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Chapter 1

Introduction .

1.1 General introduction

Thermal and hydraulic design of an IMFBR core plays an important role in
connection to the optimization of fuel subassemblies and reactor core struc-
tures as well as reactor inlet and outlet coolant temperature in the nominal
operating condition with respect to reactor core performance, economy and
safety, which are the prime objectives of IMFBR design.

Ih core thermal and hydraulic design, the maximum operating temperature
is limited by the criterion +that the core temperature should not exceed
critical values. It is therefore necessary to accomplish a method of core-
wide temperature analyses with related quantitative reliability evaluation in
order to assure safety performance of a reactor core under consideration.

Some uncertainties due to manufacturing and assembling tolerances asso-
ciated with the dimensions and geometries of fuel subassemblies and core
internals and the experimental ambiguities included in material properties
are inherently related to the cére temperature and it is necessary to take
into consideration the deviation of the core temperature due to these uncer-
tainties in evaluating the safety performancé of a reactor under design
criteria.

(1) ~ (13),

In conventional hot spot analyses neglecting completely

the effect due to the mutual dependency of various parameters previously
mentioned on the core temperature, it is assumed that‘the temperature depen-
dency on the statistical deviations of these parameters is linear and the
resultingAprobabilistic‘core temperature variation due to the statistical

deviations of these parameters is of the normal distribution. The reliability

level associated with the core temperature variation thus evalﬁated is less



accurate neglecting the. effect of the mutual correlation among these factors,
and therefore conservative engineering judgements for a safety margin have
been employed in the conventional hot spot analyses. In this paper, the
probabilistic temperature variation due to the statistical deviation of the
previously mentioned unoeftain parametefs is discussed taking into considera-
tion the thermomechanical correlafion among fuel pins, fuel subassemblies
.and core internal structures, coolant flow correlation among coolant channels
and the temperature dependency of core material properties based on the
factory data and experiments.

An engineering hot spot factor is evaluated in terms of confidence level
related to the safety performance of a reactor core based on the probabilistic
temperature variation thus obtained. The importance of the following three
subjects on the probabilistic evaluation of the core temperature related to
engineering hot spot factors is discussed in chapters 2, 3 and 4, which have
not been considered in conventional core design analyses, respectively.

(i) Experimental investigation of the lateral drag coefficient of fuel pins
under coolant flow, which is necessary to determine fuel pin deflection modes
in reactor operating conditign,iand-evaluation of fuel pin deflection modes
and the core temperature under the fuel pin deflection within a fuel sub-
assembly(l4)‘\’(18).

(ii) Bvaluation of fuel ﬁin gap probabilistic distribution taking into con-
sideration the manufacturing and assémbiing tolerances associated with fuel
subassemblies and the ambiguity in thermal and hydraulic parameters of material
properties and hydraulic experimental data with the sensitivity of theée
uncertainties to fuel pin gaps(l9)ﬁv (21).

(i11) Evaluation of the probabilistic distribution of coolant flow rate in a

fuel subassembly taking into consideration the coolant flow correlation among

core internal coolant flow channels under manufacturing and assembling



tolerances associated with core internals and the umbiguity in thermal and
hydraulic parameters(zz)hv (25>.

In chapter 5, general discussion on the results obtained through the
present studies is presented.

1.2 Conventional design iethod and its.technical problems

In thermal and hydraulic design of a nuclear reactor core, the operating
temperature is limited by the criterion that the temperature of core components
should not exceed the critical values. In an IMFBR, cooclant temperature should
be sufficiently below its boiling point, cladding temperature should not exceed
the critical values, which provokes an unaccéptable creep rate of cladding
material, and fuel temperature should be lower than its melting point.

Some uncertainties due to manufacturing and assembling tolerances and
experimental ambiguities are inherently included in the parameters, from which
the core temperature is influenced. It is therefore necessary to take an
adequate design safety margin, which takes into account the effect of all
statistical deviations of uncertainties on the core temperature. In the con-
ventional evaluation of such a safety mafgin 1)~ (13), the
thermomechanical correlation_‘aﬁong'fuel pins, fuel subassemblies and core
internal structures, the coolant flow correlation among coolant chanﬁels and
the temperature dependency of material properties are not taken into considera-
tion in relation with the.core hot spot temperature. It is assumed that the
variation of the core temperature dué to uncertainties can be dealt with by
individual hot spot subfactors, which correspond to safety coefficients for
the maximum deviation in the core temperature from the design nominal valﬁe.

Errors thus introduced in the evaluation of the core temperature neglecting
the effect of the above mentioned correlations among uncertainties cause to

lower the reliability level in safety performance of the core, and a conserva-

tive safety margin based on engineering judgements was to be'employed in the



conventional thermal and hydraulic design. However, in order to improve the
core performance and fhe related safety eﬁaluation, these correlations shéﬁld
be taken into consideration in thermal and hydraunlic design. In this section,
the associated technical problems will be feviewed.

1.2.1 Roles'of core thermzl and hydraulic design in nuclear reactor design
In order to assure the core performance under designed therﬁal effi-
ciency and neutron doubling time and to improve the core economy with respect

to fuel inventory and power'generating cost, degign parameters should be
optimized so that high power density, high coolant outlet temperature and
large éoolant temperature difference are obtained. Here, we define (i)
structual design parameters, (ii) thermal and hydraulic parameters, and (iii)
core design parameters as follows:
(i) structual design parameters include dimensions and geometries of fuel
subagsemblies and core internals such as fuel pin diameter, fuel pin pitch,
spacer wire diameter, wrapping pitch of spacer wires, flat to flat distance
of wrapper tubes, core height, number of fuel pins in a fuel subassgemly,
number of fuel subassemblies in a reactor core and diameter of orificing holes
in orificing devices, etc..
(ii) Thermal and hydraulic pérameters include material properties such as
coolant density, specific heat and thermal cénductivity of coolant and core
structual materials and hydraulic daté such as coolant pressure loss coeffi-
cient, lateral drag coefficient of a fuel pin and coolant mixing coefficient,
ete..
(iii) Core design parameters coﬁsist of structual des;gn parameters, and
thermal and hydraulic design parameters described above.

In the.preliminary‘stage of core thermal and hydraulic design, the effect

of structual design parameters on the core temperature is analyzed and the



structures of fuel subassemblies and core internals are optimized so as to
attain the compact core with improved cooling efficiency, nameiy

(i) a fuel subassembly has features of a small fuel pin diameter, 5 ~ Tmm
which correspdnds to about one half of a light water reactor fuel pin and a
closely spaced fuel pin bundle with pitch to diameter ratio of about 1.2

which is smaller by 20 ~ 30% than that of a light water reactor(9) ~,(13);

and

(ii) the core internals include orificing devices within coolant flow channels,
and high and low pressure plenums to regulate a subassembly coolant flow raté
based on a heat generation rate(9) e Ql), CL?.

Once fuel subassemblies and core internals are optimized, hot spot temper-
atures are calculated based on a detailed heat generation distribution utilizing
the related hot spot subfactors which are the safety margins for the uncer-
tainties in core design parameters and finally various possible combinations
of reactor inlet and outlet cooclant temperature fulfiling the thermal and
hydraulic design criteria are evaluated and usually summarized in a diagram
called core permissible operation temperature boundsoi»’ Gj).

Based on this diagram, geaétor-inlet and outlet coolant temperature is
optimized taking into consideration the feasibility studies regarding nuclear
steam supply system design with turbine steam quality, heat transfer area of
intermediate heat exchangers and steam evapolators and coolant circulation
pump pressure head.

A flow sheet of core thermal and hydraulic design procedures in a detailed
design stage is shown in Table 1.1l.

1.2.2 Method aﬁd technical problems in conventional core thermal and hydraulic
design

In core thermal and hydrauwlic design, operating temperature is limited

by the design criterionthat the core temperature should not exceed the critical



Table 1.1 Thermal and hydraulic design procedures in detailed design stage

Reactor core thermal & hydraulic design

(2] Thermal & hydraulic design

criteria

(2.1]) Critical temperature
1% coolant

2) cladding.

3) fuel

(2.2] Critical coolant velocity
in fuel subassembly

(1] Thermal & hydraulic design parameters

(1.1] Nominal thermal & hydraulic para-
meters
1) material properties (density,
specific heat, Young's modulus,
etc.)
2) hydraulic properties (pressure
loss coeff., lateral drag coeff.,
mixing coeff., etc.)

(1.2] Hot spot subfactors
1) fuel pin bundle deflection
2) uncertainties in thermal & hydra-
ulic parameters and structual
design parameters
3)  others

(3] ZInput data

(3. 1] Nominal structual design parameters
1) fuel subassembly
2) core internals

[3.2) Probabilistic distributions of -
structual design parameters
lg fuel subassembly
2 core internals

(3.3] Heat generation rate distribution

]

Ne

(4] Thermal & hydraulic desien items

(4.1] Thermal & hydraulic characteristics
1) core temperature distribution
2) c¢oolant flow rate and velocity
distribution
3) pressure distribution

(4.2] Core permissible operation temper-
ature bounds

A 4

(5] Data to be supplied to other des1gn
sections

[5.1] Reactor core structure design section
for orificing devices
(5.2] Fuel design section

for stress and strain of fuel pin
cladding

[5.3] Cooling system design section

for heat transfer area and pump pres-
sure head

[5.4) Control system design section

for operating margin




values in relation to core safety. Therefore, it is necessary to accomplish
methods of detailed core temperature analyses and core temperature reliabiiity
analyses in order to assure most reasonably reactor core performance and core
safety. In the foilowing sections, we will review and discuss various design
parameters related to core thermal and hydraulic design, methods of hot.spot
analyses and the related technical problems in the conventional core thermal
and hydraulic design. ,
1) Technical problems in thermal and hydraulic parameters
i) Material properties

There are two kinds of material properties employed in core thermal and
hydraulic design, namely,
a) the material properties, which directly affect the core temperature such
as coolant density, specific heat and thermal conductivity, etc. and
b) the mechanical properties of materiéls which indirectly affect the core
temperature such as Young's modulus and linear thermal expansion coeffiecient,
etc..
These material properties have been experimentally investigated in sufficient

(26)~(32)

cases and there may not:be any further problems concerning with
these material properties.
ii) Hydraulic parameters

Lateral drag coefficient of a wife—spaCEd fuel pin in coolant flow(16)mv(18X
which corresponds to the hydrodynamical drag force normal to a fuel pin center
axis, is necessary in evaluating the equilibrium configuration of a wire-
spaced fuel pin bundle in a reactbr operating conditi&n, in connection té the
core temperature. However, this coefficient has not been investigated yet.
Its experimental investigation and the cohtribution of lateral drag force 1o

the equilibrium configuration of a fuel pin bundle in a reactor operating

condition will be discussed in chapter 2. The other coefficients such as



pressure loss coefficient and coolant mixing coefficient, etc. have suffi-

(33) ~ (44)

ciently been investigated and there may not be any further problems
involved in these values. | |
2) Conventional hot spot analyses and thé related technical problems
i) Conventibﬁal hot spof analyses |

In order to take into considération the ambiguity in the core temperature
due to uncertainties inherent with core design parameters (structual design
parameters and thermal and ﬁydraulic parameters), the following procedures
are conventionally employed. A function representing the core temperature at
certain point within a core is expanped into faylor's series with respect to
all design parameters at their nominal values and the series are truncated at
the first order terms, where each design parameter is considered to be an
independent variable. The zeroth order term corresponds to the nominal core
temperature at the specified point and the first order terms represent the
contribution to the core temperature due to the deviation of each independent
parameter,

We define a hot spot subfactor for the core temperature due to a design
is the nominal temperature rise

0

at the specified poinf and ATl(Fh) is the maximum value of the first order

parameter F; to be 1 + ATl(FX)/ATO,'where AT

derivative term with respect to Fpo Ina former core design concept, hot
spot subfactors due to all design parameters were cumulatively multiplied to
obtain a hot spot factor for the core temperature which gave an extremely

().

conservative design value Allarge safety margin under such a-cumulative
method of core hot spot analyses corresponds to the lowering in reactor oper-
ating temperature and consequently to the reduction in core economy.

Thus abstatistical treatment of uncertainties assoclated with design

parameters was proposed on such premises that uncertain parameters may vary

independently one another and that the probabilistic variation of the core



temperature due to these parameters is of the normal distribution(z). With
such a probability concept, a hot spot factor corresponding to the confidence
level of quwas investigated by H. Chelemer and L. S. Tong(s), where these
hot spot analyses were conducted with respect to the nominal hottest spot
within a core and hot spot subfactors were combined statistically or cumula-
tively, according to their natures.

However, under probabilistic aspects of core hot spot analyses, any
point within a core may have the probability of being the hottest spot in a core
besides the nominal hottest spot. Therefore in evaluating the safety confi-
dence level related to core design values, the probability of core temperature
exceeding the design criteria should account for probabilistic temperature

(4)

variations at all points within a core In such core-wide hot spot
analyses, uncertainties affecting the core temperature should be classified
into two categories according to their natures, namely (i) local uncertainties,
which affect the temperature at an individuvual spot independently within a
reactor, and (ii) global or core-wide uncertainties, which affect the temper-
ature at all spots within a zone to the same extent. Amendola(5)’ (6) and

(7)

others developed a method of evaluating the probability that there exists
no hot spot in the core exceeding the core temperature design criteria taking
into consideration a core-wide probabilistic‘temperature variation. Then,?. L.
Arnsberger(s) amiK;Sakai(45) proposed a method of evaluating the probability
for several hot spots in a core exceeding the core temperature design criteria.
In these core-wide hot spot analyses, mathematical treatment for calcu-
lating a safety reliability level is considerably rigerous, while physicel
treatments on thermomechanical correlation within a core, coolant flow
correlation among coolant channels and subchannels and the temperature depen-

dency of material properties are followed after the conventional concepts.

ii) Technical problems in the conventional hot spot analyses '



a) Technical problems associated with the methods of hot spot temperature
evaluation

Accuracy in the evaluation of hot spot temperature should be improved
by taking into consideration the following subject matters which have been
neglected in the conventional hot spot‘temperature analyses.

(i) The thermomechanical correlation among fuel pins(l4)ﬂv (21), fuel

(46), (47)

subassemblies and core internal structures in relation with the

core hot gpot temperature should be taken into congideration.

(14) ~ (21) ,,

(ii) The coolant flow correlation among coolant subchannels
a fuel subassembly and coolant channels<22)ﬁ9(25) among in a reactor core due
to uncertainties included in core design parameters in comnection to the hot
spot temperature should be taken into consideration.

(iii) The effect of the temperature dependency of material properties,
especially thermal conductivity of fuel pellets on the core hot spot temper-
ature, should not be neglectea (A2) ™~ (50)

(iv) Because of the mutual dependency among core design parameters due to
the above-mentioned correlations and temperature dependency of material
properties on the core temperatﬁre,'the contribution of each parameter to the
core hot spot temperature is not linear.

(v) Some of the uncertainties associated with core design parameters have
off-normal distributions énd the resulting core hot spot temperature can not
be treated as normally distributed (19)~(25), (49), (50),

b) Technical problems in the evaluation of hot spot subfactors

(i) Hot spot subfactors for the coolant temperature rise due to thermal;
hydrodynamical and irradiation-induced fuel pin deflection and the resulting
fuel pin gap variation play an important réle in comnection to thermal and
hydraulic characteristics of fuel subassemblies(51)’ (52), especially for
(14) ~ (18)

loosely packed wire-spaced fuel pin bundles , and a method of

10



evaluating probabilistic fuel pin gap distribution in a reactor operating
condition should be developed instead of presuming a normal pin gap
distribution. The related digcussion will be given in chapter 2.

(ii) The effect of variation in core design parameters on the core temper-
ature through subchannel coolant flow rate correlation related to subchannel
areas and fuel pin gaps should probabilistically be evaluated where fuel pin
gaps substantially show off-normal distributions due to the confinement of a
(19)~(21)

fuel pin bundle within a wrapper tube Conventionally, these pin

gaps have been considered normally distributed and the error due to such
assumption will be discussed in chapter 3 together with the sensitivity of
uncertainties to fuel pin gaps.
(iii) A method of probabilistically evaluating the effect of variation in
core design parameters on the core temperature through fuel subassembly
coolant flow rate correlation. undervconstant coolant flow rate at a core
inlet should be developed where uncertainties are to be classified into
several categories according to their scopes of influence (22)ﬁv(25>. The
related discussion will be given in chapter 4.
1.3 Objectives of the present studies and the related technical significance
In érder to optimize core safety performance under the core temperature
design criteria, designed thermal efficiency and neutron economy, it is
necessary to accomplish a reliable method of hot spot temperature analyses.
Objectives of the present studies are therefore to accomplish a mzthod of
core temperature reliability analyses taking into cénsideration the mutual
dependency among core design parameters on the core temperature, which
were not conventionally accounted for, and a method of evaluating a hot spot

factor with the corresponding core confidence level within statistical

variations of all uncertainties.

11



1.3.1 Parameters affecting the core temperature

| Before coming to detailed diécussions on core temperature analyses, we
will select some of the sensitive parameters to the core temperature, which
are shown in Table 1.2, These sensitive parameters are as follows:
Block:[li]in Table 1.2; thermal and hydraulic parameters, and structual
design parameters.
Bldck[:Qi]in Table 1.2; fuel pin gaps and geometries of coolant subchannels
within a fuel subassembly taking into consideration fuel pin deflection due
to mechanical interactions among fuel pins as well as among fuel subassemblies,
Block:[B:]in Table 1.2; subchannel coolant flow rates within a fuel subassembly
under the condition of a constant subassembly coolant flow rate as well as
subassembly coolant flow rateg within a reactor core under the condition of
a constant coolant flow rate at a core inlet.

1.%.2 Necessity of a probabilistic method for evaluating the core temperature
Some statistical ambiguities are inherently included in core design
parameters affecting the core temperafuge as listed in Block [1] in Table 1.2.

Therefore, an evaluation df core temperature reliability level needs to be
discussed in terms of probab%listic-procedures. Namely, whether the core
temperature satisfies the design criteria should be discussed in terms of a
correqunding confidence level 4 and a hot spot factor H.S.F. (A), which are
defined in the following section.
1.%3.3 A new method of evaluating a hot spot factor

Because of the mutual dependency among cbre design parameters due to
thermomechanical and coolant flow correlations and the dependency of matérial
properties on the core temperature, the core hot spot temperature can not
substantially be computed in terms of individual hot spot subfactors. A hot

spot factor corresponding to a confidencé level 4 should be determined taking

12
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Table 1.2 Sensitive parémeters to the core temperature

(1]
(1.1]

' P[l.Z]

Thermal and hydraulic parameters, and structual design parameters (nominal values and
probabilistic distributions)

material properties (density, specific heat, Young's modulus, etc.)

hydraulic parameters (lateral drag coeff., pressure loss coeff., etc.)

Core temperature

(2.2]

[(1.3) dimensions and geometries of fuel subassemblies and core internals (fuel pin diameter,
" spacer wire diameter, orificing hole diameter, etc. )

(2] Subchannel and channel geometries

(2.1]) fuel pin gaps and coolant subchannel geometries within a fuel subassembly taking into

congideration thermomechanical interaction among fuel pins

coolant channel geometries within a reactor core taking into consideration thermomechan-
ical interactions among fuel subassemblies

(3]
(3.1]

(3.2]

Coolant flow rate

subchannel coolant flow rate within a fuel subassembly taking into consideration coolant
flow correlations under the condition of constant coolant flow rate in a fuel subassembly

chamnel coolant flow rate within a reactor core taking into consideration coolant flow
correlations under the condition of a constant coolant flow rate at a core inlet




intovconsideration the above-mentioned mutual dependency  among all para-
meters and their probabilistic variations.

In the present studies, a hot spot factor is expressed in terms of two
subfactors beihg responsible for the inner-subassembly correlation and the.
inter-subassembly correlation for computational convenience as to be
explained later on. Procedures employed in the present analyses are shown
in fable 1.% and are explained in detail as follows:

FBR thermal and hydraulics may be divided into followihg two parts,
namely |
Block [1J], inner-subassembly thermal and hydraulics, and
Block [2], inter-subassembly thermal and hydraulics.

A schematic representation of reactor core internal structures in a case
of a typical prototype LMFBR which correspond to Block (2] is given in Fig.
1.1, and subassembly internal structures with a fuel pin bundle of a correg-
ponding IMFBR fuel subassembly are shown in Fig. 1.2,

Block [1] includes the following analytical procedures.

Block [1.1]: For the nominal values of thermal and hydraulic parameters and
fuel subassembly structual paraﬁeters, fuel pin deflection and subchannel
tempefature analyses within a fuel subassembly are to be performed taking
into consideration fuel pin deflection as well as subchannel coolant flow
correlations under the conditicn of constant subassembly coolant flow rate.
These subjects will be discussed in.chapter 2.

Block [1.2]: Conditional probabilistic distributions of the fuel pin gap
and the core temperature P(Tr|wr) within the 7th fuel subassembly under |
consideration dﬁe to statistical variations of thermal and hydraulic para-
meters and structual design parameters are to be analyzed taking into con-

sideration fuel pin deflection as well as subchannel coolant flow correlation

14



Fig. 1.1

11

11

1

Schematic rlepresentation of core—internal coolant flow
channels. Key: 1,reactor vessel;2,inlet nozzle’
3,inlet plenum: 4.depressurization mechanism: 5.

low pressure plenum:; 6,high pressure plenum: 7.core
fuel subassembly; 8.,blanket fuel subassembly; 9,
spent fuel subassembly:; 10,storage rack plenums

11,side wall bulk plenums-

15
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under the condition of constant subassembly coolant flow rate wr. These
subjects will be discussed in chapter 3,

Block [2] includes the following analytical procedures.

Block [2.1]: TFor the nominal Vélue of thermal and hydraulic parameters and
core intermal structual ﬁarameters, fuél subassembly coolant flow rate
analyses and subassembly deflectibn analyses taking into consideration fuel
subassembly coolant flow correlation as well as subassembly mechanical
interactions under the constant coolant flow.rate at a core inlet wl are to
be performed.

Block [2.2]: Conditional probabilistic distribution of Tth fuel subassembly
coolant flow rate P(WTIWT) due to the statistical variations of thermal and
hydraulic parameters and core structual design parameters are to be analyzed
taking into consideration coolant flow correlation among coolant flow
chamnels under the condition of constant coolant flow rate at a core inlet.
The detailed discussion on Block [2.1] excluding the fuel subassembly deflec-
tion analyses and on Block (2.2] will be given in chapter 4.

Block [3] includes core thermal and hydraulics taking into consideration
the mutual thermomechanical depéndency' of fuel pins within a fuel subasembly
and of fuel subassemblies within a reactor core as follows:

Block [3.1]: Fuel subassembly deflection analyses are to be performed based

on the temperature distribution within wrapper tubes based on fuel pin deflec-
tion modes within subassemblieg and fhe effect of heat transfer through
adjacent wrapper tube walls on fuel subassembly deflection.

Block [3.2]: Fuel pin deflection and subchannel temperature analyses within

a fuel subassembly are to be performed based on.the boundary conditions related
to the fuel subassembly deflection modes.

Block [4] includes calculations on the probabilistic distribution of the

core temperature based on the results in Block [1.2] and Block [2.2] as follows:

17



Block [4]: Based on the conditional probabilistic distribution of the core
temperature within the 7th fuel subassembly P(Tflwr) under subassembly
coolant flow rate wr and the conditional probabilistic distribution of
coolant flow rate in the corresponding fuel subassembly P(WTIWT) under the
total coolant flow rate af a core inlet.wT, the probabiligtic distribution
of hot spot temperature P(TT‘WT) under the condition of constant coolant
.flow rate at a core inlet 1is to be computed according to addition and multi-
plication formulas in the theory of probabil;ty as follows:

P(TTIWT)=.[' o SP(5)P(E, gl -P(E P P(T,l wz.)P(wz.IwT)sz 18Fy 000 dFy

Ve
(1-1)

where T, and w; are the hot spot temperature and the coolant flow rate in the
Tth fuel subéssembly under consideration, respectively. wa is the total coolant
flow rate at a reactor core inlet and Fﬁi, Foe+oH  and P(Fll)’ P(Ehz)-~-,
P(th) are uncertain parameters affecting core-wide inner-gubassembly and
inter-subassembly  characteristics and the probabilistic distributions of
the uncertain parameters, respectively.

Block [5] includes calculations on a hot spot factor H.S.F.(/4) with con-
fidence level 4 as follows:
Block [5]): Based on the probabilistic distribution of the hot spot core
temperature P(Tfle) under WT, the hot spot factor H.S.F. (4) with confidence
level 4 for the rth fuel subassembly'under consideration which corresponds to
the probability that the core temperature does not exceed a given temperature

TE'STA) is as follows:

Sy ol
H.S.F.(4) = 1 + { ; A ~, (1-2)
Tz - Tin

where Ti'&(A) ig the temperature corresponding to the following definition

as shown in Fig. 1.3,
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H.S.(4)
TT T
fo P(T_|w )aT, = 4 . (1-3)

Usually, thermal and hydraulic design parameters are optimized that TE'S(A)
"may be equal to the core temperature design criterion for a preassigred
confidence level 4. Tin corresponds to reactor inlet coolant temperature and
Tg corresponds to nominal temperature at the specified core point under con-
sideration.

. A method of fuel subassembly deflection analyses takihg into considera-
tion the mechanical interaction among subassemblies indicated in Block

[2.1.3] has been developed(46)’ (47)

and the analyses of thermal and hydraulic
characteristics of a core taking into consideration the thermomechanical
correlation listed in Block [3] turn out to be possible at present, however
sample calculations shown in this paper do not include analyses corresponding
to Block [2.1.3] and Block [3] in order to avoid redundant computations.

For the mutual hydrodynamical dependency  of immer and inter-fuel sub-
asgenmbly hydraulics indicated in BIOCk (1] and Block [2] on the core temper-
ature through coolant floﬁ correlation within a reactor core, the following
expedient treatments are employed. ‘Namely, the probabilistic distribution
of hydraulic resistance across a fuel subassembly due to the variation in
structual design parameters of a fuel subassembly is evaluated based on factory
data as indicated in Block [1.2.3] and the resulting probabilistic distribu-
tion is introduced into evaluation oh a probabilistic distribution of a fuel
subassembly coolant flow rate indicated in Block [2.2.2]. Thus, the effect
of the local variation in structual design parameters within a fuel subaésem—
bly on subassembly coolant flow rate and the core temperature is effectively
taken into consideration.

The dependency of the conditional probabilistic distribution function

P(Ttlwt) on w,.,the deviation range of which is actually within'i;O% to its
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nominal value, is almost linear because of the week dependency of sub-
channel coolant flow rate ratios among subchannels and material properties
through the core temperature on subassembly coolant flow rate w,.. Based on
the above-mentioned reasonings, it may be verified that the hot sPot‘factor.
H.S.F.(4) corresponding to confidence level 4 defined by expression (1-2)
may be expressed in terms of two hot spot subfactors covering core temper;
atﬁre variation due to inner-subassembly and inter-subassembly  temperature
correlations. The prime objective of the present study isAto accomplish
core design procedures explained in Table 1.3 to evaluate a hof spot factor
of a core which corresponds to the specified confidenee level taking into
consideration the probabilistic contributions of design parameters with

their mutual dependency  to the core temperature.

N
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Fig. 1.3 Probabilistic distribution of the core temperature

T, in the rth fuel subassembly.
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Table 1.% Procedures of hot spot factor analyses

Reactor thermal

& hydraulics

I

N

(1] Inner-subassembly characteristics

J

2

Y

(2] Inter-subassembly characteristics

[

V)

v

(1.2] Evaluation of probabil-
istic variation in cozre
degign parameters

(1.1) Evaluation of nominal
core design parameters

(2.1] Evaluation of nominal
core design parameters

(2.2] Evaluation of probabil-
istic variation in core
design parameters

|l

|

] |

[1.2.1) Probabilistic distrib-
utions of core design
parameters

material properties
hydraulic parameters
structual design para-
meters

(1.2.2] Probabilistic distrib-
ution of fuel pin gaps
taking into congidera-
tion fuel pin mutual
interactions

[1.2.%3) Probabilistic distrib-
ution of hydraulic re-
sistance within a sub-
agsembly under constant
subassembly coolant flow
rate

[1.2.4] Probabilistic distrib-
ution of the core temper
ature under constant
subassembly coolant flow
rate

H

P(TT‘WT)

[1.1.1) ©Nominal core design
parameters

1) material properties

2) hydraulic parameters

3) structual design para-

meters

[1.1.2] Subchannel geometries
taking into considera-
tion fuel pin mutual
interactions

1) fuel pin deflection

2) fuel pin gaps

(1.1.3] Thermal & hydraulics
under constant sub-
assembly coolant flow
rate

core temperature
distribution
subchannel coolant
flow rate distribution
pressure distribution

1)
2)
3)

(2.1.1] Nominal core design
parameters

1) material properties
2) hydraulic parameters
3) structual design para-

nmeters

[2.1.2] Subassembly coolant
flow rate taking into
consideration core
internal coolant
chamnel geometries and
matual channel coolant
flow correlations under
constant reactor inlet
coolant flow rate

(2.1.3] Subassembly deflec-
tion taking into con-
sideration mutual
subassembly interactions

1

[2.2.1] Probabilistic distrib-
tions of core design
parameters

material properties
hydraulic parameters
structual design para-
meters

[2.2.2] Probabilistic distrib-
tion of subassembly
coolant flow rate taking
into consideration
mutual channel coolant
flow correlations under
constant reactor inlet
coolant flow rate

P(WTIWT)

pin defiection

(3] Thermel & hydraulics taking into
consideration mutual thermomechanical
interactions among inner-subassembly
and inter-subassembly

[3.1] Subassembly deflection taking into
consideration the heat transfer
through wrapper tube walls and fuel

[3.2] Fuel pin deflection and thermal &
hydraulic characteristics taking into
consideration subassembly deflection

[ —

(4]

constant reactor
rate

p(T, ')

Probabilistic distribution taking
into consideration coolant flow
correlations among all channels under

=/n..fP(Ezl).-P(Ezn)2‘P(Trlwr)P(wT]WT)‘

T
.dFZI....'dﬁn
where
Fkl"'57 : core-wide uncertainties
n

affecting inner-subassem-
bly and inter-subassembly
characteristics

inlet coolant flow

(5]

dence level 4

H.S.F.(4) = 14

Hot spot factor H.S.F.(4) with confi-

H.S N

TrgA} - TTT
L T
T in
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Chapter 2
Bvaluation of fuel pin bundle deflection and its effect

on the core temperature

2.1 Introduction

In this chapter, discussion on the inner-subassembly characteristics
undexr nqminal core design parameters described in section 1.3%.3 will be given.
Puel pins in anlMFBR fuel subassembly are deflected from the nominal configu-
ration under temperature gradient, hydrodynamical force exerted by coclant flow
and thermal and irradiation induced creep and swelling. Especially in & case
of a wire-spaced fuel pin bundle, which is usually packed loose to compensate

for swelling of fuel pins, the deflection influences the subchannel cocolant

(1) ~ (4)

flow digtribution and therefore the hot spot temperature the

(5),

, where
deviation in the edge flow coefficient (6) from the nominal value tzkes
a dominant role. In reactor operating condition, wire-spaced fuel pins are
in contact with the adjacent pins or wrapper tube flats at variable locations
with complicated deflection modes, which are governed by the equilibrium con-

(1)~

dition based on thermomechanical, hydrodynamical and irradiation effects

(4)

In order to evaluate a hot spot factor associated with the core temper-
ature rise in reactor core design, the equilibrium configuration of a fuel
pin bundle with the corresponding subchannel coolant flow distribution should
be known for fuel subassemblies in different flow'zohes. Some analytical

(7), (8)

methods have been published y which may be applicable to the deflection
analysis of a gridded fuel pin bundle, where the points of application of
mechanical constraints and the number of constraints on a fuel pin are assumed

to be previously known. However the application of those methods to a wire-

spaced fuel pin bundle is considerably difficult since the points of application
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of mechanical constraints due to fuel pin contact are not fixed. PFurther,
the hydrodynamical force exerted on a deflected fuel pin is necessary to
determine the equilibrium bundle configuration(l)’\‘(4), the effect of which
‘may usually be negiected for a gridded fuel pin bundle.

In thiS‘chapter, a method of evaluating the three-dimensional defléctioﬁ
of a wire-spaced‘fuel pin bundle and the corresponding deviation in hot spot
subfactor ig presented with boundary conditions of an arbitrarily bowed
wrapper tubé. Temperature gradient across a fuel subassembly, hydrodynamical
force due to coolant flow and irradiation effect are taken into consideration
in connection to.the evaluation of deflected pin bundle configuration. The
locations of fuel pin contact with adjacent fuel‘pins or a wrapper tube flat
with or without an intervening wire spacer and the correéponding mechanical
loads are consistently determined with generalized fléxibility matrix based
on the equilibrium conditions of a fuel ﬁin bundle. In connection to evalu-
ating the hydrodynamical drag force on a deflected fuel pin, experimental
investigation on the drag coefficients for various types of wire-spaced fuel
pins was carried out using a water loop facility simulating the hydrodynamical
properties of sodium since the drag-coefficienf depends on the wrapping pitch
and the diameter of spacer wire. A‘few experimentalbstudies have ever been
done for.the drag qoefficients for smooth tube(9)’ (10), however those for a
wire-spaced fuel pin have not been reported yet. TFor calculating subchannel
coolant flow rate and temperature distributions in a fuel subassembly, a
lumped parameters,technique similar to that emg}oyed in COBRA—IIIC(ll) is
iteratively coupled to the bundle.deflection analysis. -

2.2 Analytical formulation
2.2.1 ‘Assumption underlying the pin bundie deflection analysis
The present fuel pin bundle deflection analysis is based on the follo%ing

assumptions:
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i)  Non-uniform thermal expansion of a fuel pin due to circumferential
temperature variation, hydrodynamical force acting on the periphery of a .
deflected fuel pin, thermal and irraaiation induced creep and swelling, and
the initial bowing of a fuel pin are the factors affecting fuel pin deflec-
tion, |
ii) Mechanical behavior of a fuel pin is treated on a beam deflection
ﬁodel, the cross~sectional shape of which is invariant under the application
of external forces at fuel pin contacf points.
#) A fuel pin is rigidly fixed at the lower end and is non-twistable. The
upper end may either be free or fixed according to the design of a fuel pin
bundle under consideration. In the current analysis, the upper end is kept
free,
iv) Frictional force at pin contact is negligible with respect to the final
pin bundle configuration.
v) A wrapper tube deflection which can be calculated with a method described
in references (12) and (13) is considered as the boundary conditions for a
fuel pin contact.v |
2.2.2 Bquations governingA fuel»pin deflection

Under the beam deflection model, the general differential equatidns of

elastic deflection are as follows:

2
o7 u, (2) ‘
i 1
9,2 T B () M (%) (2-1a)
2
v, (z)
i 1
= - M. _(z), 2-1b
4,2 . Ei<Z)Ii i,y ( )

where ui(z) and vi(z) are the x and the y coordinates of the central axis of

the deflected fuel pin i at z. M, X(z) and M; y(z) are the x and the y
b 9 :
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components of the bending moment and Ei(z) is the modulus of elasticity of
the fuel pin i at z respectively as illustrated in Fig. 2.1. ui(z) and vi(z)
may be expressed in terms of the coordinates of the central axis of fuel pin

iatz=2z, ie. {ui(zo), vi(ZO)} and its deflection x; and y; at z, namely

ui(z) = ui(zo) + xi(z), | - (2-2a)

vi(z) - vi(zo) + yi(z)t (2-2b)

Based on the assumptions previously mentioned, bending moment Mi(z) appeared

in eq. (2-1) is apparently expressed as follows:
T S Cr N :
My(2) = My (2) + My (a) + (=) + 5 (2) + M{(a), (2-3)

where ME(Z), M?(z), M?(z), Mf(z) and Mg(z) are bending moments of the fuel
bin i at z due to non-uniform circumferential temperature distribution,
external loads acting at fuel pin contact points, hydrodynamical force acting
on the periphery, non-uniform swelling and thermal and irradiation induced
creep, respectively. ME(Z), M?(z) énd Mg(z) may generally be expressed in

terms of longitudinal strain ei(x,y;z) as follows:

T’S’C T’S,C

Mi,X (Z) =fA X 5i (X,y,Z) E (Tl) d-Ar (2—48')
7,58,0 T,S,C

iy (z) =fA Y e (x,¥7,2) B (Ti) da, (2-4b)

where integration is carried over the fuel pin cross section A,
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6 | direction of
coclant flow

Fig. 2.1 Schematic representation of an external load and hydrodynamical
force acting on a segment AL of a fuel pin.,

. Ri : load on fuel pin 1 due to pin contact

Wi t normal component of hydrodynamical force acting on a
unit length of fuel pin i-

M '}' bending moment on fuel pin i
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e1Gny,z) =a () I (xya), (2-5) -

e S(ayy,2) = £5(1,,9,1), | | (2-6a)

and

e S(xoy,2) = £°(2,0,8,0). | (2-6b)
Here, Ti(x,y,z) is computed ﬁsing a lumped thermal-hydraulic subchannel
analyses code explained in section 2.2.6 taking into consideration the feed
back effects between the fuel pin bundle deflection and the fuel temperature
iteratively. a(Ti) is the linear thermal expansion coefficient of the fuel
pin i at (x,y,z) while fS(Ti,¢it) and fC(Ti,¢it,ai)(l4)’ (15) are strains at
(x,y,z) due to swelling and creep under temperature Ti’ neutron flux tinmz¢it

and stress o, . M?(z) and M?(z) are given by the following expressions:

194
i
M () =27 Ry 7 (3 ) (3 iea),s (2-Ta)
. k+. )
i
Ml_.?_.,y(z) :kz;—kRi’k‘ 5i(zi,k')(zi,k'-z)’ (2"7b)
for
il . ..'.r.' +
ze(zi,k_l<:%5;zi’k) with k = 1,2, ) ki,
and

By
.
N
N
H
L

(2-Ta')

0, (2-T6")

—
N

~r
il
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for
2>%; ot
1

where 7. (z. . ) and 8. (z, ) are directional cosines defined such that if the
ivi,k7 iMik

intervening wire belongs to the fuel pin i,
ri(zi,k) = cos ‘B,j(zi,k) , ‘ : (2~-8a)
5i(zi,k) = sinﬂj(zi,k) y ' (2-8b)

and if the intervening wire belongs to the fuel pin j which is in contact with

the fuel pin i,
7i(zi,k) = —cosﬁi(zi,k) , ' (2-8a')
5i(zi,k) = -sinﬁi(zi’k), ) (2-8b")

as illustrated in Fig. 2.2.

.\ |
Mf.f,x(z) =/ W ()7 (2") (z2-z)az, (2-9a)

+ .

M () =/ v (@) (an) (anemar. e

Here, z, is the z coordinate of the kth contact point from the lower end

ik

of the fuel pin i, R.

Lk is the load on the fuel pin i due to pin contact at
?

.
i,k

a unit length of the fuel pin i at z. rf.f(z) and BiH(z)' are directional cosines

and Wi(z) is’ the normal component of the hydrodynamical force acting on

.

of Wi(z) with respect to the normals I\TX and l\Ty to the ith fuel pin at z lying
on the planes normal to the axes y and x as illustrated in Fig. 2.1 and for

small deflection i.e. @ :_«O,rli{(z) ‘and 51:.:1(2) may simply be expressed as follows:
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‘ T?(Z)::Cosga(z), (2-102)
5?@:uwﬁﬂ. A' | (2-10b)

Exﬁerimental determination of wi(z) for a wire-gspaced fuel pin will be reviewed
in section 2;3;

It should be clear that Mg(z) and Mg(z) depend on the polar angle of the
deflection and the internal stress ai(z) of the fuel pin i and therefore egs.
(2-1a) and (2-1b) are nonlinear, However, in the present analyses, these
equations are linearized by the usual iterative means by using the up-to-date
values, which will be explained in detail in section 2.2.6.

2.2.3 Boundary conditions

In the present analyses, the following boundary conditions are employed.
However, the supporting conditions for a fuel pin bundle at both ends are
arbitrary and their alternation does not affect the proposed analytical pro-
cedures.

a) Pin bundle supporting conditions:

A fuel pin bundle is rigidly supported at the lower end i.e.
Xl(zo) = yl(zo) = 0, : (2—11&)

ax; (zg) ay (zg)
dz T dz -

0, . B (2-11b)

and is free at the upper end, which is already taken into consideration
through deriving expressions (2-Ta'), (2—7b');ﬂ(2-9a) and (2-9b).
b) TFuel pin contact conditions:

| A fuel pin may contact with the adjacent fuel pins or a wrapper tube
flat with or without an intervening wire spacer depending on which layer the

fuel pin under consideration belongs to and which direction it is deflected

to.  In a case of the fuel pin i making contact with the adjacent fuel pin j
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with an intervening wire spacer illustrated in Fig. 2.2, the following contact
condition should be satisfied. Let q(z) be a center to center distance of 

the fuel pins i and Jjat z, and zs ’ ’ébe the z coordinate of the Zth contact
!

point between the fuel pins i1 and j from their lower ends, then

0®(2g) =(u;(zg) - us(z))® + (v (zg) - v;(zN)?, (2-12)
and

2 2
d (Zi,j,z)z (u (2 '3 z, -uy(2; 5, 19 v; (3 a,g? j(zi,j,z)}

‘ 2 2
= (732 5,0 + 707 (75(e 5 ) + )

) + rw} T, (z + T } .

-2lr (2 5, 1,3,8

cos ﬂ (Z i,d, z) _ﬂi(zi,j,,@)} ’ (2'13)

where 8 . (z ) and ﬂ (z 3 ) are the directional angles of the fuel pins
’ .

1,3,4

i and j with respect to the center of intervening wire spacer at z = 25 5.0
sJ?
respectively as illustrated in Fig. 2.2. T, and r, are the radii of the

intervening wire spacer and the fuel pin i. Deflection of the fuel pins i

and j may be correlated to q(zo) and q(z. ) as follows:

lJ‘&

) S yile . )P

{x; (z .
1,052 J 1sdsd

) - x.(=

2
iyJs2 J i’-j’[,)} * {yi(z

= q2(20)+q2(zi,j,IQ—ZQ(ZO)Q(Zi,j,z,Cos{]i(zi,j,Z)_Zi(zO)}’ (2-14)

where 4 (z ) is defined such that

i,j.£
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Fig. 2.2 Geometrical correlation between a pair of fuel pins in contact with
an intervening wire spacer. Solid and broken arrows indicating
load R correspond to fuel pin contact with the intervening wire

spacer belonging to the fuel pin i and j,respectively.
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11,5,
1 {r.( ,6)+r cosﬁ (z ',z)_{ri(zi,j,Z)+rw}cosﬂi(Zi,j,£9

=cos [ i,J .
_ B 197 ]
(2-15)

2. .
1y,

Substituting expressions (2-12) and (2-13) into (2-14), the following boundary
condition for fuel pin contact may be derived, which is linear in deflection

of the both fuel pins:
(w;(zg) - uy(e)) (% (2 5 ) - x40z 5 ,))
{v; (Z ) = vi(zg)) (v (2 5 ) - v5(z 4 o))
= q(zO)[q(zi’jré) cos{li(zi,j,z) -xi(zo)} - q(zo)]. (2-16)

*In expressions (2-13) and (2-15), either ﬁ (z, ) org (z 5 19 is known

Lydsg
depending on whose wire spacer is intervening. The rest is to be determined
in a course of contact search as is explained in section 2.2.6.

For pin contact without an intervening wire spacer, the contact condi-
tion (2-16) is general when r is set to be zero in expressions (2-13) and
(2-15).

In a case of the fuel pin i in contact with the inner flat of a wrapper

tube, let
ue(z) + ae(z)ve(z) + be(z) =0 (2-17)

be a general equation for the immer boundary of the hexagonal cross section

of a wrapper tube at z, where ue(z) and ve(z) are x and y coordinates and
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ae(z) and be(z) are previously known constants, then the boundary condition

of fuel pin contact on a wrapper tube flat at z = z. with an intervening

i,e,l

wire spacer may be expressed as follows:

ui(zi,e;z)'{ri(Zi;e,£)+rw}cosﬁi(Zi;e,£9+rwcosﬁe(zi,e,z)
+ ae(Zi,e,é)[vi(Zi,e,ZQ_{ri(Zi,e,19+rw}8inﬁi(Zi,e,Z) +

+ rwsinﬁe(z. N+ be(z. = 0. : (2-18)

1,€,0 1993/@)

In the above eq.-(2—17), zi,e,z,is the z coordinate of the £Zth contact point
between the fuel pin i and the side e of the hexagon from the lower end and
ﬂe(z) is the directional angle from the center of the intervening wire spacer
to the inner flat of the wrapper tube in contact.

For pin to wrapper tube contact without an intervening wire spacer, the
contact condition (2-18) is general when T, is set to be zero.
2.2.4 General solution of the deflection‘equation

Solutions of egs. (2-la) and (2-1b) which satisfy the boundary condi-

tions (2-11a) and (2-11b) may generally be written as follows:

x, (2) = % (z) + x(2) + % (2), (2-19a)

and

y,(2) = #2) + ¥5(a) + yL(a), (2-190)

where
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and

for

and

for

X(Z"')+P{jH_’X(Z"')+Mf,X(Z"')+M§_:2X

. 'Z Z" (Z"') dz"dzm
M, \_ )
xi(z)=='6ﬂg B(T,)I; ‘ ’
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xi(z) and yi(z) are the x and y coordinates of the initially deflected central
axis of the fuel pin i. .

It should be remarked that the dependency of the modulus of elasticity
of a fuel pin on témperatufe inrthe range of current interest is negligible
with respect'td the final fuel pin deflection in engineering point of view
and in deriving x?(z) and y?(z), E(Ti) is kept constant E(Ei) for simplicity.
However, in a case that the dependency considerably reflects on the evaluation
of fuel pin deflection, the interval of z is subdivided into a reasonable
number of subintervals in which the dependency may be negligible and solutions
corresponding to these subintervals should be analytically connected to give
xf(z) and y?(z)(lz)y (13).

2.2.5 EBEguilibrium matrix equation for = fuel pin bundle deflection

éo far, general solutions for three-dimensional fuel pin deflection
(2-19a) and (2-19b) and contact conditions for fuel pin to fuel pin (2-16)
and fuel pin onto wrapper tube flat (2-18) have been derived. Hence, once
contact points in a fuel subassembly are established, the corresponding
algebraic equations satisfying contact coﬁditions may simultaneously be
solved for loads and the equilibrium deflection modes of all fuel pins in a
subassembly are subsequently determiped. Procedures for searching contact
points are to be explained in section 2.2.6.

In expressions (2-16) and (2—18)-fepresenting the geometrical correla-
tions of a pair of fuel pins or a fuel pin and its adjacent wrapper tube flat,
subscripts (i,j,[) are employed while in expressions (2-192) and (2-19b)
including the elastic deflection of a fuel pin due to loads distributed élong
the axial direction, subscripts (i,k) are practical. However, to avoid the
complexity associated with those subscripté, we define a pair number p to -
every pair of adjacent fuel pins and every pair of a peripheral fuel pin and

its adjacent wrapper tube flat. Then, locad Ri k Bay be rewritten in terms
’
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of a pair number p as R ,é’ where £ indicates the Zih contact point from the
)
lower ends of the pair p as before.
Suppose a set of nt contact points to be started with are temporarily

presumed through contact search as indicated in steps 4 and 5 of Table 2.1,
then for each contact point z = zp,lisubstitution of solutions (2-19a) énd
(2-19b) with definitions (2-20a), (2-20b), (2-21a) and (2-21b) or (2-21c)
and (2-21d) instead of (2-2la) and (2-21b), which represent the correlations
between the x and the y displacements of fuel pin i or j and unknown loads
on pin i or j due to contacts, into a contact condition (2-16) or (2-18)

results in a linear algebraic equation in loads R which are acting on a

Pyl

fuel pin pair p(i,j). For n' contact points in a whole fuel subassembly,

nt similtaneous algebraic equations in Rp corresponding to all preset con-

' £

tact points are derived which are expressed through straightforward rearrange-

ment of equations in terms of an matrix equation of the following form:
MR = D (2-22)

where EEE(Rn) is a column vector whose element Rn(ERP [Q is a load corres-
?

p~-1
ponding to the ( X lg, + £)th contact point in a subassembly provided that
X p'= . ‘ p_.l .
¢} is the total number of loads in the pair p and n = J 1;;,+£.
p ’ \ p':l

Suppose the mth row of the flexibility matrix M corresponds to the £Zth
contact point from the lower ends of the fuei ping i and j and let
m = ?%}ilg' + £ and p(i,]) be the péir number associated with those fuel pins,
thenpl:ads coming into the mth equilibrium eqﬁétibn are related to pair

numbers P(i,j)’ P(iaCB)’ P(iac4)’ P(isc5)’ P(iacé)’ P(i’C-T), P(j,cl)s P(jycz)’
p(j,cB), p(j,c7) and p(j’CS) where c, , Cgs trety cg are the pin numbers of
eight fuel pins surrounding the fuel pins i and j as shown in Fig. 2.3. In

a case that one or both of the fuel pins i and j belong to the peripheral
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Fig., 2.3 Fuel pins and the corresponding pair numbers related to the
fuel pin contact between i and j.
Solid lines and broken lines correspond to pair
nunbers related to the fuel pin contact between pin
i and pin j, and not related to the contact under
consideration, respectively.
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layer of a fuel subassembly, ¢ may stands for one of the six flats of a
wrépper tube and the number of pairs involved in the equilibrium equation
diminishes from the geomeiry of a fuel subassembly. The numerical order of
the above listed eleven pair numbers differs aqcording to which fuel pins in
a subassembly i and J refer to, nevertheless all the pair numbers are fixed.
Therefore to facilitate discussion, let the above listed eleven pair numbefs
be represented by p(fl,vl), p(§2,7]2), cees, p(flo,nlo) and p({:ll,nll) such

that

P(Sls 7Z_|_) < P(‘>e29 772) SORRERR <P(510’7]10) < P(§1197711)’ (2'23)

then the elements Mb n in the mth row of the flexibility matrix M are
H

expressed as follows (see Appendix 2A):

1) for 1<n< I £
p'=l
Mo =0 (2-24)
P(f,ﬂ)-l P(f,v)-l %
2)  for 3 L5, +1<n< 3 2t 4 £(p(,35),4dp(E,m)),
p'=l P - p'=l P

if (§,7) x (i,3) (namely, when é=i, 7=C 3 04,'-~--c7 and whené =j,7 =Cy1 Coy

03, 07 and 08)

Mm,n = G’u{P(i:j)y L p(& ’77)9 C} + GV{P(i5j)‘94; P(E a7]) ’C}’ (2‘253)

and if (£,7) = (i,J)
M n= Gu{p<i,j),[/; P(i,j)9C} + GV{P(‘i’j)’,@; P(l,J)9C}

m,

+ Gu{P(i’j)sL; P(j,i),C} + GV{P(i’j)yLZ P(j’i),C}’ (2‘25bj
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where

S p(éép)—i Z;" | | . (oo26)
p'=l '
j) for P(i;Zi_l zg. + z?{(p(i,j)»&|p65,7)} +l<ng zfi;v?e;|;
if (§,7) = (1,3),
My o = By((:3):45 2€,2),0) + HV{p(i,j),zs p(§,7),0) (2-27a)
and if (€,7) = (1,3),
My = Byfp(d,3),45 p(3,3),8) + B {p(i,3),£5 p(1,3),0)
+ B (p(1,3),45 p(3,1),) + Ho{p(i,3)s05 2(3,1),8), (2-27p)
. p(ze,n') e 1<ns p(f*z”v*)—lg ;
\ pizl P pi=1 p
Mh,n =0 | (2-28)
for all (§,7) such that
€7 = E1i0y)s Egup)y oo s €7, (2-29) .

¥ % ’
where p(§ ,7 ) is the next larger pair number to p(§,%) in the ordered set
(2-23) and if p(§,7) = p(Sll,nll), the interval of n in 4) should be replaced

by ¥ 4 + 1<n.
p'=l :

D= (Dm) in eq. (2-22) is a column vector whose element D, is
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Dm=Q(ZO)EQ(ZP(i , J) ,,6) COS{Zi(Zp (i , J) ,[,)—zi (Zoj} -Q(ZOB- {ui(ZO)-uj(ZO)}.

M I M I
"0 (T (a,5), 075 (7 1,5),0 %5 P01, 9), £ %5 % (1, 9),.0)
'{Vi(ZO)—vj<ZO)}.

M v, L M I, -
Wi, ), 0910, 5), 075 0 (5,5),0 V5 a0, )

Functions G{P(iyj),'&; P(S,W),C} and H{P(isj),'e; P(5,77) 9C} in terms of

are expressed are defined such that

which the matrix elements M
m,n

G, (p(1,3),65 € 7),L)
1 .
={u; (zq) - uj(zo)}{-g Z0€ 1), " Pp(i,3),e)

2 e Epe,n), g 06 -
2 P(fyn)sc oR (-%) If ’ (2"503')

Gv{p(i,j),é; P(&y V)’C)
| 1
=(vi(20) = v5(20) (3 2506, 5,0 = %p(1,5).8

' de{z }QE) |
2 E1 %€ ,7),¢
'Zp(f,ﬁ),c Z)E (-T-E) If > (Z-BOb)

Hu{P(i9j),L; P(S,ﬁ),(}.
- ‘ 1
={“i§20> %452 5 201, 9), 0.7 Zo(e, ) 00

L2 e lpe 0 (5)’ (2-312)
p(ln—l)u@ oR (TE) IS ; ’
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and

HV{P(i9j)912 P(£9v)9C}

1
= { vi(zo).—’ V520D (3 2031, 5) e ™ %0(e, 9,0

0 .
'sz;(i i)se E{ZP(E’E)LC} o) , (2-31b)
2F (TE) Te
where
Q¢)=1 ifr £€=1,
(2-32)
= -1 lf 5 = j-

*
£ {p(i,3),2p(&,n)} represents the number of all loads Rp(g 7) ¢'s associated
) 1 H

with the pair p(£,%) whose points of application z ¢ ¢'s satisfy
P( ’v)a

2z <Z_ /. . as shown in Fig. 2.4.

P(G,V)’C - P(13J)L@’ ° € 4

In a case that the mth row of the flexibility matrix M corrésponds to
the Zth contact point from the lower end of the fuel pin in confact with the
wrapper tube flat e, five pair numbers are concerned with expressing the
equilibrium condition as is clear ffom the configuration of a fuel su’passembly.
From contact condition (2-18) and solutions for fuel pin deflection (2-19a)

and (2-19b), the matrix elements Mm n 2re expressed as follows:
* ’

p(€.,7.)-1
1) for 1<n< sl £y,
p':l p

Myn =0 : ~ (2-33)
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p(,n)-1 4 r¢€,7)-1 * *
2) for X L5, +1<n< ¥ 27, + 2 {p(i,e2|p(&s ),
p':l p p’=l p

M n- Gu{P(i,e)9«£; P(Sa 77) ’C} + .ae(Zp(i,e),[,)Gv{p(i se)’[/; P(S.’ 77) ey

m,
L (2-24)
p(¢,7)-1 | p(é,fi)
3) for 3 Lo+ z {p(i,e), zlp(é P} +1<n< ¥ 2} ot

. P':l p'=l

M 1 = Hu{P(ise)"e; P($9 77)£}+ ae(zp(i,e),@)Hv{p(i’e)’/’; P(E, 7]) ’C} 3

m
(2-35)
O for p(&m) . <ng§ V7 )- 1£
y + n )
o & picl P
Mm,n =0 , (2-36)
for all (£,7%) such that
(69 77) = (El’?l)’ (52,772)9 """ ’ (55’775)a (2"37)

* % .
where p(é ,7 ) is the next larger pair number to p(§,7) in the ordered set

(2-35) and if p(§,7) = p(§5,775), the interval of n in 4) should be replaced
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The element Dm for this case is

M I
D, = -v;(z4) - Xi(zp(i,e) ,L) - Xi(zp(i,e),a) :

{ri(zp(i,e),l) + 7y cOS’SJ'.(Zp(i,e), ) -y cosﬁe(zp(i,e)sl)

+

) - (2

P(i’e),ﬁ, )

"
+ 2021, Ui (70) - 93 (2 p(ise)se

+

(r; (2 P+ xo108; (25 oy ) = Ty 5108, (255 6y )]

P(i9e)’

be(zp(i,e),L)' (2'58)

Once, matrix elements Mﬁ and column vector Dm are obtained, eq. (2-22)

’
is analytically solved and the equilibrium defection modes of all the fuel
pins in a sqbassembly under operating condition may be found.

If any of the preset contact points are not realistic or any actual con-
tact points are missing in the preset contact points, we have negative loads
as solutions of eq. (2-22) or the resulting deflected configurations of a
pair of fuel pins intersect each other. Then a set of contact points are
corrected based on the up-to-date fuel pin bundle configuration and the com-
putations are to be restarted, since +the ex%ernal boundary conditions for a
fuel pin bundle associated with wrappef tube walls may restrain the freedom
of fuel pin displacement. In a casé that a row of fuel pins are bridged by
wrapper tube walls from the both gides, the order of matrix (Mm,n) in eq{
(2-22) is to be reduced by eliminating a contactﬂcondi%ion. In an actual
fuel pin bundle, fuel pins are usually packed loose to compensate thermal
expansion and irradiation-induced swellingrof pins and wire-spacers are

wrapped in the same phase, linear and circumferential bridgings of fuel pinsg

hardly occur.
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fuel pin pair no.: p(i,c5) ’ (i,J) , p(j,clj

Fig. 2.4 Contact load Rp ¢ and contact location Zp c among fuel pins 05, i, J and cq illustrated in Fig. 2.3
b4
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2.2.6 Subchannel analysis method in a fuel subassembly

In calculating subchannel coolant flow rates and temperature distribu%
tions in a fuel subassembly, a computer code MIX-II based on a lamped para;
meters technique similar to that employed in COBRA—IIIC(ll) is iteratively
coupled to bundle deflection analyses. This lamped parameters method cénsiders
a fuel pin bundle to be an interconnected set of parallel flow subchannels
defined by fuel pin walls and the narrow gaps among fﬁel pins. The conserva-
tion equations of mass, enefgy and momentum are solved numerically by using
a finite difference method under the boundary condition of uniform pressure
at the bundle outlet, and the initial conditions of subassembly coolant flow
rate, temperature and pressure distributions of subchannels at the bundle
inlet, Consequently, coolant flow rate and coolant temperature in the sub-
channels of a fuel pin bundle as well as cladding and fuel temperature are
determined under the assumption of unifofm heat flux.

One of the important experimental parameters in the subchannel analysis
method is turbulent mixing coefficient &y for which the following best fit
of sodium experimental data for a prototype IMFBR fuel subassembly(l6) was

derived by author, et al.,

0.8

ey = 0.2 4 RO (2-39)

where v, is kinematic viscosity and Rz is Reynolds number of sodium coolant.

2.2.7 Computatioﬁal scheme

A computer program MULTIBOW—éD which computes thé three—dimensional'
equilibrium fuel pin bﬁndle configuration under operating condition, the
magnitudes and the points of application df constraint forces due to pin
contact and the subchannel coolant temperature and flow velocity distribu-

tions as well as the hot channel factor for a given fuel subassembly has been
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completed based on hitherto developed analytical procedures. The brief
computational scheme is explained in Table 2.1.
2.% Experimental investigation on lateral drag coefficients of a fuel pin
2.3.1 Introductioﬁ

In commection to evaluating the hydrodynaﬁical drag force on a defiected
fuel pin which is necessary to determine a fuel pin bundle equilibrium config-
uration in a reactor operating condition, experimental investigation on
lateral drag coefficients for several different types of wire-spaced fuel pins
was carried out using a water loop facility. A few experimental studies have
been done on this subject for a smooth tube(9)’ (10), however those for a
wire-wrapped fuel pin have not been reported yet.
2.3%.2 Experimental facilities and methods
1) facilities

Experiments were performed using a é70 mB/h water loop, the flow diagram
and the side view of which are shown in Fig. 2.5 and Fig. 2.6, respectively.
The test section was designed so that the angle of a test pin to the flow
direction could continuously be varied. Three windows with reinforced glass
covering were provided in the test section to allow visual observation at a
tegt pin during test operation. Side view of the test section and ité sche-
matic representation are shown in Fig. 2.7 and Fig. 2.8, respectively. TFlow
straightners were placed in the upper'stream of the test section in order to
eliminate the secondary flow. Incoming flow was regulated at an arbitrary
rate (50 mB/hN é?O mB/h) through a valve V-4 in Fig. 2.5.
2) Test pins |

Test pins employed in the present experimental investigation were of
equivalent quality to prototype FBR fuel pins currently under design studies.
In the test section, a test pin was clamped at the upstream end with the down

stream end free and was set at an oblique angle varying %°~ T7° to the flow
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Table 2.1 Flow diagram illustrating brief computational scheme of MULTIBOW-3D.

STEP 1 Set nominal parameters.

STEP 2 Compute thermal and hydraulic characteristics of each

subchannel based on the up-to-date data.

STEP 3 Compute {x?(z), yf(z)} for each fuel pin.

l STEP 4 I Define depressed free deflection {[x?(z)],[j?(z)] } such
that for N>1 ( xi = xT TH+S+c M= T HES O

3

((2)) = % (2)/0y, h(2)) = 55 (2)/m,.

STEP Search temporary sets of contact points z_,. . and either
E P J P P(lsJ)ré

ﬁi(zp(i,j) p(i,j),z) using {[x?(z):l[y?(z)]}.

] STEP 6 | © Compute matrix elements MﬁAn and Dm based on the up-to-date

’[) or ﬁg(z

b
contact points, B's and {i?(z), y?(z)}.

SIEP 7 | Solve MR = D for R_.

If Rn is negative, the corresponding contact point is elim-
inated and go to Step 6. If all Rn's are positive, go to

Step 8.

STEP 8 |  Compute {xi(z), yi(z)}vbased on (Rn) and {x?(z), yf(z)}.

Search new contact points based on {xi(z), yi(z)}.

Adjust sets of contact points and A's.

Go to Step 6 if contact points set is not converged, other-

wise to Step 12.

STEP 12] Go to Step 2 if fuel pin configuration is not converged,

otherwise to Step 13.

STEP 1§J Write final pin bundle configuration, loads at contact

points and subchannel temperature characteristics.

STEP 14 Proceed to the next time step. If the final time step is

reached, stop the computation.

< STOP )
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direction. The diameter of wrapping wire was 1.0 ~1.3 mm and the wrapping
pitch was 200~ 306 mm. Two kinds of test pins with and without dummy pellets
were brought into experiments. Dimensions and a side view of the test pins
are shown in Fig. 2.9 and Fig. 2.10, respectively.
3) Instrumentations

Deflection of a test pin due to the lateral drag force was measured by
an bptical profilo-meter through the glass windows in the test section and
by means of five strain gauges mounted on the outer surface of a test pin.
An optical profilo-meter consists of a T.V. monitoring camera With a special
200 mm telescopic lenz and a remote focus control system, a screen control
box, and a videomonitor to record and repeat the screens. A side view of a
T.V. monitoring camera and an optical profilo-meter are shown in Fig, 2.11
and Fig. 2.12, respectively. On-line recording of the deflection data was
performed by a videomonitor commected to.the optical profilo-meter and
strains due to pin deflection at five axial locations on a test pin wexre
recorded simultaneously by a data loger.
4) Test procedures

Before hydraulic tests, the moment of inertia of test pins was inves-
tigated. At the beginning of each test, the position of a test pin under
the zero-flow rate condition was adjusted so that the effect of buoyancy and
gravity on the displacement of a test‘pin could be identified and eliminated.
Setting the axis of a test pin at séveralboblique angles to the flow direction,
magnitudes of diéplacement and strain were measured with an optical profilo-
meter and strain gauges for'variéus flow rates.
2.3%3.3 Data anaiyses and resulits
1) Investigation on moment of inertia

To evaluate the effect of a wrapping>wire and dummy fuel pellets on the

stiffness of a test pin, moments of inertia of several different types of
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wire-wrapped test pins were investigated by bending tests. The results are
shown in Fig. 2.13 fof various types of test pins. TFrom these resulis,:
Wrapping wires and dummy fuel pellets hardly influence the effective momenf

of inertia for a small‘defiéction range of fuel pins in a reactor operating
condition, Thé value of moment of inertia shows good agreement with a %heore-

4

tically predicted value of 39.35 mm'., The accuracy of these expérimental
results was estimated to be of + 5 % based on the fabrication tolerances of
the test pins and the error inherent in the measurement of test pin displace-
ment and external loads.
2) Ihvestigation on lateral drag coefficients
Forces acting on a single rod set obliquely to a stream of fluid were
(9)

discussed by Taylor . For a rough cylinder with the roughness consisting

of thin disks and plates, he proposed the following expression

sind, (2-40)

1 2
W= Ezgpdv Cd

where W represents the normal component of force acting on a unit length of a
cylinder, € is an oblique angle of a cylinder with respect to the flow direc-
tion and d,p and V are the diameter of the cylinder, the density and the

velogity of the fluid, respecfively and C, is a drag coefficient. A wire-

il
wrapped fuel pin has a strong resemblance to.a cylinder with roughness of thin
disks and plates. Thus, expression (2—40) was employed for the current data
analyses. d

Analytical model for pin deflection due to hydrodynamical force in axial
coolant flow is shown in Fig. 2.14, where Gb and.Gg afe buoyancy and gra&ity
aéting on a unit length of a test pin, respectively. Then, the sum of the

normal component of forces @(z') acting on a unit length of a test pin at an

. . 1 .
axial location z is expressed as follows:
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o(z') = ~2-1§pdV2 Cy4 sinZf ' + (Gb - Gg) sing', ' (2-41)
where ' is the aﬁgle between the coolant flow direction and the‘tangential
direction of a test pin at an axial location z'. Since the oblique angleA 0
‘set at the upsfréam ena is small and the deflection of a test piﬁ A(z'). from
its Zero—floQ position is considerably small, @' is nearly equal to 0 aﬁd.
@(z') may be treated uniform over a‘whole length of a test pin. Then, bending

moment M(z') and the deflection A(z') at z' are as follows:

z'+ A - .
M(z') =/  @(z')(z" - z') dz" (2-422)
Z'
= 2, {%‘ (Z'+)2 - zttgr 4 %— z'2} | (2-42p)
Y ~ @O 1 1+ 2 2 1 o+ 13 1 4
A(Z):—-ﬁ—{z(z ) z! --é-z Z +—2'—4-Z }, (2-—43)

Qhere @O corresponds to expression (2—41) with @' replaced by 6 . Based on
the measured displacement @'(z') due to buoyancy and gravity at zero-flow
condition and the measured displacement ¥ (z') due to the total force @(z')
in flowing fluid, drag coefficient éd was calculated by the following expres-

sion according to expressions (2-41) and (2-43):

( 2EIg : [W(Z') - w‘v(zt)]

Cc
deZSln20 {%_'(ZH-)Z Zyz - .]6; 71+ Z|3 + _21.‘21-_ 2'4}

a- . (2'44)

Drag coefficient Cd was hardly debendent upon the obligue angle # for thé
range of 3%°~ 75 in the experiments. The results are shown for several differ-
ent types of wire-wrépped test pins in Fig. 2.15 where types of the test pins
are common in Figures 2.1% and 2.15. Cd gradually increases due to friction

force as the velocity of fluid flow decreases and is almost constant at high
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velosity, which shows the similar trend exhibited in fig. 1 of reference (9)
for smooth tubes. Value of Cd for the test pins without wrapping wire is
about 1.0 for the velosity range of 5 m/s*v 6 m/s which corresponds to the

reactor operating condition for a prototype IMFBR and values of C, for the

\ d

wire—wrapped'tést pinS'aré larger byi20.%-.50 % than those for the test pins
without wrapping wire. | ‘

Experimental error was due to material properties of fluid, dimensions
of test pins, and inaccuracj in measurements of displacement and oblique
angle of a test pin and fluid velosity. These factors connected to experi-
mental error were treated statistically or cuﬁmulatively according to their

natures, and the resulting inaccuracy of drag coefficient C. obtained through

da
presenj experiments was estimated to be of + 18 %,
2.4 Numerical results and discussion

Several cases of sample calculation have heen performed using MULTIBOW-3D

code to verify the effects of 1) hydrodynamical force exerted on fuel pin by

+ coolant, 2) bowing of a wrapper tube and 3) swelling and creep of a fuel sub-
assembly on pin bundle deflection as well as the deviation in engineering hot

~ chammel factor, and to demonstrate the applicability of MULTIBOW-3D to a
prototype IMFBR fuel subassembly. Parameters employed in sample calcﬁlations
are listed in Table 2.2. A solid line and a broken line appeared in Figs. 2.
16, 18, 19 and 20 indicaté the centrai axes of a fuel pin in deflected and
nominal configurations,respectively; A long arrow corresponds to a contact
point between a pair of adjacent fuel pins in the displayéd plane, while a
short arrow corresponds to a contact point between a fuel pin displayed énd
an adjacent fuel pin not in the displayed plane. The feed back effects between

the fuel pih bundle deflection and the fuel thermal-hydraulic behavior are

considered in these analyses.
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Fig.

2.7 Side views
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of the test section (A: a whole view, B:
pin angle adjusting mechanism).
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Fig. 2.9 Schematic representation of the test pin.




Fig. 2.10 Side views of the test pins (A: test pins, B: pin
supporting section)
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Fig. 2.11 Side view of a T.V. monitoring camera.

Fig. 2.12 Side view of an optical profilo-meter.
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Fig, 2.13 Measured moment of inertia for different types of the test pin.

note: type 1, 2, 3, 4 and 5 are without dummy pellets, and

type 6 and 7 are with dummy pellets.

" type 1 corresponds to a fuel pin without a wire spacer, type 2
with single wire spacer of 1.3 mm in diameter and 306 mm in
wrapping pitch, type 3 with double wire spacer of 1.0 mm in
diameter and 306 mm in wrapping pitch, type 4 with single
wire spacer of 1.3 mm in diameter and 200 mm in wrapping
pitch, type 5 with double wire spacer of 1.0 mm in diameter
and 200 mm in wrapping pitch, type 6 without a wire spacer
and type T with wire spacers of the same diameter and

wrapping pitch as type 5.
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test pin

Az '=unit length

A

/

Fig. 2.14 Analytical model for pin deflection due to hydro-

‘ dynamical force in flowing fluid. W, Gy and G, are
hydrodynamical force, buoyancy and gravity acting
on an unit length of a test pin, respectively.
Broken 1line shows a deflected fuel pin.
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Sample calculation 1

Deflection of a 7 fuel pin bundle in a hexagonal lattice was investigated
with and without taking into consideration the hydrodynamical effect. Figure
2.16 shows the equilibrium deflection modes of fuel pins standing in a corner
to corner 1ine‘with the hydrodynamical effect.

Comparison between the two cases shows that the inward deflection of %he
corﬁer fuel pins at the upper core region is suppressed by 0.05 mm due to the
hydrodynamical effect, which corresponds to the decrease in~engineering hot
spot subfactor by about 0.4 %. |
Sample calculation 2

Deflection analysis of a prototype IMFBR fuel bundle consisting of 169
fuel pins assembled in a hexagonal lattice was performed with respect to a
sector of 30 degree symmetry. The symmetry condition does not hold in a
strict sense considering the wrapping phase of gpacer wire, however it was
employed for simplicity. The peripheral fuel pins were double wire-spaced to
improve the edge flow effect and the wrapper tube was assumed to be straignt.

The corresponding equilibrium deflection modes are displayed in Figs. 2.
17, 18 and 19. Variation in subchannel area is of the order of'ig % except
for the peripheral subchannels where about 14~50 % increase is observed in the
regions of the upper core and the upper blanket. Accordingly, the edge flow
effect becomes locally exaggerated resﬁlting in the increase in engineering
hot spot subfacto; by 3.5 %. The méximum load is 0.52 kg at the upper end
of a fuel pin in contact with a wrapper tube.

Sample calculation 3

Deformatioﬁ analysis of a similar fuel pin bundle with a wrapper tube
bowed 1o thé flat to flat direction was pefformed and the equilibrium deflec-
tion modes of fuel pins in two adjacent rows including the center pin and

parallel to the direction of bowing are displayed in Fig. 2.20Awhere only the
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contact points between pairs of fuel pins displayed are indicated. The
displacement at the ubper end of a wrapper tube due to bowing was assumed

to be 2.64 mm thch may actually be a case of a fuel subassembly in the
vicinity of a control rod éubassembly(lz)"(la). Comparison of the results
with those for a straight wrapper tube shows that the increase in engineering
hot spot subfactor and the maximum load are 0.45 % and 0.11 kg,respectively.
Sample calculation 4

To evaluate the effect‘of swelling and creep of a fuel subassembly(l4)’
(15) on engineering hot spot subfactor through the deflection of a fuel pin
bundle'as well as a wrapper tube, Fig. 2.21 shows the deflection modes of
two adjacent rows of fuel pins including the center pin and parallel to the
flat tp flat direction. Solid lines and broken lines correspond to fuel pins
at zero and after 500 day irradiation,respectively.

Owing to higher temperature and neutron flux distributions, swelling is
dominant in the core region, where deflection of fuel pihs ie quite appreci-
able., At zero irradiation, the increase in engineering hot spot subfactor
due to fuel pin deflection is 2.3 %, which is smaller than that in the case
of flat power distribution considered in sample calculation 2. It is partly
because the deflection of peripheral_fuel pins due to edge flow effect is
considerably compensated by the power gradieﬁt.

After 500 day irradiation, the tdtal increase in engineering hot spot
subfactor is 4.5 % and the maximum ioad ié appeared to be 1.3l kg in the
-inner core region, which is 2.5 times as large as that appeared at zero
irradiation at the upper end of a peripheral fuel pin: However, no direct
fuel pin contact withoﬁt intervening wire spacer is observed.

2.5 Conclusions |
Some of the conclusions obtained through the present studies with res-~

pect to a prototype IMFBR fuel subassembly are as follows:
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1) The engineering hot spot subfactor accounting for the fuel pin bundle
deflection is around 1.023 ~ 1.035 at zero irradiation depending upon the
power gradient within a fuel subassembly and further increases up to 1.045
at 500 day irradiation.
2) The variafion of the peripheral subchannel area after 500 day irradia-
tion is considerably large and the edge flow effect is exaggerated resulting
in £he increase in engineering hot spot subfactor.
3) At zerb irradiation, tﬁe maximum load is 0.52 kg at thé upper end of a
peripheral fuel pin in contact with a straight wrapper tube, héwever after
500 day irradiation it increases by the factor of about 2.5 depending upon
the power gradient and that the maximum loaded point moves to the inner core
region.
4) The decrease in engineering hot spot subfactor due to hydrodynamical
effect is around 0.3 % at zero irradiation, however the effect becomes more
appreciable as irradiation progresses.
5) The drag coefficient for a wire wrapped fuel pin is experimentally
determined as in Fig. 2.15.

However, in deriving the above conclusions, the time-variation in sub-
assembly power generation rate is not taken into consideration in evaluating
subassembly characteristics after 500 day irrédiation, as is clear from

Table 2.2,
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Table 2.2 Parameters employed in the sample calculations.

Sample Calculation 1 2 3 4
Geometry
outer diameter of fuel pin (mm) 6.5 6.5 6.5 6.5
diameter of wire spacer (mm)
inner fuel pin 1.3 1.3 1.3 1.3
peripheral fuel pin 1.0 1.0 1.0 1.0
length of fuel pin (mm)
lower blanket region 350 350 350 350
core region 930 930 930 930
upper blanket reglon 300 300 300 300
number of pins per subassembly 7 169 169 169
number of wire spacer per pin
inner fuel pin single single single single
‘peripheral fuel pin double double double double
wrapping pitch of wire spacer (mm) 306 306 306 306
flat to flat distance of wrapper
tube (mm) 22.5 104.6 104.6 104.6
Subassembly Thermal and Hydraulic Data
peak to ave. power distribution
radial flat flat flat 1.17
axial 1.2 1.2 1.2 1.2
heat generation rate (MW) 0.19 4.6 4.6 4.6
Na-coolant flow rate (kg/sec) 0.85 20.2 20.2 20.2
inlet coolant temperature (°C) 397 397 397 397
Initial Bowing
wrapper tube sfraight straight bowed straight
fuel pin straight ‘straight straight straight
Cause of Deflection
1. thermal 1/1,2 1,2 1,2 1,2,3
2. hydrodynamical
3. swelling, creep
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Appéndix 2A

Derivation of the expressions (2-24) ~ (2-30) for the elements M o in
9
the mth row of the flexibility matrix M will be shown as follows: We con-
sider the boundary condition (2~16) corresponding to fuel pin contact between

fuel pins 1 and J at z = 2z The eighﬁ fuel pins surrounding the fuel

p(i,3),£
pins i and Jj and the corresponding eleven pair numbers are shown in fig. 2.3.
Rewriting the general solutions (2-20a), (2-20b), (2-21a) and (2-21b) with
respect to external loads RP,Z,at contact points, substitution of-solutions
(2-19a') and (2-19b) for xi(z) and yi(z) with definitions (2-20a), (2-20b),
(2-21a) and (2-21b) into the contact condition (2-16) results in the following

one of the nt simultaneous algebraic equations.
{ui(zo) - uj(zo)}A + {vi(zo) - vj(zO)}B
= Q(Zo)EQ(ZP(l,J),[) Cos{'zi(zp(i,j),,&) _zl(zo)} - Q(Zo)]’ (2A"'1)

where A and B are defined as follows:

M I . M I
A= 000,0) 5 CG,0,0 T %60, T 5,0,

£33 1 L2 71 (%53, 5),¢)
+ Y ((F 2z, . - Z e N p) B . RA22J /o
C.=1[ 3 7p(1,3),8 7 p(2,3),¢7 Tp(4,4),¢ 28 ()1,
1 2 5,0, 0, . .
= G %(1,5),8 7 %(1,9),8 %0(1,9),¢ BT )L, ° P(,3),C | Interaction
+ 3773 - between
+LP(ZJ-'SJ)[.]; ” . o ) Zz Ti{zp(i,j),c} pins i and j
C=g 3 P(19€J)9L P(l,J),C P(l’J)’.@ ZE(Tj_)Ij_ ‘

: ‘ . Az /. sy )
;L-Z -z 22 73 %p(,3),8
R IO I A GO R I Wanev—seuans EXCH RS
Jd°J

(expression to be continued to the next page)
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£ E 1,3),£Ip(i,05)) - 2 l{Zp(i,'CB),g} ] Vo
+ . Z_ /. — . interaction
5 P(l 05)7C P(J-,J)’L P(l,CB)yc 2E(Ti)Ii P,(laCB),C .bétween
P(l 05) > 7: Zp(i,ca),c} pios 1 end
C

+ 3 (3 “(1,3):£ 7 "Bli,0),0) ()8 Tma@on,  Rlsegd

C=2 (p(i,3), Lpli, c3)) et
E aJ)sﬂlp(i c ) - ) » ri{zp(i,04),c} - »

+ 5 ¢ - (_’,>’£/ 7 i, e — R L, ¢ interaction

C 1 p(l 04) P 1 J' p(l C4) ZE(_Ti)Ii p(l 04)9 between
) i and

lp(l 04) i{zp(i,c4),C} ilns e

+ 3 <5 “p(5,3)52 " "B(i,0,) () (1,5 2 R T NI
C=£ (p(1,3) 2] p(1,c,)] o

P(l,J)’,@IP(l 05) 0 Tl{zp(i’CS),C}
+ 2'( N L) B, R_,. interaction
> ( ),C ( ’ )»@ ’ ’ ™ ’ ’
a3 oot TS o) Ty T Blies)t| T
+ . .
. pins i and

Lpfl »Ss) 73id p(l cs)s ¢ i

£ 3 G “p(1,3),2 " "p(iseg), 2 p(l,a) L em(@)r, oiseg) sl g
C=¢ { p(l,a),zlp(l cs))

ﬂ ( ,J)y[/ P(i c ) - s 12, (5

\ ( } l ; 6/) - ) 22(; 7il P(1,06),C} . y interaction
C 5 P 1, 06 C P 1,4 5_1& Y 1906) NG QE@i)Ii P(l9c6 9 | between

pins 1 and

Lp(l 06) i p(:L C6) C J 06

2 G 00,5),0 7 B0 1,58 oL, Pt
=2 (0(i,3),£p(,c0))

p(i,3)s¢|p(iscq) 7 {z_(. }

4-,; (3 p(llc ) C7 } p(l j) 19 Zi(i,c ) ¢ - Ff?,07?,C Rp(i o ) c interaction
¢= =1 77 777 QE(Ti)Ii T | between
p(l C7) | i p(l . ) C pins i and

o c

+C21(5 (3, 7 "o ) B Tp@r, et T

(expression to be continued to the next pate)
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£(3,0 ce)

-2 (5 P(lyJ)»@ P(J3 8) C)
(= [/ P(lyJ)»ﬁIP(J’ 8)

75%p(3,04),¢)
2E(Tj)lj

p(i,i),2

19

Rp(j ’08) sC

J

* I3 . .
L{;Ei,a),zlp(a,cl)} -1 2 Tj{ZP(j901)’C} ) -
- . Z . — . interaction
= “p(3501),C 7 "p(i,3) 547 “p(3seq)5C 28(T )1 p(J,c4) L e twoon
pins J and
p(J’ °1) T3'%p(3,0 1) ;) ¢
- 3 G, 7 B(e)e0) T3 ), Bo(3rey)sC |
{= L{p(l’J)aﬁlp(J, l)
ﬁépgl,a),Llp(J, 2) ) 5 J{Zp(j’c2)9C}R - g
- . Z /. — . ‘ interaction
£=1 3 P(J’ 2) C P(lh])",@ p(chz)’C 2E(Tj)Ij P(J,CQ),C between
pins J and
%(z’ 2) ) p(Js 2);: cH
2 ) P(la:))’!l p(39 2) ¢ P(lyJ)’IQ ZF(T )I P(ja02)9c
=2 p(i,3), £2(35e5))
L{Pgirj)’Llp(j’CB)} -1 ) 5 TJ{ZP(ijg)9C} . - N
-y (52 i, ,C-Z i,3),2 Z i, ,C — < ¥’ , interaction
C=1 3 p(J 03) p(l J) p(J 03) 2E(TJ)IJ p(J 05) C }»be‘tween
. pins j and
p(JE 3) 2 rj{ZP(J’scg)’C] ) c,
-2 p) P(l’J)’ﬂ p(Jsc ) ¢ Zp(i,,j),L ZE(E‘-.)I. P(jacB)’C J
=t ( (p(i,3)52]2(3,05)) Y
Zpil,a),up(ami) o2 ril “p(dreq), ¢ s
- . . interaction
C l 3 P(J, 7) C P(lsJ)!L P(l 07) ¢ ZE(T )I p(J,C,(),C | between
pins J and
P(J, 7) rJ {ZP(jsc7),C} c
-2 (5 P(lsJ)a[, P(J’c ) g) ( 9j)s£ 2E(TJ‘.'-.)I. Rp(j,c..(),c J T
(=¢ {p(l’J)’£|p<Ja 7) 9
p) {p(i,j),up(j,cs)} - , TJ{ZP(J"CS)’C} ] . ‘
- (-_—1(3 Zp(ja08)9C - Zp(i’j)’&) Zp(j908)9; ZE(E)I . Rp(j,CB) sC interaction
, 373 between

’pins J and

Cg

. (28-2)



B is expressed by replacing i?, xi; xg and xg'in the expression (24-2)
for A by yf, yg, Y? and y?, and 7 in A by 8, respectively.. Let the above
" eleven pair numbers illustrated in Fig. 2.3 be represented by p(fl, vl),
2§50 75)s woevey p(§)5) 7,) and p(€qys 747) such that p€ 1, 7)<p(,, 7,)
<f-----<:p(§10, Ulo)<fp($11, vll)’ then we get the matrix elements Mﬁ,n

represented in expressions (2-24)~ (2-30).
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Chapter 3 .
.Probabilistic evaluation of fuel pin gaps

due to the variation of core design parameters

3,1 Introduction

In this chapter, discussion on the inner-subassembly characteristics
‘under the probabilistic variation of core design parameters described in
section 1.%.3% will be given. Evaluation of the effect of probabilistic devia-
Yion in fuel pin gaps of a FBR fuel subassembly due to manufacturing and
assembling tolefances on thermal and hydraulic characteristics of a core
plays an important role in connection to the safety assurance of a reactor
performance through a full core life(l)ﬂv(4). In a case of a gridded fuel
pin bundle, where fuel pins are supported with elastic dimples inside grid
spacers, fuel pin gap distributions in a reactor operating condition may be
evaluated in teims of the corresponding measured fuel pin gap distributions
at a factory site(5)’ (6). However, wire-spaced fuel pin gap distributions
in a reactor operating condition differ considerably from those at an agsem-
bling site since wire-spaced fuel pins are usually packed loose in a bundle
to compensate for fuel pin swelling and are deflected with complicated modes
under alreactor operating condition due to temperature gradient across a fuel
pin bundle, hydrodynamical force exerted by coolant, irradiation-induced

(7), (8)

swelling and creep Recently, a computer code PACT is reported which
takes into consideration several uncertainties in mixing constants, inlet
temperature, power level, fabrication and material properties which are fo be
sampled at the beginning of thermal and hydraulic subchannel analyses(9).

In this chapter, the sensitivity. of uncertainties due to manufacturing

and assembling tolerances of a fuel subassembly to the deviation in wire-

spaced fuel pin gaps is. discussed based on the method for three-dimensional
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fuellpin deflection analyses explained in section 2.2, A fuel pin gap
between an arbitrary pin pair at any axial distance/within an equilibrium

fuel pin bundle in a reactor operating condition is expressed in terms of

a sef of reference values of all the related uncertainties and their devia-
tions with the corresponding sensitivity functions which correlate the devia-~
tions to a fuel pin gap under conéideration. Then, the probabilistic distrib-
nution of a local fuel pin gap may be obtained through taking all the possible
combinations of the values of uncertainties Within their ranges of deviation.
Uncertainties due to local and global tolerances are classified into three
categories according to the scope of their influence(lo)’ (ll).

Sample calculations were performed on the sensitivity  of uncertainties
to probable fuel pin gap distributions of a typical FBR core based on the
currently available factory data of fuel subassemblies for test production(lg)
and the results for the fuel pin pair cofresponding to the cladding hot spot
of a center fuel subassembly are discussed.

3,2 Analytical formulation
3.2.1 Aggumptions underlying the probabilistic evaluation of fuel pin gaps

Present probabilistic evaluation of wire-spaced fuel pin gaps within a
FBR fuel subassembly in a reactor operating condition is valid under the
assumptions employed in the previous section 2.2.1 with the following addi-
tional assumption:

(i) Uncertainties listed in Table 3.1 are the factors affecting wire-spaced
fuel pin gap distributions.
3.2.2 Probabilistic variation in fuel pin gaps
1) Classification of uncertainties
We consider in the preceeding sectioné the probabilistic variation in a

fuel pin gap due to the related uncertainties including manufacturing and

assembling tolerances of a fuel subassembly as well as the ambiguity in
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material properties and experimental data. These uncertainties are classified

into three categories according to the scope of their influence as listed in

‘Table 3.1.

Table 3.1 Classification of uwncertainties related to fuel pin gaps.

Category Symbol Specifications of Uncertainty

core and (1) modulus of fuel pin elasticity

subassembly g8 (o) fuel pin drag coefficient

uncertainties s
F(3) fuel pin linear thermal expansion coefficient
F°(4) flat to flat. distance of a wrapper tube

fuel pin i (i31) diameter of fuel pin i

uncertainties Ff(i;Z) wire spacer diameter of fuel pin i
Ff(i;S) pitch of fuel pin i at the end supporting matrix
Ff(i;4) welding angle at the lower end plug of fuel pin i

. Ff(i;5) end support tube installation angle of fuel pin i
local Ex%i,h;l) wire spacer wrapping pitch of fuel pin i at z

uncertainties

Flki,h;Z) initial bowing amplitude of fuel pin i at 2y

We define a normalized uncertainty F(i;)) such that

F(i;l)z%ﬁ%—,

(3-1)

where £ (i34) is the nominal value of the Ath uncertainty in the ith category

and §(i;4) is a deviated value of the uncertainty in the vicinity of &(i;4).

A welding angle of an end plug of a fuel pin i, Ff(i;4) and an installation

angle of an end support tube for a fuel pin i, Ff(i;5) are illustrated in

-Fig. 3.1. Basically, diameters of a fuel pin and a wire spacer vary locally
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along the axial pin direction. However the local variations are considered
to be negligibly small according to the currently available factory data(lz)
and these uncertainties are classified into the.category'of fuel pin uncer-
tainties. Wire-spaced fuel pins are usually bowed spirally with the period
of a wire-wrapping pitohvdue to the tension of a wire spacer(lz) and therefore
the amplitude of the initial bowing of a fuel pin and the wrapping pitch of
a wire gspacer are treated as local uncertainties.
2) Sensitivity functions assoclated with uncertainties

In order to discuss a probabilistic dis%ribution of the mth fuel pin gap
gm(z,{Fx}) at z under a set of all the related uncertainties {F;} in a fuel
subassembly, 1et.P(gm, z) be the probabilistic density such that the pin gap
gm(z,{Fk}) is included in the interval (gﬁ,gm+dgm). Then, since gm(z,{Fk})
is to be determined through mechanical and geometrical correlations among all
the fuel pins in a subassembly with temperature and neutron flux fields and
hydrodynamical influence due to coolant flow, P(gm,z) may generally be expressed
in terms of the product of probabilistic density functions of all uncertainties

as follows:
P(g ,2) = f -+ fHP°(2)aF°(2) 1T 1 PF(i;32.)ar (i52,)
€yr2) =/ S s s/ % ' of »f
onf? 2 i
- ITIT P4(i ,h; 2,)ar€(i,h;2,). - (3-2)
h 2
l .

In expression (3-2), FS(RS), Ff(i;lf) and F&(i,h;2 ) represent a normalized
subassembly uncertainty of the zsth kind, a normalized fuel pin uncertainty of

the thh kind belongihg to the fuel pin i and a normalized local uncertainty

of the Zzﬁh kind belonging to the fuel pin i at Zy

Pﬁ(i,h;lz) are probabilistic density functions of normalized uncertainties

and P°(1), Pf(i;xf) and

f,. . . . .
FS(RS), F (1;2f) and Fl%l,h;ll), respectively. Indices i, h, 2, 1, and %K

vary so as to cover all the uncertainties related to an equilibrium fuel pin

bundle configuration. 2 indicates that the integration shoﬁld
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conditionally be carried out on FS, Ff and F£ such that the mth fuel pin gap
at z isrincluded in (gm, gm+dgm).

However, in carrying through the integration conditionally on £2,
computational difficulties are involved since a set of simultaneous equations
for an equilibrium configuration of a fuel pin bundle should be solved once
for every possible combination of the values of uncertainties to assure
whether the integrating condition is satisfied. For avoiding such computa-
tional difficulties, we expand gﬁ(z,{Fz}) into Taylor's series at {@2} as

follows:

g, (7,7 ) = e (z,(F; ) El*%gmus(z’{?z}ﬂf“s“s) -5

+

3 . £, of ;.
2 ffpm,lszf(z,{@x P (152,) = F (3525))
Oy ' A
. g F Fe 403 — FH1i,h;
. figz”m’l’h%(“ DIFCRsz) = Aiyns2,))
.+ higher order terms ], (3-3)

where {ﬁ)} represents a set of all the related uncertainties at their refer-

ence values and a sensitivity funotionpm;z(z,{Fx}) is defined such that
3

&1 1 98, (25 (F2))

¢ ) FG) Ly o)

. (3-4)

For sufficiently small deviation of FE(&e), an element %g(lé) of {@&} may

be fixed at its nominal value’ﬁs(%f). However, in a case that the value of
an uncertainty is not well-localized, the interval of deviation may be divided
into a reasonable number of subintervals in each of which a reference value

is chosen s§ that a setlof the values of uncertainties {F}} for which a fuel

pin gap is evaluated with expression (3-3) are always in the neighbourhood of
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{f&}. Then, the higher order terms in expression (3-3) which correspond to
cross correlations of more than two uncertainties with gm(z,{Fz}) become of
less significance. The effect of neglecting those higher order terms on
_gm(z,{Fz}) is discussed numerically in section 3.4.2. Values of sensitivity
functions Pm; (z,{ﬁh}) for all m and § at necessary reference sets {%Z}

can be computed using MULTIBOW-3D code explained in section 2.2.7. Discus-
sidn~ on the results of numerical calculations is 1o be given in section
3.4, It then %oiiows that expression (3-2) with the conditional integration
on £ may be replaced by

Plagsa) = /- o/1 B(4) ax®@ ) I 11 PH(i32;) aF' (i;2,)
1 %

xlgﬁjpﬁ(i,h;zﬁ) aF(1,032,) 0{g, (2,{F;)) 3 (g 8,48, )} (3-5)
L

where 5{gm(z,{FZ});(gm,gm+dgm)} is defined such that

o(e, (2, {F) )5 (e e tdg ) ) =1 if g (3, (F)) ) e (g,r8,+d8 ), (3-62)

=0 if g (z, {FZ}) ¢ (8,08,+d8, ). (3-6b)

Once all the necessary values of sensitivity functions are computed, the
probabilistic distributions of arbitrary fuel pin gaps in a subassembly may
easily be obtained by integrating the product of probabilitic density func-
tions of éll uncertainties numerically according to expression (3-5).

For eValuating the measure of deviation in fuel pin gap due to a
particular uncertainty FE(%S), we define a normalized pin gap deviation

Gm{z,Fg(itg)} due to Fs(gg) such that

6. (275 (29) - &, (2,(¥3))

RPN ’ (3-7)

Gm{Z’Fs( 2{-‘) }=
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where gm(z,Ff(lg)) is the mth fuel pin gap at z with all the related uncer-
tainties fixed at their nominal values except for FE(ZE). The corresponding
particular sensitivity gﬁ;]g(z’%S(%S)) of FE(%E) at %ﬁ(ls) to the fuel pin
gap under consideration may be computed setting all the reference values of
uncertainties equal to the corresponding nominal values except for‘%g(ls) in
expression (3-4).
3.% Computational scheme

Computer program WIREGAP, which computes the sensitivity of uncertainties
to pin gaps between any adjacent pairs of fuel pins at arbitrary positions in
a fuei subassembly and the corresponding probabilistic pin gap distributions
based on the factory data of tolerances, has been completed utilizing the
hitherto developed analytical procedures and MULTIBOW-3D program(g). The
brief computational scheme is explained in Table 3.2.

Table 3.2 TFlow diagram of WIREGAP code
illustrating brief computational schemes.

START
STEP 1 Set nominal parameters, distributions of uncertainties
and a reactor operating condition.
STEP 2 Compute pin bundle deflection with thermal and hydraulic
characteristics in a reactor operating condition by using
MULTIBOW-3D code.
STEP 3 Compute all sensitivity functions pm.'2 (z,Ff(ZE)).
—3 ) YAL
STEP 4 Select uncertainties of dominant sensitivity.
£
STEP 5 Check the contributions of higher order terms.
]
STEP 6 Compute probabilistic distributions of fuel pin gaps,

taking all possible combinations based on egs. (3-3),

(3-4) and (3-5).

GO
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3.4 MNumerical results and discussion
5.4.1 Sensitivity of uncertainties

Sample calculations on the sensitivity  of uncertainties to fuel pin
gaps in a fuel subassembly have been performed with respect to a typical
FBR core based on the cufrently available factory data of fuel subassemblies
for test production(l2). A sector of a fuel pin bundle brought into the
present pin gap analyses is schematically shown in Fig. 3.2, where the
related nominal geometries, thermal and hydraulic properties and the proba-
bilistic distributions of uncertainties are listed in Tables 3.3% and 3.4,
respectively. The design clearance value between any pair of non-deflected
fuel pins with an intervening wire spacer is 0O.lmm at the initial stage of
fuel life. A nominal equilibrium fuel pin configuration in a reactor oper-
ating condition is illustrated in Fig. 3.3 with respect to the fuel pins in
a corner to corner array of a fuel subassembly under consideration. Fig.
3.4 shows the detailed equilibrium fuel pin configuration in the neighbour-
hood of the pin gap between a pair of fuel pins T and 8 at z¥* corresponding
to the core and upper blanket interface where a cladding hot spot usually
appears in a case of an IMFBR core.  In the following sections,
the effects of the related uncertainties on the pin gap between a pair of
fuel pins T and é at z¥ and the corresponding normalized pin gap deviations
are discussed. Figs. 3.5 ~ 3.9 show particular sensitivities of uncertain-
ties whose effects to the pin gap exceed 0.1 % in normalized pin gap devia-
tion. In these figures, the first and the third quadrants correspondvfo the
increase in the fuel pin gap with respect to its nominal wvalue, |
1) Core and subassembly uncertainties

The normalized fuel pin gap deviation.due to fuel pin thermal expansion
coefficient is of the order of 0.05 % and those due to other uncertainties

included in this category are of the order of less than 0.01 %.
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Table 3.3 Geometries of fuel subassemblies and thermal-hydraulic parameters
employed in the illustrative calculation.

Geometry
outer diameter of fuel pin (mm) 6.5
diameter of wire spacer (mm) ‘

immer fuel pin ' 1.3

peripheral fuel pin 1.0
length of fuel pin (mm) _

lower blanket region 350

core region - 930

upper blanket region . 300

gas plenum region , 1200
number of pins per subassembly , 169
number of wire spacers per pin

inner fuel pin ' single

peripheral fuel pin double
wrapping pitch of spacer wire (mm) 306
wrapping direction of spacer wire counter-clockwise

from the lower end

flat to flat distance of wrapper tube (mm) 104.6
fuel pin gap (mm) 1.4
fuel pin pitch in end supporting matrix (mm) 7.9
initial fuel pin bowing amplitude (mm)

immer fuel pin 0.25

peripheral fuel pin 0.15
Subassenbly Thermal and Hydraulic Data
peak to ave. power distribution

radial flat

axial 1.2
heat generation rate (MW) 4.6
Na-coolant flow rate (kg/sec) 20.2
inlet coclant temperature (°C) 397
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Table 3.4 Probabilistic distributions of the normalized uncertainties
- employed in the illustrative calculation.

Distribution of Normalized Uncertainty

Category Symbol
Type Mean Value  Deviation Range
core and (1) chopped normal 1.0 +1.0 x 1072
- subassenbly S .
ancertainties FS(2) uniform 1.0 +0.20 _3
7 (3) chopped normal 1.0 +5.0 x 10
F°(4) - chopped normal 1.0 +2.39 x 1077
. £, | -3
fuel pin F (i;1) chopped normal 1.0 +4.62 x 10
uncertainties Ff(i;Z) chopped normal ) 1.0 +7.69 x ]_O_5
Ff(i;B) nearly uniform 0.993 +5.o6,.8.86x10'3
Ff(i;4) nearly uniform¥ 1.0 +3.24 x 1074
P (i35) nearly uniform¥ 1.0 +3.24 x 1074
F& . -2
local (i,h;1) nearly chopped normal 1.0 +4.9 x 10
Iy . '&
uncertainties F (i,h;2) nearly chopped normal 0.97 +0.2, -0.6

¥ Nominal angle is set to be 360°,

2) Fuel pin uncertainties
i) fuel pin outer diameter and fuel pin pitch at the lower end

The normalized fuel pin gap deviations due to the outer diameter of
fuel pins 7 or 8 and the pin pitch at the eﬁd supporting matrix are of the

order of less thén 0.01L % and 0.02 %, respectively. Those due to the uncer-

tainties asscciated with the fuel pins surrounding thg pin pair under consi-
deration are negligible.v
ii) Wire spacer diameter

‘The normalized fuei pin gap deviation due to wire spacer diameter
wrapped along a pair of fuel pins 7 and 8 and that of the surrounding fuel

pins are about 0.5 % and 0.05 %, respectively and the corresponding particular
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sensitivity is shown-in Fig. %.5. In an equilibrium configuration under
a reactor operating condition, a pair of fuel pins T and 8 make mutual con-
tacts at A and B just above and below z¥ ags illustrated in Fig. 3.4. Since
in this particular example, contact point A where the wire spacer of fuel pin
8 is intervening is closef to z¥ in comfarison with contact point B, the wire
spacer diameter of fuel pin 8 has.more dominant correlation to the fuel pin
gap at z¥ under consideration as in Fig. 3.5. The sensitivity of wire spacer
diameter wrapped along fuel pin 9 to the pin gap becomes significant for the
normalized deviation exceeding iﬁxlO-E. With decrease in wire spacer diameter
of fuel pin 9, contact point F indicated in Fig. 3.4 is to be released and
fuel pin 8 tends to be displaced to the positive x~-direction expanding the
pin gap in the equilibrium pin bundle configuration. On the other hand, with
increase in wire spacer diameter, fuel pin 9 is to come into contact with fuel
pin 8 at I releasing contact point D and consequently fuel pin 8 tends to be
locally displaced to the positive x-direction expanding the fuel pin gap.
These tendencies correspond to the behaviour of particular sensitivity func-
tions shown in Fig. 3.5.
iii) Fuel pin welding angle at the lower end plug

The normalized fuel pin gap deviation due to fuel pin welding angle at
its lower end plug of fuel pin 7 or fuel pin 8 is of the order of 0.1 % and
that of the surrounding fﬁel pins is of 0.01 %. The corresponding particular
sensitivity  1is shown in Fig. 5.6; The effect of the variation in fuel pin
welding angle at the lower end plug of fuel pin 8 to the equilibrium pin
bundle configuration is as follows: For the normalized deviation within-
i9'01/560s a pin bundle exhibits almost a stationary configuration, however
in the vicinity of —0.055/360, fuel pin 8 comes into contact with fuel pin 7
at z=67.7 cm and its deflection mode is such as to expand the fuel pin gap

under consideration. Beyond the normalized deviation of —0.08/560, additional
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pin contacts between fuel pins 7 and 8 at z=21.8 cm and fuel pins 6 and 7 at
z=52.4 cm cause the particular sensitivity being further reduced due to. the
local displacement of fuel pins 6 and 7 to the positive x-direction. In the
vicinity of normalized deviation 0.035/560, fuel pin 8 comes into contact
with fuel pin 9 at z=67.7 cm and is locally deflected to the negative x-
direction contracting the fuel pin gap. For the normalized deviation exceed-
ing 0.08/360, additional pin contacts between fuel ping 8 and 9 at 2z=21.8 cm
and fuel pins 9 and 10 at 2=52.4 cm cause the absolute value of the particular
sensitivity being further reduced. The particular sensitivity of the welding
angle at the lower end plug of fuel pin 7 shows almost the symmetric character-
istics with resbect to that of fuel pin 8 as is clear from their geometrical
correlation.
iv) Installation angle of a pin end support tube

The particular sensitivity of the iﬁstallation angle of a pin end support
tube shows the similar characteristics to that of the welding angle of a fuel
pin end plug as shown in Fig. 3.7. ©Since the point of deflection is more
distant to the fuel pin gap under consideration by the height of a pin end
support tube, the effect of the installation angle of a pin end support tube
on the equilibrium pin bundle configuration is slightly dominant and the
behaviours of particular sensitivity functiohs are complicated as seen by
comparing Fig. 3.7 with Fig. 3.6.
3) Local uncertainties
i) Wrapping pitch of wire spacer

The normalized fuel pin gap deviation due to the local deviation invthe
wire spacer wrapping pitch of fuel pins 7 and 8 at z=144.2 cm and 2=128.9 cm,
which are just above and below z¥*, is about 0.5 %,thile that of the local
deviation away from z* is of the order of less than 0.1 %. Supposing that

the wire spacer wrapping pitch of fuel pin 8 locally increases at 2z=128.9 cm
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and then contact point A is shifted upward in Fig. %.4, fuel pins 7 and 8
are locally deflected due to the constraints at contact points E and F so as
to expand the fuel pin gap under consideration. On the other hand, for the
downward shift of contact point A due to the local decrease in wire spacer
wrapping pitch of fuel'pih 8, the pin gap contracts. With the similar
reasonings, for the upward shift 6f contact point E due to the local increase
in wire spacer wrapping pitch of fuel pin 7, the pin gap contracts. The
corresponding particular sensitivities are shown in Fig. 3.8.
ii) Initial pin bowing

The normalized fuel pin gap deviation dﬁe to the initial bowing of fuel
pins 7 and 8 is about 1.0 % and that of fuel pin 9 is about 0.3 %. However,
the contribution of the other fuel pins is of the order of less than 0.05 %.
The corresponding particular sensitivity‘ is shown in Fig. 9. Supposing
that the amplitude of the initial bowing of fuel pin 8 is reduced in the
vicinity of the pin gap under consideration, contact point B indicated in
Fig. 2.4 is to be released expanding the pin gap. On the other hand, the
local increase in the bowing amplitude of fuel pin 8 affects the equilibrium
pin bundle configuration in thegvicinity of the pin gap under consideration,
where contact point B is shifted to the negative x~direction with slight con-
traction in the pin gap. With the local increase in the initial bowing
amplitude of fuel pin 7 iﬁ the vicinity of the pin gap under consideration,
contact point B indicated in Fig. 3;4 is to be released expanding the pin gap
and with the local deérease, the pin gap contracts.
3.4.2 Evaluation of higher order terms

In order to evaluate the contribution of higher order terms appeared in
expression (5—3) which correspond to cross-correlation of more than two
uncertainties to the pin gap under consideration, several sets of uncertain-

ties listed in Table 3.5 whose contributions are cOmparativelyAdominant have
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been taken into consideration in evaluating the pin gap based on expression
(3-3) with and without higher order terms. The results are summarized in
Table 3.5, which indicate that the contributions of higher order terms with
the normalized deviation ranges of uncertainties listed are within -0.21 %
and +0.16 % of the nominal pin gap.
3.4.3 Probabilistic distribution of the pin gap

A probabilistic distribution of the pin gap under consideration was
computed based on expression (3-5) with respect to uncertainties whose con-
tributions exceed 0.1 % in normalized fuel pin gap déviation. These uncer-
tainties include Ff(i;z), Ff(i;4) and Ff(i;5)‘ with i=7 and 8, and Fﬁ(i,h;l)
and Flii,h;2) with i=7, 8 and 9 and Zy = 128.9 cm and 144.2 cm. In calculating
the probabilistic distribution, higher order terms in expression (3—3) are
neglected. The result is shown in Fig. 3.10 where’g&(z*) and gﬂ are the
value of the nominal pin gap under consideration in an equilibrium pin bundle
configuration with the initial fuel pin bowing amplitude set at the most
probable value and the design pin gap value with non-deflected pin bundle
configuration, respectively. Here, attention should be paid that the probabil-
istic distribution of the fuel pin gap under consideration, which corresponds
to the cladding hottest spot in the center fuel subassembly, is shifted to
the narrower gap side though the distributions of uncertainties considered
are almost symmetric. This tendency is due to the confinement of fuel pins
within a wire-gspaced fuel pin bundle of an externally bounded system with a
wrapper tube and should be considered in thermal design of a FBR core.
%.5 Conclusions

Some of the conclusions obtained through present studies are as follows:
(i) Most sensitive uncertainties affecting a fuel pin gap in a reactor oper-

ating condition are initial bowing amplitude of a fuel pin, wrapping pitch
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of a wire spacer, diameter of a wire spacer, installation angle of a fuel
pin end support tube and fuel pin welding angle at the lower end plug.

(ii) A pin gap is affected mostly by fuel pin uncertainties associated
with a pair of fuel pins wﬁose pin gap is under consideration and the corre-
sponding local uncertainties in the vicinity of the pin gap.

(iii) The contribution of higher order terms in expression (3-3) to the pin
gap is approximately 0.2 % of the nominal value. A sufficiently accurate
pin gap may usually be obtained without higher order terms.

(iv) With the reliability level of 99.87 %, the maximum deviation of the
pin gaﬁ at the cladding hot spot of a fuel subassembly under consideration
is 8.05 % from the design nominal value gg.

(v) The probabilistic distribution of a fuel pin gap tends to shift to the
narrower side due to the confinement of fuel pins of an externally boundéd
systen though the probabilistic distributions of the related uncertainties

are almost symmetric.
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Table 3.5 Comparison of calculated fuel pin gaps with and without higher
order terms in expression (3—3).

Deviated Uncertainty - {gﬁ(z*)/gg} with Di fference®
Case ; )
Value of Norma- Higher Order Terms (%)
Symbol lized Deviation ' '
£, -3
1 Ff(8’3) 5.06 x 10_4 0.9579 -0.0312
F (8;5) 3,24 x 107 L
£, -3
2 Ff(S,B) 5.06 x 10_4 0.9376 0.0
F(755) -3.24 x 10
fra. -4
3 Fifs’S) 3.24 x 10 0.941% -0.0636
F(8,h;2) 0.2
¥ (834) -3.24 x 1074
4 Fi(8;5) _3.24 x 1074 0.9264 ~0.195
Fl%B,h;2) -0.6
Ff(8;2) 7.69 x 1077
£, -4
5 F(8;5) 3.24 x 10_2 0.9251 -0.214
7 (8,h;1) 3,27 x 10
¥(8,h;2) 0.2
o FR(654) 1.39 x 1074
) -4
p F(7;5) ~5.24 x 10 0.9241 +0.0171
748,h;1) 3,27 x 10
Flia,h;z) -0.6
F(4) 2.39 x 1077
FL(7;1) 4.62 x 107
7 (8;1) 4.62 x 1077
T ¥ (634) 3.24 x 1074 0.9406 +0.158
¥(9;5) -3.24 x 1074 |
: Flis,h;l) . -4.9 x 1072

Fz(s,h;z)k 0.2

¥ difference in normalized pin gap with and without highervorder terms.
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Fig. 3.2 Schematic representation of a sector of fuel subassembly with pin
numbers brought into analyses.
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Fig. 3.4 Detailed equilibrium pin bundle configuration in the
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Fig. 3.5 Particular sensitivity of normalized wire spacer diameter
to the pin gap under consideration. 7T, 8 and 9 indicate
fuel pin numbers.
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Fig, 3.6 Particular sensitivity of normalized fuel pin welding
angle at a lower end plug. 6, 7, 8, 9 and 10 indicate
fuel pin numbers,
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Fig. 3.7 Particular sensitivity of normalized installation ‘angle
- of a pin end support tube. 6, 7, 8, 9 and 10 indicate
fuel pin numbers.
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Fig. 3.8 Particular sensitivity of normalized local wrapping

pitch of wire spacer. 7, 8 and 9 indicate fuel pin
numbers. ’
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Fig. 3.9 Particular sensitivity of normalized local initial pin
bowing. 6, 7, 8, 9 and 10 indicate fuel pin numbers,
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Fig. 3.10 Probabilistic distribution of the pin gap under considerationm.
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Chapter 4
Probabilistic evaluation of subassembly coolant flow rates

due to the variation of core design parameters

4.1 Introduction

In this chapter, discussion ‘on the inter—subassembly thermal and hydrau-
lic characteristics described in section 1.3.3 will be given. A liquid metal
fagt breeding reactor is usually provided with crificing devices within |
coolant flow channels in order to optimize coolant flow rate based on the
chamnel heat generation rates. However, coolant flow rate deviates from the
nominal value probabilistically due to manufacturing and assembling tolerances
associated with core internals and flow regulating devices and the evaluation
on the probabilistic deviation in flow rate of each coolant channel plays an
important role in connection to thermal and hydraulic design of the core(l)hv
),

Conventionally, the variation in the coolant flow rate of the hottést
chamnel is evaluated on the tolerances and the corresponding engineering hot
spot subfactors are combined with the related subfactors statistically or
cumulatively according to their natures to verify the limiting characteristics
of the core, where the coolant flow correlations among the hottest and the
rest of the channels are not taken into consideration in calculating the pres-
sure drop performance of the hottest channel(5) N'(B).

In this chapter, the effect of local and global uncertaintiesron the
probabilistic variation in coolant flow rate of the hottest channel or aﬁy
arbitrary chammel is discussed in terms of the pooiant flow correlation among
all the core-internal coolant channels undér the cohdition of constant coolant
flow rate at the core inlet. TUncertainties may include those due to manufac-

turing and assembling tolerances inherent in core components as well as due
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to ambiguity included in material properties and are classified into four
categories according to their contribution, similar to Amendola's global hot

(4), (8)

spot analysis , namely (i) core uncertainties, (ii) pressure plenum
uncertainties, (iii) flow zone uncertainties, and (iv) subassembly uncertain-
ties., Giving measured or assumed probabilistic distributions of the uncer-
tainties and taking their possible combinations with coolant flow correlations
wifhin and among the flow categories, an analytical method of evaluating the
probabilistic variation in local coolant flow rate is presented by utilizing
the central limit theorem. Here, attention should be paid that some uncer-
tainties of statistical nature might sometimes be treated cumulatively based
on engineering judgement in connection to safety consideration. Those uncer-
tainties should be included in evaluating core-internal coolant flow deviation
from systematic origins.

For numerical evaluation, a computef programme ORIFS-PEFD has been devel-
opted (l)hv(4). ORIFS computes the thermal and hydfaulic charapteristics of
a core under the nominal conditions and PFD evaluates the probabilistic varia-
tion of subassembly coolant flow rate due to uncertainties. Several cases of
sample calculations have been performed in order to compare the deviation in
subassembly coolant flow rate based on the conventional one-spot model and
the proposed method which takes into considefation the cooclant flow correla-
tion among all subassemblies. The results are shown with the corresponding
probability of occurrences in terms of the probabiligtic distributions of
uncertainties.

4.2 Analytical formulation

The procedures'of calculating probabilistic coolant flow distribution

to be discussed consist of two parts. The first part is concerned with the

evalvation of coolant flow rates in various coolant channels and the corre-

sponding temperature distribution under the nominal core condition. The
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second part takes into consideration the probabilistic deviation in flow rate
and temperature distribution due {o manufacturing and assembling tolerances
associated with core components. The coolant channels under consideration
are schematically shown in Fig. 1.1 and Diagram 4.1. Ambiguity inherent in.
material properties and experimental data may as well be taken into consider-
ation.
4.é.l Nominal calculation

Bquations of continuity and the conservation of energy and momentum are
solved simultaneously for coolant temperature and flow rate diétributions
through iterative procedures by balancing the pressure difference across each
flow channel under the nominal core conditions. The pressure drop is evaluated
in terms of experimental data and available formulas.

In calculating the pressure drop across the fuel pin bundle section of
a fuel subassembly, edge flow effect is taken into consideration in relation
to the momentum balance within a fuel subassembly, where edge flow coefficient

fw is defined such that

fw (4_1)

il

W
Win .
W is an éveraged coolant flow rate per fuel pin while G;n is an averaged
coolant flow rate per fuel pin belonging to the interior subchannels. fw is
weakly dependent upon subassembly flpw rate unless the flat to flat distance
of a wrappér tube deviates. Computer programme ORIFS determines pressure drop
across each coolant channel as well as the nominal hydraulic resistance coef-
ficients at the normal operating conditions under the condition of constant
total coolant flow rate wT at the core inlet.
4.2.2 EBvaluvation of pressure loss performance

We consider, in the preceding sections, probabilistic variation in coolant

flow rate due to manufacturing and assembling tolerances. TUncertainties to
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Diagram 4.1 Schematic representation of the core-internal coolant flow channels.

% S/A indicates a subassembly such as a fuel—subaséembly,
a control rod subassembly, etc.




be cdnsidered are classified into four categories according to their scope
of influence, namely, (i) core uncertainties, (ii) pressure plenum uncertain-
ties, (iii) flow zone uncertainties and (iv) subassembly uncertainties. We

define a normalized uncertainty F(é;1) such that

p(e s2) = L4 | (4-2)

~

€(e,4)

where‘gze;l) is the nominal value of the Ath uncertainty in the e¢th category
and 5(6;2) is a deviated value of the uncertainty in the vicinity of the
nominal value‘gke;l). Uncertainties under consideration are listed in Table
4.1,

The pressure drop across flow channels, such asg a core fuel subassémbly
and a blanket fuel subassembly, may in general be expressed in terms of F(e,2)'s
as follows:

across a core fuel subassembly:

bpy (1, ,0)= 2% (1,0,0)F° (1,0 ,052)F° (1, ,053)F%(1,v 52) (F° (1)} B2 (2, v, 0)

+ @O (1,0,0) (2 (1)) TTEP (15107 (1y o)

+"FB(1,”,w){Fc(i)}O‘z{FC(Z)}_O'BFP(1;2){FS(1,V,&kl)}_1'8w1'8(1,v,a0

P1, P2
+ « W

{ 1} + Fc(l) ;(151’ ’a))hS, | (4"5)

across a blanket fuel subassembly:
OR s s Z c -12
AP2(29V9(”)=“ (2”)9(‘))1:I (2,” ,(U;Z)F (2,”,(');3)}1 (2,”;2){F (l)} w (2,”’(0)
-1 2
+ B (20,0)(5°(1)) TP (251 )07 (2, 5,0)
FB .2 -0.
ra (2,0)(F°(1)) 0 2(3°(2)) "0 % (20 51)-
-1.81.8
W

(7 (2,v,031)) (2 ,0)45°(2) P (2,v @) . (4-4)
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Table 4.1 Classification of uncertainties. Keys: p.f.c. =
pressure loss coefficient, v = number of flow zones
of blanket fuel region, v = v + number of flow zones
consisting of control rod S/A, Vo = V] + number of
flow zones of neutron shield region, vz = Vo + number
of flow zones consisting of neutron sources.

category symbol

specification of uncertainties

core Fc(l)
¥ (2)

coolant density

coolant kinematic viscosity

pressure F(1;1)
plemm  FP(1;2)
FP(1;3)
FP(134)
FP(2;1)
FP(2;2)

FP(2;3)
FP(351)

FP(431)

p. L.c. of core fuel S/A*axial neutron shield

p.l.c. of core fuel S/A pin bundle

p.4.c. of downward leakage from high pressure plenum
p.L.c. of upward leakage from high pressure plenum
p.4.c. of blanket fuel S/A axial neutron shield

p.L.c. of depressurizing mechanism for low pressure
plenum

p.L.c. of upward leakage from low pressure plenum

p.L.c. of depressurizing mechanism for storage rack
plenum

p.£.c. of side wall bulk plenum leakage

flow F2(2,v;1)
zone F4(2,v31)
FA(2,031)
F2(2,031)

FZ(/L‘,D 52)

p.£.c. of blanket fuel S/A pin bundle (vs:uo)

p.£.c. of control rod S/A (uo<fujgvl)
p.£.c. of neutron shield S/A v, <r=v,)
p.£L.c. of neutron source S/A (V2<i”:£V5)

p.L.c. of orificing mechanism in S/A entrance nozzle

S/A FO(p,Y ,0;51)
FS(”:” ,(0;2)

Fs(/us” s @5 3)

due to fabrication
tolerances

D. Z,c. of orificing section in S/A (due to installa-
tion tolerances) ‘

p.£.c. of pin bundle section in S/A (

p.f.c. of orificing section in S/A (due to fabrica-
tion tolerances)

* S/A indicates a subéssembly such as a fuel subassembly, a control rod

subassembly, etc.
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Pressure drop across other chamnels, such as a control rod subassembly, a ,
reflector subassembly, a neutron source subassembly and an expended fuel
storage rack may also be expressed in similar formulae as expressions (4—3)
and (4-4).

Fs(}gv,w;ls) represeﬁts a normalizéd subassembly uncertainty of the zsth
kind which belongs to the @th subéssembly in the vth flow zone connected to
the #th pressure plenum. Fz(ﬂ,vglz), chu;lp) and Fc(lc) represent a nor-
malized flow zone ﬁnoértainty of the Zzth kipd belonging to the yth flow zone
connected to the #th pressure plenum, a normalized plenum uncertainty of the
Zpth kind belonging to the #th pressure plenﬁm and a normalized core uncer-
tainty of the thh kind,respectively. aOR, aNS and &EB are the nominal -
hydraulic resistance coefficients across an orificing section, a neutron
shield section and a fuel bundle section of a fuel subassembly,respectively.
These values are computed in advance with ORIFS code taking into considera-
tion the temperature dependency of coolant properties along the flow channel
under consideration. aPl is the hydraulic resistance coefficient across
connecting pipes in the high pressure plenum and is treated constant in the
present analysis since the corrésponding pressure drop is considerably small.
o(e,y,®) is the averaged coolant density over the axial length of the wth
fuel subassembly in the vth flow zone connected to the uth pressure plenum
and is also computed in advance with ORIFS code. hS is the axial length of
a subagsembly.

4.2.3 Probabilistic variation in coolant flow rate

In order to discuss the probabilistic variation in the coolant flow'
rate along the tth coolant flow chanmnel, where 7 is a segquence number corre-
sponding to (#,Y,®) under consideration, iet P(w%le) be the probabilistic
density such that the coolant flow rate w_ along the Tth channel, such as the

T

Tth core subassembly, is included in the interval (w., w_+dw.) under the
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condition of constant total coolant flow rate wT at a reactor core inlet.
Then, since V. is determined through the flow correlation among all the
coolant flow channels, P(wrle) may generally be expressed in terms of the
product of prdbabilistic density functions of all uncertainties listed in
Table 4.1 as follows:

T c c ‘ P 'Y
P = feeo [TP7(A2)aF A ) I IT P (u;2 )aF (w32 )
CAD fonﬂlzc (3)35°Q,) I 7 (3 )08 (u52.)

AT 1T PP (w52 YarPe w2 ) 1T JT P°(p,v, 052 )ar®(e,v,0;2 ).
v 2 Z -Z 0)2 s S
z

(4-5)

In expression (4-5), PC(XC), Pp(ﬂ;lp), PZ(/QD;JZ) and Ps(u,u,anis) are pro-
babilistic density functions of the uncertainties FC(ZC), chu;xp), cmu,»;zz)
and Fs(ﬂ,yﬂp;zs),reSpectively. Indiciesvﬂ,y,ahkc,zp and 2, vary so as to
cover all the uncertainties. 321 indicates the integration should conditionally
be carried oﬁt on FC, Fp, FZ, and F° such that the coolant flow rate in the
Tth subassembly is w, and the total coolant flow rate at a reactor core inlet
is WT. However, computational difficulties are involved in carrying through
the integration conditionally'oh.gﬁ'appeared in expression (4-5), that is,
equations of continuity and conservation of momentum and energy should be
solved once for every possible combination of FC, FP, F* and F° in order to
assure whether the integrating condition is satisfied. In order to avoid such
computational difficulties, we repléce the kernel of expression (4-5) by a
probabilistic density function depending conditionally on the coolant pressure
drop Ap between the inlet and the outlet plenums.

Suppose P(fla,ﬁ,r,--') be a conditional probabilistic density that & is
included in the interval (§,& +d¢) uﬁder the fixed parametric values of a,ﬁ,f,

«++, then the expression (4~5) may be rewritten as follows:
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max. values

P(ip W)= S eevveeee SHTBOQ) IT T PP ) T T P° (w5 2,)
c o] z

min. values

'P(wz' IWT9AP’FC,Fp9Fz)d(Ap)ch(zc)de(ﬂ;ZP)GFZ(/“’U;ZZ) ’ (4"‘6)

where ¥°, ¥, ¥° in@icate FC(ZC)‘S, Fp(ﬂ;lp)'s and FZCu,v;Z )'s with e, v,
Xc’ RP and ZZ being running indicgs cofering all the uncertainties belonging
to the first three categories. Variation in the subassembly uncertainties
is implicitly taken into consideration through integrating P(wfle,Ap,FC,

FP,FZ) with respect to Ap. It should be clear that
T C pP 52
P(wy|w ,0p,F ,F,F")

=f;....f1]1]1]1]Ps(,¢z,u,w;zs)dFS(/t,v,w;zs), (4-7)

ongd, pv ol

where.Q2 indicates that the integration should conditionally be carried out
on F° such that the coolant in the 7th subassembly is w, and wT,Ap,Fc, P and
F? are parametrically fixed.
For computational convenience, the kernel in expression (4—6) is further
decomposed into the féllowing form according to the multiplication formula:
max. values

Pl )= S e SR P s i) [T 2 v32,)°

min. values

-P(w, [w”, 00,5, 77, F%) - B(w? |u", 0p,F%, 77, ¥%)
-P(wp|wT,Ap,Fc,Fp,FZ)dedwpd(Ap)dFC(ZC)de(ﬂ;]p)dFZQu,u;RZ).

(4-8)

Here, w? and wP are the coolant flow rates of the flow zone and the pressure

plenum to which the 7Tth subassembly under consideration belongs, resﬁectively.
So far, uncertainties have been expressed in terms of probabilistic

density functions. However in representing the results of measurement on
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uncertainties, histograms are of direct means. We divide the interval between

the maximum and the minimum values of variable & into ro subintervals and let

the midpoint of the rth subinterval be §(r), then the probabilistic distribu-
tion P(é(x)| @, 8,7, *++) is defined such that

BE ()] vy SO s yaé (4-9)
Pl(2)|a,8,7, *°°) = P(cla,b,r, *++)as, 4-9
’ / & (x)-0€/2 '

where A§ corresponds to the width of the subinterval.

1) Computation of ?(wr(r)lwz,Ap,FC,Fp,Fz)

(9)

Based on Bayes' theorem s a conditional probabilistic distribution

function f(wt(r)le,Ap,Fc,Fp,FZ) may be expressed as follows:

F(wz' (I‘) IWZ ,AP9FC 9FpsFZ)

B(w,(x) |op,7%,7°,77) B (x),0p,5°,F,F7)
= =,z C D % : (4-10)
P (w |[0p,F ,F,F")

f(wt(r)IAp,FC,FP,FZ) on the right side of eq. (4-10) may easily be calculated
according to expressions (4-3) or (4-4) which give the relations between sub-
assembly cooclant flow rate and the corresponding pressure loss coefficients
under given pressure drop Ap. Here, pressure drop across plenums should be
knownvin’order to relate Ap to Apl or Apz, in connection to which discussion
is to be given later at engineering points ofvview. Suppose the flow zone
under consideration, which includes the 7Tth subassembly, consists of Nz
statistically identical subassemblieé, then ﬁ(wzlAp,Fc,Fp,FZ) may be obtained
through taking all the possible combinations of §(wr(r)lép,Fc,Fp,FZ) over N,

subassemblies, namely,
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N N -« N —(X—ﬂ—'"

: 2 b4 b4 . .

-:-P-(WZIAP,FC,FP,FZ)=2 2 LA E C . C s es o0 C .
a=0 =0 7 =0 NZ a Nz-a B Nz_a_ﬂ_... /i

= x = c z‘B
{(Blw, (1) 180,7°,7°,7%)) (B(w, (2) |09, 5", F,F)] =+

;a—ﬂ—QOf—v

| N
(B(w, (x,)| bp,¥°, 72, 7%)] 7 o4, (W wietn™)} , (4-11)

where %~ and y Cq 2re defined such that

V4
W= aww(d) + Bew(2) + eoves + (Nz-a—ﬂ—'--"—v)-w(ro), (4-12)
1
W, %= )] * (4-13)
and
o (v, (Wiw® £ WD)} = 1if WP e(wl,wt o+ D), (4-14a)
= 0if & (" ,w% + 7). (4-14Db)

?(wzlwr(r),Ap,Fc,Fp,Fz) may be calculated without difficulties similar to
expression (4-11) by means of keeping the flow rate in the rth subassembly
at wt(r) and taking all the possible combinations of probabilistic distribu-
tions of the rest of (Nz—l) subassemblies which belong to the flow zone under
consideration.
2) Computation of §(WZIWP,AP,FC,FP,FZ)

§(WZ|WP,Ap,FC,FP,FZ) may also be expressed based on Bayes' theorem such
that

PP, 0p,F°,FP,F7)

_ B(w?l pp, 7%, 70,79 . PGhPlw?, Ap,F°,F0,7%)
= -t 9
P(Wpl AP9FC,FP’FZ)

(4-15)

wherelﬁ(wzlﬁp,Fc,Fp,FZ) is already given by expression (4-11). P(w|Ap,F®,

FP,¥%) is derived in terms of P(w"|4p,F°,FY,F”). Since flow zones are in
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general not identical to one another, P(wf(a)lAp,Fc,Fp,Fz) should be evaluated

for every zone and taking all the possible combinations we have

F(WPIAP,FCQFP’FZ)

_ ¥ st pe B(u?(ay) | b0, 5%, F°,5%)B (w2 (a,) | 4p, 7, 10, F7) - -+
aj=1 a=1 <L
coe Blu (ay ) 100, 5°,7°,5%) 5 (70, (W, uPeti®)), (4-16)
2 M
where
W= wr(ag) +wplay) +oeee 4 w;[Z(aMZ)- ‘ (4-17)

Again, ?(wpfwz(a),Ap,Fc,Fp,FZ) may be obtained in similar means to expres-
sion (4-16) by keeping the flow rate in the flow zone under consideration at
wz(a) and taking all the possible combinatidns of probabilistic distributions
for the rest of (Mz—l) zones which belong to the pressure plenum.

3)  Computation of ﬁprle,Ap,Fc,Fp,Fz)

For the fixed total coolant flow rate wT, the upper and the lower bounds
of the pressure drop Ap may be found with the sets of the maximum and the
minimum pressure loss coefficichts. | Then, it follows that ?(wple,Ap,Fc,Fp,
FZ) méy be calculated within the pressure drop interval in terms of f(wP|Ap,

¥°,FP,F?) given by expression (4-16) simply as follows:

f(wp|wT,Ap,Fc,Fp,FZ)
= gl'--?p P(w? (b, )| Ap,F°,FP ﬁz)°--'§(wp(b ) op, 7,7, FP) -
b=l b, =1 + T Mp My ’ '

1 L
D

T T T
+ W)},

.0 {ﬁT, (w™,w (4-18)

where

W= (b)) + wh(by) + eeeee + R (b )y (4-19)
b b :

and Pu corresponding to WP under congideration is fixed.
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So far, the mathematical derivations are in general, however, in actu-
ally calculating the effect of uncertainties on the coolant flow rate dis-
tribution, the following assumptions are employed, which are sufficiently
reasonable at‘engineering points of view.

(i) The pressure loss coefficients for leakage flow paths are kept at the
minimum values since leakage flow rates are negligible in comparison with
thé corresponding main flow rates.

(ii) In estimating the flow deviation in high pressure coolant chamnels,
pressure loss coefficients of the low pressure coolant chamels are kept

constant at their minimum or nominal values since flow rates wg, wg and w

1Y
l.

Then, a relation of Ap to Apl and Apz previously pointed out is

Y
4

defined in Diagram 4.1 are considerably small in comparison to w

easily given by solving the momentum and mass balance equations within a

PP WP ana WP

10 Yo w3 4 are simulta-~

reactor core under the given Ap and wT, and w
neously determined.
(iii) On the other hand, in estimating the flow deviation in low pressure
coolant channels, probabilistic variation in pressure loss coefficients of
the high pressure coolant ch@nnéls are taken into consideration through flow
correlation.
4.3 DNumerical results and conclusions
Computer programme ORIFS-PFD computes the nominal coolant flow rate
distribution inside a reactor core and probabilistic deviation in subassem-
bly coolant flow rate due to manufacturing and assembling tolerances, etc.
of the core component in comnection to the evaluation of hot spot temperéture.
The programme ié based on the computational schemes shown in Diagram 4.2.
Several cases of sample calculation have been performed using ORIFS-PFD

code for a prototype IMFBR core in order to compare the deviation in coolant

flow rate of a fuel subassembly based on the conventional one-spot model and
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the proposed method which takes into consideration the coolant flow correla-
tion among all subassemblies. A prototype IMFBR core brought into the current
sample calculations consists of 198 core fuel subassemblies, 172 blanket fuel
subassemblies and subassemblies associated with control rods, neutron shields.
and neutron sources. The core fuel subassemblies and the blanket fuel sub-
assemblies are divided into 8 and‘5 different flow zones,respectively. Con-
-trol rod and neutron shield subassemblies belong to another flow zones.

The probabilistic distribution functions for the uncertainties employed
in the sample calculations based on the test production and experimental
aata10)~(2) Lo 1igted in table 4.2.

4.3.1 Sample calculation 1

The first sample calculation is concerned with the evaluation of the
effect of flow corfelation among subassemblies, Let a flow zone under con-
sideration consist of NZ subassemblies with statistically identical uncer-
tainties. We estimated the aeviation in coolant flow rate of one subassem-
bly which belongs to a subgroup of NZ' subassemblies in the flow zone among
which the flow correlation is taken into consideration, while the rest of
(NZ—NZ') subassemblies in the flow zone are assumed to have the mean charac-
teristics. In the sample calculation, NZ' is selected to be NZ'=5, 7; 9 and
11. The satisfactory convergence in the coolant flow rate deviation had been
found for NZ' being beyond 9, as shown in Fig. 4.1l. Congequently, a conclu~
sion may be derived that it is sufficient to apply the central limit theorem
in taking into consideration the coolant flow cofrelation among fuel subassem-
blies in a flow zone consisting of more than 10 subassemblies of statistically
identical characteristics in the case of a prototype FBR core under consid-

eration in connection to evaluating expression (4-11).
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4.%.2 Sample calculation 2

Sample calculations on the probabilistic distributions of the core fuel
subassembly coolant flow rates E(WTIWT) in every flow zone have been performed.
The results are shown in Figs. 4.2 ~ 4.9. Comparison was made on the devia-
tion in coolant flow rate due to uncertainties evaluated based on the conven-
tional method and on the proposed method where the flow correlation over all
subassemblies is taken into consideration. Under the conventional method,
the coolant flow in the subassembly in which the hottest spot may occur is
set to be at the minimum rate with respect to the deviation ranges of all
ambiguities.

Flow rate deviation in every flow zone of the core fuel assembly and the
corresponding probability of occurrence are shown in Table 4.3, where the
minimum appreciable level for the probabilistic flow rate deviation is set to
be of the order of 10—15 in the present sample calculation. However, the
ninimum appreciable level should be decided based on safety consideration in
the actual design calculations. The computational mesh widths of probability
histograms are indicated in Table 4.3 for the results obtained on the proposed
method.

4.3.3 Conclusions

Some of the conclusions obtained through present studies with respect
to a previously mentioned prototype LMFBR core are as follows:

(i) Setting the minimum appreciablé level of probabilistic occurrence to be
10—15, the deviation of the coolant flow rate from the nominal value in a
core fuel subassembly is about %0 % smaller than that’calculated with thé
conventional method as shown in Table 4.3.

(i1) It is sufficient to take into consideration the flow correlation among

at most 10 fuel subassemblies within one flow zone in evaluating the effect

of subagsembly uncertainties.
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(iii) The hydraulic resistance of an orificing device always deviates to the
larger resistance side from its nominal value due to the variation of the
installation angle of orificing holes. This deviation shifts the subassembly
coolant flow rate under coﬁsideration to the lower flow rate side. This
tendency is more remarkable in the lower flow rate regions as shown in Figs.
4.,2~4.9, since the installation angle of orificing holegs affects the
hydraulic resistance of an orificing device, where the pressure drop is larger
in lower flow rate regions. In a case of the prototype IMFBR core employed in
sample calculations, the mean value of the probabilistic distribution of
subaséembly coolant flow rate deviates from its nominal value by 0.20 % in
higher flow rate regions and by 0.57 % in lower flow rate regions as are clear
from those figures. The normal distribution of subassembly coolant flow rate
assumed in the conventional hot spot analyses should be improved taking into
consideration the mutual dépendenoy of core structual parameters through
coolant flow correlation within a reactor core based on their actual proba-
bilistic distributions.

(iv)  The proposed method may be used to verify the conventional method of

hot spot temperature calculaticn.
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' Table 4.2 Probabilistic distribution functions for the

uncertainties employed in the sample calculations.

Distribution
Category Symbol 0 Mean Masci mmum
ype Value Deviation(%)
core F°(1) chopped normal 1.0 +3
F°(2) chopped normal 1.0 +15
pressure Fp(l;l) uni form 1.0 +10
plenum ¥P(1;2) chopped normal 1.0 +5
FP(1;3) 6 function 1.0 0
FP(134) d function 1.0 0
FP(2;1) 0 function 0.9 0
FP(2;2) 0 function 0.95 0
P(2;3) 6 function 1.0 0
FP(3;1) 8 function 0.95 0
FP(451) 6 function 0.95 0
flow F(2,0;1) (v gvo) 0 function 0.95 0
zone F?(2,v31) (v0<vgyl) d function 0.95 0
Fz(2,v;1)(vf<u:£92) ¢ function 0.95 0
Fz(z,u;l)(vé<1ff;v5) 6 function 0.95 0
F2(1,032) chopped ‘normal 1.0 +6
FZ(Z,y 32) 0 function 0.95 0
S/A F(1,v,9;1) chopped normal 1.0 +£0.5
F (#,v,0;1)(2<£<4) § function 1.0 0
F(1,v,0;2) linearly decending 1.01 +3 .
7 (f,v,0;2) (2<x<4) § function 1.0 0
F(1,v,0 3) chopped normal 1.005 +1
P (¢,v,w53) (2<#<4) § function 1.0 0
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Table 4.3 Probabilistic deviation of coolant flow rate in a
prototype ILMFBR core.

Flow Deviation

Flow Nominal »
Zone Coolant Flow Conventional Proposed Method*
Rate (kg/s) Method (%) %)  probabili by
1 20.20 2.06 1.50 ;8'57 8.421 x 10~ H
2 18.59 3.85 2.49 ;8'91 1.569 x 107
-0.96 -
3 . 17.83 3. 30 2.34 +8 9 3.17 x 1071
4 16.6% 4.48 3,25 ;é'ZB 1.304 x 10'6
5 15.47 4.59 3,25 13’54 2.010 x 10'6
6 19. 34 2.68 1.94 0™ 4.498 x 1078
7 16.24 4.90 5.59 7000 3.674 x 107
8 14.77 5.00 3,56 ;5'45 2.081 x 1070
15

* The minimum appreciable probability level is of the order of 10°
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Chapter 5

General discussion and conclusions

The objective of this study is to accomplish an advanced method for hot
spot analyses of the core‘temperature in core thermal and hydraulic design
taking into congsideration the mutual dependency  of core design parameters
through the following dorrelations, which have been left out in the conven-
tional hot spot analyses, namely,

(i) thermomechanical correlation among fuel ping within a fuel subassembly,
(ii) coolant flow correlation among coolant flow channels within a reactor
core, and

(ﬁi) the effect of temperature dependency of material properties on the core
hot spot temperature.

In this chapter, conclusions obtainéd’in each section will be reviewed
and discussion with respect to their applications to reactor core thermal
and hydraulic design will be presented.

1) Lateral drag coefficients of fuel pins corresponding to hydrodynamical
force under the coolant flow have experimentally been investigated for several
different types of wire-spaced fuel pins as shown in Fig. 2.15.

2) A method of evaluating the fuel pin deflection, the related effects of
the core temperature and the mutual contact forces among adjacent fuel pins
as well as between a fuel pin and a wrapper tube flat has been accomplished
and the following results with respect to a prototype IMFBR core have been
obtained. -
(i) Due to the temperature gradient across a fuel pin bundle, fuel pin
deflection causes to decrease the inner subchannel flow area almost in the
core region as shown in Figures 2.17~ 2.21 and consequently the hot spot

temperature increases. Further, owing to the irradiation swelling and creep,
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the fuel pin contact points move to the core center region, where deflection
of fuel pins is quite appreciable and thus the hot spot temperature as well

as the maximum mutual force acting at the fuel pin contact point generally
increases with respect to irradiation time.

(ii) In a case of the prototype IMFBR core gmployed in sample calculations,
the equilibrium fuel pin deflection modes are displayed in Figures 2.17 ~
2,21, Deviation of subchannel area from the design nominal value is of the
order of '18 % for the inner subchannels and is of the order of +14~+50 % for
the peripheral subchannels at the interface between the core and the upper
blanket regions. The hot spot subfactor accounting for the fuel pin bundle
deflection is 1.023 ~1.035 at zero irradiation depending upon the power
gradient within a fuel subassembly and it further increases up to 1.045 at

500 day irradiation.

(iii) For the same prototype IMFBR core; the maximum load due to fuel pin
contact is 0.52 kg at the upper end of a peripheral fuel pin being in contact
with a wrapper tube flat at zero irradiation, however it increases by a factor
of about 2.5 in the vicinity of the core center after 500 day irradiation.

%) In the design of a wire-spaced fuel subassembly, the diameter of a spacer
wire and the clearance between a fuel pin and a spacer wire being wrapped to
the adjacent fuel pin play an important role'in connection to thermal and
hydraulic characteristics of a core as well as its nuclear characteristics.
Through evaluation of the effects of design parameters on the core thermal

and hydraulic characteristics by using the proposed method, these parameters
may be optimized in connection to the pin bundle preséure drop performande,
the core temperature distribution and the pin bundle deflection mode under
thermal gradient and irradiation swelling.

4) TFor the prototype IMFBR fuel subassembly employed in the sample calcula-

tions, the effects of the variation in core design parameters such as the
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dimensions and the geometries of fuel pins and structual components within a

subassembly, material properties and hydraulic parameters on fuel pin gaps

have been evaluated based on the currently available test productiondata of fuel

subassemblies., Most sensitive parameters affecting a fuel pin gap which is

directly related to the éore temperature in a reactor operating condition

are as follows:

r(i) initial bowing amplitude of a fuel pin (Gm{z*,FS(Zs)} defined by (3-7)
= -1.38 %~ +1.21 %),

(i) diameter of a spacer wire (-0.492 %, +0.417 %),

(#1) wrapping pitch of a spacer wire (-0.398 %, +0.198 %),

(iv) installation angle of a fuel pin end support tube (-0.298 %, +0.0479 %),

(v) fuel pin welding angle at the lower end plug (—0.137 %, +0.0465 %).

The values in the above parentheses indicate the maximum deviation of a fuel

pin gap due to the variation of each parameter under consideration from its

nominal value E;(z*) calculated based on the proposed method with all the

nominal core design parameters.

Based on these sensitivity studies, assembling and fabrication tolerances
of subassembly structual parameters can be optimized in connection to the
fabrication cost. The tolerances associated with those structual parémeters
selected above should be of smaller level than those of the other parameters.
BEspecially, the tolerance of spacer wire wrapping pitch should be of the
smallest level at the core and the ﬁpper blanket interface as well as at the
core center, where the mutual fuel pin contact points appear in the reactor
operating condition.

5) Based on the above sensitivity studies, probabilistic distribution of a
fuel pin gap within the prototype LMFBR fuel subassembly in its operating
condition has been evaluated as shown in Fig. 3.10. The nominal pin gap

EL(Z*) calculated with design nominal values of all the core design parameters
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differs by 6.09 % from the design nominal value gﬂ'of the pin gap employed

in the conventional thermal and hydraulic design. With the confidence level
A of 99.87 %, the maximum deviation of the pin gap at the cladding hot spot
of a fuel subassembly is 8.05 % from the conventional design nominal value

gﬂ and is 1.96 % from the currently calcula?ed design nominal pin gap’ég(z*).
The probabilistic distribution of fuel pin gaps tends to shift to the narrower
side in the reactor operating condition. The mean value of the pin gap
deviates by 0.3l % from the calculated nominal value as shown in Fig.

3.10. This tendency is due to the mutual dependency of core design para-
meters.through mechanical and geometrical correlations in the confinement
system of fuel pins extermally bounded with a wrapper tube. The normal dis-
tribution of fuel pin gap employed in the conventional hot spot analysis is
in conflict with thigs tendency and should be improved.

6) The effects of wvariation in coré design parameters such ag the
dimensions and the geometries of core structual components, material properties
and hydraulic parameters on the fuel subassembly coolant flow rate have been
studied and the following conclusions were cbtained:

(i) It is sufficient to take into consideration the flow correlation among
at most 10 fuel subassemblies within one‘flow zone in‘evaluating the effect
of subassembly uncertainties.

(ii) The effect of the local variation in core design parameters on the fuel -
subassembly coolant flow rate is méfe significant as compared to the global
variation in the corresponding parameters. In a éase of the prototype IMFBR
core employed in the sample calcﬁlations, the effect éf subassembly-wisev
variation by 10 % in the hydraulic resistance of a fuel pin bundle on fuel
subassembly coolant flow rate is about 1.9 %~ 2.4 % larger than that of the
high pressure plenun-wise variation by the same amount. Consequently, the

manufacturing tolerances and the experimental inaccuracy of design parameters
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corresponding to the local deviation in the hydraulic resistance should be
kept at the smallest level. Among these uncertainties, the orificing hole
and the installation angle of a subassembly have a larger effect on the
subassembly coolant flow rate in the lower flow rate region where the pres-
sure drop at the orificiﬁg device is larger. On the other hand, the pressure
loss coefficient of a fuel pin buhdle, the flat to flat distance‘of a wrapper
tube and the structual parameters of a fuel pin bundle have a larger effect
on the subassembly coolant flow rate in the higher flow rate region where

the pressure drop in a fuel pin bundle section is dominant.

7 The hydraulic resistance of an orificing device always deviates to the
larger resisvance side from its nominal Qélue due to the variation of the
installation angle of orificing holes. This deviation shifts the subassembly
coolant flow rate under consideration to fhe lower flow rate side, This
tendency is more remarkable in the lower flow rate regions as shown in Figs.
4.2~ 4.9, since the installation angle of orificing holes affects the
hydraulic resistance of an orificing device as menticned previously. In a
case of the prototype IMFBR core employed in sample calculations, the mean
value of the probabilistic distribution of subassembly coolant flow rate
deviates from its nominal value by 0.20 % in higher flow rate regioné and

by 0.57 % in lower flow rate regions as are clear from those figures. The
normal distribution of suBassembly coolant flow rate assumed in the conven-
tional hot spot analyses should be improved taking into consideration the
mutual dependency of core structual parameters through coolant flow correla-
tions within a reactor core based on their actual probabilistic distriﬁufions.
Therefore, it is necessary to set the design nominal values of core design
parameters affecting the hydraulic resistance of coolant channels to be at

their mean values in designing coolant flow rate control devices within a

reactor core so that the design nominal values of channel coolant flow rates
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may correspond to their mean values. Based on the evaluation of the effects

of core design parameters on channel coolant flow rates and .their probabilistic
distributions using the method developed in this study, the core-internal
coolant flow control devices can be optimized in connection to the manufac-
furing and assembling cost of core internals aﬁd the coolant circulation pump
pressure head.

8) For the prototype IMFBR core employed in the sample calculations, the
probabilistic distributions of coolant flow rate in core fuel subassemblies
have been evaluated based on the currently available factory data as shown in
Figs. 4.2 ~4.9. Setting the minimum appreciable level of probabilistic
occurrence to be 10-15, the deviation of the coolant flow rate from the design
nominal value is about %0 % smaller than the maximum deviation calculated with
the conventional one-point hot spot temperature evaluation method as shown in
Table 4.3. Further, with the confidence level 4 of 99.87 %, the deviation of
the coolant flow rate from the design nominal value is about 40 % smaller than
the maximum deviation calculated with the conventional method mentioned above.
The above results indicate that the hot spot temperature calculated based on
the conventional method gives a ' considerably conservative value.

9) Based on the probabilistic distribution of fuel pin gaps under the con-
dition of constant subassembly coolant flow rate and the probabilistic distrib-
ution of subassembly coolant flow rate under the condition of constant reactor
total coolant flow rate, the probabilistic distribution of the core hot spot
temperature can be evaluated. Thus obtained probabilistic distribution of the
core hot spot temperature tends to shift to the highef temperature side from
the normal distribution. The normal distribution of the core hot spot temper-
ature assumed in the conventional hot spot analyses is in conflict with these tend-
encies., In order to optimize the reactor core performance and safety, the

probabilistic distribution of the core hot spot temperature should be evaluated
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based on the actual probabilistic distributions of uncertainties taking into
congideration their mutual dependency  through the thermomechanical correla-

tion, the coolant flow rate correlation and the temperature dependency of

material properties.
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Nomenclature

location:

(x,5,2) - Cartesian coordinates illustrated in Fig. 2.1, where
the vertical direction of a fuel subassembly is
parallel to =z direction |

(X',y',z') = Cartesian coordinates illustrated in Fig. 2.14,
where z' axis is oblique to z-axis by angle 0

Y zt+ = z coordinates of a fuel pin at the lower and the

| upper ends

6, 71t = z' coordinates of a fuel pin corresponding to 24
and z*, respectively, in the (x',y',z') coordinate
system

z¥ = z coordinate of the core and upper blanket interface

i = fuel pin number corresponding to the fuel pin under
consideration.

J = fuel pin number corresponding to any adjacent one in
contact with the fuel pin i

k = numbér indicating the kth contact point from the
lower end of the fuél pin under consideration.

p(i,j) = pair numbervassociated with fuel pins i and J

4, Lo = number indiéating the £th contact point from the

lower ends of the fuel pin palr p(i,3)

L*{ P(iaj) sf/lp(E’ 77)}

nunber of all loads R (5 77) C 's associated with the

1),°
ti .- i ig. 2.
satisfy ZP(Eav):C E;ZP(l,J),Z,aS shown in Fig. 2.4

- pair p(f,v) whose points of application Zp(f

e = wrapper tube flat number, e = 1, 2, *¢+++, 6
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(2 ,0)

(#,v)

uncertainties:

fuel subassembly number corresponding to the fuel
subassembly under consideration

wth subassembly in the vth flow zone connected to
the #th pressure plenum

vth flow zone connected to the #th pressure plenum
pressure plenum number corresponding fto the preséure
plenum under consideration (in sample calculations,
r=1, 2, 3 and 4 correspond to the high pressure
plenum, the low pressure plenumn, therstorage rack

plenum and the side wall bulk plenum, respectively)

uncertainty of a core design parameter

Ath uncertainty

set of all uncertainties related to the fuel pin gap
normalized local uncertainty of the &@h kind which
belongs to the axial coordinate 2y of fuel pin i
normalized fuel pin uncertainty of the thh kind
which‘ﬁelongs to fuel pin i

normalized subassembly uncertainty of Rsth kind
(includes FZ, FP and F° as parameters in chapter 3)
normalized subassembly uncertainty of the Zsth kind
which beloﬁgs to the @th subassembly in the Yth flow
zéne connected to the #th pressure plenum

normalized flow zone uncertainty of the 1zth kind
which belongs to the Yth flow zone connected to the
Mth pressure plenum

normalized plenum uncertainty of the Zpth kind which

belongs to the ﬂth.pressure plenum

145



FC(XC) = normalized core uncertainty of 2 th kind

F£ = all uncertainties represented by Fi(i,h;,ZL) with
possible combinations of i, h and 11/

Ft = all uncertainties represented by Ff(i; )EE') with
.possible combivnations of i and Zf

1 = all unceftainties represented by FS(ZS) or F°(4,v,
a);zs) with possible combinations of ¢, v ,® and ZS

P2 = all uncertainties represented by F~(X,V; ZZ) with
possible combinations of ’, v and ZZ

FP = all uncertainties represented by FP(k; Zp) with
possible combinations of # and Xp

F° = all uncertainties represented by Fc().c)

probability:

P (i,h;2,) = probabilistic density function of F4(i,h; ,2[/)

Pf(1;2,.) = probabilistic density function of F'(i; )

P2(4,) = probabilistic density function of FS(,zS)

P (u,v , w; ) = probabilistic density function of F°(u,v,w; )

PA(1,v32 ) = probabilistic density function of F*(,v;2)

PP (ut; 2) — probabilistic density function of Fpgu;/zp) '

(1) = probabilistic density function of F (2 )

P(&|a,B,7,°°) ~ conditional probabilistic density function that &
is included in the interval (£,£+df) under the
fixed parameters of a, 8, 7o °°

P = probability defined by expression (4-9)

A = confidence level defined by eq. (1-3)

thermohydréuli cs:
T = core temperature distribution function (corresponds

to cladding temperature in chapter 2)
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3=

in

=1

=]

in

Re

8m(Z, {Fz})

&n(2)

e

Ap

core temperature within the tth fuel subassembly
calculated core hot spot temperature with confi-
dence level Awithin the rth fuel subassembly

defined by eq. (1-3)

core nominal temperature at the specified point

corresponding to T%'S'(ZD

reactor inlet coolant temperature

coolant flow rate

averaged coolant flow rate per fuel pin in a fuel
subassembly

averaged coolant flow rate per fuel pin belonging
to interior subchannels of a fuel subassembly
coolant flow rate of the 7th fuel subassembly
reactor total coolant flow rate

coolant flow velocity

Reynolds number

mth fuel pin gap at z with respect to {FZ}

nominal value of the mth fuel pin gap at z in an
equilibrium pin bundle configuration calculated
with nominal values of all core design parameters,
i.e. gm(zﬁiiﬂ)

design nominal value of the mth fuel pin gap under
non-deflected pin bundle configuration

static pressure

pressure drop between the inlet and the outlet
plenunms

pressure drop acréss a core fuel subassembly and a

blanket fuel subassembly, respectively
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fuel pin deflection and

U—(Z) s V(Z)

x(z), y(z)

M(z)

forces:

x and y coordinates of the central axis of a fuel
pin at z

x and y directional displacements of the ceﬁtral
axis of a fuel pin at z from u(zo) and v(zo)
longitudinal strain

load due to fuel pin contact

normal component of the hydrodynaﬁical force
acting on a unit length of a fuel piﬁ at z
buoyancy and gravity acting on a unit length of a
fuel pin

bending stress

bending moment at =z

dimensions and geometries:

r(z)

radius of a fuel pin at 2z

diameter of a fuel pin

radius of a spacer wire

axial length of a fuel pin

axial length of a fuel subassembly

center to center distance of fuel pins i and j at

“1,3:4

directional angle of the center of fuel pin i with

respect to the center of intervening wire spacer at
Z

directional angle of the center of fuel pin in con-
tact with the fuel pin i at z

oblique angle of a fuel pin with respect to the

flow direction
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7(2)

d(z)

material properties:

E(T)
I

;EBQU’V’GD

miscellaneous:

t

directional angle of W(z) with respect to the normal
to the fuel pin at z lying on the plane normal to y-
axis

directional cosine of load R with respect to x-axis

‘defined by (2-8a) or (2-8a') at z

directional cosine of load R with regpect to y-axis

defined by (2-8b) or (2-8b') at =z

density of coolant

specific heat of coolant

kinematic viscosity of coolant

turbulent diffusivity of heat

linear thermal expansion coefficient of a fuel pin
undexr T

modulusg of elasticity of a fuel pin under T

moment of inertia of a fuel pin cross section
hydraulic resistance coefficient, defined as QFBEE
ApFP/wx, associated with the fuel bundle section

of the ®th subassembly in the Yth flow zone connected
to the gth pressure plenum

defined similar to aFB
drag coefficient for a fuel pin

coefficient of edge-flow effect within a fuel sub-
assembly

strain due to swelling

gtrain due to thermal and irradiation creep

time
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] : = neutron flux
N, N : = normals to fuel pin i at z lying on a plane_normal

to y-~axis and on a plane normal to x-axis, respec-

tively

Mﬁ,n ' = element of flexibility matrix

Dm = element of column vector

g = gravitational constant

NZ = number of subassemblies which beléng to the flow
zone under consideration

MZ = number of flow zones

M? = number of pressure plenums

superscripts:

L = local

f = fuel pin

s ' = subassembly (includes flow zone, pressure plenum
and core in chapter 3)

Z = flow zone

P = pressufe plenum

c = core

T = due to temperature distribution (total for wT)

R = due to loads at fuel pin contact points

H = due to hydfodynamical force

S = due to swelling

C = due to creep

M = due to bending moment

I | = due to the initial bowing

OR = orifice section of a subassembly

NS = neutron‘shield section of a subassembiy
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B =) b

fuel pin bundle gection of a subassembly

high pressure plenum section

mean value of A

nominal value of A

reference value of A at which a function of A is

expanded into Taylor's series
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