussed in this section. The events are
detailed in narrative forn and sre summarized st the end of this chapter in

- Table 4.1. The accident chronology identifies the violations of operating
procedures and principles that placed thke reactor in succeedingly unstable

- configurations. Informstion used i recomstructing the sequence of events was =
-obtained from review of ithe'report on~the Chernobyl accident prepared by the

USSR State Cosmittee on the Utilizstion of Atomic Energy (USSR, 1986) and the
Internstional Nuclear 8a ety Advilof'ﬁﬁroup n-lry report on the Chernobyl

- -gccident (INSAG, 1986). : 1

leading to the accident

 Unit & of the Chernoby
-‘plant .was: ‘to :be shut: o
- time the active core couta_:
_up of 10.3 MWD/kg. .-Most:

from the fitst loading i

‘-15 lUD/k; (USSB 1986)

®

 *Precise details of the cvents duria. this ti-e may never be known with certainty.
Further ioformation could comtribute to our understanding. Such information as
geometry, co-pouition. and distribution of materials would help us anslyze the
nature of the "explcsion.” 11anformation on the distribution and conditions
(strains, fractures, snd distortion) of structures and utructurol -aterioll'
would help assess the magnitude of the forces involved.
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<+ 01:19 OPERATORS PULL RODS |
EYOND ALLOWABLE LIMITS 70 |
“REACH 200 MWih - D!

'\ t— 01:19 OPERATORS BLOCK -
X\ REACTOR TRIP SIGNALS

\\ ON STEAM SEPARATOR
LEVEL AND PRESSURE

* REACTOR POWER LEVEL, MWt

SWITCH OFF LOCAL L \— OPERATORS srAn; 2

AUTOMATIC CONTROL = ADDITIONAL COOLANT
PUMPS, FLOW LIMITS

. VIOLATED.

Figure 4.1 the -accident at the Chernobyl Nuclear

(oot to-scale)

zs%ihed

rocedures

The events leading to A \p
“.personnel started .t sccording to test: procedsy
- 13:05 reactor powe b 3200 Mvt to about- 1600 Mt. - Turbine
."generator No. 7, one:of the is.two main turbine generators, was then . -
. .xemoved from service...The electrical :systems ‘veceiving power from the discon- -
mected generator, includiag two.of four motor-driven feedwater pumps sud four
of eight main circulsting pusps, were switched to the busbar of turbine genera-
tor Fo. 8, the generator to be used in the test. To ensure the resctor core
received adequate cooling during the experiment, the remaining feedvater snd
sain ctrcugatm pumps were:aligned.to ‘the station's service transformer (off-
. .site power). e s R '

#References to time will use s hybrid military time designation. For exasple,
0100 becomes 01:00. The purpose is to provide a framework for more detafled -
time reference {e.g., in seconds such ss 01:00:30) where such informstion is
available and relevant. S g —
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’:Q[At 14 00 the'ege
1nadvertent actua
i Témains cooled:
test was: delayed~a‘
‘was left in service
vis left 1solated in
INSAG reports state tha
" of the accident, most:
any direct effect on

P
ddi During this time the EECS
tion of operating procedures Although the Soviet.and
e BCCS cduldrpossibly have limited the conseguences ,
; tbat this vxolation did not have S

After the load demand’ 3:10, pover reduction vas resumed in: prep- -
aration for the test ;pecifications required the experinent to be per- . .. -
formed at a reactor pouer‘level'hetueen 700 and 1000: Mwe). In Keeping with low-

- ‘ to-atic control rod positioning aysten,_.

,‘;:;

The operators were able> 1 pover “at 200 ‘MWt hy 01:00 on A

April 26. However, as a result of"xenon-bnildup in the fuel, which is a ‘natural

occurrence that introduces-large amounts: of negative reactivity during prolonged

- ‘low-power operation after high~pouer ‘operation, the operators had to -anually -

. withdrav the control rods.beyond: safe opersting limits to increase power. The -
unit's effective shutdown: rgin was ‘reduced to 6 to 8 control rods, well below
the minimum reserve margin of 16. equivalent control rods required by the plant

' operating procedures for safe operation of this class of reactors. Reactor power
atill could not be raiaed to the level required for the test.

. Despite the serious redncti'
-~ inability.to meet established test p:
proceed with the test.
one per recirculation loop: were ta t
. running. According to '
-’Atecirculation -loop

-in: the exces :shntdovn reactivity -argin and the

r. conditions, the decision was made to . .
two standby main circulatin; pusps, -
and-joined with the six pumps already -
f the eight pumps, two on each -
tnrbine coaatdovn teat and the

--opersting at this pouetﬁ”"f'; v uei;ht pulpa running violated -axi-un flow
“limits. With eight pumps. rannin', ‘core. flov was greater than deaired riain;
‘to 56,000 to 58,000 m*/hr. - :

~<=a'/hr, well in exces

‘Because the operators Iata'nnable to increaae reactor nowver beyond 200 Mt (as
8 result of xenon accumulation), they had s very lov power-to-flow rstio and
lew core void fraction. As 8 result, the core hydraulic resistance was sub-

-~ ntantially lower than would be c:pectad 1in the test. Contioued operation
_beyond this point vioiated operating procedures becauae of tbe risk of pump
cavitation, vibration, snd possible breskdown under these conditions. In
addition, the incressed flow through the core caused a reduction in steam

'.eneration and » drop in. atoal preaaure and liquid level in the stess drun

Ak



Y

parators ; F1gure

(scram systen) sxgna
drum separators

any power level, but particularly at iow |
qed e;ean generatxon) produces r'E nega-

power, a reduction in co'
tive reactivity inserti
causes a reduction in reactivi
rods had fully v1thdravn_f‘

~thinx30 seconda, ‘the sutomsatic control o
ensate for the reduction 1n

table end ‘the decieion was -ade
to proceed with’ the test. otection signals associated with the
turbine stop valves on both- tntbine were locked to prevent the sutomatic shut-
down of the rea.tor when these valves were closed. It was believed that if. the
reactor was kept in operation,:the test:.could be repeated quickly should the
first attempt prove umsuccessful. :The test procedures did not provide for
disabling the automatic shutdown logie eesocieted wvith the isolation of both

" turbine generators. ?eedvater flow was teduced Just before the initiotion of

. the test.

At 01 22:30 »- co-puter printont tro. the fast reacti*ity evalnation Program’
showed that the available excess reactivity margin had dropped to a level re-

- quiring the reactor -to:be shut down immediately.. -However, this requirement was -
. ignored so that the test: conl leted. -The axial peutron flux distri- '
bution was distorted by this time and- the ‘msjority of the Lontrol rods were
probably rendered ineffective fo ex. . CC 1 .

‘At 01:23: 06 the’dtop
_the test ond the four ' £
‘coast down. The reactor: 1nnedgtoxopetate at:20( MWt since automatic reactor

- shutdown had been dinebledéfo.loving ‘the: isolation of both turbines.

At the start of the teot, the bulk of the resactor coolont system was near oetu-
ration temperature as a result of the reduced feedwater flov snd the excessive
circulation flow produced by all. ei.ht pumps running during the low-power '
condition. In addition, the core was et-'s very low void fraction. As core
flow decreased (reflecting the coastdown of the four msin circulating pumps)
and inlet temperature increased as-a reésult of the earlier reduction in
feedvater flow and with pover production utill at 200 MWi, steam production in
{

*Note that much of the 1nfor-atlon iu Fi;ure 4.2 is based on t Soviets' compu-
ter simulation of the eccidont. portlculorly ot eh¢ last minuie defore the

‘power excursion.
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the core began to

funct1on available. :
~rods into the core. ed: shutdown latgin and the dietorted '
axial neutron flux: b s would: hiave had to travel vell-into el
_ the core before encountering eufficientnneutton flux to be effective. rther
' because of the use of followers in the control rod deslgn, it is poss1b1e that
1n1t1a1, concrol rod motion. ‘could i troduce teact1v1ty (See Chapter 2 for a.

4.3 wEvents-Duriqg.

Analysis indicates that., 2334, ar v . Vi erti 7 _
occurred and conaiderabl“ enexrgy was produced in the fuel. At some poiht‘the:‘
fuel melted, expanded, failed the cladding. Accord1ng to the Soviets'
évaluation of their computer’ nslysis . of the event, fragmented fuel was in-
- jected into the coolamt channel snd interacted v1th the surrounding steam-vater
mixture.** This resulted in a high~pressure failure that ruptured fuel chan-
- nels, sheared the connectxng 1] to the reactor, and breached the roof of
the reactor building.-:This:phise ‘the “accident is. genetally associated with
the first exploaion; tha ] srted. A second "explosion” was reported to -
onds after the first. The high-pteaaure_
uptured the vatet-filled biolog1ca1 S

**Soviet experta estimate that the energy. dapoaition in the tnel exceeded
300 cal/gm over the .course :of the.accident; snd fragmented the fuel and dis-
persed it. Figure 4.3 (S8heron, '1986) shovs sn integral of the Soviet calcu-
lation of reactor power versus time . durins the power bursts. By dividing
this integral over the first peak by the mass of fuel in the core, am average
energy deposition of 300~call.l 1: obtlined Some fuel will have a larger
specific energy. , 4

A number of experiments on fuel perfornance versus ener;y depoaition have

been performed in the United States. Figure 4.4 shows the results from tests
in the SPERT CDC of model fuel pins as & function of energy deposition

(MacDonsld, 1980). Considering such results, the Soviet description of the

event seems reaaonable. Given the uncertsinties in the cslculstions (particu-
~larly in the power distribution and the power time hiatory), a more detailed

description would be ditlicult to develop and justify withcat conaiderably

more information.
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Figure 6

core- delttnct.ion pluse (Sheron, 1986)

%Sour,ce Soyiet a‘h,a_ly}_iin -provided. in Fignré _lv_vq‘f

a fuel from the top of the mldm “The

~the- turbine-building ; "By 03:34 the fires in the
turbine buildi.u ‘were unde '00 011 ﬁru (other than thou in
" the cote) were . mmm Unit 31» .hut down.

"~ The opeutorn att.qt.ed to ‘cool tle port.:lonl of *he core remaining in t.he reac-
tor building by injectiag-water :(200:to .300 tonnes/hr) with the suxilisry feed-
‘water pumps at the steam drus: sqnnt.on ‘and the main circulstion pump suction
besders. Additiomally, wster from storsge tanks was injected iasto the intact
portions of the reactor m the mow. ncmcud BCCS. .

sabzi ki by
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Table 4.1

Chronology of the accident at the Chernobyl Nuclear éowe: Station*

Date/time Power (MWt) Event

Comment

~April 25

"01:00:00 3200

13:05:00 1600

23:10:00 1600

Z " 14:00:00 1600

'Began powver dercent to 700-1000 MWt as re-

quired for test.

Turbine generator No. 7 disconnected. Power’
for auxiliaries (4 main cooling pumps,
2 electrical feedwater pumps, etc.) trans-

ferred to bus bars of turbine generator
No. 8. ' .

Elergency core cooling system d1sconnected
as requ1red by test procedure

Continued pover reduction delayed for 9 hours
on orders of: the power grld dispatcher to
meet denand

Pover reduction resused.

‘reduction in power was planned

duce the effects of xecunon

p.” The range for the tesrt power
(700 to 1000 MWt) was chcsen by

es1gners

four pumps were drawxng
turbine generator No. 8,
he gr1d and two .on standby
ted to the grid. As part .
quipment connected to
nerator No. 8 will run down
steam to it is shut off.

» olatlon of safety prin~
ever, the test required dis-

_connecting the ECCS to avoid possible

ECCS. actuatxon durlng test (not actu-

rate of,kenon bulldup at the test
power level

*As provided in the Soviet report (ﬁSSR, 1986) and the INSAG;Sumnary Report (INSAG 1986).




‘Table 4.1 (Continued)

Date/t ime Power (Hﬁt) Bvent -

Agril'26
00:28:00 Variable ar-
ov power operation. Becxuse bulk
'\int vas inedvertently left preset
' !} Teactor power was.
~ Variasble
«  01:03:00 200
3 to
&~ 01:03:07

The total flov increased in excéss of the
saxisum flov ailowed given the (low power) -
opersting conditions. The coolant tempera-
ture approached ssturation. Low power-to-
flow ratio possibly reduced core void to 10%
or less. This resulted in a decrease in
steam presasure and vater level in stean
nepotetor'.

*Operating reoctivity notgin io
p =itiens.

xenon buildup requiring removal of

calculated reactivity nergin basedfon pouer and control rod dis- ib
It is given in terxs of nveber of control rods where 30 is the ainimum allowoble. In
situstioas, thil may be louered to an aboolute minimum of 16 (UBSR 1986~*pp 8 28) ' '

Abrupt power reduction would result in
8 negative reactivity insertion from

'trol rcdo to -ointain crit

ts stated that this -ode of opeeaf".lg
on:(i.e., low core.void, very low ORM,
powey neasure-ent response, and-pu-ps '
' ab Tl:e :
S,,iets were concerned that the pu-ps
msy have been operating close to. pointc-
of cnvitation. . :

Fnrther control rod’ vithdrov .
becouse of reduced V01d content;
reduced the ORH even: nore.v
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Date/time Power (MWt)

Event - R _ cai—qh;

ril 26
Contiaued)

Before 200

The oporitori blocked the enetgency protec-. By blocking these protection signols,

01:19:00 tion signals related to low stea- pressure operator was sble to continue operat-
and low wvater level. . . .ing plant and avoid scrams.
01:19:00 200 <ull replenilh-ent ‘of feed-
- tellﬁleparator. Al thil colder '
01:19:30% 200
; ‘ : IEpa)
hod incre ed by s factor ‘of three over the
balanced flov for this pover level
'change in ‘feedwater flov (app ﬂi«
no;eLy 20-30 second ttqn;git‘tipclg
*From this point on, much of the information is based on calculations per_orned by Soviet analysts 8 ,fgotibeg,.

in their report (USSR, 1986).




Table 4.1 (Continued)

@ . %

Date/time Power (MWt) Event

?ril 26
Continued)

01:19:58 200

u'bTP"' valve (stean dusp) : Thin was done to raise ‘the stennfpres-'ﬁ'
01:21:50 200
*» . sl
- 01:22:10 200
g
01:22:30 200

'_Operator noted ftnn Bkaln printout thnt the' No%nctinnznas_taken.
 ORM was about 6 to 8 rods, far below the ’ ‘ P
‘value vhetebil-edinte reactor shutdown is

A ptintout{o Athe actunl core flux lonitor =The'flnx'was "practicnlly arched
outputs and:the position of all the regulat- the radial direction and double pe
ing rods was obtained at this time fro- the axially with the higher peak in. the
Skala syttel ik o .. top-section of the core. At thi

o - : - highly unusual power shape, th
in estimating the control rod worths
was extremely large, hence the error
~1in entinnting the ORM was also llt

*Resulting from -pproxinntely 20-necond transient ti-e ftnn steam ‘drum to core inlet i ' N e
 *#Skala nynte- is the progras thnt evalustes. (anong other thinga) the  reactivity: nnrgin (USSR ~986_ o




(-9

-bite/tile Pover (MWt) Event

April 26 o
(Continued) : L

Table 6.lf(Continned)"

Pressure

01:22:45 200 Feed!lte flov rate stabilized
01:23:0 200
ibine genetator stear load and the reduction
(by operator action) of the feedwater rate
ebout l ‘minute before. ‘
i : o o a’ eharp inctease in reactiv1t
’ o ' (Soviets have stated that the:
Co- : : : " void reactivity coefficient o
e . o 2.0x10-4/% steam volume increased:
Ui . .. 3.0x10-*/% steam volume at test
- C ' conditions. )
01:23:10 200 Prelsure~ reeled, some. AR rode begen vith.

drevin; beéeusc of collapeing voide.




. Table 4.1 (Continued)

-

& o

Diteltine-?buer (fe) <Even:

ril 26
;Continned)

01:23:21 200

coested dovn, the flov dropped
void end pover incressed. To colpennete,
some AR: rodi begen to drive in..

01:23:31 Increasing

ot-y

01:23:44% -

tion. Coolent flow contihued to decrease
(due to tundovn of & main cooling pu-ps)
the poue' continued to increase.

‘were etopplng,before they reached bottom st .
disengaged the servo drive couplings to allou
rods to fell into coce.

,ing oises ‘may hnve been 1n1t_a rup-_!f;“
‘tures of pressure. tubes or burs o
the reactor cylinder.ﬁf

*istimsted from Soviet
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Table 4.1 (Continued)

Date/time Power (MWt) Event

ril 26
;Continued)

01:23:45% -

01:23:‘&* -

01:23:47% -

01:23:48* -

01:26:00. -

*Estimeted from Soviet

‘ligh-prelsure failure blew top off reactor

and deatroy!d ‘reactor.

Second lond*noise Apptoxi-ately 3 seconds
after first - hot fragments and sp.cks - pation fron the control 5
emitted from top of reactor building. Hot obaervat1on proceeded from outside the

fraglentn canaed nbout 30 fires. o teactor building.




e S - lr.Tuﬁle 4.1 (Continuedj
Date/time Power (WWt) Event . . _E | S COﬂqéuitv.
April 26 :
(Conti;ned)'
01 :26:00
(Continued)
02:54:00 -
>
]
“
°
) Firefighting units focusud on f1ght1ng
| - fire in turbine roon to prevent spread
fire cranes" were used to'f1ght
in the coupartments. ‘
03:34:00 - Most of the firee on turbine roon rooi were
out.
03:56:00 - lires on renctor'buildxng roof were out
OS:OQQOO - All fires (other than those 1n the core) were )

out. Unit 3 lhut down.



144 /

Table 4.1 (Continued)

Date/time Pover (MWt) Event

Comment
April 27 .
01:13:90 - Units 1 and 2 shut down.
to e -
Mey 10 - Decision was later made to f111 the reactor
c-vity‘vi‘_th 1 heat dioclurg:lng and filter:lng
at‘e‘ruh‘,"* gle o . ,; D
IR N ‘
- " Dropped "(by::helicopter) 5000 tonnes of boron
 compounds, dolonite, nnd, clay, and lead ‘g' : "
onto w setor, ‘-,‘,«,:
May6 - Discherge of'udio:ctivity dropped to seversl

Imudtedcuﬂuperhom- ‘g‘. , 4 .
litrogen gai hn pumped into _space under the Prob!eu of reducing fuel hestup was
reactor building. 'renpentures rose, stopped.. lolved

o g DeFER T8 drop.

As insurance agsinst "extremely iiprobable" c«pmeaw. end of June.
failure of the lover tier of structures, an SR : .
artificial "hest discharge horizon" was con-

structed under the core,

wh e




e oper :f.actiona lnd thc bteakdown in -anagenent/ B
€ contributed in a -ujor vay to the accident. Some
repeated £ro- Chapter 4 &¥ -ppropriate to ptovxde
nctions

This chapter focuse
administrative con
descriptive -aterial
perspect1ve on opetat

<

Since the accxdent”,t Chetn
events before,

provided regard;
sibilities.

At the time of the
 -ating units. ‘It
;a-ong ‘these personnel

,' respomibihtiea were divided

finfornntxon avnilable:indi ites. that Chetnobyl Unit & was one of thc best of
“the 14 operating RBMK-1000: units.- The training and experiénce of the operating
crev may have focused: -ninly,on steady~-state operation since the reactor operated
contxnunlly ss a base-loaded umit with on-line refueling. Evidently very little,
~ 1f any, tra1n1ng bad been conducted on s plant simulstor. Only one simulator

- at another site bas been -gntioned'aajpossxbly serving the training needs of

operators of sll RBH! nnits. -

The Soviets bclieve that”thc}previoua excellent perfor-nnce created an attitude
in plant perlonnel thnt ;lo.e:cdherence to ptocednres vas nnnecenaary. .

S Albz Soviets felt ths
' ngvetconiidenterf

-~'1hev!!ﬁl units ‘had: paulsted wore thanwlﬂb,teactor~year- of cperution. _ '
;Chernobyl Unit & had been: in -operstion two Jears. It is not known what events .
. ‘had occurred at RBMK units t may ‘have been precursors to the April 25, 986
P' accident or vhat cortective actions had bcen taken in the areas of design,
opetationt, or trsining. ‘ : , T :

:onb - tto operation lgd toda;daninatin;

N its

The plant operatiag ptocedntes -are. aot available. iovever, the Soviets have
described three opcratin; restrictions: 1: particula: that bdear on the sccident. -

(l) Procedures prohibited lto.dy-statc operltion below 700 Mt - 22% of full
pover. The basis for this restriction was tue dominsting positive steas
void reoctivity coefficient aad nnstablo operotion at low power. The

8. Visner and W. Convay of the Institute of lucleor Power Operationn (INPO)
-co-piled this chapter.
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,  'f5 1 Qpetator;&ctiq

. ',»*».Qw_‘ie'ril'lf po
| _'e‘ilc"'erba-
@) The "equivalent
. reactivity ma
.;‘eqni.relellt

"'fleo decrened the ugnitude
'ctiv’ity coefficient .

| ¢a '1t.et:lon. |

: _l"igure 5.1is 8 achelntic dravi" plant intended solely for use in

On April 25, 1986 the plant’ .uff wasto. conduct a opeciel test on Unit & just
‘before it was shut down- for intensnce. The test wss being conducted -
to demonstrate that :the turb: generators could continue to power important
"loads during a statiecn: bhq:bu ntil the diesel generators took over. -In the
test, the steam eupply one the turbine generators vas to be cut off The
test would determine how:loag: generator would continue to supply power near
rated voltage as it coasted: down._:Main coolant circulation snd feedwaster pumps
were to provide the main electricel load. This test had been performed at
- least twice before, but the ‘generator output voltage had decreased faster than
.desired. Changes therefore were made in generator field control, and the test
vas to be repeeted. m Internat: oml Buclur Safety Mvuory Group (INSAG)

Figure 5.1 Schematic diagrem of the RBMX-1000
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summary repo;
.- the procedures thu
(INSAG, 1986). g

~ The test caIIed fog éheiiélié it

@)

-

(2)

(4)

It is mot known if the teot ptocedure -entioned edditional test conditions
(e.g., pover history) or-amy- tpecill precontions to be taken or hov to proceed
if the plant did nmot telpond ao expected..

It is teported that the tett, vieved as a eilple turbine test, received only
perfunctory review. The station's. technicel safety group apparently did not
reviev the procedure.
prepared in Tespect to afety (INSAG, 1986).

The test was ditected by en engineetwuho hnd exyertioe only in the tnrbine
. generator/electrical area.
- tions to carrcy out the»tezt_zrocedu:e?

- The- ooeretors fef :
‘have been delayed for' one yeer

~ The reasons for the sense of urgency orx tte ott;in were pot. eatiofnc.orily
-explained in the Soviet teport. IR :

5.2

" Twelve bours later, the reactor povot reached 501. and turbine generstor No. ?
was shut down. The reason for the power decresse beiag sc slov pay bave been s
to ollov the xenon poinonin; to oquillbrote with the lovertn; power levels. : ' ¢§

=Op April 23, 1986. at 01.00, the opctotore ‘started reducing pover (began power
descent) in preparstion’ for the coastdown test ém turbine gemerstor No. 8.
(!or an exact chronology, see Chaptet 4. )

-remaln blocked only'for the'expected short duratxon of the test )

N real;gning the
" bine gener:
- sfour. wain
‘would start’s

-ehutting off lte tolthe-test

reducing resctor p
of full POWer

blocking the‘ehergEhéy.éoré oling ysten (ECCS) to prevent inadvertent
actuation during the test (see Figure 5.1) (Preaunably, the ECCS would

"te;connected to thextut
and the r
ntation?iild'(the tes

perating while in normal operetion only

8ix pu-ps-operai talled lpores)

,tbiae generator to 1nit1ate,the coastdovn'

The  INUAG report. noted that, “the. procedures were: pootly

Bis ‘briefing to the operations staff imcluded direc-"
ollouing station procedurel 88 neces-

t were nothperforned at the ‘scheduled time.

l-edut.e and Short.-'reu ‘ Ant.ot Aetim

The opcratora tben blocked che e-er.ency core coolin; system in sccordsice with L
the test procedure. S8hortly thereafter, the power roductch ves sto : SR
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nine hours becauae the lond dupatcher requested continuing supply of power.
The emergency core cooling system resained blocked for this nine-hou period,
in violation of operating procedures. - The ease of access to controls for -
‘blocking and unblocking this system is not apparent

‘The power reduction resumed at 23:10. However, beceuse of an operator error

- in the process of switching the automatic.control systems from spatisl power

" control to global power level control, the power dropped quickly to 30 Mwt.
The automstic global power control system had not been properly set. T com-
pensate for the loss in reactivity from the collapse of steam bubbles during
the power decrease, the operstor withdrew control rods.

The power level was stabilized at 200 MWt at 01: 00 on April 26. Xenon poison-
ing continued to increase. . To compensate, the operators withdrew additional :

" rods. Thus more rods were. vithdrqwn than the operating procedures allowed; .

' procedures required maintaining a reactivity sargin “equivalent of $0.cosntrol

" rods.® The excessive withdreval.of rods placed the emergency protection eyete-
in a configuration that reduced the initisl shutdown reactivity rate when scram

vas required. Also, the. vi.tbdrnnl of rods qade the void reactivity coeffi-
cient more positive, . % v ool i -
vl'he operators were unable to- lncreene power to 700-1000 MWt, as celled for in
the test procedure, because .of the small excess reactivity available. Oper-
ating st s pover level as low as 200 MWt was s violation of plant procedures,
which prohibited continuous operation at power levels below 700 MWt. In this
pover range, small changes in power produced relatively large changes in steam
volume and reactivity, making it very difficult for the operators toc control
pover level and steaas separstor water level.

Two edditionel -a:ln circulation pt-p: vere sterted in the pext 7 minutes, one

in each loop; thus all ei;ht pumps were running. This sction was in eccordance'

vith the test procedure. :However, the test: procedure called for a such higher
pover level. At 200 MWt = 6% of full power - very little steam was being pro-
duced within the core, so the resistance to: flow was lov. The coolant flow

rate nov exceeded the allowed limits which are set to prevent cavitation. The

t of the coolant in the fuel

- sdditional flow further.reduced the steas 1
- channels, resulting is'lower stesa pressuren
"drums. Most importantly, these circumstance »aleo brought the core inlet tem-

perature of the coolsat wvery close to ntnreuon

vss‘ ’

The operators experienced di!!:lcnlty 10 contrplling stesa drum pressure and

vater level because ot low power the controls were too coarse. (Also, changes

{n feedvater flov to contrel water levsl chenpd stess voids and reactivity in

the core.) To avoid en sutomatic shutdown, ati01:19 the operators blocked the

esergency protection signals for reactor ocren that relsted to stesa drum pres-
sure and vater level. , §

During this period, resctivity continued to drop becsuse of xenon buildup and

decreased voiding, requiring further contrel rod withdrawal to maintain power

st 200 Mwt. The operators supplemented the automatically actusted contrel rods
by withdraviang manual rods. It is likely that the operators were aslso busy
adjusting the local power distribution in the core.

8-

lower water level in the stesa

. o

e

e

;-(L-'*b?\'»‘.»:‘:‘ o)




he operators: noted from the conputer pr1ntout that the a i ble L
' 1a to: the nu ber of rods and-their: position-in the . . -
1 requ 1r1ng'inmed1ate shutdown of the
; eight "equxvalent" rods versus the 30 "equxvalent" ‘rods
:ing procedures Because s scram in this situation could
apecial or emergency procedures would have to be

,; e reactor Nevertheleas, ‘the operators contxnued'with

At 01:23: 04 the operatora blocked the reactor scram that vould be autonatx-
cally activated by ‘the: shutdown of the second turbine generator, ‘No. 8. (The.
- first turbine: generatcr, No. 7, bad been shut down earlier). The test proce-

- dure did not call for blocking thls acram logic The scram logic was blocked .
- S 80 the test could be repeated: .

_ at & very lov pouer level vhere it was un-
, t:to control

4 0 percentage in the core was small, bue the water ‘temperature at
- .the. core inlet was near ssturation, giving tne potential ror rap1d voiding
.over .. eubatantial—region in the core.

(3) The overall coefficient of reactxvrty waa"poritive, vith thejatea-v(void)
' coeffxcient predo-inant ’, : . ' -

(6) sControl rods were near the top of. the reactor in a regxon of low reac-
. tivity. differential,vorth (low "bite"). It would take seversl seconds for
. ~the rods_ te:insert. -apprecisble negative reactivity. (Additionally, the
: roda oppaﬁ tly. vould insert positive reactivity initially as the ;raphite
: e; laced water from the lower. region of the core.) -

o - & : ebe.an to coaot -
: ) f1 the ‘fuel channels. This allowed more steam
to form 1a,tho' ore ilcneaaiag reactivity and initisting a pouer rise.

The rioin. pouer 1ncreaaed the otoal voids- vhich in turn further 1acreaoed .
- pover due to-the overall positive reactivity coefficient. Thirty-six seconds

into the test, a.m 'SCram was initiated on an order from the shift super-

visor. . !ecaoaeethe ‘control rods were near the top of the core, they could not
. .~ counter the tncroaain. reactivtty. A very severe power excursionm took place.

‘A loud noise (aloo traoalatod as "loud report,” "shock, " and "banging”) from
the reactor was heard, ‘and an operator noted that the control rods had not
fully inserted. :le then de-energized the control rod drives hopin; the rods
would drop under their own weight, Two to three seconds later, the operators
heard a second loud poise as the reactor vas deitroyed :

The core resctivity exceeded prompt critical, and the power, by soviet cslcu-
lation. reached 100 ttloa rated !ull power, The epergy release lilted the
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”cﬂ'éteam-and water from the reaétof:an&“ﬁaEEP”fioﬁ’the”ihptﬁréa°shie1dins tank-

1000-ton reactor cover plate severing all the fuel channels, the refuellng
machine. and its crane collapsed onto the reactor. Hot gegments from the core
. were - eJected from the reactor, and approximately 30 localized fires started,
involving roofing materials and other combustibles. The dlslntegratlon of the
fuel stopped the chain reaction.

were released into the reactor hall and compartment below the reactor core.
The graphite in the reactor was ignited, and a severe fire resulted. -Hydrogen
and carbon monoxide were produced but the role they played in the acc1dent is
not clear. : .

The. rapid deetruction of th ='_, to o, e h1gh radxat:on levels, and hlgh
emperatures probably P! n;fr ntat1on on
¢vond1t1ons in the core - '

Uh1le rad1at10n and temperature evels in the reactor hall became excess1vely

high, the control room remained habitable, at least temporarily. Some of the

operators left the control room to investigate vhat had happened and to assist
in controlling fires; they were among the earliest casualties.

Using the auxiliary feedwater pumps, the operators 1n3ected water into the
reactor at the rate of 200-300 tons per hour (about 1000 gallons per minute) at
the steam separators and at the manifold between the separators and the main
circulation pumps. This water came from an intact emergency core cooling system
tank. The valves .nd pumps used remained functional, and the neccssary controls
may have been in Lhe control room.

'5.3 Sumsary of Key 0perat1onal Events and Errors’

The design of the plant placed a heavy dependence on adherence to adnlnlstra-
tive controls and procedures for safe operation. The following major opera-
tional events or errors and adninlatratxve or -anage-ent control breakdowns led
to the accident:

(1) Overall management control of the test and ‘ta integration with plant
. operations were not clearly established. The. test was directed by an
engineer with expertise in the turbine generator/electrical ares only.
Plant managemeat did not ensure that normal restrictions on plant opera-
t ions were observed. .

(2) The test procedure did not receive an adequate safety reviev. It is

' reported that there was a possibility that the accident might have been
less severe if the ECCS had not been blocked. In any case, it may reflect
the attitude of the station staff towards violations of operating proce-
dures. Also, necessary safety precautions and instructions in the proce-
dure were evidently not adequate, thia situation was not corrected in the
review of the teat procedure : :

(3) The operators felt a sense of urgency tc complete the test. The test would
have becn delayed for a year had it not heen performed at that time. The
reasons for the sensr of urgency were not well explained in the Soviet
report but may have .been csused by outyide or management pressures. Since
the evolution occurred over a 24-hour period, more than one operating shift



@

4 f(s, ) RN

&)

(8)

~ was_involy
LA SOVIet na’
The power

.. load: disp.tclh ¢
"~ from conditicns ¢v

*Other safety syateeauuere lroidefeated

ducted early in the m rning

the test may als~ ua
ke up for the . ih

Due to an operator 8 4
automatic  global power- controller, th° power level dropped rap1dly to 30
MWt when the operators switched the automatic control system from local to
glotal. The reactivxty Yoss from the resulting collapse in steam bubb.es
and 1ncreas1ng xenon poxson1ng prevented the return to the 700-1000 HWt

teal ils being. generated :80- the eight
circulation pumpsp s flow rate above allowable limits. With

‘the high flow- rate’ and 1ow power ‘level, the water inlet temperature

. to the core was: very clore to. saturation. - Under these condi%ions, an
_incresse in- power ‘caused & -uch greater inc- ease in steam voids and
roact;vxty than norlal

. The reactor scrams. aignal -for the tr1p of the second turbine generator '
vas blocked, -which violated station aafety procedures and was not
.‘called for:: by ithe., teot procedure. - S

tea- aeparator preasure and vater level scrams alloued
table conditions. S

N beyoad rafety liadta apecitted by o
s.done -to compensate for xenon buildup snd

1 _ctivity retalting from void suppression in the core.
This error rendered- the e-ergency protective (scram) ayaten ‘
ineffective.

* . The emergency eore eoolin. system was deactivated for more than oine '
‘bours while the plant was operating, ¢r-Srary to normsl procedures.
Had this system been availsble, accorce.g to the INSAG report and .
-the Soviet report, the accident -ay h - been less severe.

The lant operators and station mansgesent did notl demonstrate an adequate
urdcratanding of the safety implications of their sctions. Their willing- -
pess to conduct tha test st a very low power level, with abnormal and
unauthorizred contrel rod configuration and core conditions, snd with

sofety features bypassed indicates an insufficient undcratanding of the
rea*tor and its potentia! behavior.
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Tébiebs If'“dapted_
_atxonal violations

fFutthet detailef"

The frequency vith which they f

kind of plant : ) he
knovledgea’ e they uere about reactor behavior, in-

" were retrained

,'-ct.or difficult.-. to contiol

fernll pouer coefficient

(2) Control rods. -inponitioned ﬂnanthot1zed (nnd probably
unnnalyzed) configutation '

lnergency protective systen"'
ineffective

Ieduced voiding but coolant”
;eqpe:ntutc near saturation

) ¢

t anto-atic scrnl‘prorection
ntf_tnrt of teet

turbine generatorn-if

(3) Blocked resctor:scrams i
wvater level -and stean
pressure inthe: tni- ‘
‘sepsrator RN

‘Lost ‘reactor protection eylten
beocd ‘on thermal paraseters

(6) Turned offathegelergency .L<;1..: possibility cf redu:tn;
core cooling systes .- severity of accident




(3) The rigor and c;ns
- ;vprocedures and’ pe.

- (4) The administrat

" frequently this vas dofie. - y

standpoint to bypass or block safety syatens (1 €., accesszbillty of these
controxs) A .

()L The* ‘exact content. of the tur

(6) Wwhy it was so 1-portant to. petfor- tne test at the time it was attempted
why it couldn't have been poctponed _

ow it relates to the'm
what the basis for

“control rods.

{(8) . The procedurec ope’
" reactor when contro. £

"operating reactivity nargin"

-to be shut down.

. 'l*haafinadvertently decreased the
belov.the level that tequxted the reactor

(9) Events that had occurred in asy-Gt the F— plantc vith Ieubna that had
- been included in staff training and operating practices at Chernobyl -
Unit 4.

(10) The operating lhift ”chedules fo"Chernobyl Unxt 6 in the -onth of AP"IM@W;@M¢

protecting. cablc rooll

‘At 02:15, plant peruonnc -informed ;overn-ent ofticials in Moscow of the event
st Unit &, with the preliminary ‘assessaent that it was controllsble with local
.-resources. Also, at this time, :the operators started to inject water into the
réactor using the suxiliary feedwater system. ‘The operators recognized that
‘discharging the pressurized accumilators in the ECCS would be 1nadequnta
»bccause of broken pipes in: tha prinnry gystes.

An assessment of the dannge 1ndicct.d that the pet-nnently installed radistion-
monitoring equipment was ‘inopersble or off scale. The same was true of the '
pover, flov, and temperature instrumentstion. .Information is not available on

any messuresents of radiation levels where personnel were fighting the fire.
‘Potassium iodide (KI) was distridbuted at 03:00 to personnel at the site.
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&

“Unlt 4.

- INSAG, 1986 -

~up, - with complete a
_.available on the tr
’fj-anagement e

An offsite: response-
Plant" Inst1tute ar
ment Central Comni

By 05: 00 “the fires on
extlngulshed

judged 1neffect1ve lecduse of btokenﬁp pés ‘in the reactor aysten Tbete was
also concern about - flooding anﬂ conta-inating Units l 2 ‘and 3.

Units 1 and 2 were shut down the followxng_nornxng atﬁOI 13. These un1ts had

5.5 References

' ber 26, 1686

USSR, 1986 USSR State Cowmittee on the Utilization of Atomic Enerzy, "The
' Accident at thc.Chetnobyl luclear Pouer Plant and Its Conse-



,RADIONUC'I_;;D:B;. RELEASE Almmsosrmrc DISPERSION AD MSPQRT

 The first ‘topic of thiow pt ‘with.the nagnitudes end tining character-
istics of release of tadionuclidel‘fton ‘the Chernobyl Unit & plant. Its second
topic is the stmospheric: dispersion and transport of the released radionuclides
resulting in environmental conta-ination within and outside of the Soviet
geographic boundary :

f'The Sov:et report (USSR 1986) prepared for. the Internat1onal Atomic Energy
SR dn ¥V g 25+ .1986,..contains a large - .
frther, the report pre- .

| (INSAG ,
contained in the Sovie lfxnfor-ation And 1nlight prov;ded

- by the Soviet experts » ‘August 25-29 Vienna meeting. Preparation of the
- INSAG report included participationlof ‘and-inputs from s large number of tech-
nical experts, well. known in. the tenpective fieldl, ‘from various countries

. including the United Statel.;" L

The Chernobyl rad;onuclide tele.oe and et-olpheric dilpersion and transport de-
scribed in the following two sections are derived froz the information contained
primarily in the two reports just cited and partly in. the U.S. interagency drsft _
report that was prepared before the\VIenna meetings. -The last secticn contains =
. g rpaort discussion on consictencywo! the estimates of the radionuclide release
provided in the Soviet report '1th _obsérved data from regions outside the
‘SBoviet boundary. , L ‘ ' Do

6.1 Badionuclide,leleoee‘

-‘When the Chernobyl
was 8 large release:o. ; P

vith "the Chernobyl sccident were: gxeltly tnfls*need by denign features and
-materials unique to the llll-loooﬁ:.acto: ‘which differ in many basic respects
from those of U.8. commercial power resctors. The Chernodbyl data on rsdionu-
clide release sre mot directly relevant to the predicted releases fros the U.S.
reactors because of fundamentsl di!tattnceo 4a relesse -echaninus and berriers

" to the release to the atloopbnrt. el _

t.n_cme un dnt:md—~- }t.lnu

Co the basis of radistion measurements ead vcriono technical enslyses of oa-ploo
.of environmental media within a 30-ks sone sround the Chernobyl plant, Soviet
experts estimsted that a total of about 50 MCi of noble gases (approximately
100% of the core inventory) and s totsl of about S0 MCi of other radiomuclides

¥. Congei and 8. Acharys of the U.l Fuclear le.ulatory Commission (NRC) com--
ptled this chapter
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(approxlnately »
over a: period of
artxcularly ;

- About 20 MCi of non=
(Apt11 26) ‘The: tot.

. ‘the cesium, iodine, 3
e ofvother rad;onuclidet

DOGWW RO N W

'*Decay corrected to !ny 6, 1986, and cnlculnted
a8 proncribed by the Boviet cxpert-.

Bource: ~INSAG, 19“ Table'Il. S

*The Soviet c-tinatoo of all releases and release rate- cxcept for Lbe noble
gases have an uncertaioty range of 250}
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4 e 104 -day period.

... Figure 6.1 was providéd:'
“"."Vienna meeting. Table 6.

’fjtThe release of rad1
-event. Rather,‘
of the. acc1dent,

the Soviet Union w re
made from axrcrafts
dependent releasé rat

Soviet experts constricted a tine-’_'

) in Figure 6.1 (see also Table 6.2). (Note:

et experts:. dur1ng the August:25-29, 1986, e
'ble 4 13 of the Sov1et report Quant1-

ties of radionuclides. sh
May 6, 1986; for example
to Aprxl 26 would: result:

Figure 6.1 Dutly radionnclida tnlcooa 4ato the at-oepbero from the damaged
unit (not inclndiis noble gases) :

Source: Soviet experts st the Vienns meeting (USSR, 1986)
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Xe))

(2)

“The first.
‘this stage, very:e

- -corresponds spproximatel

.of the accident

‘fuel took place a :
reactor. Volatile edionnclide Ucte veporized from overheated end prob-
.ably molten fuel. Colpotition of tedionnclidel 4n this stage of release
te ‘composition of fission products in the

fuel but enriched hinuclues :._ohtue elelenu 1od1ne. tellurium, and

cesium.

In the second lte.e, fro. Apr'l 26 to Hay 2 the releele rate decreased to
a minisum value of vne-sixth the average releue rate for the first day.
Soviet experts credit this decresse-to messures undertaken to terminate
the burning of graphite, and filtration of radionuclides emerging from the
core. One of the measures taken was serial deposition of about 5000 tonnes



,.<:3;>j p

2( ‘(').postlble carb1d1zat1on of tranium d1ox1de :
, (UCg), -ak1ng it easier for fission products to escape. (It is not' clear
e _vfrom the SOV1et or INSAG-reports as to whethe "the' aph1te burn1ng was

reactor vauit
ptoducts 88 a1

é-P. ons1te
. - 0-20 km
. 'Beydnd 20.. il

| ’suple. of uo2 were found:to- have  been oxidized to u,o,. ‘It is sot clear, hov-
; "xhg plant-or* fter 3 1egae:x9 §hg‘

- ence of ”hot" particlel;nnxiched prilnrily $n radiocuclides of ope element -
such as nothing but .cerium-or:cesium. SPberically ‘shaped hot particles consist-
ing of only ruthenius bave been:detected outside the Soviet Union. Further
. . .characterizstions of the phytlcal ‘and ‘chemical nsture of the radionuclide re-
» lease and determinstions.of pltticlc lizc dil;ribution of cerosoll are being
~ -undertsken by the . Sovtct%c:pcrta R A__:§

The -agnxtude timing, dnzotion, and cner.y o; the rodionuclide rele.se. pecu-
liarities in the variations in the rate of release throughout the release period,
the sudden drop in relesse rate at the end ot;the prolonged release period, snd
the formation of hot particles con.istln; of -ingle elenentl were unusunl The

%
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- Table 6.3 Radionuclide conposition of release from the dmged
un:lt pf Chemobyl Nucleat Power Stat;on*

'VActiv:lty of release (MCci)

' _ Core activity release
Nuclide®* '6[26[86 <56y BEkIk ‘up to 5/6/86 (%)

Xe-133 °  § ¢ LRgT T Ee e et pogsibly up to 100
Kr-85e 0.15 - Possibly up to 100
Kr-85 - - 0.5 Possibly up to 100
I-131 4.5 7.3 20
Te-132 4 ~1 , Shkick 15 ’
Cs-134 0.15 0.5 10 .
Cs-137 0.3 1 13 :
Mo-99 0.45 3 2.3
© 2r=95 0.45 - 3.8 * 3.2 7
Ru-103 0.6 8:2 2.9
Ru-106 0.2 1.6 2.9
Ba-140 0.5 -~ 4.3 5.6
Ce-144 045 2.4 2.8
Sr-89 0.25 2.2 4.0
Sr-90 0.015 0,22 4.0
Kp-239 2.7 . 7], Zkkkk 3.2
Pu-238 - 0.1x10-3  .:0.8x10-3 3.0
Pu-239 0.1x10-2 _0.7x10-3 3.0
Pu-240 ~ 0.2x10-3 1x10-3 3.0
Pu-241 0.02 0.14 3.0
Pu-242  0.3x10-® 2x10-© 3.0 .
Ca-242 - 3x10-% - --2,1x10-2 3.0 o

*Error of estimate: 150%; explanation in footnotes to S o f
Table 6.2 : , o s =

**The dats ptelent.ed reht.e to the- activit.y of the uin radio-
nuclides .eumd o atndie-etdc lyun . _

*iTotal disch;rge up to lhy 6, 19?‘ lic) - aftet Aptil 26. 1986
(see t.be footnote belov) § A

**ikDats are presented ss provided by he Soviets. The integral
release must,- towevcr, be s .onotopically increasing function.

Source: USSR, 19&6, Teble 4.14. %

i
18

‘
&
-
&
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isotopic content snd character of n&rul released are heavily skewed toward
the ponveolatile radionuclides and actinides,:due to fuel fragmmntation ss the
result of the power excursion or other .echsntcll release mechanisms.

Some characteristics (reactivity excursion) and conditions (presence of graphite
and air) of the Chernobyl accident are not prototypical of severe accidents in



thhernobyl
d theoretxcal

(1) Enrichment of the: re.
. ‘césium): D

oAt ~elevated. t:“
phase change and
release nechani”:

are largely deter-ined by theirfrelatxve volat111t1es
by vapor1zat10n are enrxched, relative to;the fuel, by the volat11e

"',Compos1t10nQ"
A;s;n1lar ‘to 't

Another
%aerosols Uere produced as & result. of - oxxdatxon of

-.were subsequeﬁi
»:wtheory is thnt
“U0g to U303. s

-{(3) Enhenced release rate beginning about 6 days after the acc1dent

Although no definitive explanatxon for this has been offered -some pos-
. sible explanatxon: either 1nd1vidna11y or im- co-b1nntion ‘are as- fcl;ove

Aerosols generated B

f?sition was ltonped (about May 3), the- -elting of

i ropped;'the te-perature of the debrze rose,

(c) Oxideiiehiiiéiée‘ ’i§-~b£i.n iidentified mechaniss.

(4) Sudden drop 1n the teleaoe rate afte:gusy 6

o definitive: explanntien !or ‘this hg? been ofiered. -Bovever,'threeibea-‘
sible hypothe-el ere a8 : follovt = ,
ﬁ
(s) Nitrogen gas 1njected under pressure beneath the core succeeded in
cooling the core and preventin; rther oxidation reaction.

(b) During the third phase of the rélease, parts of the coce debris re-
" heated because of residual decay heat and may have liquefied because
of reduced hcat loss through the molten cover provided by the depo-
sited material. Tbe ‘tquetted debriu relocated, . eventually fal ling
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atroagly 1nf1uenced
associated with air 1@
interactions with the
by the Soviet offic
tial release in ord_
reactor ‘

aft tru',ion of the reactor bu11d1ng and the in1
ﬁcontrol further rad1onuc11de release and to cool. the

1onucl1de releas ,
species, eJectzon of &
and particles in an
. mostly near the site Bt o
one to tens of -1cro-ete‘,) 1
and dry deposition processe

: g _ ,
'”fifuel material in the forms of. frag-enta_
The,fuel fragnents fell on the ground.
srticles (sizes varying from lesés than
fell ‘on :the ground by gravitational settling
: being dispersed in the air according to the :
prevailing meteorologica _ftions and carried by the wind - heavier particles .
falling in larger percentagea closer to the site and lighter particles trans-
porting farther out from: the site. Becauae of preferential depletion of heavier
particulate material fro- the ‘plume, only extremely small-size particles of
fuel and volatile fission producta, and fission products in gaseous or vapor
forms transported over large to very large distances from the site. Precipita- .
. ‘tion on the plume during ‘transport ‘would have:caused further depletion of par-
“ticulate or soluble material from. the plu-e .(There is not much information on.
precipitation during the 10~day.release: petzod in the Soviet report. ‘However,
- according to the INSAG:report; 2re was 0o ‘heavy rainfall st the reactor site
or in Kiev over the petiod Apr -uay 130 because rainclouds noving touard the
- area were dispersed. v L)
 Various .deposition:pr
.- resulted in:the
contamination. "

"~ Over the lo-day peri 1 onuclide«teleaieﬁfro- -Chernobyl the neteorologi-
csl conditions in the regions -surrounding the plant wére quite complex. Varying
rate and composition of the radionuclide releaae, large amounts of energy '
accompanying the release, an gco-plex .meteorological conditions led to very
complex pstterns of air and.ground.contamination, both within the Soviet Union
and in other countries.::Howéver, .the patterns -of contaminstion were detcrniaed
very quickly by means of euvironlental -onitoring

The cloud vhich formed st the tine of the accident produced a radicactive trail
on the ground in a veoterly and portherly direction depending on the meteoro-
logical conditions governing the transport of air sasses. Subsequently, for a
considersble time, a stream of gaseous, volatile, and serosol products continued
to flow from the accident zone. The most intense stream was observed during
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nsport over 1ar3eld1stancéb to reg1ons”outs1de

@At altitudes of 700 a to 1 5 k- vlnd vas to s northvestetly direc-
]-tion .and- snbsequently turned to the north

B ‘The precedin.;‘ teotolog{cll tiol as described in the Soviet repozt are

. consistent with those in the U.S. inter-agency draft report prepared sefore the

- ‘Boviet report: ‘became.available. The following information related to long- :
- range transport of :adionnclidet 18 baaed on the U.8: inter-agency draft report.

The Chernobyl cccidcnt c-phnciscc the 1-portance of large-scale stmospberic
transport and diffusion for msjor releases of radicactive materials at various
elevaticns cztandin; up to 1 ka or higher. Releases of material into the
stmosphera well sbove the surface are geaerally subjcet to considerably 4if-
ferent ttansport and diffusion conditions than release nesr thc ground.

“From available radiolo.ical monitoring iaformation, including ssspling by air- N
craft, after the acc dent a number of relatively distinct "debris clouds” -
vere 1dent1!1¢d st varjous heigbts and locations in the stmosphere. To reach




s the vest coast of the Unxted SLa-es by ay 5 1986, 50
. tial release apparently was injected re_atxvely high:
'?jlevels about 6 km (or even higher) abové the surface:

which meandered over Eutope apparently were tranupOtted at or below about

'l 5 km.

' ‘”sphere, at..
The debrxs clouds™

' Thegpr; c;pal Jtmospherxc transport and dlffusxon nodel avallable 10 the- Un1ted e
“States to estimate regional and globel dispersion. following the accident was..

- the Atmospheric Release Advisory Capability. (ARAC) model developed and used: by
. the Lawrence Livermore Laboratory. This model was: used to examine various

. 'release scenarios. regatdlng the vertxcal dlstrxbutlon of radioactive materxal S

. teleased into the atmosphere

ypxcally 1nclude hourly or 3-hout1y sur-~ .

és throughout the wo

‘face observations (e. 8:» wind speed, wind direction, cloud cover, temperature,
. ,'dewpoxnt te-perature vxsxbxlxty, and precxp;tatxon) At a fewer number of
- cities, upper air data which are obtained less frequently from soundings -

(radiosondes) provide ds:a on wind speed, wind direction, temperature, snd
dewpoint temperature for selected elevations (e.g., consrtant pressure s surfaces
such as 850, 700, and 500 willibars which correspond to elevations from near

 _the surface to over 10 kim slort). The model considers. primarily wind speed and

wind direction profiles which show toth horizontal and vertical temporal and
spatxal variatisns with at-ospberxf stability inferred from other measurements
such as vertical temperature gradient, cloud cover, and wind cpeed. Analyses -

wrof long-razge transport and diffusion are somewhat limited because of the large

distances between weather stations (which affects spatial variations) snd the
relative infrequency of upper air soundings (whxch sffects temporal variationa)

However, the analyses by the ARAC computer code showed reasonable sgreement

with known, if very limited zadxologxcal wonitoring information from outside

the Soviet Union,: considerxng the recognxzed uncertasinties in both the calcula-

nmtxons and the measuremsents.

The. wet depos:tioneprocesseu,iv@shout and rainout, are ettrenely:iiportant in
examining the consequences of the Chernobyl accident. However, because of the

complexity of modeling these processes and the relative uncertainties associated
with modeling and very liuited precipitation data, -the effects of wet deposi-
tion can only be considered subjectively. Precipitation appeared to have been
light and widely scattered during the initial releases and plume transport.
Hovever, subsequent precipitation throughout Europ~ and Asia csused wvidespread

.ground contamination and plume depletion

‘6.3 Consistency of Soviet Estimates of Rnd!onuclide lelease With Ob-erwed

i

DaLa From Other Countries

It is obvious from the Soviet report that lar;e am unts of rodioactive saterials
-in the resctor core were released into the sur r'_ading environment. Much of

the radicsctive materials released was carried away in the form of ‘gases and

" aerosols by normal air currents. Radiosctive materialr were widely diapersed
‘in this -anner. nllh:u;h moci remained inside th- Soviet Union

zact on_of the 1n1-11”:  o




i@ﬁw,neteorologlcal data -fo
" Union were not available.

- -less-volatile radionnc

~:} ﬁuere tranaported as:f
- . size. These larger serc

tr1es nany expert
j»radlonuclxde relea:

‘Were very difficult
' extra-long-range- plune

ort vas avaxlable However, tbese
irnat1on in' several areas needed for

d10nuc11des only 1n gaseous or f1ne pax.iculate
ge diatancea (hundreds to thousands of kiloneters),

,forns were transported ;o

'cal and chemical propertiea of the released laterxal thh wh1ch to model the
fallout processes durrng transport added to d1ff1cult1es in. evaluatrng the

~ ‘distributed at the sour o ghta and laated as long as 10 days
. with widely varying release- rate lecause of the difficulties poaed each
expert group used its iown. apectru- -of #simplifying assumptions specifically
‘suited to its computer code -for estimating the Chernobyl release magnitudes
which would reproduce ‘the. messured environmental dats outside the Soviet Union.
Some of these eatinatea (Uhich, ‘however, ‘have large nncertaint1es) are lhovn in

Table 6.4. : _ -

. JiConardering the large uncerta;ntiea An- theae eatxnatea. 501 errora in the Soviet =
. .estimates shown in Tahle 6.3, ‘and uncertainties in environmental measurements -
~ia other countries, it .is.ressonsble :tv.conclude that estimates provided by the
- ‘Boviet experts are coasisteat with -the estimstes of experts.of other countrxea

at ieast for the lore-volatlle dic s. -It should be noted that the

: “1t transported beyond the bound-

the volatile :radionulides. This

Jleaa-volatilc zadionuclides

Bet ‘which was -of co-paratively large

. ere: appareatly depleted from the plume more

-rapidly than the aeroaolatto:led by condenaation of volatile radionnclidea.

"¢fariea of the Boviet:

" Measurements in Bweden indicatc that lolt ‘of . the 1odine in the plune vas in
~.vapor or deso:bable patticulate form. It is mot clear, however, vhether the
iodine was released from the reactor building in these forms o. whe'her it i»s
- converted to these forms. dnrtn. tranaport.ﬂﬂhltbough there has been no report-
ing on detection of the moble gases in the environment associsted with the ,
Chernobyl relesse, it has been generally aasu-ed that 1002 o! these 1nert gases

uere released quite oarly ia the accidant.




ﬂft o C;iezinventory released

_ Radicauclide
group . British*

Noble gases_’ Large

Iodine » »15 zo_
mCeszum e N b
Tellurium  Small :ljef;]:?/”e_1.;_-
Bariem_ -Small - !;: .'f: ‘ -

‘Ruthenium

06(0.2) 2zt

.04(0.1)

Neptunium ~ Small ). O ,

Strontium - Small *e:-efjf”'ikﬁ%:“iﬁ e g ‘ -

*Reported in OECD/CSNI/GRECA;ieetihéQe;7§ﬁne-ai; 1986, Paris. (Reference
available in NRC's'PublicdDQCn-ent43005,41117WH-St., NW, Washington, DC.)

~%%*a = 100-200 HCI; b = 10-50 MCi 1-131, ¢ = 1-6 MCi Cs-137, d 0 001-0. 07
- MC1 Sr-90. Reported 1n LL!L 1986 Table 2

vJanuary 14-15,
Room, 1717 H.St . IU.

6. 6 leferencel

INSAG, 1986 Internstional” lnclea: Safety Advisory Group, "Su-ary Report
o on the Post-Accident Review Meeting on the Chernobyl Accxdent,.
August 30-September 'S, 1986 ‘GC(SPL.1)/3, IAEA, Vienna,
September 26 1986. -

LLNL, 1986 Lavrence Liver-ore National Leboratory. “ARAC Response to the
: Chernohyl Reactot Accident. UCID-20834, July 1986.

USSR, 1986 USSR State Committee on the Utilization of Atomic Energy,
: "The Accident at the Chernobyl Nuclear Power Plant and Its
Consequences,” Information compiled for the IAEA Experts’
Meeting, August 25-29, 1986, Vienna, 1986. ' ,
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.¢F1nally, Soviet information: pertinent v
‘entry is documented, imcluding- ‘descriptions: of the radiological monitoring

'f;The 1nfornation vhich forms the basis for this chapler comes from the neeting
~ held under the auspices of the Internationsi Atomic Energy.Agency (IAEA) in
- Vienna, Austria, from August: 25929,

« ‘Press Cllpplngl nonitored\radio*broadcalts,*Soviet press accounts, étc.

. Specific sources are: referen’
-~infor-ation, particnlatl'

@

M. Sanders and V. Adler of the Federal !-ergency Hanage-ent Agency (FEHA)

In this chapter is gathered a

“wities.
5scr1bed vhere known
is examined. Soviet
" also studied, 1nc1ud1ng evacuation,

Considering the infor-ntionﬂevnilable;:

o EHERGENCY PREPARED EDNESS AND RESPONSE

sumnarized all available
Soviet Union's emergency: preparedness for potential accidents ‘at. the Chernobyl
Nuclear Power Station; the S Tesp

reported ' e

Energency ‘Tesponse ¢

ation systeu used by the Soviets

e of protective actions taken is
s ltering, use of radioprotective drugs,
snd planned nedical asrrangements -and their implementation during the accident.
decontamination, relocation, and re- -

progran(s) being used for. conta-inated deconta-inated and disposal areas.

y 1986, .and . a report from the International
Safety Advirory Group (INSAG, 1986) which met from August 30-September 5, 1986,
also sponsored by the IAEA. »_!heAchapter is also based ¢cn information fro-

louever :the relisbility of some of this .
ts cannot be firnly establisbed et thil

7-4 'lnergengy Plans

ﬁtnovledge on the status of Soviet radio-
logical emergency planning tor ‘the" Chernobyl power station is limited. Known -
information includes

2 Russisn paper presented at 8 IAEA uork.bop in 1980 (Bekre.tnov, 1981) .

reporting 8 general plamning- -framework that describcs a plant location
strategy, accident classifications, public safety ‘measures, and an acci-
dent management organization structure for nuclear power plants '

compiled this chapter.




with the Beb
~;7;indicating
'6%Jd'Ru831an admission

~ .value to respon’e
: planning ensued

wRussianiregulati
and reviewed
planning nate”

In the paper presented at the,IAEA uorkshop in 1980 and coauthored by an offi- -
cial of the USSR Hinxstty -of Energy (Bekrestnov, 1981), a strategy of locating
nuclea*vpower plants 25 to 40 kn (16 toi25-ni)~fron c1ties}is*identif1ed Also,_'

ing neasures described i
(Bekrestnov, 1981, pp

temporary sheltnr '
*limited stay in the'open U

_.decontaminatior of ski nnd-c iothing
limited consumption ¢ talinated food
iodine prophylaxis (KI)'._'

In addition, the Bekrestnov paper describes the hierarchy of an accident -anage-
ment organization ard information needs and responsibilities and/or authorities
. by managerial level. mAt the top:.of .the management organization is a "coordina-
tion center” involving both 3overn-ent suthorities and plant personnel, divided
into five sections and attending:to»one of the follovins Proble- areas
.‘(Bekrestnov, 1981, .p. 450).1., ) G : ,

* . constant surv .conditionn;of;the@pouereplant

- -radiation.cont
Tl inhpect 086 nftitbiy iround the Plﬂntvnnd-the eniironf
_ .mental Protection zone BRaS . ‘

. protection of the population nnd provilional evacuation, if neceasary

+  m2dical aid for the . populotion and plont peraonnel includin; iodine
prophylaxis (KI)

The coordination center nppearn to be very li-ilnr in function to the "special
commission” described by the Russian delegation in Vienna as having ordered and
coordinated all protective measures snd deployments of resources and personnel -
(INSAG, 1986, p. 79). -Indeed, the delegation emphasized the i-portance of a
“centralized coordination center (INSAG, 1986, p. 80).
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,_.The remaxnder of th1s chapt
" jzation of personnel .
_treatment, remedial a
:jdecontemxnatxon, pub
“tunneling, dike comstruc

S Ygtien” protectlon into- “ﬁ7{55f“;: seaty)" (Bekrestnov,’ 98177

~ local resources.
“tially with similar though smaller releases daily was not included in Soviet

‘arrangesents could be -pplied"
‘The extent of ad hoc emergenc

.- the emergency is illustrates
. Gennadiy Vasilyevich Berdov, mil

;pover plant is built. The 30=

this would have requi
ings, ‘and general plans for
paper, for example, lists

v,emergenc1es “The Sovxet IAEA :
jponse action as "but plan for popu-
*150) o

In addition, it was leatnedg
(1.9-mi) safety zone aroun
ing of factories thhin

k= (18.
yas..an "ad hoc" measure resulting from

Y C: plenning, as it was noted to have ovetvhelled~
This une ‘because the: release of several million curies ini-

preplanning (INSAG, 1986, p. 79; Warman, 1986s, p. 3). For example, a major
difficulty was that, because ‘of the "actual situation...not: all existing
IRSAG. 1986 p. 78). -

. for ‘evacustion transportation during

Soviet ‘news ‘report by an interview with
ajo ‘eneral ‘and Ukrainian deputy lini-
ster of internal aft'i

Hhen the ptobl B¢ g th scttle-ent rooe,‘ue gathered 5
fall divisionsl : 2: :let us have all dats
on bov many buildings 4 there] in your respective
division. ‘We obtained these dsta amd-determined the mecessary
pumber of motor buses;as well:ss worked out a plan for the
evacustion. 1In thiaztespeet, everything sust be clear and well
.orgz?ized. 1n such. case- chaos -1s ilpetlillible thuhovokiy,
1986]. .

Another Soviet nevo‘tépoffiiiiiueiniietﬁiife:nhtion as follows:

The main burden of 011 She- difficultiee connected with evacua-
tion work was borne by precinct inspectors in the city of
Pripyat. = The speed and precision of the evacuation itself

*Marshall Sandoro. FEHA personsl co..unicltion, Octodber 1986. also see Sec-"
tion 7.7.
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- f»rontel. _ :
- -unique, and was appsrently quiteAaucceaaful.. lnfor-ation ptovided at Vienna

o for the functiona indicated (Semenov, 1983):

o The Russian delega_
. tion of 45;000 péo

‘-'cuuy (wamn, 1986b, P z)
- this difficulty, indicating
- confusion" (Gubarev, 1986)

1986, pp.. z-nnd 6)

, s (possi or .
. was an ad hoc action (with a-polymer. tubatance) of land
.‘areas along roads” :odten (S¢ndeto, 1986, P- 6) This

This. routc;ptepatation 1

- indicated that the 45,000 Pripyat evacuees received an average body dose of
3.3 res, far below 80v1et ttandards for levels of exposure (Warman, 1986b

p- 3). ; . . o

..These evacustions and thei”éﬁieparations ‘are described in more detail in Sec-

tion 7.4. Another important protective action, potassiue iodide (X1) distri- . :
bution, is also mentioned here becsuse Soviet officials indicated that virtually
-all peasants enthusiasticnll,_took sblets.. (Hhr-un. 1986:, P 6) Thil im-

'a.tlblets

.aparednea-., Yevgen OV,
“.8ciences, was quoted .as sa Chernobyl event will 1nf1uence and .
affect our decision in-future’ ‘and_admipistrative policies" (Post,
-1986d). A top-ranking Soviet. nnclear pover ‘0fficial, Gennadi Veretennikov,
also was quoted ss saying that the- .government has 1uaued nev. "operating in-
structions” fo- sll its -muclesr.stationis s soon as the Chernobyl accideat
occurres snd that the diroctivea covered nnlpecified "organizational mseasures”
(NY Times, 1986c). S _f.,n”

'The Soviet Union also ban prograls, tegulatory bodies, and regulations for auc-’
lear safety. The supervision of suclear power plant safety is established by
the following regulatory sgencies, which oversee compliance with regulations.

snd stendards ip the design, construction, and operntion ‘of nuclear power plants
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.- under the
'Lafilsafety

'“ﬁf_._State Nuclear

Le State San1tary
ﬂﬂealth - radi ti

clear power plant safety in the USSR was
ral Regulat1ons To Ensure the Safety of
ruct{on, and 0perat1on Th1s docunent
“fety (Se-enov, 1983) Other regulatory

The pr1nary regulato;
issued in 1973 and: is
Nuclear Power Plants: in De
- prescribes tasks required t
‘docunent ”are’"ﬂegulat1ons for‘De i

‘The prinary docu-ent _
{(RSS-76). This en »
.- sion on Radiological Pro3‘
~.:(8e-enov, 1983). A oeporo

_ the basic RSS-76 docu-ent to;eiting, -onitoring, and inspection (Se-enov, 1983).

»-Copies of the docu-ente lentioued above vere bot avaxlable for revxev, therefore,

Ingency reeponse. _
.personnel, vhich eppa"

> . "General (or Ceatr.l) £ 1)

Secure Satety of luclear Pover Plant Design,
Construction, ond.. 0peretyan :

OPD~32, 1972)

S

g fTheee ‘documents are curreotl)..oin; renelated -and udll be reviewed to detex-
..mine the extent of. o-er.ency»plaanin; contoot,ivhlcb baaed upon the docu.ent
tltlea, is expected to be o! .ggenertc aature.é

One knovlad.eable source, 8. luclear oa;incer tor-etly aaaocteted vith s nuclear
power program in s Buropean communist country, ‘has ststed that radiological

_emergency planning st comsunist muclear power’ plantl is extensive. Re slso
stated thet he is convinced that plemning is tied in very closely with thett
civil defense system aod 1- hi;hly centraliz: ¢ , _

'Alodnr Stol-ar, petaooal co-unlcution, Juiy‘ZS;;iQh6,.
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ﬁlans dea11ng
. place at the time of
Vienna meeting (INSAG
prevented a deta11ed d

cular plann1ng conponen 'o 8
i i ‘lanned and executed on an ad hoc bas1s,
is the cover1ng of evacuation route land areas with a. polymer substance. Con- -
~ ventional thinking about evacuations as precautionary measures beforc evacua-

_tion routes were contaminated by major releases of hazardous substances may
: beneflt greatly from 1ncreased 1nfornat1on on how Chernobyl emer ency 1Lsponsel

ft -any organ1zat1ons and func-
“tional groups took pa emergency at the Chernobyl power ..
‘station. -It also indi ) spec cp-l1ssion" ordered and- c¢oordinated
~ emergency response activities ‘(INSAG, 1986, p. 79). Whether the commission was
"~ configured like the prototype-" bordinntion center” described in Section 7.1 2=
' “having five sections dealinug wvith:various- ‘components of emergency response is ;
‘not known. Also not ‘krown: is whether the commission was . comprised of the spe-
cialist team dispatched- i-ed1ate1y ft0l -Moscow, plus the local authorities and
plant officials they were sent to-sssist- (INSAG, 1986, p. 77).. ‘However, it is
known that Soviet officials at Vienna enphas1zed ‘the importance of a centralized
.. "emergency coordination centre with all the authority:snd powers to direct the
_response organization.™.. Also, ;the: generic. functional- respons1b111t1es described
for the Chernobyl coordination center -are. essentially the same ag those deli- ¥
neated in the 1980 Soviet paper (see Sect1on 7.1) ptesented st an IAEA votkshop o
. -(INSAG, 1986, P- 30 Be eg P ST

v.The ava1lable 1ntarnatio __N*:“

-iDesp1te the specia
- lier Soviet statemen
:of .sdequate equipmen
:.0f the asccident by ‘plaat: ficisls. -
-dicated that personnel. ng- the accident did not bave all the equipment -
they needed. Deputy. Preaier: lvln Silayev said that "better facilities” were
needed. After the accident:he indicated. that "we have invited our designers
snd machine builders heére. We are showing them what is required in such cir-
cumstances, what iocilitieo there. ought to be...the: things that we lacked"
(Chicsgo Tribune, 1986). . An’ exalple .of ‘the: Jack of special equipment cited
in Vienns was the sbsence of ‘hydraulic-lifters to place firefighters on the
‘burning roofs at the plant. .1te (IISAG, 1986 Pp. 63).

K Soviet official in

Another factor hindering energency Tesponse vas identi!zed by the Soviets at
the Vienns meeting in August when they teported initisl problems in sccurstely
reporting the severity of the accide:l situation st the plant and off site ,
(INSAG, 1986, p. 77). The director and chief engineer of the Chernobyl power

. station were both subsequently dismissed for mishandling the disaster st the
plant. Pravda reported that they failed "to insure correct and firm leadcrship
in the difficull conditions of the sccident and displaycd irresponsibility and
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. ‘organization s&t fo

b111ty to 0
pened: and t
;5rtments i
9863)
stated that ‘ rst
:-.out to be 1ncorrect*"

1981, p. 150) 11st8'f -
"offlcxals o

”Inform author1t1es L
éPut plan for. po ulat1on

,ﬂf organxzat1on" et nncl

‘ :.rguoscou resulted inﬂ'

f‘;ﬁsince the accident’
..o.initial. protective
~public, Soviet off

: The Sovxets indxcate” : protect1ve act1ons were coordlnated from
" the Communist Partj‘headquarters ‘the early morning hours of Aprxl 26. (Harnan,
"~ -1986a, p. 5). 1It-is:mot known:whether the arrival of the lpecialxat tea- fron
e =7 another locat1on _

“Given the major rolen played by the lpecxalist team aent fro- Moscov and. the
~ special commission which, once established, directed the emergency response,
- ‘dissemination of organlzatlonal and operational "lessons learned" information
'yby them could- prove quite useful for luch organ1zat1ons -An other nations. i

:7 3 Alert and Notification:Sycte- '

; % xing,. TVPOIIible to characterize generally the alert
_and notification system At uas, ‘retpond to the Chernobyl eccident.if;

: , 8 L : residents of the .ffected rea s
- until 08:00 (Warman 86a, p.- “tifi tion was carried out by the wsystem
-of Soviets in each:spsrtment-house and’ bloct, who also distriduted potassium
iodide (KI), and who were assisted. by young -Communist Party members. (Warman,
1986a, pp. 4-5; INSAG, 1986, p. 77). .Another source indicates thst the evacua-
tion of Pripyat was annonnced .at 12: oo, with buses arriving from Kiev at 14:00
to evacuate those without velLicles- (Harl.n, ‘1986s, p. 6). 1In addition, it is.
apparent 'hat no siren system was used, ‘and that telephones could mot be relied
on because most Russians -0 not have thes (Warman, 1986a, p. 4). One Soviet
official stated that "ln yrinciple -warning methods in my opinion require some
thorough study and discussion”. (Hhr-nn. 19861, p- S).

/

A nuclear engineer e:perienced in plannin;,at'nu..ear power plahta in comsunist.
countries stated that pblic slerting is primsrily accomplished by a wired radio
system installed in each house or apartment nesr the power plant. According to
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i'ﬁfp; the door-to-d
- residents have
. The foregoing info
tlfied that they Here going “to be evac- -

€ size of this zZone, dissemination of ,
‘r‘enc‘?planners, partxcularlywthose o

" uated. Particularly
. ..this information ¢

: 8 1et protect1ve actions during the
{3 adm1n1 tration of KI evacuat1on,

're»used in -akingf
; pp ‘2 and 4).

'.arshelter1ng of the

. dent early om the -orn,
pp. 77-78). Concurrentay, -po :

:to door and KI was ultimstély: conxunev a8 vell by the 45, 000 residents of

" Pripyat and some 90,000 peaaanta in 71 villages within 30 kn - (18 6 mi)- of the
nuclear powver plant (Warman, l986a p. 6).

' The decision to shelter ‘the res1dentaioglPr1pyat rather than to evacuate thems

-::Prxpyat (Sanderl, 1986*
- .April 26, the officis

h ported that it would be. ilpractical
‘to wake people up to tell the- to "bed. - The time from 02:00 to 08:00
was spent in emergencyp 'taininf and distributing KI tablets for
issuance to individusls at 08: 00 (Uar-an, l986a, p-5).

 occurred at nijnt sRus

The Russians were - apparently uellgprepared for arge-scale diatribution of K1
tablets to the general public-as. évidenced by the distributions described above.
The KI was distributed to prevent the accumulation of radicactive iodine in the
thyroid glands of members of the general public. Thousands of measurements of
1-131 activity in the thyroids of the exposed population suggest that the ob-
served lcvels were lower than those that would have been expected had this -
prophylactic measure not been tsken (INSAG, 1986, p. 93). The use of KI by the

: ) . P

*Aladar Stolmar, personsl cosmunication, July 29, 1986.




;;fl'Pr1pyat populat
;f?;_(less than 3C ra
: wucenter (Sanders

; " yl p : r
radzat1on levels i"‘ pyat started rlsxng and it soon becamc apparent that the S
. lower intervention 1 el for ‘evacuaticn and eventually the upper intervention
: level could be excee ] P!
1986 p 78)

! . Arrangements _
rs, prov1din3 radiation monitor- .
A ov;ding replacement clothing and

enti sJical facilities, are some of
the things that had: to-be done in: ordet X0 carry out an effective evacuation.
.--These actions were plann-d and .put into: :place during the roughly 36 hours from
- ‘the time of the accident to. the start of -the evacuation (Sanders, 1986, pp.3- 4).
" Time was also needed to take ptecautionl along the evacuation routes that had
been contaminated above pet-ianible levels. This was done by using a polymer
. substance ;o cover lnnd areas along the toads used for the e.acuation (Sanders,ﬂ
- 1986, p. 4 ‘ , :

' ex1st1ng‘artangenents,
~.for ttansportation

The population of Pripyat va fevacuated prilarily by buses obtaxned from Kiev
: pproxznately 80 kl (50. -i)__vay, since there were very few private automobiles

: ,:-1986b, p. 2). . At noon on Apti1=21,;pctliaaion ‘
icles -t snd the general
April 27 vhcn ‘the buaes attived from
.cvacuated in

*T‘}Bvacuation of &n. _additi ;000 inhabit
- started several days:late and .was mot co-plcted nntil a veek after the acci-
‘dent hsd occurred :(Warms 986b, p. 1)...Altogether, the Soviets announced

- that 135 000 people had Loea'-vacu.eed from ihe 30-km ‘area (USSR, 1986, p. 38)..

R ¥ najor difficulty that wvas- reportad 4in. carryin' out this ‘evacustion was that
_‘many peasants refused to. :sbandoa. their: animals,.so an evacuation of animals was
“ ordered to convince those peasants to leave (Warman, 1986a, p. 6). This forced
the ad boc planning of livestock .evacustion described in Section 7.1. Another
problem dealing with the evacustion was the fact that the evacustion route ap-
- parently coincided with the plume centerline for a fairly large distance, r+-
sulting io high expoaurcl received by some of the bus dr&vera (Uarnan, 1986a,

P 3).

Generally, the bchavior of evacuees wvas reportad'by ihe'SOViet official vho
supervised tbe'evacuation to be cxc-plary. No panic was observed, although
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“"L.Other protective

: :fliev reservoir, the Jour

;- order ‘to protect

o me psychologice
-traught persons t

" mize radiatiop 882,,
"have been extensive in
that zone, particul |

vere enforced.

:}enko eppeeted'"'ﬂj

~ keep children indoors, to Uaehftheir hair daily, to wipe the dust indoors with
wet cloths, end to take ! ‘ ther preceutlons (NY Ti-es, 1986e) : .

There is concern by the ‘Boviet: bont potentiel conte-ination of the groundwater
and surface water in the area of the ‘Chernobyl power station. Thése water sup-
plies are being monitored and tfemedial work has been done. ln the early stages

of the accident, as a-preventive measure, the residents of Kiev used well vater
- rather than surface water. .The public water supply has been used enbsequently, '

- but with coastant eelpling (Warman,- “1986a, p.“z of section on specific radio-
logical matters). ‘The-highest levels of I 131 concentretione observed in the
of -oet_conCcﬁn,*uere 3:10- curies/liter on Hay 3,

- struction of a se i

»+tion area fto-

ng of:i¢ s-by-aircraft:
- 1fal e region for a nnnber ‘of weeks after the .
eccident (Uor-en,a ' ' '«_M_f eeding vas ecco-pliohed by eprey-

Although much is mow- knounvebout the ’rotective measures taken ee a reoult of

" the accident at Chernobyl;:little- is‘known asbout the details of the evacuation,
‘particularly the additions] evacustion of the ‘90,000 people after the initial.
-Pripyat evacustion (Sanders, /1986, p. 4), and sny spontaneous or unordered
evacuation. Also, little is known qbout ‘how - people were advised of ingestion

_ pathway protective measures and hov !ood conon-ption restrictions were enforced.

7.5 lediolg;icel Hooitorig‘ and l!pggure Contrul

Available informstion indicates thet rediologicel monitoring was conducted by
~ the Soviets at the Chernobyl power station at the time of the sccideat, and
_lubsequently in nearby and outlying aress affected by the radioactive releaseo
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&

'the»offxcxal neteorolog1ca1 tad1atxon
ig»system began to operate on an emetgency

_ e;Co-nxttee on Rydroneteorology and anironmental
7 inistries of Health of the USSR and of the Union
»-Republxcs, the Academxes of S 1ence of the USSR, the Ukraln1an SSR

_ ges of the: accxdent re3ponse.v
1986, P :5) delcribel the use’ of dosineters )

sternine-at sny moment with the help of an indivxdual
T 'Ldose of tadiatxon he has received," said Major General
l.}f”Ayiation .iKobyakov, member of the Military Council and chief of
“the ‘district Air Force Political Department. "And yet even we senior
comrades: so-eti-es need to have recourse to monitoring. Certain
‘pilots are very reluctant to report the dose received and are afraid
‘that it will be recognized as high and that they will be taken off
_.sflights and-removed from the region. -We have to explain: =~ You v111
be teplaced at once by -another ‘crev, a fresh one - don't’ vorry

telutin; to dosel received, vzth an allocxated 1-pact

";.ardin; any- tadiologicul e:posnxe eontrol ay-te- for é-crgency uorkerl, .although -
there was.discussion of strict:dosimetric monitoring of all transport snd of
. transferring working jpersonnel from one vehicle to another at three lurveillance

zone bcundatie: vithin the 30-&- zonc (Varman, 1986b, p- 2).

‘Whatever. the xudiological exponure ‘control system, certsin pilotn were reluc-

tant to report doses and msy have received doses above those usually allowed.

This say have been llloued because of the critical 1aportance of their mission
. to people in thc region.

A similar situation cxtrted for the firefightets vho rcsponded to the 1nitinl
explosion snd fire. -Another Soviet press report (Alimov, 1986) noted the use
of dosimctry by the firemeu, bDut also noted the extreme life-saving nature of

. their mission:

11




"fIn th1s menac1ng 51tuat10n, when the fate. of the power stat-on -
. and not only the power station - was being decided, none of the
-firémen faltered or gave way. They all understood clearly and
consciously vhat they were going into - by that time the dosi-
meter operators had zlready given the terrible warning <
radiation! But there_was simply no other way out. They knew
'pha t stake in LheirVstrugglewagaigst_ghe fip

The article quoted the chief of the Chernobyl fire unit, who was lhospitalized
fin <erious condition from radiation exposure, as saying: "We only knew one
thing, we must stay to the end. That was our duty to [the] people

_The above examples 1nd1cate that for these cr1t1ca1 .-ergency workers at ]east
the.na nltnde’of the disaster h1ndered and. in. sone=cases forced-abandonmeLt of

; ay tomthe posta were add1ti b4
pract1ce of exposure control under a less critical immediate sxtuat1on

. In the period follow1ng the 1n1t1a1 resnponse to the explos:on and f1re at

',Chernobyl, available information indicates that radiological monitoring of food
and of the environment has been eztenaxvely used to determine the exteut of.
-radiological contamination. Im Gorbachev s public addresa on Soviet television
cn May 14 (Pravds, 1986, p. l) he atated '

Organizations of the,-eteorolog1ca1 service are constantly moni-
toring the radiation situation on the ground surface, on water,
and in the atmosphere. They have at their disposal the nccessary
technical systems snd are using specially equipped planes, heli-
_.copters, and ground monitoring stat1ons

‘Tablea 7.1 and 7 2 present contallnatxon levels of various agricultural producta E
and milk, respectively, which the Soviets measured in che aftermath of the acci-
dent (US»R 1986, Annex 7, pp. 58 and 60) , ,

- -According to the Sovieta, "1t-provedﬂpoaaib1evto keep population exposures
" ‘within the established limits" (USSR, 1986, p. 38). As noted in Section 7.1,
the 45,000 evacuees from Pripyit received an average whole-body duse of 3.3
‘vem. This reflects the effectiveness of the evacustion mentioned in that sec-
tion and the relatively low dosc rates during the first day. Add1tiona1 infor-
mation provided by the Russian delegation at V;enna indicates that:

The 90,000 evacuees residing within 3 to 30 ks (1.9 to 18.6 mi)
received an sverage whole body dose of 16 rem and an average
thyroid doze of lest than 30 rem. The 24,000 person subgroup
within 3 to 15 ka (1.9 to 9.3 mi) received an average dose of
43 rem. These large doses reflect the fact that many of these
persons were not evacuated until late in the first week follow-
ing the accident, despite the fact that fuel fines were w:dely
deposited in that area (Warman, 1986b, p. 4).

The higher doser resulting from the longer evacuation times were also partly
due to delays cau<~d by peasants refusing to evacuate unti) their cattle were
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L »ﬁroducts and ptoport1ons (1);vhich~ :
- dxd not co-ply vith regulat1ons [f*;f';*%W

e aVege-

pubii if ;ﬁlws 'Gfeens tables

. Byelorussia Uinskaya P - - - -
g ‘iGc-clskaya S 30 15 10 5 90
Brestskaya ' .50 S 3
Hog:levskaya X

| The Ukraine -Kievskaya - - - 10 .. 20 - 20

oSbutce: ~ USSR, i?ﬁé}fbﬁhg#}i,;ﬁ.fsg."

Table*? 2. Colpurison of estimated and ‘actual levels o
2ilk contamination by I-131 in May 1986 in

0,:!;100:, subjected to the grestest radio-
activ! contanxnation by Chernobyl accidental

Tulskays  : 7.0.02
Cherkasskays - 0.01
Brestskays . 0.01 -

0.26 - 6.5

. Gomelskaya -14 o 0.02 -~ 14
- Kievekays .06 - 7.3 -
.Fryarskaya 04 -8.0 0.02 - 1.3
Jitomirskayas .03 -~ 3.3 - '
Mogilevskays 02 = 2.5 0.02 - 2.0
Orlovskays ).02 -~ 2.3 ¢.02 - 0.8
- .Chernigovskay 02 - 2.3
« 2.0
1.5
1.3

0.2 -9.0

Source: USSR, 1936,5Anne; 7, p. 60.




7 6-”Hed1cal Treatnent

Hed1ca1 treatnent by the Soviets was extensive dutxng the response to the .
Chernobyl emergency. The Soviet vritten report and presentastions in Vienna on
‘the medical response to the accident were extensive and open. Much of the dis-
cussion dealt with the handllng of the 203 plant and response personnel who suf-
‘fered acute radiation sickness (Sanders, 1986, p. 5). By the tims of the Vienna
meeting (August 25), there had been 31 fatalities and 30 persons remained hospi-
talized (Warman, 1986b, p. 3). Two sources reported that two workers at the -
plant dled immediately as a result of the accident, but not from radiation in-
juries. One died from severe heat burns, :and the other died when part of cthe
reactor building collapsed (WHO, 1986a; USSR, 1986, p. 39). The majority of the
patients suffering from acute tndxatio: licknesl had made a clinical recovery by
the end of June. The Sovxetljlttribnted ‘their-susccess in diagnosis and treat-
ment to previously acquired e id
radiology centers (Sanders

The "medical .and health. v e plant’

st about 02:00 on April 26 (USSR, 1986 tnnex 7.°p. l) " These -edical per;on-
pel assisted the first 29 .victims within'the first 30 to 40 minutes, sending
thew immediately to the hospitsl (USSR, 1986, Annex 7, p. 1). As au indicator
of the speed and extent of ithe emergency medical response, the Russisns reported
that by 06:00 on April 26, 108 people had been hospitalized and an additional
24 were admitted during the day. ‘After initisl disgnosis im local or regionsl
yospitals, 129 patients were sent to s specialized bospital in Moscovw snd 72
)atients were sent to clincisl institutes ipn Kiev. All of these patients suf-
fered from acute radistion sickness (S8anders, 1986, pp. 5-6). Teams of spe-
:{alists srrived withic 12 hours; these teams consisted of physicists, radiol-
gy therapists, laboratory assistants, and hematologists. Within 24 bours,

.hese specialized medical tesms had exaniaed some 350 persons and perforved

bout 1000 blood anslyses (USSR, 1986, Annex 7, p. 1). This suggests that pre-
misting plans for medical sssistance requests and a.hulcncc support asy have
nisted. ‘




" teriemia and septicemia.of ‘intestinsl origin, : 4ncluding intensive antiseptic

"perforned on thoseAwho died (USSRM 1986 Annex 7 p. 7)

Accord1ng to Soviet offic10~a, the 129 victxms who were sent to Hoscow in
the«first-two. days-of the accident,: 84 ware. d1agnosﬂd as. sufferlng from. degrees
11-1IV of acute radiation syndrome and 27 vere. diagnosed 88 suffering. from .
_degree I of acute radistion’ syndroke (USSR, 1986, p. 39). -Of patients treated -
in Kiev, 17 were diagnosed as beiiig affl1cted u1th degrees II -1V, and 55 w1th
degree I (USSR 1985, b 2 39). - v ,

Y, 203 persons were tteated for acute rad1at10n syndrone resultlng

g ,
t1on exposures, but 12 D,
-~Dr. Angelina Gus'kova;,
ing, expressed the opiniom” 2 1
: expected to play » significant role: ture major accident (Harnan,“,~
1986b, p. 3). MHany of the deaths vcre.hastencd by burns resu1t1ng from bSeta

. exposure (INSAG 1986, .p- 90) s v v

: tansplantation ‘would. not be.

An Israe11 ‘specialist, biophysicist Yair Beianer, ubo vorked with American and
Soviet doctors in performing bone marrow transplants, said that there were de-
lays in testing victims' blood which made it impossible to determine how much

" radiation they had been exposed to or to find suitable donors (Post, 19806b).
. ‘However, another source:praised the blood testing as a "very efficient and

' sdequate"” method, while recognizing that- ‘between 48 and 55 bours is needed to
culture the blood sa-ples (INSAG 1986 P 90) SR ‘ _

Despite vhat cver problelu -ty:havt occnrred, .wide variety of treatments was
.._ysed.' In addition to bone.s tuv? tnnnplants, ‘transfusions of . platelets, chemo-
trat 1,-a0d infusions of concentrated
De. BaATTow: ‘insufficiency (INSAG
“was: trested successfully in‘s pum-'
ravenous ing and measures to preveut bac-

..gamms_globulin were:
1986, p. 91). -Iutest
“ber of cases uith artificlnld

_measures to prevent infection.(INSAG, 1986, :p. 91).. ~Burn therapy was used on
*.patients with extensive bets exposure, but. this was qot generally successful
‘"in cases of very ¢xtensiv¢ 1nvolve-ent of the teguments” . (INSAG, 1986, p. 91).

» In addition, msedical care !ot ‘workers involved in eliﬂinnting the consequences
of the accident” was provided for at ‘s polycliaic vitb four 2{-hour first aid
brigades set up in Chernobyl (USSR, 1986, Angex 7, ;. 67).

Revorts have slso indicated thet medical: attention and treatmsent were provided

for evacuees. In order to provide medical care for those people evacuated dur-.
7 1ng the first few days after the Chernobyl accidcnt 450 brigades of doctorn,
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'i“ tions, 1240 phys1
< with secondary
”-.large group of a

nurses, assxstanta,”
bulances to care

- After beiug decontam1nated
. ceived compulsory: d_ ‘ tor ns ry- blo
“tions were repeated vhere - necessary"(USSR 1986, Annex 7, p 67)

" Evacuees with health irregularities vere hospitallzed in "speciq ‘sections"

 up at central regional hospitals. (USSR, 1986, Annex 7, p. €7). Dr. Leonid Ilyin,&“
- head:of Moscow Hospitsl, which treated the most seriously injured, said that. B

. after the evacuation that fol: ””dvthe accident 18 000 people reported to hos- = =~
~ pitals for checkups (NY ~ : R
Rus31an delegat1on at the Vienna -eet1ng,‘ind1cated that evacuees were suffer- -

ed. J’ug the 135, 000 evacuees fron thevf
it ithat exposures among this group .
linicallyz-lnifest signs of this dxsorder L

of acute radiation ‘s drole were

30-km zone, which

. did uot reach the'threshold:foru
(INSAG, 1986, p. 91).

The distribution of KI to the ‘evacuées. did ot result 1n a lingle case of hos-
pitalization, ‘although 1n:uffic1ent time bhas passed to determine the. frequency
of thyrotoxicosis which may have been induced (INSAG, 1986, p. 93). At the '
same time, measurements ‘of I-131 activity in the thyroid glands of evacuees
sugges: that the use of KI reduced the exposure levels of the thousands who
used it belov what would otherwise have been expected (INSAG, 1986, p. 93)

7.7 8Sovie* Gu1dance on Acceptable Levels of Public Radiation Exposure

The decision to evncuateiva
" are summarized in Tahle'7
;protectxve actions i
.evacuation is mands

- .dicated during ‘the
_Union has had these:

~dicated that they were thewboo»aiior;protectlve action decisions regarding
sheltering, evacuation, ‘and-KI diltribution folloving the accident (Sanders,
1986). Protective action decisions were also based on dose projectiont vhich

" were modeled deily durin; the accident (Uar-an, ‘1986a, p. 1).

i'aed on’ prr-existing intervention levels, whis h’
: ~A-appenrs to be a point above which

It appears that these criteris were folloued in deciding to evacuste Pripylt
Although the radioactive plume 1nit1a11y bypalsed Pripyat (Warman, 1986a,
pp. 3-4), the situation changed during the night of April 26, when radiatioo
levelr there reacked 1 R/hr (INSAG, 1986, p. 78; USSR, 1986, p. 38). This
triggered the decision to evacuste Pripynt the next afternoon (INSAG 1986,

P 78)



able 7?§é §tiféri eigge ggr.grdtectvon f the popul

1at1on or
tanxnat1on

ernal'ﬂ- y-radxatx 53
dlat1on dose)

e to thyroid resulted -
om radioactive iod1ne :
ugh inhalation

. fo T KI prophvlax1s, tenpo-
‘25 . 250 °  rarily sheltering, and
S o evacuation (ch1ldren)

ntegrated specific

to uncontaminated pasr
tures K1 prophylax1s

h_-elk or daily
odfretxon

. If a dosege doee oot . exceed this level, there is ‘no need to

perfor- urgent,-easurel uhich will teqporarily disrapt normal
“life of the>‘

ches 0t~exceede this level»wnrgent neaenres have
astures will. temporarily.
and‘econonic developlente

- If & dosage exceede Lev

el A but doee aot reach Level B, decisicns should
~-be made im accordance

with o concrete situstion and local conGitioas.
VSource: ‘Rgavov, 1985, L

»
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By 8‘-"'i>‘écfbn£a‘a‘maii' i

“The Sovzets i 't

*-statzon 1tse1f
contan1nat1on

- showered and was given new cloth ng : The old clothing vas destro:ed (? ,f,
33_19863, p. 6). o _ T ’ o

fiéi ﬁere'eithbliéhea' ‘& special 3-km

longet ters decontamination effort durxng'
1 ‘sionI(Ptavda 1986) a8 follovn -

Soviet leader’ Gotbachev de:ctibed
“his May 14 public add

“Extensive . and long Uork’ltil" 1es .head The level of tadiation ,
in the station's zone and on the territory in the immediate vici-
nity still remains dangerons for human health. The top-priority
task as of today, ‘therefore, 'is operationl to deal with the ,

- effects of the accident. A large-scale program for the decontami-
naticn of the territory of the electric power station and the
settlement, of buildings and structures has been drawn up and is-

- "being xlple-ented . The necessary manpowver, material, and techni-

. cal ressurces have. been concenttated for that purpose..

Some reports shed light on the . ilplelentation of these plans. One source indi-'
cates that approxilately 1000 e-ergency ‘workers employed in- ‘S~hour shifts have
beyond to locate and encapsulate the most _ :
- :deb ~“au'qmlyin; a decontaminating film of =
_%nnxdentified co-posit b 000 square yards a day- throu;hont -
the territory according-te: lsvestis (EMR; 19!6) 0ther-Soviet ;press reports
indicate that a- rodiotion-isolatia; -substance: described as "liquid glass” is
also being applied to the Chornobyl plant's: sumerous buildings (ENR, 1986). A
repc:ct from the World: ‘Health-Organizstion (WHO, 1986b) states thst "work to de-
contamicate the territory, buildings and !acilities of the power station, ‘as
‘'well as the motor roads and other facilities located in the mearby terrain has
begun-on 8 large scale vith the use of . up-to-date materisls and technical means.”

Decontamination of buildingl within ‘the 30-il \ | 6-mi) evacuation zone hss been
proceeding. Approximately half of the released maverial was deposited within
this 30-km zoae (INSAG, 1986, p. 81). -According to Soviet officisls, thr con-
tamination level of such structures was found to fluctuate greatly (USSR, 1986,

Annex 3, p. 5). The method of decontamination has been to spray the huiiding
surfaces with "dotonlaﬂiuﬁtion solution” from “sutomatic filling wa.n:nes™ at & .
flow rate of 10-15 liter/m? As a result, the dose rate from the buddmpf,

was reduced to bac lgrouad levell. with the bets contamineticr not greater thir-

1000 beta pnr;xclra/cn min. However, this coused thr copiz- nation Jews’
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the eartl aloug the:
‘burial or rEQOGal °

Extens1ve plans 8;
w1th1n the 30 km

\Mthough spec1f1c ect1ons -ust ava1t
Theae include f1x1ng rad1o—-“’

rbents Iolloviug the hatvest of perennial gtasses end v1nter ctops to
increase soil fertility, femoving & contaminated surface layer of turf (either
- by nechan1cal means or after consolidation following application of latex L
- "stticting the extent of dust-producing cultivat1on,_ -
7 the uses of the crope”” at are being harvested, and the types of crops and
g proce881ng that will be pernxtted in the future. Meanwhile, egr;cultural
: : ~wi ' 10 *zone and 1n'the serict: controli‘one s is

‘ f. concern because they act eseeccu-uletors L
ot S oun~eadetheu in the litter,w(USSR ‘1986, Annex 3,
ire prevention ‘messures are being streugth";'

of radionuclides; 3.
p- 5). Consequently»’
1986, Annex 3, p. 5).

~Although the descriptionu ven ebove provide auch 1ufor-nt1on on Sov1et decon-

-.tamination efforts to date, little can be known yet about their. ‘overall success
ic achieving deconta-ination throughout the 30-km area because of the: ougoing
nature of this work.

"7.9 Site kecovery

This section eddtelsel the rediologicul aspects of site recovery. It is not
. intended to cover theaccident. .scenario; radionuclide release, reactor shutdown,
~ or off-site actions. ¥ .teeult--esnentielly none of the pteaccident publi-v '
~cations or literature ¢
describe the actual:res ,
‘actions taken after:the cto:
. -gecovery and resta

&

8@4
2

The actions taken to: date“ceu be divided into three classes: “initial reeponseu".
to stabilize the situatiom, actions taken to immobilize radiosctive materials,
' end actions taken to relocate radiocactive materials (decontaminate). ’

- ‘Shortly after the initisl :explosions, ‘several fires were identified within the

_ reactor complex. They were in the cable spaces and turbine hall of the reactor

* ‘building, on the roof (70-m [230-!t] 1evel) of the reactor building, and in the
wvalls seperating Units 3 and &. These fires were extinguinhed within bours in
opite of fields of extreme radintion.

From April 27 to May 10, more than 5000 tonnes of lead, sand, clay, botou, and
‘dolomite were dropped from helicopters onto the reactor core, as the graphite
moderstor continued to burn. This appears to have been effective in helping

to extinguish the reactor fire, in shielding the exposed core, and in providing
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¢4 fegctor-buildifig: to bud L

. a f11ter1ng and conde ' : r>rad1oact1ve

”'the suppress1on pooln.t
-the core melted through.

. system to help cool the,u

eith the suppression bools (INQAG L
ate June A "nakesh1ft flat heat “*‘ )

-1986 P. 65) Th1s uork wns
'exchanger" also was built
(INSAG 1986, p. 66)

from the szte," deconte-inet n
:o11 layer (and its container

and coating various concrete ?r il are ‘

- 1986, pp. 30-31). <Consequently, "the. “totel ge-o background in the area of
the [danaged reactor] unit" has been reduced to 20-30 mR/hr, mainly due to con-
txnued radiation from. the reactor dtuelf (USSR, 1986, p. 31)

Another source dxscussedythe '1te recovery effort vithin the varxons buildinge -

- (INSAG, 1986, pp. 81-82). .

ing with water, spraying wit}

.. covers, snd washing the: .urfecew

~ As a result, the dose ra 1
:2=10 aR/hr. (INSAG 1986

The damaged: nucleeréree
levels to normsl and to:p

eeee’eo:of radioactive saterisls” (0683 ;
1986, p. 31; INSAS, 1986,: ) ‘ ites mot exceeding S ‘sR/hr at the roof

- and l mR/hr at the walls of- structure ‘are-being sought (INSAG, 1986, p. 71).
It is not clear whether this-eatombment is intended for permsnent dxepoaal of
the debris and fission products ia the damaged reactor unit (INSAG, 1986, p. 71).
More than ten options for -carrying out :the ento-bnent wvere studied before the
finsl selection was made (INSAG, 1986, p. 71). “In addition, other areas are to
be sealed with concrete (USSR, 1986, p. 31)." Bany of the concrete valls sre
to be 1 m or more thick (USSR, 1986, Pp. 31).

Much 1ofornatioo i- nov svailable about site recovery operationa, specifically -
in relation to the damaged No. ‘4 power unit. However, details are still lacking
on the extent of contaminstion in the other three unit- snd the specific prob-
lens associated with their decontamination.

7-20




. 3 1o-i izelcbcaﬁt:i{ofna &

- *continue to change, and various radionuclidea
"iare at111 being redistributed over parta nf the 30-kn area the queation of

“T'tombment of the damaged reactor,*decontanination of the plant aite, and innobi--ﬂ
'1lization of the radioact1v1ty in offsite places where there are high levels of o

;To address: the contanination frn-‘the accident the area. vithin - 30-k- radius
of the Chernobyl power plant ‘has been divided into three zones:: :a special zone
of about 4-5 ke around the: ‘plant where re-entry of the general population is mot
~anticipated in the near future and where activity will be restricted to that at
the power station itself; a 5-to-10~km zone where partial re-entry and some
special activities may be allowed after an unspeC1f1ed period of time; and a
'10-to-30-km zone which the general. populstion may eventually be alloved to
. re-enter and in vhich agricultural work may- be: resumed under a "strict programs
of radiological aurveillance ‘(INSAG 1986 P ‘79) :

worder to. return the iand
. ‘the previously used: sy tes ‘ - : dus
- :suppression, and modific 3KV and crop proceaain; ‘methods .
'(USSR 1986, p. 33). T _

Until alloved to return. to evacuated areaa, evacueea have been resettled in
surrounding areas. The Soviet report .gave no information about details of this
relocation effort, slthough there are numerous unverified sccounts in the press
~about relocation areas and the construction of ‘bew housing. Because the
cleanup is an ongoing project, little.is known about the timing of re-entry of
former residents into selected areas: 4n the 30-il evacuation zone.

7.11 Public Education and Inforlation Pro;raaa

Given the available information, it ia aot knovn 4f the Soviets have » coordina-
ted public education and informstion program on radiological emergency response.
As discussed in Section 7.12, the residents of Pripyat appsrently had receirzd
some type of emergency preparedneaa guidance before the accident. However, it
is not known whether the "test and training” received before the sccident by
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y educated ab'
ighe 30-km zone

: of adint1on anong th1s segment of the populat1on
 tua11y :

- reports of the power plant mansgement - .
irned out toﬂbe 1ncorrect (UPI' 1986)

iv48evetal weeks sf!
“ing the d1saster,» :
- disaster "came fto-'ung
tion about the real sit e.0
" ‘Pravda also reported 4 -dnys, sh1fts 4in people s -oods came fron~
uncertainty that was some s'pro-oted by belated information on. the real state

- of: affa1rs at the site of the nccident" (IA;TIICB, 1986a) .

"In his public address on Sov1et television (Ptavda, 1986) Scviet leader
Gorbachev said: L

.k ihdt

- The seriousaess of the lztnat1on uns obvxous . It was necessary to
' : And as soon as we received
. ‘available to {the) Soviet -
wpeople and sent. 1ls to the governments of
- foreign :coun T P

aken by ‘the Ukrais ‘Beal
e é1.on Kiev television (NY Times,
.1986e) after the wind- ‘ ,oactive dust began blowing toward the
city. In that aypeat”_ hc ;assured thtupeople of Kiev that they were in no
danger, but advised thes to keep children ndoors, to wash their hair daily,
to wipe the dust indoor. vxth wet cloths,z &ﬂ to take several other precautions.

An effective'565
Minister Anatomy !

Sinilarly, there is lnne evidence that Boviéi officials made efforts to combat

the many rumors which were spread.. Rumor: cdbtrol efforts included articles in

the Soviet press, some of which resulted from interviews granted to the press |
by Soviet government officials for the pnrpotc of dispelling rumors (NY Times,

1986d and e; Post, 1986e and !) ¥ :

7.12 Trainin;,Progral : ‘ _g

On the basis of the available information, it is not known how much radiological
emergency response training was received_befpre the accident by porlonngl
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J‘-VSOVIBt official who ¢

' case, exposure to high-level

. 1986, p. 63).

- training

'?affected by and_
:lesaster Apparent
-, gency preparedness.g

~ also noted that bemdw,fw
’ 'nanner (Warman, 1986&, P-

“Similarly, although du ing the f
‘ceived high radiation exposutes when‘

 such nagnztude Effectivc ptevio'[, 1
A'1ent of the primary objective of: pteventlug the fire, vhxch wvas- rapidly gaining

= iR strength from spreadxng along theJ op of the -achxne hall to the adJoxnxng
. 86 -er e

f'usually consxderedvadequate,

adiation un- unavbidable ‘unless the fire-
fighters retrested from the , the -fires:on-the: -nchine hall goof L
and Unit 4 were localized'l 0n April 26 at-02:10 and 02:30,
respectively, and the firetuusﬂqnenched'at.os (USSR 1986, P 253 INSAG,

é@gtlt is also possible that the director and the chief engxneer of the Chernobyl
' pover station performed. poorl *because ‘they had. not . recexved lnffxcxent ttazning

lanning and leasureo taken (oee Sec- h

fRegardxng the evacuation,}
tion 7. 1) evolved ‘ad. hocM

c:_of thec

kiovevet, decontaliqa
‘A1l ‘evacu

Boviet : v # Thc petsonnel decon-

S ﬁb’é‘bli‘lt!’-Rllut!lentl, and old clothing was
"dentroyed by the -ilitaty -detachments ;and.civilian officials administering the

reception centers. (Warman, 1986a, .p. 46) :8imilarly, the motification of resi-

dents of Pripyat and distribution ‘of potasuiul iodide tablets to them by the

, systems of Soviets and young: Callnniatlratty wmesibers was apparently efficient

(see Section 7.2) and -ny rcflect prtor training.

There are also sccounts of lack of training and experience of medical personnel
at local wedical hospitals (Post; 1986b and c). In zn interview with the
Soviet Literarv Gazette, Oleg Bbchepin vas quoted as ‘saying (Post, l986c)

i




" took part in the @

) Th1s resulted in uov

center in Moscow, where spe
'(INSAG; 1986, p: 92).

 The foregoing informatio
‘performznces of emergen
"~ Additional informatio
~ useful to the Soviets during: thi
_ radiological emergency planners.

at Chernobyl.
‘ganizing of onsite
“also had established
- prohibited new factory

"In 1969, they had estiblisheé
sures for protecting the public:

It has been asserted that 'S8oviet ies , :

tied very closely to civil defense. _The evacuation of some 135,000 people with-
in 30 km.(18.6 mi) of the reactor, start’ag 36 bours after the accident vas pre-
ceded by sheltering of 45,000 people in Pripyat and covering evacustion route
land areas with a polymer‘substance; - The evaguation was sccomplished with a
-great desl of ad hoc planning and the requir mobilization of emormous re- . | .
sources in a relatively short period-of time.:-This suggests that prior plan-
‘ning, perhaps for civil: 1 roved usefu}. I UED AP

érgency plamning actually is quite extensive,

The available informat

{onal deficiencies

- mission" very similar:te
coordinated the prot 'iciencies appear: t v
.hindered the -esponse;’ =818 'ltc’éQﬂipieat“iid”facilitiél;f
. .and underestimation ‘of ithe:severity- of -the ‘act jdent by plant personnel and local
officiala. As s resultiof some-of ‘a_g.l_ié:.:li;tﬂeﬂt.i‘es, ‘the director and chief
engineer of the Chernobyl .power .station were dismissed. After the plast vas o
stabilized, Soviet General: Secretary:Gorbschey made 2 statement 4in which be said
that in the future, greater-stten

' ' tention will beipaid to the reliability of equip-
ment and "questions of discipline, :order, ‘and organization” at suclear pover
plants. TR R '

Initiai notification in Pripyst was delayed intentionally because the accident
occurred at night and the:protective ‘sction wis to shelter in place. -‘When noti-
fication was given st 08:00 that morniag (April 2¢), it was by door-to-door
visits, using the system of Soviets in each spartment Nouse and block.. The
notification to evacuate by bus at 14:00 the next day (April 27) also reli d

on radio announcements. Apparently people with private vehicles were given
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_ P‘ :
-t ntadioactive contaminants in ailk, veg tables," _
‘meat, ponltry, e;gs ‘and berries. -An overall dose of .5 rem for an individual

>"'..1n the first year was established. ' As s precautionary measure, the re81dents_‘1wi"

'“fof Kiev nsed well water rather than their normal surface water supply for a
1'follovin; the accident. Eventually, use . of ‘the snrface vater

c"ivitieslcaused reluctance‘on the - part
ldings and forced fzrefxgbters at the plant to

an/ d expreske‘

_ potenti.l xemovsl from thﬂ region. : ~ ate the prob-

: ~todiologica; expusure concirol systes o T -

d. ~The vast majority of the population 1 o e b

l‘“ “‘C 1evels for- Prtpya' and oths: sogment Ce ewaouel

30-hou zcne anging from 3.3 to 43 rem. The es: S E T I

~lation was:1.6x10% person-rem. which the Sov-ei: g -
established limits." Bowever, wauy rmr: - oy IS :
of the Boviet dose limite. A ford o - w7 :

in Kiev, but some sovrces indicn::c
tected in other locatvions. 'Lani &:
priste evacuation routes shorti =i: . ot b

Extensive medical trestment wa: ; R
The ontttc medical staff responcs . :



as supplemented by teams of specialists within about 12 hours. ‘Some
xposed enefgencyawp:kersaand:ChegnobYI.plant‘ﬁéfsonneIAwétéfdiQﬁpqﬁed
gorized into one of four degrees of acute radiation syndrome. Althougl
ne marrow transplants were performed, 12 of these patients had died b
£ July 1986. A total of 31 fatalities had been recorded as resnlting i
hernobyl accident as of the time of the Vieana meeting (August 25)." -
ed by betd-irrsdiation were noted as a difficult“and-cceplicating fact
umber of deaths. The evacuees, though afflicted with minor medical pr
> also treated. No cases of acute radiation syndrome among evacuees Were
ed. The use of KI by evacuees to prevent radioiodine uptake by their .-
oids appears to have reduced the exposure levels of the thousands who:use
.o below what would otherwise have been expected. None were hospitalize
‘side effects from ingesting this drug. IR L

‘decision to-‘evacuate was based on pre-existin intervention levels, W
ude one point above which protective:actioi tional (25-rem whol
dy dose and 25-rem thyroid dose), and“another level-above which protect
jons are mandatory (75-rem whole-body dose aud 250-rem thyroid dose).
ng the accident, dose projections were modeled daily and used to decide
ective actions. ‘ e B

‘Soviet decontamination activities began during the early stages of the
cy response and are now taking place at the Chernobyl power station it
g evacuees, aud in outlying aress that were contaminated. Each evacue:
jered and was given new clothing upon arriving at a reception center.
hicles entering and then exiting the 30-km zone were scrubbed upon leavin
ous measures are being used to deccntaminate buildings in this area, and ex-
sive plans have been laid and are being implemented for decontaminating the’
rmland and forests, including spraying with film to prevert radioactive par

1late resuspension, fixing radionuclides in the so0il, increasing fertility,
emoving » contaminated surface turf layer, and restricting the types of crops,
‘cultivation, and processing that will be permitted in the future. ~Approximately"
/1000 workers are decontaminating the plant site itself, and decontanination mea-
- 'sures_have been taken in Kiev, as well. Soviet officials admit that some erreas
. near the reactor may never be decontaminated. . L

Site ;ecovery.activities h;vejincluded-iqitial responses to stabilize the situz-
‘tion, actions taken to immobilize radioactivc materials, and actions taken to
' "dispose of radioactive materials. Ilaitiaily, actions at the site focused on

" éxtinguishing the radicactive fire in the reactor, including dropping sore than ' .. A
“&000 tonnes of lead. s:nd. clay, boron, and dolomite on the reactor to shield I
it and sufiocate the tizzc. 1In May, a concrete bssement and nitrogen cooling e
system were built  After :praying buildings on the site with polymers to pre- ‘ %
vent resuspension ¢f disl, more permanent decontamination measures were begun S

‘.th inside an? out. o Finally, the damaged reactor is being entombed, although
it is un ‘rar whether this is intended for permanent disposal of the radio-
sctive debiris anc iission products. K : .

Goviet oflicials have decided that re-entry can be considered only after the
r3distion situation has stabilized, the damaged reactor bas been entombed, the
piant site has been decontaminated, and radioactivity in other areas has heen
maobilized. - Most of those who were cvacuated bave been relocated to rural
,artAn outside the 30-km evacuaticn zone, and new housing and harns are bring




fﬁfconstructed for them Sov1et off1c1als have ~tated that stable rad1at1on con-
" ditions - cae of the pre- cond1t1ons for re-eL..y by residents - are not expected

 5ef’for 1 to 2 years, part1cu1ar1y in hlghly contam1nated areas.

21t is not known whether the Soviet Un1on has a coord1nated -ublic education and
. information-program:on-radiological-"emérgency response. “11e refusal”of - peasants”
. generally to be evacuated unless their farm animals were also evacuated, and the

” --..refusal of some peasants to destroy contaminated milk from their cows, say lave
. " resulted from lack of public education about the dangers of radiation. K wev.r,

'»;to the acc1dent

j3v1rtually all peasants are reported to have "enthusiastically"” taken potassium -
.+ iodide tablets. Also, the 45,000 residents of Pripyat evacuated within a 3-hour
- period, which may be an 1nd1cat1on tllt z publ*c education program ex;sted RF¥9r:uﬂ:f s

:eFThe Sov1ets vere v;dely cr1t1cxzed for bexng slou about releas1ng 1nformat10
l*about the. Cherno yl*accident; espec1ally in theifirst days cf the ‘emergency’:
‘- The Soviets have indicated that the first reports Moscow received from plant
;-anagenent were incomplete and turned out to be incorrect, causing substantial

. delays in the availability of detailed, factual information which could be re-

- leased to the public. The Soviet ned1a reported public uncertainty and alarm

"in the first few days after the accident because 1nfornat1on about the situation

‘*jat the accident site was delayed.

lﬁ-The Ukrainian Health Minister appeared on K1ev television to prov1de protectxve

. action information to city residents when the wind changed and began to blow
‘radioactive dust toward Kiev. Many rumors were spread and instances were found
.where newspapers and public off1c1als d1ssem1nated 1nfornat1on to refute rumors.

It is not known how much radiological emergency response training was rece1ved
. before the accident by personnel affected by and involved in the emergency ac-
tivities during the Chernobyl disaster. Apparently, the firemen and workers who
‘extinguished the fire at the. reactor were trained well and accomplished their
goal; the large number of draths was caused by inadequate equipment and proce-
durés. According to one Soviet official, the residents of Pripyat received some
guidance, vhich he refcrred to as "the test and training," regarding evacuation.
. 8imilarly, the ability of evacuation planners to prepare evacuation routes and
-evacuate despite the fact thst existing arrangements were sometimes inapplicable

may reflect prior trasining, possibly for civil defense. It seems that decon-
‘tamination of evacuees was based upon specialized training, but that medical
personnel in some nearby locations were not experienced enough, especially in
medical radiology. Heavily exposed persons were therefore moved to a radiation
. trestment center in Hoscov vhere specialists vere .vailable for diagnosis and
treatrment. .
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CHAPTER 8-

Tne accident at the Chernobyl Nuclear Power Station in the Soviet Union re-

leased (in addition to radioactive noble gases) about 50 MCi of various radio-

. puclides into the emvironment. The first sections in this chapter provide
.background information on the major pathways of human exposure to rad1at1on

- from the release, and on the types of health effects that could result » NeXL ;- s

£ the'Sov1et Un1on, in Europe, ‘and in the Un1ted States. F1nally, there 15 a
discussion of the effect of the Chernobyl accxdent on agriculture in general
and on ecological systems. v

8.1 Pethwqys of Human Exposure

Following an airborne release of radionuclides, there are several pathways that
- can result in radiation exposurcs and doses to humans. During the passage of

a radioactive cloud, rcarby individuals can receive doses by direct irradiation
from the cloud and by inhalation of airborne radionuclides. However, except
for locations near the source, the more important exposure pathways are usually
direct exposure to gamma rays from radionuclides deposited on the ground and
'ingestion of radionuclides that enter the food chain. Inhaled rad1010d1nes
" may, however, significantly contribute to the thyro1d dose.

8.1.1 Externsl Dose From Radionuclides Deposited on the Ground

‘A sajor route of radiation exposure from the sccident is externsl irradiation
- ‘by gasms rays from radionuclides deposited on the ground. These radionuclides
"may gradually leach into the soil. Nevertheless, some radiation will penetrate.
the overlying soil layer and the walls of structures, irradiating people indoors
as well as outdoors. Humsn intervention (e.g., plowing sgricultural land or
washing city streets) msay -educe the gamms ray flux. Moreover, this flux will
.paturally decrease over t_me as the deposited radionuclides are removed through

radioactive decay and weathering.:

The reistive conttibution of each deposited radionuclide to the total activity
will vary over time, depending mostly on its radioactive half-life. This point
is illustraoted for louthern Finland in Table 8.1, where relative values calcu-
lsted for the total dose and the doses eccn-uleted for 1-day and l-yesr exposure
periods are displayed. Initially, most of the radiation exposure resuited from
1-131, I-132, and La-140; howeyer, over the long term, most of the expoeure

will telult frou—E::}36—eud‘tl-l37 .

J. Puskin, C. Nelson, N. Nelson, D. Jaazes and 8. Hyers of the U.5. antron-ental_
Protection Agency (EPA) compiled this chapter.
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-7~ Table 8.1 Radionuclide _ontr1butmons ‘to
L ',exterr . dose “ased on spec- -
.- trometyiic neasurements in
" -gouthern Finland on “ay 6
_and 7, 1986.

R ive doses for specified. .. . ...

follow1ng deposition

thionuclide:'_“l day 1 year All time
. Ru-103 . 0.02 1.1
I-131 -0.164 1.6
‘ 2,1 -0 1.6
347 52 .. 170
T390 L 940
Totals 1.0 99 1100

Notes: Doses have been nor-a11zed to a
total of one for the 1-day period.
"~ and rounded to 2 significant
places for the rena1n1ng periuvds.

I-132 and La-140 are presumed to
be in equilibrium with Te-132 and
Ba-140, respectively.

‘3nvironnen§a1 removal rate coeffi-
cient is presumed to be 0.02 y-1.

Source: Data’.fg from STUK, 1986, Table 2.
The only radionucl;des 1n Table 8.1 that conttibute appreciadbly to the externnl

dose after the first year are Cs-134 and Cs-137. 'Cs-137 contributes about 84%
of the total dose even though it a:zounts for only .11} of the dose in the day

-following deposition. ~8ince both the total activity and tle relativc propor-
tions of deposited radionuclides can vary substantially from one logation to
- another, the relationship between the total external do-e and the fdose in the

first day will vary sccordingly.

After the Chernobyl accident, the geogruphic dittribution of deposited radio-

activity was highly 1rregulor. Both the magnitude of the release and its com-

‘position varied over a period of days. Wind directions, which varied as a

function of bheight, shifted frequently. carrying part of the initial release
northward over northeastern Poland and parts of Sweden and Finland, but later
over large portions of central and southern Europe (se‘ Chapter 6).

. \
JInitis]l estimates of the deposition patiern of radicactivity were calculated
using large-scale dispersion and deposithon models; ( >, MESOS, and GRID)
(LLNL, 1986; WHD, 1986b). Although some| broad features\of the disperssl of
msterial from the accident can be deduced from thedr preliminary calculations,

i‘\ . l Vo
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thev do not prov1de an; adequate bas1“: or estlmat1ng populatlon doses - If -
.subsequent calculations 1ncorporate 1mproved deposition modeling as well as-
‘release data for the ent;re 10-day period follow1ng the accident, the results
should be more cons1stedt with observed patterns of dispersion and depos1t1on

Exposures to rad1onuc11des depos1ted in rainfall greatly augmented the exposure
- due to dry depOS1t1on in some locations. On May 9, in Sweden, for example,

“ thé“extérnal"exposure rate near G8vie-was-estimated.to.be more.than 300 sMR/hr,
while the exposure rate in Stockholm, ‘about. 160 km away, was only about 30 pR/hr
'J. 0. Snihs (NIRP. 1986) attributes much of the variation to differences in
deposition of radionuclides in precipitation. ‘This wide variability in deposi-
tion between areas separated by relatively small distances occurred throughout

Europe.

gope, d-po-’

Y' ( .
summarizes some dep081t1on neasurenents rade by the Departnent of Energy 3
EnV1ronnental Measurements Laboratory (EML) at Chester, New Jersey, and New
York City for the period of May 5 through June 2 (DOE, 1986). The Chester
station is about 60 km west of the New York City station. EML staff attributed
the higher deposition per unit area at the Chester station to d1fferences in

vlocal meteorology (DOE, 1986).

Table 8.2 Radionuclide deposition in two U.S. areas

- Totals for period. . L o
5/6/86 - 6/2/8¢ - Chester, N.J. . New York, N.Y.

Precipitation (mm) - 65.6 ; T 28.2
. Deposition’ (pCi/-z) _ _
S Ie131 2380 - 1200
- C8-137 . 650 260
. Ce-134 290 140
- Ru~103 . 720 T 230

-Source: DOE, 1286

8.1.2 1Internal Dose ¥rom Radionnclides in Food

‘Food pathways provide an additzonol route for radistion exposure from depoltted
radionuclides. A fraction of the deposition is directly deposited on plant
surfaces. The radionuclides msy then be translocated from the surface to other
parts of the plant. Processes such as washing (by rain) removz about 5% per
day of the deposited materials. F. ods harvestad shortly after the accident -
especislly leafy vegetables or other produce subject to surfacc contsminaticn -
‘would be expected to show higher levels of contamination th-n produce vhxch
would pnot be ready for harveiting until .onthn later

' 'Table 8.2 =

st ey
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. Rad1onuc11des that deposit o the ground can subsequeutly ttansfer to ’lants

:thxough their root syttems. The concentrations in plants as a: result of
uptaie are generally much lower than those which: result from direct in ercep-
. tion, but may remain sign1f1cant for lorg periods of ‘time. Therefore, hlghly,'

.contam1nated soil in locations near the release may be unsuitable for prodac- |
tion of food crops for many years. Only longer-lived radionuclides, such as
Cs-137, would be expected to enter the food pathway in any 31gn1f1ca
tles as a result o JIOCESsS . L T

Contam1nated aninal feeds can-con;aminate»neat and dairy products. Grazing
animals can consume considerable quantities of freshly deposited radionuclides
:from pasture or other feeds. Appreciable fractions of ingested iodine and
cesium are transferred to milk in dairy animals. As a result of the Che,acbyl
accident, milk concentrations (espec1ally of I~ 131), vere high in areas vhere.
~cows grazed on contam1nated pasture. In Lapland, the concentrat
: e “"deer neat rose rap1d1y because the 11che”

. Predicting the radxonuc11de intake that results from ingestion of contaminated
food is subject to considerable uncertainty. Sis-age time and preparation
methods can substantially affect radionuclide levels in food. Differences in.
diet (a significant part of the Laplanders' food is reindeer meat, for example)
can appreciably affect the radionuclide intake for particular groups of people.
As a rule of thumb (if no protective action is taken), doses frow ingestion may
be similar in magnitude to those from direct exposure. However, a credible
- assessment of food pathways will require detailed data on levels of contan1na-'

tion and patterns of food consuaption.

8.2 Bealth Effects

Healith effects in humans may result from celluar and tissue damage caused by
ionizing radiation. As the radiation penetrates the body, energy is deposited,
causing damage. The damage depends on the amount of radistion deposited per
unit mass (absorbed dose), the type of radiation, and the time over which the
dose is delivered. If the dose tc certain tissues is very high, the individrs}
may become sick, or even die, soon after the exposure (acute effects). Even »t
.~ much lower doses, however, ‘health- effects may manifest tre-oelvel sany years

later (loug-term effects).
8.2.1 Acute Bellth Effects

At high doses of ionizing radiation, many cells will be killed or functionslly
compromised, possibly damaging the individual severely. The effects of such
¢amage appear raspidly, and at very high doses may ioclude desth. These health
effects are commonly referred to as nonstochastic effects. For these effects,
the incidence and severity increase with the dose of radistion received. More-
over, there are levels of exposure below which these effects sre not expect.d
to occur. All of the dose response relstionships noted in the material that
follows apply in cases where the radistion dose is delivered in a short period
of time, usually in much less than & day. I the exposure is protracted, then
the resjonse for s given dose will usually be less severe. In eddition,
medical rupportive treatment may be able to reduce the severity of response for
exposures lower than the minimum lethal dose (WHO, 1961; NRPH, 1983).

7
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~fAfter total body exposures of the magn1tude ind1cated bclow, the follow1ng

'-effects would be expected ‘at greater than 50 rad, radiation sickness 1nc1ud-”'

.. ing nausea, vo-1t1ng, weakness, etc, ;. uxth 100% 1nc1dence of tsd;atlon slcknessr
_éxpected at about 200 rad; at greatet ‘than 150 rad, ir addition to radiation

“sickness, start of hematopo1et1c syuirome with blood and immune system ptoblemsf--f

and some deaths within 60 days; at 300 to 500 rad, death in 50% of those ex-
posed within 60 days; and at over 700: rad, nearly 100% mortality is expected

. to the testes can temporarily reduce fert111ty, at higher exposures, thc sever-
ity and duration of reduced fertility is increased until at 300 to 700 rad,

- permanent sterility may result. In. the ovary, a dose of 200 to 450 rad may

‘cause sterility. A 200-rad dose to the lens of the eye may cause cataracts.

A 250-rad dose to the skin may cause erythema, 700 rad - loss of halt, and more

than 2000 tad - severe dermat1t1s (radiation "burns") '_-- 0o

ffcan greatly augnent, : ron ‘external 1trad1at1on and
“from other internal emitters. Total doses of 200 rad may cause impaired func-
‘tion, but loss of function is more likely for doses greater than 3000 rad.
Complete destruction of the thyroid requires doses of 100,000 rad or more.

8.2.2 Long-Term Effects

- Energy deposited in a cell by ionizing radiation may not immediately affect
vital cell functions but may damage the cell's genetic material, leading to

an aldverse effect ex ressed at some later time. There effects are often
.referred tc as stochastic effe~ts. A stochastic effect is one for which the
probability of occurrence in a person is proportional to the radiation dose
received, but the severity is not. The p:rime example of a stochastic effect is
radiation-induced cancer. Thus, for instance, the probability of itducing s
bone cancer is proportional to the radiation dose to the bome, but each bone
cancer induced is equally severe or life threatening. Cancer induction and

.induction oi genetic effects are the two types of stochastic effects associated

with radistion exposure. (Note: In dilculsin; stochastic effects, doses are
- .sometimes expressed in "rem" rather than "rad" units. ‘For the case of the
Chernobyl accident, doses essentially all came from low linesr energy transfer
- {low=1ET) radxation, i.e., X-rays, gsmma-rays, or beta particles. As s result
" these units can be used interchangeably; as is done in this chapter )

~_Cancer Hany types of cancer are known to be inducible oy 1onizing radiation
Induced leukemias and bone cancers would occur in the first 30 years after

exposure, whereas all other induced cancers could occur st any time during the .

remaining lifespan following exposure after about s 10-ysar minimus latent

period.

‘The most important dats for sssessing the risk of inducing s cancer by radia-
tion are derived from epidetiological studies of people exposed to radiation
from the stom bombs at Hiroshima and Nagasaki or to medical radiation. Although
_the epidemiological data sre extensive, inadequacies exist which limit the
accuracy of risk estimates. In particular, for staorbed doses below sbout

10 red sny excess risk of cancer is toc emall to be detected dircctly in the

' _exposed populations. Therefore, st lower doses, risk estimates represent ex-
trapolations baied on .beoretica] aodels. The choice of model for this purpose

8-5
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is generally based on. expert *udgment taking 1nto account laboratoty experi- e
neuts on animals as well as stud1es on: cellular aud subcellular systeus P

For 111ustrat1ve purposes in th1s chapter, the staff used a risk factor of

'2x10-4 fatal cancers per rad of (low-LET) radiation to the whole boay, corre-
ponding approximately to. the linear-quadrstic, relative risk model described

in the National Academy of Sciences "BEIR IIi" report (NAS, 1980). With mimor

... modificationg, this, .mpodel has._recently.been adopted: by:two: panels‘oﬁwexperts BB

) prov1d1ng a reasonable central estimate of the risk from low-level radiation

(NRC, 1985a; NIH, 1985). [Others might recommend a risk factor that is up to

3 times higher or lower. Hence, if 1 million people were esposed to onme rad

of whole-body vadiation, about 70 to 600. fatal cancers would be projected.|

Genet1cs " If the cell damaged by rad1at1on is a reproduct1ve cell, i.e. »s_ o
0.ova or sperm, it _may be : 1nvolved in - the;‘onception .ofal % C T

dose. 1nf1uenres the p
y. .effect. In estimating genetic.effects;:
posures that occur ‘before age 30 are considered, since that 1: about the average

age parents conceive their children.

Current human genetic risk estimates are extrapclated from inimal studies.
According to the BEIR III report, for every rad of radiation exposure to the
parents, there is a risk of about 260 (60 to 1100) serious, heritable disorders
per million liveborn infants (NAS, 1980).  About 10% of the effects are
expected to occur in the first generation born after the exposure, the rest in
all succeeding generations. These serious, heritable disorders are genetic
disorders and traits which would cause a8 serious handicap at some time dur1ng

a 11fet1-e

Teratogenesis: There is an additionsl type of rediation effect which occurs
under certain circumstances, when the radiation injury occurs in the developing

fetus. Whether teratogenic effects should be classified as acute or long term,
as stochastic or nonstochastic, is not yet clear. At present, the only

- radistion-induced teratogenic effect that is quantified in man is severe mental S
- retardation. There is a windov from the 8th tc the 15th week of gestatiom dur- -

ing which the risk of inducing severe mentsl retardation is estimsted to be

- -4x10-3 per rad (Otake, 1984). The datas on which this risk estimate was based
included an elevated risk in the 1-rad to 9-rad dose group and were consistent
with 3 linear nonthreshuld model.

Other types of terotogeuesis have becn sbserved in onilzl studies folloving
radiation doses as low as 5 rad, but there are no cor:espond;ng human data. Al-
though it is suggested thst cetotogencsil msy occur during the first trimester
of gestcticn following “~ses of 25 red or less, sost buman dats are case teports‘ -
in which Lhe exposure wvay 00 roentgen or sore, or unknown but higb ’ i

8.3 Rldio_;;jcol Effects on the Soviet Union

At the International Atomic Energy Agency (IAEA) Experts' Meeting in Vienne,
beld August 25-29, 1986, Soviet representatives presened their report (USSR,
1986) on all aspects of the accident, including information on radiation ex-
posures and doses in different regions of the Europeon part of the Zoviet



o 1ﬁu10n " The Sov1et report an
-*J-eetxng have been summarized:

‘f-two sources.

" ..some acute effects within the first 30 to 40 minutes after the accident, and

- around the plant is estimated to be 54 rem. .That no acute radiation sickness

_scuss1ons wh1ch took place at the
: t by the Internat1ona1 Nuclear Safety
The dis‘ussxon here is largely based on these

.. Advisory Group (INSAG 1986)

*f“8 3.1 Acute Effects in Ons1te Personnel

v.”After the Chernobvl accxdent acute radlatlon effects vere d1agnosed in 203 .
wxdndividuals;:alli.of: whom:were -eithersworking”at"the™ T iy &“brought “in
. to deal with the emergency. Twenty-hine persons were reported to have shown

within the first 36 hours, acute radiation sickness was d1agnosed io 203 in-
.dividuals. Estimates of radiation doses received were based on clinical cri-
" teria, not on dosimetric data. Of 22 persons estimated’ to have rece1ved more
- thae 600 rad 21 died in 4 to 50 days; ‘1 died later. of
400" ). rad, 7 have died. All 53;persons t
;105 estimated to have.rece
- persons -have ‘die
1-ps ‘of severe burns a part of
the reactor bu11d1ng collapsed. Assuming that the Soviet dos~ estimates are
. reasonably accurate, these data (above) suggest a median lethal dose above

};;600 rad.

. As: supportive therlPY, ttanaplantatzon of marrow or fetal lzver cells was of
marginal utility; fresh unpooled platelets were reported to have had signifi-
'.cant efficacy in combating some aspec-ts o£<the acute rad;ation syndroae .

- 8.3.2 Late'Effectadin-the Population Near Chernobyl

A luch larger population is at risk from delayed effects of the radtatton,
including cancers, -genetic -utat1ons, and teratological effects. Apart from
‘workers at the reactor site, the largest doses were received by the 135,000
. penple who lived within 30 km of the plant. According to the Soviet report,
~_ the 45,000 inhabitants of the town of Pr1pvat were evacuated on April 27. The
. other 90 000 were said to be evacustéd "in the firs: few days after the acci-
dent " but elsevhere in the report it 1a Jaxo tiat the evacuation took place

after 9 to 10 daya .on. Hay 4-5.

 “The Soviet report atatea that doaea "for the vas* -ajority of the population
- - did not exceed 25 rem," slthough some people in the most contaminated areas may
-have received 30 to &0 res. Hohever. Table 7.2.2 in the Soviet report- indicates
" that some inhsbitants who remsined in the sres for 7 days or more before being
" ‘evacuated would bave received st least 60 to 80 res from external radistion alone.
‘In Table 7.2.3, moreover, the aversge dose for inhabiiants of the zone 3 to 7 km

symptoms were observed despite doses in excess of 50 rem might be explsined by

 the fact that doses were protracted over a period of days. Oa the other hand,

the tabulated values are once referred to as "maximum estimates,” and this may

" help to explain some Ipparent inconsistencies - i.e., 30 to 40 rem may be intended

as 8 more realistic estimate of the maximum dose received off site. The report
iadicates iLhat the dose estimates for the evacuees are preliminary 4nd that

sore sccuraste estimates vxll be fosthcoming.




‘fThe maximum collect1ve external_dose'de11vered to t = 135,000 eva

radiation from the effluent - cloud: and: by radionuclidés dep051ted on
‘was. esflmated by the- Sov1et off1c1als to be 1.6x108" person-rem, an a
- -about 12 rem per person. -On the busis of that coilective dose estimate and
assuming a cancer risk.factor of about 2x10-%/rer., one would calciilate about 320
- .excess fatal cancers in the population attributadle to the.external radxatlon
-Hexposure It would, however, be very difficult to detact this exc
according: to: the;, Squ1et T ePOE insthercourse o f normal’ events: about
evacuees - (approx1mate1y 16 000) will normally d1e of . cancers from other causes

’Although 1nhab1tants of. the 30 -km zone were given potassu1m Jod1de (KI) to
‘minimize uptake of radioiodines, the populatlon received appreciable doses to
‘ﬂthe thyroid through inhalation and ingestion of I-131 and I-132. The uptake of

- I- 13] 1n the 30-km zoneﬂ'nn_elsewhe:e;along the path of‘the;rad;qact;vekeloud

'_l1ke1y to become concentrated From the non1tor1ng, it was est1nated that most.
- doses to the thyroid from inhaled or ingested radioiodine were less thun 30 rad,
although a few children may have réceived doses as high as 250 rad.. Children
‘receiving more than 30 rad to the thyroid were put under continuing medical
observation, but the risk of hypothyroxd1sn appears to be negl131ble below

_rabout a 1000 -rad thyr01d ‘dose- fron I- -131 (NRC 1985b).

{3 the average ‘dose to the gland were about 30 rad, the collective thyroid ‘dose

would be about 4x10€ person-rad. The number of excess cancers and benign tumors
- resulting from such a dose is highly uncertain. The most serious uncertainties

relate to: (1) the possible reduced effectiveness per unit dose from I-131 (as
compared to X-rays and gamma-rays) im causing thytoxd cancers. and benign tumors

‘and. (2) the long-tern risk to those irradiated as children.

1f one adopts the thyroid risk coefficients presented in re.ent reports pub-
lished by the Nuclear Regulatorv Comeission (NRC, 1985a; NRC. 1985b), and the
above ccilective thyroid dose (presumed mostly fro. I- 131), -about 100 excesg
thyroid cancers in the population, 10 of them fatal, asre estimsted. This
estimate is based on an absolute risk model and assumes that beta irradiation
of .the thyroid by I- <131 has about one th1rd the carcinogenzc potency per unit
dose as external X-rays : ' . .

_ In addxtion, a. sonewhat larger number of benxgn thyroid nodules might occur a8
‘a result of the irradiation. Thyroid effects, being generally nonfatal, are
less important than other rad13t1on-1nduced tumore in the population. However,
the excess incidence of thyroid csncers and benign nodules may be detectable

'since the background incidence rate is expected to be low.

TR

Also of concern in the evacuated population are possible radiation-induced birtl
defects, particularly mental retardation for fetuses irradiated in the critical
8- to 15-week period of gestation. There is e-idence that such a fetus may have
an excess risk of about éxlo-a/rad of being seve,ely mentally retarded. and that
this risk is proportional to dose, at least down to a few rad. Thus, a fetus .
receiving 25 rad would have perhaps a 10% risk of mental ret.rdstioa. The r.sk
may, however, be significant]ly lower because this estimate was based on studies
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of the atonic bonb survxvors " & Hiroshina an Nagas L
almost 1nstantaneously, in contrast, the - exposure i .the case'of the evacuated -
Ru531an population vas: apread out over days ‘ SN . i S

The estimated average 1nd1vxdua1 dose to the evacuated population ‘was. 12 rad ‘
thus, unless therapeutic abortions we.# perforned on pregnant wo-en 1n the popu-f‘
“g‘,ofdall fetuses in the population ical 8-
to-l*-week-period5at ‘the time of the. accident may be born lentally retarded as
& result. Typically, a population of 135,000 in an indurtrialized society - :
vould at any time, include about 300 women in the ¢ritical period of pregnancy,»i
although the number would naturally vary depending on the age structure of the -
“population and other factors. Hence, if therapeutic zbortions were" not per-
formed, about 300 children who are at increased risk of being mentally rctarded
because:: of their 1n ntero radiatxon exposute ‘may be. born tOithe :evacuees .

“fewer than l% of all cbxldren (1n developedﬁcountties) suffef:fro- sevete '
-ental retardation.’

8.3.3 Expoaute Pathways and Doses in the European 80vxet Union

" The Soviet report also'atte-pta to assess the collective radiation impact on
the nstior. The bulk of the exposure was determined to occur in the European
- part of the Soviet Union; more particulerly, in the Ukrainian SSR, the
Byelorussian SSR, the Moldavian SSR, snd the Russian SFSR. The size of the
exposed population is about 75 -1llion people. _

As discuaned abOVe, the most important exposure pathways for thi population
will be: (1) external irradiation by rsdionuclides deposited on t e ground and
(2) internal irrsdiation by ingested radionuclides. There will s..c be some
contribution to doses from imhaled radioactxvity resuspended into the air from
the ground on which it was deposited :

.As previously diocuaaed nost of the long-tetn dooe - both internal- end

external - will be fros Cs-137 and Cs-134, however, -in the first fow weeks after -

‘the accideat 1-431 was sn ilportnnt contributar to’ the inceetion doee

Immediastely efter the accident, intervention leV¢1n vere ectabliahed for the
concentration of 1-131 in milk snd milk prnducts and in leafv vegetables.
Methods of ensuring compliance with these levels were introduced and enforced
 The levels were based on the principle that the dose to » thyroid of . child
should not exceed 30 rem per year. In sddition, standards were set governing
1-131 content in meat, poultry, berries, snd rav materials used for sedical

. purposes. Lster, when the activity from radioiodine had decayed sway and
Cs-137 and other longer-lived nuclides became predominant, intervention levels
were set for these radionuclides based on the principle that the effective dose
to an individusl should mot exceed 5 rem ia the first yesr (INSAG, 1986).

-Batimates of the exiermal dose were provided in the Boviet report for various
regions of the Europesn part of the Soviet Union, for urban and rural dwellers,
‘respectively. BEstimsted doses tended to be hi;her for people ip rural sreas
becasusc they spend more tise outdoors and est sore locally produced food. The




" 1nd1vidua1 doses for the year 1986 ranged fron 3 nrad to about ’.rad. The
collective dose to all 75 million people over the next 50 years was. estxpated
to be 29x106 person-rad, about 301 of uhxch would be rece.ved in 1986

The Sov1et report also estimates exposure through the food pathway For food
produced in 1986, there wxlx be contamination from a variety of radionuclides,
‘:espec1a11y I-131, g »::80d.Ce~134. . Most of this.contamina::
" tion will result ‘rom the d1rect deposition of a1rborne—radioact1v1ty onto -
vegetation. More 1nportant over the long term will be contamination of food by
ground- depos1ted C8-134 and Cs-137, which are taken up froh the soil by crops.
Uptake of Sr-90 from soil may also be important, but the data on Sr-90 deposi-
tion were considered to be ‘too scanty to draw any conclusions at this time;
'hence, its contribution to the collective dose was neglected. The hxgrest
doses from. Cs-134 ‘and: Cs-137 vere belxeved to be in the Ukra1n1an and '

acc1dent)
\ ithe soil in this- reg1on ‘is such. that:uptake inti
eipected to be enhanced 10 or even 100 times over vbat it would be

in other soils.
8.3. 4 Collective Dose and Health Effects in the Sovxet Unxon

The collective dose delivered through the food pathway to the populatxon of the
Poles'ye. region for s period of 70 years after the accident was estimated to
be 2.1x10% peraon-rad. Experts st the IAEA Review Meeting questioned this
figure because previous experience in estimating collective doses €rop release
of cesium to the atmosphere (e.g., from nuclear weapons tests) suggests that
the dose via food consumption is roughly equal to that from external exposure.
Furthermcre, preliminary whole-body scanning measurements suggest that cesium
transfer thiough the food chain may be only about 10% of what was predicted for
‘the region. According to the U.S. attendees of the IAEA meeting, there was
genersl sgreement among both Soviet and Western experts there that the esti-
mated collective dose given in the report was probably too high, perhaps by

: . about an order of magnitude. A more definitive assessment of the collective
% . dose via the food pethwsy must await Zurther measurement of cesium snd stron-

tium concentrstions in soil and uptake into food throughout the contswinsted

‘Qa areas of the European Soviet Union, including those outside Poles'ye. The

Soviets have initiated s program for carrying out sucl measurements. A msjor
purpose of that progras is to help for-nlate measures to reduce the population

dose.

The estimeted effect of the Chernobyl sccident on the exposed population of
75 million is, from the standpoint of potential health effects induced, quite
. substantisl. Even if th> Scviet report overestimates the dose via the food

' pathway by on order of magnitude, one estimates a3 totsl collective doce of
about 5x107 person-rem. Assuming s risk factor of 2x1{- '/rem, sbout 10,000
fatsl cancers (plus a comparable pumber of nonfatal cancers) would be projected
over the next 70 years. Mitigstion measures will reduce the rollective doae.
but fipal consideration of the enhanced cesium uptake by crops in the Poles'ye
region as well o3 inclusion of peglected sources of exposure (e.g., from con-
taminated crops in other parts of the European Soviet Unjon, from uptake of
Sr-90, and from inhalation of resuspended radioactivzty) may aubalantla]ly

increase the final elti-ate




‘The rad1at10n exposure -ay also 1nd‘ € severe genetrc dxsorders Tbese_have o
- beea estimated to be. conparable in numbeér to the excess fatal csncers. ° T
lthough they wi b stributed: over all fu‘jre generations;, -

-,»expected to occur ' next gen:ratxon - Any- postulated 1nductxon of mental
. retardation in the fetus at the very low 1ncrementa1 dosés and dose rates

. caused by the fallout from Chernobyl over most of the European SOV1et Union
would be extr ly speculatzve ny. case, _even. asspmi
“ﬁhresBol “d ‘e sP " T pllcable dur1ng_‘ sensitive 10-week
" period, the nunber of such cases would be expected to be very s-all conpared
-witk the number of excess fatal cancers o

‘Although the number of" excess fatal cancers pred:cted on the basrs of the
aovret report 1s very large these wlll be wldely d1str1buted over 8 popula-

t ;ﬂxcted N
ugh_to<r der undetectable -

“the exces;:due to ‘the accrdent

: Corr*spondlngly, the rrsk to an average individual in the populatron 001ng to
the accident is relatively small. Assuming that the original Soviet estimate
of dose received through the contaminated food pathway is high by a fsctor of
10, the estimated average individual dose from external and internal pathways
vould be about 0.67 rad, roughly equxvalent to the dose received from backsround

radiation over a period of 7 years. -Based s3ain on s risk factor of 2xi0-%/rad,

" this dose would give an estimated lifetime risk of 0. 0131, which is only about

" . 0.1% of the stated Soviet baseline risk of fatsl cancer (12-13%). Individual

doses and risks could, however, ve substantially ‘higher for some inhab1tants of

‘the Poles'ye region uhose diets, despite intervention measures taken by the

-governnent, may stil! consist larg ly of locally 3roun food

8.4 Radiological Effects on Eurgpe,Outs1de»the-Boviet Un:on
" 8.4.1 Exposure’ Pathuays and Doses ' '

~;f!e;inn1ng vith the 1nit1al detection at the !orssart nuclear pouer station in
-Sweden on April 28, of radistion from the relesse, radioactivity ‘was monitored
in air, on the ground and is food throughout Europe. The qnality aad com-
: preteness of these data houever, vary greatly by country o

; Data on radiation levels in Europe for the period tollovin; the accident were
collected by the World Health Orgsnizstion (WHO) and published in a series of
‘feports. A full summsry of sll the data is contaived in the final report of
June 12 (U!O, 1986a). Rvery country in Rurope reported thst levels of radio-

; .sctivity bad increased becsuse of the accident. Table 8.3 summsrizes the maxi-

mal values reported by couatries ovtside the Soviet Uuion. Included in the
table are only those countries reporting either ground exposure levels of

100 pR/br or 1-131 levels in milk exceeding 15,000 pCi/liter. The former level -

_ represents about 10 times normal background, the latter is tbe Preventive
" Action Guide prepared by the U.8. Food and Drug Ad-intstrattoo, above Ubich _

actions for sitl;atioo are reso-tnded : '
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'-131:-131 in cows' milk

. Country (pC1/11ter)
Austria 240
zechoslovakia.. ;200 -
Finland- - .- = 385
Hungary - .
Ttaly : =
Poland S 1000
fomania T 350
Sweden - '500
;Swltzer]and 150
om - 100
i y <200
,'Yugloslavia © 150

"~ Source: UBO.'1986a. :

M;Hore than 10 European nntions have produced Teports on the effects of the-

- -Chernobyl accident. Among the more detaile. reports which attempt to assess
“collective long-term doses in their respective countries were those published
‘by Italy (ENEA-DISP, 1986), Finland (STUK, 1986), snd Sweden. (NIRP '1986) .

: _The ‘Italian report focuses chiefly on the food pathvay; other exposure routes .
j”(xncludxng direct irradiation by ground-deposited radioactivity) were judged
less important in Italy Taking into account the measures adopted to restrict
the consumption of contaminated food, it was estimated that the committed
population thyroid dose up to the 25th of May was 107 person-rad. It was fur-
ther estimated that the dose would have been 3.5 times higher had the restric-.
- tive measures mot been taken. The collective committed effective dose for the
- same period was estimated to be about $x10%. person-res, or about 10 mrem per
person. .Inclusion of the projected dooe over oll future time would 1ncreate
this figure by leos thap a !octor of 2 _ ‘

. Averasge individual doses estimsted for Finlaod ond lveden were considerobly
"-higher than for Italy. Tbe Finnish report projects sn sverage dose from ex-

. ternal irradiation of 20 mrem and 160 mres for 1 year and over all time,

- respectively. The sverage ioternal whole-body equivalent dose was eltilnted to
be 50 mrem for the first year; the total internal dose over sll time was not

_calculated. Thus, the average committed dose over all time was estimated to be
210 ares plus any additional committed internal dose from ingestion of radio-

puclides after the first year. The Swedish report estimated a collective dose
of 300,000 person-rem and an average dose of 40 mres for the first year, pri-

sarily from externs]l and internsl irradiation by Cs-134 and Cs-137. The maxi-

sus individ:al doses sre expected to be about an order of la;nitudc higher.:

Estimates of lifetime doses attributable to the accident bhave a]lo bezn reporled

(GSF, 1986) for Lhe area around Munich, West Germany, where signiticent deposi-
- tion of ralicactivity in reim occurred. The average internal dose woei estimated
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T a populatxon-weighted sum of doses ‘from ground-deposited radionuclides over -

. atmospherlc -dispers on of material from the source and incorporating detailed
zueather 1nfornat1on It 1s 1nportant ‘that’ the ureal grxd used to_define the ;

: ,txon, deposxtxon often varied enor-ously over rather small distances.
g The assessment of long-term doses received through the food pathway will re-

. coupled through a mrti-u:atical model to estimate contamination levels in food.

intake.

‘Until the snalysis outlined above is completed, aﬁy'eetimttes of collective

- complete snalysis has been performed. For example, in the srea sround Munich,

‘locations in Burope were generslly in the renge 10 to 1000 puR/hr above back-

‘the maxisum exposure from the fallout, aversged over all locstions in Europe ‘ b

to be 100 to 250 mrem and 50 to 200 mtem, f01 children: and adults, respect1ve1y
Comparable ranges for external irradiation by ground- depos1ted cesium: are 200 '
to 300 mrem and 100 to 200 mtem, respect1"e1y : :

8 4.2 Est1mat1on of Collectxve Dose and Health Effects

and” long*term ‘collective external doses requ1tes

The assessment’ of “Both 'short:

geographical areas. Consequently, the deposition pattern for Europe had to
first be determined. Efforts to do this began soon after the accident, but
everything published so far in this regard has been very preliminary (for ex-
ample, see WHO, 1986b). Estimates of the deposition pattern should ultimately.
be based on both measurements of local deposition and computer models describing

rainfall pattcrns f local P

quire data on depositicn, particularly of Cs-137, and on agricultural patterns,

Assessment of doses reciived through ingestion of radionuclides in the first
few weeks after the sccident (primarily from I-131) will probably also have to
rely heavily on model calculations. These calculstions should, where poss1b1e,
be compared sgainst measured levels of radionuclides in “ood and in people.
Estimates basad on model calculations or measurements of food sust be adjusted,
moreover, to tske into: account any -itxgative measures that decressed human

dose outside the Soviet Union must be regarded as highly tentstive. 4 rough
approximation can be made, however, by projecting from locstions vhere s fairly

the average dose over all time was estimated in the GSF report to be a few
hundred millirea, sbout 20% of vhich would be received in the first yesr.

The GSF report olsceindicated thet the maximim level of radistion tecorded
there was sbout 100 uR/hr. An exssination of the World Beal*s Orgsnizstion
final report (WHO, 1986a) would seea to indicate that (excluding Spain, Portu-
gol, Ireland, England, Denmark, and most of France, all of which received very
little of the fallout) the -aailu- levels of outdoor exposure recorded st most

ground ievels. Nost locations would seem to fall in the lower portiom of this
range (10 to 40 pR/hr), although higher readings were fairly widespread (see
Table 8.3). On the basis of an examination of the data. it is estimated that

(outside the Soviet Union and the countries listed above), is 20 pR/hr (to within
sbout a factor of 2). . Extrapolating from the M nich sres dasta, this would .
imply an average liletile dose of sbout 60 msrem (12 mrem in the first yesr).

A sisilar extrapolation based on the dats on 8weden, wvhere the maximum exposure
was 500 pR/hr (WHO, 1986a) and the maximum first-year dose was a few bundred -
srem (NIRP, 1986), would be cousistent with this snalysis. Nevertheless, it
should be noted that the geographicsl variadility io the relastive activities of
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‘ fdepos1ted red1onuc11des. among other factors nay 1ntroduce eppreC1ab1e error
into. such extrapolat1ons

Thus, as & tentatxve approx1matxon, the averabe 1nd1vidual in Europe (outside
the Soviet Union and the other countries named above) will receive a 60-mrem . ..

‘dose from the accident, this dose being spread over a period of years. For.
comparison, this 1nd1V1dual will receive about 100 mrem each year from back-

~ ground radiation Using this. estxmated .average -dose and- a total:populationiof
about 350 n1111on.peop1e in ‘that part of Europe being considered, -a collective .

" "dose of 2x107 person-rem is calculated. Based again on a risk factor of

2x10-‘/ren, about 4000 excess cancer deaths outside the Soviet Upion may be
calculated to result from the accident. These deaths would be completely

" masked by the 70 million or so cancer deaths predxcted in the population over
the next 70 years . .

_:8 5 RadlolAg1cal Effects on the Un1ted StateS;«“

: € retions in the Unlted States as a T : B8
accident were generally lower than those in Europe and the resultant 1ntakes
and exposures were lower accordingly. Using preliminary data, C. R. Porter*

‘has estimsted the totsl U.S. deposition of radionuclides of iodine and cesium

to have been epproxxnately 4x10* Ci and 10* Ci, respectively. Talle 8.4 sum-

marizes Porter's estimates of maximum individusl doses to groups in the United

‘States from exposures or intakcs in the year following the ecc1dent, calculated

using dsts obtained from DOE (1986), WHO (1986a), and other sources.* Thyroid

doses were dominated by the intake of 1-131 in milk and show a strong age :
dependence. Effective dose equivalents were dominated by extérnal irradiation o
from deposited Cs-134 and Cs-137 and show no significant age dependence. For ’
comparison, a typical background annual effective dose in the United States is ... .
about 100 mrem. After Chernobyl, C. R. Porter* estimated the U.S. collective i
dose to the thyroid from I-131 in pasteurized dairy milk to be 103 person-rad .
(within a factor of 3). Using this collective thyroid dose snd the thyroid
risk estimates noted earlier, the projected thyroid effects in the United

§  “es would be about two excess thyroid cancers. For comparison, based on
recent cancer statistics, roughly 200,000 thyroid cancers are ‘expected to occur
among current residents of the U.S. over the remsinder of their lifetimes.

8.6 Global !ffectl on Qgriculture and Food

“The Chernobyl sccident disrupted agriculture and other eegnente of the food , . -
" industry. Some of tbis disruption will continue well into the future. Lsad a4
close to the accident site was determined to be so badly contaminated that its ey
cultivation may be impossidble for years to come. Land between 5 km and 10 ks gg
from the power station site falls into this category (INSAG, 1986). In other -
locations within the European Soviet Union, it may be necessary to modify farms-. o
ing practices in order to minimize human exposures through the food pasthway. o
In particular, the zone from 10 ka to 30 ks distant from the reactor site falls

into this category (INSAG, 1986). With some exceptions, however, problems with

respect to contaminstion of agricultural land outside the Soviet Union are much

less severe, and extensive decontanination or control of farming practices villm“

*C. R. Porter, private cosmunication of preliminary dsta submitted by the U. s.
Environmental-Protection Agency to the Nuclear Energy Agency (OECD), U.5. EPA
Zastern Environmental Radiation Factltty. Honlgonery. Alabama, September 1986.
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Table 8.4 Hax1mum 1nd1v1dual d;ses (mren) to groups in- the Unlted
States due to €XpOoSures. or 1ntakes in the f1rst year
after the aCC1dent .

_R@dioﬁuclides
‘External® o A
Ismersion . - 1.6x10-6 2.0x10-7 2.0x10-¢

‘ Irradiation from
A.dep051ted activity

nternald

Inhalat1on

‘ Ingest1on (milk and
milk products)

Adults . 5.0x10-1 1.0x10-3

Children (under 10 yeara) 3.0 - 9,0x10-3 -
Infants (under 1 year)  1.4x1042 ~4.0x10-1 -

. &) Thyroid dose equivalent.:
b) Effective dose equivalent.
© ¢) Within an order of magnitude.
d) Within a factor of 3.
e) Based on maxisum total intake of I-131 from drinking puateur1zed
milk as reported for 65 U. 8. cities.

Source: C. R. Porter, private co-unication of prelilinary data sub-
- .mitted by the U.S. Eavironmental Protection Agency to the
Nuclear Energy Agency (OECD), U.S. EPA Eastern Eavironmental
Radiltion Facility, lontgo-cry, Alaba-l, Septeﬁber 1986

 not be fequired. 4ﬂ6v:6ér, elevated'leVeln'of'céciun'ind~ittnht1ul'1sotope| 1n:

crops are expected to persist for a number of yesrs.

Fallout fros tbe accident deposited om crops over much of Europe, and in many

places fruits and vegetables were removed from the msrketplace. Initially,

» dairy products derived from snimals grazing on contaminsted pasturelsnd were
most severely affected, especislly by 1-131 (cf. Table 6.3). Within a matter
of weeks, radioiodine levels hsd dropped to scceptadble levels, but contsmina-
tion of meat and other foods with Cs-137 and Cs-134 remains # conceid in some
places. Following the ac:ident. ssny nstions, including the United States,

. begen to monitor food products for radioactivity. As a result, some imports
into the United States were deemed unacceptable.* Some countries in Western

*As of mid-Decesber 1986, the Food and Drug Adsinistration (FDA). has seasured

radionuclide concentrations in 690 samples of shipments presented for impsrrt
into the United States. Of theee, 4 have exceeded the FDA's level of concern.

8-15

R




= 1aﬁdevel~used in Sweden as the maximim ¢oncent¥atid

———

ucé from lhste . European
i the Hrndre,s of millions of

1

Europe anned 1npottation of agticultqta. pro
countries. Total losser to agticulthre will
dollarh 0‘\ . ! [} \

One localxzed problea that petsists io Lapland \conterns the hi h concentration
of Cs-134; and Cs-137 in réindeer keat. Concentkations up| to 24,000 Bq/kg .
(540,000 gCi/kg) have been measgred - well in ekcest of the 30 Bq/kg reference
& EITOVEd I Redt s0ld for -
buman consymption (NIRP, 1986). ’The concentratibns re expected to persist.
above the teference level for seVetal ye:§ . Onp coasequehce o this situation
is the disruption of an important industry of th4 Laplandexs, thk production of
reindeer mept. A second is t the doses to thq Laplanders (fotr vhom reindeer
meat is an important dietary item) could be as hikh as: 1 rebk per \year or more
(NIRP, 1986)7.\.- . L S U , t

. .8.7 Ecologidal Effects

. With the éxception of the ‘sres-immedistely - | .
30 kn from t::§site), no direct adverse ecosystem effecty arel expetted. In the

reactor cool pond and parts Of the Pripyat River| expdsuret of dquatic biota
may be high enqugh to harn some Yndividual organismt -
VWithin the 30-kp zone around the site,:discr are:
show significant changes in todiosenaicive apacies.
effects aay not \be detecuble. ' .

The Soviet tcport listed a number of search progr
to determine if there will be long-tb e'ological ffects, pyrticulazly on
aquatic biota. - '
F 1 :

Although tr.nsport of radionuclides thrbugh ecosystems gay mot\affect the eco-
systes itielf, there still may be an effect on man. Fot example, the concen-
. trations of cesium and its.trans-illion tc man in reindéer in. plnnd will not
affect the tundra biome, but man will be affected if \ food in {s Dot
controlled. Likevise, trsusport of rsdionuclides to gro dvater\ and to the
water supply for man must be controlled; even though thete is nol\effect on
ecosystems. A m¢,0r prodbles in this reglrd is the potential con tion of
the Kiev reservoir, which the Soviets haﬂe taken measures to prevent.
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