
m r.n m vw/<w n, c ,y ~; v.~.,.;.y y w erv7.~,. m ,v r -e 2.~=.m::' r. ~ ~ :m+ +~"z T, .

^

. . - . . . . , , ...,-~,,. _ .-. - ,,.r, ,.,~~,,,..m---.,,m,:,.,,.. ..._,,._n,__
_

.
_.

f 3

U.S. DEPARTMENT OF COMMERCE

National Technical lnf armaton Service

PB-279 283

A Methoc for Ris<

Analysis of Nuclear

Reactor Accicents
'

Massachusetts Inst of Tech, Cambridge

n.p m .a eo,

Nuclear Regulato.y Commission, Washington, D C Probabilistic Analysis ,

Branch

Jan 78

,

!
l

"
,

.. .

1 . J

t

k
i

7908140 7 [f 7m



. ..
. . .

. _ -
. - . -. .

,r , m .= ->.nr~.,-,,... ,,,, . y.
.

a-9..~.,._;co......
, ..

; n. . . .-. , . e' . . . . 7. . , . , my.,, 5,, .., .,. .
.

,* *5

.' . .. _. 3. . ,. .*. '

, . ~ ,
~

* * '
*i>'.... .. - . .- -

..

M_t W - ^,- J ' --" APB 279283s :,
. 2

- d--'''u. a< *--- .
: 6 .; 2u '

i ~; *
. . . .

, .-
. . ._

. .
. n .. -

-^

n. . ' V! c ,M NUREG/CR-0049 . ;... c .

i
'x -

~. ..

'3
. ' a r,suutc.1cs . . t

e
*

, ,;,, 4s. -
s

.
-

s P

|* -
.

-

.,
.,

t
-

. >t-

_ - s ; 4
1- ,

_k
-
4 .

'j -

1
'

,

j
A METHOD FOR RISK ANALYSIS OF NUCLEAR REACTOR ACCIDENTS

..k.
'

;
.-

- ' .

* !
-

' '

. .

';
. .. s -

-
'

- 3-.,.
., ,f

t
' :. . . .4

a
j , . '

,
,

.

.j-,
,

*: .u
< hGtsuru Mackawa 1 * a

M.w-A-tts Imtitute of Tetinology
~* ~t

,, J. -

.; ,

0.
. ,; ,. ]

; '
,

. v-j
.

. " , ;
,,

1
, &< nun C. Raunuuen -

.

Massa.chsetts Imtitute of Tedmelogv
_ . . 4,- * ._<

y
} .t

,
t

,

t j
wh= r_ ves,1,1r.

3:/ l
~

7
N hr Reguistory Contr6Gn

L
*

- - '
r ;

~
.

l :

i ..

l -!
4>

-

,!

1

h
- -

MASSACFL5a 15 Lb111LJTE OF TEC.11NOLOGY lj
De-An: of Nudear EngLM,g i, , -

d

3 Cs::=hidge, Massachusetts C2139 1
t

-jI ,

j - , , , , . - ,
' .,

-t-

!
.

January 1978 -,4
.

,

i
-

, ..

' )
.

- _
. '

I
.

'

)
.

,.

'
-

1 t
- !% pared Err the U. 5. Nedear Rcrnla! cry Commisden, . .

ces e * % . w . ., _ 'j.

'I C s; c:mJc c=atract Ns. AT(49-241-C5.3 _

;k, .
.

.

,

. ~ o ,,

! i N.AT10NAL TECHN ..i
*, * *

[ l
. 5 newcw sru: CAL ",l' > cs

i ,
t .s ....-+ 3 c.- a :, _ .n v s .,a : :m

=.
2 %

,

l(
.

v'
I

..
.

* M e. M F
. . .

**="8 JSuA M g
.e k geg. g -[ gg "a , ;1m ,. g g _ g _+ .

j - -



e. vn.- -- n ,n x w _ . = , ;-; -.., , , , ~ . , , , . .- m,r,.m m m

.. _

. , - - - . ~ . _ . . _ . .

\

r gr',]1 HE PORT NUMBE H sAures o"
C *stacLE AR RE GUL ATORY COMMissaON,

NUREG/CR-0049RIBLIOGRAPHIC DAT A SHEET
e TIT LE AN O SU8Tn T LE LAda Verme No. st epers>rean) 2 ILeave bimbl

A Method for Risk An31ysis of Nuclear Reactor Accidents

3DE5f % ? ? 9 2 17 3
P f N T 3 ACCE NiON NOi

P
7 AUTHJH LSI ' $ O tf E HE PORT COVPLE TE D

Mitsuru Maekawa (MIT), William E. Vesely (NF.C) and | vt aaw c>~ 2 "

f(ar .a n r P en u nn (MIT)
C PE Hf OdMING ORGANii ATION N AME AND M AILING AQORESS Itactu m Ia Caf DATE RE P0HT issue D

wo~1x |vtaal'.assachusetts institute of Technology
Department of Nuclear Engineering

6 tt** e u-*i77 Massachtsetts Avenue
Cambridge, Massachusetts C2139

S (Leave twar,h I

12 L'OP 50 RING ORGAN:Z ATION N AME AND P? AILING ADORE SS (tocto w Ip Code)
p

Prebibilistic Analysis prtnch eqqqqa

Of fice cf Nuclear Fegulatory Research 11. CON T R A C T N O
U.S. Nuclear Regulatcry Comission
Washington. 0.C. 20555 AT (49-24)-0263

11 TYPE OF REPORT PE RaOO COv t RE D #socksrae aims /

15. SUPPLE ME N TARY NOTE S 14. iLeave ups

it. Ac.sTRacT eoo .-e. or i,ui A method is deteloped for deriving a set of equations relating
the public risk in potential nt. clear reactor acciderts to the basic vari 3bles, st,ch

| as population distributions and radioactive releases, Mich detennine the corsequences
of the accidents. The equations can be Lsed to determine the risk f or different
vclues cf the basic variables witho: the reed of creplex cccputer programs and can
te used to determine the variable v- .es which are reedeo to satisfy various risk
criteria. The methodology development in this study involves fitting risk distri-
bution of frec,uency versus consequence to parametric distribution ar.d then relating i

the distribution paramters to the basic variable cf interest using regression techni-
ques. The Weibull distribution wes found to be appropriate fcr the early fatalities
distributions for hurricanes, tornadoes, earthquakes, dam failures and nuclear reactc{occidents. A set cf equations is then derived which relate the pcpulation distri- ,

bution and the parac.eters of the Veibull distribution fer ezrly fatalities from Nt
accidents. The derived equations are straightforward ar.d useful in analyses cf
population and other effects (eg radioactive release) on risk.

t

17. KEY WORCC AND COCUMENT AN ALYSIS 17a DESCalPTORS

17t1 IDE N TI F IE RSJCPE N E N DE D TE RMS

18 AVAILAblLITY ST AT E MENT 19. SE cbPs TY CLASS (This report) 21 NO OF P AGE S
d5 //

Unlimited 2o SE cuRiTv CtAss tra,,,,,s 22 PRici

SF 40/
Ps RC F ORM 33S (7 '" g

,I

.



gv-- swr,.,,-.,,.ovw --.., ,,o ,m. .,,aci.~.- .n.,. ,, ~ ,;.,ep., g .v.,.. . m an, n g
. .-. -. . ._ - - _ -

.-

|N
MITNE-NURIO-205

A MITHOD FOR RISE ANALYSIS 07 sUtT m REACTCR ACCIDENTS

Mitsuru Mae'r.ava
Massachusetts Institute of Technology

Norr.an U. R=em>= san
Massachusetts Institute of Technology

WillA a E. Vesely, Jr.
Nuclear Re@ tory Comission

MASSACHUSETIS 1"STITUTE OF TECHNOILGT

Department of Nuclear Engineering '

Canbridge, Massachusetts 02139

January 1978
4

!

Frepared for the U.S. Nuclear Regulatory Cotzaission
Office of Nuclear Regulatory Research

j under contract No. AT(49-24)-0263
1

!

}

|
-

i

'#
+, v,

)'



. . , ,. -- .,,, . .n .. . n n - - . . m w,e g ..- n.-,- ,,

_ _ _ , - _ _ _

tl

A METHOD TOR RISI ANALYSIS OF NUr? ?AR REACTOR ACCIDENIS

by

Mitsuru Maekawa

Submitted co the Department of Nuclear Engineering on July 13,1976, in
partial fulf t11mmt of the requirements of the degree of Doctor of
Philosephy.

ABSTRACT

A method is developed for dariving a set of equations relating the
public risk in potential nuclear reactor accidents to the basic variables,
such as population distributions and radioactive releases, which deter-
eine the cocsequences of the ar.cidents. The equations can be used to
determine the risk for different values of the basic variables without
the need of complex computer programs and can be used to deter:dne the
variable values which are needed to satisfy various risk criteria. The
equations will provide considerable savings of time and effort in dete.-
mining the consequences of the nuclear reactor accidents.

The nethodology developed in enis study consists of two steps. The
first step involves fitting the risk distributions of frequency versus
consequence to pars =etric distributions which contain a small nu=ber of
parameters. The second step involves deriving the equations which relate
the distribution parameters to the basic variables of interest. Regression
techniques are used fc thia second step.

The methodology is demonstrated for examples based on the results
of the Reactor Safety Study. The calculated distributions of early
fatalities in nuclear reactor accidents and the historical records of
fatalities in hurricanes, tornadoes, earthquakes and dam failures are
examined to determine an appropriate fasily of paranceric distributions.
From these --wtions, the Weibull distribution is found to be appro-
priate for all of the avsnined events.

A set of equations is then derived which relate the population
distribution and the parameters of the Weibull distributions for early
fatalities from PWR mecidents. The derived equations are straightforward
and useful in analyses of population effects on risk. Regression equations
relating the parameters to the characteristics of radioscrive releases
are also derived. The derived equations again are straightf orned and
useful for evaluating release effects on risk.
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I.MO:XCIC.'I

I.1 Objective cf Stu#

In October,19T5 the final report of the ?eanter Safety St.ziy was

Inblished by the U. S. Nuclear Regulatory Cc==ission (Eef.1). The

principal pur;cse of she Reactor Safety Study ves to r.ake a realistic

estinate of the public risks that could be invoired in potential

accidents in ec:=ercial nuclear pover plants and to provide a perspective

to c:= pare the= with non-nuclear risks to which ce acciety are already

crposed. Scugh the Reactor Safety Stuiy vas fceused en an esti= ate of

the total risk of the nuclear pover plants existing or being planned,

the risk esti=ation methods developed in the Stuiy can provide help vith

regard to decision making involving regulations, site ?!=-*g, plant

design and other ares.s relating to the safety of cuclear pcver plants.

To apply risk results in decision -aH g, it is of use to ;repare a

set of equatic=s that give the relationship between the risks and the basic

variables that deter =ine and control the ccesegences of nuclear reactor

accidents. -ith the risk expressed in ter s of the basic variables,=

decision can be made on the besic variables which give acceptahle risk.

For exa=ple, in selection of a site for a nuclear cover plant, the polulation

distribution =ay be one of the baric variables cf interest. Relating the risk

to the population distribution vould then allev i=restigatics and decision on

acceptable g,.htien distribution. If this can be dene, it nay result in

considerable savings in time and effort in the decisica =aking process.

.
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he objective of this thesis is to develop a method for obtainir4 a

set of equatiens that describe the relationship of the p blic risk !s

potential nuclear reacter accidents to ths basic variables that drive and

control the consequences of the accider.ts. D e method vill te de=enstrated

'in a 11=ited nunber of exa=ples ba.ned on the results of the Reactor Safety

.tudy.

I.2 Basic Concepts of Risk

Since risk is a ccr- n+r used word that can convey a variety of

meaniras to different people, certain concept *., of risk vill be discussed

here. A dictionary definition of risk is "the possibility of loss er

injury to people and 3:roperty". We majcr ele =ents for definir4 risk vill

be consequence end likelihood. The follevir4 four types of consequences

vere considered in the Reactor Safety Study.

Early fatalities (i.e., fatalities that occur withina.

one year of the accident).

b. Early injuries (i.e., people needir4 medical care),

c. Late health effects attributable to the accident.

d. Property r'a-a ge

In this thesis, early fatalities will be studied specifically as an example

in developing the cathod to relate the risk to the basic variables. Se

developed =ethod may be applicable to other types of censequences.

'
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The likalihood is expressed by the frequen:y of ocmrence of

accidents. For frev ent events, the frequency can be esti=atai fres

the historical records in the past. However. =any potential accidents,

such ar nuclear ace''amts, occur at such a lov frequency that they have

not been ooserved. In these cases the freq",ency is obtained by

calculational models using basic cc=ponents and systen fail =-e data.

Combiniit the two cajor elenents of likelihood and cen. pence,

risk is then described by the distribution of frequency vs. =ag.itude

of consequence, which vill be called " risk distribution" in this

thesis. Two expressicas of the risk distribution vill be used in

the folleving chapters. Cne is a "fr.equency distribution" (denoted

by f(x), vtich is defined by:

%
F[xa 1 x 1 xb] - f(x)dx (1.1)-

'N

vbere 7(xg i x 1 xbl is the nu=ber of events per unit tine that the

magnitude cf consequtnce is between x3 and xb. Another er;rtssion is

a "cos;1e=entary c-'' ative distribution" (denoted by [(x)), which

presents the frequency of consequences bcing greate- than the
.

magnitude z. The relation of the tvo expressions is given ty:

,

CF (x) = f(x)dz (1.2)
'x

0
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For ewAe, Figs.1.1 and 1.2 shev the ecuplementary cumistive

distributiens of early fa*alities in n~ lear rewtcr e.r.::idents as

well as other nan-cade and naturally ceming risks. Fig.1 3 shows

the frequency distribution of early fatalities in nuclear accidents in

a form of a histograr.

The risk distributions ens be su=arized by certain characteristics

of the distritutions. talled " risk characteristics" in this study) such

as:

1. Frequency at a sWie =agnitude of consequence :

For em%, frem Fig.1.1 the frequency or fatalities

being greata.r than 1,000 is about 10-6 per year for 100

nuclear plants. whereas it is 10~3 per year for chlorine

release.

2. Mag.itude of consequence at a specific frequency:

For em%e, frem Fig.1.1 the cu=cer of fatalities at

a chanae of one in 10,000 yests is less than 10 for 100 nuclear

plants, whereas it is greate- *}nn 5,000 for chlorine release.

3. R hk sc=ents, which is defined by:

m

M (C) = f(x) . (x - ()t . dx (1.3)t
'o

where

M (C) is the t-th rist m-ant about C. The first riskt

.
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m:nent about the crigin can be interpreted as an expected "ar9ftude of

consequence per unit time. For example, the expected early fatality

per year is k.6 x 10-3 for 100 nuclear power plants and 55,000 for

aute: mobile accidents in U. S. (Ref.1).

I.3 Outline of the Approach

The approach developed in this thesis is presented by two major

steps. They are:

(1) The risk distributions are fitted to pars =etric

distributions involving only a s=all nu=ber of

pars =eters. To deter =ine an appropriate parametric

distribution, the fatalities distrittrions of

nuclear and rbn-nuclear rzsks are examiW.. Once

an apprcpriate pare =etric distribirica is selected,

the entire curve and any rism characteristic can

be estimated frcrs the distributica pars =eters.

(2) A set of equations are derived to relat de

distribution paraneters to the basic variables

of interest. In this study, regression techniques

are used to derive the equations.

I

i
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"he fitting of the risk distributica vil:|, be str. died in

Chapters II and III. A general approach of selecticx1 of candidate

pa.~. etric distributions, fitting tech =iques c d criteria of

.

adaquate fits vill be discussed in chs;ter '''. In Chapter III

an application is given of the fitting te-" .es a:d the criteria

to the = =ination of the fatalities distributicrs of nuclear

ani neo-nuclear risks.

The regression analysis to relate the distribscion para =eters

to the basic variables vill te studied in Chapters 17, Y and VI.

In Chapter IV a discussica vill be given of grM approaches

of the regression techniques. In Chapter Y an application vill

be given of regression analysis relati s the distribution pars =eters

to p2pulation distribution variables. In C W .cr 7 another

application vill be given relating the para =eters to radicactive

rele**e variables.

In Chapter VII, the nethodologies devel ;ed in this study are~

st=marized and a discussion is given of f=rther possible extensions.

.
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I.k Nethod of Risk Esti=ation

A brief discussion vill be =ade about the =ethods of risk esti=ation

developed in the Reactor Safety Study, panicularly about the consequence

model, because the nu=erical values of the risk esti=ates in this thesis

are based on the results of the consequence ee.lculation. More detailed

infor=ation about the Reactor Safety Study can he found in WASH 1h00

(Ref. 1).

I.k.1 Outline of Reactor Safety Study

The Reactor Safety Study vas divided into three major tasks shown

in Figure 1.h. Task 1 included the identification of potential accidents

and quantificatica of both the prob d:ility and magnitude of the associated

radioactive releases to the environment. Task II used the radioactive

source ters defined in Task I and esiculated how the radioactive =aterials

are distributed in the envircr= tent anc vhat effects they have on public

health and property. Task III ce= pared the risk of nuclear reactor

accidents estimated in Task II vith a variety of non-nuclesr risks to

provide a perspective of the neugnitude of the nuclear risks.

1.k.2 Outline of Consequence N del

The consequence codel vm developed in Task II in the Reactor Safety

Study to predict the consequences from the radioactive releases defined

by Task I. The consequence predictions served as the primary input to

Task III. The consequencea of a given radioactive release depend upon

how the radioactive sa:erials are dispersed ir 'he environ =ent, upon

?
.
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the nu=ber of people and ar.ount of Troperty exposed, and upcn the effects

i
i

of radiation exposure on people end contanination of property. These

major ele =ents of the consequence predictions are indicated in Fig.1.5,

i which shows the principal subtasks invclved in Task II.
I

I The dispersion of the radicactivity is deter =ined principally by
I

! the release conditions and the veather conditions at the ti=e of relesce.

The release conditions are described by the release categories. Each

one of the release categories identifies the amount of radioactivity

released, tre a=ount of heat released vith radioactivity, and the

elevation of the release. (See Table 6.1 in Chapter 6.)

The sta=dard Caussian plu=e codel is used to predict the way the'

radioactivity is dispersed in the at=osphere. The v:sther data used

t

f'
in the model is obtai:.ed frca bour by hour meteorological reccrds

| covering a one year period. Ninety weather sampler are taken and

I each sanple is thus assigned a probability of 1/90. The starting times

- are determined by systc=stic selection from the =eteorological data.

One quarter of the data point 1 are chosen from each season of the year

and half frca each grous are tahen in the daytime. This procedure*

is used to reduce sa=pling errors to acceptable levels. The veather

stability and vind velocity is assu:ed to change according to the

veather recordi gs, but the vind direction is assu=ed not to change.

,

To determine the population that could be exposed to potential

radioactive releases, census bureau data was used to deter =ine the

nu=ber of people as a function of distance frem a reactor in each

- of the sixteen 22-1/2 degree secters around each of the 68 sites

at which the first 100 reacto s nov in use or planced are located.

i
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F.ach reactor was assigned to c e of six typical metecrological data

sets and a sixteen sector co=pesite popul.ation was developed for

each set. The g cuping of populatica sectors was perfor=ed in such

a vay that the sectors of high populatics fors seperate sectcrs and

the sectore of low populatics are grouped into cceposite secters with

average population of the e ( ,+1 s ectcrs.

The consequence =odel calculates the dose from five potential

exposure codes; the external dase frees the passing cloud, the dese

from internally deposited radionuclides which are inhaled frem the

passing cloud, external dose from the radioactive =sterials deposited

on the ground, the dose frc= internally deposited radionuclides which

are inhaled aft .: resuspensics and the internal dose fr's ingestion of

contaminated food.

The potential health effects considered are early fatalities,

early illnesses and late health effects. '!he probabilities of early

fatalities are cc=puted by using a dose-effect relaticsship. For bene

marrov dose, the prob sility cf early fatalities varies fres 0.01 to 99.99%

for doses of 320 and 750 reds :-spectively with a ceaian value of 510 rads.

'"he nunber of fatalities are estimated by the number of people exposed to

radiation cultiplied by the pobabilities of early fatalities estimated

frca dose. Early illnesses a:d late health effects are esti=ated in a

si=ilar vsy to early fatalities.

The consequence =odel also provides for prediction of econesical

da-a ge dt.e to radicactive ces -* nation. It includes evacuation cost,

loss of agricultural crops, decentami'ation cost, relocation cost and

property da-age.

.
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I.h.3 Calculation Conditions for Individual Site

The consequence z:cdel outlined in the previous subsection vm

developed in t' e Reactor Safety Study to esti= ate the total risk of thea

first 100 nw: lear power plants nov in use or planned. The coc:posite

population ::sodel was generated for these 100 reactors. In this thesis,

however, the population distribution of individual sites are used to

estimate the risks of nuclear power plants, site by site. The population

distribttions of the individual sites which this study uses are obtained

from the census btreau data (Ref. 2). The folleving assu=ptions are made

in the individual site calculations.

1. Meteorological data sets typical of the eastern valleys

area are used for all of the individual site calculations.

The chmeteristics of the eastern valley meteorological

conditicas are given in Appendix C.

2. The frequency distribution of the vind direction is assuned

to be uniform over 16 directicus.

3. The radioactive inventory of 3000 :Ut reactor is e.ssu=ed.

k. The probabilities and =agnitudes of radioactive releases

are assu=ed to be the same as used in the Reactor Safety

Study (Fef.1). The estimates in the Reactor Safety Study

were based on the annivses of Surry < Pover Station for

Pa~d's and Peach Bottom Atomic Pover Station for WR's.

(See Table C.2 in Appendix C).

Because of the assu=ptiens listed above, the estimated risks vill

be different frc= the "real" risks of the individual reactors. In order

_
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to estimate the "real" risk of a specific reactor, the following data

vill be required.

1. Metarological data based en the records observed

at the specific site.

2. Radioantive inventory based on the capacity of the

specific plant.

3. Esti=ates of the radioactive releases and their

probabilities besed on the analysis of the systen

of tha specific plant.

In additics to limitations of the data, the refine =ent of the

consequence =cdel is now under vay in U. S. Nuclear Re5ulatory Cdssion.

Therefore the mical values in this thesis need further refinenent

before applying to actual decision rari g. In this sense, tne purpose

of this thesis =ay be interpreted as being one of developing approaches

and techniques which are applicable to risk decision, which nay be used

regardless of the specific data and application.

.

Ei

e

i

h



,

.. ._ _ _ - . . . . . . .

15

CHAFTER II

BASIS FOR FITTING OF RISK DISTRI"!!TIONS

II.1 Introduction

Risk is described by,a distrieu ion of the frequency of occurrence
'

versus the magnitude of consequence. A risk distribution can be

s a rized by certain risk chara:teristics. However, any single risk

characteristic alone, such as a risk coment, does not provide a

complete information about the rick distribution. For angle, the

first risk. mo=ent about the origin of a fatalities distribution does

not give any information whether the fatalities are caused by low

frequency large consequence e rents (such as hurricanes) or high

frequency small consequence events (such as auto accidents). Theore-

tiem11y an infinite number of risk characteristics is required to

describe the risk distribution, which results in an infinite number of

equations to relate the risk distribution to other basic varisbles. As

a compromise, the risk distribution will be fitted to a parametric

distribution which culy involves a s=all number of unknovu para =eters.

Once the a=rameters have been determined, various risk characteristics

can then be derived from the fitted parametric distribution. Also a

1t=if ted number of equations are suf ficient to identify the relationship

of.the risk distribution to the basic variables. In this chapter, the

general approach of fitting will be discussed. The approach will be

applied to the fatalities distributions of nuclear and non-nuclear risks

in Chapter III.

The fitting approach can be divided into tt ree fundamental steps,

i.e., selection of candidate distributions to be examined, estimation

, q t,
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of unknnwn constants by fitting and deter-si,ation of adequate fits band

on certain criteria. The fundanental stepo will be discussed in the

following sections.

One of the special characteristics of the risk emnlysis is that

the extreme causequences as well as lesser consequences are of interest.

For n n ple, people secetimes view a single large consequence event

more unfavorably than nusarous esmil events having the same total

nunber of fatalities. Therefore the extrc=e consequence, i.e. , the tail

behavior of the distributica sill be e=phasized in selection of the

candidate distributions, the fitting techniques and the criteria of

adequate fits. The lesser consequence, i.e., main body behavior of

the distribution vill also be considered to obtain average risk values

with stull fitting errors.

II.2 Basis for Selection of cmdidata Distributions

A nu=ber of candidate parametric distributions vill be considered

in Chapter III to fit the calculated risk distrib2tions in Figs.1.1

and 1.2. These calculated distributions to be fitted are called " data

distribution" in this thesis. They were obtained by the historical

records or by the calculational models using basic component and system

failure data. The selection of the candidate parametric distributions

vill be based on the following considerations:

(1) Domain where the indeoendent variable of the distribution is

defined: The donain of the candidate distributions will be

determined by the range of r..ne available data. For certain

non-nuclear risks. the available historical records are

lisited to major incidents having consequences greater than

,

!
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a cartain value. The lower end of the domain will be

determined by the incident of the smallest consequence

recorded or calculated.

(2) Number of modes of the distMbution: The mode is a : umber

of peaks in the frequency distribution. When che data

distribution is bi-codal and neglecting one of the modes

significantly harms the analysis, bi-codal candidate

distributions will be considered.

(3) Syc=etric or skeved: The skewcess is an asymmetric behavior

of the frequency distribution. When the distribution peak

is to the right of the mean, the distribution is negatively

skewed. When the peak is to the lef t of the mean, it is

positively skewed.

(4) Tail behavior: As the tail behsvior is of interest in the
analysis, a nusber of candidate distributions with different

tail behaviors will be considered for extrapolation

sensitivities.

(5) Number of earameters: The distributions with the smaller

nu=ber of parameters are preferred to keep the model simple.

II.3 Fitting Technique

Having selected candidate distributions, the values of unknown

para:neters of the candidate distributions will be estimated from the

historical data or calculation results. Various techniques have been

developed for obtaining estimates of these unknown parameters. Though

the best technique may be different for each cf the candidate distribu

tions, two general techniques will be discussed here briefly in context

.
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of fitting to the ris'k distributions. General discussion about fitting

techniques can be found in standard statistics text books (Ref-3, Ref-4,

Ref-5 and Iaf-6).
.

II.3.1 Method of Moments

Let a random variable Y have a frequency distribution given by

f (y:r ....tk) where t's represent its k paraceters. Let M, M &7 g

m-th moment of f (I'*1' * * * **k) about a given magnitude (, that is:Y

M, = (y - ()" . f (y : r g , m . , r ) dy (2.1) *k

Clearly, M, is a fuaction of the k paraneters and hence M, can be

written as:

M,= M ,(tt,....t ) (2.2)

I4e Y ,Y,....,Y be a random sample of aize a frc:a g(y:r ,.. . .Tk)*g g

The n-th sac:ple co=ent 5, are:

A=f (Y -()* (2.3)
i=1

The moment esti=ators T , j =1, . . . ,k of tb9 k-para =eters are obtained

by solving the following k equaticus:

S ,= M ,(Tg 2,....tk) m=1,2,...,k (2.4)

The advantages of this method are that the calculational procedure is

si=ple for many distributions and also the estimate of the first risk

moment (average risk value if (= 0) is not affected by fitting because

it is used to estimate the para =eters. The disadvantage is that the

residual mean square which will be defined later is usually larger than

that of the method of least squares.

A
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1I.3.2 Method of least Squares

Suppose that there exist n observable variates Y ,Y '***'In"*g 2

varianceaj,whichareexpressedLy:

Y = G(x :r ,T2****'*k}+*1 Y
#g 3 g

Y2 " Of*2 T1'T2'*****k)+*2 T
#

:
.

(2.5)Y , = G(x ..g,T2'****'k)+*n#T

I

where G(xtrg,T2'*****k) is a candidate function with k parameters

k' {*i) are v stumed to be errors observing Y with E(e )= 0,T ,r .....t g g

where E refers to the expectation.

Let y ,7 '***'7 be the observed value of the variates. Theg 2 n

estimates i .....i f the k parameters are obtained by minimizing:
t k

1
a2 n [y - c(x :r . . . . ,r )]2 (2.6)n g 1 t 3 g

i

The advantage of this method is that it gives s=all value of the

resid,ual mean square. One of the disadvantages is that it sometimes

requires a large cocputation time. Also the risk moments derived from

the estimated parameters are associated with fitting errors.

In applying this v.thod to the fitting of the risk distributions,

the following rytions erf at:

(1) The parametric function G(x:r ,....r ) can be fitted to eitherg k

the coc:plementary cu=ulative distribution or the frequency

distribution.

} (2) The function can be fitted to y, In y, or any other transfor-

mation of y.

'Q
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This method vill be applied to the f'tting of the risk distribu-

tions in Appendix E. The logarithmic transformation of che

complementary cu=ulative frequency will be used because the fractional

errors of the comple=antary cumulative frequency have co= parable

magnitude than the absolute errors.

II.4 Criteria of Adequate Fits

After the fitting of the data distributions to the candidate

parametric distributions is completed, one family of the distributions

vill be selected for the study of the relationship to the basic

variables. The following criteria are proposed for the selection:

(1) The fitted para =etric distribution should be virhin any

error spre. ads associated with the data distribution (for

example, within 90 confidence bounds). The data distribu-

tions of non-nuclear ricks have esti=ation errors due to

the limited nu=ber of arallable historical records. The

data distributions of nuclear risks have errors due to the

sa=pling used in the computer program and the uncertainties

of the pa a=eters used in the consequence nodel. The largest

discrepancy in the fitted distribution should be within any

estimated error bounds of the data distribution.

(2) The titted distribution should have a s=all residual mean

square, which is defined by:

n
2 i

I [y - c(x :i . . . . ,i )] 2 (2.7)s n,g 1 t g g
i=1

whete y ,x are the observed values, G(x:r ,....tk) i8 *g g g

candidate function and i ....,f are the estimated values ofg k

.
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the parameters. This criterion of the residual mean square

can be taken as a relative measure to be used in comparing

different possible fits. Specif f e=11y in this study, the

residual cean square is evaluated for a natural logarithm of

the co=plementary cu=ulative distribution as:

2 . ,1 n (inpc _ 1,7 C* *i '****i )]2 (2.8)cs g z k
i

where x is the ragnitude of consequence of sa=ple data i and
1

5 is its comp 1-tary cumulative frequency. F (x:r ,...,tk}g

is the candidate distribution. i .....i are the esti=atedg k

values of the paraseters. The nat=ral logarithmic transfor-

nation is used bere because the fractional errors of the

frequencies are of more interest than the absolute errors.

(3) Systesatic errors should be smil. When the tendencies to

overpredict or underpredict over the ranges of the data are

observed, the fitted distributions cannot be extrapolated to

the range where the historical records or the calculation

results are not available.

II.5 Su=sary
-

In this chapter, a ge=eral approach was presented for selection of

a parametric distribution to fit the risk distributions. These risk

distributions are obtained by the historical records or by t'2e calcula-

cior.a1 =odels. The approach consists of three fundamental steps, i.e. ,

selection of endidate parametric distriburf ma, estimation of the

f imimrma parameters and selection of adequate fitting distributions
i
j based on the criteria. The selection of en?fdacit parametric distribu-
)
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tions is based on the number of para =aters and the properties of the

data distribution, involving the domain of the independent variables,

number of modes, skavness and tail behaviors. Two fitting techniques

are specifically discussed: method of moments and method of least

squares. The method of moments is si=ple and does not have fitting

error of the risk mesents, but it usually causes larger recidual mean

squares than the method of least squares. The method of least squares

has small residual mean squares, but requires more computational work

and causes fitting errors in the estimates of the risk moments. The

criteria of adequate fits are based on the largest devirtion, the

residual mean squares and the systematic errors.

.c

. -.s
s m...-

"



,

- - . - _. -- _ _- - , . . - . _ _ . . - . -

23

CEAP".IR III

FITIING CF FA"'ALIC O'mSOUS CF HUCII.A3 ACO 30~-UUCIZAR RISKS

III.1 Introduction

The general approach of the distribution fitting is applied to

the fatalities distributicas of unclear and =cn-cuclear events in this

chapter. Though nuclear risks are of cajor inte est in this thesis,

non-nuclear risks are studied here to find whether bcch types of

risks can be described by the sa=e fa=ily of distributions.

In Section III.2, candidate distrib eiens are selected using the

general criteria discussed in Sectica II.2. In Sectics III.3 the

fitting technique is applied to the selected ra d'iate distributions.

The candidate distributicus are evaluated by the histcrical records

of ncn-nuclear risks in Sectics !!I.h and by the risk esti=ates of

nuclear risks in Section III.5

III.2 Candidate Distrib cions

III.2.1 Selectics of C= '' Mate ::istribcions

The distribution of early fatalities of the aversge reactor as

conputed in WASE-1100 (2ef.1) is shavn en different scales as

histogra=s in Ffgs. 3.1 and 3.2. The follevirs behaviers are observed.

(1) The ami, of the independent variable is positin.

(2) The histegrs= does =ct appest to have a =cde.
t

(3) The histegrs= distribeien is positively skeved. -

,

%
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(k) The histogmt distribt= ion has a long tail. L e tail

behavior appears to be sinilar to an expo".ential.

The frequency distributions of other =uclear and non-nuclear risks

bave similar behaviors to that of the average reacter, as shown in

Figs. 3.8, 3.10, 3.12, 3.1h, 3.18 and 3.20 later in this chapt r. Based

on the behaviors of these data, the following four candidate distribcions

are selected in this study.

(1) Exponential

(2) Ca==a

(3) Weib ull

(h) Legno -.a1

.

The distribcices above have the following cec =en properties:

(a) They have no : ode er at mort one = ode.

(b) They are positively skeved.

(c) The aheve distribcions cover different tail behaviors, such

as decreasing alcver than the exponential, exponentially

decreasing and decreasing =cre rapidly than the exponential.

In fitting these distributions, the felloving additional considerations

are cade.

l
._ _

,

I



,

- - - - - = . - _ .
__

27

The selectica cf the dc=ain of the independent variables depends

cc the av=4 7 =hility of data. For certain no::-nuclear risks, the available

historical re:Oris are limited to =ajor incidents that have censequences

greater than scEe value. For exa=ple, the records of tornndees used

in this study cover the incidents having greater than 20 fatalities.

Fcr the sake of fitti g, the lover end of the do=dn is therefore

defined by x vhich is the lover li=it of the available data. Sen

upper end of the ' ~ci- is taken to be infinity. Though the fatalities

can not exceed scce physi 6al limit (such as the population en the earth),

the probability beycnd that limit will be so small in the candidate '

distributicas that the upper end should not effect the esti= ate of the

para =eters and --ts.

The integrals cf the frequency distribttions, such ss Fig. 3.1,

over the defined e i are not alvays unity. The dinension of the

data are also nt=:ter o* events per unit ti=e. In fitting the

d.istributions, a e-=' 4:ation constant a is therefere introduced,

which is defined as the frequency per unit ti=e that the consequences

are larger than the lever end of the domain x . The candidateo

distributics f(x) vill T. hen be defined by the folleving for=:

.

f(x) = s ?(x) (3.1)

stere 7(x) is a pt**''t/ density function, the integral of which

over the defined ? '- is unity. For exa=ple, for the exponential,

~

the density f(x) is given by:

'
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7(x)=h*exp[-(x-x)' ) (3.2)g

vhere 0 is a scale factor of an exponentic.1 distribution. " hen the.

frequency distribution of the expencatial is given by:

(x - x )
f(x) = a f(x) = g exp [ - 1 (3.3)g

Other candidate distribcions also hare ccrresponding probability

distributions which have been studied in various fields of statistical

analysis. The discussion in this the: sis is based on the unnor=alised

frequency distributions f(x) rather t':an the nerAized density

distribution f(x). Similarly, the ter= " risk nc=ents" are used in

this study because they e.re the integrals of the unscr=alized frequency

distribution f(x). From Eq. (3.1), the properties and the risk =ccents

of the u=nor=alised distribution are s1=nly obtained fec= those of the

densities f(x).

III.2.2 Ixponential Distributics

"he exponential is defined by:

f(x) = h * exp [-(x-I,)/0 3 (3.h)

vhere x 1 x , g 1 0, a > 0, O > 0.

C
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If a and x are treated as known e::=stants deter =ined frc= the area and,

o

d ~- a i , of the data distribution, m e:i.ively, then the er;cnential is

a cue-pars =eter distribution with s. scale facter 0. ':he ec= le=entary

cu=ulative distributics is Elven by:

as

Fe(=) - r(x)e.x - a exp [-(x-g)/0) (3.5)
i

The risk m-a-ts alcut x are given by:n

.

M1=a 0 (3.6)

If2 = 2 n - e2 (3 7)

1( = a - 6* - (=+1)! (3.8)

' Die expcnential with 0 = 1, G = 1 a=1 x = 0 is illustrated in Fig. 3.3,o

3.k. 3.5 and 3.6 en eJ eferent seces.

III.2.3 Cs:=s Distribcion

The distrib cien is defined by:

(x-x )E-1 (r-x.J3
f(x) = a - exp [- ~] (3 9)3 3

0 r(S)

where z > r , x, > 0, a > 0, O > 0, $ > 3 and T(-) is the Ca=a function,o

For given a and z , the distributic= is a tvo-parameter distribution witho

a scale factor 9 and a shape fa. cts:- 5. T=en S is integer, the ec=plenentary

et=:ulative distribution is given by:

_
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x-x ) a
^

(3.10)
r i

] *J[o gF (x) = a exp (- p q)g
- -

When B is not integer, F (x) is not expressed by a closed for=. S e risk

nosetta about g tre given by:

!(y = c = 0 - S (3.11)

!<2 = a - 6 S * (S+1) (3.12)2

:( = a = 0* = 8 * (S+1) . . . . (S+=-1) (2.13)

If S > 1, the frequency distribcion has a =cde at x = x, + 0 * (S-1) .

If S=1, the ga=:a reduces to the exponential. If S < 1, the frequer.cy

distribcion does not have a code and is centinuously decreasing. If

S < 1 and z a, anhes x,, ce hequency distributica goes to infinity,

but the integral over any finite range about r, is alvers finite. The

gn==a has an ex;cnential tail, regardless of the values of S and 8.

Its bahavior with 0 = 1, a = 1 and x, = 0 is also illustrated 1. Figs. 3.3,

3.k. 3.5, and 3.o for different values of 3.

III.2.h Weibul'. Oistribcion ,

he distrit" ion is defined by:

*~*o)3] (3.1L)o)0 * exp [- ( 0
*~*

S

f(x) = 3 * |4) * ( .1-

where x > r , g > 0, 3 > 0, 8 > 0 and a > 0.o

I d
,

ki
8 )
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For gives 3 and x,, the Veibull is a two-parereter distribution with

a scale factor n and a shape facter S. The ec=ple=entary cu=ulative

distributics is given by:

1-1,L S
F (x) = a a exp [- ) (3.15)

The risk um.ents about 4 are given by:

y=a*q*T(1+f) (3.16)M ,

H2""*U * I (1 * ) (3*1I)

H,=aa n"-P(1+{} (3.18)

If S > 1, the f requency distribution has a code at x = x, + n * (1-1/S) O.

If S = 1, the Veibull reduces to an exponential. If 8 < 1, the

frequency distributica does not have a = ode and is continuously decreasing.

If S < 1 and x approaches x,, f(x) goes to infinity, but th integral

over any finite range about x, is always finite. The rate of decrease
in the tail depends en the value of 3. If S < 1, the Weibull decreases

more slavly than the exponential. If 8 > 1, the Veibull decreues core

rapidly than the ex;cnential. The Veibull beharier with n = 1, a = 1

and x, = 0 is also illustrated fer different values of S in Figs. 3.3,

3.k. 3.5 and 3.6.

.
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III.2 5 IuEnormal Distributien

S e distribution is defined bf :

f(x) = a * exp (-(In(x-z ) - u)*/203] (3.19o(x-x,) * c * 6

where x > x,, x, > 0, a > 0, and c > 0. For given a and z , theo

lognor=al is a two-parameter distribution with a mean u and standard

deviation a for the noz a1 variable in (x-x,). D e ce=plementary

c$m1stive distributien is given by:

m

F (x) = a * exp (-(( - u)*/2c ]dC (3 20)2

c/E7 'in(x-x )o

D.e risk eents about x, are given by:

1 2
R1 = a exp (u + p ] (3.21)

M2 = a = exp (2p + 202] (3 22)

g = a exp (r.u + h202] (3.23)

The frequency distribution has a r. ode at x = x, + exp (u - 0 ]. Se tail2

of the low _al decreases more slowly than the exponential. D e legnormal

behavior with a = 1, x, = 0, u = 0 is illustrated in Figs. 3 3, 3.k, 3 5

and 3.6 for diff rent values of c.

.,,
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III.3 Fitting Techniques

Two e m did-te fittir4 techniques vere discussed in Section III.3.

They are the method of scuents and method of least squares. The =ethod

of :cments is selected in this study because its conputatica procedure

is si=ple and also be:ause the risk mcnents vill be used to investigate

the relatics with more basic variables. The z:usents esti=atica vill be

ct:xspared with the :ethod of least squares in Appendix E. The method

of menents is applied to the casdidate distributions in the following
,

way.

(1) Exponential

Since this is a cue-psrameter distributien the first risk

mcnent about x is used to esti= ate the scale factor 8.

.

M
0=y ( 3 . 2 16 )3

(2) Cama

The scale factor 0 and the shape factor 8 are esti=ated frem

the first two rish =a=ents about x, by solving Eqs. (3.11) and

(3 12), which give:

2H
(3.25)S = Iga - tg ,

nG-u=
2 10= (3.26)"M 1

.

i
'
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(3) Veibull

ne scale factor n and the shape factor 8 are estimated frc:s

the first two risk r.c=ents about x, by solving Eq. (3.16) and

(3.17). S e quastity S is given by:

(T(1 + f)}* 2

(T(1 + 2)) 2
M"

S (3.27)

A tabla which evaluates the left hand side of Eq. (3.27) versus

ulues of S is given in Apper. dix D for a range of 0.1 < S < l.1.
1 2

Also T(1 + g) and T(1 + g) are given in Appendix D. Using these

tables to derive B, n is then esti=ated by:

N1
0= (3.23)1

a T(1 + g)

(k) Legnor=al

ne =can 4 and the standard deviatica a of the ceri distrib w.ica

for in x are estimated frc:s the first tvo risk mc:: tents by:

4 = 2 in ( ) - 1/2 in ( ) (3.29)

.. . in e - e in e (3.3e>

.. . . .

*.
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III.1 Fitting of Non-Nunlear Risk Distributions

III.'.1 Source of the Data4

The candidate dis +ribution families erc 'itted here to the

histnrical records of the non-nunlear rists. Tbe purpose of this

analysis is to investigate whether non-nuclear and nuclear risks can

be described by one distributica fa=11y. The non-nuclear risks

investigated here are those from hurricanes, earthquakes, tornadoes

and das failures. Except for tornadoes, the historical records are

su=marized is VASE-lhoo (Ref. 1). The historical record of the

major tornadees is listed in the 1976 World Alr.anac (Ref. 7).

The frequency versus consequence distributiens of non-nuclear

risks are calculated by ra-H -g the historical observations in a

.

deseeciing order based on the =agnitudes of the consequences. The

esti=ates of the coc:ple=entary ct ulative frequency at a specific
l

*alte x is calculated frcm the nu=ber of observations having consequences

greater than the s .ecified value.

a

F"(x) = ;e (3.31)
.

Where F (x) is the calculated cceple=entary cu=ulative frequency at x,

e is the nu=ber of the observaticas t ., consequences greater than

I ami O is the time period in which the observations are recorded. The

frequency distribution is calculated by grouping the observations into

certais nu=ber of the classes based on the er.gnitude of consequence.

I

i
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The calculated frequency f(x) is given by:

Ac
f(x) = 7 , u (3.32)

.

vhere Ax is the vidth of the cla.ss acd Ar is the nu=ber of the

observations in the cla.ss.

The first two rist ents about I, are estimated frem the
historical records as:

1x y I (x1 - x,) (3.33)1
i

M2* 1(*1~*o) (3.34)
i

The confidence bounds of the calculated ec=plementary celative .

frequencies vere esti=ated in WASH-lkOO (Ref.1). Tahle 3.1 gives the

confidence facters versus the nu=ber of the observations hav4'

consequences greater than the value of interest. These confidence

fai: tors are reproduced fres WASE-lh00 (Ref.1). The 95% upper bound

is eenputed by =ultiplying the esti=ated ec=plementary cu=ulative value

by the corresponding confidence. factor in Table 3.1 and the 5% lover

bound is ce=puted by diviling it by the corresponding ccafidence factor.

One of the criteria of the adequate fits discussed in Section II.3 is

interpreted as fc11cvs. The Inrgest deviation of the fitted curve -

sheuld be within the 90% confidence bounds calculated frem Table 3.1.

D,c
s - \j

, - )



' 7

- - . - . _ ._ _--_m- - _ . .-

41

TABLE 3.1

Confidence Factors

So. of observations 95% Upper 5% Lower
F****# *

bound (a) Bound (b)particular value

10C0 1.05 1.05

100 1.2 1.2

50 1.3 1.3

20 1.4 1.5

10 1.7 1.8

5 2.1 '2.5

1 4.7 10.4

(a) Estinated frequency should be multiplied by this value to obtain
upper confidence bound

(b) Esti=ated frequency should be divided by this value to obtain
lv r confidence bounde

i

4 s

b J
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III.k.2 h eanes

The historical records cf the fatalities in hurricanes are su=arized

1in Ref. 1 . L6 fatal incidents vere recerded in 73 | rears. The estimate

of the cer=.ali:stica constant is then,

LG
a = 73 years = .63/; rear

Though the fatality of less than 1 is not physically real, the dc=ain

of the ecusequence is *mbn to be greater than 0, because it does

2not cause W er errors in the fitting procedure . "he risk nc=ents

estimated h the data are:

i

g = g [i x = 172.3g

M = bi x2 = 5.6h x 1C52 T3 { i

-

1 See T m e 6.3 in m Re p of*iais-lkco (Ref. 1)

2 The rish ents about x, = 1 are,

g = :71.6

M = 5.6k x 1052

The diffemces frem the risk =c=ents about x = 0 are not
significant.

'
,
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Trc:a the risk :w.ents, the para =eters of the exponential, gn==a,

Weibull and lo ; normal distributions are esti=sted. The pes =eter ofe

the exponential distribution is estinatad frc= the first risk =cetm

by Eq. (3.22). The parameters of the other distriest. ions are

estimated by Eqs. (3.23) through (3.28). The residual =can squares

are calculated by Eq. (2.10)0 The results are stczarized in Table 3.2.

The fitted complementary emlative distributions using the para =eter

estimates are given in Fig. 3 7 along with the data. The band attached

to the data points are the 90% confidence bounds discussed in Section

III.k.1. The fitted frequency distributions are given in Fig. 3.8 vith

the histogram of the data calculated by Eq. (3.32).

The fitted candidate distributions are now evaluai.ed by the criteria

discu: sed in Sections II.5 and III.4.2.

The exponential distribu+. ion in Fig. 3.7 is out of the confidence

bounds, overestimating the co=ple=entary et=nlative frequency (denoted

by c.c.f. in the following discussion) by a factor of =cre than 2 in

the range of 14 to 500 fatalities and underesti=ating the e.c.f. ty a

factor of = ore than 100 at the largest consequen:e of the observe. data.

The gan=a distribatics is also cut of the confidence bour.ds, underestimating

the c.c.f. by a factor of 2 for le ss than 10 fatalities. The legnor=al

distribution overesti=atas the c.c.f. for low consequence range and

underesti=ates it for the largest consequence, but the distribution is

within the confidence bounds of the data. ?e Weibull distribution does

not show any apparent syste=atic error in the range of less than .'100

fatalities, but underesti=ates the c.c.f. fer the largest consequence.

. .
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TA E 3.2

Estic.ates of the Fareseters of the Fatalities

Dis-#.bution in Hurrica.es

2x = 0, a = .630, M1 = 1.2 x 10 . M2 = 5.05 x los

Candidate Residual
Distribution Whtes of Pare =eters Mean Square

Exponential 8 = 2 73 x 102 10,9

Ga==a 8 = .091 6 = 3.01 x 103 .31

Veibull S = .3ST n = 7.ka z 101 .11

Iogncr=al y = k.37 e = 2.h9 .21

.
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The Veibull distribution is within the confidence bcinds of the data.

Table 3.2 shows that the Weibull has the s=allest residual neon

square. The 1n-mn a1 and gaz=a are +2e next. Se exponential has the

largest residual mean square.

III.k.3 Earthqrd es

1De historical records of the fatalities were given in Ref.1.

12 fatal i=cidents vere recorded in T3 years. Se de-sajn is t Aen

to be greater than zero as vss dene in the hurricane distributiens.

The esti=ates cf the non:alizatica constant and tie first two risk-

- m ts are given in Table 3.3. As before, the parameters of the

candidate distributions are esti=ated frcs the first two risk nc=en+.s.

The results of fitting are given in Table 3.3, Figs. 3 9 and 3.10.

The exponential distribution in Fig. 3 9 is out of the confidence

tcunds, underestinating the c.c.f. by a facter of nore than 100 for the

largest consequence. Se other three distributions are within the

ecnfidence bounds. The gs==a distribution in Fig. 3 9 slightly

underesti=ates the c.c.f. for the Icv consequence regien and also for

the largest consequence. The legnor=al and the Veibull underesti= ate

the c.c.f. for the largest consequence.

De residual mean square of the Weibull is the ==allest. The

gs=na and legnornal are the next. The exponential has the largest

residual nean square.

'See Table 6.9 in the Main Report of WASH-1400 (Ref.1)

,
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Table 3.3

Estimates of the .'wa=eters of the Fatalities

Distribt:.ics in 7.arthquakes

1x, = 0, a = .16k,.g = 1.53 x 10 , H2 = 3.13 x 103

Candidate Resid=al
Distribution Esti=ates of Pars =wrters Heas Equsre

Ezponential 9 = 9.31 x 10 2 96

Gama 8 = .212 6 = h.38 x 102 .27

veibull 8 = .511 n = k.84 x 101 .26

Icc=crsal u = 3.66 e = 1.74 .k2

.
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III.k.k Terr.adoes

"e historical reccrds of the r.a*or L~adees in Ref. 7 are

smized in Table 3.k. 38 incidents vere recorded in kT 7 ears

that cansed more than 20 fatalities. As the records helev 20

fatalities are not found in Ref. 7, the w f , of the fatalities

is taken to be greater than 20. Se cor- "vution et:nstant and the

first two risk ents about x = 20 vhich are estinated frenn

Table 3.k are given in Table 3 5. The rest.its of fitti:s are give=

. in Table 3.5, Figs. 3.11 and 312.
I

*c exponential distribution in Fig. 3.11 is out of the confidence

bounds of the data, u=deresti=ating the c.c.f. by a factor of nere

: than 100 fer the largest consequence of the data. Se other three

distriht:1cus underesti= ate the c.c.f. fcr the largest conseque= e,

but they are within the confidence bounda cf the data. S e resf' al

nean square of the *='eibull distribution in Table 3.5 is the "~..
I

j The icgnornal and the ga-a are the next. '"he exponential has the

largest residumi = man square.

,
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Table 3.4

Fatalities of U.S. Major Tornadoer

(1925 - 1971) (a)

Number Date (month / year) Lives Lost

1 3/25 689
2 4/65 271
3 3/32 268
4 4/36 216
5 3/52 208
6 4/36 203
7 4/47 169
8 6/44 150
9 6/53 116

10 5/53 114
11 2/71 110
12 . 4/45 102
13 5/27 92
14 6/53 90
15 5/55 80
16 3/42 75
17 4/27 74
18 9/27 72
19 3/66 61
20 1/49 58
21 3/66 57
22 11/26 53
23 4/42 52
24 5/57 48
25 5/30 41
26 4/29 40
27 12/53 38
28 5/68 34
29 3/48 33
30 4/67 33
31 1/69 32
32 9/38 32
33 1/46 30
34 G/58 30
35 5/60 30
36 5/70 26
37 4/70 25
38 2/59 21

(a) From "The World Alm =n=r- and Bock of Facts 1976",
Newspaper Enterprise Association, Inc.

e
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.

Table 3.5 Isr h tes of the Paraceteer of the Fatalities Distribution
in Tornadees

1 4x = 20, 2 = .810, Mg = 6.62=10 , M2 - 1.67x10n
i

i

|
| Candidate Residual

Distributiens Estir.ates of Paraceters Mean Square
r

Exponential e = 8.17 x 101 .66

Can=a 8 = .479 0 = 1. 71 x 102 ,11

1Weibull 8 = .708 n = 6.53 x 10 .086

Lognormal u = 3.84 o = 1.12 .093
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III.k.5 Das Failer-

The historical re:crds of the fatalities in das failures are
1su=arized in Ref.1. Eight fatal incidents vere recorded in

84 years. The dcsain is taken to be greater thLn zero as was dene

in the distributiens of hurricanes and er.rtnquakes. The ror:sli:ation

constant and the first tvo risk cc=ents are *sti=ated frem the historical
data in Ref.1. The estimates are given in Table 3.6. The results of

fitting are given in Table 2.6. Figs. 3.13 and 3.lk.

All of the four candid. ate distribucions underestimate the

co=plenentary cu=ulative frequency for the largest consequence, but

they are vithin the confidence bounds of the data. The residual

mean square of the ga==a distribution is the smallest. The next

are the Veibull and the legnor=al. L e exponential has the largest

residual mean square.

.

I See Table 6.12 in the Main Report of WASR-1kCO (Ref.1)
.
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Table 3.6

Estimates of the Parsreters of the Fatalities

Distrit eien in Ca= Failres

x = 0, a = .C952, M1 = 3. M x 10 ,.g = 5.07 x 10"1

n

Ca=didate Residual
Distribution Estimates or Parr eters Mean Square

2 1 70Erponential 6 = 3.65 x 13

3ca==a B = .335 e = 1.09 x 10 37

Weibull 8 = .605 u = 2.17 x 132 ,39

Iognor=al u = 5.21 o = 1.33 57
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III.k.6 Su=ar/ of fitting of the .' Ten-nuclear Risk Distributions

In the previous sections the candidate distribcions nave been

examined based en the historical records of hurricanes, earthquakes,

tcrnadoes and das failures. Frem the largest deviatics of the fitted

distributien f::rs the data, the exponential distributica is found to

be inadequate to fit the data of hurricanes, earthquakes and tornadoes.

The gn=na distribution is found to be inadequate to fit the hurricane

data. The Weibull and lognernal distributions fit the data within the

confidence bounds.

Table 3 7 su=arizes the residual =ean squares of the fitting.

The residual =cen squares indicate the order of the adequacy of fitting.

The residual =ean squares of the Weibull are the smallest for hurricanes,

earthquakes and tot tadoes. The ga-a distribution has the smallest

residual nean square in fitting of the data of das failures.

If a sin 61e fa=ily of distribtrions is selected for all of the

hed non-nuclear risk distributions, the Weibull is assessed asera

the distribcion which is preferred, because its cenplementary cunulative

distributions are within the 90% confidence bounds of the data and its

residual mean squares are the s=allest cr next to the s-'llest for

all of the studied ncn-nuclear risk distributions.
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Table 3.7
~

Residual Mea = Squares of Fitting of

the Non-nuclear Risk Distributions

.

Type Candidate Distributiens
of
Risk

Exponential C a== a Welb ull Logner 21.

Eurricanes 10 9 .31 .11 .21

.

Earthquakes 2 96 .27 .26 .k2

Tornadoes .66 .11 .086 .093

Das Failures 1.70' .37 39 .57

.
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III.5 Fitting of Nuclear Risk Distributions

III.5.1 Sources of the Data

The candidate distributions are now tested by the early fatalit.ies

distributions of nuclear reacter accidents. The distributions investigated

here are the average of the first 100 coc:nercial nuclear power plants

in U.S. and the distributions for two individual sites. The average

distribution 1 derived from the risk estinates of the first 100 nuclear

reactors given in the Reactor Safety Study (Ref.1).

The distributions of the individual sites are calculated in

this thesis using the consequence nodel under the calculation conditions

discussed in Section I.4.3. The population distributions used in the

individual site calculations are selected fron the population distributions

of the 68 sites at which the first 100 co ercial power plants are

located. The selected cuo sites noted by A and B are the 3rd highest

and 3rd lowest respectively when the 68 sites are ranked in a deseecding

order by the cu=ulative population within 5 niles. Th? selected two

sites can be interpreted as representing the 95 upper and 5: lower

bounds of the spectrun of the population distributions. The population

distributions of the selected two si:es are given in Appendix C. PWR

accidents and EWR accidents are calculated seperately in the individual

site calculations. Since FWR and EWR accidents have sinilar early

fatalities risk curves, the folloviag conbinations are consider,ed to

cover the spectra of the population distributions and the reactor tvpes.

The calculated cases are PVR accidents at site A and BWR accidents at

site B.
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The risk distributions aa.4 risk nanents are calculated by the

consequence model. As discus ed in Section I.4, tne consequence model

uses sa=pling nethods in esti=ating the risi distribution. Let x and pg g

be the consequence magnitude and the probability of the sanple trial (1).

The probability pg assigned to the trial is calculated from the probability

of the release, the probability of the ui .d direction, the probability

of the evacuation speed an.1 the number of samples picked from the

meteorological records. The cenplernentary cu=ulative frequency is
~

estimated by the su==ation of the probabilities of the trials having

consequences greater than the speci'ic value as:

.

I

[(x)= { pg (3.35)'

' zgx

The frequency dis:ribution is also estinated from the consequence

results by the smtion of the probabilities of the trials having

consequences within certain intervals.

[ P
1x<x <x+ax

f(x) = - 1 (F (x+dz) - F (x)} (3.36)
Ax Ex

For all of the nuclear risk curves, the lower end of the domain

is taken to be era. The first two risk noments about the origin

are estimated from the consequence results as:
.

Mg = { xg p (3.37)'

i

M2"[Xi * pi (3.38)
*
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In the following sections and the chapters about the nuclear risks

the risk moments will always be evaluated about the origin. Unless

the ref erence point to evaluate the risk moments is specified, it

"

should bs considered to be about the origin. The nor=alization constant

G is estimated by:

.(3 39)[ pa=

1>0x

The calculated risk distributions have the following two types of

errors. One error is due to sampling since the nodel picks certain

nurber of weather data out of the one year meteorological record. The

other type of error is due to tne uncertainties of the parameters in

the consequence redel, such as the probabilities of the occurrences

of the releases, the deposition velocities, the dose response relationship,

etc.

The sampling error depends on the number of the trials having

consequences greater than the specified value. The confidence factors

discussed in Section III.4.1 can be applied to determine the magnitude

of the sampling erro s. From Table 3.1 the probability of the largest

consequence has 90I confidence factors of 5 and 1/20. The sampling

error is effectively zero for the lower consequences because of the

large nunber of trials having consequences greater than the specified

magnitude. Because of the increasing size of the sampling error, the

results of the calculation are tcunc- .ed at the comple=entary cu=ulative

frequency of 10-9/ year for both the average distribution of the 100

.
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.

I

reactors and the risk distributions at individual sites, as done in the'

Reactor Safety Study (Ref.1).

The uncertaintics of the para =eters are due to the insufficiency

of orr knowledge about the parar.eters. For exa=ple, the dose-response

relationship (the relationship between the dose to the organs and the

fatal fraction of population exposed to the radiation) is not precisely

known because of the insufficiency of the available data.

For the average risk curve of the 100 reactors the uncertainties

due to the above two causes were estimated in WASH-1400 (Ref.1) to be

represented by factors of 1/4 and 4 on the consequence magnitude and

1/3 and 5 on the probabilities. No esti= ate of uncertainties has been
. . ,

made for the individual site calculations. It can be expected that the

uncertainty bounds of the individual site calculations vill be larger

than those of the average case because of the smaller number of trials

involved in the calculations. However, since the sa=pling error

is small cocpared to the uncertainties of -he parameters except for

the largest consequence whose probability is below 10-9 per reactor

year, it is assumed in this study that the uncertainty bounds of the

individual site calculations have comparable magnitudes to those

of the average of the 100 reactors.

,
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111.5.2 Average of U.S. 100 leactors

The total risk of the first 100 ce=nercial nuclear power plants

were estimated in the Icactor Saf ety Study (Ref.1). The risk

turves, the risk moments and the nor=alization constant are derived from

the consequence results obtained in the Rasetor Safety Study af ter dividing

the probabilities by ICO to get the average of the ICO reactors. The

calculated complementary cu:aulstive distribution of early fatalities

is given in Fig. 3.lf by the dots. The calculated distribu : ion is not

smooth because of the eznpling error. The bands attached to the dots

indicate the magnitudes of the uncertainties in the consequence calculation.

The calculated freque cy distribution is given in Fig. 3.16 as a histo;;ra'u.

The calculated risk :::ments and nor=alization constant are given in

Table 3.8.

As before, the paraseters of the candidate distributions are

esticated f rom the first tvc risk moments and the cor=ali?ation constant

(Eqs. (3.35) through (3.39)) . The estimates and the residual mean

squares are given in Table 3.3. The estimated cot.plementary cumulative

distributions and the frequency distributions of the candidate parametric

distributions are given in Fig. 3.15 and 3.16 respectively.

Fig. 3.15 sbcus that the exponectial distribution overestrutes the

comple=entary cu=ulstive freque=cy (denoted by c.c.f. in the follsing)

in the range of less than 200 fatalities and underesti=ates it cbove

200 fatalities. The esti=ated consequence magnitude at about 10-9

per reactor year is eatler c:an the consequence rtsults by a " actor

of 5. The gr.rna distribution u=deresti=ates the c.c.f. by a factor of 2

for the range of less ein ICO fatalities and overesti=ates the c.c. f.
.'
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I

I
Table 3.8 Esti=ates of the Fara:eters of the.Early Fatalities
Distribution of the Average of U.S.100 Cc=ercial Reactors

.

{ x0 ".0, a = 4.72 =10-7, Mt = 4.60=10-2, M: = 6.45x10-2
i,

!,
9

: Candidate Residual
i

Distribution Estimates of Paraceters Mean.Souare

Exponential 6 = 9.75x101 47.07

Ga=sa 8 = .0783 0 = 1.30=103 .691

Weibull 8 = .371 n = 2.45 x 101 .194

Lognormal a = 3.31 o = 2.62 .057

.
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h. m en 500 and 2000 fatalities. The legnor=al distribution appears

not to have systematic errors. Except for the exponential distribution,

the other three distributions are within the range of the uncertainties

of the consequence nodel. The residual crean square of the legnarsal

is the smallest in Table 3.8. The Weibull and ga m m are the next.

The exponential has the largest res' dual nean square.

III.5.3 PWR Accidents at Site A

The consequence calculation is cade in this thesis using the

population distributico of Site A in Table C.5 and the release characteristics

of Fa accidents in Table C.3. As discussed in Section I.S.3, the obtained

consequence distribution is hypothetical because of the assumptions of

ths.neteorological conditions, the plant capacity and the probabilities

of the reactor sy; tem failures. The assur.ed conditions are not based

on the actual data of the power plant at Site A.

From the consequence calculation, the nor=alization constant and

the first two risk c:oments are estinated by Eqs. (3.35) through (3.39).

The parameters of the candidate functions are estimated in Table 3.9.

The esti=.2ted candidate distributions are shown in Figs. 3.17 and 3.18

alces tre calculated distributions by the consequence nodel. (The

calculated distGbutions are shown by dots in Fig. 3.17 and as a

hi.stogram in Fig. 3.18). ,

Tig. 3.17 shows that the exponential distribution slightly

overestinates the c.c.f. in the range between 10 and 500 fatalities

a:d underestimates the c.c.f. in the range greater than 100 fatalities.
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Table 3.9 Esti=ates of Parameters of the Early Fatalities Distribution
in PWR Accidents at Site A

zo = 0, a = 5.78 x10-7, Mi = 2. 7 2 x 10-" , M2 = 5.77x10-1

Candidate Residual
Distribution Estimates of Parameteta Mean Square

Exponential e - 4. 61 x 101 14.28

Cama 8 = .284 e = 1. 66 x 103 .095

Weibull S = .570 n = 2.91 x 102 .102

Legnormal u = 5.40 a = 1.51 .l*5

,

w*

I

<

k . . - -

r

4

4



!

,I

!!
.

;

I|
'i

l
i -6' 10 a i i

n

O Results ofH 0--r.g , %,

; %"- Conscquenceg - - - -
- - - -

% .

Calcula tion% -(-

/
. .

~ N % ..
''' Camma ' N' '

8 .

'
Weibull_7 --

--

8
*

d 10 -
,

g Lognormal '
.

8 '\
m ,g,

'
d 's, .

a ,\

; I \
C 's

', -
o -8 *

3 10
-

w

', l, \.i .
'

'_? Exponontia1 .
i .-.

68 M _ ,

v rm. w .
g

A $

-9 I I I l 1

10 0 1 2 3 4 5
-

10 10 x Early 10 Fa talitics 10 10 10
'. Fig. 3 17 Compicmentary Cumulative Distribution of Early Fatalitico in PWH

Accidents at Sito A

0

.

r

s )



-~ _ ..
- . - . , - - - -

_ _ _ _ _ _ _ _ _ _ _ _ __

73

.

.

f

o
10 i - i

x
o
e4
s=4

3 -7
- .e 10

n. -

) Exponential
n
N N

N
~

$ 10 ~

o.

a ~4eibull
C
U N. *

^.- ' ~ . ,u -9 ,
-- ~.

B 10 *

/. % .

o /n :o /* '

j Ga :.1 %4 : 8

E -10 _ -

' '

10 .

> ;
O |
C |

_y / ,Lorno.c l
o'
o
4 -11 \,:

,

'

a. 10 .

>, ta ,un
. ,

H
,

4. '
I .

l1-12 , , ' ; -

10 0 1 2 3 4 510 10 10 10 10 10
I Early ?atalities

Fig.3 18 Frequency Distribution of Early .a,.alities

in DW3 Accidents at Site A

,
,

I

II

'a

1
- . - - - -



_ _ _

_

74

The lognormal distribution slightly overestimates the c.c.f. in the

range between 10 and 100 fatalities and the gam:a distribution slightly

underest1=ates it in the range less than 300 f atalie.ies. The Weibull

appears not to have systematic errors. The candidate distributiens are

within the ranae of the uncertainties of the consequance calculation

but the exponential distribution is less favorable chan the other three

because of the underesti=ation of the cagnitude by a factor of 3 at
-

about 10-9 per reactor year. The residual nean square of the gan=a

distribution is the salt est f u Table 3.9. The Weibull and the lo por=al

are the nest. The er;onential has the largest residual nean sqare.

11I.5.4 BWR Accidents at Site B

The consequence calculation is made in this thesis using the

population distribution of Site B in Table C.6 and the relcasc characteristics

of the BWR accidents is Table C.3. The calculated distribution is also

hypothetical like the distribution at Site A in the previous sectien.

The results of the fitting are given in Figs. 3.19, 3.20 and Table 3.10.

Fig. 3.19 shows that the exponential distribution slightly over-

estinates the c.c.f. in the range be veen 10 and 100 fatalities. he

gacca distributica u=derestimates the c.c.f. for less than 10 fatalities.

The lognormal and the Weibull slightly overestimate the c.c.f. in the

range between 10 and 50 fatalities. All of the candidate distributicus

are within the uncertain ranges of the consequence codel. The order of

preference based on the residual tean squares in Table 3.10 is Weibull,

ga m , lognormal and exponential.
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T4hle 3.10 Estimates of Paraceters of the Early Fatalities Distribution
in BWR Accidents at Site 3 ,

i

i

1. 61 x 10-8. Mt = 9. 92 = 10-7, M2 = 3.46 x 10 ''xn = 0, 2 =

Candidate Residual
Distribution Estimates of Pa:2=e t c r s Mean Square

Exponential e = 6.17 x 101 2.15

2 .152Cacma S = .214 e = 2.87x10

1
WeibuD. S = .513 n = 3.23 x 10 .107

Lognor=al u = 3.26 o = 1.73 .186
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III.S.5 Su= mary of Fitting of Nuclear P.isk Distributions

Based on the fittings for nuclear ris'a, the exponential is found

to be inadequate to fit the average distribution of the U.S.100 reactors.

The residual mean squares in Table 3.11 show the order of preference

of the rensining candidate distributions. If a single family of

distributions is selected for all of the examined rick curves, the

Weibull is assessed as being adequate because its residual mean squares

are the smallest or the second scallest for all of the examined risk

dis tributions .

III.6 S m ry and Conclusions

The approach developed in Chapter II is dea.onstrated in this chapter

to examine the early fataliti-s distributions of nuclear and non-nuclear

risks . Four candidate distributiocs are studied, exponential, gac:ma,

Weibull and lognormal distributions. They are selected from the

considerations of (1) having no mode or at cost one mode. (2) positively

skeved behaviors (3) different tail behaviors and (4) having only one

or two parameters :o be estimated. The nethod of moments is used to

estimate the parameters of these distributioa .

In order to select a distribution fa=ily which adequately describes

the fatalities distributions, the historical records of hurric nes,

earthquakes, tornadoes and das failures are examined. The Weibu'll

distribution is assessed to be appropriate as a family of distributions

that describe the examined non-nuclear risk distributions. For the
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'g calculated nuclear riska fro:s the average of U.S.100 reactors and
F

[ frots the two indiv' dual site calculation results, the Jeibell distribution
t'

| is also assessed to be appropriate. Tor both nuclear and ron-nuclear
I '

i risks, the Weibull distribution is determined to be the distribution
I ,
'

which adequately describes the **mfr.ed risk curves.
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Table 3.11 Residual Mean Squares of Nuclear Risks

Candidate Disk Models
Reactor Exoonential Can=a Weibull lognormal

Average of U.S.
Reactors 47.07 .691 .194 .057

FWR at Site A 14.28 .095 .102 .195

EWR at Site B 2.15 .152 .107 .186
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CHAPTER IV

BASIS F0k REGRESSION ANALYSIS

17.1 Introduction

In the preceding two chapters, the fittings of the risk

distributions to the parametric distributions were discussed. The

next major step in the analysis is to d aive the eqt.ations that relate

the distribution para =eters to the basic variables that drive and

control the consequences of the nuclear reactor accidents. In this

chapter, a general discussion vill be nade about derivatien of the

basic variable equations. The application n i? then be discussed in
,

the following chapters.

I

1IV.2 Derivation of the Basic Variable Equations

17.2.1 Ot. cline of the Approach

In this study the regression analysis approach is used to relate

the distribution para =eters to the basic variables. For the purpose

of presentaticu, the approach in the analysis can be represented by

six funda= ental steps. Such a breakdown represents useful ceans of

giving a perspective on the process, although a simple su==ary of this

kind cannot fully describe all the elements ir. a cocplex analysis. The
i

six fundamental steps are:
, t

(1) Identification of the basic driving variables to be studied.

(2) Selection of the dependent variables of the regression
-

equations.

(3) Assembling the data to be used in identifying the relation-
.'

ship between the dependent and basic variables. ,

i
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(4) Forrilation of candidate equations relating the dependent

and basic variables.

(5) Estimation of the unknown constants in the equations.

(6) Investigation of the adequacy of the derived equations.

Each step is now discussed in context of a risk analysis of the

nuclear reactor accidents.

IV.2.2 Identification of the Basic Variables

The following are scoe examples of the basic variables that would

be of interest. in a risk analysis of the nuclear reactor accidents:

(1) Population distribution.

(2) Meteorological condition.

(3) Probabilities and nagnitudes of radioactive releases.

(4)
.

Evacuation speed and evacuation area in energency situations

ot the reactor accidents.

These variables vould be of interest in the following decision

nating and evaluttion studies:

(1) The pcpulation distributions and the nateorological conditions

would be of interest in selection of sites for nuclear power
plants.

'.2 ) The probabilities and nagnitudes of radioactive releases

would be of interest in evaluation of safety systens in a

nuclear power plant involving engineering safety features,

operation restiictions and naintenance activities.

(3) The evacuati:n speed and area would be i=portant in energency

planning.

In the regression analysis, the basic variables to be studied are
,

called " regressor variables." The population distribution and the

'v
,

.\'
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characteristics of radioactive releases vill be studied as regressor

varisoles in the following chapters to denonstrate the regression

analysis approach for identifying the dependent and basic regressor

variables.

IV.2.3 Selection of the Dependent variables

The dependent variables can be selected from the risk charact.arie

tics or the distribution partneters of the fitted distributians. Since

the approprit e fantly of the parasetric distributions has been

selected, the other risk characteristics or distribution para =sters

can be estinated from the selected variables. The following variables

can be studied as dependent variables:

(1) Scale factor, shape factor and normalization constant of the

fitted parametric distribution. - -

(2) Risk monents about a specific magnitude of ecusequence.

(3) Cocplementary cu=ulative frequency at a specific magnitude

of consequence.

(4) Magnitude of cons [quence at a specific value of cocplacentary

cu=ulative frequency.

($) Slope of the tangent of the conplenentary cumulative

distribution at a specific magnitude of consequence.

The selection of the dependent variables is based on the following

considerations: .

(a) The relationship betwees the dependent and basic variables

can be expressed by fairly simple and straightforward

equations.

(b) The selection may depend on the situation being considered

in the decision making or evaluation process. '

i
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The variables listed above would be of incerest in the following

eituations:

(1) Distribution parameters of the selected para =etric distribu-

tion: The para =eters control the behavior of the distribu-

tion. For ar mple, the shape factor S of tha Weibull distri-

bution controls the rate of decrease in the tail. The scale

factor n of the Weibull distribution represents the magnitr 9

of consequence at a complemntary cu=ulative frequency of

c/e, where e is the Euler's constant. The nor=alization

constant represents the frequency that the consequence is

greater than the lower end of the domain. When the decision

is based on these characteristic quantities, they can be

selected as dependent variables.

(2) Risk moments: The first risk cocent about the origin vill be

selected when the decision is based on the expectation of the

magnitude of consequence. The second and higher =cments

abut tae origin represent the tail behavior of the distribu-

tion. When the decision is based on the extreme consequences,

the second and higher ac=ents would be of interest.

(3) Cosplementary cumulative frequency at a specific =4gnitude of

consequence: When the decision is based on the frequency at

a specific magnitude (for example, 1000 fatalities), it can

be selected as a dependent variable.
.

(4) Magnitude of consequence at a specific frequency: When the

decision is based on the magnitude at a specific co=plementary

cu=ulative frequency (for exa=ple, 10 / year), it can be

selected as a dependent variable.
.
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(5) Slope if the tangent of the coeptenentary cu=ulative distri-

bution: The slope represents the rate of dacrease of the

f re .iuency. Specifically the slope at the tail vould be

selected when the extrapolation of the distribution is of.

interest to the consequences greater than the largest

consequence in the historical records or in the calculation

results.

When the scale and shape factors are not selected as dependent

variables, they will be estimated frem the selected dependent variables.

For example, the first evo ris' mes about the origin and the normal-

ization constant vill be selected as dependent variables in Chapter 5.

The Wibull parameters 8 and rt can be esti=ated by Eqs. (3.27) and

(3.28). Once the Weibull parameters are estimated, we i ave an entire

di.acribution and can derive any risk characteristic in terns of the

parameters. For example, the magnitude of ccusequence at a specific
ecocplementary cumulative frequency F is give by:

3 + 6 Iln 'a'11/37 (4.1)x-x

whete 5 and 4 are the estinates by Eqs. (3.27) and (3.28) .

IV.2.4 Assem' ling of the Datao

In the risk analysis the data are generally obtained from the

historical records or from the calculational =odel. The data obtained

can be certain risk charactszistics or risk distributions. To idactify

the relation to the basic variables, t ja data must be obtained for

different values of the basic variables. A set of the data used for

the analysis is called " data base" in this study.

In this thesis the data base is obtained froci the consequence ,
,

'
,

s
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modal. For example, in Chapter $ the first two risk moments and the

normalization constant vill be calculated by the consequence nodal for

68 dif ferent population distributions. The calculated 68 different

sets of the risk eats and the normalization constant vill be used

in identifying the relationship between the dependent v.:riables and the

population distribution.

IV.2.5 Formulation of Candidate Equations

A number of candidate equations with unknown constants are

formulated to relate the lependent variables to the regressor variables.

Simple and straichtforward equations with a small nusber of unbovn

constants are desirable. Consider the following two candidate

equations:

y = h(z ,z '***'* (*1****''k) + * (4*2)g 2 a

y = h ' (z , z . . . . , z, | r . . . . . tk ' *W ' * * * * *W ) + " ' (4*3)g

where y is the dependent variable and z ....,z ,are the regressor
variables. T's are the anknown constants and c and c' arts the randon

error variables. Eq. (4.3) has v additional unknowns compared to Eq.

(4.2). Generally Eq. (4.3) with (k+v) unknowns predict the value of y

more accurately than r.q. (4.2) with k unknowns. But Eq. (4.2) is more

desirable than Eq. (4.3) because of its s= aller number of unknowns. .As

a compronise the significance of added v unknown constants is tested by

the partial F-statistic which vill be discussel in the following sub-
section.

IV.2.6 Zsti=ation of the Unknown Constants

The r.achod of least squares is used to estimate the unknown con-
,

3
\
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scants. For example, the unknowns in Eq. (4.2' are escinated by

minimizing:

n
12- I [y - h(z ....,zg!T t . . , ;, ) ] (4.4)

i=1

where the subscript L cvfers to the data salue prepared in Section

IV.2.4 and n is the total sm=ber of the sample data.

Having obtained the estimates i ....,t , the significance of theg

derived equations are erpressed by the F-value defreed by:
25 /k

F = s / (n-k-1) I' ' N

where

2S - I [yg - h(z ....,z |t ,...,fg
l k *

i

1
3 =;Iyt7 (4.7)

i

2 SI [y - h(zg....,zg|t.....?,)J (4.8)S =

If the F-value determined by Eq. (4.5) is larger than the F-valus

at the predetermined significance level with (k.n-k-1) degrees of

freedon, the candidate equation Eo. (4.2) is found to be significant

to express the variation of the dependent variable of the data. The

T-value in Eq. (4.5) is related to the cultiple correlation co-ef ficient

o ,which is defined by: .

2
S

2 C
o
8

- - (4.9)=

S}+S{
The cultiple correlation coef ficient also indicates the significance of

the regression results.
,

In the preceding section, the compresise between the accuracy of

.O\
,
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prediction and the nu=ber of unknowns is discussed. Now Eqs. (4.2) and

(4.3) are compared. Let t'.....t{.t Q ,....t Q be the esticates ofg

the unknovna in Eq. (4.3) determined by the method of least squares.

The significance of the added v unknowns ie er= Meed by the partial

F-statistic defined as

[Sj-(S{)']/v
F' = 2 (4.10)(S ),/ (n-k-v-1)g

where

2(5 ). - I (y - h'(zd'*****d|t'.....ty)] (4.11)
1

i

If the partial F-value in Eq. (4.10) is smaller than the F-value at the

predetermined significance level with (v,n-k-v-1) degrees of freedom,

the added v unknowns can be eliminated and Eq. (4.2) with k unknotes is

found to be adequate.

Stepulse regression technique is a s.ethod for determining equations

with the minicum number of unknovns without decreasing the accuracy in

predicting the variation of the dependent variables. It uses the

partial F-casts repeatedly by adding or eliminating the unknown

constants (or the regressor variables associated with the unknown

constants).

Details of the regression techniques and the tables of the F-dis-

tribution a.e found in Kef-8.
.

17.2.7 Test of the Adequacy of the Derived Equations

The following criteria are used to investigate the adequacy of the

derived equations:

(1) The F--value in Eq. (4.5) or the multiple correlation coeffi- ,}
'i

cient in Eq. (4.9) should be large. This critation can be
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taken to be a relative measure to be used in conparing

dif ferent po.:ible equations.

(2) The error shoeld not be systematic. When the regression

estimates of the dependent variable, are plotted versus the

data values used for regression, the pofmts should lie

closely about the 45 degree line and no tendency is obscrved

to overpredict or underpredice various range of the data.

(3) The fitted risk distribution using the derived basic variable

relations vill be cocpared to the data distribution

(4) Various risk characteristics vill also be cocpared using the

basic sariable relation to decemine the fitted risk

characteristics.

IV.3 Sumary

The approach for deriving the regression equations is discussed in

this chapter. The fundanental elements of the approach are identified

as: (1) identification of the basic regressor variables; (2) selection

of the dependent variables; (3) assembling of the data; (4) Jormulation

of candidate equations; (5) estimation of the unknova constants; and

(6) investigation of the adequacy of the derived equations.

Some of the possible basic variables are identified and two of them

vill be studied in the following chapters. The dependent variables can

be selected froca the risk characteristics or the distribution paranaters

of the fitted distributions. The data used for regression analysis can

be obtaiced from the historical records or the calculational nodel. In

this study they are obtained froca the consequence model. The candidate

equations with a small number of unknovu constants are desired. The
4
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unknown constants are estinated by the method of least squares. The

significance of adding or eliminating unknown constants can be tested

by the partial F-statistic. The adequacy of the derived equations is
examined by: (1) F-value or cultiple correlation co-ef ficient: (2)

systematic error in prediction of the dependent variables; (3) conpari-

son of the fitted risk distribution to the duca distribution; and

(4) comparison of the predicted risk cheracteristics to those calculated

by the consequence model.

.

.
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I CMMD V

PJ.GPCSSION KIALYSIS CP POPUlACC3 DIS"?.I30*IC:a

"

V.1 Introduction

In the previous chapter a general procedure of regression analysis

was proposed. Se procedure vill be de::,cestrated in this chapter in

an exn=ple in which the population distribution is a tasic variable.

Since the population distribution is one of the potentially i=portant

factors in decisicas on sites for nucIcar power plants, the equations
i

relating the risk to the pcpulation distribution vill provide help in

decisica en an acceptable population distributicn.

I The exs=ple strdied in this chapter is the relationship between

the population distributics and the early fatalities distribution of PG

accidents in northeastern vsiley chtecrolegical connition. But the

=ethods develc;ed in this chapter vill te generally applicable to other

consequences, other types of reactor accidents and other ceteorological
!

conditions.

The disevesien in this chspter follovs the procedure of regrest: 1

analysis proposed in the preceding chapter. Section V.2 discusses.

the population distribut'.cn which is tha basic variable in this chapter.

"he salectics of the dependant variables is made in Sectica V.3 and the

data base is prepared in Section V.k. *he regression nodel is fer=ulated

in Section V.5 and the regression fitting is cade in Section V.6. The

adequacy ?f the derived equations is exsnised in Section V.T. An exanple

of decisica naking involving siting for a nuclear power plant is given

in Section V.3.
*
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V.2 Incer; oration of the Population Distribution in a Risk !.cdel

A ;olar coordinate syste= is used here to describe the populatics

distributien. S e origin is set at the location of the nucle.: power

plant. Se ember of pecple living in ( Ar, 40) at (r,v) is da'i: ed

to be:

n(r,0) Ar A0 = r * p(r.3) Ar * A9 (5.1)

vhere n(r,3) is the nu=ber of people per radian pe- unit distance and

p(r,5) is the population per unit area.

Ar

r

a0
,

3

.

Fig. 5.1 Illustratics of t s Polar Cecrdinate Sustem fer Oeseribing

the Populatica Oistribt ica

;
*

i
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In the consequence ec=puter =cdel, the populatica distrit dion

l into sixteenis discreti .ed by dividing a circle of 502 miles radius

22-1/2 degree sectors and diriding a sectnr inco 3h ant ular seg=ents.

Fig. 5.2 illustrates sc=e of the annular seg=ents in the consequence

=odel. Eq. (5.1) is first integrated over a 22-1/2 degree sector is

t.he directica J.

,

n)(r) = n(r,0)de (5 2)
i. <w

E
_

o
:

where n)(r) is the .mpulation per unit distance at r in a 22-1/2 degree

sector in the directica J. Eq. (5.2) is then integrated cver r to derive
,

the population i= the k-th annular segment from the origin in a secter cf

the direction J.

(rk+Ard 2 n (r)dr (5 3)j 3 =

} Jk J
' 'Y

k-ard2
*<here rg is the dist ance of the =idpoint of t2e k-th seg=ent frem the

h and arg usedreacter and Arg is tht. vidth of the annular segment, r

in the consequence calculation are listed in Appendix C. The populatic:s

in the annular seg=ents are treated as hasie regresser variables in
:

this chapter.

.

,
-

IThe effects of nuclear reacter accidents en the public beyond 500
,,

=iles are considered too small and to calculatics is perfor=ed beycad
50; =iles.

,-
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Fig. 52 Illustration of the Annular Segments

in the Consequence ".odel
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V.3 Selection of the Dependent Yariatles

The dependent variables can te selected fres the risk characteristics

or tLe distribuzics parameters listed in Section IV.2.2. :n this chapter,

the first two rist =c=ents and the norr.alization constant are *. elected as

the dependent variabhs, since they have been used to derive the fitted

Weibull distributicas which have been shova to adequately describe the

data distributions of consequence vs. frequency. These three variabics

represent the folleving behaviors of the distribution. The first risk

mor ~ tt gives the average number of fatalities per unit ti=e. The second

risk =c=ent accounts the tail tehavier of the distribution. The nor.alization

constant gives the area under the frequency distribution, which is the

probability per unit ti=e of eccsequences being greater than zero.

V.h The Data 2ase for F. egress!cn Analysis

A total of 68 different population distributions are used for the

regression analysis. S e populatiens correspond to the 68 sites where

the 100 reactors are nov in use or planned to te located. Se populations

are calculated fres the 1970 census bureau data (2ef. 2). As shovn in

Table 5.1, the 68 populations have a larg . spread with regard to the

cunulative distribution. The populations also cover different pattt:rns

as shovn in Fig. 5.3. The regressics e quations derived frem these

populaticas should therefore cever the likely variations which =1ght

te considered in selection of sites for nuclear pover plants.

The first tvo risk =c=ents and the nor=ali:ation constant are

calculated by the censequence ec=puter codel for each of the 68
,

t

population distribu:icas assu=ing FJ. accidents and northeastern valley

.

I
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Table 5.1 Spread of Cumulativt. Topulaticu in the 68 Population
Dis tributions

Cu=ulative Population in a Circle
(thousands)

Avera ge
Highest of the Lovest

Radius (nile s) pistribution 31stributiens Distributien

2 21 1.4 0

5 62 8.7 0

10 207 42 1.4

20 896 214 19

50 16,485 2,073 171

100 23,908 6,973 523

500 108,757 60,302 6,947

.
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Table 52 Beaults of Consequence Calculations of PWR

Accidents for 68 Different Population Distributions

Population First Second Nor=aliza tionDistribution Risk Eisk Cons tantSample No. Homent Moment
*-

t 9 a S r -O S r. rinC2 J. nr-vr2 2 72t-C4 S.ift-Ci S.78f 073 8 194-0S r.iSt-ol 8.6er-074 S. Sit-CF 4.4 F E -C 4 8.288-08S 7. S F E-C S 8.62E-02 2 33t-076 S.2GE-OS 3.3CE-C2 2.824-072 S.?Jt-0) 5.3SE-C2 2. 76 t-C 7a S. 792 - O S S.3St-C2 2.76t=079 1 344-0S 8.82E-C2 8.74t-C8to 2.947-OS 6.78t-C2 7.431-08at 3. 3 sf-CS * S.6bt-02 3.83E=3F *12 6 9S1-04 2.238 *C 7.09t-0713 2.94E-CS 6.168-C2 7.44E-0814 8.2>t-04 1.5 5 t -C 8 4.02E-0F85 1.661-0$ I.376-C2 8.711-08la 1. 2 8 t - 3 4* 2.871-C3 3. 6 S E-0 7IF 3.85E-C4 8.95t-Cl 6.8SE*0718 8.8st-05 9.991-C3 8 26t-OF19 S.611-0) 4.C 3 f -C l 3.98t-072C 1.78t-04 3. 8 S t -C 1 4.42E*0721 4.7Jt-05 7.238-C2 3.IIE.07.4 3.87t-05 8.631-C2 1.95t-1723 . . sGa *0 6 8.92t-4 3 9.8tt-3524 8. 7 3 t * @i 1.695-32 3.C9t-4725 4.821-05 3.6+t-92 1.94t-1726 8.22E-OS 5. 8 4 4 -e 1 9.J9(-192F 3.18E-OS S. 42 t- 0 2 9.226-C428 1.73E-0S S. Cat-C2 3.7CE-0429 8.3CE-06 3.S F E -C 3 7.CSta1830 2.02t-05 9. t St -C 3 1.9st-OF31 1.Ott-C4 8.tCE-Cl 3.t#E.0732 1. 3 8 t* ; S 1.984-33 1.22 t+2 731 1.34t-05 9. 521-C l 3.28f-3F34 S.994-0S 4.088-02 2.I2E-1735 9. 6 3t-0 6 2. 6 3 4-C 3 1.058-0716 3.82t-05 l. ICE-C8 3.37t-07,37 3.88t-35 3. 9 4t -C 2 2.44f-1738 2.23t*0S 1.18t*C2 t.74t-0739 1.454 04 2.82f-CI 2.4FE-3740 8.418-06 3. Set-33 0.541-3441 S.84t*0% 4.42t *f 2 2.17E-CF42 1.168 0S 3. Fit-C3 1.19F-0743 8.778-05 4. Cit-C2 S.1SE-47to 4.62E-OS 2.881-C2 3.96t .0 745 3.14E-05 4.59t-C2 1.97t-0F46 8.911-31 8.38t-22 1.44E-CF4F I.53t-05 1.2tt-C2 1.S:t-CF44 S.32E-04 3.S3t CO 8.59t-0749 1.22t-34 2.0* t -01 3.30t-07S3 3. Set-CS 6.CJt-C2 2.4Ct-0754 6.7?f-CS 6.624-C7 3.C i t -17$2 1.146-04 8.2Ft-08 3. 7 4 t-C FS3 2.FSt-34 4. FC E-C t 6. Sit-07S4 4.Ost-CS S.471-02 2.655-07SS 3.984-05 8. 4 6 8 -t 3 1.ett-3754 4.idt-05 4.32t-C2 2. Cit-CFS7 3.19t-CS 3.02f-C2 2.121-07Se S.SSt-04 B.9FE-C3 2. Cit-OF$9 2.79t=0S l.S9t-C2 1.5S(-0760 3.Cfr.04 1. cst-CL 3.4St-??64 4.Ilf-JS t.82r *2 2.*9t-1762 6.42E-$6 1.204-98 6.44t-1863 2.0dt-05 8.C64 *2 t tit-of64 3.296-C6 3.48t ~4 9.6Ft-396S 4.82t-OS 5 2tt-C2 7.4et-17
.

*
64 4,7*'=16 6.951-C3 3.SSC-13367 2. F L -JS 8.386-C2 6.44t-SS66 7.SJr.04 4. F4 t -4 3 4.99( *8

.____ . _ _ _ - - - - - --
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=eteorclogical condnions. The results are given in Table 5 2 and

vill be used as the data base for the regressics a:nlysis.

V.5 Tor 4-tica of the Reg ession Model

Eavi=g obtained the data base, the ne.xt step in the analysis is

and ato for-mlate a redel that relate thedependentvariables!(,M2
to the populations in the annular seg=ents. To keep the model si=ple

and also to = ale the results applicable to other geccetries, the

regression coefficients vill be expressed as functions of the distance

frc:s the reactor. The fu=ctions vill te celled " transfer emetions" in

this study. Before defining the transfer functions, some of the

asstcpticcs and techniques in the consequence codel vill te discussed

because the for=s of the transfer fu=ctions are dependent on the

assuspticas and techniques in the consequence model.

V.5 1 Assu=ptions and Techniques in the Ccesequence !!odel

Only the assu=ptic=s a 2 techniques related to the definiticu

of the transfer emetiens are briefly discussed. A full description

of the consequence =cdel can be found in Appendix VI of VASE-lLOO (Ref.1).

The discussion of the effects on the tracefer functions vill be =ade in

the course of defining the transfer functions. With regard to the

assuspticas and techniques, the folloving points are i=portant.

(1) A sa=pli:g method is used in the consequence =edel. Cne

trial censists of one radicactive release, one evacuation

speed, cne starting tire of =eteorolegical conditions (stability,

precipitatioit, and vind speed) and one vind direction. ~

0

t\

s
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(2) The variables listed above are considered to be isdependent

of each or.her. De probability assigned to one trail is

therefore a product of the probabilities of the 1 dividual
.

events,

*(I*k}p =PR*PV*PS*PJ
.

vhere

p probseility assigned to one trial.

P: .r-Jbability of a release occuring.R

p: pr obawility of an evacuation speed being realized.y

p3: p obability assigned to one starting ti=e of

r.eteorological data. As dis cussed is Section I.k,

if 90 starting ti=es are selected, each of them is

assigned with a probability of 1/90.

p): prob ability of the vind bleving in the specific
direction.

(I) The shift of the vind directics in the downvind is not explicitiv

treated. The radioactive Plu=e travels in the direction in

which the vind was blowing at the starting tf=e of release.

Therefore for one trial the fatalities occur cnly in one

direction.

(k) The frequency distribution of the vind direction is uniform

over the 16 directions. S e probtbility pg in Iq. (5.k) is
therefore 1/16. Se probability p assigned to cne trial isg

thus indepen:ient of the specific vind direction. *

''s
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v.5 2 'afinition of dansfer functicas

Consider one trial in vtich the vind is bleving in the directics J.

Let A(r) te the ratio of the fatalities per itnit r at r to the populatics

per unit r at r in a 22 5 degree secter for the trial. A(r) is a

ft nction of the dose to the critical organs and the area covered by

the radioactive plu=e. It is then dependent en the specifn release,

svacuatien speed and =eterological condition of the trial, but it is

independent of the vind direction. Since the shift of the vind direction

is not censidered, the total nunber of fatalities for the trial is given

by:

A(r) * nj(r) * dr (5 5)x=
r

The first risk ermt is the expectation of x over all trials.

g = E(xl (5.6)

where E refers to an er;4ctation over all trials. Fren Eq. (5 5), M, is

then giren by:

g=E[ A(r) * = (r)]dr = E[A(r) * n (r)]dr (5 7)

Since the frequency distrib% ion of he vind dire: tion is unifor=,

Q = h [. E(A(r)] * n (r)dr (5.8)
J'
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Se first transfer function vill therefore be defined as:

a(r)=h*E(A(r)] (5 9)

Den M is expressed as:

Ma[ a(r) = n)(r) * dr (5.10)
i

0'r

As M is an annual expected cu=ber of fatalities, a(r) is an annual
i

expected nu=ber of fatalities per individual at distance r. Se

quantity a(r) can also be interpreted as a protability of death per

reactor year for an individual living at distance r.

2Se second risk nement is an expectation of x ,

x2=[ A(r) * nj(r)]2
r

P P

A(r) * A(r') * n)(r) * n)(r')drdr (5.11)=

hen ,

M2 = E(x ] = { E(A(r) * A(r')] * nj(r) * nj(r')drdr' (5.12)2

0 i 'r'

nc second transfer function b(r,r') vill be defined as:

.

1b(r,r') = g E(A(r) * A(r')] (5.13)

Sen,

3 = [E
b(r,r') * n)(r) * n)(r')drdr' (5 14)

r r' ,

_
-- - ,N (,

h

t \ \



_ . .- ... ._ . _ _ . . -
-

-

. _ _,

!

103,

1

"e quast.tity b(r,r') is the annual expected $t=ter of fatalities at.,

i

r and r' per individual at r and r' arising frc:s the sere accident.

It also can te interpreted as a pretattlity that an indivie. cal at

r and r' vill both be killed in the sz=e accident.

Finally, the third trsasfer f::ction c(r) vill be defined to

relate the normalization constant cz vith the population distribution.

"he constrnt a is.the probablity per reactor year for which the

fa:alities vill te greater than zero.
-,

!

a = E(H(x)] (5 15)

vter.

H(x) = 1 for x > 0

=0 for x = 0
.

.

Let, d te the closast distance at v..ich people lire free a reacter inj

the direction J.

nj(r) =0 at r < d

>0 at r = d
J

>0 at r > d (5.16)j

* en .
.

A(r) * nj(r)dr
,

x=
,

e

A(r) c)(r)dr (5.17)=

*

<

8
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How, a is expressed by:

i
a = E(H( A(r) n)(r)dr)] (5 16)

il
J

Since it is difficult to express the expectation of H equatica in a

sinple for:s, an approxinstica relating a to the closest distance d)

vill be constructed. The third transfer function c(r) is then dsfined
as:

a = [ (c(r}} (5.19)
J r=d)

The adequacy of Eq. (5.19) vill be tested by the regression fits.

In the consequecce coc;: uter nodel, a circle of 500 niles radius

is divided into 16 x 34 annular segnents. The key equations of the

transfer functions are then expressed in the discrete geometry of the

consequence model by the follovir4 equations.

a(r ) = I A(r )] (5.20)k k

1=Jk1 I a(r.)3 ,, (5.21)
M

, 3

1b(r ' #k ) = g Z[A(r.) * A(r.')] (5.22)
'

k ,

M = b(r,, r,') 3 .N '

(5.23)2
J k k'

a={(c(r)) (5.2h)
O h(j)

,
,

.
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viere kdn(j) is t e ci seat segment is which the ;cpala-ice is

greater thas zero is the direc. tics J.

':he rar.sfer i cetions a(r), h(r,r') and c(r) are depe: dest

en *he type cf mequence, the avera e veather harseteris .ics and

the type of .W e-ves, but they are ' 'a;endent of the ,cp.lation

distributics. 'e transfer functic s fer early fatalities 1: FVR._

accidents in =rtheastern traley cetec .'.cgical e==ditic .s are being

studied in this chapter.

To keep the =cdel simple, the tressier fuseti=s vil.1 be expressed

in ter=s of pessible parametric f=c.i=s which vill be tested in the

regression analysis. The forr.s of the f.:nctices a:d .he c=r.stants

to be fitted by the regresrion analysis v' t1 te studied i= Section V.6.

Y.6 Regressice ?itting

7.6.1 Meth=ds fer Titting

Ve vant to express the transfer f=ctions as pars =etric P=ctions

with a small "er of unknown ccusta::s whi:h give adeq:a.e fits. Two

approaches are studied in order to derive the f.. a 4 the constants

frem t.he cceseg.ence calculatics. 'e first a;;resch is ts use the data

base prepared i Sectica V.h for the -2 sa=ple pc;ulati= sad derive

a(r), b(r,r') and c(r) by Eqs. (5 21), (5.23) a=d (5 2k) =sica regression

analysis. "he sec=d approach 1 velves calculati g the ratio A(r ) ofg

the fatalities a: r to the oopulatic= in a secter at r. f: each trial
k z*

frc= the ec seq ___ce calculation. "si g Eqs. (5.20) a:d (5.23),

the average cf 1(r ) and A(r ) A(#h ) cver all the t-in s vill giveg k

*
,

B

~
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a(rk) and b(rks Tk') respectively. a(rg) e.nd b(rg , rg') can then be

fit *.ed to the parsnetric functions involving the distance r. "' hough

both :.pprcaches can give the sa=e results (within fittint errors),

each has its own attutages and disadvantage $. The two approaches

are discussed in =cre detail in the fallowing subsections.

.

V.6.1.1 Rerression frem Sta Base of if, , % and a

This approach uses the data base in Section V.h and Eqs. (5.21),

(5 23) and (5.24). Possible para =etrie functions are assu=ed fez

a(r), b(r, r') ud c(r). Let h (r| al, a2 ' * * * * "v) te the astu=e2

parametric functicas of a(r) with unkrova constants al, a2' * * * * "v'

The estimates of the dependent variable !!1 for the 68 populations are

given in Table 6.2. Also the populations in the annular seg=en s .ijk
are given for the 63 s.=ples. Since the rac ,e of the esti=ates of !!1e

cover severa*. orders of e.ac.itude, the regressien analysis vill be

based on the natural logarith=ie tran:;fer stice of 4 .1

1 = In { [ [ h,( r l "l' * * * ' "v) * 2 ' ) + c (5.25)In M
k js

Jk

where e refers to the renden error variable. Usir.g ehe non-linear regression

ansly:is, the unkncvn constants a , ... ,a are esti=ated by nini=ir.ing:l y

42 = [ (in(: ) - In ([ [ h ( r | a , . . . , a ) . (33)g})2 (5.26)a g y
i jk

where the subscript i refers to the populatica sample.

.

h
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i

k

.

We derivation of b(r. r') is si=ilar to a(r). A ca* idate ful.:'. ion
h (7' #'| D ' *** * D ') is assu=ed and the unknown constants b , . . . bb l v y , y

are esti=ated by =ini=i:1:g:

Q = [i [in(M 32 1 - In ([ [ [ h (r, r'| b , ... b ')b y , y

J k k'
.

'
- (s )1 - (s g')1}} (5 27)ax a

!

! Finallylethc(r|ei,... , c '') be the candidate function of c(r).y
|
I S e closest seg=ents at which the populatien are greater than zero are

identified f: each of the population distributions. The unknowni

cunstants are esti=ated by =ir.imizing:

ai = 1 (in at - in { E 1:e (rg |c , ... , c '') 1 (5.28)1 y
i j min (j)

1

The abue approach has the following advantages:

(1) The n=ber of population distributions used can be erbitrary

as long as the nu=ber is g eater than or equal to the nu=ber of

u=known constants. The fitting errors can be decreased by
,

i
i

} i= creasing the nu=ber of pop.dation distributions.
6

i (2) Since the dependent variables .4 , M2 and Q are integrated over
!
,

|
distance, themir esti=ates frc= their consequence prog an have

elatively ~=M sa=pling errors of the trials.
t

The disadva=tages of this approa:h are:,

(1) A sizable a= cunt of ec=p2tation ti=e ca= be required to
|

; estinate ''1 , "g and a by the consequence progra= fer a larger
{*
; n=ber of population distributiens. For exn=ple, '

i.I'.
I

h
#

L -

. _. _ _
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approximate 10 minut+s of CPJ time en the IBM 360

vere required to prepare the data base in Table ".2.

(2) Since the risk ncnents do not directly suggest

appropriate functional forms of the candidate

functiens , a number of functional fer=s =ay need

to be tried to find an adequate fitting fcr=.
.

V.6.1.2 Use of the Averares of Patios of Fatalities

The seccad approach involves having the consequence :r> del

calculate the ratio of fatalities f.t the distance r to the

population in a 22-1/2 degree sector at r for each trial. These
k

ratios are then averaged over all trials. "he ratio ( ]g for

the specific trial is calculated by:

[(n,),x1,
(A ]t j' (5 29)=

Jk

where ((3 )Jk t is the nu=ber of fatalities in the annular segnentlf

(j,k) at the trial t and B). is the population in the annular segnent
(j,k). As the vind direction is assu=ed to be independent of

the radioactive release, the starting t!3e for the meteorclogical

conditions and the evacuation speed, ( A l i* " ***S***tI#t

independent of the vind direction. Furthe m re, (A.}. can be
g

calculated using one sample population distribution. To avoid the

case of N = 0, a uniforn population distrib cion is used as ak

sa=ple population in this study.

.

I
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* #'#'s (E*3D)Njk " *O * #'
o s

where o, is the pcpulatica density of the unifor= pcpulation distrib.: ion.
*

Averaging (A,] over all the trials, the estimate of a(r ) is
k

obtained as:

k .[A ]t PR . Py . P3.Pja = *

t

= h [t[A }t * 2R*EV*PS (5.31)k

where p's are the prutabilities assigned. to the individual events

in Eq. ( 5.h) .

The esticates of b(r , r ') is als btained fres [ A.) t ** *g k

g'=h[t [ A, ] t * [ A ']t * PR*EV*ES (5*b

The quantity c(r. ) is not derivable by this averaging approach since

c(r) is defined by Eq. (519) which is used to a :proxi= ate the

er;ectatica of E equation in Eq. (5.18). Instead of c(r) another type

of approximatica c n be used.

**

a = E[E( A(r) . n (r)dr)] . (5.33)
dJ

a is appror ated by:d

a = E(E(A(d)) . n ,(d ))) (5.3h)
,,

!,
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By definitics of d),

n)(d)) > 0 (5.35)

ten,

o I (H(A(d ))] (5.36)E

Since the vind directica distribution is unifer=,

a2(gII[E(Afr))],4 (5 37)
J J

Another transfer Pe.netion Y(r) is defined as:

1
T(r) = ig E[E( Ar))) (5 38)

nen ,

"[(Y(r}}Nd (5 39)G

J

h e esticate of T(r ) is obtained frc: the censequence ca.lculation by:g

= fg I [E(CA,) )] -v 9 p,7 p (5.kO)g 3t

*
a

I
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"he approrf-atica in Eq. (5.3k) assumes tr.at vnenever there are -

fatalities occurring then sc=e of these vill = cst likely occur at the

closest distance frem the reacter at which people live. Since the

cch;1ete inteEral 1: Eq. (5.33) is apprex1=atet. ty the closest

distar.cs in Eq. (5.3k), the apprcxiestic.r. of Iq. (5 39) can under-

esti= ate a. However this appears to te a reasonable approxi=ation

and further= ore can be used only to give the fanc icnal forn of

c(r). G e esti=ates of Y(r) in Eq. (5.ko) vill te used to obtain

'

the Panctional fem of c(r). Eaving obtained the esti= ate * of a(r.,),

b(r , r ') and Y(r ), they can then te fitted to nhe parametric fanctions.g k k

The =ethod of fitting vill also involve least sq;.a es. Suppose

h ,(r| a , ... , a ) is a candidate fanetion of a(r). S e unkncvny y

constants are then estinated by minimizi.g:

K
~

A, = [ [in a - In h ,(r | a , ... , a )]: (5.L1)2
g y y

k=1

where E is the nunber of the a=nular seg=ent in c=e fdrection. The

natural logarith=ic transfer =stien is used in Iq. (5.L1) because a

varies over several orders of =agnitude.

In a similar canner, the u=knova ecastants cf the candidate Panction

h (r. r'| b . ... . b ') are esti=ated by mini =ining:
b y y

K K

Q= [la b - 2a g(r ' #k|b,... b ')] (5.h2)' '
,

k y

*
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F*,aliv, ifh(r|yy,...,yy '') is the candidate function fory

T(r), the u.inown constants y , Yv ' ' ' are estimated by =in'.mitir.g :y, ...

K
A2, { (g' Tk - I" D (# ! T1'****TVY )) (5.k3)y k

k=1

'"he adnatages of this approach are:

(1) Se esti=ates of a(r ), b(r. , y ') **d TI#' )g , k s

frtm the consequesce progras can be plotted to

suggest appropriate for_s for the candidate

fe:ctions.

(2) Cc:rputatica ti=e needed to derive a , t.d' andg

yk can be ::uch e-a?ier than that required to

esti= ate the risk =ctests and the ner alization

ecustants for =any popuistica distribtr.icns.

S.e disadvantages are the folleving:

(1) S.e estimates a , b.y d **d T's can have large

lsa:P ing errors if staller nu:sber of trias

are used in the conseque=ce calculation. The

occurrence of precipitation in the p1'ce can

especially cause large scattering in the

esti=ates.

(2) c(r) is not derivable by this apprcach. P. stead

of c(r), the further apprnr*-ation involving
.-

T(r) is required. .

. . _ _
,.
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V.6.1.3 Conbinations of the Two Approaches

Two approaches for deriving the functional for=s and the unkneva

conetants of the candidate fuccticas ' ave been discussed in the

preceding two subsections. In this study the evo approaches are

combined, The method of averaging ratics of fatalities is first used

to investigata appropriate forts of the ca_didate functions. After the

candidate funt.tions are selected, the un*c m constants are then

finally esti=ated using the risk :.ocents and the normalization.

constants from the 68 population distributisn. This combination

approach is used in this study since the rer,ression fits fron the 63

population distributions will have the smallest sa=pling errors and

the averaging of ration involves little co. muter t.1=a to investigate

possible candidate functions.

v.6.2 Evaluation of a(r)

Based on Eqs. (5.29) and (5.31), the quantities a,'s are estisated

by the consequence progras. The final esti=ates are plotted versus

niles from a reactor in Fig. 5.". The scattering of the data points

in Fig. 5.4 is due to san.pling error. Fig. 5.4 suggests an exponential

function as a candidate function:

h,(r) = ag exp (-a r] (5.44)2

Using the data base in Table 5.2, the constants are now derived *;y the

regression using Eq. (5.25). The derived constants a and a. are givent

in Table 5.3 with their 90: confidence beusds.

In addition to the exponential, the following candidate functicas

are also tested:

,-

0

i s
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-8 2h,(r) - agr (5.45).

h,(r) - ag exp [-a, . r) + 4 exp [-a, r) (5.46)3

The constants are also estimate. con the data base in Table 5.2 using

Eq. (5.25). The derived constants are also given in Table 5.3.

The suna of the residual squares are calculated by:

R"i " ( 1}i - In ( I E h,(r ) + 3 k}} (5.47)8

jk

* The multiple correlation co-ef ficients are calculated by Eq. (4.9).

The results are also given in Table 5.3.

Eqs. (5.44) and (5.45) are first co= pared with each other because

both have two unknown constants. From Table 5.3, the exponential

function Eq. (5.44) has a larger multiple correlation coefficient than

the power function Eq. (5.45). Eq. (5.44) is then preferred as an

equation with two unknowns. Eq. (5.46) has evo additional unknowns

conpared to Eq. (5.44). The decrecse of the re-idual squares due to

the added unknowns is tested by the partial F-value defined by Eq.

(4.10):

F' = (.(656)/ (68 - 4 - 1)
1.61 .656)/2 = 45.8

Since the upper 10: F-value with (2,63) degrees of freedom is 2.39, the

added two unknowns have a statistically significant ef fect on. the

variation of the first risk nonent. The derived equations having the

forms of Eqs. (5.44) and (5.46) are plotted in Fig. 3.4. Fig. 5.4 shows

that the double expot o" squation (5.46) fits the consequence result

better than the single ex,onentiel equation (5.44) in the range of
.
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Table 5.3 Estimates of Parameters of a(r) and Sum of Residual Squares

90% Confidence Bounds Sum af Haltiple
Candidate Estimates of Residuci Cctrelation Standard
Function Parametera Upper Lower Squsres ___ Coefficient Deviation

e , . exp (-a2 . r) a g = 3. 51 = 10- 8 3,87 x 10-0 3.18 x 10-8 1.61 .992 .155

a2 = .600 .621 .500

-82ag r a g = 1. 86 x 10- 8 2.27 x 10-8 1.53x10-8 11.05 .937 .421

a2 = 1.994 2.105 1.883

a . exp (-a2 * r) + a g = 2.12 x 10-8 2.51 x 10-8 1,79 x 10-8 .656 . '97 .099
+ m3 . oxp (-ag . r)

a2 = .526 .550 .502

a3 = 8.38x10-8 1.06 x 10-7 6.60x10-8

ag = 1.852 2.198 1.506
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r < 1 mile and r > 12.5 niles. These two equations will be further

erzufned in Section V.7.

V.6.3 Evaluation of b(r.r')

Based on Eqs. (5.2?) and (5.31), the quantities (bg )'s are

eli=inated by the consequence progran. Since bg, is two-dimensional,

the diagonal components (b'd) are pl eted in Fig. 5.5(a). The off-
diagonal cocponents (b .) are plotted versus the distance between r

and r' for a given value of r in Fig. 5.5(b). Fig. 5.5(a) shows that
.

t.he diagonal co=ponents decrease approximately exponentially. Fig.

5.5(b) shows that the off-diagonal conponents also decrease approximate-

ly exoonentially. Since b(r,r') is symetrical with respect to r and

r', the following candidate function is therefore considered.

h (r,r') = b exp [-b - (r + r' ) ] exp [-b - | r - r' |] (5.48)b g 2 3

In addition, the following candidate functions are also ernmined:

h (r,r') = b exp [-b - (r + r )] exp [-b - (r - r')2] (5.49)b g 2 3

h (r,r') = b - (r) 2 . (r') 2 . exp [-b - |r - r' |] (5.50)b g 3

h (#'r') = b exp [-b - (r + r')] + b ext [-b - (r + r ' )] -b g 2 3 y

exp [-b - [r-r |} (5.51)5

Using the data base in Table 5.2 and Eq. (5.27), the constante of

the candidate equations are estimated. The suas of the residual squares

and the cultipla correlation co-ef ficients are also calculated. The

results are given in Table 5.4.

The multiple correlation co-efficients of Eqs. (5.48) and (5.49) in
.
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h (r.r')=2.05x10-8erp( 3f- I exp( .557Ir. 352(r+r' ))d
-r' I ) :

h (r.r')=(1 30x10 ,0-
-exp(.320(r+r'))1-b +1.08x10-5-

exp(-1.117(r+r')
z exp( .66hlr-r' !)4 ,
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Table 5.4 Estimates of Parameters of b(r,r') and Sum of Residual Squares -

i
,

90% Confidence Bounds Sum of Multiple
Candidate Estimates of Residual Correlation Standard
Function Parameters ljpper Lower Squares Coefficient Deviation !

b3 exp [-b . (rh ')] b g - 2. 05 x 10- 8 2.50 x 10-8 1.68 x 10-8 5.85 - '96 .295 [2
exp [-b -|r-r' \ ]3 b2= .352 .368 .341

b3= .557 .826 .287

bg exp [-b * (r+r')] bg = 2.00 x 10-8 2.43 x 10-8 1. 65 x 10-8 5.92 .985 .2972
exp [-b - (r-r')2 )3 b2 = .343 .359 .327

b3 = .472 .787 .158

bg-(r r')-b = 1. 3 8 x 10- 8 2.05 x 10-8 9. 3 0 x 10-9 33.74 .913 .7102 bi
exp [ b -|r-r'| ]3 b2 = 1.162 1.462 1.262 '

b3= .515 1.138 0s
,

'

:. - ,

(bg exp[-b *(r+r')] bi = 1. 30 x 10- 8 1.71= 10-8 9.83 x 10-9 3.79 .991 .238
''

'
2

;
3 b2= .320 .507 .133

s3 exp[-bg-(r+r,))
,h xcxpl-b*|r-r'|] b3 1.03 x 10-7 1.85 x 10-7 6. 28 x 10-8 I5

C' by =.1.117 1.459 .775
-

b5= .664 .933 .395

s
. _ _ i

f'

I-
g ')

!!
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I Table 5.4 are approximately equal. The dif f erence in the of f-diagonal
| i .

components between Eqs. (5.48) and (5.49) has an insignificant effect,

|
on the c:ultiple correlatien co-efficient. The power function Eq. (5.50)

has a s= aller cultiple correlation coefficient in Table 5.4. Among the+

ers'ined equations of three unknown constants, Eq. (5.48) is selected

|
- in this study because of its simple for= and larger multiple correlation

I coefficient.
!

! The effect of the added two unknowns in Eq. (5.51) is tested by the

' partial F-value:,

(5.85 - 3.79)/2
7, , 3.7 9/ (68 - 5 - 1) = 16*88

.|

Since the upper 10: F-value with (2,61) degrees of freedom is 2.39, th -
I
; added two unkrowns have a statistically significant effect on the

variatien of the second risk moment. The derived equaticas having the'

:

forms of Eqs. (5.48) and (5.51) are shown in Figs. 5.5(a) and 5.5(b)..

Eq. (5.51) fits the consequence results better than Eq. (5.48) in the

range of r and r' < 1 mile. Eqs. (5.48) and (5.51) will be further

avamined in Section V.7.
.

V.6.3 Evaluation of c(r)i

|
Based on Eqs. (5.29) and (5.40), the quantities y 's are estimated'

k

by the consequence progras and the final esti=ates are plotted in Fig.
I

5.6. As discussed in Section V.6.1.2, y(r) can underestimate c(r) but

it can be expece.ed that c(r) and y(r) can 'oe expressed by the sa=e form

of functions. Since Fig. 5.6 suggest an exponential function, an

I exponential function, an uponential candidate function of c(r) is

!
'

studied:
I

.

I

I
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h (r) = e exp [-c r] (5.52)g g 2

In addition, the following functions are also tested:

'*2 (5.53)h (r) = c -t
g

r) + c exp [-c,, * r] (5.54)h (r) = c t exp [-c2 3

Using the data base in Table 5.2, the constants of the candidate

functions are derived. The esti=ates of the constants, the su=s of the

resideal squares and the cultiple correlation coefficients are given in

Table 5.5.

The multiple correlation coefficient of the power function Eq.

(5.53) is snaller than that of the exponential function Eq. (5.52).

The exponential function is then preferred to the power function. The

effect of the two additional unknowns in Eq. (5.54) is studied by the

partial F-value as:

F' = (.283 .240)/2 = 6.3.240/63

Since the upper 10 F-value with (2,63) degrees of freedom is 2.39,

the added two unknowns have a statistically significant effect on the

variation of the nor=alization constant. The derived equations (5.52)

and (5.54) are cc pared with the consequence results in Fig. 5.6. Both

of the derived equations of c(r) slightly overeetimate the plots of

y 's as discussed in Section V.6.1.2. But the difference between c(r)k

and y. 's appears to be s=all. The double exponential equation (5.54)

has a slower rate of decrease than the single exponential equation

(5.52) in the range of r > 10 miles. Eqs. (5.52) and (5.54) will be

further examined in Section V.7. .-

,
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!Table 5.5 Estimates of Parameters of c(r) and Sum of Residual Squares

90% Confidence Bounda Sum of Hultiple

Candidate Estimates of Residual Correlation Standard
Function Parameters Upper lower Squares Coefficient Deviation

c expl-c2 r] ci = 1.12 x 10-7 1.16 x 10-7 1.08 x 10-7 .288 .999 .066

c2 = .398 .407 .390

ci r-c2 c - 7. 26 x 10-8 8.03 x 10-8 6.57 x 10-8 4.30 .979 .253

c2 - 1.124 1.195 1.053

ci exp[-c2 r] c i = 7. 61 x 10- 8 1. 3 8 x 10-7 4.19 x 10-8 .240 .999 .060
+c3.cxp[-ci,r]

c2 = .346 .407 .284

c 3 = 5. 63 x 10-8 1,09 ,10-7 2. 90 x 10-8
j

f cg = .784 1.315 .253

:
,
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v.7 Fu fn= tion of the Adequacy of the Re;tession Equations

The adequacy of the regression equations derived in the previous

section is investigated with regard to the predicted risk characteris-

tics and predicted distribution behaviors.

V.7.1 Predicted Risk Characteristics

(1) First Risk Mecent M.
,

The first risk co=ent is first estimated from the

regres,sion results of the single exponential equation (5.44)

for each of the 68 sa=ple population distributions. The

regression estimate is given by:

(M )g = j kIEi *en N '# '
g g 1 k '4 'i*~

i=1,...,68 (5.55)

where 1 and i are the derived constants. The esti=ates by3 2

Eq. (5.55) are given in Table 5.6. The esti=ates are then

plotted versus the consequence results in Table 5.2. This

plot is shown in Fig. 5.7. If the regression esticates accu-

rately predict the data, the points in Fig. 5.7 should lie

about the 45 degree line and no syste=atic error is observed

(i.e. , tendencies to overpredict or underpredict various

ranges of the data). The largest deviation between the pre-

dicted and data first risk noment is a factor of 1.7.

The regression results of the double exponential equation

(5.46) are en ined in a similar -.anner. The regressica

estimates are given by:

.
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126Table 5 6 Estinates of the Dependent variables fro:
the Single Exponential Transfer Punctions

a(r)= a .exp(-a2*#)g

b(r. r8 ). b . exp(-b . (r+r8 ) ) . erp(-by j r-ry )t 2
c(r)= ci.exp(-c2.r)

h ple No. M1
x, a

m

t 9.14SE-CS . 6;Ss-s2 a.4 -4-J.

2 2 666E-c4 7.637E-at 3.t Se-06
3 1 6596-oS 4. 19 s -o s 6.09+<-or
4 9.797E-07 3 8871 -14 4.319E-!8
S 7.4*AE-05 7.5642-02 1.*SIE-06
6 3 749E-GS 2 3341-42 1.23SE-C6
7 S.779(-45 S.922Z-12 1.313E-c6
# S.7715-OS 5.9226-42 1.3135-06
9 1 691E-35 1 79tE-42 3.92SE-07

10 2 6921-35 7.1338-32 3.6611-47
11 3 736E-45 6.0+1E-42 S. 9 71E -C 7

12 6.Ss68-0* -1 6??; 23 S.76SE-06
13 2.692E-35 7.1335-32 3.6618-07
14 1 1898-16 1 3112-J1 2.296E-C6
15 1 672f-45 2 046E-32 3.52si-37
16 1 21SE-4* 2 11 t E-J1 1 4511-36
17 4.356E-36 1 0796 C3 4. 3 74 F -J 6

18 1.156E-OS 1. 0 * * '--4 2 6.162i-47
19 S.6181-05 1 1 .i-ik 9. 51 s t -0 7
20 1.717E-v6 6 2111-01 2.272t-46
21 6.496E-CS 6. 6 6 3 E -Q 2 1 511E-06
22 3 126E-GS S.Cl*E-C2 6.161E-47
23 8.299E=.6 2.66-E-Q3 3. 8 7 *E-0 7
26 1.636Z-c5 1. 76 *i -12 6.14s!=37
25 6.846E-05 2.2191-42 1.377E-J6
26 1.2913-35 7. clog-33 4.2.91-27
27 3. 4 s* f -G S E.7625 .2 S . 3 76 E -0 7

28 1.6341-0S 6.762E-32 2.0361-07
29 5.773E-06 6. 6 J 14 -0 5 3 063f-07
33 2.139t-35 1.1312-12 7.1111-C7
31 1. 0 2 5 E -J6 1.041C-01 2.060*-06
32 1.C935-CS 4.316E-33 6.61 E-a.7
31 1.278E-SS 1.C925-02 4.119!-07

34 S.577E-35 6.717!-22 1.21)t-C6
35 7.9765-04 2.6 3 2 E -0 3 3.76;f-;7

36 3.+62E a5 t.516 f -02 S.483f=47
37 3.776E-45 4.76st-c2 S.12SE-47
38 2.622E=JS 1.7031-32 7.393E-17
39 1.4548-26 4.706E-42 2. 4 6 S f * C 6

60 6.326!-46 2.3351-03 2.8911-07
41 S.531E-05 6.242i-02 1.6'01-46
42 1.2251=,5 6.9671-43 6.9011-37
43 8.503E=:S 6.9261-;2 2.6398 .6

44 *. 5 318 -J S 2.2531-C2 1.272t-C6
41 3.3608-45 3.2363-42 8.312C-37
44 1.6993-JS 1.1728-C2 S.4191-37
67 1.331Y-45 9.6262-43 4.652f-17
43 S.337E-36 1.+322 C3 S.5125-C6
49 1.2158-?* 2.9114-31 1. 6J15 *6

SJ 6 5615 05 1.c 5 32-C1 9.3098-47
51 6.641t-15 6. 6 4 3 E -0 2 1.53SE s6
52 1.1718 #4 1.1601-J1 2. 311T - J S
S3 2.9736-C- S.637!-41 1. S 7 5 E -14

S4 6 123E-uS 3.03*E-:2 1 1ESi-?6
SS 2. .'6 75 * ;S 1.2d6!-32 7.2C3f-J7
56 3.863E-45 2.092E-:2 1.0178-C6
57 3.9921-05 !.671:-02 1.c6)(-<6

58 7.9274-J6 1.3918-03 S.6274 37
Si 2 1038-35 1.1233-;2 5.2325-17
6: 1.1648 <.* 1.63SE-;1 2.06*i-J6

61 4. S S 31 .S 1.660!-42 1 66;t-;6

62 7.377E-C6 3.63*3 .3 2.7;38 .7
el 2.175i-35 1.6368-32 6.471?-I'

46 3.560!-06 *. 2 7 ? * - J+ 2.1.'E-37

e5 6.6%S8-JS $.22SE-22 1.'355-;7

e4 4.5711-J6 6.134*-05 1.1+ M-;7

67 2.243!-45 S.3394-12 3.21i8-47
64 8.33;*-26 S.4358-13 2.s'8=.7

.
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(M ) -II i; exp [-Eg 2 * #'tl^E ~ **P E ~E *# I ~
3 4 kjk

(N k} i 1-1,..., 8 (5.56)

where i ....,5 are the derived constants. The esti=stes byg g

Eq. (5.56) are given in Table 5.7. The esti=ates are plotted

in Fig. 5.8. The largest deviation between the predicted and

the data first =osent is a factor of 1.3.

The largest deviation of a factor of 1.7 of the estimates

by Eq. (5.55) is judged to be acceptable for risk analysis and

decision making considering the uncertainties of the conse-

quence model. If more accuracy is required in the risk

analysis, the estimates of the double exponential function by

Eq. (5.56) can be used. The distribution behaviors will be

anMned later in this section based en the estimates by Eq.

(5.55).

(2) Second Risk Mo=ent M 3

The second risk co=ent is first esti=ated frem the

derived regression equation (5.48) for each of the 68 sa=ple

population distributions by:

(M )1 *IE I b * **P E~b * (#k+#k'} ~ **E f ~ 32 l 2
j k k,

(5.57)
- |r ~ #'c' | ] * (NS)1 ' (NS' )1 i"1'''*'58k

where $g, $ and 63 are the derived constants. The predicted2

second risk me=e.:ts are given in Table 5.6. The plots of the

predicted vers.s the data second risk =c=ents are given in

Fig. 5.9. The points in Fig. 5.9 lie about the 45 degree line

and the deviations show no systematic error. The largest

- -- . - . - - - -. -
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Table 5 7 Eatinates of the Dependent variables froct *
the Double Exponential Transfer Punctions

a (r)= a, . erp(-a2.r) + a3. erp(-ag.r)
b(r r8Ja (b .erp(-b .(r+r'))+b .exp(-b (r+r')))

t 2 3 4. exp(-b . | r-r'j) )y

_

c(r). cg . exp(c2.r) + c3.exp(cg.r)

Sa:1ple No. M M2 ay

6 . . i-i-w .. w -:. i.4...4
2 2.6FC-04 4.14t-Cl 3 33E-06
5 1.5.E-05 6.CJE- 3 6.22E-07
4 9.3.2 *7 4.9EE-?4 3. 9'# E - 1 A
4 7.6SE-75 7.536-02 1.45E-06
6 1.71E-05 2.25t- 2 L.29E-16
7 5.7.E-C5. 5 . 9 4 E -** 2 1.32E-76
8 5.7tt-03 5.846-!2 1.326-16
9 8.61E-C5 1.76E-C2 3.9 )E-0 7

1. 2.618-05 9.5EE 2 3.75E-37
11 9.?*E-C5 m.aiE-02 5.t?E-St
II 4. Aft-C4 2.CEE C 5.39 E-36
11 2.6vi wS L.SiE P2 3.75E-27
le 1.19E-04 1.4CE-CL 2.27E-06
15 L.475-05 2.:tE-C2 3. 5 AE-0 7
16 1.221 '4 2.39E-01 1.88E-06
17 4.JvE ** 9.4:t-ci 4.55E-16
14 8.9.!-05 1.32E-?2 6.2SE ~7
19 5.7.f-C5 9.44E-C2 9.90E-07
2: 1.72E-!* 3 83E t 2.34E-36
21 6.5st-?S .6.34E=J2 1.55f-06
22 3.13E-05 4.44E-02 7.C6E-37
23 8.34E-06 2.47E-33 3.96E 37
24 1.6*E-?S 1. 4 7 E e 2 4.12E-??
25 4.818-05 3.65E-02 1.18E-06
26 1. 2 . E .' S 6.421-c3 4. 3 3 E-0 7
27 3.94E-25 7.14E-C2 5.53E-37
24 L.6se *5 4.48E *2 2.C2E-27
29 9.71E-C6 3.9CE-?$ J.15E-37
3. 2.111-05 1.JJt 32 0.11t-17
11 1.*2f-C4 1.17E "I 1.97E-26
32 1.!9E-15 4. 4E-;3 4.7CE-07
35 1.2st-JS 9.12t-;) 4.40E-37
34 S.Se!-C5 5 61E-C2 1.14E-04
35 7.9.E-C6 2.27E-33 3.9 4 E-0 7
36 3.4aF-C5 E.C6E *2 5.57E-07
17 3.7d*-C5 4.31E-12 6.83E-07
33 2.4.!-?S 1.65E *2 7. 4 8 E-0 7
37 1.4at-04 2.25E-C1 1.49E-36
4' 6.32E-C6 2.2.E-C3 2.9 3 E-0 7
41 5.538-05 4.G8E- 2 1.42E-36
42 1.2sE-J5 4.32E "J 5.13E-47
48 4.5;E-C5 5.512-C2 2.49f 94
44 4.53E-C5 2.79f !2 1.19E-16
44 1.3dE=*5 3.41i *2 8.656-J7
46 1.?"E-C5 1.22E-C2 5. 5 4 E-0 7
47 1.32! 'S 1.142 "2 4.41E- 7
se 9.34E-C4 1.41E C: 5.54E-06
49 1. 2 21- C 4 2.94C-01 1.63E-36
5. 4.54!5 1.07E-21 .t.27E-07
il 4.45E-05 6.016 *2 1.59t-16
Si 1.1t1-C4 1.42E-CL 2.19E-06
98 7.9.C-04 4.47E *1 4.02E-06
54 4.12E *5 2.66t-CJ 4.23E-06
55 2.:#T-;S l.09E :2 7.6.t-17
56 1.**f-C5 1.C3E-02 1.C05-06
S7 l.5%" *5 3.41E=:2 1. .* 6 !- 16
Sa 7.44t-:L 1.stt-!) 5.764-07
'a t 2.5.F-!5 1. 2 F F * 2 7. 9 4 C.-i t
&', l.tfE-C4 1.145 '.I 2.C 7;- 3 4

61 4.s?!-C5 1.42E-C2 2.49E-17
62 6.44E '.6 1.1 : E -0 3 4.44E-19
63 2.44t-05 8. SE-72 1.17E-37
64 f.298-C6 1.6tE-C4 9.6 f C-04
65 4.12F-05 5.2tt "2 2.4)C *7
*m 4.2ft-26 9.05i='1 3.S*t-id
67 2.772-05 P.39E-02 6.49t *t
63 7.9tt-06 4. 74E -C s 4.99E-34 *

.
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deviation between the predicted u d data second risk nonents

is a factor of 2.4.

The regression results of Eq. (5.51) are also exanined.

The regression esti=ates are given by:

2 I * **P I ~ 2 * ( #k+#k')] +(M )1 " j k k,
EI b

+ 6 exp [-6, - (r + #k, ) ] = exp [-6 - | r - r '!I ~3 k 3 g k

* (Np)g - (Np. ) g i=1, ..,68 (5.58)

The estinates are shown in Table 5.7 and Fig. 5.10. The

largest deviation between the predicted and the data is a

factor of 1.9.

The largest deviation of a f actor of 2.4 of Eq. (5.57) is

judged to be acceptable for risk analysis. The distribution

behavior vill be studied later in this section based on the

second risk ne=ent esti=ated by Eq. (5.57). If further accu-

racy is required in the analysis, the esti=ates by Eq. (5.58)

can be used.

(3) Nor=alizatien constant a

The nornalization constant is estinated from the derived

single exponential equation (5.52) for each of the 68 sanples

by:

(d )1d =~E e - j 1-1,...,68 (5.59)y 3
j

vhere d ant'. are the derived constants. ~he results areg 2

given in Table 5.6 and Fig. 5.11. The points in Fig. 5.11 do

not show any systenatic error. ~he largest deviation is'a
4
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factor of 1.2.,

i
The double exponential equation (5.54) is also exa=1aed.i

The nor:alization constant is esti=ated by:

I d erp [-6 - (d ) ]+E3 exp [-d - (d ) }2 = i 2 g
j

i=1,...,68 (5.60)

where c ....,6 are the derived constants. The estimates areg 3

given in Table 5.7 and Fig. 5.12. The largest caviation is a

factor of 1.2.

The largest deviat..on of a factor of 1.2 of the esti=ates

by Eq. (5.59) is judged to be acceptable considering the

uncertainties of the consequence codel. The distribution

behaviors vill be examined later in this section based on the

estimates by Eo. (5.59). If core accuracy is required in the

analysis, the esti=ates by Eq. (5.60) can be used.

Since no syste=atic error is observed in the nor=aliza-

tion constant and since the deviations between the predicted

and data cor=a titatica constants are s= aller than those of

the first and second risk so=ents, the approxi=ation of Eq.

(5.19) relating a to the closest distanca d) at which people
live is therefore judged to be adequate for the calculations

perfor=ed in this study. However it should be noted t'.at

this specific e.a:ple does not prove that the approximation of

Eq. (5.19) is valid for other types of consequences and for

other types of r.eteorological codels. Careful studies vill

be required for each different case.
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V.7.2 Predicted Distribution Behaviors

The next step in assessing the regression results is to test the

combined effects of regression errors on the distribution b(. haviors.

The examined regression results are. single exponential equations (5.44),

(5.48) and (5.52). The distribution behaviors are predicted by the

Weibull distribution, the parameters of which are esti=ated from the

regression results.

(1) Weibull Shape Factor and Scale Factor

The shape factor S and scale factor n are first derived *

from the regression results of M , M and a given in Tableg 2

5.6 for each of the 68 sacples of the populatien distribu-

tions. Secondly, 3 and n are then derived from the data

values of M , M and a given in Table 5.2.g 2

The shape factors from the regression results and the.

data values are cocpared in Fig. 5.13. The points lie about

the 45 degree line and tne deviations do not show syste=atic

errer in Fig. 5.13. The largest deviation is 0.14 and 90%

of the points are within the bounds of 2.08. The scale

factors are sinilarly compared in Fig. 5.14. The points lie

about the 45 degree line and the deviations do not show any

systematic error. The largest deviation is a factor of 1.9
,

and 90% of the points are within factors of 1.4 and 1/l.4.

The deviations of the shape and scale factors are within

the uncertainties of the consequence =odel: further judge =ent

in the acceptability is obtained from the comple=entary cu=u-

lative distributions which are discussed next.
*
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(2) Comole=entary Cumulative Distribution

The cocple=entary cu=ulative distribution is obtained

from the shape factor and scale factor estf=ated fron the

regression equations for each of the 63 sa=ples, i.e. ,
,

F (x) = a exp ( f '5# f ] (5.61)

This derived co=ple=entary cu=ulatlere distribution is then

co= pared for each of the sa=ple population distributions with

the data distributien of consequence vs. frequency calculated

by the consequence =odel. These data curves are obtained

diree:ly from the consequence calculation and do not involve

fittings to the data values of M , M and a. Two of theg 2

sa:ples will be specifically discussed here. One is the

sa=ple (#63) which gives the largest deviation of 3 in Fig.

5.13. 'The other is the sa=ple (#39) which gives the largest

deviation of n in Fig. 5.14.

Fig. 5.15 compares the predicted cecple=entary cu=ulative

distribution with the data distribution of site (#63). The

predicted distribution underesti=ates the probabilities

between 100 fatalities and 500 by a factor of ,v4 u 1.2
~8and underesti=ates the magnitude below 10 / year by a factor

of 1.6. The cagnitudes of these errors are s= aller than the

uncertainty ranges of the consequence =odel, which were

esti=ated to be factors of 5 and 1/5 on the probabilities and

factors of 4 and 1/4 for the consequence =agnitude. (See

Section III.5.1).

Fig. 5.16 co= pares the co=ple=entary ec=ula:ive distribu-
I
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tion estimated from the regression equations to the data

distribution of site (#39). The esti=ated distribution under-

esti=ates the . robabilities between 300 fatalities and 3000 by

a factor of 4 at =ost. The underesti=ation of the consequence

cagnitude is maxi =us a factor of 3 in the sa=( interval.

These errors are also within the uncertainty ranges given for

the consequence model. For the other sa=ples e rani,ed, the

cocple=entary cu=ulative distributions from regression and the

data cocplementary cu=ulative distributions agree at least as

well as for the sa=ples (#39) and (f63).

The sa=ples other than (#39) and (#63) are new examined

with regard to the consequence cagnitude at a specific ce=ple-

mentary cu=ulative frequency. Since the effects of the errors

of 8 and n on the tail behaviors can be large and the tail

behaviors are of i=portance, the consequence =agnitudes at

10 '/ year are selected to test
~

the regression fits. The value

of 10~ / year is a truncation point in the consequence model,

which was determined by the compromise betueen accuracy and

computation ti=e (Ref-1).

The consequence magnitude at 10~ / year is first derived

for the 68 sa:ples from 3 and n esti=ated by the regression

results. The percentile is given by:

P c 1/3
g1g_9) n - [ln 19,( ) (5.62)x

The consequence cagnitude of 10 '/ year of the data distribu-
~

tion are then esti=ated by interpolation of the adjacent two

data points below and above 10 '/ year.~
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In [x(10-9)I ~ '* I*1I * 1: (10-9) - in (FE)*
-

C CIn (F ) - In (F )h g

* (in g -in x ) (5.63)
7

where the subscripts h and I denort the two adjacent points.

Fig. 5.17 co= pares the consequence =agnitudes esti=ated

f roci regressien to those estimated f rom the data distribu-

tions. The esti=ates fren regressica syste=atically overpre-

dict the estimates of the data distributions. The bias is a

factor of 1.2. This error can be due to the fact that the

consequence model tend to underesti= ate the tails of the

distributions if suf ficient nu=ber of trials are not taken.

More importantly, the largest deviatica is a factor of 2.0,

which is s= aller than the uncertainty ranges of factors 4 and

1/4 in the consequence model.

7.7.3 Conclusions from the Regression Examinations

The regressica results have been exasized for their ability to

predict the risk characteristics and distribution behaviors. The

equations examined were:

a(r) = 3.51 = 10 ' exp [ .6C0 r] (5.64)
~

a(r) = 2.12 = 10 ' exp [ .526 r] + 8.23 = 10 ' exp [-1.852 r]~ ~

(5.65)
~8b(r r') = 2.05 = 10 exp [ .352 (r + r')] * exp [ .557 [ r - r' l ]

(5.66',
-0

b(r,r') = 1.30 x 10 exp [ .320 (r + r')] +

-7
exp [-1.117 (r + r')]l exp [ . 66 4 | r - r ' l ]+ 1. 08 = 10

(5.67)

c(r) = 1.12 = 10~ exp [ .393 r] (5.68)
,

}j5
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-8 -3
c(r) = 7.61 = 10 e rp | . 3 ' 6 r] + 5. 63 x 10 exp [ .784 r]

(5. 6 9)

No syste=atic errors were observed in the predictica of M , M2 cnd
1

c. The largest deviations were fac. ors of 1.7 for Eq. (5.64), 1.3 for

Eq. (5.65), 2.4 for Eq. (5.66), 1.9 for Eq. (5.67),1.2 for Eq. (5.68)

and 1.2 for Eq. (5.69). The equations (5.64), (5.66) and (5.68) with

smaller nu=ber of unk=cwns were judged to be acceptable considering the

uncertainties of the consequence model.

The predicted distribution behaviors were then exa=ined for Eqs.

(5.64), (5.66) and (5.68). No syste=atic errors were observed for the

prediction of 3 and n. The largest deviations were 0.14 for S and a

factor of 1.9 for n. The co=ple=entary cu=ulative distributions for

the two samples which showed the largest deviation for 3 and n were

within the uncertainty ranges of the consequence model. The consequence

magnitudes at 10 '/ year derived fro = the regressiens overestimate those~

frc= the data by a factor of 1.2. This factor is not large and is

within the uncertainty ranges of the consequence =odel.

Based on the above results, the derived equations (5.64), (5.66)

and (5.68) were therefore judged to be acceptable for risk analysis and

decision =aking.

V.8 Era =ple of Applications of the Regression Results

Eaving obtained the regression results, they can then be used to

estL=ste the risk distributions for neu situatiens of different popula-

tions without having to rerun the consequence =cdel. Fu r the r=o r e ,

because of the explicit relationship of the regression equations (trans-

fer functions), the sensitivity studies and decision =aking studies are

able to be perfor=ed in a straightf orward =anner. The regressio'n

'
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results applied to siting vill be discussed here.
.

V.S.1 Application of Regression Results to Siting

The populatica distribution is one of the i=portant factors in

selectica of sites for nuclear power pl.nts. An exanple is given here-

for the application of the regression results to the siting studies

based on an idealized pcpulation distributica The population model

considered is a bell-shaped, gaussian distr bution illustrated in Fig.

5.18. The population distribution of a particular city or a town is

expressed by the bell-shaped codel in Fig. 5.18 and the overall

populatica distribution of a site surrounded by nu=erous cities and

towns can be expressed by the ser1.es of the bell-shaped population

distributions. A city or a town expressed by the bell-shaped codel is

called a " population group" in this study.

The populaticn distribution of a particular population group is

assu=ed to be s7==etric about its center. Let N be the total popula-
7

tion in the group, R be the distance of its center from the reactor and

c * * * """##8' "" ** * # * * * "*"E*#* E * * * * E #" #~
R

tion are living within the radius of r #" ** * l * " E " " *
R

radius of 2a . Using the (r ;) co-ordinate in Fig. 5.18, the population
R

per unit area at (r,C) is expressed by:

T (r - R)2 2
p(r,c) - erp [-

- g
] (5.70)

2 2 2
2c 2c 2:

Fron the regression results, the first risk onent is expressed as:

.
P

a(r) n)(r) drM =I
g

j 'a

f a(r) - {(~ n (r)
.

dr .(5.71)=

ra j
i

i

e
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7(r) be the population in an annulus per unit r at distance r,'et n

i.e.,

n (#) " j (r) (5.72)T
j

n.e n ,

Mi= a(r) n (r) dr (5.73)T

Since the regression equatien (5.71) is based on the (r,9) coordi-

nate, an approxicatica is made here to esti= ate n (r) from p(r,;). The
T

integration with respect to 9 is approxi=ated by the integratica with

respect to c.
. . .

.

n,, (r ) = [ p(r,4) d4
'

_.

exp (- (r - R)2 ] (5. ,e 4)
T

=

2-

/2r :R 2a
R

g (r) is also a gaussian distributien. ' Men nunerous cities and towns.

are considered, the overall populatien distribution is expressed by the

series of the gaussian distributions:

(N )g (r - R. )2
n,.(r) = I _' exp [-

"R}i
] (5.75), ,, ,' i v2s (o )' '

g

where the subscript i refers to a specific city or town.

Using the populatien distribution in Eq. (5.75) and an expcaential

function for the transfer function a(r), the first risk. co=ent can be

estinated to be:

*
.

4

m :
,

'

*Adm.a= * _ M4 M' l.
-

w. e 4 ,, --
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.

M = [ a(r) n (r)dr
1 '

0

(N }t (r - R ):=

=fa exp [-a r) - E axp [- ] dr
T g

3 26 )2_
0

.'2n (e ) g R4g

2 - (e )$ ] *
a n

-Ea - (N ) g * =acp [-a; * R + '

1 7 g 2l

exp -

g+aj*(c}(r-R= ry=f R
dr (5.76)

RD,,Ti(c )L0 ' 'g

The integral in Eq. (5.76) can be approxi=sted by unity under the
*

following conditions:

Rg > 2(c )1 8 * (UR 2 R1

The discussion of this approximation is given in Appendix F. Then the

first risk coment is finally esti=ated to be:

2 . (ga
RM1=Ia * (N )1 ***E(~"2 R+ } (5. 78)

'

g T g 2L

The seco i risk o ent and the normalization constant can be
esti=ated ' sicilar canner. The ettination of these quantities are
also discussed in Appendix F. Having obtained the first two risk

mocents and the nor ali:ation constant, the Weibull paraceters can then

be estinated by Eqs. (3.25) and (3.26). The comparison of the risk
t

distributicus derived fro = the bell-shaped population model to the

results of the consequence calculation is also given in Appendix F. '

Using the bell-shaped population codel and the regression results,
isuch as Eq. (5.78), the investigation can be made on the contributions

of the cities and towns to the risk distribution. Alternatively, given

the distances, radii and populations of the cities and towns, the

decision caking audies on selection ci sites for nuclear power p1" ants

.- . --

- - " "

g6 I *O * * b -

'

-
_

*
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can be made fren the. regression results, such as Eq. (5.78) In the

following section, a nu=erical exa=ple is geven fcr siting studies.

V.S.2 Numerical Exa=ple of Siting

A hypothetical siting probics is discussed here. Though siting

proble=s are generally rvo-di=ensionsal, the situation given here is a

one-d i=ensional case. The two-di=ent ' proble=s can be solved by

the sa=e approach as in the exa=ple here.

The problen is posed as follows:

(1) A nuclear power plant is planned en a line between two large

cities A and D in Fig. 5.19. Two tevns are located between

them. The populatiens other than the above four are not

considered. |

(2) The cities and towns have bell-shaped population distributions
I

and their distances, radii and populatiens are given in Fig. !
!

5.19. j
,

(3) caly the early fatalities are considered. The transfer

,

functions previously derived for PiR accidents in the north-

eastern valley =eteorological c0 edition are used. .

(4) The site is desired to be selected so as to keep the first !

risk =c=ent less than that for the average of the first 100

coc=ercial power plants, which is 4.6 = 10''/ reactor year.

(See Section III.5.2.)

Set the origin of the axis at the center of the city A as shown in

Fig. 5.19. The distance r of a site from the center of the city A is

the variable that vill be examined. At the site should be between A

and D, the constraint is 0 < r < R . The probien then is to estimate the
D

- 5[ye*arvalue of r that keeps the first risk =o=ent les s than 4. 6 x 10

-

T') '-
,

'L \ i

w- . - . . . . - . . ... - . -. - - - . - - . - 2
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under the constraint of 0 < t < R *
D

From Eq. (5.78), the first risk =c=ent is esti=ated as the sus of

the contributions of the four populatien groups:

2a,

exp [ ~ ; r + p e ]M =N a
1 g g

2a
+N 3 * "I 2 - B 3

** # * *

2a
+N **1 * * *P E -8 -|r-R *#

C 2 C C

2a
+N *# *'9 "2 " #~ *

*

D 1 D D

Using the nu=erical values in Fig. 5.19, and the constants of transfer

functions estimated previously in Section V.6.2, the first risk =ocent

is calculated and plotted in Fig. 5.20. The solid line in Fig. 5.20

shcws the esti= ate of the first risk co=ents as a function of the

distance from the center of the city A. The dashed lines shew the

contributions of each population group. F:en Fig. 5.00, the distances

that satisfy the criteria are estinated to be :

13 siles < r < 16 miles

The plant; can be selected within this area and will satisfy the i= posed

criteria.

Even though the exa=ple given here is highly restrictive, it shows

the =ethods by which the approaches discussed in this study can be used

in decision =aking involving risk. In = ore realistic situ.tiens, the

second risk =c=ent and the cceple=entary cu=ulative distributien can be

used to co= pare with additional risk criterial. Actual populatica distri-

butions can also be used, perhaps involving nu=erical techniqres and
*

.

co=puter evaluations.
,
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v.9 Su-mry and Concit ions

The regression ap reach discussed in Chapter 4 was denunstrated

in this chapter in which the population distribution was taken to be the

basic variable. The early fatalities distribution of FWR accidents in

the northeastern valley =eteorological condition was used to derive the

regression results. In the regressica analysis, the first two risk

coments and the nor=alization constant were selected as dependent

variables. The data base for the regression analysis was prepared by

the consequence co=puter progras using the populatien distributions of

the 68 sites as sa=ple population distributions.

A number of candidate regression equations were studied. The

following were judged to be adequate:

M =I[e exp (-a #) "j (r) dr (5.80)3 3 2 ,jr

M =I/ [b exp [-b (r + r') } exp [b3 [r- r'|] -2 3 2
j r r'

* n (r) n (r) dr dr' (5.51)

a = I [c erp (-c #) 3 =d (5.82)3 2 r
3 3

The unknown constants in the equations above were esti=ated by the

nonlinear least squares. The derived equations were tested for the

predicted risk characteristics and for the predicted distribution

behaviors. No systenatic errors were observed for the risk character-

istics and for the shape and scale factors of the *.'eibull distributior..

The distributions of consequence vs. f requency derived f rem the

regression equations agreed with the results of the consequenca calcu-

lation within the uncertainty range of the consequence codel.

Having obtained the regressicn results, they can be applied to new

^

r. .

g r3. 39i
'.ix

.\ \I
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situations for sensitivity studies and decision taking investigations.

Because of the simple form of the regressicn equations, the involved

calculations are straightforward and do not require consequence code

or large cc:puter times. With regard to the new situaticns, the
,

regression equations were applied to a hypothetical e.u=ple of decision

making involving siting. The location of a site which satisfy the

specified criteria was obtsined from the regression equations. The

exa=ple illustrated how the approach of the study can be used in

decision caking.

,

4
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CHAPTER VI
.

RECRESSION ANALYSIS CF RADICACTI'lE REI. EASE

.

.

VI.1 Introduction

*
The =ethods developed in this study vill be applied to another

evaluation situation in which the probabilities and =agnitudes of

radioactive releases are taken as the basic variables. The situation

considered in this chapter concerns the evaluatica of safety syste=s

in nuclear power plants, involving engineering safety features, opera-.

tion restrictions and =aintenance procedures. Safety syste=s in nuclear

power plants are designed to reduce the probabilities of the occurrecces

of the accidents or alternatively to reduce the cagnitudes of the

releases to tne environ =ent. The equations relating the risk to the

probabilities and cagnitudes of the radicactive releases can then

provide valuable i=for=ation for the evaluations of safety syste=s.

In the Reactor Safety Study, the spectrus of the radioactive

releases was expressed by the release categories shown in Table 6.1.

These release categories are cc=posites of nu=erous accident sequences

with st=ilar characteristics. ?VR accidents are represented by 9

categories (1) and SWR accidents are represented by 5 releasereleast

categor.es. In the preceding chapters of this thesis, the ccusequence

calculation has been carried out for each of the release categories

and the results have been ec=bined to produce the overall risk from

potential nuclear accidents. In this chapter each release category is

1
Since FWR-1 category is subdivided into PWR-1A and PWR-13 due to

the difference of energy release, FWR accidents are effectively
represented by 10 release categories. ,-

s

a

f.g
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treated separately to study the consequences of a specific release.

VI.2 Radioactive Release Variables

The regressor variables are identified from the characteristics of

radioactive releases. Though the probability and cagnitude are tajor

characteristics of releases, othar chacteristics also affect the conse-

quences of radioactive releases, i.e., the ti=e of the release, the

duration of the release, the warning ti=e for evacuation, the elevation
.

of the release, and the energy content in the released plu=e. Table 6.1

shows the characteristics of the release categories of PWR and BWR

accidents taken from RASH-1400 (Ref-1) . These release data are used to

generate the data base for the regression analysis. Each of the

variables thst characterize the radioactive releases will be discussed

in the following subsections.

VI.2.1 Probability of Occurrence

Since the probability of occurrence does not affect the =agnitude

of consequences, the distribution f (x) of consequence vs. frequencyq

for a specific release q is expressed as the product of the probabilit

of occurrence P and the conditional distribution f*(x) given theq

release q occurs.

f (x) = P f * (x) (6.1)q q

The regressien analysis is based on the conditional distribution f*(x)

and the probability of occurrence is therefore not included in the

regressor variables.

*
<
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VI.2.2 Ti=e of Release

The ti=e of the release refers :o the :i=e interval between the

start cf the accident and the release f the radioactive =ateria.ls

fre= the contain=ent building to the a::csphere. The ti=e of the

release is used to calcula c the L:1:ial decay of the radioactivity.

Since increasing ticas reduce the a ount of radioactivity released :s

the environ =ent, the variable is included in the expression for

effective source which will be defined in subsee:ica VI.2.7. The ti=4

of the release is denoted by (T ) hours.
r

VI.2.3 Duration of Release

Tne duration of the release is the total time during which the

radioactive =aterials are emitted into the at=ospher:. The duration

is used to make it possible to accou : for :he viad saa der in long

duration releases. The duration is de:cted by (! "#* "**
d

following equation.

7I.2.4 k'arning T1=e for Evacuatica

The warning ttse is the time is:erval between the awareness of

inpending core melt and the release of radioactive =aterials f rom the

containment building A longer varning :ise allows =cre time to

evacuate the public to areas where the radiation exposure will be

s= aller or noae. This variable is dencted by (T,) hcurs in the
regression equations.

VI.2.5 Elevation of Release

The elevation si release af fects the di.coersion pattern of airierre

radioactive isotopes in the atsosophere. As the elevation increases,

the =axi=um airborne concentration of radicactivity at :he ground level

r.

,'d
'

's \it
s s
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decreases. The variable is denoted by (h) ceters in the regression

equations.

VI.2.6 Energy Content of Release

When tb'. contait=ent of a reactor breaks, a large a=ount of energy

cay be released with the radioactive isotopes in a form of hign

temperature steam. When the gas is at a high te=perature, the radio-

active plume will rise due to its buoyancy. The variable is denoted
6

by (E) 10 xBtu/hr in the regression equations.

VI.2.7 Release Fractions

From the large number of isotopes produced in a reactor, 54 radio-

isotopes were assessed to be of i=portance in the Reactor Safety Study.

The selection was based on quantities (curies), release fractions,

radio :tive half-lives, es.'.tted radiation types and chemical character-

istics. The 54 selected isotopes were grouped into 8 isotope groups

based on their chemical behaviors. The release fractions of the core

inventories were deter =ined for the 8 isotope groups as given in Table

6.1.

Two approaches for selection of regressor variables are considered

with regard to the release fractions. One is tc select the release

fractions of the eight isotope groups as the basic regressor variables.

The isotope groups which have insignificant effect on the consequence

can be eliminated, for exa:ple, by the stepwise regression cethod which

was discussed in Section T7.2.6. A second approach is to define one

variable which is a weighted sus of the release fractions of the eight

isotope groups. In this study, the second approach is selected from
*:.he followine reasons: ,

e

I 1

'

t



1( 2

(1) Early fetalities are caused by the cc bined effects of the

doses f r:s the eight iseccpe grcups. The decrease of the

releast f raction of cae iset:7c group can be cc=pensated by

the inc reases of the releases cf the other isotcpe groups.

(2) The release fractions of the ei;h: groups are correlated

with each other. For ers pie, in Table 6.1 tha reless-

fractions of all of the eight isotope groups fer PRR-9

release category are s= aller :han those for PWR-1 rei ne

category, because similar physical processes underly in the

release =echanism for all of the isotope groups.

The weighting factors of the release fractions are derived from

the physical consideratica of the effec:a on early fatalities. The

factors considered are the inventeries L the core, the dose conversion

factors a:1 the dose-response factors. Since the early fatalities

result essentially from the da= age to three organs, the weighting

factors are first defined for each organ. The organs considered are

bone-=arrev, lung and gastrointes:Laal tract. The weighting factor of

isoccpe group (g) for organ (k) is defined to be:

I ~**7I~ 3 ~T ] C,(k)G(k) = r i r
'g j in group g ) '6.2)

3)

where

2(k) = ueighting factor of grcup (g) for organ (k).
8

1. = inventory of isotope (j) i= the core [ curies].
3

A = radioactive decay crns:an: of isotope (j ) [/ hour].

T = ti=e of rclecse (heur]. ,-
.

{.
,s,
z
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C = dose conversion factor of isotope (j ) to or3an (k)
3(res m /C - see)

(LD) = dose to organ (k) lethal to 50~. of the exposed
.

population {ren]

When the contribution of the build-up from the parent isotope is

significan", che J=41oactive decay tern exp[- *T ] is corrected to
include t'ie build-up tern from the parent isotope.

'LM sose conversion f actor in Eq. (6.2) is the sus of the three

c: odes of exposure, which are inhalation dose, ground shine do,e and

cloud shine dc.se.

C = B- (C ) }+s - (C ) } + *G " ( C } j '(dj (7 C C

vhere

B = breathing rate (s3/sec].

(C ) '} = inhalation dose conversion factor of isotope7 (j )
I

to organ (k) (ren/C ].g

i
s = shielding factor for cloud shine dose.c

(C ) = cloud shine dosc conversion factor of isotope (j)C

3to organ (k) [res c2 /C =sec].

; s = shielding factor for ground shine dose.g

(C )(k) = ground shine dose conversion factor of isotopeg (j )
2to organ (k) [ren m /C ].

(V )J "I' *iti " **1 "it7 f i8 E E" (d } (*f** ]*
~ '

d '

"L

-
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The effective source for organ (k) is then defined by the sua of

the release fractions weighted by the facters G,(k) .

e

a(k) r(k) . q (6.4,.s.=.u
g S g

whe re

3ef f ective source for crgan (k) [sec/n ].v =

,

i

q, = release fraction of isotope group (g). |6 .

!

The quantity v( can be interpreted as being related to the inverse of

the at=ospherie dispersion factor (X/Q) at a distance where 50% of the

exposed populatics die due to the da= age to the organ (k). The weight-
I

ing factors C(k) are given in Table 6.2. The discussion on the basis
,

a
f

for the definitica of the weighting factors and the source data used

for deriving the values in Table 6.2 are giv m in Appendix G.

Since the risks resulting fron the da= age to the three organs are

cenpeting with each other, the overall effective source is defined by

the naxinun value of the ($( )'s of the three organs.

, t .I.I (6.5)GMARRCV LU';G
V = Max a ,0 .*

1

The overall effective source defined above is used in this study

5 sec/n3 in theas the regresser variable. It is denoted by (#) = 10

regression equatices.

VI.3 Selectica cf the Dependent Variables

As discussed in Section VI.2.1, the regression analysis is based

on the conditicnal risk distribution given the specific release

occurrence. The risk characteristics of the conditional risk distribu-
t

. ____ --
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Table 6.2 Weighting Factors of Isotepe Groups for Effective Source

Isotope
''e i gh : i- : Facter ^Organ Groun -

b

Bone Marrow Kr - Xe 5.73x103 + 7 . 9 0 = 104 erp [ .10 Tr]

II)
I 7. 81 = 105 exp ( .058 Tr]

Cs - Rb 5.644 10*

Te - Sb 2.54x105 i
i

Ba - S r 5.01= 105 t

|
Ru 2. 2 8 = 105 t

La 1.7 7 = loi |

Lung Kr - Xe 1.214102 + 1. 6 = 103 erp [ .20 Tr]
I1)

I 3.35= 10'* exp ( .058 Tr]
3Cs - Rb 7.43=10

Te - Sb 6. 8 3 = 10''

Ba - Sr 3.32=10'*

Ru 9. 53 = 105

La 4.28x106

G.I. Tract Kr - Xe 4.18x102 + 8. 2 = 103 exp ( .20 Tr]

I( 7.70x 10'* exp [ .058 Tr]
Cs - Rb 4.08 x 103

Te - Sb 6.18 x 10'*

Ba - Sr 1. 69 = 105

Ru 2.92=105

La 1.53=106

1
Organic iodices and ncn-organic iodices are included.

*
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tion are defined in a sisilar nanner :o those of the overall risk .

distribution given in Sectic: 2. yer exanple, the risk nccents of
*

.

the conditional risk distr 15.:ica abcut the origin are defined as:

E * f * (x) dx (6.6)M*= x
t

,

where M* is the t-th risk conen:s of the cenditienal risk distribution
C

about the origin.

The nor=alization ccustant of the cenditional risk distribution

*
a is similarly defined as: *

* f *(x) dx (6.7)o =

The transfer functions relating the risk r.cznents to the population

variables are also re-defined based en the conditienal risk distribu-

t. ion as:

"
e *

M I a (r) n (r) dr (6.8)=

3, j1

r
, ,

M* " f,,'b*(r,r')n)(r)n(r')drdr' (6.9)2

rr

* I [c*(r)] (6.10)a =

The dependent variables of the regression analysis can be selected

from the risk characteristics cf the cenditional risk distribution. In

this chapter the transfer functions are again fitted to the para =etric

functions of the distance r a :d the ccustants cf the fitted functions

are used as dependent variables. The c:nstants are new treated as

being functions of the release characteristics. The advan: age of the i

!constants of the transfer fun :fons is their independence of the, - !
!

specific population distribu:ir. Therefore the results of Ehe

_

p., - - - . , e m 4% eum- m hh h MahdM mM GP. 9hk. 6
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regression analysis are applicable to any population distribution.

VI.4 The Data Base for Eegression Analysis

VI.4.1 Input Conditions

The release categories of PWR acd BWR accidents in Table 6.1 are

used as sanples of radioactive releases for the regression analysis. A

consequence calculation is =ade for each of the release categories

using the northeastern valley ceteorological condition and the radio-

active inventories of a 3200 MW/th power plant. Early fatalities occur

only in eight out of the fif teen release categories. Since eight

,

sa=ples are not sufficient as the data base for the onalysis, an

additional 20 cases are calculated by changing one regressor variable
t

at a time in the consequence progran. The i=put conditions of the

additional calculations are given in Table 6.3. The total 28 cases

of calculation are perforned. It should be noted that the probabilities

of occurrence are assumed to be unity in the calculations in Table 6.3

since the regression analysis is based on the distribution of conse-

quence vs. conditional prohability given the accident occurrence.

VI.4.2 Derivation of the Ccnstants of the Transfer Functicus
|

The cethods discussed in Section V.6.1 are used t: derive the forms >

!

and the constants of the transfer functiens. Figs. 6.1 through 6.4 show ;

the consequence calculation results for EWR-1, SWR-2 and B72-3 release |

categories. The following candidate functions are considered for these |

!
curves. They are the sane functions that were considered for the PWR j

i

accidents in Chapter V.

a*(r) = a exp [-a * r} (6.11) iet 2
.

n

.

^' j---- - . _ _ _ _ . .- m_ _ _ . . - . _ _



Tabic 6.3 Condiciona of Additional Conaequence Calculationu for Hegression Analysis

i

Duration Warning Release Fractions
gTime of of Time for Elevation Energy i

Case Release Reletne Evacuation of Release Release (1) ,
No. (br) (br) (br) (m) (10 Htu/hr) I Ru To others__

6
r

|
1 2.0 0.5 1.5 25 300 .4 .5 .7 TWR-1 I

2 2.0 0.5 1.5 25 30 .4 .5 .7 hWR-1

| 3 2.0 0.5 1.5 25 6 .4 .5 .7 LWR-1
4 30.0 3.0 2.0 10 6 .9 .03 .3 nWR-2

l 5 2.0 0.5 .5 25 130 .4 .5 .7 hWu-1
| 6 2.0 0.5 1.0 25 130 .4 .5 .7 EWR-1"

7 2.0 0.5 2.0 25 130 .4 .5 .7 EWR-1
8 2.0 0.5 3.0 25 130 .4 .5 .7 EWR-1
9 7.5 0.5 2.0 25 520 .7 .4 .? !>Wu-l
10 2.5 0.5 3.0 25 520 .7 .4 .4 PWH-1
11 2.5 0.5 2.0 25 20 .7 .4 .4 FWR-1
12 2.5 0.5 3.0 25 20 .7 .4 .4 PWu-1
13 2.0 1.5 1.5 25 130 .4 .5 .7 LWR-1
14 2.0 3.0 1.5 25 130 .4 .5 .7 BWa-1
15 2.0 0.5 1.5 25 130 .1 .5 .7 EWR-1 '

16 2.0 0.5 1.5 25 130 1.0 .5 .7 BWR-1
L 17 2.0 0.5 1.5 25 130 .4 .1 .7 BWR-1
fj 18 2.0 0.5 1.5 25 130 .4 1.0 .7 BUR-1 i

19 2.0 0.5 1.5 10 130 .4 .5 .7 1:WR-1 +

20 2.0 0.5 1.5 1 130 .4 .5 .7 BWit- 1 5
4

;

.

The release fractions of the other isotopes are the same na in the release categories given
'

here.
|'

:w
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Table 6.4 Escinates cf at and a2 as tha M::. Easa fer the Re gressi:= f .
the Reltase Variables

Calculation Case a_: a-
,

3
P%'R - 1A 9.13 = 17 .437

2FWR - 1B 1.8 5 = IT .562

Pk'R - 2 1. 73 = 10- 3 .512

FWR - 3 1.40 =10-2 1.600

PWR - 4 3. 3 8 = 10- 2 3.390

BWR - 1 1. 66 = 10- 3 .451 *

BWR - 2 3. 30 = 10- 3 1.66

EWR - 3 3.50=10-3 3.76

Additional Cases : 1 1. 57 = 10- 3 .504

2 5.75 =10-3 .403

3 1. 87 = 10- 2 .397

4 1. 21 = 10- 2 1.40L

5 2.11 = 10- 3 .463

6 1. 87 = 10- 3 .453

7 1.47 =10-3 .460

8 1.28 =10-3 .449

9 1.49 =10-3 .546

10 1.29 =10-3 .535

11 7. 7 7 = 10- 3 .442

12 6. 93 = 10-3 .432

13 2.15 = 10- 3 .618

14 2.48 =10-3 .737

15 1.63 x10-3 .522

16 1. 55 = 10- 3 .301

17 2.23 =10-3 .661

18 2. 29 = 10- 3 .323

19 3.10 = 10- 3 .489

20 3.22 =10-3 .505

.

Corresponding to the calculatien case nu=ber 1: Table 6.3.

n, a

f .)~

s
__

a
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b*(r,r') = b exp [ -b , - ( + r ' ) ] * exp [ -b - |r - r'|] (6.12)y 3

c*(r) = c,*exp [-c * r) (6.13)2

For the other releases, the same exponential functions are consi-

dared. The esti=ates of a and a f r the 28 cases are given in Tablet 2

6.4. The esti=ates of the other constants b , b , b , c and c ##"
g 2 3 3 2

given is Appendix H. The estimates of the constants are used as the

data base for the regression analysis.

VI.5 For=ulation of the Regression Model

The next step is to select candidate equations that relate the

dependent variables ag,a,b b,b,ci and c2 e the regressor2 g 2 3

variables discussed in Section VI.3. The analysis of the dependent

variable a is discussed in detail. The results of the other regres-t

sions are =ostly briefly presented.

The following points are considered in the selection of t eh

candidate questicas:

(1) The va_2es of the dependent variables ag,ag, b,b,b,cg 2 3 i

and c are positive.2

(2) The equations should have as few unknown constants as possible

which still adequately fit the distributions of the dependent

variables.

(3) The ecuations with smaller sum of the residual squares and no

significant syste:atic error are desirable.

The relation of the dependent variables and each of the regressor

variables is studied first. Table 6.5 chown the correlation co-effi-

cient between the dependent variable a and each of the regressor-

.

.)

e
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variables. Linear and natural logarithmic transf er:sticas are

investigated. To have s=allet- sus c' the residual squares, the

transfornation that gives the largest correlation co-efficient is

pre f e rred. Except f or the elevation tern (h), the natural logarithnic

transfor:ations of the regressor variables give larger correlation

co-ef ficients than the linear transforuations. Even for the elevacion

tern, the difference of the correlation co-efficients bet ven the tu)

transfor=ations of the regressor variabic (h) is less thas 0.1. To

keep the nodel as st=ple as possible, natural logarithnic ferms are

selected for all o. the regressor variacles. Stace the dependent

variable a should be positive, the following regression =odel is
g

considered :

In a =kgg + kg1 21 33
Inh +k in T A k In Td+g

+ k. 1 ItE+k In$+c (6.14)* 51 1

where k,g ...,kS1
3

are ccastants to be derived and c is the raados

error variable. Eq. (6.14) does not include the interactien terrs.

Possible interactions will be test?d later.

The candidate equations of the other dependent variabler are

selected in a similar process. The follouinh equations are chas

considered in this study:

In a =k ^k in h + k.a +in T k .2 In T, ++
2 02 12 v s .

+s InE+k,In5+c (6.15)k2 3 2

in b =h 4k In h + k . ' * In T + k.3 * In Id+1 03 43 . v 2

+k InE+k
3 S3 ' "*+'3 '

-

s
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,
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Table 6.5 Ce,.relatica Coef ficients of at and Regressor Variables

Dependent Variable Re2resser Variabic Correla-jcn Coefficien-

at h .466

in h .391

In at h .496

in h .453

at T .107

in T .153
v

in at T .071
y

in T .126
v

al T *

d
In T *

d

In at T .362
d
in T *371

d

at E .445

in E .837

in at E .597

in L .882

at c .501

In 9 .569

lu at 0 .466

in $ .492

_ _ _ .

(Note): h = elevation of releare (s)
T = varning eine for evacuation (haur)

T = durati n f relasse (hour)
d

6F = energy : elease (10 Etu/hr)
35 m f3,c)$ = effective source (10

*

<

4

i

t

. .s
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la b =k +k Inh *k la T +k la T +
2 34 14 24 w 34 d

+k *In E + k - la > + c (6.17)gg g

in b =k33 + k13 In 'n + k;3 In T +k In Td+3 35

+k45 InE+k33 In9+c3 (6.18)

la e =k +k inh +k In T +k In Td+1 06 16 26 w 36

+k * In E -r k. . in Q + c (6.19)46 ao 6

la c =kg7 + kg7 27 v
hh+k + d+2 37 ' "*

+k *In E + k
7 57 ' " # + '7

where k's are unknown constants and c's are random error variables.

VI.6 Derivation of the Constants of the Regression Equations

In the previous pcpulatica regressions a s=all nu=ber of unk :ns

were involved. Secause of the larger nu:ber of ter=s in the regression

quations considered here, stepvise regressic,a analysis is used to

eli=inate the ter=s which have insignificant effect on the variatics of

the dependent variables. In the stepwise regression, a partial

F-statistic is used to eliminate the ter=.s of insignificant effects,
.

as discussed in Section IV.2.6. ""he linear cultiple regressien program

in the DCRT Mar.hematical and Statistics 1 Package of National Institute

of Health (Ref-9) is used to calculate the F-values. An upper ICI

level is selected as the criterien of eli=ination of the insignificant

ter:s. Table 6.6 shows the process of elimination in the regressica

; equatics of (la a ). The calculated F-value of the warning ti=e term

(in T ) is smallet than the upper 10: F-value with (1,22) degrees ofg

,

~D j
,t i'

,
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freedom. The tere (in !, ) can then be eliminated. Then the equation

vithout (in T ) is tested.

In a = k.g - ig3 31 d + h1 *1 E+Inh +k * In Ig

k *b +c3g 1
*

The partial F-value is calculatad again. Similarly, the term (in T
d

can also be eliminated. The elirt .2tien process is terminated when

the partial F-values for the remaining variables are larger than the

10: level. For exa=ple, the partial F-value of (in 4) shown in Table

6.6 is larger and hence is not elf-f ated. Additional t-tests are also

=ade, as shown in Table 6.7, to help assure that the re=aining terms

canuc'. be eliminated.

From the stepwise regression, the final derived equation of in a t

is thus:

In a3 = -2.56 .53 in E .46 in h .40 in $ (6.22)

Interaction ter=s are then censidered by adding the product terms

to Eq. (6.22). For er,- le, to ccesider the interaction of (la h) and

(lr Q) the following ege.ation is studied:

= y g + k' g * b E + k} g In h + k' 7 la t +In a
g 1

+ k'g In $ In h + c' (6.23)3

whereky....,k.'g are constants and c is the raados error variable.
i

Partial F-tests are cade again with regard to the product ters and are

eitninated as shown in Table 6.8.

The significance cf the final regression analysis is also tested

~

by the F-value given 1: Table 6.9, which is related to the cultiple,

n.
s

.
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i

Table 6.6 Partial F-tests for the Elininatics cf Insignificant
legressor Variables for la at

Dif f erence F-value at
Iliminated of Residual Mean of 10% level
Eegressur Squares by Residual Partial (Degrees of
Variable Eldeination Scuares F-value Freeden)

In T .027 .106 .25 2.95 (1,22)y

In T .033 .102 .32 7-94 (1,23)d

in p .751 .099 7.59 2.93 (1,24)

Table 6.7 Results of t-tests of the Renaining Regressor Variables

Standard
Deviation of

Regressor Regressica Regressica g
variable Coefficient Ceefficient t-value

in E .596 .053 -11.3

in h .456 .C91 -4.99

in * .403 .147 2.75

1
t=1.31 at 10: level with 24 degrees of freedon. If the absolute

value of e is snaller than 1.31, the regression variable can be
elisinated.

i

|
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*
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Table 6.8 Partial F-test of Interactica Tems

Sum of Square
Attributable to Mean Square of F-value

Interaction the Interaction Deviation frca (Degree:. of
Tern Studied Term Reeressien Freeden)

(in E) (in h) 003 .103 .03*

(in h) (in t) .034 .102 .333*

(La c) (in E) .050 .101 .496*

(Note): F-value is 2.94 at upper 10% sigtficance level with degrees of
freedom of (1,23).

'

a

4

* k.)
'
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Table 6.9 Analysis of variance of Regression Analysis of in at

Degrees
of Sus of Mean
Freedon Scuares Sruares F aalue

Attributable to Regression Analysis 3 21.09 7.03 70.8

Deviation fres Regressica Analysis 24 2.38 .099

Total 27 23.47

Intercept -2.56

Muleiple Coerelaeion .948

Standard Error of Estimate .315

i .
r

0

.

4
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correlatica co-efficient. As the T-value at upper 0.1% significance

level with (3,24) :egrees of freede= is 7.55, the F-value of 70.8 in

Table 6.9 shews that the regression equation (6.22) is statistically
significant.

The final regression results of a are thersfore:
t

g = 7.73 x 10-2 , g . 53 h *" * $.40 (6.24)
~

a -

l -1.645 sThe 901 cenfidence bourds on a, are estinated by c s 5 s and e
r

where s is the standard deviation of ina and is equal to 0.315.g

Sintb r analyses are made for the. other dependent variables. The

regressica result of a; is given in Table 6.10 and <.he results of b ,
3

b,b,c dc are su=narized in Appendix H. The final equations2 3 g 2

obtained are:

23 059 - 98c = 2.93 t E p (6.25)-
2 d

-2 - -

b = 4.16x10 h . 27 , E . 39g (6.26)

b = 1.75 h* e E $ (6.27)-
2 d

3 = 1.45 t . 52
-

b (6.28)

g - 8. 63 x 10-2.h .3 .ss , g ss ,9 93 (6.29)
-

c ,,

= 2. 4 3 * h . C 8 0 , ,-1. m-

c (6.30)2

VI.7 Investigation of the Adequacy of the Regression Results

The regression results of a, and a are tested individually and2

collectively as follows. The emani=ation of the other dependent
*

rvariables is given in Appendix E. .
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Table 6.10 Regression Analysis of ay
i

f

Standard
Error of

DeJendent Regressor Regression Pegression
Variable p riable Coefficient Coefficient t-value

in a2 in c .233 .0453 5.2d

la E .059 .0177 3.7

in 6 .980 .066 -14.9

-

:

j Intercept 1.074

N 1tiple Correlatien .988

Sttsdard Error of Estins:e .106

F-value 323.1

(0.1:: F-value for 3 and 24 degrees of freedon is 7.55)

-
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VI.7.1 Eva onation of Individual Results

Tne quantity a is esti=ated from the regra sion results Eq. (6.24)

for each of the 28 samples of the radioactive re. eases and is cc= pared

with the data in Table 6.5. The esti=ates and oata are plotted in

Fig. 6.5. If the regression estimates accurately predict the data, the

points in Fig. 6.5 should lie closely about the 45 degree line. As

observed the points do lie about the 45 degree line and no systenatic

error is observed (i.e., tendencies to overpre.ict or underpredict

various ranges of data). The quantity a is sisilarly examined in

Fig. 6.6 and no syste=atic error is observed.

vi.7.2 Examination of the Combined Regression Results

The quantities a and a are constants of the transfer function
g 7

a(r). Possible ce=bined errors are exasined by estisating the first

risk ec=ents of the sa ple populatico distributions using a and a
g 2

derived by the regressien. The first risk moment is esti=sted fres

the regressien results by:

*
(M ) I (a ) exp [-(a ) r ] - (N). )g (6.31)=

*
where (M ) is the esti= ate of the first risk =ccent of the ccc.g

tional distribution at site i for the release 4 (a ) and (a )q "#8g 2

the constants of the transf er fenecion for the release q esti=ated from

the regressien results. (N ) is the population in the k-th annular

seg=ent la the direction j at the site 1. The estimates of the first

risk ccent is cenpared with the results of the consequence calculation.

The populatien distributions Site A and Site 3 are used to evaluate the

adequacy of the regression. The results in Fig. 6.7 do not show

systematic error and the largest error is a factor of 1.7. In b pter 7

:
-
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the largest error observed '.a Fig. 5.6 was a factor of 1.7 and was

found to be within the unc :rtainty bounds of the consequence odel.
.

Therefore the error in Fig. 6.7 can also be concluded within the error

bounds of the consequence ccdel.

Similar examinations are cade for the regression results Eqs.

(6.26) through (6.30) in Appendix H. The results a :e found to be
~

adequate.

VI.8 Exa= ole of Possible Applications of the Regression Rest *1ts

Having obtained the regression results, t. hey can then be used

for estimating the conse-quences of radioactive releases of . Efferent

characteristics without having to rerun the consequence progra=. For

exa=ple, in the Reactor Safety Stud- cu=ercus accident requc.nces

obtained by the event tree analysis are grouped into the release

categories in Table o.l. Using the regression results, the first two

risk me=ents and the nor=alization constant for each ci the accident

sequentes in the release category can be esti=ated without rerunning

the consequence program. Because of the exo'icit re'.ationship of th-

regression equations, sensitivity studies and decisicn making studies

are also able to be carried out in a straightforward :anner. The

regression results applied to an evaluation of the safety syste=s in

a nuclear power plant will be particularly discussed 1 ere.

VI.8.1 Evaluation of the Safety Systems

The safety systems in a nuclear power plant incluc e cugineering

safety fea;.ures, operation restrictions and maintenance activities.

They are designed to reduce the risk of the reactcr accidents by

reducing the probabilities of the occurrences or alternatively 5'y.

i G-
,

's

J
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reducing the cagnitudes of radioactive releases to the envirc==ent.

To present the application of the regression results to -he

evaluation of safety systems, a particular accident sequence ; is

considered. The distributicn of consequence versus probability for the

accident sequence is given by Iq. (6.1) as:

*
f (x) = P f (x) (6.3')9 9 9

where P is the probability esti=ated for the accident sequence q and
*

f (x) is the conditional distribution given thin accident occur e:ce.

The regression results allow the first t'-v risk cocents c=d the

*
normalization onstant of the conditional disttibution f (x) to be

estimated from the release characteristics of the accident seg:ence ,

which involves the release fractions of the core inventories, the

elevation of the release, the energy conte . of the release, the tire
-

of the release, the duration of the release and the warning ti=e for
aevacuation. For e u=ple, the constants of the transfer function a (r)

are estimated from the release characteristics by Eqs. (6.24) ar.d (6.25)
4

as:

' .9 .40-2 ,(g)9 - (h)9~'(a )9 = 7.73 x 10 - (5)9 (6.33)1

(a )q = 2.93 - (T )q.23 - (E)q* * - ($)q
-da

2 d (6.34)
f

Given a population distributirn, the first risk =ccent of the cendi-

tional distribution given the accident occurrence is esti=ated by:

' *

(M ) =E (a ) exp [-(a,) r]N (6.35).

tq

The first risk =ocent of the unconditional distribution is then given7

by:*

e

'

( ,

_ _ _ .--___.n=___ - %. - --
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(M ) =P I I (a. ), exp [-Ca;} *r ]*N.k (6.16)g k aq q *s s,
k

The second risk orent and the ner:alization constant of f (x) are

esti=ated in a similar =anner.
.

If the safety systems are designed to reduce the probability of

occurrente P , the effects of the systc=s can be evaluated from the

regressian results, such a. Eq. (6.35), because the probability term

P d.s separated from the effects of the ther release characteristics.

Giv ert e ,sptl?* ion distributica and the -isk =o=ents of the condi-

tiotal d.c;r'.bution, criteria can be cecsidered for the probability of

the c sur ence ? which give the acceptable risk characteristf es.
9

If the safety systems are desis :d en reduce the magnitude of the

release, t c effe. : of the 9ect.. - of the magnitude can be esti=atedS

frca tb: r gre , ion results, m. d s. (6.33), (6.34) and (6.36). A_ .

numer_ m . _' e. Ae is give . La the W subsection about the

evarita tt ar of a hypcchetical iodine - 1 system.

I h. +gressic6 ret its furthermete allow trade-off studiss to be

considered bet.een the populatica distr:icticn, the probability of

occurrence and the cagnitude of the release. For exa=ple, the objective

to obtain the acceptable first risk =c: art in Eq. (6.36) can be achieved

by selecting a site of low populatien er by adding or improving the

safety systems, which reduces the probability of occurrence or the

magnitude of release. Such trade-of f seziies can be straightforwardly

made frem the regression results.

VI.8.2 Numerital Exa=ple of Applicarica Of the Regression Results

A hypothetical iodine renoval syste= is etudied to demonstrate the

applicacica of the regression results t: theevaluationofthesE[ety

i
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systens. The problen is to express the decrease of the first risk

cocent in terms of the f .Le re= oval efficiency under the following

assu=ptions:

(1) The release characteristics considered are st:11ar to those

of a FWR-2 release category shown in Table 6.1 when ne iodine

is re=oved by the system considered .

(2) only the release fraction of the iodine is affected by the

system and the other release characteristics are unchanged

by the syste=.

(3) The population distribution at Site A shown in the Appendix C

is used.

(4) Only early fatalities are considered. The regression results

derived in this chapter are then applied, which are based on

the northeastern valley =eteorological condition and

radioactive inventories of a 3200 MW-th plant.

Let w be the iodine re= oval efficiency of the considered systes.

As 70% of the iodine inventory ir the core is released when no iodine

is re=oved by the system cons,idered, the release fractien of the iodine

at the removal efficiency w is given by:

q (w) = 0.70 (1 - u) (6.37)7

The effective source tern is calculated by Ess. (6.2) and (6.4) frem

the iodine release f raction in Eq. (6.37), the t?laa=a fractions of

the other isotope groups in Table 6.1 and the weighting factors in

Table o.2. The calculated effective sources for the three organs are

given in Fig. 6.8 as a function of the renoval efficiency. Fig. 6.8

shows that the effective source to the bone =arrou is desinant over.
<
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these of the other two organs. The effcetive source for the bone

carrow is therefore selected as the overall effective source ter=.

The constants a and a of the transfer function a (r) aret

esti=ated by Eq. (6.33) and (6.34) from the overall effective source

term in Fig. 6.8 and the other release characteristics of the FWR-2

release category in Table 6.1. The esti=ated constants a t and a;

are given in Fig. 6.9 as a function of the iodine removal efficiency

From the population distribution at Site A, the constants a and aw.
g 2

in Fig. 6.9 and the probabilicy of occurrence of 8 x 10- per reactor

year (FWR-2 release in Table 6.1), the first risk tocent is estinated
by Eq. (6.4=). The result is given in Fig. 6.10 as a function of the

renoval efficiency. FLaally, the decrease of the first risk mo=ent by

the iodine re= oval systen is also shown in Fig. 6.10 as a function of

the removal efficiency.

Fig. 6.10 can be used to evaluate the decretse of the first risk

ce=ent when data in the iodine removal efficiency of the system are

available. Alternatively, Fig. 6.10 can be used to calculate the

required iodine re oval efficiency of the systes to obtain the accept-
able first risk mo=ent.

VI.9 Su==ary and Conclusions

The regression approach discussed in Chapter IV vas de=enstrated

in this chapter in which the release characteristics was taken to be

the basic va: able. The early fatalities distribution in the north-

easterr valley =eteorological condition was used to derive the regres-

sion results. The regressor variables are the warning ti=e for evacua-

tien, the duration of the release, the energy coatent in the relearsed
<

~
r g

n
m_ _

)

y



.- .._ -- ._ ..---- --.--__ - - _

194

-

J -
. . 4 >

-
-

at

N
y 8

2 e-

2e-

e
o
4

n o
n o
e A
o

M#3
L
aN "

-n - C
f o
o C

9-
* -

5
a

e o
E
a

I _ L.

1o-32 / h o-
a
O

e-a

If-
-

-

I f f '0 a

J 20 c3 60 50 100
J

Fercentase I'ficiency of Iciite .:.e:c al
.

-

71 5 5.9 F.f r e c t o f th e Iodice :.e.: Oval Oc the Constants of
*

the Traccrer Function a (r)
.

.)

- . . . ~



.__ - . .

-
- _ _ , , _ _ _

_ _ _ .

195

-

'13 ,
- i v, -

. . . . .

- _

- _

o
. - >

o
_ - e

c
- _ z

o
- . c

.A

e
0

- m

/s
' c

=
a

4 / b
V mL3 - / ,

.,0 .a
.

r-

,
. o

* - C
_ ~

e
G
o- - =a s

c - / 1 _
'

o -o
Ce #o - _.

.z
'x

o - _ L-
c: ra
a Oe
u

.

c =a~
."10 - s

m - _ 10-

. -
e

o
,

4

m - -
C
~

- . c
C.,

L
_ o

c
- . o

- .

a . ,

-3 3
13 e ' e . ,-

--

2 20 40 53 53 193
Percentage I.'riciene/ of Icdine .:.e. oval

Fig. 6.1. s 'ffect of the Iodine :.ecoval en the First
.

= c.4 soaen: e

.

s

)'

,

\



. ._ . _ _ _ _ - , . _ _ . _ . _ _ _ _ _ . ,

_ _ _ _ _ _
.

- ~ ~ - _-

196

plume and the effective source which is a veighted sum of the release

fractions. The pecbability of the occurrence was not taken as a

regressor variable by considering the cceditional dist.ribution of early

fatalities given the accident occurrence. Se ccmstants of the transfer

functions discussed in the preceding chapter were takes to be the

dependent variables.

The lognor=al equations, such as gives below, were tested.

In a -k31 + k11 in h + k.,1 in T + k.I * In Td+1 v ..

+k inE+k * 12 0+C (6.38)ug S1 1

The terms that have insignificant ef fects on the variation of the

dependent variables were eliminated by the partial F-test. The final

equations obtained are:

ag= . 73 x 10 E*3 h*-2 - -

(6.39)-

= 2.93 T.23 , g.c59 ,7 9e (6.40)
-

a
2

b = 4.16=10 h . 27 , g . 39 (6.41)-2 -

i

'' **
b, = 1.75 h* 08 3 T*19 -E*"#''' (6.42)d*

b = 1.45 t . 52 (6.43)
-

3

c = 8.63 x 10 h *3 -T*3 -

$ (6.44)-2 -

-

3 d

- -1.02= 2.43 h . 080 , 9 (6.45)c
2

Systematic errors were not observed for predictica of the dependent

variables and the estimates of the risk characteristics M , M cnd a
g 2

were found to be within the uncertainty range c,f the consequence cedel.r
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Eaving obtainec che regressica esults, they can be applied to new

situ.ations for sensitivity studies and decision nakiah investigations.

Zeerm e of the sisple form of >.e regrest. ion equations, the involved

calenlations are sr.raightfervard and da 2 - require the consequence
s

codes or large cesputation time. T ss on results were applied

to as example of evaluation of a hyg 1 iodine renoval r.y-te=.

The decrease of the first risk mowet . :nally expressed as a func-

ef m of the iodine renoval ef ficiency of the systen. The exanple

117-etrates how the regression results can % used in evalaation and

decision making.
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CHAPTER VII

CCNCLUSICSS AND RECO M IDATIONS

711.1 Su==ary and Conclusion

The objective of this thesis is to develop a =ethodology for

deriving a set of explicit equations which relAe the public risk in

potential nuclear accidents to the basic variablee which determine

tha. consequences of the accidents. The equati r s give insight into

the physical relationships which are involved in the accidect risks.

Occe the eqcations cre derived, they can be used for sensitivity

analyses and decision =aking studies without the need of cot: plex

cosputer programs.

The cethodolecty developed in this study consists of two steps.

The first step involves describing the consequence versus frequency

curve in ter=s of a parametric distribution having a small nu=ber of

para =eters. He second step involves relating the parameters to the

basic driving variables.

A general approach for fitting the ccusequence versus frequency

distributiens to the parc=etric distributions consirts of three

fundamental steps. These steps are selection of the candidate

parametric distributions, esti=ation of the unknown paraseters and

deter =ination of adequate fits. The selection of the candidate

parametric distributions is based on the properties of the risk

distributions including the domain of the independent variables,

ut=b,r of = odes, skevness, and tail behavior. The =ethod of me=ents

anc. the =ethod of least squaces are discussed as =eans of estimating

the unknown constants. Criteria of adequate fits are based on the
e

a

-
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! largest deviatica of the fits, syste=atic err::s is the fits end

residual cean squares.

The developed apprcach is de= castrated frr the er, ples of

fatality distributions of nuclear and non-cu-lear risis. Four candidate

distributions are examined: expcnential, gz==.a Weibull ama lognmsl

distributions. For these eu=ples. *he method of =c=ents is used to

; estimate the unknown para =eters. In order to select a distributico

| family which adequately describes the fatallries distribrations, the

; historical records cf hurricanes, earthquakes, tor =adoes and das

failures are examined. The calculated risk c ::ves of ::cclear reacter

accidents are also examined for diff erer.c pe; .u.rion distributions z:d-

dif ferent types of the accidents. Er,ed on these era N tions, thei

Weibull distribution is deter =1 red to be the distributien which

adequately describes all these u rious risk m es. The esti=ates cf

the Weibull parameters for FN s L tired curves are s-rized in Table,

i
! 7.1. The lover end of the decain x , the cor=alizatica constant s,f 3

'

the risk cosentu about x a:-a deter =ined frc= the historical data or3

from the results of consequence calculation. he Weibull shape

'

para =ecer d and scale parameter q are deter:1:ed fres the first t.o risk

mo=ents, allowing si=ple and efficie:t esti=atics to be perfor:ed.

For the second step in the =cthodology, telating the distributi~a

para =eters to the basic driving variables, regression techniques are

used in this study. The regression approach consists of 6 funda= ental

steps. Thete funda= ental steps are: (1) ide_tification of regressor,

variables, i.e., the basic driving variables to be censidezed; (2)
1
I

selection of the dependent variables; (3) asse= sling the data to be used

i in the regressien; (4) for ulation of candidate regressi:o equaticas
1, *

L
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which express the relationship between the dependent and regressor

variable s ; (5) esti=ation of the unknown constants in the regression

equaticus by the cethod of least scuares; and (6) testing of the

adequacy of the derived equations.

The regrassion analysis approach is demonstrated in two exa=ples.

One exa=ple ..ses the population distribution as the basic regressor

variable. Three exponential functions (called " transfer functions")

are derived which relate the first two risk mo=ents and the nor=aliza-

tion constant to the population distribution. Table 7.2 gives the

transfer function results which are determined in this study. An

application of the derived equationr is de:sonstrated for an example of

selection of a site for a nuclear power plant.

The regression approach is de=onstrated for another exa=ple in

which the characteristics of the radioactive releases are treated as

the basic regressor variables. The dependent varisbles are taken to be

the constants of the transfer functions deter =ined in the preceding

analysis of the population distribution. The legnormal equations which

are deterstned are given in Table 7.3. The derived equations are,

applied to the evaluation of a laypothetical iodine renoval syste=.

In conclusion, the =ethodology proposed in this study is found to

be appropriate in deriving explicit equations which relate the risk to

basic driving variables. The derived equations are fairly si=ple and

straightforward, which allevs for sinple and straightforward applica-

tions to decision =aking studies and other calculations and evaluations.

VII.0 Reco._ endations

The methodology proposed in this study is one attenpt at de'ter-
e
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Table 7.1 Estimates of the Parameters of the Weibull Distribution i

'

1

.J
.g , g-1 8 ],

, ,

exp [- *~*a ] f(x) = a * E -
# *~"U = exp [- *~*0 )F (x) = a *

n n n 2 n. , , ,

_
f i

(1) (2) -

kEvents xo a (1/ year) H_3 H_2 6 q

i -'
Ilarricanna 0 6.30 10-1 1.27x10 S.64 x 105 .387 7.48 x10I2

{
''

) .

Earthquakes 0 1.64 x 10-1 1.53x101 8.13 x 103 .511 4.84x101 !

I ~

Tornadoes 20 8 10 x 10-3 6.62 x 10 1.67 x 1041 .703 6.53 x 103 j
f

Dam Failures 0 9.12 x 10-2 3.48x10 5.07 x10 .608 2.47 x 1021 4
|

;

Average of U.S. Reactors 0 4. 72 x 10-7 4. 60 x 10-5 6.45 x 10-2 .371 2.45 x 10 ) -f
3 '

a

.}PWR Accidents at Site A 0 5. 78 x 10-7 2. 72 x 10-4 5.77 x10-I .570 2.91 =102 ,

|
"

liWR Accidents at Site B 0 1. 61 x 10-8 9.92 x 10-7 3.4 6 x 10-4 .513 3.23xlol

.

1xo is determined from the smallest conscquence in the data. '

) j'a is determined from the number of events having consequences greater than x .o

, !
~

i
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Table 7.2 Transfer Funt. tion Results of P'.2 Accidents in Northeastern
,

Valley Meteorological CcnditionJ.

Dependent
j Variable Transfer Equatiens Co r.s t an t s

e

First Risk Mccent M1=I a t exp (-a * r) n (r) * dr a1 = 3.51 =10-8
?'

a2 = .600

l * exp [-b * (r+r ' ) ] * bl - 2. 05 = 10-ESecond Risk M2"E b 2
[ Focent j'

b2 = .352
exp [-b lr-r' l l n)(r) n)(r') -3

b3 = .557

*dr dr'
i

i

Nor=alization a = I c i * exp [-c 2 * d ] c1 = 1.79 =10-6jConstant j

| c2 " 398

(Note) : (1) n (r) is the population per unit distance at in a 225j

degree sector of the direction J.

(2) d) is the nini=us distance at which people live frc= a
reactor in the direction j.
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Table 7.3 Sumary of the Regression Results of the Radioactive Releases

_._

Transfer Functions Regression Equatio-s

P

Hi ** P * E n g * cap (-aya r) * n (r) dr n g = 7.7 3 4 10-2 . E' * SI * 1, . 46 4 40
IJ* ng = 2.93 n t * II * K * D'E' * p * WE

H2-P I bg * erp [-b * (r+r')) - b g = 4.16 x 10-2 . h . 27 . g . 392

j r r' e'

! b; = ' .75 * h* 043 * t
d* exp [-b * |r-r'|] n (r) n (r') dr dr'3

d 3 b3 = 1. 4 5 4 52
-

0

n = P I e g exp [-c2*d ] c 3 = 8 63 x 10-2 * h * 37 * c ,65 . g. 93j d
)

c2 * 2*43* h~' 'f~I'U#

>

I

| The northeaarcra valley meteorological cenditions are noouned.

P = probability of the occurrence (1/*jear).,

3 6t - duration of the release (hours), E - energy content in ;Se plume (10 Btu /hr),
,

n = clevation of the release (meters), t = effective source (105 3m /sec).
?

!
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mining basic relationships which can be used in risk evaluations sud

decision taking situations involving risks. The cethodology is

deconstrr.ced for enly one type of consequence (early fatalitics), one

ceteorological condition (northeastern valley sites) and two sets of

basic variables (population distributica and radioactive releases).

Further studies will be required to develop broader results, such as

considering other types of consequences, other meteorological condi-

tions, and other basic variables. As consequence codels and co=puter

programs change, the regression relationships v111 also need to be

reevaluated to determine updated results.

The cethodology cay also be applicable to evaluation of non-nuclear

risks, such as das failures. Relating th2 risks to the basic variables

of interest =ay provide help in decision making and risk evaluations in

these situations. Further studies are recc== ended to determine the

feasibility of applying the cethodology to these dif ferent situations.

With regard to the = ore detailed rece==endations, the following

studies are specifically reco== ended:

Chapter II and Chaeter III

(1) Only two general fitting techniques were discussed in this

s tudy. However a large number of other techniques have been

developec and the =ost apptspriate technique may depend on

the candidate para etric distributions. For exa=ple, a linear

esti=stor of the Weibull distribution with the logarithmic

transfor=ations of dependent and independent varicbles is

discussed in Ref-6. Furtner studies are reco== ended to test

other techniques of fitting para =etric distributions to the

consequence versus frequency risk distributions.

_ \h. -----
- _, _ _ _ _ _ _ _ .
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(2) Four candidate distributions were exanined to it: the risk
curves. Other distributions should also be *nvestigated to

decernine their feasibility and particular advantages and

disadvantages.

Cheeter V

(3) The transfer function c(r) that relates the nor:411:ation
constant with the closest distance at which people live to

the recetor was defined in Section V.5 as an apprcxt ation

of the expectatien of the H equation. In the evi ple case

of the fatalities distribution of P'."R accidents. the errcr

of this appraxtnation was found to be within the uncertainty

ranF'. of the consequence nodel. However in other situations

this approxination =ay not be appropriate. Therefore, further

studies are required to define the transfer # Lction that

relates the nor=aliaation constant with the pepelation

distribution for a vider variety of ccusequences.

Chaoter VI

(4) The effective source was defined for early fatalities in

Section VI.2 because the interaction effects of the release

fractions of varie s isotope groups are not single. For

other types of consequences, however, one or reo isotope

groups nay have decinant ef f ects on the nagnitude of conse-

quence. For ev' 71e, the property danage cay be deninated

by the release fraction of the Cs group. In these cases, the

selection of the release fractions as regresser v riables

=ay be appropriate. Further studies are rece=nended in

e

,\
'- - - -
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studying basic regressor variables for the analysis of a

vide variety of consequences.
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AFFC.T)II 3

NCME;CLC.I

Since this thesis is related to various different fields, such as

sta tistics, =ateorology, health physits, etc. , it is sc: tines

diff: . ult to achieve r. consistercy about the notation. The nc=enclature

is thus given here for each chapter.

Chaeter I

F number of events per unit time

F" ce=plecentary cu=ulative frequency (nu=ber of events per
unit time)

f frequency per unit time per unit consequence

M risk conent

t order of the risk mo ent

I consequence =agnitude

x,, g integration interval

( reference cagnitude for the evaluation of the risk
morent

Chanter II

E expectation

e ,....e ##" *## # "## "'g n

f frequency distribution

F" complementary cu=ulative distributien

i co=plenentary cu=ulative f req: ency of the data i

G candidate parametric function

subscript denoting the data to be fittedA

\,

.-
1

/ s
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k nu=ber of para =ecers

M risk =o=ent of tha candidate distributien

S risk =o=ent e " mated fro the data to be fitted

n order of the ris scent

n nu=ber of the data

2s residual mean square of the estimated equation

x independent variable

x observed value of the independent variableg

T randos variable

Y ,y observed value of Yg g

A2 residual cean square to be minimized for ths cethod of
least squares

& reference point for the evaluation of the risk c:=ents

o standard deviation of the random variable YY

ti.....t parameters of the candidate function
k

tg ....t estimates of :he parametersk

Chapter III

F" co=ple=entary cu=ulative frequency

f frequency distribution (nu=ber of 2 vents per unit ti=e
per unit consequence)

f nor=alized density distribution (number of events per
unit consequence)

Mi first risk coment about the lower end of the domain

M2 secend risk =c=ent about the lower end of the do=ain

M m-th risk oc=ent about the 1cwer end of the domainQ

n or der of the risk =o=ent

p probability assigned to the sa=ple data or the trial in
the consequence calculation

n

]T v\

'\.

J
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T tima period in which the historical records are
available for non-nuclear risks

,

x =agnitude of consequence

x3 lower end of the detain of x

ax interval of the consequence =agnitude for the
calculation of the frequency distribution from the
historical records or from the consequence results

,

a normalization constant

S shape factor of the ga==a distribution or the Weibull
distribution

' r Ga==a function

n scale factor of the Weibull distribution

0 scale factor of the exponential distributics or the
ga==a distribution

nu=ber of histcrical observations having consequencesc
greater than the specified magnitude

ac number of historical observations having consequences
in the certain range of the magnitude ax

u mean of the nor=al variate (in x) of the legnor=al
distribution

( reference cagnitude for evaluation of the risk coment

a standard deviation of the nor=al variate (in x) of the
legnor=al distribution

Chapter IV

F F-value for the evaluation of the significance of the
regression equation

F' partial F-value for the evaluation of the significance
of the added unknown constants

F" comple=entary cu=ulative frequency

h candidate regressica equation

k nu=ber of paraceters

a number of regressor variables

.

2

,
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at=her of the data,fer regressionn

Sj sus of squares attr'ictable to egression_

S{,S[ sua of residual s: ares

x =agnitude cf consage::e,

zo icver end of the &*' cf x

y dependent variable

yo average of y-values cf the data

z regressor variable

a cor=alization censtas:

S shape factor of the 7e15n11 distribution

A2 sun of residual spares to be =inimized in the -

regression analysis

c.c' random error variallas

n scale factor of the Teibn11 distribution

= umber of added i ~r w in the regression equ ticav

o =ultiple correlati:c c:. efficient

known constants is t_e candidate equationsr n

r esti=ates of r by regressica

Chaeter 7

A ratio of the fatali:1es to the populatica for a specific
trial

ratio of the fatalities to the population in the k-th
annular seg=ent for a s,4 ific trial

a transfer function tia: relates the first risk uc=ent to
the populatica dis &_3crien

a t . . . . . a,, ==known constants ef the candidate function of a(r)
1 , . . . 1,, esti=ates of at.....a ~:y regression1

e the average of A. :rrer all the trialsk c

.

*/

%
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'

b transfer function that relates the second risk cocent to,

the population distribution

b ,.. . .b , unknown constants of the candidate function of b(r,r')1 y

S ,...,6 , esticates of b ... b , by regressiont ty y

bg, the everage of [g * A, ,) over all the trials
e transfer function that relates the normalization

constant a to the closest distance of population from
the reactor -

et,....e,, unknown constants of the candidate function of c(r)
ct....c, estimates of c1.....c , by regressiony y

d closest distance at which people live from a reactor

E expectatica over the trials

F" complementary cu=ulative frequency

F",F"
-

h complementary cu=ulative frequencies of the two adjacent
' data points in tha consequence results below and above

10-9/ year

F' partial F-statistic for the evaluatica of the added
unknowns

H unit step function

h, candidate function of a(r)

g cardidate function of b(r,r')

h candidate function of c(r)
h candidate function ot' y(r)

Y

i subscript denoting the sample data

j subscript denoting the vind directaa

K number of seg=encs considered in the consequence =odel

k,k' subscript denoting the segcent

k the closest seg=ent at which people live
j i subscript denoting the population group in the bell-
j shaped population model
|

M1 first risk totent about the lower end of the domain
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M2 second risk sc= ant about the lower end of the do=2in,

N pepulation in an annular seg=ent

N fatalities in an annular seg= catg

N t tal population in a pcpulation grcup in the bell-
T

shaped population codel

n popular. ion per unit distance per radian

a population per unit distance in a 22.5 degree section in
d the directica j

n pcpulati n per unit distance in an a= ulus of unit vidthT

p probability of the vind blewing to the cirection j
,

p pr ai ty ccurrence of releaseR

p procability assigned to a specific sa=ple of the weather
5

data
.

p pro:a'aility assigned to a specific trialg

p proba.=ility assigned to a specific evac atica speedy

R distance fro = the origin to the caater =f the bell-
shaped population group

R ' C' D |istance frem the origin to the center of the populatica
B

grr.mps 3, C and D respectively

r distance frem the origin

r tstance frem the origin to the center of the annalark
se gnent

.

Ar vidth of the k-th annular seg=entp
'

S sum residual squaresR

t subscript denoting the trial

x magnitude of consequence

r '*L censequence =agnitudes of the two adjacent points in theh consequence results belev and above :he c =plementary
c" "lative frequency of IC-3/ year

a nor=alizatien constant

S shape f actor of the '~eibull distri' tnice

|
1

i . ') Is. ,
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y transfer function which approx 1=ately relates tha
nor=alization conntant to the closest distance at which
people live from a reactor

!

unknown constants of the candidate function of y(r)Yle >Yy,,,
,

a2,g2,3 ,32 sus of residual squares to be minisi:ed in the2
a C T regression approach

c.c' random error variables
,

I
C coordinate axis perpendicular to r'

i
! n scale factor of the L'eibull distribution

0 angular coordinate in the polar coordinate system

v,v',v",v"' nu=ber of unknown constants in the candidate
functions

p population per unit area
,

***##E" # " * E P"I#E * * ~c '#B'#C' DA shaped populatica groups A, B, C and D
I:

c average deviation of the population in a bell-shaped{| R
|

population =odel
t'
|

Chapter VI

|
-| a* transfer f"nction relating the condition first risk

moment M* to the population distributiong

| at,a2 paraceters of the exponential function to fit a*(r)
i

B breathing rate

b* transfer function relating the conditionsi second risk

co=entM$tothepopslationdistribution

parameters of the exponent function to fit b*(r,r')b3',b3

C doce conversion factor involving three codes of exposure

C se conversion factor for clod she dose
C

f C dose conversion factor for ground shine doseg

C dose :onversion factor for inhalation dose
7

c* transfer function relating the conditional normalizatier.
!

| constant a* to the closest distance at which people live
'

, ,

, {-

. \\
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i

'. ci,c2 paraneters of the exponential fuuction to fit c*(r)
!

f d closest dista ce st which people live fren the reactor

:

i E energy conte =t in the released plune

f frequency distributien

f* conditional frequency distribution given the release
occurrence

! g subscript deno:ing the isotope groups for the evaluation
of the release fractions

h elevation of ta.icactive release

I inventory of radioactivity in a reactor core
*

j subscript denoting the isotope

k subscript denoting the organ in a body

kOI,kO2*****E 7S
constants in the regression equations

k$g,k,2,...,k'70 5

[,
(LD)50

a se that causes deaths to 50% of the exposed
| population

M* first risk nonent of the conditional distributien f*(x)
given the accident occurrence about the lo er end of :he
donain

M* second risk nenant of the conditienal distributien f *(x)
f given the accident occurrence about the lover end of the
[ de-u in
!

! M* t-th risk nonent of the cenditional distributica giveng
the accident occurrence

N population in an annular seg=ent,

I
t

; n population per tait distance in a 22.5 degree sector in

g the direction j

f P probability of cccurrence of release

Q released a= cunt of radioactivity,

i
I q subscript denoting a specific release

q release fractinn of the isotope group gg

i q release frac:icu of iodine
7

!

,

I

t *

b
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r distance frem the origin

standard deviation of the esti= ate of the dependents

variable

s c1 ud shine shielding factorC
.

s ground shine shielding factorg

T duratien of the released

T time of the 'eleaser

7,, warning ti=e -for evacuation#

t subscript dennting the order of the risk no=ent
t .

7 deposition velocity

; x ceasequence =agnitude

*
normalizatice constant of the conditional frequencyc

distributica f *(x) given the accident occurrence

| g randen error variablesc .....c7
6

A radioactive dec y constant

x ground level airborne concentration of radioactivity
o effective source

O veighting factor for effective scurce

iodine re= oval erficiencya

Chaeter VII

transfer function relating the first risk =o=ent to thea
population distribution

a.,a para =eters of the exponential function fitted to a(r)2

b transfer function relating the second risk coment to
the populatien distributien

b ,b ,b para =erers of the exponential function fitted to b(r r')3 2 3
'

transfer function relating the nor=ali:ation constant toc
the closest distance at which people live

r

c;,c2 Para =eters of the exponential function fitted to c(r)

'} .

1
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4 closest distance at vtich pecple live f ren a reactor

E energy content of :he released plc.e

#
F cocplementary caulative f requency

h elevation of release

j subscript derating the directir.

k k' subscript deno:iss the segeen:

M first risk cement sh:ut the icver end of the do=aing

M, second risk =c:ent atout the icver c d cf :he decain,

n population per uni: distance in a 22.5 degree sector in
d the direction j

P probability of occ :rence of release

r distance f ron ths crigin

T duration of released

x magnitude of censeraeace

x lover end of the dec.ain of x3

a normalization censtant

8 shape factor of the Veibull distributicu

n scale factor of the Veibull dis:ributice

$ effective source
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APPENDIX C

INPUT OATA FOR CCNSEQUENCE CAI.CULATION OF INDIVIDUAL SITES

Major input data for the consequence calculation of the individual

sites are su-marized in this appendix. Since cost of the input data for

the individual site calculations are the sa=e as those for the calcula-

tion of the first 100 co=cercial nuclear power plants perfor=ed in the

Reactor Safety Study, only the data of specific i=portance in the

individual site calculations are given in this appendix. The input data

which are not given here are found in Appendix VI of WASH-1400 (Ref-1.

The characteristics of the northeastern valley meteorological

condition are given in Table C.l. All of the calculations of the

individual sites in this study are based on this meteorological

condition.

The inventories of the radioactive isotopes in Table C.2 are used

in this study. The inventories in Table C.2 vere calculated in the

Reactor Safety Study, assuming a 3200 MW-th FWR core at a tLse of just

prior to refueling af ter the operation at a constant specific power

density of 40 MW/kg U. EWRs h2ve approxi=ately the sa=e inventories as

FWRs.

The releast characteristics of PWR and BWR accidents are given in

Table C.3. The calculation results in Chapter III and Chapter 7 are

based on the overall risks from the release categories in Table C.3.

In Chapter ?I, these release categories provide the data base for the

regression analysis.

The sec=etry for the population distribution used in the conse-

quence code is given in Table C.4. The population distributions of

_ _ _ _ . . - - -- - - ... . -- .s
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Site A and Site B are given in Tables C.5 and C.5, respectively, as

examples of the population distributions used in this study. They

correspcud to the 3rd highest and 3rd lovest, resp;ctively, when the

68 sites considered in this study are ranked in a descending order

based on the c ualative populations within 5 =iles. These populatica

distributions are used in Chapters III and VI and Appendix F as the

exanples for demonstrating the nethodologies.
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Tablo C.1 Joint Frcouency Distribution for Thermal Stability, Windepeed, and Rain for Northeastern
Valley Heteorological Condition

,

'

Wind Speed (m/s)
i Thermal

Stability Rain 0-1 1-2 2-3 3-4 4-5 5-6 6-7 >7 Surama t ion
% % % % % % % % % i

A No rain 1.83 2.93 2.69 2.52 2.17 1.42 1.14 1.54
Rain 0.09 0.06 0.03 0.05 0.00 0.01 0.00 0.01 16.50

B No rain 0.49 0.34 0.26 0.21 0.25 0.15 0.06 0.15
-

Rain 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.92
C No rain 0.51 0.49 0.49 0.31- 0.34 0.27 0.23 0.40 ;Hain 0.01 0.05 0.02 0.00 0.00 0.00 0.00 0.01 3.11 I

i
3

D No rain 6.06 4.52 4.84 3.54 2.68 2.33 1.22 2.57 I
Rain 0.37 0.51 0.41 0.19 0.10 0.10 0.10 0.23 29.87

E Ho rain 7.61 5.64 4.77 3.45 2.45 1.18 0.88 1.70
Rain 0.53 0.54 0.57 0.39 0.16 0.06 0.06 0.17 30.15

F No rain 8.11 4.86 2.51 1.21 0.50 0.31 0.15 0.17'

Itain 0.25 0.10 0.09 0.08 0.07 0.01 0.01 0.00 18.44t
I

h Summation . . 25.87 20.05 16.61 11.85 8.85 5.83 3.85 7.10 100.00. . . . ...

>

(Note): From Table VI-5-2A in Appendix VI of WASil-1400 (Ref-1).
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Table C.4 Geometry for the Population Distributice in the 00: sequence
Model

Seg est Distance to 'a'id t h o f S e g= en: Outer Radius
Nt=be r Midootnt (niles) ar_ (milesi _ (=iles)

1 .25 .5 0.5
2 .75 .5 1.0
3 1.25 .5 1.5
4 1.75 .5 2.0
5 2.?i

,

.5 2.5
6 2.73 .5 3.0
7 3.25 .5 3.5
8 3.75 .5 4.0
9 4.25 .5 4.5

10 4.75 .5 5.0
11 5.50 1.0 6.0
12 6.50 1.0 7.0
13 7.75 1.5 8.5
14 9.25 1.5 1C. 0
15 11. 25 2.5 12.5
16 13.75 2.5 15.0
17 1 6. 25 2.5 15.0
18 18.75 2.5 20.0! 19 22.5 5.0 25.0

} 20 27.5 5.0 30.0;
21 32.5 5.0 35.0
22 37.5 5.0 40.0
23 42.5 5.0 45.0
24 47.5 5.0 50.0
25 52.5 5.0 55.0
26 57.5 5.0 60.0
27 62.5 5.0 65.0
28 67.5 5.0 70.0
29 77.5 15. 0 85.0
30 92.5 15.0 100.0
31 125. 50.0 150.0
32 175. 50.0 200.0
33 275. 150.0 350.0
34 425. 15 0. 0 500.0
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I APPENDIX D,

|

TAEII3 FOR ESTDfATIO I Or' THE WEISUI.L PARAMEms FROM THE MOMUITS

For the convenience of the calculation of the Ca==a functions in
!

esti=ating the Weibull paranaters, the following quantities are given-

as functions of 3 In the range .1 < S < l.1.

Table D.1: [T(1+ )] /T(1+ )

f(1+f)Table D.2:-

T(1 +f)| Table D.3:
,

4

.

t

o

1.

-
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APPENDLX E

COMPARISON OF FITTING TECICIIQUES

E.1 Introduction

Two fitting techniques were discussed in Section 2.3, the method

of =o=ents and the =ethod of least squares. The =ethod of =o=ents was

used in Chapter III to erantne the fatalities distributions of nuclear

riaks and non-nuclear risks. In this appendix, the two =etb' are

coepared with regard to the residual mean squares and the esti=ates of

the para =eters. The co=perisons are based on the Weibull distribution.

The data distributions examined are the early fatalities distribu-

tions of hurricanes, average of U.S. reactors and PWR accidents at Site

A.

E.2 Fitting Techniques

E.2.1 Method of Moments

The method of =o=ents was used in Chrpter III to esti= ate the

para =ete. s. In the Weibull distributics, the esti=ates of the shape

factor 8 and the scale factor n are obtained by solving the following

er;uations:

[T(1 + )] M
= (E.1)

T(1 + ) M2*3

1
0= (E.2)

a * T(1 +f)
.

where

M = the first risk =oment.
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M = the second risk me=ent.

a = the nor=.211:ation constant.

T (* ) = t he Ga==a f t.ne tion.

E.2.2 Method of Least Squares

2.e shape factor and the scale factor are esti=.ated by ninimizing:

2-

42 in 5 - In [a exp - ] (E.3)
,

-

i=1, - '
;

where

-c
F = co=ple=entary cu=ulative frequency assigned to the

data 1.

x = uagnitude of the consequence of the data 1.g

n = total number of the data.

The natural logarithm is used in the least squares becausa the frac-

tional errors of the frequencies have cc= parable =agnitudes rather than

the absolute errors of the frequencies. The non-linear least-squares

program in the DCET Mathe=atical and Statistical Package of National

Institute of Health (Ref-9) is used. The initial values for the

iterative calculation in the cethod of least squares are obtained from

the results by the cethod of co=ents. The number of iterations

required are fres 6 to 8 to reach the convergence level of 10.

E.3 Basis for Co=parisen

The two fitting techniques are co= pared on the following basis:

(1) In Chapter III the Weibull distribution was found to be

._ :T. ^ -

-. . -

~
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v1 thin the error bounds of the data distributica vben the

parameters were estimated by the cethod of necents. The

method of least squares is examined to determine if it

satisfies the sa:e criterien.

(2) The residual =ean squares for the two =ethods are ce= pared.
.

fx' 8 21 -c
I {F - In a exp [ - i- ] ] (E.4)s =

n-2 1 (6;g

vbere $ and 6 are the esti=ates of the Weibull para =eters.

(3) The estimates of the risk =o=ents are cbtained from the

least-squares estimates of the parameters.

$ = a 6 - T(1 + ) (E.5)3

S =a$2 , 7 (1, 2)
2 (E.6)S

where $ and $ are the esti=ates of the first tw risk1 2

mc=ents. The fitting errors of the risk me=ents are exasined

in the =ethod of les.st squares. In the =ethod cf =ocents the

estinates of the risk =c=ents by Eqs. (E.5) and (E.6) are

equal to the data values.

For the cuclear curves, the fitting errorc are also cc= pared with

the regression crrors in the regression analysis of the pcpulation

distribution. ~ehen the fitting errors are smaller than the regression

errors, the selection of the fitting techniques does not significantly

affect the investigation of the relationship between the risk distribu-

tions and the pcpulatica distribution variables.

E.4 Co=parison of Fitting Techniques

The a.arly fatalities distributiens of hurricanes, average of U.S.

.
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100 cc ercial reactors and FL"1 accidents at Site A are enmined in

the following sections.

E.4.1 Hurricanes

The uo.~alization constant and the lower end of the domain vere

determined in Section III,4.3 as:

a = .63/ year

x =0
0

The residual mean square, the esti=ates of the parz=eters and the risk

mcx:ents by the two fitting techniques are given in Table E.1. The

complementary ci ulative distribution:; dsrived from the estimates of

the parameters are shown la "ig. E.1 along with the data. The bands

attached to the data points are the 90% confidence bounds.

Fig. E.1 shows that the L'eibull distributicus by the two techniques

are both within the 90% confidence bounds of the data. The method of

least squares gives somevnat higher probability for the largest

conssquence. The method of moments gives secevhat higher probability

values in the region of medius and low consequences. The residual cean

square of the lease-squares fitting is smaller by a factor of 1.8 than

that of the method of moments. Since the method of least squares gives

slower rate of decrease in the tail, the esti=ates of t a visk =mentsh

are so=ewhat larger than these of the method of mecents, which are the

data value. In conclusion, the selection of the fitting techniques is

judged not to have significant effect.

E.4.2 Average of U.S. Reactors

The nor=alization constant and the lover end of the deca m .e

.
-
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deternined in Section 111.5.3 as:

~7a = 4. 72 x 10 / reactor ye2r

3=0x

Thd results of the fittings are give= in Table E.1 and Fig. E.2. The

uncertainty ranges of the data are represented by factors of 5 and 1/5

on the probability and by factors of 4 and 1/4 on the magnitude. Fig.

E.2 shows that both of the fitted distributions are within the
.

unceitainty ranges of the data. ne residual =ean square of the method

of least squares is s= aller that that cf the =ccent fitting by approxi -
nately 15%. ne risk coments esti=2 ed by the least-squares fittinF

are s= aller e b those of the da:a values and the noments fitting. The

differences are a factor of apprerf u ely 0.9 for the first risk mement

and a factor of appreri ately 0.7 for the second risk moment. Since
the 901 errer % "s in the regressicc analysis in Chapter V vere

factors of . 3 d 1/1.3 for the first risi necent and factor of 1.6
and 1/1.> for the second risk sc=ent, the selection of the fitting

tecMiques is judged not to have significant effect in this study.

E.4.3 FWR Accidents at Site A

The nors=1L-ation constant ard the lower end of the dose.in vere
determined in Sectica III.5.4 as:

-7a = 5.78 x 10 / reactor year

0=0x

The results of the fittings are given f a Table E.1 and Fig. E.3. The

uncertainties of the data are represe::ed by factors of 5 and 1/5 on

. _ _ _ _ _ _ _ _ . _ .
- - -
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the probability, and 4 and 1/4 on the magnitude. Fig. E.3 shows that

both of the fitted curves are trichin the uncertainty ranges of the data.

The residual mean aquare by the least squares =athod is smaller than

that of the moment method by approx 1:ately 2CT. The differences of the

risk me x.nts beeveen the two cethods are a fae cr of 1.05 for the first

risk mor.ent and a factor of 0.95 for the seccad risk coment. These

errors are within the 90I error bounds of the regression analysis

performed in Chapter V and are judged not to ' ave significant effects

in the regression results.

E.5 Conclusion

The Weibull fittings determined by the tw rathods are within the

uncertainty ranges of the data for all of the m ined curves. The

method of least squares gives s= aller residual -n square than the

method of mo=ents, however the differences are less than a factor of 2

for the ernnined events. The errors of the esti=ates of the risk

moments by the method of least squares are vir5f, the 90: error bounds

in the regression analysii in Chapter V.

In conclusion, the selection of the fitting techaiques is judged

not to hava signi.ficant effects on the analysis in this study.

.
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Table F.1 Comparison cf the Fitting Techniques in the Fatalities
Distributions

. _ _ _

Fitting Technieues

Type of Variables Method of Method of
_ Risk Cc= ared Moments Least Scuares

Hurricanes Residual Mean Square .107 .060
Shape Factor S .387 .301
Scale Factor n 7.48 x 101 5.18 x 101
Risk Mc=ents Mt 1.72 x 102 2.96 x IC2

M2 5. 64 x 105 4.12 x 105

Average of Residual Mean Square .194 .170
eact rs. .

Shape Factor S .371 .380
Scale Facter n 2.45 x 101 2.33 x 101
Risk Mc::ents Mt 4.60 x 1(r5 4.C4 x ig-5

M2 6.45 x 104 4.65 x 1CF2

PWR Accidents Residual Mean Square .102 .031
** 3 ** ^

Shape Factor S .570 .616
Scale Factor n 2. 91 x 102 3.40x102
Risk Mcment.s Mt 2. 72 x 1G* 2.85 x 1G"*

M2 5. 7', a 104 5.51 x 104

f
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APPENDIX F

BELL-SEAPED POPULATION MODEL

F.1 Introductica

The bell-sh ped or gaussian population distribution discussed in

Section V.8 is discussed again here in more detail. A numerical

example is also given to show the applicability of the model. Le bell-

shaped population modal allows the ev.aluation of the risk of nuclear

reactor accidents to be perforced for each of the cities and tows

surrounding the nuclesr cover plants.

F.2 Bell-Shaped Population Model

The population distribution of a city or a town is ideal 12M by

a bell-shaped population =odel shown in Figure F.1. The population

distribution is sy==etric about its center. Its total population is

N , the distance of the center from a reactor is R and 90% of the totalT

population are living in a radius cf 2c * #* "8 # * * (#' }R

coordinate in Fig. F.1. The pc* t:?.s.: ion per unit area at (r,C) isf

expressed as

p (r, C) = ***E - (r - R) 2
2,'

T g
-2 2 2 (I'1}2ro #

#R'R R

Since the regressica equations in Chapter V are based on the (r.0)
cc%rdinate, an approximation is made based on the assu=ption that a

1city or a town is in a 22 7 degree .2ector, i.e.,

2eR* (*}
*

t

4
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Based on this assu=ption, the populatio.n Mr unit distance at r in a
1

22 7 degree sector is appro * mted by:

N, t
=

n (r) = [ ::(r,;) dc = '

erp - (r - R) 2'
d (F.3)

6 c., 2c_2-~ ' '

.\ L

The population distribution in a 22 1;- degree sector is also expressed
~

by a gaussian distribution. When the city cr town is large enough to

cover a nunber of sectors, the populatiens of the city or town are

divided into separate population grcups, each of which can be expressed

by a gaussian distribution with respect to r.

The bell-shaped population nodel is thus applied to each of the_

cities and towns surrounding the nuclear pever plant. The population
!

1distribution in a 22 7 degree sector is e:gressed by the series of the
bell-shaped distributicas as:

L
j (N )L (r - R ) 2T gn (r) = I

_ (c #

*exp [ - ] (F.4)
|2i=1 2T R1 R1
,

where the subscript i refer- to each of the population groups involving i

cities and towns. L is the 'otal nunber of the populatic a groups in
the dir(ctica j. '

i

F.3 Estimation of the Risk Monents

Using the transfer functions derived in Chapter 7, the risk conents I

are estinated for the bell-shaped populatica distribution. The transfer

functicas used here are:

a(r) = a en [-a * r] (F.5)

b(r,r') = b exp [-b * (r + r')] exp [-b |r - r'|] U. 6)*y 2 3

c(r) = c *exp [-c * r] (F.7)i 2

-_ - _ . . . . . . .. . . . - . . . - - - - - - - -- -- --
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The first risk moment is estimated by:

.

N = I [ a(r) n (r) deg

j 0

'L
j (g)g ( (r - R,) '.

=E[a * exp (-a, r] < I W (- '#
g 2-'

j0 , !=1 v2r(o )g 2a '

g R

2. (a )fj a- g
=E E (g)g ag 2g 2

exp -a R + *

j i=1
22

r - R + a, - (a ) t= -

- - ) dr1 g R

[ 6(a
'

(F.8)x * exp ,,

0 (#R1 R

i
The integral in Eq. (F.8) is rewritten as:

;
2 1r 2

y qr-R+a * (#R) E= - '

g 2

[ 5 (e )1
exp dr

2
a * (#'

R R1
* ' '

[ exp -
g21

dC (F.9)=
2 2

- (# * (#R)1'-R +n - (c )1 # *
R R1

2

where C = r - Rg+a - (c The approximation is nade here based on .R1

the assu:2ption as:

I

-R+a -(o) < - 2 (o ) g (F.10)g g g

Then the integratica range in Eq. (F.9) is from less than -2(c ) to
R

infinity. Therefore the integral in Eq. (F.9) is greater than .97,

which is approximately unity. Then Eq. (F.8) is appro*ately expressed

as:

2.(;q)j a- ,

M =E E (tg)g a erp -a Rg+ 2 (F.11)2
j 1-1 ' d

The second risk nonent M, is calculated to be:

I

u2 -.
-

. . = = . _ _ __
- )_;. --

_
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exp [-b * (r + r')] exp [-b * |r - r'|] nj(r)-M =I i

2 33-

n (r) dr*dr' (F.12)

The term exp (-b - |r - r' |] in this equation indicates the si=ultaneous
3

occurrence of de.aths at r and r' . The term decreases by an order of

magnitude when the interval between r and r' is more than 2.3/b3 '2/b .'

3

The approxi=ation can be made of calculating the second risk moment

for each populatien group separately if the distance between the two

adjacent population groups is nore than 2/b .
3

(R - 2(o }1+1 1 + 2( R 1 ' (*~gg R 3

vhere the subscripts 1 and (L+1) refer to the adjacent population groups

rad the populatien outside the radius of 2a are @ red.
R

Then the risk co=ent M is calculated to be:

L
3.-

M2=I I [[b exp (-b * (r + r')] exp (-b - |r - r'[]
2 3j 1-1 0 0

(F.14)
(N }t (r - R )2 (r ' - R ) 2T g

**P I' I***P I" 1 dr*dr'x
2_

2r(o }i 2(o )2 2(o )1
:

R R1 R

Eq. (F.14) still requires a numerical integration. Further approxima-

tion is made here. For a small tevn whose radius 2:g is s= aller than

1/b , the term exp [-b - |r - r'|] is approx 1=ated by 1.3 3

2ag < 1/b3 (F. U)

Then the interpretations of r and r' can be separated and the second

risk moment becomes:

!

_ _. . _ .._ _ _.- -- J

0
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L
j -

(N )1 *erp [-2*b *Rg+b - (e } ( *1M =I I
T 2 Rj i=1

Finally, the normalization constant is calculated from the distance

to the closest town or city.

a=Ie q [-c
d)] (F.17)g 2

3

d =R - 2 - (c }g R lj *

where R and (c are the center distance cud deviation, respective-R lj

ly, of the closest population group in the direction J. The populations

outside the radius of 2 c are ignored in Eq. (F.18)

Once M , H and a are obtained, the scale factor and the shapeg 2

factor of the k'eibull distribution can be obtained using Eqs. (3.27) and

(3.28) fn Chapter III. The entire risk distribution can then be

derived.

The constraints of the derived equations are discussed here. In

estimating the first risk coment by Eq. (F.11), the following con-

straints should be considered:

The population group is in a 22 f degree sector. (Eq. (F.2))(1)

2(o }i <f=R (F.19)R g

(2) From Eq. (F.10),

R} 2i * 2'IURg>e2 * (# R1 ( . 0)

The first constraint Eq. (F.19) can be recoved in the esti=ation of the

first risk coment. Let n (r) be the total population per undt r at7

r frors the reactor.
f

1_. .. - - . - -...-. . .. - - - . . . . -

.
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g (r) = I a (r) (F.21)
J

Then the first risk sceent is estimated by:

.

M = f a(r) n (r) dr3 T (F.22)
0

In the integration over C in Eq. (F.1) to calculate the total population

per unit distance g(r), the assumption (F.2) is not required. However

the integration over 6 is still approximated by the integration over C.

When the distance R is greater than 2(e ), the error of the approxima-g

tion is small. Therefore the constraint of Eq. (F.20) is sufficient.

The total populatica g(r) is also expressed by the series of the bell-

shaped population distributions. The first risk co=ent can then be

esti=ated frca the following equation with.:ut considering the direc-
tions:

2 . (ga
R

M1 - I %)t * ^1 **'P I-8 R+ } (F.23)2 g 2i

The constraint of this equation is:

Rg>a - (e ) g + 2 - (o ) 2 (F.24)g g

In estimating the second risk coment by Eq. (F.16), the following

constraints should be considered:

(1) 2 * (c }i (F.U)# *

R i

(2) (R - 2-(c }i+1 i+ *(# ( * 0)~gq R R1 3

(3) 2og < lh 3 (F.27)

_ _
_ - . . _ __ _ _ .
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In Eq. (F.16), the assu=ption of (F.25) cannot be re=oved.

In deriving the nornalization constant by Eqs. (F.17) and (F.18),

the assu=ption of (F.25) is necessary.

v.4 Application of Sell-Shaped Model to Site A

The adequacy of the bell-shaped populaticn =cdel will be studied

by the population distribution of Site A. The population per unit

distance in a ?2.5 degree sector are fitted by the series of the bell-

shaped distributions given by Eq. (F.4). The nethod for deriving the

constants of the bell-shaped c:odel is discusred first.

- F.4.1 Derivation of Constants of Bell-Shaped Model

The populatien data in the annular seg=ents given in Appendix C

are used to derive the constants of the bell-shaped nodel. The first

step in the derivation is to separate the population distribution into

a series of the pcpulation grcups. Fig. F.2 shcws the population per

mile in each of the 16 directions around Site A as a function of

distance from the reactor. The pcpulation greeps are identified by

the peaks in Fig. F.2. The neighbouring groups are bunched into one

group when their peaks are within 1 mile dis:ance. A total of 44

population groups are identified within 20 miles f ror the reactor.

The next step is to fit each popula ; ion group by a bell-shaped

nodel. For presentation, an *.' pl In Fig. F.3 is considered. The

pcpulation in the segnents are denoted by v and the central distances

of the segnents from the reactor are denoted by r in Fig. F.3. The

population in the segnents in Fig. F.3 are assu=ed to belong to one

population group. The total population in the group is given by:

.
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Table F.1 Constants of Bell-Shaped Mode.1 and F1rst Two Risk Moments for
Site A

lisk Moments
Miles
fres Eadius

Population Reactor el
Directien Ind er N R (uiles) My M,

N 1 1,420 1.8 .25 1.7 10-5 1,2 ig-2
2 8 23 3.3 .25 4.1 10-3 1.4 10-3
3 1,349 6.2 .46 1.2 10-6 5.0 10-*
4 9,667 12.0 2.1 5.7 10-7 7.2 10-*

NNE 5 1,918 2.8 .49 1.3 10-5 1.1 10-2
6 3,807 5.5 .46 5.2 10-6 6.3 10-3
7 15,340 9.2 1.28 3.0 10-6 9,1 ig-3
8 61,340 17.5 3.9 i1 10-7 2.3 10-~3

NE 9 517 .8 .25 75 3.1 10-3
10 27,410 4.8 .87 6.4 10-5 5.8 10-1
11 10,420 7.5 .57 4.3 10-6 1.2 10-2
12 5,264 12.6 1.4 1.3 10-7 1.0 10-*
13 4,4 23 22.3 2.8 1.0 10-9 1.6 10-7

ENE 14 6,088 3.8 1.23 2.2 10-5 6.; 10-2
15 14,203 5.2 1.59 2.4 10-5 9.5 10-2
16 12,090 11.4 1.06 5.5 10-7 1.1 10-3
17 28,920 19.7 3. 23 4.9 10-8 5.9 10-5

E 18 1,394 1.3 . 25 2.3 10-5 1.6 10-1
19 4,523 4.0 .78 1.6 10-5 2.7 10-1
20 2,620 9.0 1.0 4.9 10-7 2.8 10 *
21 10,580 19.2 4.4 5.2 10-8 3.4 10-5

CSE 22 4,620 9.3 .25 6.4 10-8 6.4 10-'
SE
SSE 23 696 22.5 .8 3.8 10-11 1.4 10-9

--(continued)
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Tabic F.1

(continued)

Risk Mc=ents
Miles
fren Radius

Population Reactor cR
Directica Index N R (uiles) tb M3__

S 24 9,386 23.2 2.5 8. 9 x 10-10 3.2 x 10-7
SSW 25 787 11.3 .42 3.4 x 10-a 4. 6 x 10-6
SW 26 777 2.3 . 25 7.1 x 10-6 2.5 x 10-3

27 6,962 19.7 2.1 4. 0 x 10-9 1. 6 x 10-6
V5W 28 399 5.5 .5 5. 2 x 10-7 7. 0 x 10-5

29 1,180 11.2 .38 5. 2 x 10- 8 1.1 x 10-5
W 30 569 1.8 .25 7.0 x 10-6 1. 9 x 10-3

31 941 3.3 .25 4. 7 x 10-6 1. 8 x 10- 3
32 14,082 11.3 2.3 1.5 x 10-6 2. 7 x 10-3
33 14,870 19.7 2.0 1. 9 x 10-9 7.1 x 10-6

ENW 34 1,518 1.8 .25 1. 9 x 10-5 1.3 x 10-2
35 1,679 3.3 . 25 8.4 x 10-6 5.7 x 10-3
36 12,090 12.3 2.86 1. 2 x 10-6 1,4 x 13-3

NW 37 97' 3.3 .25 4.9 x 10-6 1.1 x 10- 3
38 1,547 5.5 .50 2. 2 x 10-6 1.1 x 10-3
39 1,020 3'.8 .42 9. 7 x 10- 9 1.3 x 10-6
40 615,300 7 5.1 5.3 x 10-11 7. 0 x 10- 8

NNW 41 3,542 2.6 .E0 2. 9 x 10-5 4.5 x 10-2
42 1,638 8.3 .71 4.4 x 10-7 1. 7 x 10-4
43 1,697 14.1 .83 1. 4 x 10- 8 3. 2 x 10-6
44 6,591 19.7 1.80 3.0 x 10-9 1. ' x 10-6

Total of the Risk Moments 3.00 x 10-4 9. 2 x 10- 1

Results of the Consequence Calculation 2.72 x 10-4 5.8 x 10-1

(Note) : The first risk me=ents are estimated from the constants of the
transfer function of FIR accidents in the northeastern valley
weather condition.
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N =Iv (F.28)7
k

The distance cf the center of the group from the reactor is estimated

by:

R = f "k k
#

N

The deviation frcs the center of the population group is esti=ated by:

E vk (rk - R)2o ~ *R N
T

When the tails of the two population groups are overlapping in one

segnent, half of the populstion in the seg=ent is assigned to each of

the population groups.

The constants of the pejulation groups are esti=ated for Site A

and are given in Table F.1.

F.4.2 Estimation of Risk Moments at Si;. A.

The first two risk mo=ents for the population group 1 are estisated

by:

la

(H ) g = a *N exp [-a I2t+ t} (F.31)Ug g g

*Nf,exp[-2bI2t+b2 ,2 ] (F.32)(M )1 =b2 g g

where a , a , b and b are the constants of the transfer functionsg 2 g 2

discussed in Chapter 5. The m.marical values of the constants for PWR

accidents in the northeastern valley weather condition are used. The

results are given in Table F.1. The summations of the risk moments of

the population groups give the total risk coments of Site A. The

[ esti=stes are cc= pared with the results of the consequence calculation.

/',,J'
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The first -isk coment from the bell-shaped codel is overesti=ated by

appror htely 10% and the second risk moment is overesti=ated by

approximately 60%.

The nor=alization constant n is esti=ated by Eqs. (7.17) and

(7.18). Using the nu=erical values of FW accidents, n is estimated

as

a - 5.57 x 10 / reactor year

The results o.' tt consequence calculation is:

~75 = 5.78 x 10 / reactor year

The difference of these esti=ates of the normalization constant is less

than 42. The distribution of censequence vs. frequency is estimaten

by Eqs. (3.27) and (3.28) fro: M , M and a of the bell-shaped popula-3 2

tica model and compared to the results of the consequence calculation

in Fig. F.4. The distribution esti':ated by the bell-shaped popu . tion

model is within the uncertainty range of the consequence .odel discusses.

in Section III.S.2. Therefore the tell haped pop lation nodel is

judged to 3e adequate to describe the population distribution.

So:m insighc about siting for nuclear power plants can be obtained

from Table P.l. A contribution of 20% to the first risk =ccent and 60

to the second risk coment cocas from the population group with 27,410

population at 4.8 miles in the northeast direction. The existence of

this population group has a domina=t contribution to the tail behavior

cf the curve. Approximately 50% of the first risk cocent co=es from

a rous s=all towns with the penulations between 500 and 5000 located

within 4 miles f rom the reactor. P.e existence of these tevns have
i

t

I

t

}
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aoninant ef fects ca the n.ain body of the carve. The large city of

( 61,340 at 17.5 miles in nT and the cetrepolitan area of 615,300 at
|
t 40 miles in .W have insignificant contribution to the risk nonents
!
! (less than 1%), since the probability of early fatality decreases

sharply as the distance from a reactor increases. Ii this specific

exanole, small tes and a city of 27,C00 vithin 5 miles have dominant

contributions to the risk distributien.
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APPD'DII G

EFTECTIVE SOURCE

!
1

G.1 Introduction

In the regression analysis of radioactive releases, a concept of

the effective source was increduced to combine the release fractions
|
|of the eight isotope groups into one variable. The reasons for
i

introducing the effective source were the following:

(1) Early fatalities are caused by the conbined effects of the

doses frca the eight isotope groups.

(2) The releas fractiens of the eight isotope groups a:e

correlated with each other because similar physical processes

underlie in the release sechanisms for all of the isotope

groups.

The effective source was defined as a weighted sus of the release

fractions of the eight isotope groups. The weighting factors were

derived from the inventories of the radioisotopes, the dose eenversion

factors and the dose-responsa relationship. In this appendi:c. the

rationale et derivation of the weighting factors and the scurce data

of the nu=erical values att discussed.

G.2 Derivation of the Effectin Source

In the consequence nodel, 54 i=portcut radioactive isotcpes are

considered. The i isotopes are grouped into 8 isotope groups and the

release fractions are esti=ated for the eight isotope groups. Fron the

inventory of the isotope (j) and the release fraction of the isotope

group (g) to which the isotope ij) belongs, the a=ount of the isotope
i

L, :e . _ _ .m, _o __ _ ' l 'e . t -
- -

i
I> ;, y i
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(j) released into the anviron=ent is given by:

I q exp [-A .T] (c.1)Q =

)

where Q = released anount of the isotope (j). [Ci]

'

I inventory of the isotope (j) in the reactor core. [Ci]=

ggj) = release fraction of the isotope group (g) to whichq

the isotope (j) belongs. ;

1 = radioactive decay constant of the isotope (j). [/ hour]
3 i

T = time f releas . [ hour]r

The exponential tern in Eq. (G.1) acccunts for radicar.tive decay before

the release. When the build-up from the radioactive decay of the

parent isotope is significant, the following term is added to Eq. (G.1):

exp [-A T ] - exp [-A T]# # #
A q, (G.2)-

3 _y
j P ;

,

where the subscript (p) refers to the parent isotope cf the isotope (j)

and g'(p) is the isotope group to which the parent isotope (p) belongs.

From the gaussian dispersion model used ir. the consequen,:e nodel,

the ground level airborne concentraticu at the distance r frota the

reactor is given by:

'j
X (r) = 3 g exp - h2'

'

(G.3)j g 2
y z - *

vhere X (r) = ground level airborne concentration of the isotope
j

(j) at the distance r from the reactor. [C1 sec/n ]3

_ _ _.

u a_ mm 1 m* I m- _ _ = - ' ' ' " " ^ -
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i , , L.



. . _ _ _
_

_ _ _ _ _ - - _ _ _ . - - - t
i

263

o,o = dispersion parameters. [m]

u = wind apeed. [n/s]

h = elevaticu of the release. [n

Since the early fatalities are expected in a close area from the

reactor, the radioactive decay after the release is ignored in deriving

the effective source. .'

Fros the concentrations of the radioactivities the health effects
are calculated. A= ctg the various organs in a h-n body, three organs

are particularly critical 2 causing early *talities. Thcy are bone
;

n. arrow, lung and gastroint2stinal tract. The dose to these organs
{

consist of three modes of exposure. They are inhalation dose, cloud

shine dose .and ground shine dose. The inhalation dose to the organ (k)

from the isotope (j) is calculated from the airborne. concentration.

(D ) (r) = B- (C )) * X) (d (C. O7 7
!

!

(D )(k)(r) = inhalation dose to organ (k) from the isotopewhere
7

(j) at the distance r. [ rem]

3B = breathing rate. [n /sec]

(C )7 inhalation dose conversion factor of the isotope=

(j) to the orgzs (k). [ rem /Ci]

Similarly, the cloud shine dose is determined by:

(D )J I#} " "C ( C)j * X (r) 4 (C.5)
*

C j

where (D )j (r) = cl ud siine dose to the organ k frem the isotopeC

__

A A A - - - = - - Q % & q em. -& A M & "M

'r, <

k |
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(j) at the distance r. [ren)

s = cl ud shine shielding factor.c

(C ),(k) = cloud shine dose cenversion factor af the isotope
C J

3(j) to the organ (k). [res*m /Ci sec]

$ = correction factor for the finite cla2d.

Practically the correction factor for the finite cloud is close to unity

where early fatalities are expected. It will be ignored in the

folleving calculation.

The ground shine dose is proporticnal to the radioactivity

deposited on the ground as:

(D ) (r) = s * ( G)j j (#} ( *0}'g G

where (D ) } = ground shire dose to the organ (k) fru:n the isotopeg

(j) at the distance r. [res]

ground shine shielding factor.s =g

|

(C ) ) = ground shine dose conversion facter of the isotopeg

2(j) to the organ (k). [ren m /Ci sec] q

.

G)(r) = concentration of the isotope (j) desposited on the !

lground. [C1/n ]

3In a esse without rain, the :;round concentration is prcportional to the

grwnd level airborne concentration as: '

C (r) " X) (r) - (V } j (* )d

--

_ _ . _ . . _ _ . _ a
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VLere (V )j is a deposition velocity of the isotepe (j).d

The total dose to the organ (k) is c. sus over all the isotopes

and over the threa = odes of exposure:

Df)(r)=I (D ) )(r) + (D ) } (r) + (D ) (r) (G.8)7 C g

From Eqs. (G.4) through (C.8), the total exposure is determined as:

}(r) = E B-(C )( } X (r) + s -(C ) } * X (r) +D
7 j C C j

- (C )j P }j X (r)+s gg d j

1 (C.9)

B - (C )jN+s=I - (C )j - (C )j ' U )j X f')+87 C C c c d j
8

Inserting Eqs. (G.1) and (G.2) into Eq. (G. 9) :

P

Df)(r)=I [B - (C ) }+s * ( C)j - (C )) - 6 )j *+s7 c g g dj

(c.10)2''

1 h' 9 (j ) ' W ( j r 2r c c u
*

g **E [ 232,j

The risks resulting from the damages to the three organs co=pete

with each other, but prcctically one of them has a desinant effect on

early fatalities. That is the dose to the bone = arrow. To assure the

daninance of the bone marrow dose over the doses to the other tvo '

!

organs, the doaes are nor=alized by the dose-response relationship. As

the mortality criteria are often stated in ter=s of the dose that would

be lethal to 50% of the exposed popu' ..on (denuted by LD50) , t a doses

are norr.alized as:

- . . . - :-..-. . - . . _ - . . . .
-

. . , . s
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E (r) = (G.11)
(LD)50

E ")(r) = nornal.i. zed dose to the organ (k.. at the distanceEwhere

r.

(LD)5 ) = 50 lethal dose to t.he organ k.

The organ that has the largest value of E( }( ') has a doctinant contri-

bution in causing fatalities. !.nserting Eq. (G.10) intc Eq. (G.11)

and rewriting the su~ation over isotopes in two steps of smtion,

one over the isotopes in each of the isotope groups and then over the

eight isotope groups, the nor=alized dose to the organ (k) is given by:

r

E (r) = 2n=c a u erp ( 2o2, Iqx < x
gy g g (G.12)

B+(C)f+s-(C)j G'( G)j d j< j*I * * '
7 g C

j in g
x

(LD50)
,

The weighting factors of the isotope groups sre defined as:

)+s ' ( C j G'( G}j *( d)js j"I B+(C ) * '
7 Cg(k) , j in g

8
(LD50)

(c.13)

Then, the effective source 9( ) is defined as:

$N)=Iq - Q( (G.14)S 8g

) and 9 are independe.nt of the distance r. The nor=alized doseD
g

E (r) is si= ply rewritten as: '

;
,

I
i
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h p(k) ( .15)E (r) 2n o o u **E - 2y z z'-

Then

$ ) = 2r*o ao u exp
+2 E( )(r) (C.16)

At the distance that the dose to the organ (k) is equal to LD(k)
50 *

E } (r) = 1. Therefore, $( 1s interpreted as the inverse of the

1 I h2'dispersion factor p , ,, , exp| 26 at th. irca ce where 50:: of
y z z'

the exposed population are lethal due to the damage to *'a organ (k).

The organ that has a dominant ef uct on causing early fatalities

can be identified by con: paring $( } 's. Then the overall effective

source is defined as:

$ = Max $ ,$ ,$'* (G.17)

Practically in most of the release categories,

$=$ (G.18)

'
G.3 Sour < e of Data for Deriving Weighting Factors

The weighting factor was defined in the previous section as:
.

E B-(C +s * ( C)j C'I G)j *(Y )j'' j'*C dg(k) , j in g -

s
50)(k)I

(G.19)

The data for estimating 0(k) are given in Tables G.1 through G.S.
g

Table G.1 gives the radioactive inventory I) and the half-life. The

decay constant A) is derived frem the half-life by:

-
__.
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.6M
A (G.20)=

3 (T ))y

where (T T is the bif-life of the isoccpe (j). ;aH es G.2 through
h .1

G.4 su::inarize the dese ccaversion factors. Table G.5 s r-urizes the

miscellaneous data in Iq. (G.19).

G.4 lhmerical Values of Weighting Factors

The weighting factors derd;ed fron Eq. (G.19) are shown as

functions of the H * of the release (T,) in Figs. G.1 through G.3.
These figures show that the changes of the effective source in the

range of 1 hr1T 13O hrs are e,ill except for iodines and ncble gases.r

The effects of the ti=e on the weignting factors of iodines and noble

gases are accounted for by assming the equivalent half-lives for these

groups. The effective half-lives are deter f-ad f ren Fig. G.1 t.' trough

G.3. The results in Table G.6 are used to determine the effective

source in Chapter VI.

'
c.
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ZAZIJ: C.! Initial Activity of Sa,11ocualides in the Nacion

Raestor Core at the Time of Rypothetical Aacident
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Aable G.3 Doce Conver sion Factc.- for Lung

15C f 6 P- l'.re AL A T icd OL6dJ 1al E L.t.hveu LHi t
14E4/Cil iAE=-5 ele m 38 stie-1EC/M.e4:

CC-48 5.2.s 04 2.*1t A 5.164 JL
2 -44 2.5.E 0% 5.67E-01 1.33C 02
FA-P5 1.3.c-01 4.4 FE * 1.15E el
m.a-SS4 2.2.E-01 3.22E .2 4.6tE .0
KR-4T 9.oJi-J1 1.72t-01 d.65t JO
at-g8 2.3.E 00 4.41c-Ja 5.55E J1
Re-96 1.4.E 04 1.94E .;4 4.63E 50
SA-Si F.8.E 03 J.* 3.J
SA-40 1.4;E J4 J.a J.w
sa-91 4.23E 33 1.6;E-ia 4.13E 41
T-90 3.l.c 0* .5 3.a
t-91 1.9.E 05 5.94E * 1.40e-31
LA-95 1.1;F ;) 1.52t-J1 3.864 J1
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TE-127 1.63E 03 8. 7 t E-0.e 1. 7 t E - a t
TT-12ia 1.10E .5 5.416-;4 6.73r-Ji
i t-12 3 5.6;c J2 1.35t-C2 9.35E-J1
TE-12dm 1.50t ?> 6.9TE ws 5.1JE 33
TE-131M 1.1GE J+ 2.94E-21 6.95E .1
TE-132 3.JJ 4 4.1*f-J2 3.45E J1
18-127 2 50E J4 1.43t-Ja 1.53t J6
56-12'a 2.E 08 2.53c .1 S.49E 01
1-l M ..44E 05 8.22E .2 2.J8E Jt
I-132 1.3.E 0 3 4.834-et 4.61E .1
8-433 S.1:k 03 1.*6E-61 3.25E st
1-134 5. 6 s E .'2 S.C*E-13 1.93E 01
1 - 13 '. 2.5 *E O s 4. 2 ' E -! 7.G.E 41-

IE-133 4.1sE-01 6.97Ewa 2.88E C2
14-133 9.4CE-J1 5.0 6 ? '.2 9.*5t .3
C5-134 1.4s E 04 3.25+-41 S.3;E J1
C5-116 8.2L 01 4.uf-wt 1. 8E si
C5-131 2.5.t '4 1.15E .1 2.92E 08
&#-140 6. 3J E "3 4.14E-02 1.94t at
tA-140 1.6CE G4 5.34E-C1 1.17E 0;
CE-141 6.1.E 4 1.5*.E .2 3.82E J3
CE-143 1.3JE . d. 6. 6E-;2 1.5Ft 31
CA-144 1.40t :o 3.ut-Js 2.49E s3
PR- t' 3 6.9JE 04 3.0 0.0
seo 14F 3. 7. c .'4 2.78E-32 7.65E J3
seP-2 39 9.2.E .3 2.65c-32 d.956 CO
Pu-23m 7.2:t 'l 9.?-E- A 2.1;E-02
e%-239 6.5CE J7 S.42E-G+ 4.439-J2
PU-240 6.6,E .7 9.1TE-;a 2.57E 2
70-241 2.20E 04 2.944:-13 1.T61-C6
AM-241 7.J.E .' t 3.22t-;3 2.42E 43
CJo-2 42 1.5GE G7 8.31E Le 2.18E-;2
CM-244 3.SJE '6 1.07E 3 6.2CE-51

f'..I! l

l- I
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Ta' ole G.4 Dose Conversion .ractor for Oastrointestical
Tract

( 5C TL4 l'.es AA A r I 's ' w a salNL GEuNa .esvc
IRE-/CII 4 AEst-5EE / au 3 8 4Kla aC/m**/I

CC-58 4.28t 3 1.42E wl s.est ..
CL-6n 1 ;1E ;* * . 61 E - 61 1.69E Gi
KA-n 6.144 .2 3.*2E we 9.8CE-s2
KA-SS. 9.46E .4 2.;2s w2 2.88i Co
Es-8F 8.tCE-;l 1 4 st-01 7.2.t .0
th-$4 2.c 71 b 3.83E-01 4.73E G1
th-36 1.4.E 3 1.33E v2 3 14E 00
54-d9 6.86E 3 L. J.C
58-90 9.1Jt ;s 3.? :..
bm-91 1.43E 2s 1.;1E-01 3.12E G1

*'-90 2. 6. E .* J.; ..

V-41 2.3.E 4 S.19t w6 1.2 TL -C 1
22-95 3.92E 04 .1:e-G1 2. 79E 41
la-97 t.lge ;* 3.17E-02 S.CSE 01
%-9% 3.11E .5 1..'7E-0 2.691 w;
MO-99 ?.4.. 3 2.52t-02 7.80E Cw
IC-99' 6.91E : 1.584-52 2.53t 40
RJ-103 2.Q'E 03 8.0?E-C2 2.11C 01
80-123 4.92E .2 1.2SE-J1 . 81E 01
RU-ten 8.6dl 4 3. Cat-02 F.85e 00
b.-LC5 4. st ?2 1. lt .2 .3* Jo
TE-12F t.792 2 e.64E-0* 8.29E .1
7E-12Fa 3.57E :) 1.38t-04 1.93E-Ji
TE-129 2.56s SC 9.92t-3 5 . 65E-01
IE-12*R 1.5?e .6 S.16t=03 3.F3E Jo
TE-131M S.35E wl 2.14 E - 01 S.a5E ;1

TE-134 3. L. E 3 2.611-02 6.25E ?.
58-121 9.4 E 03 1.06t-01 2.63E J1
18-129 4.86t 22 1.43E-01 2.56E 01
3-131 7.26E 31 6.22E-d' t.STE wi
1-132 4. 44 E . i 3. W 01 3.c e E J.
1-133 1.121 *2 1.13t-01 2.SIE 31
1-134 1.12t :1 i.6tE-01 1.4CE 01
I-135 1.JsE J2 3.93E-J1 S.8;E .I
IE-133 1.3.E 't 3.9 F E-> J 1.64E s0
&&-135 4. 8 5 tW 1 3.19c-02 6.036 30
05-13* 2.1 E .s 2.41E-01 6.10E J1
C5-136 2.32E 3 5.14E-un 7.6SE -.1
L5-13T 9.12E .2 4.139-02 2.23E s1
BA-140 7.84E *3 3.C8E-u2 1.56? J1
LA-140 1.JFE * 4.54E-01 9.9CE On
CE-141 1.2.t $3 9.17E w9 2.34E a0
CE-143 S. foe J3 4.:6E-s2 1.J4L 21
CE-14* 8.52t 34 2.04t-J3 1.44E 00
PA-143 6.75E 09 J.J 3.0
8eo-14T 3.99C ;) 1.9)E-22 S.55E Jo
inP- Z 'M 1. 6E .3 1.46L-12 S.85E 0-
Pu aSe 5.004 33 1.41E-3S 3.98E-52
Pu-23d 4.64C J3 6.C3E-06 1.6 % -02
PU-244 6.7;E 33 1.27E*wS 3.55E .2
74-241 0.. 1.44E-10 9.W)t-sF
V-241 S.2Jt !! 1.4*E w) 1.355 JO
LP-242 S.50E 33 1.31E-15 3.*6E-07,

CP=/44 S.2.L 's o 6 21E' . 4 ?.65t-01

~ *
_
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Table G.5 Miscellaneous Data for Deriving Weighting Factors

Parameter Value

Breathing rate B(1) 2. 66 = 10- 4 m /see

Shielding factora

Grouna shine dose ( ,o .50g

Cloud shine dose (3) ,a 1.0

Deposition velocity ('}

Iodine vapor and particles 10-2 m/s
.

Noble gas O m/s

50% lethal dose (5)

Bone Marrov 510 rem .

Lung 20,000 rem !

Ccacrointestinal Tract 3,500 rem

Tine of release See Table 6.1

(Nore): (1) From Section 8.2.3 in Appendix VI of WASH-1400 (Ref-1).
(2) From Table VI 11-9 in Appendix VI of WASH-1400 (Ref-1).
(3) From Table VI 11-7 in Appendix VI of WASH-1400 (Ref-1).
(4) From Section 6.3.1 in Appendix VI of WASH-1400 (Ref-1).
(5) From Fig. VI 9-1, VI 9-2, VI 9-3 in Appendix VI of

WASH-1400 (Ref-1) . i
,

i
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Table G.6 Veighting Factors of Isotope Groups for Effective Source

Isotop.
Orcra Group i.*eighting Factor C

s

Boce Marrov Kr - I4 5.73=103 + 7.90x104 exp [ .20 Te]
)

I 7.81 x 105 exp [ .058 Tr]

Cs - Rb 5.64 =10"
Te - Sb 2.54 x 105
Ba - Sr 5.01 = los
Ru 2.28x105
La 1.77 x 106

Lung Kr - Ie 1.21 x102 + 1. 6 x 103 erp [ .20 Tr]
II)I 3.35 x 10" exp [ .058 Tr]

Cs-Rb 7.43x103
Te - Sb 6.83x10"
Ba - Sr 3.22 x 10"
Ru 9.53 = 105
La 4.23=106

G.I. Tract Kr - I4 4.18 = 102 + 8.2x103 erp [ .20 Tr]
I( 7.70 x 10" exp [ .058 Tr]
Cs - Rb 4.03=103
Te - Sb 6.13 x1G"
Ba - S r 1.69x 105
Ru 2.92 x 105
La 1.53 x 106

Organic iodines and inorganic iodices are included.

. . ._ ____ - . . - . - - - - - - -- -
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APPENDII H

REGRESSION RISULTS OF TH2 CONSTANTS OF b(r r') AND c(r)
IIITH RICARD TO RELEASE CEA. h ulS"ICS

The regression fittings of the consrants of the transfer functiont

b(r r') and c(r) are r.ade in the sane way as the analysis of a and a
in Section VI.6. The results are sarized in the following tables
and figures:

Table H.1 Data Ear- for Regression of b . b2 and b3g

Table H.2 Data Base for Regrsission of cg and c2

Table H.3 Regression Rasult of b -

g

Table H.4 Regression Result of b
2

Table H.5 Regression Result of b
3

Table H.6 Regression Result of c;
Table L.7 Regression Result of c

2

.13. H.1 Test for Adequacy of Regression of b
"

g
_

Fig. H.2 Test for Adequacy of Regressica of b
2

Fig. H.3 Test for Adequacy of Regression of b
3

Fig. H.4 Test for Maquacy of Regression of c
g

Fig. H.5 Test for Maquacy of Regression of c
2

Fig. H.6 F = fe tion of Combinad Result of b(;',r')

Fig. H.7 Ezanination of Combined Rasult of ctr)

-
_

_

#

em-
m ,, ,

k

'

4 *e,

_
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Table H.1 Data Base for Regression of b , b2 and b3t

Calculation Case bt b3 bs

PVR - 1A 5.68x 10-3 .333 .443
FWR - 1.3 2.27 x 10-3 .550 .572
FWR - 2 1.72 x 10-3 .431 .454
PV1 - 3 1.40 x 10-2 1,og .32
FVR - 4 3.40x 10-2 2.28 1.58

EVR - 1 2.78 x 10-3 .432 .558
BV1 - 2 2.83 x 10-3 1.100 .501
EWE - 3 6.40 x 10-3 2.820 1.050

.>dditional Cases : 1 3.18 x 10-3 .476 .588
*

2 3.14x10-3 . 3(,9 .489
3 1.09x 10-2 .297 .291
4 1.59 x 10-2 1,1o ,900

5 4.22 x 10-3 .453 .605
6 3.77 x 10-3 .466 .582
7 2.43=10-3 .435 .520
8 3.14 x 10-3 .505 .491
9 2.15 x 10-3 .509 .541

10 1.92 x 10-3 .502 .540
11 5.33 x10-3 .339 434
12 5.13 =10-3 .339 .428
13 3.48 x10-3 .578 .542
14 4.05 x 10-3 .590 .534
15 1.62 x 10-3 .468 .559
16 2.58x10-3 .311 .512
17 2.78 x 10-3 .536 . 73 0

18 1.97x10-3 .289 .592
19 3.54x10-3 .242 .4P1
20 8.40 x 10-3 .396 .480

.

Corresponding to the calculation case number in Table 6.3.

n'',
f , \jJ- #

P3 )
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Table H.2 Dats 34sa for Regression of ci and c2

Calculation Caso ej , c;
,

, ni - lA 5.27 x 10- 2 ,;43

ni- 13 7.63 x10-3 .297

ni-2 1.17 x 10- 2 ,437

W'1 - 3 1. 39 x 10- 2 ,714

WI-4 3.06 x 10-2 2.23

BVR - 1 9.68 x 10- 3 .23 0

B'=2 - 2 3. 29 x 10- 3 .619
EVR-3 2.30 = 10- 3 1.460

Mditional Ci.cas(1): 1 5.06 x 10- 3 .236

2 2. 60 x 10-2 .214
3 5.38 x 10-2 ,191

4 1.59 n 10- 2 .723

5 1.05 x 10-2 .242
6 1. 05 x 10- 2 .235

7 8.61x10-3 .229

8 7.11 =10-3 .211
9 6.71 x10-3 .296

10 5.73 =10-3 .295
11 4.47 x 10-2 .252

12 3.77 x 10-2 .240

13 4.12 x 10- 3 .232

14 3. 90 x 10- 3 .249

15 1.11 x 10-2 .269

16 1. 27 x 10-2 .244

17 7.16 x 10-3 .294

18 2.64 x 10-2 ,133

19 2.55 x 10-2 .287

20 4.32 x 10-2 .282

Corresponding to the calculation case nu:aber in Table 6.3.

.
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Table f1.3 Regressies A.:.alysis of bg
,

Stzadard
04viation of.

Dependent Eegressor Ragression Rasression
variable Vari 15'e Cce f ficient Coefficiene t-value

in bt in h .266 .097 -2.73

in E 387 .043 -8.90

_

.

Intercept -3.18

Hultiple Correlation 0.893

Standard error of estiaate 0.341

T-value 49.5
(0.1% F-value fer 2 and 25 degress of f reedom is 9.22)

.
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Table 11.4 Esgression Analysis of b2

Standard
Deviation of

Dependent segressor Regre ssion Regression
variable Variable Coefficient Coefficient t-va*.ue

in b2 in b .043 .0319 1.34(1}

In T *'d * *

In E .116 .0184 6.3

in 9 .990 .0692 -14.2

Intercept .559

Hultiple Correlation .984

Standard Error of Estinate .110

F-value 176.3

(0.1% F-value for 4 and 23 degrees of freedom is 6.69)

I
t-value at 101 significance level with 23 degrees of freedom is
1.32. The term (in h) is marginally significant.

l

.-
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Table U.5 Regressica Analysis of b3

.

Standard
Error of

Dependent Regressor Regression Regressica
variable Variable ' C.ufficient C u fficient t-value

la b3 in 9 .515 .070 -7.31

Intere.ept .372

11ultiple correlation .820

Standard error of estimate .205

F-value 53.48

(0.11 F-value for 1 and 26 degrees of freedom is 13.7)

.

(Note): The t-valde of (in L) is 1.29, while the upp ir 10% t- alue with
26 degtees of freedom is ' . 3?.. It is elisinated in this urudy.

t' ',
'-
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Table H.6 RegresJion Analysis cf et

Standard
Deviacim of

'Apendent Regressor Eegression Regression Cr1.ruted
Variable "4riable Coefficient Coefficiect t-value

in et in h .374 .140 -2.68

in T .652 .207 -3.16
d

in E .653 .081 -8.11

In 9 .923 . 3')3 3.06

.

Intercept -2.45

Hultiple correlation .888

Standard error of esti= ate .481

F-value 21.44

(O. % F-value for 4 and 23 degrees of freedom is 6.69)

- _

1

' ' . . 1,
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Table H.7 Regression Aralysis of c2

-

Standard
Error of

Dependent 2egres sor Regression Regression
_ Variable Variable Co fficient Coefficient t-value

in c In b .0801 .0564 1.42

in 9 -1.02 .0690 -14.3

_-
_

Intercept .886

Hultiple correlation .953i

Standard error of estimate .194

F-value 123.9

(0.1% F-value foe 2 and 25 degrees of freedom is 9.22)

_
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of an at:mospheric dispersion model for the dose estination of the routina

reistae frota a spent-fuel reprocessing plant. Also in 1972 he worked

with Mr. T. Naito in Japan Atonic E .argy Research Institute on a

development of a three-linensional neutron diffusion 3,.wgran based on

a flux arTathesis method.
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