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Abstract

This report presents a general statistical method of hot spot and
hot channel analysis. A definition of "hot spot" is proposed, which
allows to correlate the probability of exceeding certain critical

temperatures to the size of the zone in which they occur.
The assumptions of previous methods are critically reviewed and,
in contrast to results of previous methods, the hot channel factors

are demonstrated to be independent of the assumed spot size.

The different effects of local and global uncertainties, and the

radial and axial power profile in the core are taken into account.

Together with the probability of at least one hot spot in the core,

the probability that hot spots occur in exactly one, or exactly two,

or in exactly n subassemblies is evaluated.

The report includes a description of the FORTRAN-IV code 3HOSPA,
which is based on the proposed method and is applicable to any
type of reactor and any power profile as long as the core is con-

stituted of bundled fuel rods.

A numerical application of the code to the sodium cooled fast
reactor Na-2 is shown, together with the analysis of the influence

of the assumed spot size on the hot spot factors.
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Zusammenfassung

In diesem Bericht wird eine allgemeine statistische Methode der Heiflstellen-
und HeiBkanal-Analyse beschrieben. Eine Definition der "HeiSstelle" wird
vorgeschlagen, die es erlaubt, eine Beziehung anzugeben zwischen der Wahr-
scheinlichkeit fiir das {Uberschreiten bestimmter kritischer Temperaturen

und der Grofe der Zone, in der dies auftritt.

Die Annahmen fir friiher angegebene Methoden werden kritiéch gepriift, und
es wird gezeigt, dafl, im Gegensatz zu den Ergebnissen frither angegebener
Methoden, die HeiBkanalfaktoren unabhingig sind von der angenommenen GrofSe

der Heiﬁstelle.

Die unterschiedlichen Auswirkungen lokaler und»globaler Unsicherheiten
sowie radiale und axiale Leistungsprofile im Reaktorkern werden beriicksich-

tigt.

Zusammen mit der Wahrscheinlichkeit fiir das Auftreten mindestens einer

Heiflstelle im Reaktorkern wird auch die Wahrscheinlichkeit berechnet, daB
Heiflstellen in genau einem, genau zwel oder genau n Brennelementen auftreten.

Dem Bericht ist eine Beschreibung des FORTRAN-IV-Rechenprogramms SHOSPA
beigefiligt, das die vorgeschlagene Methode zur Grundlage hat und fiir jeden
Reaktortyp und Jjedes Leistungsprofil angewendet werden kann; wenn nur der

Reaktorkern aus Stabbiindel-Brennelementen aufgebaut ist.

Die Ergebnisse einer Anwendung des Rechenprogramms auf den natriumgekiihlten
schnellen Reaktor Na-2 werden berichtet, weiterhin wird der EinfluB der

angenommenen Grofle der HeifBstelle auf die HeiBstellenfaktoren analysiert.



I1T

Table of contents

List of symbols

Introduction

First Part - Theoretical Analysis

e T A v T T T M A T A AvE e e o s
P P B GG P e  Pde ——p —

I, General Requirements and Definitions

I.1 Scope of a hot spot statistical analysis
1.2 Hot spot factors and thermal design

1.3 Hot spot definition in previous methods of
analysis

I.3.1 Deterministic method
I.3.2 First statistical methods i
I.3.3 The "Spot Model" and the "Synthesis Method"

I.4 Hot spot definition

I.5 Specification of the uncertainties

II. Evaluation of the Hot Spot Factors

II.1 Hot spot size

IT.1.1 Fuel hot spot
II.1.2 Cladding hot spot

II.2 Nominal temperature profile

I7.2.1 Axial temperature profile
11.2.2 Radial temperature profile

II.3 Analysis of the uncertainties
II.4 Effects of the local uncertainties

II.4.1 Axial subdivision of a channel

II.4.2 Standard deviation of the coolant
temperature

IT.4,3 Standard deviation of local temperatufé
drops

ITI.4.4 Equivalent number of spots



v

1I.5 Reduction of the uncertainty distributions
to an overall normal distribution

II.6 Hot spot factors

I1.7 Probability of n hot subassemblies

Second Part - SH@SPA: a Code for Statistical HOt SPot Analysis

R S Pt

ITI. Program Description

I11.1 Scope
I1T.2 Code structure
I1I.3 Input cards

IIT.3.1 Block 1 - General data
I1T.3.2 Block 2
ITI.3.3 Block 3
III.3.4 Block 4

Zone data

Core uncertainties

Program control
III.4 Error check on data set
I1I.5 Program operation

IITI.5.1 Data elaboration

I1I.5.2 Evaluation of the statistical
factors

I1I.6 The function FP(z) and FC(z)

ITII.7 Application of the code to gas cooled reactors

1V, Fortran IV Listing

IV.1l Main program 7

Iv.2 SubroutinerGR¢UP
IV.3 Subroutine TMAXZ
IV.4 Subroutine STFACT

IV.5 Subroutine SPZT



IV.6 Subroutine CHANEQ
IV.7 Subroutine F@R
IV.8 Subroutine KSTERE

IV.9 Function PV@NX

Third Part - Application to the Reactor Na-2

pg—g e SR S R e — e s B e g e ]

V. Data of the Reactor Na-2

V.1l General data
V.2 Zone characteristics
V.3 Uncertainties

V.3.,1 Global uncertainties

V.3.2 Local uncertainties

V.4 Listing of input cards

VI. Analysis of the Results

VI.1l Code outputs
VI.2 Influence of spot length
VI.? Influence of the different types of

uncertainties

References



List of symbols

fc(z),fp(z)=

Fhs =

G =

h

W (N), K (N)=

cl-c’hf-cl=

n

coolant specific heat
inner and outer cladding diameter

functions describing the axial profile of coolant

temperature and of power relpectively
hot spot factor
coolant mass flow rate

heat transfer coefficients cladding-coolant and
fuel-cladding

coefficients by which the standard deviation has

to be multiplied, in order to obtain the mean and
the standard deviation, respectively, of the maximum

deviation from nominal in N samples drawn from a

normal distribution,
power gradient within a subassembly

subscript indicating an uncertainty, or superscript

jindicating a zone

superscript of the zone in which the maximum nominal

temperature occurs

subscript indicating cladding or fuel
thermal conductivity of cladding and fuel feéﬁectively
active and extrapolation length
"spot" length

mean of
number of '"spots" at a given axial abscissa
actual and equivalent number of channels
number of subassemblies

equivalent number of ''spots" in a pin

actual and equivalent number of zones in a core

"adequate' confidence level



VII

P(x) = probability that a certain value x will not be exceeded
Qlx) = 1 - P(x), probability of exceeding a certain value x
ths(g) = probability that in exactly n subassemblies the temperature
deviation § will be exceeded

r = radial abscissa
t = cladding thickness

. . s s 1 1
zZ = axial abscissa, varying within - 5 and + >
ZM = abscissa of the maximum temperature in axial profile
3}5’: a certain temperature and corresponding nominal value
351,9} = inner cladding and central fuel temperature

= critical temperature, which must not be exceeded

ﬁ; = coolant inlet temperature

,55 = reference temperature in equivalent number of spots

§M,§§s,§&0= maximum temperature of the considered parameter along
the pin length, in a subassembly and in the core re-
spectively.

Aﬁ,A3\= a certain temperature difference and corresponding

nominal value

A@;ll = allowable temperature difference (%ﬁc-fg).
A9}(z) = coolant temperature increase up to height z
Agg = total coolant temperature span

Aﬁé-cl'ﬂle-t’AgZI—f'Aég-r = temperature drops coolant-cladding,
across cladding thickness, cladding-
fuei and across fuel radius.

AT = axial maximum of the temperature difference

_somax, AV max
f-d cl-d fuel (cladding) and coolant at inlet.

Aﬁmax = ﬁhc - ﬁ;
A= ratio of a deviation from mean to standard deviation
& = standard deviation

specific standard deviation of the local uncertainties

o?(ll
[}



’Aﬁﬁ_d,max

X (z)

x' (2z)

i}

Xmax

(m,s)

1}

(09 G;:h) =

(o, (75)

(0,5,

VIII

relative uncertainty on coolant temperature increase

due to the specific standard deviation of the parameter i.

]
the same as for 6? s, but calculated for a particular

channel arrangement

total specific standard deviation on coolant temperature
increase for the considered channel arrangement -

(relative value)

= specific standard deviation - expressed in °c -
of the temperature difference 03’ q° calculated

at the axial maximum, due to the uncertainty i

total specific standard deviation - expressed in °C -

of the temperature difference A%’_d,mgx

standard deviation of the coolant témperatufe increase
at height z due to the local uncertainties (relative

value) .

standard deviation of the temperature difference Aﬁ”

at height z due to the local uncertainties ( C)

standard deviation of the temperature 5: at height

z due to the local uncertainties (°¢)

reference standard deviation in equivalent number of

spots, channels and zones respectively.

specific power of a pin at height =z

specific power delivered in a channel at height 2z
axial maximum of X (z).

normal distribution with mean m and standard deviation
distribution of the "channél" uncertainties
distribution of the "subassembly" uncertainties
distribution of the "zone" uncertainties

distribution of the "core" uncertainties

equivalent "spot" distribution after the reduction
procedure

eduivalént "channel” distribution after the reduction
procedure



(m:q,ezq) = equivalent "subassembly" distribution after the re-
duction procedure
(m:q,eiq) = equivalent "zone" distribution after the reduction
procedure
eq _eg . . . . .
(mc o ) = equivalent "core" distribution after the reduction

procedure






Introduction

This paper extends the previous work 1_1,2_7 on hot channel factors
to the hot spot factors. Many theoretical bases were already given
in the referenced papers:; therefore only the aspects, which are
peculiar to hot spot analysis, are treated extensively in the
following. However, some new considerations on hot channel analysis,
which actually is only a particular case of the hot spot analysis,

are pointed out.

The assumptions of previous methods of analysis are critically reviewed.
As in the "Synthesis Method" 4-3,4_7, the hot spot factors are evaluated
versus the total failure probability of a core, taking into account

the probability that every '"spot" in the core, deviating from its

own nominal temperature, could be "hot'. The main improvements, which

the proposed method gives to previous analyses, are the following:

1) The correlation among the temperatures of the several cooling
channels, due to the global uncertainties (that is,the uncertainties
which affect in the same way the temperature of a whole core, or at
least of a whole part of a core), is taken into account. As shown in

4_1_7, considering the actual correlations, the hot spot factors, at

a given confidence level, result to be lower than those evaluated

starting from the assumption of independent channels.

Another advantage of this procedure is that it allows a better assess-

ment of the relative importance of the individual uncertainties; this

enables the designer to identify which are the most limiting uncertain-
ties for a higher power rating, and consequently, where smaller
tolerances should be required. Previous methods sometimes drastically
over~or underestimated the importance of certain tolerances because

of their inadequate theoretical treatment, even if they might occasional-
ly agree with the present method in the numerical value of the overall

hot spot factor.

2) A definition of "hot spot" is proposed, which allows to correlate
the probability of exceeding critical temperatures to the size of
the zone in which they occur. In contrast to previous methods

/"3,4,5 7, the hot channel factors are demonstrated to be independent




of the assumed spot size, if the uncertainties are correctly defined.

Therefore, a new criterion is proposed for the specification of the
uncertainties: namely, for the uncertainties which are random functions

along the fuel pin axis, the term "specific standard deviation'' is

introduced.

%) The total probability to have at least one hot spot is subdivided

into the sum of its components, evaluating the probability that hot

spots occur in exactly one, or in exactly two, .... or in exactly

n subassemblies. In this way, a better quantitative assessment of

the reactor safety against over-temperatures is offered to the designer,
which enables him to weigh the cost of the plant versus the financial

risk of fuel failure.

The work was performed within the context of sodium cooled fast reactor
development, but the proposed method is quite general and immediately
applicable to any type of reactor constituted of bundled fuel rods
with single phase coolant. The paper is subdivided into three parts.
The first part presents the theoretical analysis; the second part
describes the Fortran-IV code SH@SPA (Statistical HOt SPot Analysis)
which operates according to the proposed method and does not require
large computational time; the third part shows an application of the
code to the sodium cooled fast reactor Na-2. In this numerical example,
the influence of the spot size on hot spot factors and the relative
importance of the several uncertainties affecting the thermal design

are examined.

The author wishes to thank Mr. E.G. Schlechtendahl for his interest
and valuable suggestions: particularly, the concept of 'specific
standard deviation" was introduced after a common discussion on the

subject.



First Part

Theoretical Analysis

1. GENERAL REQUIREMENTS AND DEFINITIONS

I.1 Scope of a hot spot statistical analysis

The operating temperature of a nuclear reactor is generally limited
by the requirement that the coolant at channel outlet and some core
components, such as fuel and cladding for instance, do not reach:
certain critical temperatures, which could provoke failures or an
unsafe core operation. Because of the several uncertainties which
affect the thermal design, the designer is then faced with the
problem of estimating the maximum temperatures, which can occur in
the core. The uncertainties are generally random variables, with
statistical distributions which can be assessed by measurements.
Therefore, also the estimation of the maximum possible temperatures
is of statistical nature. That is, the maximum temperatures should be
associated with a certain level of probability. In the following, we

shall indicate this level of probability as '"confidence level', meaning

with this term a certain probability that a certain maximum temperature

will not be exceeded anywhere in the core by the considered critical

parameter.

Scope of a hot spot statistical analysis is then to develop a method

of calculation, which allows to determine the relationship

maximum temperature and corresponding confidence level, once the nominal

temperature and power profile in the core and the distributions of the
uncertainties are assigned. In this way the designer is able to verify
that, in an actual core design, critical temperatures are not expected

to be exceeded at an adequate confidence level.

This adequate confidence level cannot be defined once for ever: it

should be assumed in any design on an economical basis, that is, after
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a comparison between financial advantages of a higher power rating
and financial risks of component failures. In order to allow this
comparison, the developed method associates the maximum temperatures
with the geometrical size of the zone in which they occur (223

spot size); moreover it permits to assess,at any confidence level,

the expected number of failed subassemblies.

I.2 Hot spot factors and thermal design

The definition of the hot spot factors offers a useful tool to

the designer in order to assess the expected maximum temperatures
and conseguently to choosethe operating temperature. The following
general definition may be applied to the fuel or the cladding in-

dxfferentlys

We define as hot spot factor the safety factor st

= f.
Fhs Fhs (conf. level) (v

which takes into account all uncertainties affecting the thermal

design in such a way that, in steady-state operation, the value
,9’; @/i + Fhs AY nax (2)

is not expecied to be exceeded by the temperature of any Vspot" of
the considered component in the core, at the confidence level

associated with Fbs' In Eq. (2) 5} is the nominal coolant temperature

at core inlet, and Afﬁmax is the temperature difference between the
g mm T T 2 la o e e e dk AL Flm mmememt A A e am b 3 am Flhm s e A
I H_L_ud_LJ._y 950 R VRV L UL LIl Cullbsiugcreu LU[IIL}UIICILL Lii VIl LU C 4&ilu

of "spot" will be given in the following items.

The proposed method of analysis allows to determine explicitly the
function in Eq. (1), once thé set of uncertainties and the nominal
temperature profile in the core are known. Then, if Pr is the "ad-
rit
is the critical temperature not to be exceeded, the allowable maximum

eqguate' confidence level assumed for the thermal design, and 9;

temperature difference Agall can be evaluated as:



= Jerit 53
a1 = TF,_T ()

The optimum condition (with reference to the hot spot problem only)

Aaﬁax = Aaéll ()
cannot be reached in general for all components at once: there are
always one or two components which are the most limiting for higher
power ratings. Thermal design optimization should be, therefore,
performed with reference to the overall non-failure probability.
Neglecting eventual correlations, a conservative figure of the

overall non-failure probability is given by

Py = ’H’Ps_j (5)
J
where PS-j is the probability that no failure occurs due to the
component “j" (j = coolant, fuel, cladding for instance).

A typical optimization problem, which can be solved by means of
iterative application of hot spot analysis to successive core thermal
designs, is the following: assumed a constant non-failure probability
for the core, once the power profile, the mechanical design and the
inlet coolant temperature are fixed, in which way should the flow
rates be distributed among the several subassemblies, in order to
obtain the maximum efficiency, that is the maximum average coolant

temperature at core outlet?

I.% Hot spot definition in previous methods of analysis

In order to complete the definition of the hot spot factors, it is
necessary to define what is a "hot spot"; that is, which is the
geometrical size of the zone in which over-temperatures are expected
to occur. Previous methods of statistical analysis have presented
very unsatisfactory assumptions: in the following they are critically
reviewed, then the assumptions of the proposed advanced method will

be discussed.



I.%3.1 Deterministic method

In the paper of Letourneau and Grimble [_6_7 there is the first
systematic exposition of the deterministic method and a clear
difference between hot channel and hot spot factors is pointed out:
namely, the hot channel factor "is based on average deviations from
nominal over the length of the channel, while the spot factors are
based on local deviations from nominal at one worst point on the
surface (the hot spot)". Consequently, the deterministic method de-

fines the nominally hottest point in the core as the hot spot: then,

in this point all "maximum deviations'" are assumed to -occur simultaneous-
ly. This method indeed gives an absolute safety for the whole core,

once the "worst" or maximum possible deviations are known. (The con-

cept of worst deviation however must be subject to-criticism: in

fact, the fabrication tolerances, for instance, are results of
measurements, which, moreover, are generally performed only on samples
drawn from the complete production: they are, therefore, of statistical
nature. The "worst deviations" should be consequently associated always
with the confidence level of their estimation.) The main limitation

of the deterministic method is recognized by the authors themselves:
"The philosophy of the assumption that all worst deviations occur at
one location is open to question, since the statistical probability

of such an occurrence is extremely low... The advantage gained (with

a statistical method) would have to be weighed against the consequences

which might occur if the design maximum temperatures were exceeded."

I1,%3.2 First statistical methods

The first statistical methods (see for instance 4-7,8,9_7) have
erroneously maintained the definition of hot spot as the "worst point"

in the axial temperature profile along the fuel, even if some of these

have considered that not just the most critical fuel element in the

core, but also the other ones contribute to the total hot spot probability.
We must in fact distinguish between global and local uncertainties. A
global uncertainty, for instance, an error in the power measurement

or a deviation from nominal of the flow rate in a subassembly provokes

that the whole temperature profile along the fuel length is shifted

at once: therefore, with respect to the global uncertainties, if the




thermal design guarantees that the nominal maximum in the temperature

profile does not exceed a certain value, it guarantees also that

this value is not exceeded in any other point of the fuel. So far

these methods were justified. This is no longer true for the local
uncertainties, such as those of fuel density, heat transfer coefficients,
etc., which are random functions along the fuel length. These un-
certainties provoke an irregular temperature profile, the maximum of
which does not necessarily occur in the point of the nominal maximum:
moreover more points could reach the same maximum temperature. The
concept of hot spot as the nominally "worst point" is therefore very

unsatisfactory in a statistical analysis.

I.3.3 The "Spot Model" and the "Synthesis Method"

The multiplicity of possible occurrences of hot spots along the fuel
length was taken into account first by Businaro and Pozzi in their

"spot model" 4_5_7.

These lauthors divided the fuel length into an arbitrary number of
segments, along which parameters such as fuel density, enrichment,
diameter, that is the local uncertainties, were assumed as constant.
Then, they developed a Monte Carlo routine, drawing sample values

of these parameters from their statistical distribution, in order

to evaluate the channel and spot correction factors. The conclusions
they drew are that, increasing the number of the segments, that is of
the spots, the hot spot factors increase, while the channel factors
decrease: namely, the decreasing of the channel factors is proportional

1

to V?r , where n is the number of spots, or else, in accordance with
the statistical theorem of the mean of n values assumed by a random
variable / 10 /, the channel factors take into account an average

value of the uncertginties along the fuel length.

Now, there can be no doubt that increasing the subdivision of the
pin into more segments must result in larger hot spot factors, since
there is a decrease of the physical size of the considered spot}

and it is obvious that the probability of having small hot zones

is larger that that of having large hot zones: but, the temperature

of the coolant at channel outlet is affected by a physical average
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of the uncertainties along the fuel length, which should by no means

vary with the mathematical model, namely the number of the segments

in the assumed subdivision. This consideration shows that the method
was in error: the contradiction can be easily removed if we consider
that decreasing the size of the segmentation would result in a
corresponding increase in the actual deviations, while the authors
maintained the standard deviations of the uncertainties constant in
this application of the Monte Carlo routine to different number of
spots in a fuel element. We shall expléin this point with an example:
let 18 be the chosen length of the spot, n the number of spots and

& the standard deviation of the average value of a certain uncertainty

along the length 18: the standard deviation to consider for channel

correction factors is th§n,1%%,a,§9§9rding to Bef,wlf5 /+ If now the
spot length were assumed to be 2 ls, the total number of spots would
be n/2, and the standard deviation would be that of the average value
over two spots each one of length ls; that is the actual standard
deviation to consider must be ﬁ%r and no longer G as assumed 1in

Ref., 4—5=7, Considering the appropriate values, the standard de-

viation for channel correction factor results to be FAE = o
Vn72 'ﬁ?

that is, it does not depend upon the assumed spot length. Moreover,
exact assumptions on the uncertainties would have given spot factors
even larger than those calculated in Ref. 1-5_7 for small spot lengths,
because,togethér with the increase in the number of possible occurrences
of hot spots, larger standard deviations for the uncertainties should
have been assumed. The "synthesis method" 13,4_7 extends the previous
"spot model" to the whole core: in his work, Guéron {-3_7 assumes the
length of a pellet as length of a circumferential spot and states
coherently "it is over a pellet that diameter, density and isotopic
composition are defined". This assumption allows him to overcome the
recognized (but not clearly removed) ambiguity of the results in

Ref. 4—5_7; while this might be a reasonable assumption for pelleted
fuels, it is not applicable to other types of fuel. It is hence necessary

to give a new general and unambiguous definition of "hot spot'.

I.4 Hot spot definition

From a mathematical point of view a "spot'" might be defined as a

geometrical point. The number of such "spots" in a core being infinite,




we would be faced with the certainty of the presence of hot spots

in a core, 1f for the uncertainties unlimited distributions were
assumed, such as, for instance, normal distributions. Assuming, however,
truncated distributions for the uncertainties, the only possible method
of analysis would be the evaluation of a statistical factor for the
"global" uncertainties and of a deterministic factor including the

“worst possible deviations'" of the '"local' uncertainties.

This assumption, which might appear to be very satisfactory for the
reactor safety, has, however, no physical relevance: in fact, according
to this definition, the maximum possible deviations of the local un-
certainties should be measured on samples of infinitesimal size,

which is physically and technically meaningless. It is always necessary
to assume a certain finite size for the sample to be measured: con-
sequently the minimum size which allows to perform measurements might
be assumed as size of a "hot spot'". A finite size of the spot allows

a statistical analysis and, at the same time, is of technical relevance.

The necessity of performing the measurements on samples of the same
size of the assumed spot was already indicated, criticizing the spot

10¢el: some example will clear better this concept. If we want to assess

=]

the effects of the enrichment tolerances on the power delivered by a

pellet, we should measure the average contents of Plutonium in the

«]

pellet, but, if we want to assess the effect of the same parameter on

the temperature of every zone of a pellet, we should measure the exact
* ————————————.

Plutonium concentration in every pellet zone. It is clear that the

smaller the sample is, the larger the deviations will be: for instance,
the enrichment which at nominal value 20 % can vary in a pellet of
mixed Plutonium and Uranium oxides within 19 % and 21 %, varies in
microscopical scale within O % and 100 %. Moreover, the heat transfer
between fuel and cladding differs largely between a P>int of perfect
contact and one with a large gap: whereas over g certain surface the
resulting value is an average of several intermediate and extreme con-

ditions, therefore, also in this case, the smaller the examined surface

is, the larger the deviations will be.



Consequently, if the size of the spot were fixed only on the basis
of physical possibility of measurement, the hot spot factor could

result prohibitively large.

But the occurrence of a hot spot in the fuel or in the cladding can
affect the performance of the pin only if a finite zone is concerned,
the radius of which can be estimated theoretically or experimentally.
For instance, the melting of 1 mgr. of fuel in a pellet does not
deteriorate the performance of a pin, but the melting of fuel along
10 e¢m of a pin may well do so. These considerations bring us to the

following conclusions:

a) The size of the hot spot, against which safeguard must be taken

in reactor thermal design, cannot be defined once for ever, but it

should be assumed by the designer on the basis of safety and

physical requirements.

b) Once the size of the spot has been assumed, the distribution of

the local uncertainties should be determined on samples of

corresponding size.

That is, it is not possible to assume a size for the "hot spot'", without
taking into account the size on which the deviations were essessed. On this
basis only, a statistical hot spot analysis can correlate unambiguously

the probability of exceeding certain critical temperatures to the size

of the zone in which they occur.

Before discussing our particular assumptions for fuel and cladding

hot spot, we shall indicate how the local uncertainties should be
specified, in order to avoid any possible ambiguity, such as that

criticized in the '"spot model'.



I.5 Specifications of the uncertainties

The basic information required for a statistical analysis, is the
complete set of the distributions of the uncertainties, both global
and local *. A single parameter may be affected by different types
of uncertainty; therefore, care should be taken to separate the
global effects from the local one. The thermal conductivity of
Uranium-Plutonium oxides, for instance, is known within certain
limits, which depend upon measurement error and fuel chemical com-
positicon. The measurement error plays a very large role‘on the
corresponding uncertainty: this is an uncertainty which is common

to all pellets in the core and should be treated as s "glcbal un-

certainty". On the other hand, the chemical composition affects
every pellet individually, its effect should be taken into account
as an average over a certain length of the pellet. Other parameters

must be treated similarly.

The local uncertainties, that is the uncertainties which are random

i)

unctions along a fuel element, must always be specified together

o
(@]

with the size of the sample, over which they were measured. In order

to refer aiways to a same size, we shall introduce the term of specific
. s s . . o 3

standard deviation ( & ). Namely, we define as "specific standard

deviation' the standard deviation of the average value which the con-

*iote. As shown at /"1 7, the knowledge of the mean (m) and of the

standard deviation (& ) is sufficient in most practical cases: this

is because we deal with a sum of several distributions, and this sum
tends to a normal distribution if the number of the terms of the sum

is large /~10 /, whichever the type of the individual distributions

is. The estimation of m and & should be performed on an adequate number
of representative samples, according to the well known statistical ex-
perimental technics, since the final confidence level of the analysis
will also depend upon the confidence level at which the uncertainties
are assessed.

We shall indicate a distribution with the symbol (m, ¢°) and assume it
to be normal: correspondingly in the diagrams we shall indicate it with
the block - . Moreover we assume that in the core design the

nominal value of each parameter coincides with its mean; that is, each

parameter has the distribution (0, & ) about its nominal value.
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sidered parameter may assume over the unit of length, surface or
volume according to the nature of the parameter.

For instance, the tolerances of the cladding outer diameter should
be specified as follows (the numerical quantities have only an ex-

plicative function):

Outer diameter:

nominal value = mean = & mm,

standard deviation of average diameter among pins belonging

to different production batches: ‘%o = 0,013 mm,

specific standard deviation of irregularities along a pin:

S
Géo = Q0,012 mm\/cm s

In this example Géo is an uncertainty which acts on a whole group

of pins, namely those produced in a same batch; qi acts locally along
a pin. If we have assumed, for instance, for the cladding a circum-
ferential hot spot of length lq cm ,the corresponding standard de-
viation to consider is i

s
G;S - 0 __ (6)
1

|

0]

since now, it is the standard deviation of the average local diameter

- averaged over the length ls - which should be taken into account,

For the heat transfer coefficients and for the enrichment, for instance,
o§ should be referred to the unit of surface or of volume, respectively.
However, for a fixed geometry of the fuel element, we can continue to
define it for unit of length: naturally, in this case, expressions
different from Eq. (6) should be introduced in the calculations,

if in the assumptions of hot spot size only a partial section of a

pin is taken into account. This point will be explained extensively

in the following.
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I1. EVALUATION OF THE HOT SPOT FACTORS

We shall now concentrate on the analysis of a reactor constituted
of bundled fuel rods: particularly, reference will be made to a
sodium cooled fast reactor, such as Na-2 [_11_7. The method of
analysis is, however, quite general and it can be easily extended

to other fuel types.

I1I.1 Hot spot size

The spot size, we shall now assume for fuel and cladding respectively,
are based on physical and safety considerations: they remain, however,
in a certain way arbitrary. Other assumptions might be equally satis-
factory. Actually the main point is to get a procedure which allows

to evaluate the hot spot factors coherently with the assumptions per-
formed on the spot, since a certain arbitrariness, as already dis-

cussed, cannot be avoided in the spot definition.

11.1.1 Fuel hot spot

The cooling channel configuration taken into account for a sodium

considered pin cooled reactor such as Na-2

1" " .
spot is given in Fig. 1. We assume
. . the hot spot size in the fuel
adjacent pin
<::> <::>—- as a certain length of the pin
) —.-——.coolant .
<::> center line.
<::> Fig, 1 This definition takes into

Fuel hot spot channel arrangement account the fuel geometry at
beginning of reactor operation,
that is, when the central channel is not yet formed in the fuel . More-
over, it is not taken into account, that, due to local irregularities,
as e.g. large fissile material concentration in a small zone of the
fuel, the maximum temperature location might not be at the center

of the pin: that is, only average déviations from nominal in the

axial section of a pin are comnsidered.

But there are still a few more effects which could displace the point

of maximum temperature out from the pin centerline. At the beginning
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of exposure this can be caused principally by the following effects:

a) Eccentricity of the fuel in respects to the cladding:

In this case a radial displacement of the maximum fuel temperature
occurs versus the maximum thermal resistance point; but this displaced
maximum is lower than the nominal maximum at fuel center 1-12_7.
Hence, neglecting the effects of pellet eccentricity results in a
conservative assessment of the hot spot probability for the fuel.

This effect should naturally not be neglected in channel and

cladding analysis.

b) Asymmetrical power generation in the fuel:

This can be provoked by average irregularities of density or enrich-
ment in the fuel and neutron flux gradients: we do not, in fact,
consider local irregularities, as previously said. These effects
appear however to be not very important. (For instance, it has

been verified that, assuming constant average power in the central
pellet of a Na-2 fuel pin, a 20 % higher power generation within a
60 ° angle provokes the maximum temperature to be displaced radially
versus the high power region: this maximum is only 2 % higher than
the nominal one.) Therefore, it is possible to take into account
these irregularities as further sources of uncertainties on the
maximum temperature, which will be assumed to occur always at pin

center.

I1f hot spot analysis should be performed for a fuel at a given burn-

up, no variation in the analysis method would be necessary. It would

At » 12
[ ¢

dus new

equire a n ot definition

W Spoe i the
fuel defined by the boundary of the inner channel over a certain length,
The nominal temperature should. correspondingly be recalculated for a
given inner channel radius, taking into account new nominal values and
uncertainties of parameters such as density, thermal conductivity, power
density etc. In this case, however, another’reasonable assumption might
be to consider a triangular channel arrangement, such as that which will
be presented for the cladding and correspondingly to define a hot spot
as the inner surface of the fuel defined by a 60° arc on the boundary

of the inner channel over a certain length.
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II.1.2 Cladding hot spot

Since there is no power generation, in the cladding the maximum
temperatures occur only at the inner surface of the cladding.
For a reactor such as Na-2,
the considered configuration of
coolant fuel
o " the cooling channel for cladding
: spot"
\\\\\# . temperature analysis, as well as

(/7 )”‘) for hot channel analysis, is shown
A | !EI!
cladding in Fig. 2. Hot spot size is assumed

to be the inner surface of the

cladding defined by an arc of 60°

Fig. 2
as basis over a certain length. The
Cladding hot spot channel
arrangeient P effect of the spot length on both

fuel and cladding factors will be

examined in the following.

I11.2 Nominal temperature profile

I11.2.1 Axial temperature profile

At a given radius r, the inner temperature 3} of the fuel at height

z is given by the sum of the following terms:
ﬁ;(z) = 9; + ASL(Z) + Aﬁz-cl(z) + A?;l_t(z) + A{Zl_f(z)+ A?}_r(z),

(7)

that is, by the sum of the inlet coolant temperature (9;), the cooclant
temperature increase between inlet and height z (Afz), and the temperature
drops across the interface cladding-coolant (Aﬁ;_cl), the cladding
thickness (A@;l_t), the gap fuel-cladding (A{Zl_f) and fuel radius
(a9;_.)-

Assuming the origin of the axis z at core center, and a cosine dis-

tribution for the specifickpower X delivered by a fuel pin:

X(z) =X ___ cos (y— 2), (8)

rX eXxX
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we get for A@;(z) the following expression:

z . N
L
- X'z _ Xmax “ex . 1 . i
ASL(Z) Ry dz = =———F—— sin (2 T )+s:Ln(l z)
_L1p P ex ex
2
(9
where 1 = active length of a pin
lex = extrapolation length
cp = coolant specific heat, assumed independent of
temperature
G = coolant mass flow rate, assumed constant along 1
X' = specific power delivered in the channel from

the considered pin and the adjacent ones
(x'= 3%, Fig. 1).

Indicating with A{E the total temperature span along a channel, the

Eq. (9) can be written as:

. T o1 X w
Sln(E'T;;) + 51n(I;; z)
A@’c‘(z) = A9 AT . (10)
21
ex

Explicite notation of the other terms in Eq. (7) results in:

N IR
51n(5 T )+s1n(l z) X 1
ﬁ}(z) = 3; + A{E ex ex + max(ﬂ'h - +
> sin(i 1 ) cl-c O
2 1
ex
2 b * T = T+ ﬁﬁTP ) cos (éLE (11)
Tk .(d.+d ) f-cl'i T ex

cl* i o

inner and outer cladding diameter respectively

where d.,d
i’ 7o

t = cladding thickness (t « (di+do)/2)
h h = heat transfer coefficient cladding-coolant, and
cl-c’ "f-cil \

fuel-cladding respectively
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kcl’kf = thermal conductivity of cladding and fuel
respectively
%
1 4
(kf—z-gfj;——- kf(g) dg ) .

Indicating with Ag&-d,max the total temperature drop between fuel
and coolant at height z = O, where it is maximum, and introducing
the functions fc(z) = 1 and f(z) € 1 in order not to restrict the
analysis to the considered cosine power distribution, the Eq. (11)

can be written as:

9}(2) =7, + Aﬁ; fc(z) + A%}-d,max fp(z), (12)

where z +l/2
fc(z) = fp(z)dz/ fp(z)dz . (12v)

-1/2 -1/2

Eliminating the terms AY and Aﬁf-r in Eq. (7), the inner cladding

cl-f
temperature will be given analogously by:

(13)

Py (2) = J; + 8T £ (2) + AT £, (2)

1-d,max
In the case of a sodium cooled reactor such as Na-2 / 11 _/, 3}(z)
assumes its maximum value at a point only slightly above the core

central plane,ﬁzl(z) at core top.

J1.2.2 Radial temperature profile

The radial temperature profile in the core is determined by the

radial flux profile, and the radial distribution of fissile materials
and flow rate. In the Na-2 reactor, for instance, there are two radial
zones of different fuel enrichment in order to flatten the power
profile, and the flow rate is distributed among the several sub-
assemblies in such a way that the coolant temperature span in the
nominally hottest channels within a subassembly is the same for all

subassemblies 1_11_7 in order to obtain a better efficiency. This
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provokes a discontinuous radial temperature profile. Other causes
of discontinuity in radial, as well as in azimuthal direction, arise

generally from different burn-up zones.

Instead of giving an explicit function for the radial - or azimuthal -
profile, we shall take it into account, in the following analysis, by
defining, for each subassembly individually,the maximum fuel and
cladding temperatures and the power profile. In order to simplify

the analysis it will be assumed as in Ref. [-1_7 that the power

profile within a subassembly is approximately linear, and the pins are

uniformly distributed along the radial direction.

According to these assumptions, the power radial profile in a subassembly

is completely characterized by the parameter H:

§ - Max. power - average power ’ (14)
max. power

where the terms "maximum" and "average" are to refer to the pins in

the considered subassembly.

IT1.3 Analysis of the uncertainties

The uncertainties affecting the parameters, by which the temperature
profile is determined, should be divided into the following groups,

according to their nature, as discussed in Ref. 1_1_7:

Local uncertainties, which are random functions along the channel

axis: these uncertainties should be defined by their '"'specific

standard deviations";

Channel (or pin) uncertainties, which do not vary along a channel

(or pin), but among the several channels (or pins) within

a subassembly.

Subassembly uncertainties, which act on all channels within a sub-

assembly in the same way, but vary in an independent way

among different subassemblies;
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Zone uncertainties, which act on a whole zone, that is on a whole

group of subassemblies;

Core uncertainties, which act on the whole core.

The main causes of uncertazinties to be considered at beginning of
reactor operation for a sodium cocled reactor are reported in
Table 1. It ought to be noted that in this table the uncertainties
on the critical temperatures, which must not be exceeded, appear

as uncertainties on core temperatures.

This procedure is allowable in our analysis, because we want to assure

that a certain temperature Y does not exceed the value Szr. that

it?
is

A= 9., -7 zo. (15)
crit
Now the Eq. (15) is statistically sati_sfied, at the confidence level
associated with the parameter A (see Table 2), if the nominal value

A9 satisfies the equation:

E% = 9 .. - aLG;& (16)
with
2 2 2
GA% = Gﬁbrit +G%’ . . (17)

From Egs. (16) and (17), we have:

= e 2 2
'j/crita J +>\\/;?70rit +®ﬁ" ’

that is, the same equation, we should get, if the uncertainty on

7,

rit vere considered as a further uncertainty on 7.
c
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L)

Uncertainties in physical knowledge

Tab., 1 Causes of Uncertainties in Core Thermal Design
o >
esl B L] 2]
— (e} o £ ] © = o [} [
Uncertainties S ale = S o 5 @ S 5
o) T 3 < « N O
21~ o + & <
ol o m o =
= o= 92}
densi s o 1)
ensity % ¥ 4 65 5 1
s
enrichment * * * 67, Va,;

. . . I
cladding inner diam. * * Gzi (Zi
cladding outer diam. * * * 620 Cao !

f
cladding thickness ® . Gi Gy
density asymmetry * Gfa
enrichment asymmetry X G:a
fuel-clad eccentricity *® * ¥ Bi
pin pitch * * *® 6§ Gb
pin active length " 4 * Gy
orifice calibration * * * G

2) s o 6
neutron flux * ¥ ® s Fr bor S
power measurement * E * 0%
inlet temperature E * * 63
s G
clad critical temp. * cl
. s 3) o 1|
fuel melting point * o 4 m .
fuel thermal conduct. s | 6 !
* G'Rfl kf .
i T
5
clad thermal conduct. 3 E ket 6kcl’
heat transfer clad-fuel * 6~s ! 5 ;
hf"]-! tlf-cl
|
-4
heat transfer clad-cool. | X * hed-c hel-c |
s e |
coolant specific heat * * 3 Gép 3
1) 4. .
Different production batches
2) G§ ,G¢ ,6? ,Gﬁ = axial, radial, control rod position and flux
a r cr c - .
calculation respectively.
3) Local effects due to chemical composition ,gap etc.
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Table 2 Normal Distribution

Confidence level

P(x)=P(x¢m+lo)

Exceeding pr
Qx) =
1-P(x)=P(x:m

(%)

84.13
93.32
97.72
99.38
99.86
99.977
99.997

15.87
6.68
2.28
0.62
1.4
2.3

3.2

obability
+)e) A
(%)
1.0
1.5
2.0
2.5
107t 3.6
1072 3.5
1072 4.0

As already noted, for the local uncertzinties it is necessary to take

into account all the spots of a pin, while for the global uncertainties

only the spots at maximum nominal temperature are relevant. In opposition

to previous methods of analysis, (see for instance Ref. 3) it is

necessary then to consider their effects separately, as it will be

shown in the following.

I11.4 Effects of the local uncertainties

II.4.1 Axial subdivision of a channel

Let us divide the channel axis into a number of segments, each one of

a length equal to the assumed spot length lS (Fig. 3) and consider

sl

- -4/

Awianl cvshlRisrdietsAan Af a srhannal

for the moment only the local un-~
certainties. Along a spot length

we assume the fuel, cladding and
coolant temperatures and the un-
certainties as constant. The values,
which the local uncertainties assume

in spot i, are independent from the
values assumed in the other spots.

The uncertainties on the fuel(cladding)

temperature in the spot 1 depend upon

the uncertainties on the coolant
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temperature rise A%i up to the spot i-1, the uncertainties on the coolant
temperature rise A%é in the spot i, and on the uncertainties on the
temperature difference fuel (cladding)-coolant Aﬁé in the spot i.

Now the uncertainties on A%i are independent of the uncertainties

on A%é and AJ,, but the uncertainties on A%é are partially correlated

to those on A@S: they are both partially due to the same uncertainties

on the power delivered from the spot i into the coolant. But if lS<<l,
the temperature rise along a spot length is small so-that the corres-
ponding uncertainties give a negligible contribution to the total
uncertainty. Therefore we can neglect this correlation and consider

the total local uncertainty on 3}(21) (le(zi)) as due to two in-

dependent uncertainties, namely to (z.) and GJ (z.)
3 Ag tTi AIr_q 1
(GZ%, (zi)), standard deviation of tfie coolant temperature rise at

cl-d
height Zg and standard deviation of the temperature difference fuel

(cladding)-coolant at height z, respectively, while the upper index

"1" indicates that they take into account the local uncertainty only.

II1.4.2 Standard deviation of the coolant temperature

In the evaluation of Giﬁb(zi) the actual channel arrangement should

be taken into account. Therefore we separate the analysis for the

fuel and the cladding, since different channel arrangements were con-
sidered. Extension to other channel arrangements can be easily derived ,
from the very general criteria upon which the following analysis is

based.

The temperature of the coolant depends upon the power delivered into
the considered channel by all adjacent pins. Every uncertainty might
assume different values in each pinj therefore, it is necessary to

calculate the ''specific standard deviation of the average value of

the uncertainty'"i'" in the considered channel arrangement; this un-

certainty will be indicated as 6§’Ch, and is the basis of the further

calculations.

. . . h
We shall now explain the general criteria of calculation of gi’c ’
and show explicitily on example. Further details will be given in
the third part of this report, presenting the numerical calculations

for the reactor Na-2.
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a) Channel arrangement (Fig. 1) for fuel hot spot

The main local uncertainties to consider are, from Table 1, those

on density Gf , enrichment Gi, eccentricity G: and axial flux gz.
Among these,si,sz, G§a are to consider both for the central considered
pin as for the adjacent ones (Fig. 1); while 62 only for the adjacent
pins, because it does not affect the total power delivered from the
central pin into the channel. 62 could provoke that a fraction of
power larger than the nominal one (1/3) is delivered from the ad-
jacent pins into the considered channel.

Let us calculate 5§’Ch, that is the average uncertainty on the density

in a channel section.

From the original uncertainty ef we can calculate the corresponding
relative uncertainty on coolant temperature increase q;v. (For instance
if %? =2 % is c§'= 0.02, because the relation between density and
power is linear. Otherwise the actual relation must be taken into

accounth

Now the central pin contributes to the power delivered into the channel
with its whole section and for 1/3 of the total power, while the
6 adjacent pins each one with 1/3 of their sections and therefore for

1/9 of the total power: the average effect is then:

1
0% = \/(%)2 (652 + 6()%(65 13)° = E;f: (18)
3

where Vgeszl takes into account the smaller section of the adjacent
pins which contributes to the total power, and therefore a larger un-
certainty, since qf was defined for the whole section Z-see item I.5_7.
It is to note, that in this way also the "density asymmetry" is taken
into account, therefore it is not considered any further in the coolant

temperature analysis (see Table 1).

The same results in Eq. (18) could be directly obtained considering
that the overall volume of fuel to be considered is 3 times the volume

of a pin, for which the specific standard deviation was defined.
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b) Channel arrangement (Fig. 2) for cladding hot spot

The parameters to consider are the same as at the point a), but

now each one with equal weight (1/3): for instance, for the density

we get:
h 1 1
0 ¢ =‘v/3 (e V6)° (%)2 =V2¢ (18b)
because now for each pin only 1/6 of its volume is considered.
Having calculated the individual ef’Ch , the total relative specific
standard deviation is then:
(o’s,ch)2 =3 (GriS,Ch)Z (19)

1

at height z;} the nominal coolant temperature rise is by Eq. (12)
or (13):

——

A?&(zi) = Zﬁé'fc(zi) (20)

and the corresponding standard deviation:

1 s,ch o
(z,) = =2 8T £ (z,) (21)
c ¢ i

\V1/2 + zs

since the local uncertainties should be "averaged'" over a length

1/2 + zj (see Eq. 6).

In Eq. (21) a correction factor slightly 1arger than 1 was neglected:
this factor, which was calculated by Guéron, takes into account that,
performing the average along the considered length, the effects of the
uncertainties should be weighed according to the axial power profile
/"3, Appendix C_/. ‘

I1.4.3 Standard deviation of the local temperature drops

The nominal value of the temperature drops Aﬁg-d (where j indicates
fuel or cladding) at height zy is (Eqs. (12) or (13) 7:

Aﬁs-d(zi) = A{S_ 'fp(zi) . (22)

d,max



Correspondingly, we obtain for 6; :
b4

1
1 ) =6 .. f .
BTl ALY (23)

The local uncertainties to be considered are shown in Table 1 for fuel
and cladding respectively. Contrary to coolant analysis, only the local
value acting on the spot at height z must be taken into account,

while the other spots have no influence upon AE% Q
From the original uncertainty si, for every parameter i, the corresponding

effect on the total maximum temperature drop (6? ) should be

‘ ,A9j-d,max
ase also, the different pin sections, considered

calculated: in this

O

for fuel and cladding analysis respectively, should be taken into
account. (Details on the evaluation of this standard deviation for
every parameter are given in the numerical example for the Na-2 reactor,
. . . -
in the third part of the report.) It is useful to express 6&,A®j=d,max
in the dimension of a temperature, rather than as a relative value,
since only the uncertainties on the specific power act on the whole
A%“j__d,
in Eq. (7).

whereas the other ones act only on individual terms of the sum

Then the overall uncertainty of the maximum temperature drop for a

spot of unit length is:

s G s 2 . L
(¢ )=Z( )q (2)

o
Agj-d,max b l'A‘ajj—d,max

and for a spot of length 1_ we obtain by Egs. (6), (13) and (24) at

height z,:
& ‘
6y, (z,) = Zfi-dmax ¢ (5) (25)
gj-d i p i’ .

Vi

II.4.4 Equivalent number of spots

Having calculated the standard deviation of the coolant temperature

and of the temperature drops / Egs. (21) and (25) /7 , we can give
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now the general expression for the nominal value and the standard
deviation of the fuel (or cladding) temperature in the spots
a2t height z,:

gi(zi) = @i + 555 fc(zﬂ + AJ. fp(zﬂ (26)

j-d,max

2 s,ch,j)2 2 2

1
(cp. (z,)) =% AT £ (2) +
KRR 2+ 2, ° ¢ 7
(c° )2
G R
A?j:d,max fE(z;) . (Gf )2/1 (27)
“s S crity S

where Jj indicates fuel or cladding, the upper index "1" that this
standard deviation takes into account the local uncertainties only,
and the last term takes into account the local uncertainty on

critical temperature, which does not depend upon the axial power.

In Eq. (27) the dependence of the standard deviation of the local
temperature upon the assumed length of the spot becomes evident.

On the other hand, excluding the term corresponding to the temperature
drop A@S_d, and substituting z, =+ % , Eq. (27) gives the standard
deviation of the coolant outlet temperature as well,which clearly

does not depend upon the assumed spot length. This demonstrates

unambigously that the hot channel factors are independent of the

spot size; moreover the hot channel analysis results to be only a

particular case of the hot spot analysis.

The probability that no spot along the channel axis exceeds a

certain temperature 9; is given byi'E

X)Note: the temperature uncertainties are assumed to be independent

among the several spots of a pin. This is exact only for the

local temperature drops. Since the uncertainty on the temperature
rise is generally much smaller than those on A7¥, g' ¥We can - con-
servatively / 1 / - assume the Eq. (28) to be vdifa.




s 5 = J(z2.) 1 %sj
g 17 fp BRI,

where:

P(gk " 7yt

i ) = probability that a spot at height zg
&
ﬁa(zi) does not exceed the temperature 3;
nsj = number of spots at height z; (according to our
assumptions (Fig. 1 and 2), n, = 1 in fuel analysis,
n_ = 3 in cladding analysis respectively)
l/ls= number of segments in the assumed axial subdivision
[ Fig. 3/,

The probability distribution (28) should be added with those of the
"global" uncertainties in order to obtain the overall maximum temperature
distribution. In order to simplify this procedure, we shall substitute
the actual number of spots in a channel with an "equivalent number of

spots", 1'13, 14_7 all at the same reference temperature ﬁ;j and

with the same standard deviation G}jo

According to / 14 _/ an equivalent number of spots (N:g) has the same
probability of exceeding the temperature -3; as the actual distribution

(28) if the following equation holds:

1/1
s 9 71
. I ng; log Z P(—t—?%—~—-{]
A A e (29)
log /}(—%rle)]
573

As indicated in Eq. (29), N g is a function of the chosen reference
-} I

temperature (573) and standard deviation (G‘ ) besides the temperature

9&, at which the equlvalence is evaluated. Slnce for the global un-

certainties it is necessary to take into account only the spots at

the nominal maximum temperature fGM
physically appropriate to assume ﬁij = ﬁSM = ﬁs(zM), indicating with

along the channel axis, it is

z.. the abscissa of the maximum.

M
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€q
Assuming 6’ = ﬁﬁ‘(z ), the function Nsp_j(gk), calculated in

the case of the reactor Na-2, has the qualitative behaviour indicated

in Fig. 4: both for cladding as for fuel, NZ; is not constant with yx,

) 4 as it would be necessary, in order
Nr to apply a simple procedure in the
DJN”X further calculations.
¢ Therefore we perform the following
15
N%(%M) - —t pessimization:
.. We assume for G}j that value,
G
ﬁd, K ‘ evaluated for successive approximations
L, ; Jx (see Part II), which provokes that

5jm %M{'kSa—\” N:g j(jx) is always less than Nzg j(?jM)
) - v -
Fig, 4 Equivalent number of spots within an interval (/x - 5: ) of

C

actical relevance ’4.56) - dotte
line in Fig. 4 -3 then we assume N°3 _(Jx) as constant and equal to

). sp-J
SP J(%M

Summarizing the previous considerations, we consider the effects of

the local uncertainties, as due to a system of NE spots, each

SPJ'
one at the same temperature Q’M and the same standard deviation g J

these parameters being defined as following:

1/1 ~ =
%M _%(Zi))J

s
‘Z nsj log [% ( 7
e i=1 . G’ﬁ(zl)
qu_.=const.= , J (30)
p=J " log (0.5)
5}M =£§(ZM) = maximum nominal temperature along a pin
G}j = reference standard deviation for which the function
given by (29) results to be:
eq 5 T T <x<T
N if 5. x<J,, + 4,56,
< Nep3 e T &30 35 Ty M 2%;
g 7
SP J( xs {E rJ
= N®4 ¥ I (g i ﬁfzzg? L,5 ¢
Nsp_j(§3M,§GM, ) if /x o+ 5

(31)
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From Eq. (30) it can be noted that (E%M - ég(zi)) and W;i (z.) -
neglecting in Eq. 27 ngrit - being proportional to the specific
power at constant flow rate, N:q_. is the same for all pins within

a subassembly.

In the case of Na-2,6;_ results to be a little larger than
G%CI(ZM) and € .

observing that in the case of the cladding the nominal temperature

cl
a little smaller thantyéf(zM): this can be explained,

is maximum in the point at which the standard deviation is minimum

(namely at the top of the core and because 6 is proportional to

v
1ex

the nomlnal temperature is maximum almost at the same point at which

cos ( z) neglecting the coolant uncertainty) whereas for the fuel

the standard deviation is maximum. Moreover the small difference between
Géj(zM) and er - resulted from the calculation - indicates that the

pessimization introduced by Eq. (31) is very small.

II.5 Reduction of the uncertainties distributions to an overall

normal distribution

Now we are able to apply a procedure similar to that indicated in

Ref. 4-1_7, in order to reduce the actual distribution of the un-
certainties to a simple normal distribution. The procedure is identical
for cladding and fuel hot spot (therefore we shall omit for simplicity
the previously introduced index "j"); it can be applied to the hot

channel as well considering simply that. in this case N:g =1,

A core must be divided into a number NZ of zones: a zone (which will
be indicated with the index "i'") is a group of subassemblies, for
which the power, the flow rate and the uncertainties are constant.
Therefore for a cylindrical geometry a zone is a certain set of sub-
assemblies, not necessarily contiguous, at the same radius, for which

the burn-up and the construction data are the same.

For each zone, the maximum nominal temperature ﬁ&s in a subassemblyr

and the power gradient H* (Eq. 14) must be assigned.

Let us now consider one of the channel arrangements in a subassembly

. . . . .31
of the zone "i", in which the maximum nominal temperature'ﬁMs occurs,
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For this channel we can give a graphical representation of the un-

certainties as indicated in Fig. 5a
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Fig. 5 Reduction scheme: equivalent channel distribution

This scheme indicates that the same uncertainty GEh acts on all the spots
of a channel (Fig. 5a and 5b). Géh must be evaluated as the statistical
sum of all '"channel'uncertainties (see Table 1), calculated from the
original standard deviation in Table 1 in the dimension of a temperature
in the point where the maximum temperature %§s occurs (for simplicity

of notation, we shall omit the superscript "i" to &ll uncertainties

distributions in Fig. 5 and successive).

According to Ref. 1, the reduction procedure substitutes the dis-
tribution of the probability that at least one out of the N:g spots
exceeds a certain deviation - that is the distribution of the maximum
value in N®9 samples - with a more pe551mlst1c normal distribution, de-=
termined bypthe coefficients h™(N) and nE (V) (Fig. 5b). These coeffi-
cients, which were represented graphically in Ref. 1, are explicitily

given, with a least square fit, by the following functions:
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m - 0.81888 log N
h"(N) = 1.70694 + 0.54372 10% N - 1.70169 e (32)
0

and, pessimizing up to 4 6 confidence level,

-0.82554 logyoN

n (N) = 0.62589 ~ 0.03584 log, N + 0.37230 e (33)

As in Fig. 5 ¢, a normal distribution is then evaluated, equivalent

to the "local"™ and "channel!" uncertainties.

Let us now consider a subassembly in the zone "i". Similar to the
channel we can give a graphical representation of a subassembly and
its uncertainties in Fig. 6. In this figure, NC indicates the number
of channels, and Gé the "subassembly" uncertainty evaluated from the
original subassembly uncertainties in Table 1. The channels have been
assumed uniformly distributed along the subassembly radius (see

item II.2.2).
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Fig. 6 Reduction scheme: equivalent subassembly distribution



- 32 -

The nominal flow rate being constant among the several channels in a
subassembly, the temperature gradient will be equal to the power gradient
H - .

i
The nominal maximum of the axial temperature profile can be con-

sequently expressed as:

i) =7, + GI -Fpa -5t 4w (51)

1

—

with -Hl$&1£+Hl and‘ﬁa = inlet coolant temperature.

Taking’into account that between h and h + Ah there is a number of

channels equal tozg% Ah, and that now the maximum temperatufe along

-] . gy o~ eg-1 T man = . ,, -1
a pin is distributed with Staﬁdafd deviation &, % about (VM; + mig Y
(Figs. 5 and 6), we can define an equivalent number of channels -
analogously to item II.4.4 - as:
st (ﬁi +meq_i-§ ) (B -h)
Ms ch i a
log | P ( —— T )| dh
N . cS37 (1-E"+h)
eq-l i ch
g- C -H
Ne =z w (35)
log 0.5
In Eq. 35 an integration has been substituted to the summation in
Eq. 305 and as reference temperature it has been assumed 5§s+ miﬁ—l.
Furthermore, a reference standard deviation G?h is evaluated in such

a way, that conditions corresponding to Eq. (31) are satisfied.

As indicated in Fig. 6, it is then possible to evaluate the equivalent

subassembly distribution (m:q, qu).

Taking into account the number (Ni) of subassemblies in the zone "i"
and that all subassemblies in a.zone have the same nominal maximum
temperature, with the reduction procedure illustrated in Fig. 7,

we can evaluate the equivalent zone distribution (m:q, Ezq). In

Fig. 7 G, is the total standard deviation of the zone
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Fig. 7 Reduction scheme: equivalent zone distribution

uncertainties evaluated from the original uncertainties in Table 1.

Considering now the Nz zones in a core, with a total standard deviation
6& of the core uncertainties evaluated from the original uncertainties

in Table 1 for the maximum temperature in the core:

~ _o iy
Tie = Maxe (Ja) =T 48 | (36)

we can (as indicated in Fig. 8) evaluate the core distribution
(mj?tizq), which is equivalent to all uncertainty distributions
and takes into account the axial and radial temperature profile as
well as the actual corfelations existing among the temperatures of

the individual spots and channels of the core.
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Fig. 8 Reduction scheme: equivalent core distribution

In Fig. 8, an equivalent number of zones is defined according to
item IV.4.4 as:

z B 5’ 4r-meq"iM(‘;’-}’-1~1—r'nec"-'l)-7
L log | P( Me . 2 Ms 2
a1
- z
Neq = 1—1 s (37)
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I1.6 Hot spot factors

Having calculated the equivalent core distribution (mzqg @iq), we
can now evaluate the probability that no spot - of the assumed

size - exceeds a certain temperature

;7=Z7MC + mgq + A qu H (28)

this probability, indicated as confidence level, is given by P(L)
(see Table 2).

The corresponding hot spot factors by Egs. (1), (2) and (38) are

given then by:

msq-+l&:q
F. (conf.level) = 1 4 —= = (39)
hs Tue ~ Vi

Even if it is not explicitly expressed in Eq. (39), Fhs is strictly
correlated to the size assumed for the spot. In the third part of
the report, application of the method to the reactor Na-2 will show

the influence ¢f the spot size on the factors.

The complement of the confidence level is the occurrence probability

of at least one hot spot - of the assumed size - in the core. It

expresses an overall failure probability, but gives no indication

on the way of failure, other than that of the size of the spot:

for instance, no indication is given on the number of expected failed
pins. A better quantitative figure of safety can be obtained as in-

dicated in the next item.

I1.7 Probability of n "hot subéssemblies"

As already indicated in hot channel analysis 4_2_7, rather than to
evaluate the expected number of failed pins because of hot spot
occurrences, the analysis can be simplified, assessing the in-
dividual probabilities that in exactly one or in exactly two or

in exactly n subassemblies hot spofs occur. This corresponds also

to a practical necessity: in fact, if one or more pins in a subassembly
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are damaged by excessive temperature, the affected sub-
assembly must be removed as a whole. In order to simplify the
notation we shall indicate as "hot subassembly", a subassembly

in which at least one hot spot occurs. An exact solution of the

problem will be given for the case of a core constituted of all
equal subassemblies (that is N, = 1). In this case the schematic

representation of the problem is presented in Fig. 9. There is

Fig. 9 Simplified model for assessing the number of hot subassemblies

only one global uncertainty 6, this time including also the zone
uncertainties, which acts in the same way on all NS subassemblies
in a core, each one with the equivalent distribution (m:q, U:q)

calculated as in Fig. 6.

The probability function ths(g) that in exactly n subassemblies a
deviation £ is exceeded by the temperature of at least one spot

is then given by:

+ 00
t NS Ns-n n
e, (9 =] £y (n )[P(g-yﬁ [ati-9)]  ay (40)
= o
where
f(y) is the frequency function of the global distribution_
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Z&(E—y{] n is the probability that the deviation ?—y will
be exceeded in n subassemblies, if the global
uncertainty is equal y: therefore x + y > % .

+ 02
Q(3-y) =1 - P(%-y) = p(x)ax, with p(x) the

£y
frequency function of the subassembly distribution

(m:q, 6':q);

N -n
@(f-yﬂ s is the probability that the deviation ¥-y in the

other Ns-n subassemblies will not be exceeded;

N
and ( s) the number of the corresponding possible com-

binations (Binomial coefficient).

In the case of a core with more zones, it is possible to reduce the
actual scheme to a more pessimistic one,; assuming all the subassemblies
equal to the most limiting ones and evaluating a pessimizing global
distribution for the core and subassembly uncertainties, as it will
be indicated in the code description. Then assuming conservatively
that the ratios of the probabilities of n hot subassemblies to the total
hot spot probability are the same as in the actual model, a conservative

estimation of these probabilities can be derived.
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Second Part

SHPSPA: a code for Statistical HOt SPot Analysis

111, Program description

I111.1 Scope

SHPSPA is a Fortran-IV code for IBM 360 system, which, operating on
the presented analysis method, evaluates the hot spot factors for
fuel and cladding as well as the hot channel factor as a function of
the confidence level. Moreover, it evaluates the probability of

"n hot subassemblies" according to item II.7.

The code has been developed with emphasis on sodium cooled fast
reactors, but is applicable tc any type of reactor constituted of

bundled fuel rods with single phase coclant.

In order not to restrict application of the code to our assumptions

on the spot size (item II.1) and to the thannel arrangements assumed

in Fig. 1 and 2, the calculations of the individual standard deviations
from the original uncertainties are not incorporated in the program,
since the relations between original uncertainty and corresponding
temperature deviations are not in general the same among different
reactor types. Therefore some preliminary calculations must be per-

formed in order to assign the input data into the program (see Part III).

Moreover in order not to restrict the code to cosine axial power dis-
tribution, the functions §§z) and f_(z) (Eq. 12) are not defined in
the program, but they must be supplied by the user according to the
actual axial profile as separate function subroutines. In the first
part of the report, only statistical uncertainties were taken into
account: actually, together with statistical deviations, quite
systematic causes might provoke that the temperature of some core

components deviates from its nominal value: the program allows to take
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into account such systematic deviations, as will be shown in the

following.

1II.2 Code structure

The code is constituted of a main program and several subroutines,

according to the interconnection scheme in Fig. 10,

SHPSPA -
(MAIN)
LI S O
' b et - - - —— - -~ -
R :
1
] e S 1
X STFACT
— PL@TA
KSTGRE | ___j , ' ,
i ! |
1 I |
(I '
l'_"'-_"J ' "‘“"‘""‘""1
i I s
I
: | I
| | i
S 1 }
e I ' l
| : SP@T CHANEQ F@R
R R . . —
| i R S R . i - ———
1 { ‘l ! i ! ! !
FP £ F@RHAL PV@NX
Fig. 10 Routine interconnections

All routines are listed in the following together with their

principal functional characteristics:

SH@SPA =

Main program. It is principally a routine controlling
input, output and sequence of operations. It performs
however some simple calculation, such as grouping of

local uncertainties and selecting the reference temperatures.
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TMAXZ = Subroutine. It performs the axial subdivision of the
channel into segments corresponding to the chosen spot
length, evaluates the maximum temperature of the axial
profile and the corresponding abscissa.

GRgUP = Subroutine for reading; printing and grouping the global
uncertainties.

STFACT = Subroutine for evaluation of the statistical factors and
probability of n "hot subassemblies" (ths)‘

SPZT = Subroutine for evaluation of the equivalent number of
spots.

CHANEQ = Subroutine for evaluation of the equivalent number of
channels.

F@R = Subroutine controlling integration in evaluation of
ths

PV@NX = Function to be integrated in evaluation of ths'

KSTPRE = Subroutine for storing of an alphanumeric text.

Subroutine controlling plot of curves:standard IBM/360

PLZTA

Assembler subroutine in the program library of Kernforschungs-

zentrum Karlsruhe 1-15_7

FPRHAL = Subroutine for function integration: standard Fortran-IV-

subroutine in the program library of Kernforschungszentrum

Karlsruhe /16 /

FP = Function,to be supplied by user, describing the axial

power profile.

¥C = Function, to be supplied by user, describing the axial

température profile of the coolant.
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I11.3 Input cards

The input cards can be divided into four blocks, according to

Fig. 11.

1. General Data

2. Zone Data (to be repeated N, times)
2.1 Zone Characteristics

2.2 Zone Uncertainties

2.3 Subassembly Uncertainties

2.4 Channel Uncertainties

2.5 Local Uncertainties

3., Core Uncertainties

L, Program Control

Fig., 11 Input card blocks

I1I1.%.1 Block.1l - General Data

This block is constituted of the three following cards:

The first card - FORMAT (20Ak) - is an identification card, con-
taining a free comment, which will be printed by the program as

output headline.

The second card - FORMAT (10I5) - contains in the order:

NZ = number of zones, into which the core has been divided

(1 s NZ = 150)
NS = total number of subassemblies in the core

NP = number of channel arrangements in a subassembly con-

sidered in fuel hot spot analysis



NC

NCL

NSPF

NSPC

ITFCR

ITCLCR

ITCCR

i
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number of channel arrangements in a subassembly con-

sidered in hot channel analysis

number of channel arrangements in a subassembly con-

sidered in cladding hot spot analysis

number of spots assumed for the fuel at a given abscissa
number of spots assumed for the cladding at a given abscissa
critical fuel temperature (°C)

critical cladding temperature (°C)

critical coolant temperature (°C)

The third card - FORMAT (8 F 10.4) - contains in the order:

XL

XLEX

XLSPF

XLSPC

TI

DTC

DTCL

DTF

H

active length (cm)
extrapolation length (cm)
assumed fuel spot length (cm)
(%)
assumed cladding spot length (cm)

nominal coolant inlet temperature (OC)

nominal maximum coolant temperature span in

the core (°C)

nominal maximum temperature drop inner cladding-

coolant in the core (°C)

nominal maximum temperature drop central fuel-coolant

in the core (°C)

* Note: the ratios XL/XLSPF and XL/XLSPC must be integer, since the
active length should be divided into an integer number of segments
(see item II.4.1).
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I1I1.%.2 Block 2 - Zone Data

This block must be repeated NZ times and i1s constituted of 5 sub-

blocks, which must be assigned in the following order (Fig. 11):

a) Subblock 2.1 - Zone characteristics

This subblock is constituted of one card - FORMAT (2 I5,5F10.5) -

containing in the order:

K7z

NSZ

HP

HC

FSYSP

FSYSC

fi

subscript identifying the zone. 1 <KZ £ NZ,
The zone blocks must be ordered according to increasing

KZ.

number of subassemblies in the zone KZ. All subassemblies

in a zone have the same temperature and uncertainties.

ratio of nominal maximum of power profile in a sub-
assembly of the zone KZ to nominal maximum in the core

(HP =1)

ratio of nominal maximum coolant temperature span in the

zone KZ to nominal maximum in the core (HP = 1)

power profile in a subassembly of the zone KZ, corres-
ponding to Eq. (14), item II.2.2 (H= 0O)

(The factors HP, HC, H and the temperatures TI, DTC,
DICL, DIF define completely the radial temperature pro-
file)

factor by which the power in the zone KZ must be multi-
plied in order to take into account systematic deviations

from nominal.

factor by which the coolant temperature span in the
zone KZ must be multiplied in order to take into account
systematic deviations from nominal.

(The statistical analysis is perfbrmed starting from

nominal temperatures, recalculated taking into account

FSYSP and FSYSC).
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b) Subblock 2.2 - Zone uncertainties

The first card of this block - FORMAT (6I5) - contains informations

on the number of the following cards in the subblock, and namely
in the order:

KZ = zone subscript.

N1 = total number of following cards in the subblock;
every following card containing informations on only one
uncertainty, N1 is also the number of uncertainties be-

longing to this group. N1 2 O.

N1l1 = number of uncertainties affecting the power. The temperatur:
uncertainty is proportional to the whole temperature dif-
ference between considered point and coolant inlet: these
uncertainties must be assigned as relative value.

N11 =0,

Nl2 = number of uncertainties affecting only the coolant
temperature increase. The temperature uncertainty is
proportional to the temperature span of the coolant up
to the considered point: these uncertainties must be
assigned as relative'value.

N1z =z O.

N13 = number of uncertainties affecting only the temperature
drops fuel (cladding)-coolant at a given abscissa: these

uncertainties must be assigned in the dimension of a

temperature (°c).
N13% 2 O.
N14 = number of uncertainties on fixed temperatures -~ such as

fuel melting point, cladding critical temperature etc.:
these uncertainties must be assigned in the dimension
of a temperature (°C). N14 > O.

(The following relation must be satisfied:

N1l + N12 + N13 4 N14 = Nl1.)
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The successive N1l cards contain the power uncertainties according

to FORMAT in Table 3 and to the specifications S.1.

Table 3 Card for global uncertainties

FORMAT | I3 | I3 | I3 | 1X | 10Ak| F10.5 | F10.5 |F10.5
VARIABLE | KK (K | K1 [ KOMM SF SCL SC
KK = KZ = zone subscript
K = 2, indicating a '"zone" uncertainty
K1 = 1, indicating a '"power' uncertainty
KOMM = free comment for identification of the original
uncertainty (printed by the program).

5.1 SF = standard deviation of the corresponding power
uncertainty,expressed as relative value, for fuel
hot spot

SCL =  standard deviation of the corresponding power un-
certainty,expressed as relative value,for cladding
hot spot

5C = standard deviation of the corresponding power un-

certainty ,expressed as relative value, for hot

channel.

The successive N12 cards contain the coolant temperature uncertainties

according to FORMAT in Table 3 and to the specifications S.2.

K1 = 2, indicating a coolant temperature uncertainty.
SF,SCL,S8C = standard deviations of the corresponding cooclant

5.2 temperature increase expressed as relative value.

The other variables identical to specifications S.1l.
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The successive N13 cards contain the uncertainties on the temperature

drops fuel (cladding)-coolant at a given abscissa, according to FORMAT

in Table 3 and specifications S.3.

K1 = 3, indicating a temperature drop uncertainty

SF,SCL: standard deviations of the corresponding uncertainty
on temperature drops expressed in OC, calculated
at the point of maximum specific power in the

S.3 - core. (In order to simplify the calculations of
these standard deviations it is opportune to refer
always to the same power: the program, then,
elaborates the actual value of SF and SCL according
to the zone KZ).

SC = 0,

The other variables identical to specifications S.1.

The successive N1k4 cards contain the uncertainties on fixed temperatures,

according to FORMAT in Table 3 and specifications S.Ak4.

Kl = 4, indicating a fixed temperature uncertainty

9]

S b SF,SCL,SC: expressed in C

The other variébles identicai to specifications S.1.

c) Subblock 2.3 - Subassembly uncertainties

=
.
o}

This subblock is identical to the 2.2 one, with exception of
tion which ust be equa 1

Cil II1OW mus

assembly" uncertainty.

d) Subblock 2.4 - Channel uncertainties

This subblock is identical to the 2.2 one, with exception of K in
specifications S.1, which now must be equal 4, indicating a "channel"

uncertainty.



- k7

e) Subblock 2.5 - Local Uncertainties

The first card of this subblock - FORMAT (3%I5) - contains informations

on the number of local uncertainties, and namely in the order:

KZ = zone subscript
N15 = number of uncertainties on cooclant temperature
span (6§’Ch)
N16 = number of uncertainties on local temperature drop
(6° )
i ,Aag_d,max

The successive N15 cards contain the N15 uncertainties on coolant

temperature span, according to Table L4,

Table k4 Card for local uncertainties on coolant temperature

ORMAT VARTABLE SPECIFICATIONS
15 XZ zone subscript
I5 NTIPO = 5, indicating a local coolant temperature
uncertainty
10AL KOMM free comment for identification of the
uncertainty
F10.5 SPF specific standard deviation (relative

value) for the channel arrangement con-

sidered for fuel hot spot

F10.5 SPCL specific standard deviation (relative
value) for the channel arrangement con-

sidered for cladding hot spot

F10.5 SPC specific standard deviation (relative
value) for the channel arrangement con-

sidered for hot channel




- L8 -

The successive N16 cards contain the N16 uncertainties on local

temperature drops, according to Table 5.

Table 5 Card for uncertainties on local temperature drops

FORMAT VARIABLE SPECIFICATIONS
15 KZ zone subscript
I5 NTIPO = 6, indicating an uncertainty on local
temperature drops
10A4 KOMM free identification comment
¥10.5 SPFD specific standard deviation for fuel
temperature (OC), calculated at the spot
of maximum power in the core (ei,Asrf_d,max)
¥F10.5 SPCD specific standard deviation for cladding
temperature (°C) calculated at the spot
of maximum power in the core (ei, Agzl_d,max)

The last card of this subblock contains - FORMAT (I5, 2 F10.5) - the

local uncertainties on critical temperatures and namely in the order

KZ

SLFCR

II1.3.3 Block

zone subscript

= specific standard deviation of local fuel critical

temperature (°C)

= specific standard deviation of local cladding

critical temperature (°C)

% - Core uncertainties

This block contains the "core!" uncertainties. The first card contains

- FORMAT (5I5) - N1, N11, N12, N13, N14 as defined at point b). The

successive cards are identical to these in the subblock 2.2 with the

following exceptions in specifications S. 1:
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KK = 0 (these uncertainties act on all core zones);

K = 1, indicating a core uncertainty.

IIT1.3.4 Block 4 - Program control

This block is constituted of only one card, containing - FORMAT (AL) -
the variable KONTR: if KONTR = LAST, the final control is transferred

to a STOP statement otherwise to reading a successive data set and

to starting execution of the program for the new data.

III.4 Error check on input data set

An error check is performed on the data. If the checked variables

]
)
&
¢}
[
[
C
s

are not correctly assigned, execution is stopped and an error message

appears. The error messages are listed and explained in the following:

ERROR IN THE ZONE SUBSCRIPT OR IN THE CARD TYPE: This message indicates

one out of the following occurrences:

a) The zones are not ordered according to increasing KZ.

b) Among the cards of a zone, there is a card not belonging to this

zone.

c) The variable NTIPO (in Tables 4 and 5) has not been correctly

assigned. That is there is an error on the type of local uncertainty.

ERROR IN THE NUMBER OF SUBASSEMBLIES

The sum of the number of subassemblies of the NZ zones is not equal

to the total number of subassemblies NS.

ERROR-H NEGATIVE

A negative value is assigned to the parameter H in subblock 2.1.

ERROR IN THE NUMBER OF CARDS

N1l + N12 + N13 + N1&4 # N1 (Subblock 2.2 - first card)
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ERROR IN THE TYPE OF CARD

It refers to a global uncertainty card and indicates that one of

the variables KK, K', K1 in subblocks 2.2 or 2.3 or 2.4 or in block 3
has been assigned in an illegal way: this control is performed in order
to avoid that a certain uncertainty might be treated as belonging to

a group or to a zone different from the groupvor the zone to which

the uncertainty belongs actually.

IIT.5 Program Operation

The program operation can be divided into two successive steps. In
the first step the data are read and elaborated in order to evaluate
all quantities necessary to the evaluation of the hot spot factors,

which is executed in the second step.

I11.5.1 Data Elaboration

First the block 1 containing the general data is read and printed

(Flow chart in Fig. 12). Successively for each zone the program reads
and elaborates the zone data. Namely, from the zone characteristics
(Subblock 2.1) the nominal temperature differences DTCZ, DTFZ, DTCLZ
(see Table 6) are calculated for each zone, and successively the sub-
routine TMAXZ (Flow chart in Fig. 13) evaluates the nominal maximum
temperatures of cladding and fuel and the abscissa at which they occur.
(These nominal temperatures take into account the systematic factors
FSYSP and FSYSC also.) Successively, the global uncertainties (subblocks
2.2, 2.3, and 2.4) are read and elaborated by the subroutine GRPUP
(Flow chart in Fig. 14): namely, from the original data the program
evaluates the standard deviations (°C) of each uncertainty in the point
of maximum température of the axial profile in the considered zone,

and the total standard deviation for each group (zone, subassembly

and channel uncertainties).

Successively, the local uncertainties are read and the specific standard
. . s,ch 1 7
deviations 6 and Gpg jmax (Egs. 19 and 23) are evaluated. Then

the reference temperatureg-and zones are chosen: that is, the program
assumes as reference temperature for fuel hot spot the maximum value -

among the zones - of the fuel nominal temperature. The same is performed



- 52 -

for cladding hot spot and hot channel. At last, the core uncertainties
are read and elaborated in order to determinate the total standard
deviation (OC) of the core uncertainties for the chosen reference

zone.

In output for each uncertainty the program prints the original values
and the elaborated ones and the total standard deviations for each
group. An example of the output variables will be given in the third

part of the report.
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Table 6 Main variables of the first step
Name Unit Definition
DTICZ ° Nominal maximum temperature span of the coolant in a zone
o
DTFZ " " " difference fuel-coolant in
a zone
DTCLZ °c Nominal maximum temperature difference cladding-coolant
in a zone
TFZMAX | °C Nominal maximum temperature of the fuel in a zone
TCZMAX | °C " " of the cladding in a zone
ZFZMAX | cm Abscissa at which TFZMAX occurs in a zone
ZCZMAX | cm " " TCZMAX " nowon
STFZ Total st.deviation of zone uncertainties for fuel temp.
STCLZ 0z " n " n " " cladding temp.
STCZ (°c) n " n " n " coolant temp.
STFS 1 " " " subassembly uncertainties for fuel temp.
STCLS ( o~ " 1] " " 1 "  c¢ladding
) s temp.
STCS (OC ) " " 1 1" " " coolant
temp.
STFC . " " "  channel uncertainties for fuel temp.
STCLC} ch n n " " " " cladding temp
stce 4| (°c) " " n " u " coolant temp.
STCFL " specific st.deviation for channel arrangement for fuel
sSTCCL O’s »ch 1" " n " i " for
(rel. cladding
STCL value) " n 1" " " " for
coolant
STFL &> " specific st.deviation of temp.drops for fuel
} o()Aej_llmx
STCLL L 1" 1" 1" 1" 1t 7" " Claddiﬂg
TFREF ° Maximum temperature of the fuel in the core
TCLREF | ° " " of the cladding in the core
DTCREF | ° " " - span of the coolant in the core
KFREF subscript of the zone in which TFREF occurs
KCLREF 1" 1" 1" 1" 1" 1" TCLREF 1"t
KDTREF 1" " 1 " 1" " DTREF "
STFO Total st.deviation of fuel core uncertainties in the
zone KFREF
STCLO % " " of cladding uncertainties in the zone
° KCLREF
(7¢)
STCO " " of coolant uncertainties in the zone
KDIREF
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(: ENTRY :>

W=XL/XLSP

THAX= O

DO I =1,H

74 o= -XL/E‘*
(I-0.5)°XLSP

3

T(Z) by

Eq. (26)

T=TMAX?

TMAX = T
ZMAX

t
3

( RETURN >

Fig.13 - Flowchart of Subroutine THAXZ
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C

RETURN :>
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CALL CHANEQ

i
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Yo | CALL SPQT__ |
SSPEG
XNSPEQ
es
SSPEQ:G}: SCHEQ
XNSPEQ=I §§i> (Fig.5¢)
T eq
Choose most Mz0mg :mz*
limiting | PSSP -1
_subassembly SZOEQ =6,
MS, SS (Fig.7)
NZOEQ = NJ2 MCORE = m¢
AP
524 =0 SCORE = ¢2¢
(Fig.8) (Fig.8)

e . e

=1,10
Eq.(40)

PRCBN= QI}; hs

Fhs vs
Conf.level

Temp, and
hot spot
factor

Fig,15 -
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PROBT = -

PROBT
PROBN

Flowchart of Subroutine
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(Fig.6)
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hot spot
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|_CALL PL#TA |
PROEN , PROET
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(:' RETURN j)
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I11.5.2 Evaluation of the statistical factors

In the second step, under control of the main routine (Fig. 12),

the program evaluates at first the fuel hot spot factor, successively
the cladding hot spot factor then the hot channel factor. The evaluation
of the factors is controlled by the subroutine STFACT (Figs. 10 and 15).
Namely if the factor in evaluation is a hot spot factor, the subroutine
SPPT is called for each zone in order to evaluate the equivalent number
of spots and the reference standard deviation G} = SSP@T. According

to item II.4.4, the subroutine SPOT evaluates the equivalent number

of spots at the reference temperature E%(ZM) = TMAX and then at the
temperature TT = TMAX + 4.5 ¢ (XNSPOT and XSPOT respectively), for a

reference standard deviation equal to G%j(ZM)'

According if XSPOT is larger (smaller) than XNSPOT the program evaluates
a larger (smaller) SSPOT so that the conditions (31) are satisfied

(see Flow Chart in Fig. 16). The reduction procedure of the uncertainties
to a final normal distribution follows exactly the reduction scheme

in Figs. 5+ 8: the equivalent numbers of channels (subroutine CHANEQ)

and of zones are evaluated with a procedure very similar to that given
for the spots in Fig. 16. The main variables are printed in output

(see Fig. 15). Then the expected maximum temperatures and hot spot

factors are evaluated and printed according to Egs. (38) and (39).

In order to evaluate the probability of exactly n hot subassemblies a
pessimizing model of the core is chosen according to item I1.7. All
the subassemblies are assumed equal to the most limiting ones: namely
equal to those in the zone "IREF", for which the temperature

31:3;5 + m:q + B-VV(qu)2+wi is maximum. Then the subassembly dis-
tribution (m;‘i(IREF), G':q(IREF)) is assumed (Fig. 9). Successively

a pessimizing global distribution (mg,sé) for the core and zone

uncertainties is evaluated by:

m
m, = XMG = h (NZ)-E;(IREF)
2 & 2
6 = SG =\ﬁ + (h (N_)+G (IREF))
g C Z A
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(2}, S(2)
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RE=ALOG(0,5+ TT =TMAX y
e o 0.5ERF(4.5)) SM, INDEX,, J=0 (, U i>
(D.Eq.29 LS| (Denom,Eg.30)
A 4
7 =-XL/2 +
50 T o1.% - XSPOT
D0 1 =1, (I-1) XLSP NDEX=32 XSPOT="55—
J= J+1
[ - Y e f
S = 8t AND 5(2)2 INDEX =2
~SXSPOT
?
Yes
SPOT =XSPOT+ALCG(C.5+ INDEX -
0. SERF((TT-T(2))/(S(Z)D)) : 3
( Numerator Eg.29 )
RETURK
No TT =TMLX + <E;> (:ﬁ ETUR _:>
4,5 SSPOT
— SSPO”:SSPOT‘_
XSPOT ] *(1-0.01)J
NT ‘D
XNSPOT= =
INDEX =1

Fig.16

*Flowchart of Subroutine SpgT

XNspPOT
2 XSPCT?

SSPOT=55PCTH
0.02 (8M =
SSPOT) J

C

RETURN \)
d




- 59 -

Then by Eq. 40 the probability Qphs(PROBN) of n hot subassemblies is
evaluated for values of n within 1 and 10, together with this pro-
bability, the total hot spot probability (PROBT) for this pessimizing

model is evaluated.

PROBN (for N = 1,2,5 and 10), PROBT and PROBE (hot spot probability

in the actual model) are then plotted versus the hot spot factor.

An example of the outputs will be given in the numerical example for

the reactor Na=2.

I11.6 The functions FP(z) and FC(z)

As previously stated, these functions must be defined according to

the actual axial power profile as function subroutines.

In the application of the code to the reactor Na-2, the assumption
of a cosine power distribution has been maintained. The listing of

the corresponding FP(z) and FC(z) subroutines is then the following:

C AXIAL POWER PROFILE
FUNCTION FP(Z)
COMMON XL,XLEX
FP  =C0S(3.141593%Z/XLEX)
RETURN :
END

C AXIAL COOLANT TEMPERATURE PROFILE
FUNCTION FC(Z)
COMMON XL,XLEX
A=SIN(1.570796%XL/XLEX)
FC  =(A+SIN(3.1L41593%Z/XLEX))/(2.%A)
RETURN
END

In this case the active and extrapolated lengthes were assigned in a
COMMON statement; however their numerical values can be explicitly as-
signed in the functions. It is useful to observe that when it is not
possible to obtain an explicit function for FC(z), FC(z) can be ob-

tained by integration of FP(z) (Eq. 12b).
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I1T1.7 Application of the code to gas cooled reactors

In the development of the program it has been assumed that the heat
transfer coefficient cladding-coolant is constant along a channel axisy
This statement is not generally valid for some special types of high
performance gas cooled reactors, for which the upper part of external
cladding surface is artificially roughened in order to increase heat

transfer in the zone of higher temperatures.

Although the code does not directly account for such a situation,
problems of this kind can still be solved with SH@SPA by applying
the code twice in order to point out which part of the pin is the

most critical in respect to hot spot occurrences, and namely: a first

/]

application of the code will consider the whole core as constituted

by uniform roughened cladding, correspondingly overall hot spots
factors will be calculated for the roughened part of the pins; a

second application of the code will consider the core as constituted
by smocoth cladding, correspondingly overall hot spots factors will

be calculated for the smooth part of the pins only, if in the functions

FP(z) and FC(z) it will be assumed

It
O

FP(z) for z > z.,.= abscissa at which roughness

begins

FC(z)

FC(z ) for z » 2z .
r " “r

The total non-failure probability will be given then, conservatively,

by the product of the partial non-failure probabilities.

*Note: The radial variation of this coefficient depending upon
the coolant flow rate can be taken into account by appropriate

values of the systematic factors FSYSP.
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IV. Fortran IV Listing

iV.1l Main Program

;MSHF§9A4§TATISTICA1 HOT SPNT AMD HOT CHAMMEL AMALYSIS

PIMENSTON KOMM(29) ,NSZI150),HI150),NTC7{150),NTF7{150),nNTr1 71(1580),
ITCIMAXI150) s ZCZMAX {150 3 TEZHAX(150) o ZFZMAX{150) ,STFZ{150),8TCL7 (]
2501, STCZ{150G),STFES{150),STCLSI150),STCS{15N)Y,STEC{150),STOLC{150)
3,STCCLL150),STCFLI150),STCOLI150),STFLIIS2),STCLLI1SN),STrL{150)

DIMENSION XB{B),YB({8),MDIR{8),MSC{8),AR{Q),SLFR(151)},SLLCR(15M)

COMMON XL, XLEX, TT,NZyHyNSZ4NTCZ,NSyCC,7Z7yBR,FAT,J, INDEX,XPR,VR,NOIR
1,NSC, AR

NATA KKKK/'LAST '/ ,

1111 PEADNIS, 100)KOMMGNT G NS, NPy N NCL,NSPE, NSOC, ITFCR, ITOLCR, ITCOrR, X1, X!
1EXy XLSPEyX1.SPC,TI 4 DTC,DTCL,NTFE

100 FORMATI{20A4/1NIS/8F1N.4)
WRITE( 6, 2CG0 VKOMM, NZ 4y NS, NP, NC, N L

200 FORMAT{1HL 420X, *SHOSPA=STATISTICAL HAT SPAT AMD HAT THAMMEL -ANAT VS
1ISY7/7 /71X, 2004 77771 %, *NUMRER NF 7ONES WITH INFNTINAL SHURASSEMAL IS
2 NZ=1v,15,12%, *TDTAL NUMRFR NF SUBASSEMRLIES NS=',[5/1X, NIIMAFR NE
ROHANNELS FONSIDERED FNR FUEL HNT SONT NP=%,15,9X,

3 TNIIMBER NF CHANNELS IM A SHURASSF
4MBLY NC=1, [5/1X, "NUMAER NF CHANNELS CONSIDEREN FNP CLAPNING HOT Sp

ADT NCL=',15/7/)
WRITE{6,300YXL XLF Y, XLLSPF, X1 SO ,NSPF,NSP(

IGO0 FORMAT(1X, FACTIVE LENGTH X1L=7,F10.2,1X, 7 {CHMYT, 33X, 9EXTRADNLATED | F
INGTH XLEX=1,F10,2, 1%, " (MY /1X,*FUFL HOT SPNT LENGTH YL SPF=1,c10,2
291X, VIOMY 1, 23X, ICLANDING HOT SPNT LENGTH XLSPA=' , FI10,2,1Y, ' {CMY v /1
AXLAFYEL HOT SPNTS AT HEIGHT 7 NSPFE=1,15,28%,1 L ANDDING HAT SPNTS AT
4 HFIGHT 7 NSPrL=1',15///)

WRITF{64,400)TI,DTC,DTCL,DTF,ITFLR,ITCLAR,ITCAR

400 FORMAT{1X, 'CNOLANT IMLET TEMPERATURE TI=1,F10.2,1X, {00Y7 71X, 1NrMT
IMAL MAXIMUM CODLANT TEMPERATURE SPAN IN CARFE  DTC=1,F10,2,1%X,{70)
2971X P NOMINAL MAXIMUM TEMPERATURE NDIFFERENCFE C1ANDING-CNNLANT TN T
30RE DTCL=',F1042, 1%, T{OCY /71X, *NOMINAL MAXTIMUM TEMPFRATYRFE DIFFF
4RENCFE FHFL-CONLANT IN £NRE DTF=",F10.24,1Y, Y{OCY'77/ /71X, 150l R
S5ITICAL TEMPERATURF ITFCR=1',15,7 (AC)T J/71X,'CLANNING CRITICAL TEwM
6PERATURE ITLLOR=1,15," (0NC)Y//71X,*CONLANT CRITICAL TEMPFRAT!URF IT
TOCR=1,1I5,% (OCY'/7//) ‘

NSS=90.

TFREF=0,

TCLREF =0,

NTCREF=],

N0 1 K=1,N7

READIS,; B0C) KZ,NSZIKY,HDP,HC,HIK),FSYSP,FSYSC

800 FNRMAT{215,5F10.5)

IF{KZ.NF.KIGO TN 999

NSS=NSS+NS7{K)}

NTCZ{KY=DTCHHC %FSYSC

NTFZ(K)=DTF%*HP *FSYSP

NTCLZ{KI=NTCL%HP %FSYSP

FSYS =HPX*FSYSP , :
CALL TMAXZUXL JXLSPCaTIyDTCZ{K) ¢DTCLIIK Y TCIMAXIK) 320 ZMAXIK) )
CALL TMAXZ (X! JXLSPE,TI  DTCZ(K) yDTEZ{KY ;TEZMAX(K),7FIMAX (X))
HRITE(6,900)K NSTIK) yHP yHC 4 FSYSP, FSYSC HIKIyNTC7 (K ,OTCL7 (XY, nTFT(
2K) o TCZMAX(K) 3 7CIHMAXIK) y TEZHMAXIKY IR ZMAX(K)

900 FORMAT(1H1,30X, "ZONF',15///1%X, *NUMBRER NF SURASSFMRLIES NSZ=',15 /]
1Xy 'RATIDY OF 70ONF MAX SPFEC,PNUWER TN CNRFE MAX,SPECPNWER HP=!1,517,4
271X, 'RPATIE OF ZOME TN CORE MAX,., TEMP, SDAN HC=',T10,4 /1X,'SYSTEMA
ATIC POWER FACTOR FSYSP=',F10,4/71X,"SYSTFEMATIC TFEMP,SDAN EACTND FSY
BSC=1F1IN.4 ' ' ' [1Xy Y IMAY,TF
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3MPLSPAN ~AVERAGE TEMPLSPAN) /MAX.TEMP,SPAN —IN A SUBASSEMALY H=',
4F10 471X, INOMJMAY S TEMP L SPAN DTCZ=",F10.2,* {0C)1/1X, tNDM MAY, TEMD,
ENTFF. 1 ANDING=CONLANT DTCLZ=1, £10.2 s U LOC) V71X, INDM MAX, TEMD DT
6%, FUFL=CODI ANT DTE7=', F10.2,' (0C)'//1X, *NOM. MAX, CLANDING TEUD,
TTCZMAX=1,F10.,2, ' (OC) AT HEIGHT 7CZMAY=1,F10,2,' (£M)T/7/1X, NnM, 4
AX,FUEL TEMP, TE7MAX=',F10,2,' (GF) AT HEIGHT 7FZMAX=', S10,2,' (O™
9V /1) ‘
1=0
WRITE(6,1000)
1000 FORMAT (29X, 'ZONE UNCERTAINTIES'/)
NTIPO=2
2 1=1+1
READ(S,150)IKZ N1, N11,N12,N13,N14
15¢ ENRMATIE1S)
CUIF(KZJNEK)G0 TN 999 SR e - :
CALL GROUPINLNLL,NL2,N13 o N4y NTIPA, K, DTCZK) s DTEZ LK) PTCL 7K, 777
IMAX (K ), 7CZMAX K ) y STFSTCLA,STC,ATCZ{K) \ITCZIK) yESYS ,ESVS )
GN TN (354,5),1
3 NTIPO=3

C | g 1 A Y-
STFZ{K}=STF

STCLZ{K)=STCLA
STCZIK)=STC
WRITE(6,250)STFE,STCLA, STC
250 FORMAT (1X,65(2H-=1/1X, "TOTAL ZONF UNCFRTATINTY=ST.DEY,?,66X,3{F10,4
1,2X)7/7/730X%, * SUBASSEMBLY UNCERTAINTIES? /)
GO TO 2
4 NTIPN=4
STFS{K)=STF
STCLS{K)=STCLA
STCS{K)=STC
WRITE(6,350)STF,STCLA, STC
350 FORMATIIX,65{2H-=)/1X, *TOTAL SURASSFMBLY UNCERTAINTY-ST.DEV,',50%,
L13(F10. 4, 2X)7//30X, 'CHANNEL UNCERTAINTIES'/) :
GO TN 2
5 STFC{K)=STF
STOLCIKY=STCLA
STCC(KYI=STC
WRITFE(6,45G)STF,STCLA, STC
450 FORMATI1X,65(2H-=) /1%, " TNTAL CHANNFL UNCERTATNTY=ST.DFV,?,63%,3( "1
10434,2X)V/77)
WRITE(69550)
550 FORMAT(30X,'CODLANT LOCAL UNCERTAINTIFS?//3Y, TUNCFRTAINTY (2EL,5PF
1CIFIC STWDEV.)',12X, VEOR FUEL HOT SPAT',7X,'SNR CLADNING HOT SPNTY
2, TX, FFOR HOT CHAMNEL®/1X,65(2H-=1]
READI5,650)K7,N15,N16
650 FORMAT{315)
IF{KZ.NF,K)}B0N TN 999
STCRL{KY =0,
STCCL{K)=0,
STCL(K) =0,
IFIN15.,E0.0)1G0 TN 1212
NN 10 I=1,M15
READ(S ,750)KZ, NTTPR, (KOMM(L) ,L= 14101, SPF,SPCL, SPC
750 TORMAT(215,1084453F10,5)
IF(KZ NEJK.ORNTIPA,NE,5)GN TN 999
STCFL{K)=STOFL(K)+SPF®%2
STCOL{KY=STOCL {K)#SPCL*%D
STCL(K)=STCLIK) +SPC**x2
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10 WRITE(6,850)(KOMM{L),1=1,10),SPF,SPCL,SP0
850 FORMATI(1X,1084,10X,F10.4,20Y, F10.4,10%,710.4)
STCFLIKI=SCAT(STOFLIK)Y)
STCOL{KY=SQRT(STCCLIKY))
STCLIKI=SOPTISTOLIKY)
1212 WRITF{6,950)STCFL{K I}, STLOLIK) LSTOL{K)
950 FORMATIIX,65{2H-~)/1X,'TOTAL CNOLANT SPECIFIC UNCFRTATINTY (PrF{,ST,
INEVL )T 4 F12,4,20X%,F10.4,10X,F10,.4
A [/7/30X, ' TEMD,DROPS LACAL DNCERTAIMTIFS//3Y,
2VUNCERTAINTY=SPFL,STNEV. {001 1,5%, T=INPIT=1 ,SY VFHF] HAT SnNTe,
35X, *CLADD, HOT SPNTT,5X,'=NyTPYT- FIEL HAT SPNTT,5Y, 101 ADD, HN
4T SPOTY/1%,65(2H-—))
STFL{K)=D,.
QTFLi{K)-C.
TF{N16.FQ.0IGN TN 2171:
D20 1=1,N16
READ(5,750) K74MTIPO, (KOMM(L ) 41=1,10),4SPE0,$P0D
TFIKZ oNF K .ORLNTIPN,NFLHIGO TN D69
SPFDO= S$fﬂ*f§vs
STFt{K) STFL(K3+SSFGQ**2
STCLLIK)=SPrNNk%x2+STCLL 1K) ,
20 WRITE{6,4851)(KNMM{L),1L=1,10),SPFN,SPLN, SBFNN, SPONN
851 FORMATIIX, 10A4,2{ 7%, Fl0.4),16%,2{7X,F10.41)
STFL{K)}=SORT(STEI {K))
STOLL{KI=SORTISTCLLI{KY)
2121 WRITF{6,160)STFL{K},STCLLIK)
160 FORMAT{1X,65({2H-—1/1¥X, "TOTAL TFMP,DROPS SPECTIFIr UMCFRTAINTY-ST,0F
IWVe 1O0)=% 346X, F10e4s7XF10.4//77)
PEANI5,852)K7, SLFCRIK), SLCCRIK)
852 FORMAT{I5,2F10,5)
IF{KZNE.KY 60 TN 999
HRITE{6,853)1S1FCRI{K Y, SLECR{K)
853 FORMAT(1X, 'LOCAL UNCERTAINTIES ON CRITICAL TEMDERATURES:FNR FiE| =1
15F1044, Y{OC) T, 10X, PFNR CLAPNING=, T 10,4, L0V /7 /77 )
IF{TFREF.GF,TFZMAX(K)) GO TN 21 :
TFREF=TFIMAX{K)
KFERFF=K ’
£S1=FSYS
21 IF(TCLREF.GE.TCZMAXIK)) 6N TN 22
TCLREF=TCZIMAX(K)
KCLRFF=K
FS2=FSYS
22 TF(DTCREF.GE.ATCZ(KY)Y G0 TN 1
NTCREE=NTCZ{K)
KDTCRF=XK
1 CONTIMUE
IF{NSS.NF.NSIGO TN 998
URITF{6426G)IKFREF, TFREF,KLLRFF,TCLREF,,KNTCRF,NTLCRFF
260 FORMAT{1H1,1X,'FNR FUEL HNT SPOT THF RFFFRENCF ZNNE TS THE 70MFY T
13/1Xy "THE REFLFUFL TEMPERATURE IS',Flfie2,' (OCYV///71Y ' FOD ri AT
2NG HOT SPNT THE REFERENCE 7NONF IS THE 70ONEf,13/71Y,
A TTHE REF,TLADNING TEMPTDA
3TURE IS'3F10.25" {QCYV///71%s*ENR HNAT CHANMNEL THFE REFFRENCT 70ONF |
4S THF ZONE*,13/1X, 'THF REFERFNCF TEMDP,SPAN IS ,F10.2,' {0C)Y///7)
WRITE{6,5600)
600 FORMAT{30X,'CNRE YNCERTAINTIESY//)
REAN(5,500)IN1,N11,N12,NI3,N14 .
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540 FORMAT{SIS5)
CALL GROUD{NILNIINIZ,MI3,N14,1,0,DTCREF,DTF7{KFREFY, rLzi{xcyLeery
Loy 7F7MAX{KTFREF Y, ZC7TMAX{KLOLREF Y, 5T, STOLG, STLD, ﬁTrZ(Krg FlDTr7{xrL
2REF)4FS1,FS2)Y
VRITFE{6,700)STFL,STCLNLSTLD
TGO FORMAT{IX,65(2H-=) /71X, 'TOTAL CORE HNCERTAINTY -ST.DEV.',65%,3{F11,
14, 2%Y)
WRITFE{44360)
360 FORMATI{IH1, 1X,'FURL HOT SPOT ANALYSISY'//7//)
CALL STEACTH 2y DTF7 s STOFLySTRL 3 XI SPRE,TETMAX Z7FTMAY, STRC yNSPE,MD ST
1S STFRZyKFREFZSTEN, FMCORE,SFLORE,ITFLR, SLFLR)
WRITEL6,460)
460 FRRMAT{1H1,1X,'CLADDING HOT SPOT AMALYSISY///7)
CALL STFRFACTI1,DTCL7 ,STCCL, STOLL yXLSPL ,TOMAXZ7CIMAY,, ST LO,NSPO,, N
1+ STOLS s STOL 24 KO LREFSSTCLG»CLMOOR,,TLSCNR, 1T CR,, SLOCR)
WRITE(6,560)
560 FORMATI{IH1, 1X, THOT rHANNEL ANALYSIS'//777)
CALL STFACTI O GyDT1,5TC1 s SN Ty XL SyDTCT 477 oSTLCy Ly NC,STLS,STr7,4NTrne,
1STCOs CHMCOREZCSCNRELITCCRL,SLTCR)

; 2 ~
CALL KSTRRE{KOMM,60H NOMINAL, FXPECTED AND CRYTICAL TRMDERATHOLS
1 y15)
L=7

PN 23 1=1,9

23 H(I)=T1 |
TEMPO=TFREF+EMCNRE+4 X SECORE
TIM=100.

TAM AMAXl(TY””F FIOAT{ITECRYI+10D0,
YE(1Y=TAM~-430,

¥2{831=0.3

YB(81)¥=T1

NDIR(8)=2

NSC(81)=1

nn o690 I=2,.7

60 YR{1)=140,

C’\i_i_ PLFTAiAR,H,Q,Z, 391,1711}.17-1’3.1.91259‘{5?‘4’?11\47@1?\{1“"““Lvl1}.0 910
1947.45HI1 919=141,14098:sXByYB,NDTR,NSC,11IHTEMP (30)..96H, O, ,
26Hs 99,49 8He 99,9,4ySH. 99.99,..,10H. 99,99%..,14H1 PFR MENT V..,
314HINLET TEMP, ..) :

PN 30 J=1,9

pn 31 1I=1,9
60 70 {32,33,34,35,36,37,38,29;40),J

32 H{IVY=DTCREF+T]
G010 31

33 H{I)=TCLREF
Gh TN 31

34 H{I)=TFREF
GG TO 31

35 H(IY=FLOAT(ITFCR)
G 10 31

36 H{IN=FLOCAT{ITCLCR)
G TO 31

37 H{I)=FLOAT{ITLCOR)

G0 10 31

38 HIT)=TFREF4+FMCOREFAR(] ) RSFELNRT
GN TN 31

39 HIT)I=TCLREFACIMONR + AB(II%CLSCOR
6N TN 31
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40 H{I)= Q?fPEF+TI+CWCPQC+A81i?*fS’qQC
31 CONTINUFE
G TO {42943444445,40434T744845469,50),.
42 X=2.
Y=H{1l)-80.
C21 L KSTOREIKOMM ,20HNOM,CNNL , TEMP,SPAN, ., 5)
Ge 10 39
432 ¥Y=H{1)
X=3,
CALL KSTORE{KOME L, 20HNDM,CL. T, ss 151
GO 19 30
44 ¥Y=H{1)}
X=1, »
CALL KSTORE{KOMM L20HNDM FUTEL TFMP, .. s 3
o TN 30 ' o : o -
45 Y=H{1) '
CALL KSTORE{(KOMM ,20HCRIT,FUEL TEMP, .. ,5)
GO 70 3¢
46 Y=H{1)
A={e3 ) i
CALL KSTORFIKOMM L20HCRIT.CL . T, se 15)
G TN 3¢
47 y=H{1l}
Xziog
CALL KSTRRE{KNMM L 20HCRIT,CONL.T, ss +5)
GO T0 3D
48 X=4,
Y=H{O)
CALL KSTGRE(KP“N 3 20HEXD FUEL TEMP, .. 551
GO 1O 30
49 Y=H{S1+3]0.
CALL KSTORE{KOMM ,20HEXP.CLADNDTEMD, .., ,5)
GO TOD 30
50 Y=H{2)
CALL KSTORE{KOMM , 20HEXP,f ML, TEMP, ,, s 51
30 CALL PLOTA{AR,H 9429331913190+ 7. 90920125, TAM,TIM,GLKDMM, | 4147641,
1+7.95HT11 219=1314531+0919XsYs2,1,KNMN)
READ{5,9970 )KNNTR
997 FORMAT{A4)
TFIKONTR L NFJKKKKIGD TN 1111
CALL EXIT

998 WRTTE{6,9980)
9980 FORMAT{1X, YERPLR TN THF NUMBER DOF SUBASSEMBLIFS!)
ALY EXIT
999 WRITE{($,9990)
999¢ FORMAT{1X,'ERRNR IN THF ZNNE SUBSHRIPT NR TN THE fARﬂ ERAS
CALL EXIT .
. STDP

END
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IV.2 Subroutine GRZUP

GROUPING OF THFE GLOBAL UNCERTAINTIES
SURROUTINE Caﬁnpimi,Nix,wiz,ﬂIB.Nia,M MMyDTL,DT2,NT2,7ME, 740 ,STF, S
1TCL 4STCyDT4,DT5,FS1,FS2)
DIMFNSION KOMM(10)
STFE=
STCL=0.
STC =0,
IFINIY1, 1,2
1 RETURN
2 TF{N1-M11-N12-N13-N1413,4,3
3 WRITF{6,1C0)
100 FORMAT{1X,'ERRNR IN THF NUMBRER NF CARDS?)
100C CALL EXIT
4 WOITFR{6,200)
200 FORMATL3X, "UNCFRTAINTY !, 20X, "= INPUT =1, 4%, "FURL ", SX, TCLAPDING Y ,5X
1PCNADLANT ', 3X, "INPUT UNIT ',2%X, *=0UTPYT— FUELIOC) CLADD{OrY  rong
2. 1DC) /71Xy 651 2H==))
IFINLILYSB,5,6
& D0 I0 I=14M11
RFADIS, 300 TKK K HK1,KOMM,SF,S5C1L,
3006 FORMAT(313,1X,10A4,3F10,5)
TFIK JNENDR KILNE, 1. NRJKKJNELNNIGD TN 999
SEC=SFX{NT4XFC{IMFY+DT2%FP{IMF))
SCLC=SCLAH{DTSXFC{7MC ) +NTIRFP{IMT))
SCC=SC*DT1
STF=STF+SFC %%
STCL=STLL#5C1 %%
STC=STC+SCCH%2 - }
10 WRITF({6,440CIKNMM, SF,SCL S0 ,SFC4SCLC, SO
400 FORMAT{IX g 10A4 3{F 10,49 2X ), "RFLLTN {T-TI)?,7%,2{F10.4,2%X))
5 IFIN12115,415416
16 DN 20 I=1,M12 _
READ{S, 300 IKK,K (K2, KNOMM, ST, SC1 , S0
TF{KJNFN,DR, K2 NF 2. NR KK JNFJNMIGD TO 999
SFC=SFANTLRFL{ 72MF)
SCLC=SCLADTS*FC{ZMC)
SCC=SC*NT1
STF=STF+SFL%kD
STCL=STCL+STLC*%?2
STC=STC+SCO%%D
20 WRITE({6,500)IKOMM,SF,SCL 587 4SFC,SCLE, %fr
500 FORMAT{IX, 10A%,3{F10.442X) 4 'REL.TD DTC  1,8X, 2510 ,4,2%))
15 IFINL13125,25426 )
26 DN 30 I=1,N13
REAN{S5,300)IKK,K,4K3,KNMM,SF,S5CL,5C
IFIKJNEJNLORLKINFEL3IGD TN 999
IF (KW NEJNGORLKINE, 3, OR KK NELNN )G TN 999
SFC=SFXFP{ZMF) %*FS1
SCLC=SCLAFP{ZMC)%FS?2
STF=STF4+SFC%%D
STCL=STCL+SCLLC#%%2
30 WRITF(6,600 IKOMM,SF,SCL,SC,SFC,SCLE,SC
600 FORMATIIX,10A4,3{F10.4,2X),! nry Ty TXS3{F1IN,4,2X))
25 17{N14)35,25,36
36 DO 40 I=1,M14
REAN(5 4300 )IKK,K K4 ,KOMM SE_SC] ,SC
IF{K NF Mo OR K4 NF o4 ORGKK JNFNNIGN TN 999
STF=STF+SF%%2

|92]
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STCL=STCL+SCL*%2
STC=STTC+SC %% »

WRITE( 6,600 ) KDMM, SF SOL 43S0 ,SF,S01L,5C
STF=SORT{STF)

STCL=SCRTISTCL)

STC=SORT{STC)

RETURN

WRITE{6,2000) , .
FORMAT{1X,'ERENR IN THE TYDPE NF TARDY)
GO TO 1000

END

IV.3 Subroutine TMAXZ

EVALUATION 0OF THE MAXIMIM AXIAL TEMDERATURES
SUBRNDUTINFE TMAXZ{XL,XLSP,TI,NT1,NT2,TMAX,7MAY)
N=XL/XLSP

THAX=D,

NN 1 I=1,N )
I==XL/2.+(FLOATII)=0,.5)%¥YL SP
T=TI+NTIXFC{Z14DT2%FP( 7)

IF{T-TMAX)1,1,2

TMAY=T
IAAX=17
CONTINUE
RETHRN

EMD
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IV.4 Subroutine STFACT
EVALUATION OF THE STATISTICAL FACTDRS

SUBROUTINE STFACT{IND,NT1,SSC,SPT,XLS, TMAX, 7MAX,SCH, NSP,NIH, SSA,S7
10,KREFSCO,MCORE, SCARE,ITCR,SLTCR)

DIMENSTION DTC{150),DTL{150),SSCU150),SNT{150), TMAX[150),74A%{15)),
1SCHU150Y,HI150) ,NSZL150),NTCZ1156),S5SA{150),570{150) ,MZ20F01150),
2S7CEQ{150) ,SLTCR{15D)

PIMENSION XB(8),YB(3),NDIR{R),NSCI{R),KDOMM{15), AB(C), HFC (9)

DIMENSTION HFT({21),2RORT(21),PRIMRN{21,10) ,PRABF(21Y,PRNRNNI{21)

COMMON XL XLEY 3 TI gNZyHyMSZyDTCZ W NS CCy774,BByFAT,, 3, INDEX, XR,YR,NN]R
1sNSC,LAR :

PEAL MCHEOD, NCHEQyMSAFDQ,M70ED, M5, MCORF, NIOED

HM{X}=1e 7089440, 54372%ALNGI0(X)~1,. TO169*EXP{ -0, B18B8RXALNG1IT (X))

HSIX1=0,62589-0.03584%ALNG10IX ) +0. 3723 0*4FEXPI-N,82554%A1 NG10{X)

WRITEL6,130)

FARMAT{1X, "ALL TFMOPERATURES,MEANS AND ST, DEVIATIOMS ARE EXPRFEQSEN
1IN OC '/ /6%, "IONET 5%, "NSI7Y 1 ,BX, 1 TNOMY, 6, TNSPENT, BY, 155
2PEQTy5X,y 'SCHEQ T, 5X, "MCHEQ' 35X, 'NCHEQT 45X, ' SCHEQK? , 4Y
A ‘ TSSARDT,5X, TMSAFN, 5Y, 157
30FEOT, 5%, "MIDEQ! /1Y, 65(2H--1)

TC=0.

PRl I=1,N7

TEOIND  LEQOITMAX{TI=TMAX{TI)+TI

DTMAX=TMAX{I}-TI

IF{IND.EQ.OIGN TO 2

CALL SPOT(NTCZLI) o DTI{ IV, SSCU T, SPTII ) XL SaTMAX( T, IMAY{T),55PFN, Y
INSBEQ,SLTCREIY)

XNSPEQ=XNSPEOXFLOAT(NSP)

GN 10 3

SSPEQ=SSC{I)/SORT (Y1)

XNSPEQ=0,

SCHEQ=SORT(SSPFQ*x*2+SCH(T)%%2)

MCHED=D,

G0 10 4

MCHEQ=HM{XNSPFQ}* SSPEQ

SCHEN=SORT { {HS{XNSPEQ)ESSPIFN ) =x2+STH{T }4%2)

CALL CHANEQ(NCH,H{I),SCHENZNCHEQ,NTMAX , SCHEL 4MTHEN)

MSAEQ=MCHEQ+HM{NCHF Q)& SCHE]

SSAFO=SORT ({HS(NCHEQ)YXSCHE 1 )% 2+ SSA{] Y %%2)

MIOEO{II=MSAREQ+HM{FLOATANSZ{ 1)1 %SSAFD

SZOEC{IY=SORTI{HS{FLNAT(NMSZ{IY)IXSSAFRIEX2+S57D(TI%%2)

T=TMAY T IY#+MSAED+BESHART [ SSAEDRE24STN{ ] }#%2)

IFITLLE.TCY G0 TO 1

=7

MS=MSAFDQ

S5=SSAEND

IRFF=1 o

WRITEL(6,150)T 4 NSZ{T)y THAXIT) ,XNSPFD,S5SPED,SCHED,MCHER,NCHED, SCHA
1  +SSAFQyMSAEQ,S7TEQII),MZIOFQ( 1) ’

FORMAT{4X s T15,5X415,2%,11F10.2)

AA=ALOG(0.5)

RR=ALOGIQ.5+0,5%ERF{4.,5/1.414232))

S7=S70FQ{KREF)

TT=TMAX{KREF)Y+M7NED(KRFF)

INDEX=0

J=0

XITEQ=0.

ng 10 I=1,4N7
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XINEQ=XINEQ+AL QGID S5+, S*ERF{{TT-TMAX{T)-MINEQ{ 1)) /L1S7NENIT}%1,414
1232)))

IFLINDEX,GT.0) GN TO 4C

NZIQEQ=XZ0EQ/AA

INDEX=1

17= TMAX(KRﬂF)+%7“FQ(VRFE)+4.S*Q?

GD 1O 20

XINEQ=XINEQ/BR

J=d+1

IF{INDEX,EQ.3)GD TN 11

TF{INDEXLEQL 1. ANDJNZINEQ.L T, ¥7QEQ3GC T8 12

INDEX=2

TF(MZOEQ.LFE, XINEQ) GG T 60
$Z=S7-0. QI*SZ*TL”AT(J)

GO T S0

INDEX=13

IF{NINEN.GELXZINEN)IGN TN 4D
S2=SZ+001%FLOAT{J}%S7

Gn ™m RQ

srmps SQRT((HS 1NZPEQ )*sz)**z+scn**2)

WRITE(A4 200 )KREF, TMAX(KREF) ,NINEQ,M7OEQ(KREF Y, S7,MCPRE, SCARE
FORMAT{IX65{2H==Y//7/1Xy PREFINNET (85X, 1REF, TEMD 1 ,EX TNJNENT ,RY,
L'MINEQY 88X, Y STDEQ%R T TX, IMCOREY L 8Y ISCNREY /11X, 16,5%X,3F12,4,3Y,3712,
24/77/71%, YPROR,OF EXTEFNINGY, 1SX, "COMFINENCFE LEVEL',8X,? FHS
3 N, 10X, "MAX L TEMD Y 71X, 45{2H~-=))

DTMAX=TMAX{KREF)-TI

NN 70 1=1,9

AR{ IY=0.5%FLNAT(I-1)

PROB=(0.5-0.5%FRFIARII)/1.414232)

{NNF=1.-PRNR

HEC{ I)=1+{MCNRF+AR{T)%SCOARE) /NTMAX

TEMP=TI+NTMAXXHFC{ 1) _

WRITF{6,250)PRNB,ARLT ), CNNF HFC(T),TEMD

FORMAT{IX ) FL17e6,10X, ' {1,F3,1, 'SICMAY Y ,F14,6, 6%X,F13,4,10X,FR,2)
PROR={14 5014 G*Fﬂr((YQQAT(IT(Q) TMAY{KRFF)=MCDRF I/ (1.,414222%S0NRrY)
WRITFE{6,300)1TCR,PANR

FORMAT(IX 4 45{2H——Y//77/1%, ' THE ORNBARILITY OF FEXLFENTING THFE CRITIC?
1L TEMPERATURE (4,15, nCY 1S=',F10.8)

XB{1)=C.5

Y8(1}=HFC(6)

MNTIR(1)=1

NSC{1)=1

NN 17 1=2,7
YR{I)=1.005
NDIR{I)=1
NSC(T)=1

XB{2)=1,35155
XR{3)=2.39635
XB{4)=3,16023
XB{53¥=3,78902
XB{6)=4,33489
IFCINDEXFNR.10D) RETURN
N=IND+1
G0 TN (61562463),N |
CALL KSTORF{KNMM, 60H FUEL HNT SPNT FACTOR VERSUS CONFIDENCF 1 FY
1FL »15)
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L=1
GO TN 64

62 CALL KSTORE{KDOMM, 40H CLADDING HOT SPOT FACTDR VFRSHS CONEINFMOE
1 LFVFL 2 15)
t=3
GO TO 64

61 CALL KSTORE{KOMM,&DH HNT CHANNEL FACTOR VERSUS CONFINENCE 1 FVEL
1 v 15) : _
L=5

64 CALL PLOTA{AB,HFC3949293,1515101; 7o90e9e0125,HFCI9),1.,0,¥0MM,1 ]
1rlesles7asBHIT 4 1,=147 41504749 XP,YB,NDIRNSCyPHFACT. wuy6H, 92..,
26H. 99..58H. 99.9,,,%H. 99.99..,10H. 99.999..,14H{ PFE MFNT 3,,)

IF{INS.EQ. 1)RETURN
XMG=HM{FLOAT(NZ))*SZ0(TREF)
SG=SORT(SCO**2+ (HS(FLOAT (NZ) Y¥SZOUIREF) ) %%2)
WRITE{6,4350) IRFF,MS, SS4XMG,S6
350 FORMAT{1H1, 'EVALUATION OF THE NUMBER NF HNT SUBASSEMALTES!////1X,
1'ALL SUBASSEMRLIFS ARF ASSUMED IDENTICAL TR THNSE IN THE ZONF1, 14/
2/71%, TSURASSFMELY DISTRIBUTION —MEAN=1,F10.4,"' ST.DEV.=',F10.64 /
31X, *GLOBAL DISTRIBUTION -MEAN=?,F10, *,! STeNFVe=*,F10.4//7/2¥%,
LYFACTORY,EX,y "PROBT ', 6%, "PRORT T, AX, TPROR2! 3 AY, ' ORNNZT LAY, I PONALT, AY
5, *PROPSY,6X, 'PRORATY ,AX, YPRORTT 4 AX, TDRABRY , AX, *PPAROT L 4X , 1PONRIN T /]
6%y 65(2H-=)) -
AA=0.3989423/56
BR==0.5/56%%2
£Cz14/11.4142315%S3)
GG=7 . %SG
N0 65 I=1,21
ABC=0.2%FLNAT(I-1)
77=MCORE+ABC*SCORE
HFT{1)=1+7Z/DTMAX
PROBE{IV1=0, 5-NSXERF (ARC/1.414222)
71=77-XMG-MS
TNDEX=1
CALL FOR{-GG,+GGy 1+ 5-5, PRORH)
PROBT.(1)=PRABHXAA
INDEX=2
CAT=10
NAP=10
TF{NS.1T,10) NAP=NS
RO 66 J=1,NAP
FAT=FATXFLOA {Hﬂ J
CALL FOR {=5G,G5, L.
66 PROBN(I,J)=? P”‘A&
WRITEC 61400 HET{ 1)y PROBT (1), (PROBN(T,d1,J=1,NAP)
406 FORMAT{1X,F9.4,11(2X,F9.3))
KP=1
IF{PROBN{I, 1) /PROBNI(T, 21-100.)65,67,67
65 CONTINUE
67 WRITE(6,450)
45C FORMAT{1X,65(2H--))
G0 TN 171,72,73),N

73 CALL KSTORE{KOMM,60H FUEL TFMPANALYSIS=PRNRAPTIITY NF N HOT SUPA

1SSEMBLIES »15) '
L=2
GO TD T4

72 CALL KSTORE(KNMM, 604 CLADDING TEMP,ANALYSIS-PROBARTLITY 0F N HPT

1SUBASSEMBLIES ,15) - o

+1Y/FLOATLS)
E—-5, PRN)
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CF 0 T4 - : '

71 CALL KSTORE{KNAMM,60H HOT CHAMNEL ANALYSIS-PROBARTILITY OF N HOAT Sy
1BASSEMBLIES 15}
L=6

74 XB3{1)=HFT{1)+(3,01

XB{2¥=HFT(19)

YB{2)=0.05

MDIR{2})=2

NNIR({3)=2

XB{RA)=HFT{ 17}

N 76 I=1,¥KP

PRORT{I}= ﬂquIJ(DQﬂ3T(I)
76 PRORE{IV=ALNGIN(PRARE(I)

YR{31=PRORT{17)

CALL PLOTAIHFT,PRORT KPP 32,93 13131314 HFTIZ21) HFETIL1) 31424 9=10,,01,012
15 eKOMM 309 ~1 91 oF= 109091 F+O0,0HER. 1 91019~ 19233,XR YR NDIO NSO,
28HPRNB, .. 8HFACTS "oap16H MIN,1 (PESS,)..)

CALL {_",Q‘lH‘;'{'DQ"‘P\r—,\, 21y 19}.9 1s1 y*}yﬁf"ﬂ&y li"i!‘lyb’*n\f ”‘Xy'flil“iy'ﬁ"y‘“
L1aly0e=131 . E~10,NY, 1, E+00,5HEB,1 91y1y=1492,31yHFT{20),PRABE(27),2, 31
28HMIN, T ..} ' '

N 720 1=1,18

GO TO {721,722, 729, 72047235 7203720, 72072047243 ,1

)
)

721 NP=0
CALL KSTORF(KPMM,4H]1 o.,1)
GR. TN 725

722 NP=3
CALL KSTQRr(KﬁM4y+H7 eesl)
ch 1O 725

729 IF{NS-103T7C9,720,729

723 NP=4
CALL KSTORE{KOMM,4H5 ,.,1)

. G0 TQ 725
724 NP=Q )

CALL KSTORF{KDMM, 4H10.e,1)
725 DN 727 J=1,XP
KS=J-1
PROBNNT JI=ALNGLIO(PRABN (I, 1))
IF{PRORN{J,I)-1.F-10)750,750,727
727 CONTINUE
750 CALD PLOTAIHET,PROPRNN,KSy 3 NP, 1319230y Xy XMySX VY, Y3 SV NT 1 30y =141.
1{ 10,1.,1 C+00,5HE8.1 4151,-1,2, 1,HFT(16>,DQRPMM1151,2,1.K0%&>
709 Iuﬂﬁx 1uQ
IFLIMDLED.OY G0 TN 80D
RETURYN
END
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IV.5 Subroutine SP@T -

EVALUATICN OF THE EQUIVALENT MUMBER OF SPNTS

™~
[

[$V)

1¢
11

SURROUTINE SPAT{DTC,NT1,S5C,5NT,XLS, TMAX y ZMAX, SSDQT,Y“SDQT SFT)
COMMON X1, XLFEX,TI

TIXY=TIH+DTLEFC I I+DTIRFDR{X)

S{XI=SORT({SSCAX2 /[ XL/2 #+XIIADTOERXR2EFCIXIX%24+1, /XLS*S“Y**Z*FﬁiY?**

12414 /XL S*SFT*%2)

N=X1/7XLS
AA=ALLG{D.9)
BR=AILDGIG.5+0,5%FRF{4,5/1.414232}))
SSPNT=S{ZMAX)
IF{SSPOT.GT.0.0¥L0 T4 20
XNSPNT=1.
RETHRN
TT=TMAX
SM=0,
J=0
INDEX=0
XSPOT=0.
N1 I=14N
I==XL/2.,+{FILDAT{II1-0.51%XiS
IF{INDFXeED D AMDLS(7Z) o GTSM)ISM= S(7)
XSPNT= XSPOTH#ALAG{NLS5+0,5%ERF{{TT -T{Z))V/7{S{231%1,414232) 1)

- IF{INDFX)13,3,4

XNSPOT=XSPOT/AA
TNDEX=1

TT=TMAX+4, 5%SSPPT

60 TO 2

XSPOT=XSPNT/ER

J=J+1

IF{ INDEX.EN,.3)60 T0 11

IF{ INDEX.£0. 1o ANDLXNSPNT.LT. XSPNTY 60 TN 10
INDEX=2

TF{XNSPOT.LE, XSPOT ) RETURN
SSPOT=SSPOT-0.01%SSPOTHFLOAT (J)

G TN 5

TNDEX=3

IF(XNSPRT,.GF,XSPOT)RETURN
SSPOT=SSPO T+, 02%( SM=SSPAT JXFLNAT(I)

50 70 5

END
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IV.6 Subroutine CHANEQ

SUBRDUTINF CHANEO(N,H,SIG, XNCHAN,TMAY, SCH, XMM)
NIMFNSION P{25)
FUONXAIX 3 ZY=A1 NC{ D 5+05%FRFI{Z+{ H-X) R {TMAX+XMM) ) /{1, 414232%51I0%( ],
1-H+X)1}¥ 1)) :
SCH=S1IG
P{1}=-H
O(2)=H
P{5)=1.FE-5
IF{H)10,20425
16 WRITF(6,100)
100 FORMATI{1X, "ERRNR-H NEGATIVE')
CALY EXIT
20 XNCHAN=FLOATIN)
RETURN
25 T=C.
IF{SIG.GT.C.0)GN TN 70
XNCHAN=D,5/H i
60 70 60
73 RB=ALOG{O0.5+0.5%ERF{4,5/1,414232))
INDEX=0
J=0
K={
CALL FORHAL(K,P)
G 7O {2,2:2,3),K
2 PL&)=FVONX(P{3},T)
GO TN 1 .
3 YCHAN=P{4)
IF (INDEX.FQ.1)60 TN 40
XNCHAN=XCHAM/AI NG (D,5)%0.57/H
INDEX=1
50 T=4.5%SCH
- GD TN 30
403 XCHAN=XCHAN/BB*(C.5/H
IFIXCHAN, GE JXMNCHAN)IGD TN AD
J=Jd+1
STH=S1G-0,01*SIGXFILNAT(J)
GO 10 53
60C XNCHAN=XNCHANXFLOAT (M)
RETURN
NN

W
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IV.7 Subroutine  F@R )

C INTRGRATION OF PYNNX{X)
C

SUBROUTINE FNR{A,B,C,D)
DIMENSION P{25)
NX={R=-AI%0 .01
PO 16 1=1,100
H=A+NX%*ELDATIT)
F=PVONX{H) #{H-A)
KK=1-1
IF(ARS{E)I=1.FE-25110,20,20
10 CONTINUE
20 CI=A+NXKFLOAT(KK)
o 40 1=1,100
D=B-NX%ELOAT(T)
F=PYONX{D)%{R-N)
KK=1-1
TF(ABSIE)=1.F=25)40, 50, 50
40 CONTINUF
50 G2=B-DXXFLOAT{KY)
IF(G2-G1)70, 80, 80
70 62=G1
80 P(1)=61
P{2)=62
PI5)=C
K=0
1 CALL FORHAL{K,P)
E0 TO {242,3,3),K
2 PL&)=PYONX{P(3))
60 10 1
3 N=p{4)
RETURN
END
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IV.8 Subroutine KST@RE

C PLOT TEXTY

SURROUTINFE KSTORE(NT,MT,NN)
DIMENSION NT(15),4T{15)
N0 1 KM=1,NN
1 NT{KM) =MT (KM)
RETURN
FND

IV.9 FUNCTION PV@NX

c FUNCTION FNR NMUMRER OF HOT SUBASSEMRLIES

FUNMCTION PVONXITX)
TNIMENSION H{LS50),NS7(1589),D7CZ{150)
COMMON XL o XLEX 3 TT s NZsHyNSZ DT N7 4 NS, 0N, 27 ,2R, FAT .3, INDFY
GO 70O {40,50), INDEX
40 A=ULB5+05%ERFI{ZZ-X)1*CCH
TRPA-1 E-S0RX{1./7FLOATINSY IV 41 ,41,42
41 PVYONX=EXP(RBXX%%2)

PETURN
42 PVYONX=EXP{RBAXIAD) {1, —A%%ENS)
RETURN '
50 P=0.5-0.5%ERF{{2Z-X1*C()
N=1,-P

IF{Q-1eF-50%*{1./FLOATI{NS-0+1)1)51,51,52
51 PYONX=0,

RETYURN :

52 PYONX=EXP (BR%X%%2) (kFAT XP¥kX Jk 0%k (NS~ )
RETURN
FND
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Third Part

Application to the Reactor Na-2

V. Data of the Reactor Na-2

V.l General data

The reactor Na-2 Z_ll_7 is a conceptual design of a sodium cooled
fast reactor with a nominal thermal power of 730 MWth corresponding
to an output of 300 MWe. The fuel is constituted of pellets of mixed

UOZ-Pqu, subdivided into two radial zones with different Plutonium
enrichment (21.14 % and 31.1L4 % respectively). The maximum specific

power is 420 W/cm. In this numerical application of the described hot
spot analysis, it will be considered the reactor at start up. Con-
sequently the reactor has been subdivided into 7 radiallzones, corres-
ponding to the 7 concentric rings formed by the 150 subassemblies =~
each one constituted of 169 fuel pins. It has been assumed a cosine
axial power profile. Therefore the functions fp(z) and fc(z) correspond

to those listed at item III.6.

The data necessary to define the variables in the first block of

input cards are specified in Table 7, in the order given at item II.3.1.
The assumptions on the hot spot size are those performed at items I.1.1
and I.1.2; at first it has been assumed a spot length of 1 cm, corres-
ponding to a pellet length: the influence of this length will be

successively investigated at item VI.2.
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Table 7 General Data for the Reactor Na-2
Parameter Value Unit
Number of zones 7
Total number of subassemblies 150
Number of channels for fuel
hot spot 169
Number of channels for hot
channel 336
Number of channels for cladding
hot spot 236
Number of fuel spots at a given z 1
Number of cladding spots at a
given z 3
o
Fuel critical temperature 2700 ¢
o}
Cladding critical temperature 700 ¢
o
Coolant critical temperature 880 C
Active length 95.0 cm
Extrapolation length 132.0 cm
Fuel spot length’ 1.0 cm
Cladding spot length 1.0 cm
Nominal coolant inlet tfemp. 380.0 °c
Nominal max. temperature span o
of the coolant in the core 212.h4 C
Nominal max. temperature drop
inner cladding - coolant in the
core 58.6 °c
Nominal max. temperature drop
central fuel - coolant in the °
core 1623.6 C
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V.2 Zone characteristics

The zone characteristics are summarized in Table 8. This table defines
the parameters upon which the radial temperature profile depends. The
systematic factors take into account the effects of the control rods
on the meutron flux distribution. In fact the flux profile varies
during the reactor operation according to the position of the control
rods. Correspondingly in every point of the core the flux will de-
viate from nominal within cértain minimum and maximum values which can
be evaluated theoretically, repeating the calculations of the flux
profile for every possible control rod position: we are then faced
with the certainty of deviations from nominal during operation and
therefore with systematic factors. In every zone there will ‘
be a certain number of subassemblies for which these deviations are
maximum, other subassemblies however will be affected by intermediate
and minimum values of flux deviations from nominal; the occurrence

of the worst conditions for hot spot generation just at the location

at which the control rod influence is maximum is a statistical ewvent.
Therefore we have considered this effect by assuming a systematic
factor, which takes into account the average flux deviation in the
considered zone, and a statistical uncertainty which takes into account
the difference between the actual deviations in every subassembly

and the average deviation in the zone, and the quite statistical error

of the perturbed flux calculations.



factor

Z one 1 2 3 L 5 6 7
Number of subassemblies (NSZ) 6 12 12 ok 30 2k Lo
~Bex.power in & zone 0.96 0.934 | o. 0.834 0. .
max.power in.the core 965 93 895 83 . 89k ©.715
HC“max.coolant temp.span ?n a_zone 1 1 1 1 1 1 1
max.coolant temp.span in the core
H = power profile in a subassembly
0.0146 0.0297 0.0400 0.0505 0.0890 | 0.1555 0.2370
(Eq. 14)
FSYSP = systematic power factor 1.1 1.07 1.04 1.04 1.07 1.09 1.12
FSYSC = systematic temp.span 1.1 1.07 1.0k 1.04 | 1.07 1.09 1.12

Table 8

Radial Temperature Profile

_6Z’_
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V.3 Uncertainties

According to Table 1, the original uncertainties for the reactor
Na-2 are reported in Table 9, In this analysis the uncertainties
have been assumed as constant among the zones, with exception of
the statistical effects of control rod position on the flux distribution,

which are reported in Table 10,

Table 10 Flux Uncertainty Due to Control Rods

From the original values of the uncertainties the standard deviations

to be assigned in the program are evaluated in the following.

V.3.1 Global uncertainties

Density, enrichment, flux calculation: these uncertainties act pro-

portionally on the whole temperature difference fuel (cladding)-inlet
coolant (K1 = 1, see Table 3). Therefore they are to be assigned
directly as relative value (Table 11).

Outer diameter: this parameter acts principally on the hydraulic

diameter,and therefore on the coolant temperature span (Kl = 2 in

Table 3). Its effect has been calculated as relative value by / 17_/

=2 =27 >
\3 $°-do T e do + 365,
V3 5°- (30436, )2 1 do

- 1 .

ST VY T



Standard deviation
Variable Nominal value Local
Channel Subassembly Zone Core
[o3]= [ - Vem

Density 80% of theor.density |G = 2 % % =1 %
Enrichment I=21.14%;TI=31.14% 6f =1 % o, = 1%
Cladding inner diameter 5.24 mm o‘df = 0,006 mm S =0.012mm
Cladding outer diameter 6 mm qﬁ = 0,006 mm s, =0.012mm
Cladding thickness 0.38 mm 6 = 0.008 mm 6, =0,008mm
Density asymmetry : 0 6. =5% |
Enrichment asymmetry 0 65 = 2.5 %
Fuel-clad eccentricity 0 6 = 0.6
Pin pitch 7.9 mm 6 = 0.05 mm ¢ =0.13 mm
Pin active length 95 cm § =0.5 cm
Orifice calibration | | G = 2.3 %
Neutron flux | 6}5: = 2.5 % S, =1 % T4, Table 10 6, = 2 %
Power measurement &, = 2.5 %
Inlet temperature ‘ 380 °C G =1 °c
Cladding critical temp. | 700 °C g, =7°
Fuel melting point 2700 c 6; = 10 oC Gy = 60 °c
Fuel thermal conduct. 0.024 W/em °C &, =1% oy = b5 %
Cladding thermal conduct, 0.21 W/em °C 5, =0 Gy = 1 %
Heat transfer clad-fuel 1.5  W/em® °C Sopt = O.ZOW/cmzac ﬁﬁe=0.10W/cmzoC
Heat transfer clad-sodiujp 14.5 W/Cmd °c Soite = 3 % %. = 3 %
Sodium specific heat G =1 %

Table 9 Uncertainties for the Reactor Na-2

—Ig-
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(The relationship between do and flow rate being not linear, the

deviation has been calculated at 3 Géo’ then divided by ).

Inner diameter: the effect of this parameter results to be

negligible,

Cladding thickness: This parameter acts on the temperature drop

across the cladding (K1 = 3 in Table 3), therefore it has been de-
termined for the maximum specific power (Xﬁax) in the dimension of

a temperature by (see Egq. 11) . - : -

T < O
G = .
t max . s T N4
k ,(d.+d J¥
cl i o

The numerical values are given in Table 11.

b) Subassembly

The subassembly uncertainties (flux perturbation due to control rod
and orifice calibration uncertainty) can be directly assigned as

relative values {(Table 11).

¢) Channel

- - ——— -

Flux (local radial): it can be directly assigned as relative value.

Pin pitch: From Ref. (17)_we assume the coolant temperature span to

_g’D

be proportional to (Dh) h being the hydraulic diameter. Since
D, is proportional to the flow section (S), we can write
5 2
e =L [(—2——? .1, (41)

with S and GS the nominal value and standard deviation of S
respectively. This holds if we assume that no mixing occurs: in

other case, it is possible to decrease s? of a quantity corresponding

to mixing effects.
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Table 11 Global Uncertainties

]
Type | Fuel [Cladding [Hot
Group Uncertainties (K1) | Hot |Hot Spot |{Channel | " Unit
Spot
Flux calculation 1 0.02 0.02 0.C2 rel.to Zg—ﬁi
Density  (Prod.Batch)| 1 0.01 0.01 0.01 non "
@
S | Enrichment " 1 0.01 0.01 0.01 non "
N - B e S - T
"I Outer Diameter " 2 0.008 | 0.008 | 0.008 rel.to Aﬁe
Thickness n 3 |0.9 0.9 - ¢
. | Flux (control rod
@ V zone) 1 0.02 0.02 0.02 rel.to 95-5;
@
g Orifice calibration 2 0.023 0.023 0.023 rel.to Aﬁé
0
Flux (local radial) 1 0.01 0.01 0.01 rel.to %-&i
r—
® | Pin pitch 2 | 0.0146| 0.0274 | 0.0274 | rel.to AT
=
g Active length 2 0.0023] 0.003 0,003 rel.to A%c
o
Measurement error 1 0.025 0.025 | 0,025 rel.to ig—ﬁi
Sodium heat capacity 2 0.01 0.01 0.01 rel.to Aﬁé
Fuel thermal , . o
conductivity \ 3 €2 - - C
Cladding thermal o
conductivity 3 0.46 0.46 - C
® Heat transfer ' o
g cladding-fuel 3 11.9 - - c
° Heat transfer N
cladding-sodium 3 0.5 0.5 - - °C
Inlet sodium temp. A 1 1 1 °c
Fuel melting point b 60 - - ©
Cladding critical o
temperature : b - 7 - - C
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In order to apply Eq. (41), it is necessary to distinguish between
the channel arrangement for fuel hot spot and that for cladding

and hot channel.

Considering the hexagonal arrangement for the fuel (Fig. 1 and Fig. 17),
the section is given by
*PgPy

V = 2 W
s - 12 (PyPo*PoP5+P5Py +PYP5 5PV 3 47

Any p, has the distribution (5’65); therefore

applying error propagation theory we obtain:

= 33 -2 -2
S:—\l P -3(1
2 oL (L)
- 2
(% = Vé X Sb.

Then we get from Eqs. (41) and (42) for fuel channel arrangement

[NV INY]

'z 5
V3 5° -

Q1
o N

FSR

.
7;

o
P

ro ] roo

- 34
9

=3
V__

Analogously for the triangular arrangement we get

~ 3
1 =2 =2 1 =
o - 1 f{ T V3 5° - % B ) e -’l?
p,d 3 1 2 _ 3 = —21 *
Wz -gYere-a g, J

Moreover, it has been assumed the pitch as constant along the dis-
tance between two consecutive spacer grids; therefore the final value

g% in Table 11 has been obtained as
*
! 67
G’:—P—,
P V10

10 being the number of spacer grids.
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Active length The corresponding uncertainty has been averaged over

the number of pins in a channel arrangement with a weight corresponding

to the fractional power of each pin.

d) Core

Measurement error, sodium heat capacity These uncertainties have

been directly assigned as relative wvalue.

The effects of fuel and cladding thermal conductivities, and heat

transfer cladding-fuel and cladding-sodium have been calculated

in the dimension of a temperature at the maximum specific power

in the core.

For inlet sodium temperature, fuel melting point and cladding critical

temperature no calculation is required, being fixed temperature

(K1 = &)

Ve5.2 lLocal Uncertainties

a) Coolant temperature

The corresponding standard deviations must be assigned as relative
specific standard deviations for the considered channel arrangement
(G§’Ch - item II.4.2). The numerical values are presented in Table 12.

Density and enrichment: for these parameter Egs. (18) and (18b)

hold for the fuel and cladding channel arrangements respectively.
Axial flux: it has been assumed that the same cause provoking a
deviation from nominal axial profile at a given abscissa of a pin
will act in the same manner on all pins of a channel. Therefore in

1
both cases GS’Ch =65 .
$a Pa

Fuel-cladding eccentricity: it has been assumed that every value of eccen-

tricity within - O-and 1 (no eccentricity and eccentricity with

contact) are equally probable - (rectangular distribution  therefore
e: = £ ~0.6). From Ref. (12) it follows that the power flux versus

the di;ection of minimum thermal resistance is =~ 5 % higher than the

nominal one. Therefore ez'= 0.05. As precedently stated, (item II.4.2)
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for the channel arrangement for fuel hot spot only the pins adjacent

to the considered one must be considered: with the procedure indicated

in thederivatior of Egs.

(18) and (18b) we obtain:

s,ch-f V6 s'
= —— G

Ge 9 e
S'
s,ch-¢ _ Ce

e ®
° '

Table 12 Local Uncertainties for Coolant Temperature

Gi’Ch (relative value)

Parameter Cladding and

Fuel hot spot hot channel
Density 0.015 0.028
Enrichment 0.008 0.01h4
Axial flux 0.025 0.025
Eccentricity
fuel-cladding 0.013 0.028

b) Temperature drops

The specific standard deviations for this group of uncertainties have

been calculated in the dimension of a temperature for the maximum

specific power in the core. The numerical values are reported in

Table 13, and have been calculated according to the following con-

siderations.
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Table 13 Uncertainties on local temperature drops

s o
A (*c)
) Aﬁg_d,max
Parameter
Fuel Cladding
Density 32.0 2.8
Density asymmetry ' 8.0 -
Enrichment 16.0 1.4
Enrichment asymmetry 4,0 -
Pitch and local diam.
on negligible negligible
Cladding thickness 0.9 0.9
Axial flux 40.0 1.5
Cladding-fuel
eccentricity - 3.0
Fuel thermal
conductivity 16.7 -
Heat transfer
cladding-fuel 26.5 -
Heat transfer
cladding~sodium 0.5 1.2
Fuel melting point 10.0 -
Density and enrichment: for fuel hot spot the whole section of a pin

has been considered, whereas for cladding hot spot only % of the

section has been taken into account.

Density and enrichment asymmetry were considered only for fuel

hot spot as stated at item I.1l.1.

The effect of cladding local diameter and local pitch on hcl o Te-

sults to be negligible using the relations given in Ref. 17.

Fuel cladding eccentricity was considered only for cladding hot spot
1

and calculated as at point a) assuming Sz = 0.05.
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149 336 335 1 3 2700 700
132. 1. 1. 286,
3 1 1 n

FLUX CALCUILATION {2 PER CEMT)

DENSITY{P,.8) {1 DER CENT)

FNRICHMFENT(D,B) (1 PER CENT)

PUTER DIAMLIP.R.) HYDRAUL, 0.0G12 Mm
THICKNFSS {P.8) {0,008 MM)

1 1 o ) :
FLUX{IONTROL RNAD) {2 DER CENT)
NRIFICE CALIRRATINN {2,3 PFR  (ENT)

1 2 D o
FLUX{LOC AL RADIAL Y {1 PER CENT)

PIN PITCH (106RIDS) (0213 MM )
ACTIVE LENGTH (0.5
10

AEMSTITY {2 PFR LFNT)
ENRTICHMEMT {1 PFR rENTY)
FUTL~-CL ADDLECCENTR, {0, 5)
AXTAL FL1IX {2.5 PEP CENTH
DENSITY {2 DFR FENT)
NENSTITY ASYMM, {5 PER CENT
EMR ICHMEMT {1 PER CFNT)
ENRICHMENT ASYMM, {2.5 PER CTNT)
C1 DD, THICKNESS {2,000 MM}
AXIAL FLUX {?2.5 PFD CFNT)
CLADD=-FYFL FCOENTR, {N,56)
FUEL THERMAL rnONDIICT, {1 PFR CENT)
HEAT TRAMSEER CLATD.FUFL N,2aW/CN2-0T
HCL-50n, {2 PFR CENT)
° D0
1.934 1. 12297 1.07

2 1 1 0
FLUX CALCULATINON 12 PER rENMT)
NENSITY {(P.2) {1 DER CENMT)
ENMRICHMENT{D,R) 1 DER CENT)
DUTER NIAM (P,R,}) HYDRAN , NL,012 MM
THICKNESS {P,2) C 5,008 M)

1 1 2 0

FLIYA{CONTROL BONY {?., DER CENTY
DRIFICFE CALIRRATINMI{Z2,3 DER CEMT)Y

1 2 o i
FLUX {Lnral paAnIaL){l PFE CFENTY
PIN PTTCH ' (G173 1My
ACTIVE LEMNZOTH {(R.5 €8}

10

DENSITY {? DER CENTY
ENRTICHMENT {1 PER rcuT)

FUEL-CLAND FCORNTR, 15.6)
AXIAL FLUX {25 2ER £EMT)

DENSTITY (2 PER CENT)
NENSITY ASYMM, ({5 PER (FNT )
EMRICHMENT {1 DER CENMT)

ENRICHMENT ASYMM, {2,5 PER CENT)
CLADD.THICKNESS (N, 0NR MM)
AXIAL FLUX {2.5 PER CFNT)

0.02
0.n1
0.01
0.NCR

n.9

0.02
n.n22

n.n1
CaN146
n.0023

D015
Na 008
2,213
(L. 025
32.
8.0

a.01
c.n168
G.0023

2.015
n.coe
0013
0.n2%
32,
8.0
16.

4,

0,0

4n,

58,6

n.02
5.1
n.n01
n.Ccne
n.0

.02
0.0272

0, 003

0.028
n.014
r.n28
£.N25

°

» @

Pt 0TY 3 ) e TN NS e ) N @
-
NID IR0 P

L]

N.0274
n.nn3

6,028
Nl
N.028
n.028

f.Nn

D02
S ow £

0.022

.M

K B ES
BiNP T4
AL en2

G.N2R

WAL A
NP8

r,025

fL.no
[APRaR |
e MY
n,nne
NN
a,n

.M
N2 7L

AL NI

T

n.alg
ﬂ.ﬂ?ﬂ

54075
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{({ab)
CONDICT,

{1 PER CENT}

6 HEAT TRAMSFFR CLADD,FUFL 0,20W/CM2-0C

& HCL-S0ODP, {3 PFR (CENT)

1C. GeD
12 0.895 1, .04 1.04%

5 3 1 1 s

1 FLUX CALCULATINYN {2 PER CFMT)
1 DENSITY{P,B) {1 PER CFNT)
1 ENRICHMFNTI{P.R) DER rENMT)
2 DUTER DIAML(P.R,} HYDRAUL, 1.0012 um
3 THICKNFSS {P.B8). {0,008 MM)

2 1 1 0 0

1 FLOX{COMTRDL RNODY {3, DER CENTY
2 DPRIFICE CALIBRATINN {2.3 PER CFENT)
3 1-- 2 G- s - -

1 FLUX (LNCAL RADIALY {1 PED CENMT)
2 PIN PITCH {(D.13 MM )
2 ACTIVF LFNGTH {n.5 ™)

4 10

5 DENSITY (2 PFR CFNT)
5 FNRITCHMENT : {1 PFR CFNT)
5 FUEL-CLAND,ECCENTR, (G.6)

5 AXTAL FLUX {2.5 PER CFNT)
& NENSTITY {2 PFR CENT)
& DENSITY ASYMM, {5 DPER CENT 1

6 ENRICHMENT {1 PER CENT)
6 ENRICHMENT ASYMM, (2,5 PER rENT)

6 CLADD.THICKNFSS {0,0n8 MM)

6 AXTAL Fl ux {2.5 PFR CENT)
& CLADD=FUFL FCCENTR. {(.5)

& FUFL THFERMAL COMDUCTY, {1 ©DER CENT)
6 HFAT TRAMSFFR CLADDLFUEL D.20W/ CM2-01
6 HCL-SNN, {3 PER {ENT)

1G. 0.0

24 0,834 1. 0. 350% 1,04

5 3 1 1 0

1 FLUX CALCULATINN (2 PFR CFNT)
1 DENSITY{DP,8) {1 PFR CENT)
1 ENRICHMENT{P.R) {1 PFR CENMT)
2 DUTER DIAM,.{P.B,) HYDRAUL, N.017 MM
3 THICKNESS {P,R) {0.008 MM)

2 1 ] 0 0

1 FLUX{CONTRNL RODY {3. PER (FNT)
2 ORIFICE CAL IBRATION {7.3 PER rFENT)
3 i b 0 0 :

1 FiyUx (LOCAL RADIAL) {1 PER CENT)
2 DPIN PITCH (0,13 MM)
2 ACTIVE LENGTH (9.5 M)

10
DENSITY {2 ©PER CENT)

OV O i O T T U

ENRICHMENT
FUFL-CI ADDLFCCENTR,
AXIAL. FLUX
NENSITY
NENSITY ASYMH,
ENRICHMENT
ENRICHMENT ASYMM,

{

{1 PER CENTY

{5 PER (ENT )

0. %)

{2.5 PER CENT)
12 bER CENT)
(1 PER CTENTH

{2.5 PFR CFNT)

16,7
26.5
n.s

1.04%

G002

N.N1

0,01

0,008
e O

De03
0.023

nen1

D.0146
8.0023

fn.N15
e C1IR
D.D13
0.025
22
2.0
16.
4,
Ne T
4n,
e
16,7
26.%
Da5

1.04

n.n?
G.01
f.01
0,008
n.9

0.03
N.N23

0.0
0146
040023

£.015
[ 00P

£.N12
0.025
32,
8.7
16.
4,

.‘
.
o
A
20

o

.
DD s

o}

T My g e DD Ty e Y
b ko

® 6 @ ¢ s o ®

N

n.n2
2.0
n.f}
0,008
0.9

0,03
n.nN23

0.01
N.N274
DL, 003

f.n28
N.N14

c.n28

G, 025
2%
.02

1.4
n.o
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6 CLADD, THICKNESS (2,008 MM)

6 AXIAL FLUX {2.5 DFEP CENTY
s CLADD-FUEL ECCEHNTR, (0.6)

6 FUEL THERMAL CNNNYCT, {1 DPER CENT)

& HEAT TRAMSTEP TLADN,FUEL 0,204/ 0M2-01

& HOL-SND, (3 PER CENT)

f. Teli
30 1. B 0. (809 1.07
5 3 1 1 0
FLUY CALCIMATION {2 PER CENT)
NENSITVY({P,2) 11 PFER FNT)
TMRICHMENT{(P ,3) 11 DER LENT)

NUTER NTIAM,IP.B,)  HYDRAUL, 0,012 MM
THICKNESS [ P.R) (D.008 M8
2 1 1 0 0
1 FLUX {(COANTREL ROD) {2, PER CENT)
2 ORIFICE rAl TRRATION {2,3 PFR CENT)
3 1 ? D 0
1 FLUX {LDCAL RADTAL)Y {1 PER CFNT)
2 PIN PITCH {0.13 MMy
2 ACTIVE LENGTH ) (0.5 M)
4 13
5 NENSITY {2 PER CENT)
5 FNRICHMENT (1 PER CENT)
5 FUFL-C] ADD, ECMENTR, (0.6
5 AXIAL TLUY {2.5 PER [TNT)
5 NEMSITY {2 DFR CEMT)
& DENSITY ASVYMM, {5 PFER CENT )
& FNPICHMENT {1 DER CENT)
& FNRICHMENT ASYMM, (2.5 PER (ENT)
& CLADD.THICKNFESS (0,008 MM)
& AXIAL FLUY {2,5 PFR CFENT)
6 TLADD-FUFL FOOENTR. {0.6)
6 FUEL THERMAL rONNUNT, {1 DPER CENT)
6 HEAT TRANSERR CLANN,TUEL 0,20W/rM2-0r
A HOL-SON, {3 DPER CFANT)
10. GaD
24 0. 894 1. .155% 1.09
5 3 1 1 0
FIUX CALCULATINN ) SEe rENT)

130 N pord it ot

1

1 DENSITYID,R) {81 DER CENT)
1 FNPICHMENT (P,R) {1 DER CEMT)
2 CUTER DIAM,(P,R,) HYDRAIN, Ge012 MM
32 THICKNESS {P.BR} {(C.n08 MM

2 1 1 0 n
TLUX {CONMTRNL 8NN
NRPIFICE CALTARATION
1 > o 3
FIUX (LNrCAL PADIAL) {1 PER CENTY
DIN PITCH (N,12 M)
ACTIVE LENGTH (& M)

{Z,5 PER (ENT)
{2.,2 DER CENT)

N e

()

4 10 : .
5 NENSTTY (2 DFR CENT)
5 ENRICHMENT (1 PEP CFENT)
5 FUFL-CLADD,FECrFNTR, (0.6

5 AXTAL £ 1iX {2.5 PED (ENT)
6 NENSTTY (2 PER CENT)
6 DENSITY ASYMM, {5 DER (CENT )

n.o

{}.
1£.7
e 5

1.07

0.01
Ne N1 &F

2.00223

n.015
n.one
£.013
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VI, Analysis of the Results

VIi.l1 Code outputs

The outputs of the program for the reactor Na-2 are presented in

the following. First the general data are printed, then the variables
and the uncertainties of every zone. For sake of briefness, only the
outputs corresponding to the zone of maximum power (zone 5) are re-
ported here. From the original zone data, the program evaluates

and prints the maximum nominal temperature of every zone, together
with the abscissa of the maximum in the axial profile: it ought

to be noted that these nominal maximum temperatures take into account
also the systematic factors FSYSP, and FSYSC. The original uncertainties
are printed together with the standard deviations calculated at the
abscissa of the maximum temperature. Taking into account the actual
value of the power and temperature span of the zone-then the program
prints the reference temperatures -~ that is the maximum temperatures
of fuel, cladding and coolant in the core - and the zones in which
they occur. The standard deviations of the core uncertainties are

then calculated corresponding to the reference temperatures: for
instance, in the present example, the standard deviation of the fuel
temperature is calculated for the temperature of the zone 5, whereas
the zones 1 and 7 are considered for the cladding and coolant tempera-

tures respectively.

Then the results of fuel hot spot analysis are printed and successively
those of cladding hot spot and hot channel analysis. The notation of

the intermediate variables of the reduction procedure follows the

. < 3 M ot + £ 3
given symbols: The hot spot factors are printed together with their
. . R
corresponding confidence level, probability of occurrence of at least

one hot spot, and core maximum temperatures.

Then the variables of the pessimizing scheme for evaluating the
probability of n hot subassemblies are printed. At last the probability
(PROBT) that at least one subassembly exceeds the maximum temperature
corresponding to the indicated safety factor in the pessimistic model
is printed together with the probabilities that this temperature is
exceeded in exactly n subassemblies (n within 1 and 10). Table 14
summarizes the results for a confidence level of 97.7 %, for the

assumed hot spot length of 1 cm., The last column shows
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the ratio of the probability of two subassemblies to that of only

one subassembly exceeding the maximum expected temperatures in

Table 14.
Table 14 Results for Reactor Na-2
Nom,Temp. Fhs Max.expected ' Prob.of ex~| Prob2
o (20) temperaturgc) ceed. Terit Prob1
Fuel 2235 1.29 2777 9.3 % 0.4€
Cladding ShQ 1.27 710 10.3 % 0.39
Coolant 618 1.24 675 0 0.33

The outputs of the program are completed by diagrams. Namely Fig. 18
shows the cladding hot spot factor versus confidence level, analogous
diagrams are drawn for fuel and hot channel factors. In these diagrams
the abscissa scale is divided linear in A , therefore a normal dis-
tribution is represented by a straight line. Figs. 19, 20 and 21

show the exact total probability of exceeding the maximum temperature
corresponding to the hot spot factor in the abscissa (dotted curve
indicated with A , together that corresponding to the pessimistic

model and the probability of exactly 1,2,3 or 10 hot subassemblies.

At constant total failure probability there is a difference of

circa 5 /. in the hot spot factor between the two models: however,

it is possible to assume conservatively that the ratios among the in-
dividual components of the total probability are the same in both
models. The probability of exactly 1 hot subassembly converges more

rapidly to that of at least one for hot channel and cladding hot spot

than for fuel hot spot. This depends upon the relative importance of
the core and subassembly uncertainties in the scheme of Fig. 9 as it

will be shown in the following.
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The last diagram in Fig. 22 resumes the whole thermal design of the
core: in this diagram the nominal, critical and expected temperatures

are reported versus the confidence level,

The computation time for this case resulted to be 1.32 minutes

(IBM 360/65),



SHOSPA-STATISTICAL HOT SONT AMD HOT

REAKTCR NA-2

NUMBER OF ZONES WITH IDENTICAL SUBASSEMBLIES N7Z= 7
NUMBER OF CHANNELS CONSIDERED FOR FUEL HOT SPOT NP= 169
NUMBER OF CHANNELS CONSTIDERED FOR CLADDING HOT SPQT NCL=

ACTIVE LENGTH XL= 95.00;(CM)
FUEL "HOT SPOT LENGTH XLSPF= 1.00 (cM)
FUEL HCT SPOTS AT HEIGHT -Z NSPF= 1

COOLANT INLET TEMPERATURE TI= . 380,00 (0C)
NOMINAL: MAXIMUM CONLANT TEMPERATURE SPAN IN CORE DTC=

NOMINAL MAXIMUM TEMPERATURE DRIFFERENCE CLADDING-CODLANT IN CORE
NCMINAL MAXIMUM TEMPERATURE DIFFERENCE FUEL-CODLANT IN CORE

FUEL CRITICAL TEMPERATURE ITFCR= 2700 {0C)
CLADDING CRITICAL TEMPERATURE ITCLCR= 700 (0C5

COOLANT CRITICAL TEMPERATURE ITCGR= 880 (0C)

CHANNEL

336

AMALYSIS

TOTAL MUMRER NF SURBASSFMRLTES NS= 150
NUMRER NF CHANNFES TM A SURASSEMAIY NC= 334

EXTRAPDLATEDR | ENGTH YLEX= 132,00 (CwW)
CLADPING HNT SPNT LENGTH XL SPr= 1,n0 (nw
CLADNING HOT SPTS AT HFEIGHY 7 NSPCL= 3.

212.40 (0C)

DNTCL= 58,60 (0C)

DTE= 1623.60 (0
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ZONE 5

NUMBER OF SUBASSEMBLIES NSiI= 30

RATTIO OF 20NE MAX.SPEC, POWER TO CORE MAX,SPEC.POWER HP=
1.,0000

RATIO OF Z0ONE TO CORE MAX, TEMP,
SYSTEMATIC POWER FACTOR FSYSP=
SYSTEMATIC TEMP,SPAN FACTOR FSYSC=

SPAN HC=
1.0700
1.0700

1.0000

{MAX  TEMP ,SPAN —AVERAGE TEMP,SPAN) /MARa TEMP,SPAN —TN A SUBASSFMBLY H= 0. 089N
NOM.MAX,TEMP.SPAN DTCZ= . 227,27 (0OC)
NOM.MAX . TEMP.DIFF. CLADDING-COOLANT DTCLZ= 62.70 (CC)
NOM, MAX. TEMPDIFF, FUEL~COOLANT DTFZ= 1737.25 (DC)
NDM, MAX.CLADDING TEMP, TCZIMAX= 634,02 (0OC) AT HETIGHT ZCZIMAX= 47.00 (M)
NOM.MAX.FUEL TEMP, TFZIMAX= 2235.,42 (OC) AT HEIGHT ZFZIMAX= 3,00 (CM)
ZONE UNCERTAINTIES
UNCERTAINTY - THNPUT- FUFL CLADDING COOL ANT INPUT UNIT —DUTPUT- SUFL{NCY)  FLADN (neY 00N Inr)
FLUX CALCULATION {2 PER CENT) 0.0200 0.0200 0, 0200 RFL,TO (T-TT) 27,1N84 5.0804 4.5654
DENSITY{P.B} (1 PER CENT) 0.0100 0.0100 £.0100 PRFL.TO (T-T1) 18,5542 2a567%2 22727
ENRICHMENT(P.B) (1 PER CENT) G.0100 0. 0100 0.0100 REL.TN (T-TI} 18,5542 25402 2.2727
OUTER DIAM.{P.Bs} HYDRAUL. G012 MM 0.0080 C. 0080 0,0080 REL,TD NTC N.9898 1.8130 1.8181
THICKNESS (P.B) {0.008 M) 0.9000 f.9000 0.0 ne) 0,9605 Ne 4208 0
TOTAL ZONE UNCERTAINTY-ST,DEV. 45,4600 b 4946 5. 8563
SUBASSEMBLY UNCERTAINTIES
UNCERTAINTY ~INPUT~ FUEL CLADDING CODLANTY INPUT UNIT =DUTOYT= FUEL{AC)  CLADDLINATY  0N0OL, (00
FLUX (CONTRCL ROD) (2. PER CENT} 0.06200 0.0200 0.0200 REL.TN (T-T1) 37.1084 B.NANG 44,5454
ORIFICE CAL IBRATION {2.3 PER CENT) 0.0230 0.0230 0.0230 REL.TO NTC 2810 52123 52272
TOTAL SURASSEMBLY UNCERTAINTY-ST.NFV. 27,2182 7.2787 6,9277
¢ CHANMEL 'UNCERTAIMYIES
UNCERTAINTY ~INPUT- FUFEL CLADDING COOLANT TNPUT UNIT =NUTRDT=- FUSL(NC)  CLADND(20Y  ran (0er)
FLUX (LOCAL RADIAL) (1 PER CENT) 0.0100 0. 0100 00,0100 RFL.TO {(T-TI) 18,5542 2.5402 22727
PIN PITCH (0.13 MM} 0.0146 0.0274 0.,N274 RFL.TN NTC 1.78090 6.2005 ha?271
ACTIVE LENGTH (0.5 M) N.0023 0.0030 0. 0032 REL,TN NTC N, 2820 Neb799 NehRIN
TOTAL CHANNFL UNCERTAINTY-ST.DEV. 1R, h4D4 6.7432 6.6620
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CODLANT LOCAL UNCERTAINTIES

UNCERTAINTY (REL,SPECIFIC ST,NFV.) FOR FUEL HOT SPOT FOR CLANDING HOT SPOT FOR HOT CHAMNE]
DENSITY (2 PER CENT) . 0.C150 n.0280 C.n28n
ENRICHMENT (1 PER CENT) 0.0080 00140 Da14n0
FUEL~CLADD,. ECCENTR, (0.6} 0.C130 N.0280 n, 0280
AXIAL FLUX {2.5 PER CENT) 08,0250 040250 NeN28D

TOTAL COOLANT SPECIFIC UNCERTAINTY (REL.ST.DEV.) 0.0329 t.0489 0. 72489

TEMP,DROPS LOCAL UNCERTAINTIES

UNCERTAINTY=SPECSSTLDEV. [OCY =~ =INPUT=""""""FUFL HOT SPOT '~~~ CLADN. HOT SPOT - =OUTeuT- FUFL HNOT SONT™ " CLANY, HAT Spny- -~

DENSITY {2 PER CENT) 32.0000 A 2,8000 34,2400 2.9960
DENSITY ASYMM., {5 PER CENT ) 8.0000 0.0 R,5600- 0.7
ENR ICHMENT {1 PER CENT) 16,0000 1.4000 co 17.1200 1,4980
ENRICHMENT ASYMM. (2.5 PER CENT) 4, 0000 C.0 4.2800 DD
CLADD, THICKNESS - {0,008 MM) . 0.9000 0., 9000 ' Ne?630 Ne 963N
AXTAL FLUX 12.5 PER CENT) 40,0000 1.5000 42,3000 1.6050
CLADD~FUEL ECCENTR. (0.6) 0.0 ‘ 3.0000 G. " ‘ 3.,2107
FUEL THERMAL CONDUCT. {1 PER CENT) 16,7000 0.0 17.8690 0N
HEAT TRANSFER CLADN.FUEL 0,20W/CM2-0C 2645000 0.0 ‘ 28,3850 2.7
HCL-SOD. (3 PER CENT) 0.5000 1.2000 e 5350 1. 2847
TOTAL TEMP.DROPS SPECIFIC UNCERTAINTY-ST.DEV. (0C)- 67,1820 15,1649

LOCAL”UNCERTAINTIES ON CRITICAL TEMPERATURES:FOR FUEL= 10.0000(0C)} FNR CLANDING= 0o 0 (nc)



FOR FUEL HOT SPOT THE REFERENCE IONE IS THF 7ZNNE 5
THE REF.FUEL TEMPERATURE IS 2235.42 {0C)

FOR CLADDING HOT SPOT THE REFERENCE ZDNE IS THE Z0NF 1
THE REF.CLADDING TEMPERATURE IS 640,16 (0C)

FOR HOT CHANNEL THE REFERENCE ZONE IS THE ZONE 7
THE REFERENCE TEMP.SPAN. IS 237.89 (0C)

CORE UNCERTAINTIES

UNCERTAINTY =INPUT-  FUEL CLADD ING CODLANT INPUT UNTT =DUTPUT~ FUFLIDCY  FLANDL(ANY O (DT)
MEASUREMENT ERROR (2.5 PER CENT) 0.0250 0.0250 0.0250 REL,TO (7-T1) 4643855 65030 C 5.9472
SODTUM HEAT CAPACITY {1 PER CENT) " 0.G100 0.0100 0.,0100 RFEL.TD NTC 1.2260 243298 2.3782
FUEL  THERMAL COND. (4.5 PER CENT) 62,0000 060 0.0 tochy ' 66417009 N.D 0N
CLADD,THERMAL COND. {1 PER CENT) 0.4600 0.4600 0.0 {nc) N. 40009 Ne21324 APRL
HEAT TRANSFER CL-FUEL 0.10 W/CM2-0C 11.9000 0.0 0.0 (oc) 12.7006 DN NN
HEAT TRANSFER CL-SODIUM (3 PER CENT) 0.5000 - 0.5000 0.0 {nc) Ne5336 fD.2310 Ne D
INLET SODIUM TEMP, 1 e 1.0000 - 1.0000 1.0000 toc)H l.000N 1.00070 1.0007
FUEL MELTING POINT 60 ocC 60,0000 0,0 0.0 (oc) 60. 000D DN DN
CLADDLCRITICAL TEMP, . 7 .. OC 0.0 © T.0000 0.0 {nc) : Na0 70000 n,n

TOTAL CORE UNCERTAINTY -ST.DEV. } r 1IN .4619 09,8908 6,6R20
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FUEL HOT SPOT ANALYSIS

ALL TEMPERATURES,MEANS AND ST .NDEVIATIONS ARE EXPRESSED IN OC

ZONE NS{Z) TNOM NSPEQ SSPEQ SCHEOD MCHEQ NEHED SCHEO%® © SSAFO “MSAFQ SINED MZNED
1 6 2225.,091 17.410 63,269 48,896 111. 704 85.606 45,967 | 4T.057 222,382 58,651 PRN, 272
2 12 2121,053 17.,427 59651 46,104 105,342 47,409 42,8771 | 44,936 199,102 54,004 270,572
3 i2 2006.554 17.454 55,663 43,027 986340 35,284 40,015 | B5HB.825 181,122 57405 269,928
& 24 1903,922 17.463 51.882 40,139 91.673 27,842 37330 - 52.496 165,285 52.222 265,607
-5 30 2235.420 17.408 63. 764 49,261 112.575% 1%.914 45.81%2 | 49,756 191,872 S6e 763 2901.20n4
& 24 2082.987 17.443 586201 45,000 102.807 9. NH9 41,850 53. 232 162,519 55,792 265,076
-7 . 42 1805.733 17.454 48,038 37,236 84,869 5.887 34,630 ' 50,965 127,106 53,178 236,126
REF. ZONE REF.TEMP, NZOEQ MZIOEQ SIOEQ* MCNORE SCORE
5 2235.4199 1. 6506 291, 2041 5601953 313, 7588 114.1091
PROB.OF EXCEEDING CONFIDENCE LEVEL FHS MAX, TEMD
0.500000F 00 {0.051IGMA) 0B.500000E 00 1.1691 2549,18
0.308540F 00 {0.551IGMAY 0.691460F 00 1.1999 2606.23
0.158658E 00 {1.058IGMA} 0.841342F 00 1.2306 2663,29
0.668097E-01 {1.55SIGMAY  0.933190F 00 1.2614 272034
0.227515E-01 : {2.05IGMAY D0.977248E 00 1.2921 2777.40
0.621021E~-02 {2.5STIGMAY} 0,993790F 00 ‘ 1.3229 2834.45
0.135005E~-02 {3.0SIGMA) 0.998650F 00 1.3536 2891.5n
0232697E-03 {3.55IGMA)  0.999767E 00 1.3844 2948,56
0.316501E-04 {4.,0SIGMAY 0,999968E 00 - 1.4151 3005, 61

—— s e s e <o ke . s o

THE PROBABILITY OF EXCEEDING THE CRITICAL TEMPERATURE { 2700 0C) IS5=N,.09313202
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EVALUATION OF THE NUMBER OF HOT SUBASSEMBLIFS

ALL SUBASSEMBLIES ARE ASSUMED IDENTICAL TO THOSE IN THE Z0NE 1

SUBASSEMBLY DISTRIBUTION —MEAN= 222.3823 ST.NEV,= 47,0565
GLOBAL DISTRIBUTION -MEAN= 59,4436 ST.DEV.= 107.4306
FACTOR: PROBT "PROB1 PROB2 PRNB3 PRDB4 PROBS
1.1691 0.802F 00 04419E-01 0.260E-01 0,1956-01 0.159E-01 0,136F~01
1.1814 0.739E 00 0.488E~-01 0.294E~01 0,217E-01 0N.175FE-01 0.148E-01
11937 0.667E 00 0.543E-01 0.318E-01 0,231F-01 0.184E~01 0,154E-01
'1,2060 0.588E 00 O0,579E-01 0.330E-01 0.236E-01 0.185F-01 0.154E-01
1.2183 0.505F 00 0.590£-01 0.327E-01 0,229E-01 0.178F-01 0,147E-N1
1.2306 0.422E 00 0.576E-01 0.310E~01 0,214E-01 0.164F-01 0,134F-01
1.2429 0.343FE 00 0:539E-01 0,281F-01 0,191E-01 0.144E-01 ' 0.116F-01
1.2552  0.270E 00 0.482E-01 0.244E-01 0.,162E-01 0.122F-01 0.970E-02
1.2675 0.205E 00 0.412E-01 0.2026-01  0.132E-01 0.979F-02 0.773E-02
1.2798 0.151F 00 0.338E~-01 0.160E-01 0.103E-01 0.753FE-02 0,589E-02
1.2921 0.107E 00 0.265E-01 0.122E-01 0.770E~02 0.554F=02 0.429F-02
- 143044 0.741E-01 0.199E-01 0.885E~-02 0.549E-02 0.390E-02 0,299E-02
1.3167 0.486E-01 0.143F-01 0.615E-02 0,374F-02 0.263FE-02 0,199E-02
1.3290 0.310E-01 0.987E-02 0.408E-02 0.,244E-02 0.169E-02 0.127E-02
13413 0.190E-01 0.650E-02 0.260E-02 0.,152E-02 0.,104E-02 0.774F-03
1.3536 0.112E-01 0:411F~-02 0.158E-02 0,909FE-03 O0.613€E-03 0,451E-03
1,3659 0,636E-02 0.248E-02 0.919E-03 0.518F-N03 0,3456-03" 0.2516-03
1,3782 0.347€-02 0.144E-02 0.512E-03 0,283E-03 0.186F-03 0.,145F-03
163905 04182E-02 0+796E-03 0+273E-03 00148E-03 0,955F~04 0,680F~04
144028 0.917E-03 0.423€-03 0.139E-03 0,737E~D4 0,4T1E-04 0,332E-04
1.4151 0.443E~-03 0.215E-03 0.352F-04 0.154F-04

0.67T7E-04

0.221E-04

PRORA

0e119F-M
0.129E-01
0.144F-01
Ne132FE~-01
De1258=-01
0.113F-01
De9T75F-02
Ne806F-N2
0.637E-02
0.481E-02
0.348F=-02
0.240FE-02
0,159E~0?
0.100E-02
0.606F-03
N0.350E-03
0.193E-03
0.102E~03
Ne515F-04
04249E-04
Ne115F-N4

PROAT

0.107E-01
0.115F-n
0.118F-01
0.116F-M
0.109F-01
0.977F~N2
0.839F-07
0.689E-02
0.540F-02
0.405F-02
0.291F-02
0.199F~02
0.,131F-02
0.820F-03
0.492F-03
0.282E-03
0.1556-03
0.810E-04
044N6E-04
0.195E-04
N.802F-05

0, @T5F-N2

D 104E-M

N.106F-N1
0.104E-01)

‘De96RE-02

0.864F-02
0.737E-02
Ne 601E-N2
N, 468F-02
Ne349F-02
0.249F-N2
N 170F-02

0.1115-02

Ne6A9F~-03
N.410F-03
0.234E-03
N127E-D2
N 663FE-064

0.33NE-04

N157E=-04
0, 715F=-N5

]

PRNARY

N BT2F~-D2
D.TT4E-02
D ESHE-N?
D.532E-72
N, 413602
N.3N6E-N2
0.217E-02
Nel&TE-N2
0.952F-03
N.5ONF-03
N.3497-n3
N.198F~N3
N.1076-n3
NeHESF-N4
Ne274F=N4
0,131FE=N4
Ou SRR:"OS

pPROALD

A - S W 4 T aa W R T M - i T S (e O S 200 Bt M A e v s . . M o T o (" o " - -

D.836F-N2
Ne BBAF-N2

NeBHIE~-N2
NeT95F-N2
Ne TN2FE=N2
N.592F-N2
Ne&T7BE~02
De269F-N2

De2T2E-02

Nel92F-n2
Ne120F=-02
N.RA3E-NT
NeB13F-N3
N,3N2E-N3

0.170F-N3.

Ne91T7F=04
NeaT2F~04
7,232E-04
NeB92FE~05
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CLADDING HOT SPOT ANALVYSIS

ALL TEMPERATURESyMEANS AND ST.DEVIATINNS ARE EXPRESSED IM OC

ZONE NS{Z) TNOM NSPFQ SSPEO SCHFEQ MCHED MCHED SCHEQ* SSAFD MSAED SINEN MZINED
1 6 640,156 21.482 2.835 7.209 5,272 179.277 6.776 B.514 23,320 9. 483 33,794
2 12 632,211 19.627 24685 6,999 4,885 102.1°94 6.509 8. 316 204971 8, 91% 34,197
3 12 624,102 17.527 2. 391 6.763 4,228 T6.379 64290 0. 765 19,114 9,55n 34,646
4 24 622.477 14.725 2264 6.741 3.822 60.810 6.269 9.749 12,129 9,102 36,729
5 30 6344020 23.795 2+ 8B40 7.027 5.408 34,160 b4 535 8,514 1R8.R45 8.717 35,894
6 24 635.809 17.477 24503 7.088 bab24 19.655 6,592 ' 9,531 16,422 0.21% 364.606
7 42 637.717 10.647 2.047 7.193 3.1385 13.n52 &.690 10.661 16,046 10.430 36.852

REF, ZONE REF,TEMP, NZOEQ MZINEQ SINEQ* MCORE SCNRE
1 64041560 3.7394 33,7939 10.0630 43,3921 12.9936
PROB.OF EXCEEDING CONFIDENCE LEVEL FHS MAX. TEMP

0.500000E 00 (0.051GMAY  0.500000F 00 1.166% 683,55

0.308540F 00 (0.55IGMAY 0,691460F 00 1.1918 690.04

0.158658F 00 (1.0SIGMA) 0.841342F 00 1.2167 696, 54

0.668097E-01 {1.5SIGMA)Y 0.933190F 00 1.2417 703,04

0.227515F-01 {2.0SIGMAY  0D.97T7248F 00 1.2667 709,54

0.621021F-02 12.5SIGMA) 0.993790F 0D 1, 2917 T16.03

0.135005E~02 (3.0SIGMA)  0.998650F 00 1.3166 722,53

0.232697E-03 {3.5S5IGMAY 0.999767E 00 1.3416 729.03

0.316501E-04 (4.0SIGMAY 0.999968F 00 1l.3666 735,52
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EVALUATION OF THE NUMBER OF HOT SUBASSEMBLIES

ALL SUBASSEMBLIES ARE ASSUMED IDENTTCAL TO THOSE TH THE ZnNE 1

SUBASSEMBLY DISTRIBUTION

GLOBAL DISTRIBUTION

FACTOR PROBY
1.1668 0,831 00
1.1768 Q.7H69E 00
1.1868 0.696F 00
1.1968 0.614E 00
1.2067 0.%27FE 0D
12167 0.439F 00
1.2267 0.354F 00
1.2367 0.275E 00
1.2467 0,207F 00
12567 0.149F 00
1.2667 0.104F 00
1.27867 Qo0696E~01
12867 0.447TE-01
1.2967 0.276E~-01
1.3066 0:.163F-01
10,3166 0,927E~02
13266 0.505E~02
12366 (0.264E-02
13466 00132E~-02
13566 (.637F-03
13666 0.294FE-03

23,3198

~MEAN= STDEV,= 8,5138
~MEAN= 8.T458 ST.NEV.= 11,1721
PRORL PRIAR2 PRORS pRORS
Do6536~01 0.4%2E-01 0.344F-01 0,286F-01
0,783E~-01 0.505F-01 0.382F-01 0.311F-01
GeB8926-01 0,549E-01 0,402F-01 0.3208-01
0o967E~01 0.566E-01 0.403F-01 0.313¢~01
0-998E~01  0.554F-01 0H,.,3828-01 0.290F-01
0o 979‘;"‘01 Owr’lsE"’Ol 003&4E°‘01 OoZG‘SF«OI
0915E~01 0.455E-01 0.294F-N1 0,213F-01
0.813E~01 0.382F-01 0.239F-01 0.168F-01
0.690F-01 0,304F~01 0.184E~01 0,127F-01
0:555F-01 0,230E~01 0.134F-01 0,904F-02
0.426FE-01 D166F-01 0.932F-02 0.612F-02
0:311E~01 O0-113E-01 O0.614F-02 0.393FE-02
0.217TE~01 0.735E~02 0.3B4E-N2 0.239F-02
0.144F~01 0.454F-02 0.228t-02 0Q.138F-02
0:,914E-02 0,266E~-02 0.128E-02 0,758F-03
0.552E-02 0.148E-02 0.686F-03 0.394F-03
Qe3LBE-02 0.785F~-03 0,348F-03 0,195¢-03
0.1TSE-02 0.395E~-03 0,168F-03 0.912F-04
0.921E-03 D189F-03 0.769T-04 0.406F-04
Qe%6IF~03 0.859F~-04 0.334F~04 0,171F-04
0.222F-03 0:.138E-04 0.,684F-05

0.372F=04

Ne24TE~0Y
D.264FE-01
0.26TFE-01
0,256F~01
0.233E-01
Ne201E-0D1
0 ojf)SF“ﬁl
G.128E-01
N.044F-02
ﬁoﬁ()GF—D?
0.438F-02
0.276FE-02
0o 164F-02
0,930F~-03
0.500€E-03
0.255F-03
0,123F-03
0.564F=-04
0. 245F-N4
0.101E~04
0.396F-05

PROVE
0.218F-01
De230F=-01
Be229F=01
D.216F-01
0,194 -M
D.165F=N1
N.133F~-01
De 107F-01
0. 738F~02
0. 508F-N2
0.331E-02
06 205F-02
0. 120F-02
Ne 6TNF~-N3
D.354F-03
Ne1775-03
Ne B4IE~D4
0 e 379’:"'04
De162F-04
0o b656F-N5
N.252F-05%

N.197F-M
0, 204701
0.201F-N1
D,187F-M
0., 166F-01
D.120F-N1
N.111F-N1
DeBR4F 02
0.597F-N2
N 4NEF-02
D.2607-02
N, 159F-072
.91 9F~-03
o B5N&F~03
Ne262E~-03
No129E-03
M HBNAT—NA4
0, 269F-04
Nel113F-N4
Ne451F-08
,171F=N%"

flo 179F-01
n,186F-01
N, 179F-m
D.165F N1
P 148F-A
0.1196-01
n.939F-02
Ne7ANE-02
N, 495F-0?
0,331 F-0?
n.211F-02
0. 127F=ND
N, 725E-07
N, 303F-03
N, 202E-n2
N, ORIC~NG
N 45654
n,190c-na
Ny R26F-N5
N,APRE=NFK
n,121F=-n%

0.165F-01
f.168F=-n1
0,161 F-71
De147F-91
Ne127F-n1
N, 104F~21
N.811F=-N2
Pe5ORE-ND
Pa41RE=-N2
0.27T7E=N2
N1 74E-n2
N.104F=N?
N, 58AF-N3
Ne214F-13
N.159F-33
0. THRF-N6
0o 350804
L.162F=04
Pe673F-05
N 242F~N5
N, RO5F~-NA

N, 1820y
Ne 1545 =07
Ve 14TFE-0Y
Ne132F~N1
Ne114F-nY
N, 023F~02
N 7INF=ND
NaBIOF-N2
N,350F-N)
N, 225F-N?
N 14KF~-02
Ve RELE=NT
Ne 4A3F N2
N, 256F~N3
Mo 120F=03
N, B13F=-04
Ne2TTE-04
Nallor—-G4
Ne4B2F~05
N, 1RAF=NK
N ATRF MK

~ 2071



HOT CHANNEL ANALYSIS

ALL TEMPERATURES,MEANS ANN ST.NEYVIATIONS ARE EXPRESSEN IN OC

ZONE NS(2Z) TNOM NSPEN SSPEQ SCHED MCHED NCHFQ SCHEO* SSAFO MSAFO STNED MINED
1 6 613,640 0.0 0.005 6,851 C.0 187,464 6,440 8,104 17,247 R.R12 ?27.2109
2 12 607.268 G.0 0,005 6.664 0.0 109,370 6,197 T7.927 15.4672 R,2R9 28.071
3 12 600,896 0.0 0.005 6,477 0.0 82,007 6,026 9.182 14,412 B.864 29,014
4 24 600,896 0.0 0.005 6.477 0.0 65,005 6,024 9,208 132,807 B.569 31464
5 30 607,268 0.0 0.005 6,664 0.0 36.886 Fol07 ¢ 8,082 12.935 B.N47 29,110
6 24 611.516 0.0 0.005 6,788 N.0 21,111 6,313 9, 131 11,4091 Re 663 28,921
7 42 617.888 0.0 0.005 6,975 ¢.0 13.855 6,487 CAINL163 10.74% Q.790 22.506
REF.ZONE REF,TEMP, NZOEQ MINEQ SIOEQ* MCNoE SCORE
7 617,8879 1.5619 32,5060 9.5068 35,9294 11,0113 )
]
3
PROB.OF EXCEEDING CONFIDENCE LEVEL FHS MAX, TEMP .
0.500000E 0O (0.0S1GMA}  0.500000F 00 1.1510 653, 82
0.308540F 00 (0.5S1GMA)  0,691460F 00 1.1742 659,32
0.158658E 00 (1.0SIGMA) 0.841342F 00 1.1973 664, 83
0.668097€~-01 (1.551GMA) 0, 933190E 00 1.2205 670.33
0.2275153E-01 {2.0SIGMAY  0,977248F 00 1.2436 675, 84
0.621021E-02 (2.,55IGMA) 0,993790F 00 1.2668 681.3%
0.135005E-02 {3.051GMAY 0.998650F 00 1.289¢ 686, 85
0.232697E-03 {3.551GMA) 0D.999767E 00 1.3130 692,36
0.316501E-04 (4,0S1GMAY  0.,999968E 00 1.3362 697,86

THE PROBABILITY OF EXCEEDING THE CRITICAL TEMPERATURE {

880 Ny 1S=0,0



EVALUATION OF THE NUMBER OF HOT SUBASSFEMBLIFS

~ALL SUBASSEMBLIES ARE ASSUMED IDENTICAL 70O THOSF IN THFE 70NE 7

SUBASSEMBLY DISTRIBUTION -MEAN= 10.7650 ST.DEV,.= 10,1635
GLOBAL DISTRIBUTIDN ~MEAN= 93246 STNEV.= 8.5269
FACTOR PROBT PROB1 PROB2 PRNB3 PRNBS PRNRS oa0Rse
1.1510 0.879E 00 0.797E-01 0.620E-01 0,514F~01 0.441E-01 0.387E~01 N.345F-01
1.,1603 0.825E 00 0.101E 00 0.733E-01 0.580E<01 0.480FE-01 0,409F-01 0.3568-01
1.1695 0.758E 00 0,121E 00 O0.816F-01 0.615E-01 0.491E-01 O0.406F-01 D.344F-01
1.1788 04679E 00 0.136E 00 0.855F-01 0,614E-01 0.472F-01 0,3786-01 D0D.312€-01
1.1881 0.592E 00 0.146E 00 0.845E-01 0.575E-01 0.426F-01 0,331E-01 0.266E-01
161973 0Qe499E 00 0.147E 00 O0.786E-01 0,508E-01 0.361F-01 0.,272E-01 0.213F-01
1.2066 04408 00 0.141FE 00 0.689E-01 0,421F-N1 0,287E-01 0,210F-01 0.,160F-01
1.2158 0.321F 00 0.128F 0C 0.569E-01 0.329E-01 0,215E-01 0,152E-01 0.1125-01
12251 0,244E 00 0.110F 00 0.443E-01 0.241FE-01 0.151F-01 QL1N3E-01 0.744F-02
142344 0.178E 00 0.895E~01 0.326E-01 0.167E-01 0.100FE-~01 0,659€-02 D0.461F-02
1.2436 0.125E 00 0.693E-01 0.226E~01 0.,108E-91 0,622FE-02 0.396E-02 0.269F-02
142529 06843FE~01 O0.509E~01 0.148E~01 0.664E~-02 0.,363FE-02 0,223FE-02 0,147F-02
1.2621 04547E-01 0.356E-01 0+912E-02 0.3836-02 0.200E-02 0,118F-02 0.755F-03
1.2714 0.341E-01 0.2376-01 0.532E-02 0.208E-02 0.103E-02 0,587FE-03 0,364F-03
1.2806 0.204E-01 0.151E-01 0.293E-02 0.106E-02 0.501F-03 0,274F-03 0.165F-03
1.2899 0.117E-01 0.914E-02 0.153FE-02 O0.511E-03 0.2296-03 0.120F-03 0,700F-04
1.2992 0.651E-02 0.529E-02 0.751E-03 0.2326-03 0.983F-04 0,496F~-N4 0.280FE-04
1.3084 0.347E~02 0.294E-02 0.350E~03 0.989F-04 0.397F-04 0,192F-04 0.105E~-04
13177 0.179E-02 0.156E-02 0.154E~-03 0.398F~04 0.151F-04 O0,700F=-05 0,369FE=N5
1.3269 0.888E-03 O0.797E-03 0.644E-04 0.151FE-04 0.539E-05 0,240FE-05 0N.122F-05
143362 04425E<03 0.391F=-03. 0.255F-04 0.182FE-05 (0.772E~06 0N,379F=-06

0.542F-05

0.311F-01
0+314E-01
0.297F-01
0.263£-01
n.219F-01
N.171E-01
0.126F-01
N.RE3F-02
0.5575-02
0.3276-02
Ne192F-02
0.102F-n2
0.5128-03
0.240F-03
0.106F-03
0.438F-04
N.170E-04
0.6205-05
N,212E-D5
N.682F-06
0.206F-06

R.IME-M
Ne.6RIF-N2
De43)F-02
Ne255F=02
0e142F=-N2
0.738E-03
Ne261FE-03
Ne166F-03
D.714FE-04
Ne289FE-04
D 109F =04
N.289F=N5
N.130F-0%
N &NTE-N6
0.120F-06

0. 260F=-01
Ne252F-N1
N.229F-01
0, 196E=-01
Ny 1RTE-NY
Ne118FE-N1
NeR3INF-N2
NaS&AE-N7
0e339F-N72
N.197%-02
D INTF=-02
N550F-N3
Ne263F=-212
De119F-N3
NeSNNF-N4
N.198F=N4
NaT34F-15
N.256F-N%
N.B3KE-NG
0. 736F-N7

" — — - - " - " "y - " -

Ne239E-N1
Ne?22RF=DY
N.206F-01
Ne1T72F-01
Ne 135F -0
Ne 99RF-0?
N.691E-N?
Ve 449F =02
Ne27T3E-D2
Na156F~-02
N.B2KFE~-N3
N,419F-03
N.197F=N2
10 87‘ ;‘04
Ne3H1FE-N4
N.14DE~-0%
N.510F-n5
N, 1T74E-N5
1,.558F-N4
Ne168E-06
Ve &T2AF~07

s e e e s A . i s S S e . S S e . S Yl AP Y A e Y P o T o D T o s Ao S A W i e . o 20 S

- H0T -




- 105 -

| /

1-3°F 00+

1
CACT -

1-2E 00~
1-26E 00+
1% 00
1-24E 001

_-1BE 004—/

1-15F 00+

+

1-42F 00+
1-09F 00+
1-06F 00+

1-0F 00+
o 8
& & &8

- 99.999

| . I L

!
1 { { | ¥

1 2 3 4 5
Iige 18 Cladding Hot Spot ractor Versus Confidence Level

o ( PER CENT )



| 1 FACT L

L+0E 004 — ~+- % % } } - —+ ! 1 | .
iﬁ?@ﬁﬁ%@i@ 1-25£ 00 1-Z7€ 00 {-2%¢ 00 1-FE 00 4-33& 00 4-35E 00 1-F7E 00 1-33€ 00 {-4iF 00
I a A
-

a

1-0E-03

_90-[..

1-0E-04

1+0E-05
1-0E-06
@
o
&
40E-07

Fig. 19 Fuel Temperature Analysis - Probability of n Hot Subassemblies



l l i L I l FAET l

W""oo%“w ]
t gm W@EM@M&EMQO 125500 wfoo iHﬁEOO iEEIEOO 131£oo 13 00 1-34F 00 136EOO
1

1-0E-02

1-0E-03

Y
RALU

iﬁOE“O@@g
1-0E-053

10E-06

1-0E-07 =

™

\\\\\\\\\\\\\\\\\\\\:zf\jfiii\i\

: T

0 n=EL
\\\

Fig. 20 Cladding Temperature Analysis ~ Probability of n Hot Subassemblies

= 40T -

PROB-



FACT-

i'OE 00 + } 'L l l I
im iE’iEOO iEBEOO iE4EOO iESEOO iE7EOOiEB‘EOO iElOEOO iHiEOO iEEEOO
1 01%#@ M\
Oe- : : TA) ‘G\\
T, T
?—‘N\‘\
i.OE_OE—ig_ =] {PES5-)
1
1-0E-03 ¢ !
2
1-0e-04
LOE_OS—f
1
1-0E-06
I o
+ o
+ <«
0F-07 4+ e Fig. 21 Hot Channel Analysis - Probability of n Hot Subassemblies




295 03+

2748 031

TEMP- (OC)

[R]

- 109 -

F1_TEMP-

2-50E 03+

L<2EE 03+ NOMELEL_TFNP-

2-02k 03

178 03

1-54F 03+

1306 03+

1-06E 03

[RIT-CTYY «T-

B-2it 02+

[(BIT-[1 -T-

EXP-CLADD- TENP-
FXP-CO0L - TEWP-

-0 -T-

5-BIE 02+

3-40E 02

1

NOM-COOL - TEMP -SPAN

[w]
Ry

9]
(ny]

» 53.99

+ 99899

-FUEL TEMP-

Fig. 22

ﬁ'
1

I
J
2

i
3

1
I
4

unqk

ar L PER CENT )

Nominal, Expected and Critical Temperatures



- 110 -

VI.2 Influence of spot length

Fig. 23 shows the hot channel and hot spot factors at a confidence
level of 26 (97.7 %) as a function of the assumed spot length (ls).
As stated at item II.4.4, the hot channel factor does not depend
upon ls. The dependence of the fuel hot spot factor on lS is larger
than that of the cladding hot spot factor: this indicates that the
local uncertainties are more important for the fuel than for the
cladding (see next item). The very high values of the hot spot
factors for little lS can be explained by taking into account that
for ls-» O both the number of spots as the local standard deviation

s
(5=) tend to infinite.Such large factors are however not to be

1
exSected in reality: in fact for very small values of ls axial con-

ductivity plays a not negligible role in the determination of fuel
and cladding temperature, moreover the local standard deviation in
any practical cases will tend to a certain finite maximum value rather

than to the theoretical infinite value as assumed.

Although some doubts might still exist on the assumed value of the
uncertainties, which should be subject to further research for a

better assessment, some conclusions can be drawn for the safety

of the thermal design of a reactor such as Na-2. As it results from
Fig. 23, the critical temperature of the fuel is expected to be

reached - at 97.7% confidence level, which, referred to the whole
reactor, might be a quite acceptable one - by a length of circa 2 cm:
taking into account the actual behaviour of the fuel with the formation
of the central channel and the consequent decreasing of the nominal

i

temperature; the safety of s@ch a fuel thermal design can be
considered satisfactory. For the cladding, however, it must be

observed that the critical temperature 700 °c is expected to be ex-
ceeded also by very large cladding lengths; moreover the cladding safety
is decreased by the occurrence of hot spots of little size; therefore

it is advisable to modify the thermal design in such a way that the
nominal maximum temperature cof the cladding in the core will be de-

creased of circa 10 -~ 15 °C.
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VI.? Influence of the different groups of uncertainties

As already stated, one of the main improvements that the present
method gives to hot spot analysis is the possibility of a precise
assessment of the influence of any uncertainty on the total un-
certainty in the maximum temperatures. This assessment allows the
designer to choose the parameters for which better tolerances must

be required in order to obtain a better performance of the reactor.

Since the most limiting uncertainties within every group of un-
certainties are of immediate determination, it was examined the
influence of the different groups of uncertainties on the hot spot
factors, Namely, the standard deviation of the core uncertainties
(G&) was put equal zero; correspondingly the new value of the hot
spot factors were calculated. The consequent decreasing of the hot
spot factors indicates which is the maximum possible advantage,
which can be expected if the core uncertainties were actually zero.

The same procedure was followed for the other types of uncertainties.

The results are reported in Table 14 for fuel temperature and in
Table 15 for cladding temperature. In this tables a spot length of

1 cm was assumed and the factors are given at 97,7 % confidence level.

From Table 14, it results that the groups of uncertainties which

are the most limiting for high power rating in respects to fuel
temperature are the core and the local uncertainties: in fact if

6; were zero the hot spot factor would be reduced by about 7 %, and

if 6, were zero, it would be reduced by about 10 %, whereas negligible
reductions would be provoked, if the other uncertainties were zero,

It is also to note that the local uncertainties are more limiting than
the core uncertainties, although the value of local standard deviation
(3.4 % of the maximum temperature difference a;—%) is 2 % lower than

the core standard deviation (5.5 %).

This results, as already stated in 4-1_7 , confirms that the more im-
portant uncertainties are those which have a larger number of in-
dependent occurrences; consequently the usually adopted semistatistical
methods, which assume the uncertainties acting on a whole core as de-

terministic oneS.,are clearly wrong.



. Naep
feaftir are Core Zore Subassembly Channel Local
s = cm
total st.dev. (°¢) o, = 101.5 6, = ks.5 6, = 37.2 &y = 18.6 & = 63.3
total st.dev. 5.5 5 L 5 L
— — . ® ’_.O 100 3-
(% of 9.-9.)
f i
F, for 6= 0 (97.7%) .
hs 1.225 1.277 1.271 1.286 1.186
(Actual F, = 1.29)
s
Expected gax.temp.
for 6=0 (°C)
(Actual max.temp. 2654 2750 2738 2766 2580
2777 (97.7%) )
Nominal temp. 2235
Fuel therm.conduct.} Flux Calcul. Flux(Control Flux(local Axial flux 39
‘ 3 7 . .
66 . %7 Rod) 37 rad.) Density 30
Main uncertainties Fuel melting point Density - 18 Heat transfer
(st.dev. °C) 60 18 Cladd.-fuel
Power measurement EnrichmentX 26
L6 18
*(Production
batch)

- ¢1T -

Table 14

Influence of the different groups of uncertainties on fuel hot spot factor



Influence of the different groups of uncertainties

on cladding hot spot. factor

(St.dev.

*(Production

batch)

Table 15
Reactor Na-2 Core Zone Subassembly Channel Local
1S = 1 cm .
total st.dev. (°C) 6 = 9.9 G = 6.6 6 = 7.5 6 = 6.9 6 = 2.8
c Z s ch r
t . .
otal st.dev 3.8 2.5 2.9 2.7 1.1
(% of o _-7.)
cl 1
6= .79 v A
Fpg for ©¢=0 (97.7%) 1.232 1.242 1.215 1.215 1.248 !
(Actual Fhs=1.27) -
=
[}
Expected mgx.temp.
for 67 =0 (°C)
Nom. temp. 640 700 703 696 €96 705
(Actual max.temp.
710 (97.7%) )
Cladd.crit.tempf Flux Calcul., 5 Flux (Control Rod)| Pin Pitch 6 | Eccentricity
A ‘
Main Uncertainties 7 Density g 1.6
Power measurement 2.6 |0rifice calibration Density 1.6
°¢) 6.5 |Enrichment ™ 5
2.6
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Moreover the previous statistical methods give an errated assessment
of the importance of the singular uncertainties, because they treat
all uncertainties in the same way and therefore the influence of the
singular uncertainties depends only on the value of this standard

deviation and not on the number of their independent occurrences.

From Table 15, it results that the most important uncertainties for
cladding hot spot are the subassembly and the channel uncertainties. From
Table 14 and 15 it is possible to point clearly out for which uncertainties
better tolerances should be required in order to Lave lower hot spot

factors.

The local uncertainties (Table 15) have a very low influence on
cladding hot spot, at least for ls =-1 cm. These results explain the
stronger dependence of the fuel hot spot factor on the spot length
in comparison to cladding hot spot factor (Fig. 23).
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