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                                   Chapter Z

                  '''

                                '                                                    '    '                                                  '                                   '   '
             ' '                                 '                                              '                             '          '                           tt1.l General introduction ' ' '
                                                '
                                                                               '     Thermal and hydraulic design of an IIP([EBR core plays an important role in
                                                                  '
connection to the optindzation of fuel subassemblies and reaotor core struc-

tures as well as reactor inlet and outlet coolant temperature in the nominal

operating condition with respect to reactor core performnce, economy and
                               'safety, which are the prime objectives of ]liM]BR design.

     In core thermal and hydraulic design, the maxtmum 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 temperatuuee analyses with related quantitative reliability evaluation in

order to assure safety performance of a reactor eore under consideration.

L Some uncertainties due to manufacturing and assembling tolerances asso--

                                                                           . tt-ciated with the dimensions and geometries of fuel subassernbiies and core -''

internals and the experimental ambigutities included in material properties
                                                                    '                                                                     'are inherently related to the c6re temperature and it is necessary to take

into consideration the deviation of the core temperature due to these uncer-
                                             '
tainties in evaluating the safety performance of a reactor under design

                                             'criteria.
                '                                                               '     in conventionai hot spot anaiys'6s(i) 'V (i5), negieeting compieteiy

   'the effect due to the irrutual dependency of various parameters previousZy

                                .t              'mentioned on the core temperature, it is assumed that the temperature depen--

dency on the statistieal deviations of these parameters is linear and the
            '                                                     '                        Lresulting•probabilistic 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 evaluate.d is less
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accurate neglecting the.effect of the mutual eorrelation among these faetors,

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 oÅí the

previously mentioned uncertain paxameters is dLscussed taking into eonsidera-

tion the thermomechanÅ}eal correlaÅíÅ}on among fuel pins, fuel subassemblies

and core internal st]ructures, coolant flow correlation among ooolant channels

and the temperature dependenoy of core mater;al properties based on the

factory data and expeTiments.
   '
     An engineering hot spot factor is evaluated in terms of confidence level

related to the safety performanee 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 eore tempeTatu]re related to

engtneering hot spot faetors is diseussed in chapters 2, 5 and 4, which have

not been considered in conventional core desigri 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 condLtign,-t and'evaluation of fuel pin deflection modes

                                                     'and the core temperatu]?e under the Åíuel pin deflection within a fuel sub-

ass6mbly(14) 'v (ls). .
(ii) ]lhTaluatiQn of fuel Pin gap probabllistic dLstribution taking into con•-

                                        '
sideration the manuÅíacturing and assembling tolerances associated with fuel
              'subassemblieq and the ambiguity in thez?mal and hydraulic parameters oÅí material

                                                                           'properties and hydraulic experimental data with the sensitivity of these
      'uncertainties to fuel pin gaps(19) '"' (21). '
                                '                                 '                                                '
(iit) ]i]vqluation of the probabUistic distyibution oÅí coelant flow rate in a

fuel subassembly taking into consideration the cooZant flow correZation axnong

eore internal coolant flow channels ui-der rnanufactwring and assembling

                                 i'
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toZerances associated with core intexrnals and the umbiguity in thermal and

hydrau!ic parameters(22) 'v (25). .
                                 '             '     Zn chapter 5, general discussion on the resuZts obtained through the

present studies is prcesented.
                                        ,                      .t .v.
I.2 Conventional design method and its technLcal problems
                        '
     In thermal and hydraulic design oÅí a nuclear reactor core, the operating
'

temperature is lintted by thecriterionthat the temperatu]re of core components

should not exceed the critical values. In an IMEBR, coolant temperature should

be sufficiently below its boiling point, cladding temperature shoutld not exceed

the critical values, which provokes an unacceptable creep rate oÅí cladding

material, and fuel temperatullre should be lower than its melting point. '

     Some uncertainties due to manufactuning and assembling tolerances and

experimental ambiguLities are inherently included in the parameters, from which

the core temperature is influenced. It is therefore neeessary to take an

adequate design safety margtn, which takes into account the effect of all

statistical deviations oVÅí uncertainties on the core temperature. In the eon-
ventional evaluation of such a safety mafegtn (M)'v (15), the

                'thermomechantcal correlation" aniong fueZ pins, fuel subassemblies and core

                                             '                                                                       'internal st]ructuees, the coolant Mow correlation ajnong coolant channels 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
                                     t.vaniation of the core temperatune due to uncertainties oan be dealt with by
                      '
individual hot spot subfactors, which coryespond to safety coefÅíicients Åíor

the maximum deviation in the core temperature from the design nominal value.
                           '
     Errors thus introduced in the evaluation oÅí the core temperature neglecting
                                           'the effeet oÅí the above mentioned correlations aJnong uncertainties cause to

lower the reliability level in safety performance of the core, and a conse]va-
       '                                                                          'tive safety margtn based on engineering judgements was to be employed in the
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conventional thermaZ and hydraulic design. However, in order to improve the

                      t stcore perfoi7manee and the related safety evaluation, these correlations should

be taken into consideration in thermal and hydiraul-ic design. Tn this section,
                                           '                           'the associated technical prbbZems wiZl be tieviewed.
                                                '                                                                         '               '
l.2.Z Roles of core thermal and hydraulic design in nuclear reactor design
                                                                  '
     In order to assure the core performance under designed thermal effi--

ciency and neutron doubling time and to improve the core economy with respect

to fuel inventory and power generating cost, design paJ7ameters should be

optimized so that high power density, high coolant outlet temperature and

laxge coolant temperature difference are obtained. Here, we define (i)

strLxctual design paraneters, (ii) thermal and hydraulic parameters, and (iii)

core desigr) parameters as follows:

(i) St]rutctual design parameteTs Å}nclude dimensions and geometries of fuel

subas$emblies and core internals sueh as fuel pin diameter, fuel pin pitch,

spacer wire diameter, wrapping piteh of spacer wires, flat to Åílat distanee

of wrapper tubes, core height, number of fuel pins in a fuel subassembly,

number of fuel subassemblies in a reactor core and dtameter of orificing holes

in orificing devices, etc..

(ii) ThermaZ and hydraulic parametexs Å}nclude material properties such as
                                             i
coolant density, specific heat and therml conductivity of coolant and core
                                       '
stiructual materials and hydraulic data such as coolant pressure loss coeffi-

cient, lateral dxag coefficient oÅí a fuel pin and coolant inixing eoefficient,

etc..

                   .tt t                                                       ,
(iii) Core design panameters consist of struLetual design parameters, and

                       '
therrnal and hydraulic desigri parameters described above.
                                           '     In the prelininaryistage of core thermal and hydraulic desigr), the effect

of st2fuctual design parameters on the core temperature is analyzed and the

                                       4



struetvures of Åíuel subassemblies and core inte]mals are optimized so as to

attain the compac+u coÅée with improved cooling effieiency, namely

(i) a fuel subassembly has feati=res oÅí a small fuel pin dLameter, 5 'h" 7iimi

which corresponds to about one half of a light water reactor fuel pin' and a

elosely spaced fuel pin bundle with pitch to dLameter ratio of about l.2
which is smaller by 2o 'v so%o than that of a zight water reactor(9) 'N' (1?7),'

an6
                                          '
(ii) the core internals include orificing devices within coolant flow channels,

and high and low pressure plenums to regulate a subassembly coolant flow rate

based onaheat generation rate(9) Av al), a5). .
     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 subfaetors which are the safety margins for the uncer-

tainties in core design parameters and finally various possible combinations

of reactor inlet and outlet coolant temperature fulfUing the thermal and

hydraulic design eriteria are evaluated and usually sunmnarized in a diagrraJn
cailed coTe pe]missible operation temperatvtre boundsaO), al).

     Based on this dLagram, !gactor 'inlet and outlet coolant temperature is

optinized taking into consideration the feasibility studies regarding nucXear

steam supply system design with tvt]rbine steam quality, heat transfer area of

intermediate heat exchangers and steam evapolators and coolant eirculation

                                     ttpump pressure head.

     A flow sheet of core thermal and hydraulic design procedures in a detailed

desigr) stage is shown inMable l.1. ,
                                       '
1.2.2 )Cethod and technical problems in conventional core thermal and hyd]raulic

design .

     In core thermal and hydraulic design, operating temperature is lirnited

by the design eriterionthat the core temperature should not exceed the critical
                                                                   .
                                                                       '                                                            '
                                                                  '     '                 '
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values in relation to core safety. orherefore, it is necessary to accomplish
                              '           '                                                                            'methods of detailed core temperatu]ce analyses and eore tempercature reliabUity

analyses in order to assure most reasonably reactor eoTe perÅíommance and core

safety. In the following sections, we w'ill review and discuss vaTious desigrL

parameters related to eore thermal and hydraulic deslgn, methods of hot spot

                           'analyses and the related teehnical problems in the conventional core thermal

                   '                                             'and hydraulic design. . - '
                                                '
                             '1) TechnLcal problems in thermal and hydJraulic 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 afÅíect the core temperatullre such
      .                      'as coolant density, specific heat and thermal conductivity, etc. and . .

b) the mechanical properties of materials which indirectly affect the coTe

temperature such as Young's modulus and linear thermal expansion coeffieient,

etc..

These material properties have been experimentally investigated in sufficien,t
cases(26)"V(52) and there may not be any further probleins concerning with

these material properties.
                                     N1
ii) Hydraulic parameteys , /
     Lateral drag coefficient of a wire-spac'ed fuel pin in coolant flow(16)"V(l8),

which corresponds to the hydrodynanteal d]rag force normal to a fuel pin center
  '
                                                                               'axis, is necessaTy in evaluating the equilibrium configueation of a wire-

spaced fuel pin bundle in a xeactor operating co4ditioh, in connection to the

                                      t. .                       tt
core temperature. However, this coefficient has not been investigated yet.

Its experimental investigation and the contribution oÅí lateral (inrag force to

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

condition will be discu.ssed in chapter 2. The other coefficiehts such as
                     '
                  '                                                      '                                                         '                                                           '                                     '                                                                       .                '
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pressure loss coefficient and coolant nixing coefficient, ete. have suffi-
cientiy been investigated(55) fiV (44) and theTe may not be any further pro6iems

                                                                         '                                  'involved in these values. . • •
                      '               '2) Conventional hot Spot analyses and the reZated techmcal problems

              tt t.. -i) Conventional hot s'pot analyses ' ' .
                                                       '                                 '                                    '                 '   '     In oTder to take into consideration the ambiguLty in the core teinperature

'

                                        '                                                            'due to uncertainties inherent with core design paretimeters (st uctual design

parameters and therrnal and hydraulic parameters), the folZowing proceduLres

are conventionally employed. A function representing the core temperature at

certain point within a core is expanped into wraylor's sexies with respeet to

aU design parame' ters at their nonanal values and the series are tnmcat'ed at

the fi.rst order te]rms, where each design paraJneter is considered' to be an

indebendent variable. The zeroth order term corresponds to the nominal coTe

temperature at the specified point and the first order texms represent the
             '
eontribution to the core temperature due to the deviation of each independent

                                                 '
                                  '
                                                                 '     We define a hot spot subfactor for the core temperatun?e due to a design
                                                                       '
parameter F2 to be 1 + AMI(F2)/ATo, where ATo is the no!ninal temperatu]re rise

at the speeified point and AS]l(F2) is the maximum value of the first order

                              '           'derivative term with respect to FR. In a fo]rmer core desigri concept, hot
                                     '                         -•spot subfactors due to all design paratneters were cumulatively muLltiplied to

gb.xgl;.z,l;Iggzl.f,";li:.i2g.`he,c:g;,Ie:lir.ee":i.e.w,hi...ce.g?.;e..an..e:`ial'lslg,i..

       tt                '                         'method of core hot spot ana!yses corresponds to the lowering in reactor oper-

                                                                           'ating temperatuee and conseguently to the reduction in core economy.

        '    ,Mhus a statistical treatment of uncertainties associated with design

                                                   'parameters was proposed on sueh prentses that uncertain parameteTs may vary

independently one another and that the probabzlistic variation of the co;e

                                                                     '       ttt                                                          '                     '                              '         '
          '
                '
                                     8



                                         tttemp6rature due to these parameters is of the nomnai distribution(2). with

              '
such a probability concept, a hot spot factor corresponding to the confidence
level of 5avwas investigated by H. Chelemer and L. S. Tong(5), where these

hot spot analyses were oonducted with respect to the nominal hottest spot

within a core and hot spot subfactors were eombined statistically or cumla--

                                                               'tively, accorcdLng to their natu]7es. '
                                   '                                                       '                                                                        '     However, under probabilistic aspects of core hot spot analyses, any

point within a core may have the pTobability of being the hottest spot in a core

besides the nominal hottest spot. Therefore in evaiuating the safety confi-

denee Zevel related to eore design values, the probability oÅí eore temperature

exceedLng the design criteria should account for pyobabilistic temperature
variations at au points withinacore(4). in such core-wide hot spot

                  'analyses, uncertainties affecting the core temperature should be classified

into two eategories accoTding to their natures, namely (i) local uncertainties,

which affect the temperature at an individual spot independently within a

rceactor, and (ii) global or eore-wide uncertainties, which affect the temper-

atture at alz spots within a zone to the same extent. Amendola(5)' (6) and

others(7) developed a method oS evaluating the probability that there exists
                            k.         '
no hot spot in the core exceeding the core temperature design criteria taking

into eonsideration a core-wide probabilistic temperature variation. Then,P. L.
Arnsberger(8) and K. sakai(45) proposed a method of evaiuating the probabuity

for several hot spots in a core exceeding the core temperature design crÅ}teria.

     Zn these core-wide hot spot analyses, mathematical treatment for calcu-
                                                                        '                                                     ,lating a safety reliability level is considerably rigorous, while physical
                                                                     'treatments on thermomechanical correlation within a core, coolant flow '

correlatiQn among coolant channels and subehannels and the temperature depen-

dency of material properties are followed after the conventional coneepts.
                                                                      '                                                             'ii) MechnLcal problems in the conventional hot spot analyses ' •
                                                                 .      '
                            '                                                                    '                                                         '
                                                           '                '
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a) Technical problems- associated with the methods of hot spot temperatvLre

evaluation
 '                                             '     Accuracy in the evaluation of hot spot temperature should be improved

by taking into consideration the following subject matters whieh have been

                          t.                                                                           'negleeted in the conventional hot spot tempeMatuee analyses. •
(i) mhe thermomechanieal correlation alnong Åíuel pins(14)'N' (21), fuel

subassembiies and core inte]rnai structunes(46)' (47) in reiation with the

core hot spot temperatu]re should be taken into oonsidexation.
(ii) The coolant flow eorrelation ainong eoolant subchannels(14) 'N' (21) in

a fuei subassembiy and cooiant channeis(22)'V(25) among in a reactor core due

to uneertain'bies included in core design parameters in conneetion to the hot

spot temperature should be taken into consideration.
                                                                     '(iii) The effect of the temperatu]re dependency of material properties,

                                                  '                                                          'especially thermal conductivity of fuel pellets on the core hot spot temper--
ature, should not be neglected (48) 'V (50).

(iv) Because of the rrmtvtal dependency apong core design parameters due to

the above-mentioned correlations and temperatu]re dependeney of material

                             '                                -properties on the core tempe#ature,'the contribution of each parameter to the

                                                                       'coTe hot spot temperature is not linear. '
(v) Some of the uneertainties associated with core design parameters have

off-normal distributions and the resulting core hot spot temperature can not
be treated as normauy distributed (l9)"v(25), (49), (50).

                                                     '                                                             'b) TechnLcaZ probleins in the evaluation of hot spot subfactoscs

                                                                           '    '(i) Hot spot subfactors for the coolant temperatuee rise due to thermal,

hydrodynanteal and irradiation-induced fuel pin deflection and the resulting
                   '                                           '
fuel pin gap variation play an important role ln conneetion to thermal and
                               '                                                (5i), (52)
hyd]rauLic characteristics of fuel subassemblies                                                           , especially for
zooseiy packed wire-spaced fuei pin bundles(14) "V' (l8), and a inethod of

                                                                   .                                               tt
                                                                      '                                                            '
                                                          '
                                                        '    '   '                                                          '          '
                                       IO



evaluating probabilistic fuel pin gap distribution in a reactor operatlng
                                       '                                      'condition should be developed instead of presumipg a normal pin gap
                                                               '     '
distribution. ?he related discussion will be given in chapter 2.
                                                                         '
(ii) The eÅífect oÅí variation in core design parameters on the core temper-

                          '            'ature thllrough subchannel eoolant flow rate correlation related to subchannel

areas and fuel pin gaps should probabilistically be evaluated where fuel pin

gaps substantiaUy show off-normal dtstributibns due to the confinement of a
fuei' pin bundie within a wrapper tube (i9) 'V(2i). conventionany, these pin

gaps have been eonsidered normally dLstributed and the error due to such

assumption will be discussed in ehapter 5 together with the sensitivity ozA

uncertainties to fuel pin gaps.
                                                                     '  '(iii) A method of probabilistically evaluating the efÅíect oÅí variation tn

core desÅ}gn parameters on the cocee tempe]rature through fuel subassemnty

coolant flow Tate correlation. under constant coolant flow rate at a core

inlet should be developed where uncertainties are to be elassified into
several categories according to their scopes oÅí influence (22)'v(25). T'he

                  'related discussion will be gtven in chapter 4.
   '
1.5 Objeetives of the present studies and the related technLcal sigr]ifieannve
        '
     In oTder to optimize eore safety perfonmce under the core temperatxzzee

design eriteria, designed thermal effieiency and neutron economy, it is

 neoessary to accomplish a reliable method of hot spot temperatvtre analyses.
             '  '
 Objectives of the present studies are therefore to accomplish a method of

 core temperature reliability analyses taking into eonsideration the mutual

 dependeney among core design parameters on the core ternperature, vihich

 were not conventionally accounted for, and a method of evaluating a hot spot
                                            '
 factor with the corresponding coxe confidence level within statistical

                                                 ' variations of all uncertainties.
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l.5.1 Parameters affeeting the core temperatuh?e

                                 ' ' . Before coming to detailed dLscussions on core temperature analyses, we
           '    '
will seleet some of the sensitive parameters to the core temperature, which
                                               '                                                                   'are shown in orable 1.2. Whese sensitive parameters aye as follows: '
                                         '
Block Cl]in Table l.2; thermal and hydxaulie parameters, and structual

                                                                        ,desigri parameters. •
Bl6ck(2]in Wable l.2; fuel pin gaps and geornetries of coolant subchannels

                                    '      '                                   'within a fvtel subassembly taking into consideration fuel pin deflection dne
                                'to meehanieal iniceractions among fuel pins as well as among fuel subassembli' es.

BlockC5)in Mable 1.2; subchannel eoolant flow rates within a fuel subassembly

under the condition oÅí a constant subassembly coolant flow rate as well as

subassembly coolant flow rates within a reactor core under the condition of

a constant coolant flow rate at a core inZet.

I.5.2 Necesstty of a pTobabilistic method for evaluating the core temperatuxre

, Some statistical ambigutities are inherently included in core design

paraneters affecting the core temperaeuire as listed in Block (1] in orable 1.2.

ThereÅíore, an evaluation of core temperature reliability level needs to be

discussed in terms of probabllistic procedures. Namely, whether the core

temperature satisfies the design critenta should be discussed in terms of a

eorresponding conÅíidence level A and a hot spot factor H.S.F. (A), which are

defined in the foUowing section.
    '
l.5.5 A new method of evaluating a hot spot factor

     Beeause of the mutual dependency among core design parameters due to

the]rmomechanieal and coolant flow correlations and the dependency of material

properties on the core temperature, the core hot spot temperatu]re can not

substantially be cornpuked in terms of indivÅ}dvtal hot spot subfactors. A hot
                                                                     'spot factor corresponding to a conÅíidencb level A should be deterin[Lned taking

                                                                   '                                                             -                '                                              tt
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Table 1.2 Sensitive parameters to the core temperature

.
[l)Mhe]malandhydrauLicpa]rameters,andstrutctualdesignparameters(norninalvaluesand

probabilisticdistributions)

(l.i)materialproperties(density,speeÅ}ficheat,Young'smodulus,etc.)
[1.2)hYd]raulicparameters(lateraldragcoeff.,pressurelosscoeff.,etc.)

(l.5)dLmensionsandgeometriesofÅíuelsubassembliesandcoreinte]rnals(fuelpindLameter,
spacerwiredianeter,orificingholediameter,etc.)•,,

'

.

C2)Subchannelandchannelgeometries
(2.1)fuelpingapsand"coolantsubchannelgeometrieswithinaÅíuelsubassemblytakinginto

.Coretemperature considerationthermomechaniealinteraetionamongfuelp:ns
(2.2]cooZantchaunelgebmetrieswithinareactorcoretakingintoconsiderationthermomechan-

icalÅ}nteractionsamongfueisubassemblies

(5.1)subehannelcoolantÅílowratewithinafuelsubassembiytakingintoconsiderationcoolant
' flowcorrelationsundertheconditionofconstantcoolantflowrateinafuelsubassembly

(5.2)channelcooZantÅílowratewithinareac`vorcoxetakingintoconsiderationcoolantMow
correlationsundertheconditionoÅíaconstantcooZantflowTateatacoreinlet



     '
into consideration the above-mentioned nmtual dependency among all para-
                                             '                                           'meters and their probabilistic variations.

     In the present studies, a hot spot factor is expressed in te]rms of two
      'subfactors being responsible for the inner-subassembly correlation ahd the.

inter-subassembly eorrelation for computational convenience as to be
                                                                             '                     'explained later on. P]rocedvnres empl6yed in the present analyses axe showri

                                 'in Tabie l.5 and axe explainea in detail as follows:
                                                                     '                                                            t.     IM3R the]rmal and hydraulics may be divided into following two parts,
         '                                                '                                                                tt

                'Block El), inneT--subassembly thermal and hydraulics, and

Bloek C2), inter-subassembly thermal and hydraulics.

A schematic representation of reactor core internal stxuctures in a case

of a typical prototype pmBR which correspond to Block [2) is given in Fig.

I.1, and subassembly internal strmctures with a fuel pin bundle of a corres-

ponding mnilBR fuel subassembly are shown in Fig. I.2.

     Block (l) includes the following analytical procedures.

Block Cl.l): For the nominal values of thermal and hydraulic parameters and

fuel subassembly st]ruLctual parameters, fuel pin deflection and subchannel

tempeicatU]?e anaiyses within a fuel subassembly are to be performed taking

into con,sideration fuel pin deflection as weU as subchannel coolant flow

                                       'correlations under the condttion of constant subassembly eoolant flow yate.
        '
tehese subjects will be dtscussed in chapter 2.
                                                                   '                                                                           '                                                                   '                                           'Bloek (l.2): CondLtional probabilistic drLstributions of the fuel pin gap

                                                                           'and the core temperature P(MTIwT) within the Tth fuel subassembly under

                '
consideration due to statistical variations of thermal and hydraulic para-
                                           '            'met,ers and structual design paraineters are to be analyzed taking into con-
                                                   '                                                                     '
sideration fuel pin defleetion as well as subchannel coolaint flow correZation

                                               t/1
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under the condition of constant subassembly eoolant flow rate wT. These

subjects wiil be discussed in chapter 5.

    .Block [2] includes the folZowing analytical procedures.

                                'Block (2.l): For the nominal value of thermal and hydraulic paraJneters and

                          t .t .core interna! st]ruLctual paraJneters, fuel subassembly coolant flow rate

                                  'analyses and subassembly deflection analyses taking into consideration fuel

subassembly coolant flow correlatibn as well as subassembly mechanical
                                                                             '  'interactions under the constant coolant flow. rate at a coTe inlet wM are to

be perÅíormed.

Block [2.2]: CondLtional probabilistic distribution of Tth fuel subassembly

coolant flow ]rate p(wTlwT) due to the statistical va]riations of the]7mal'and

hydraulic parameters and core structual design parameters are to be analyzed

taking into consideration coolant flow correlation among coolant flow

ehannels under the condition of constant coolant flow rate at a core inlet.

Mhe detailed discussion on Block [2.l) excluding the fuel subassembly deMec-

tion analyses and on Block C2.2) will be given in chapter 4.

     Block C5)includes eore thermal and hydraulics taking into consideration

the mutual the]rmomechanical aep6ndency of fuel pins within a fuel subasembly
                              '
                                                                       'and of fuel subassemblies within a reactor core as follows:

Block (5,1] i. FUel subassembly deflection analyses are to be performed based

on the temperature distribution within wrapper tubes based on fuel pin deflec-
                                             '            '                                     tttion modes within subassemblies and the effect of heat transfer through
                               '
adjacent wrapper tube walls on fuel subassembly deflection.
                                                                           'Block (5.2): EtuLel pin deflection and $ubchaunel temperatuire ainalyses within

a fuel subassembly are to be performed based on the bounda]?y conditions related
                                           '
to the fuel subassembly deÅílection 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 Åíol]ows:

                                       l7



                        't'
                                                                             'Bloek [4): Based on the eonditionaZ probabiListic dtstribvLtion of the core

temperature within the Tth fuel subassembly P(TqiAig) under subassembly

coolant flow rate wT and the conditional probabilistic distiribution of

coolant flow rate in the corresponding fuel svtbassembly P(wTlwor) under the

                               'total.coolant mow rate a' t a core inlet'  wT, the probabilistic distribution

of hot spot temperature P(MTIwM) under the condition of constant coolant

flow rcate at a core inlet is to be computed according to ad(lition and multi--

plication formuZas in the theory of probabil;ty as Åíollows: ••.

               '                 '     P(TTlw[V)=f'"'''fP(Il)ll)P(F2 2)'''''P(E2 .) jX P(MTI WT)P(Wr1WM)(i[FRldFR 2'''dl[?R.

                   . Wr                                                                            '                    '                                                       '             '                 ' '• • '• (l-1)                                                               '
Where Tr and wr are the hot spot temperature and the coolant flow rate in the

Tth fvtel subassembly under consideration, respectively. .,. wT is the total coolant

flow rate at a'  ]?eaetoir core inlet and ]?Rl, F2 2'.,]l2 n and P(F2i), P(FR 2)''", '

                                                                       'P(I"Rn) are uncertain paxameters affecting core--wide inney-subassembly and

inter-subassembly charaeteristics and the probabUistic distributions of

the uncertain parameters, respectively.

                                ,     Block C5) includes calcuJations on a hot spot factor H.S.F.(A) with eon-

                                                                       'Åíiden6e levelAas follows: '
                                            '                            '                    'Block C5): Based on the probabilistic dtstribution of the hot spot core

temperature p(TTIwT) undeti wM, the hot spot factor H.S.F. (A) with confidence

level A for the Tth fuel subassembly under consideration which corresponds to

IhHT?ski::bi.ZilZs'tiloillg]slhe COre temperatifee .does not, exceed a givgn te.mperature

     H.s.i".()i).i.{M:'tt/ T}, .•.'.'''• (i-2) .'

            . ,T                            -• N.          - T :n •                                                               'where mHT'S' (A) is the temperatuxe corresponding to the foliowing definition

   '                           '                                                        '                                                           '                                                                '                                                                  'as shown in Fig. l.5, ..' •" ' .                  . -. '                                     '              tt                                                                      ,                                                            '                           '                                                                 '                                                            '                                   '                                         '                                                   '                                                       .t                                           '          '                                                                         '                                     '
                                                                          '                                       l8
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      mH eS e( A) . ..    f Tp(m.Iw[I])dro. =A. , (l-- s)
     o,                                                                              '                ' usually, t}Iermal and hydraulic design paraJneteirs are' optimized that T\'S'(A)

                                                            '
-may be equal to the core temperature design criterion for a preassigried
                                                          ' conÅíidenee ZevelA. T-in corresponds to reaetor inlet coolant temperatune and
                     ' Tll corresponds to nominal temperature at the specified core point under c6n-

   '              tttt sideration.• . .
      A method of fuel subassembly deflection analyses takirig into considera-

 tion the mechanical interaetion among subassemblies indLcated in Block
 [2.i.s) has been deveioped(46)' (47) and the anaiyses of thermai and hydrauiÅ}c

 charactentstics of a core taking into consideration the theTmomechanieal

 eorrelation listed in Block (5) tu]rn out to be possible at present, however
                 '                                                           '
 sample calculations shown in this paper do not include analyses correspondtng

 to B]mock (2.1.5) and Block [5) in oxder to avoid redundant computations. '

 , For the nmtual hydrodynamical dependency oÅí inner and inter-fuel sub--
                                         .                                '                                                                               ' assembly hydraulics indicated in Block [l) and Block [2] on the core temper-

  '
 ature through coolant flow correlation within a Teactor core, the foUowing
                                                   '
 e)cpedtent treatments ance emp4..pyed. NaJnely, the probabilistic distribution

                                                           ' of hydraulic resistance across a fuel subassembly due to the variation in
                           '                                                      ' structuql design parameters of a fuel subassembly is evaluated based on factory

 data as indLcated in Block Cl.2.5] and the resulting probabilistic distribu-

                                               tt                                   ' tion is introduced into evaluation on a probabilistic distribution oÅí a fuel

                                                 ttt t subassembly coolant flow rate indLcated in Block (2.2.2). Mhus, the effeet

                          tt                               '                                                                           ' of the local variation in strvtctual design parameters within a Åíuel subassem-
                               '                '                    'bly on subassembly coolant flow rate and the core temperature is effectively
                                                                     '                                                                        '                                            '    ' taken into consideration. • ' ''
                                                   '                                     '              '                                                                             '                                                                    '      The dependency o# the conditional probabilistic distribution function

P(TTIwT) on wT,the deviation range of which is actually within Å}109(o to its

                        '                                                        '                                      '                                                            tt                                                         ' .         '            '     '                 '                                          '                           '                              t'                '                                                        '                           '                                                                        '
                                                         '                                        19



nominal vaZue, is almost linear because of the week dependency of sub-

channel coolant flow rate Tatios among subchannels and rnaterial properties

through the core temperature on subassembly coolant flow rate wT. Based on

the above-mentioned reasonings, it may be verified that the hot Spot 'factor

H.S.F.(A) 'corresponding to confidence level A defined by expression (1-2)

may be expressed in terms of two hot'spot subfactors eovering core temper-m

atu]re variation due to inner-subassembly and inteT-subassembly temperature

correlations. The prime objective of the present study is to accomplish

core design proeedures explained in Mable l.5 to evaluate a hot spot factor

of a core which coTresponds to the specified confidence level taking into

consideration the probabilistic contributions of desigr] parameters with

their iirvLtual dependency to the core temperatune.
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Table 1.5 Procedures of hot spot factor analyses

Reactorc thexmal 8; hyd raulies

[Z) Inner--subassembly charaeteyistics

[l.2]EvaluationofprobabU-•
isticvariationincore
desigapaeameters

[Z.Z)EvaluationofnominaZ
coredesignparameters

] -nt-L-.----L-- t

I

I
I
I
l

[1.2.l] ProbabUistic distrib-
       utions of core desigri
       parameters
   l) material properties
   2) hydraulic paraneters
   5) strutctual design para•-
       meters
[1.2.2] Probabilistie distrib-
       ution of fuel pin gaps
       taking into considera-
       tion Åíuel pin nmtual
       interactions

[1.2.5) Probabilistic distrib-
       ution of hydraulic re-
       sistance within a sub--
       assembly under constant
       subassembly coolant flow
       rate

[l.2.4) ProbabilÅ}stic dLstrib-
       ution of the core temper
       atumre under consteurit
       subassembly coolant flow
       rate

         [Ii) ([I], l w.)
l

[2)Xnter-subassemblyeharacteristics

E2e1) EvaluatÅ}on of nominal
eore design parameters

[2.2) Evaluation of probabil-
istic variation in core
desigri parameters

 l.l.1) Nominal core design
       parameters
   1) material pToperties
   2) hyd raulic parameters
   5) st]ructual design para-
       meters
[l.l.2] Subchannel geometries
       taking into eonsidera-
       tion fuel pin mutual
       inteTactions
   L) fuel pin deflection
   2) fuel pin gaps
[l.1.5) Thermal 8s hydraulics
       under constant sub-
       assembly coolant flow
       rate
   l) core temperature
       distribution
   2) subchannel cool&nt
       flow rate distribution
   5) pressure distribution

]

l
l
a

i
i
i
l
1
i
j
'

}

l

[2.l.i] Nominal core design
       parameters
   1) rnaterial properties
   2) hydraulic parameters
   5) strmctual design paTa-
       meters

[2.I.2) Subassembly coolant
       flow vate taking into
       consideration eore
       internal coolant
       channei geometries and
       nmtual chamel coolant
       flow correlations under
       constant reactor inlet
       coolant flow rate

[2.l.5] Subassembly deflec--
       tion taking into con-
       sideration nmtual
       subassembly interaetions

[5)

[5.I)

[5e2)

Mhermal & hydraulics taking into
consideration mutual thermomechanical
interactions among inner-subassembZy
and inter-subassembly

  Subassembly deÅíleetion taking into
eonsideration the heat transfer
thrrough wrrapper tube walls and fuel
pin deflection

  Eiuel pin deflection and thermal &
hydtrauZie characteyistics takÅ}ng into
consideration subassembly deflection

[2.2.l) Probabilistic distrib-
       tions of core design
       paraJneters
   l) material properties
   2) hydraulie parameters
   5) strmctual design para-
       meters
[2.2,2) Probabilistic distrib-
       tion of subassembly
       coolant flow rate taking
       into consideration
       muLtual charmel coolant
       flow correlations under
       constant reactoT inlet
       coolant flow rate

         P(w.IwT)

[4] Probabilistic distribution taking
intoconsideration coolant flow
eorrelations amongall channels under
eonstant reactor inlet coolant flow
rate

p([e.iw[ii)

=f' .. fP(F2l)' '[P(Fl.)2SIP(TTiWT WT)P(WTl.T).

•dFl1•••••diS?
n

where
Flx'''F2n: core--wide

affecting
uncertainties
inner-subassem-

bly and inter-subassembly
characteristics

[5) Hotspot factor HeSeF•(A) with confi-
dencelevel A

H.STTA"- mll

H.S.F.(A) -l+[ N
)'

[[1-T '

T zn
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                                   Chapter 2
                                                     '                                         '           Evaluation of fuel pin bundle deflection and its effect

                            on the core temperature

                           '
     In this chapter, discussion on the inner-subassembly characteristies

under norninal core design parameters described in section 1.5.5 wil1 be g.lve.n.
        '                                         tt]iUel pins in aiilME[BR fuel subassembly are deflected from the nominal cenfÅ}6ru-

ration under temperature gradient, hydrodyriamical force exerted by coolant ftow

and thermal and irradiation induced ereep and swelling. Espeeially in a- case

of a wire-spaced fuel pin bundle, whieh is usually packed loose to cora"pensate

for swelling of fuel pins, the deflection influences the subchannel coolant
flLow dÅ}stTibution and thereforce th6 hot spot tempe]ratuire(l) 'N' (4), wheLee th/

deviation in the edge fiow coefficient(5)' (6) from the nominaa vaiue t-JL.es

a dominant role. In reactor operating condition, wire-spaced fuel pins are

in contact with the adjacent ptns or wrappeir tube flats at vaTiable loeations

with complicated deflection modes, whieh are gove]med by the eq-u:'Llibt iLz•z con-

dition based on thermomechanical, hydrodynamical and irradiation effects(l)'V

(4).

     In o]rde]r to evaluate a hot spot factor associated with the co.Te tem•r.eLe-

ature rise in reactor eore design, the equilibrium configutiration of a fuel

pin bundle with the correspondLng subchannel coolant fLow distribution shouLd

                                                     'be known for fuel subassemblies in different flow' zones. Some analytical-
methods have been published(7)' (8), which inay bg applicable to the deflection

analysis of a giridded 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 Åíixed. Fu]?ther,
                                                 '                                                                           '                                                                            ttthe hydltodymamLcal force exerted on a defleeted fuel pin is necessary to ..
deterrnine the equtlibrium bundie eonkiguuration(1) AV (4), the effect of which

                   '
'rnay usually be neglected Åíor a gridded fuel pin bundle. ' 4

 . !n this'chapter, a method of evaluating the three-dimensional deflection

of a wire-spaced'  fuel pin bundle and•the correspondLng deviation in hot sp'ot
                                                '                               'svtb' factor is presented with boundayy condLtions of an arbitrarily bowed
                                                                              '                               'wrapper tube. Teinpeyature gradient across a fuel subassembly, hyd]rodynanzLcal

force due to coolant flow and irradiation effect are taken intb consideratioh

in connection to the evaluation of deflected pin bundZe configuJration. The

locations of fuel pin contact with adjacent fuel' pins or a w]rapper tube Åílat

with or without an intervening wire spacer and the corresponding mechantcal

loads .are consistently detemined with generalized flexibility matrix based

on the equtlibrium condLtions of a fuel pin bundle. In connection to evalu-

ating the hydrodynamicaZ drag force on a deÅílected fuel pin, experimental

investigation on the drag coeffieients Åíor various types of wire-spaced fuel

pins was earried out using a water loop facility siimalating the hydrodynamical
                                                '
properties of sodLum since the drag coefficient depends on the wrapping pitch
                                                      '                                                                      'and the diameter of spacer wire. A .few experimental studies have ever been
done for.the drag coefÅíicients for smooth tube(9)' (iO), however those for a

wire-spaced fuel pin have not been rePorted yet. For calculating subchannel

coolant flow rate ,. and temperature distributions in a fuel subassembly, a .
Iumped parameters technigue similar to that empp.gyed in coBRI!-IIIc(11) is '

iteratively cou ?led to the bundle deflection analysis.

2.2 AnalyticaZ .fommtlation . . .
                                                          '                  '                                           '                                                                          '2.2.l Assumption underlytng the pin bundle deflection analysis :
                                                                           j                                                                            '                                                                    '     The present fuel pin bundle deflection analysis is based on the folloiking

                        '                                                                'assumptions: .••
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i) Non-uniform thermal expansion of a fuel pin due to eircumferential

temperatvLre variqtion, hydrodynamical Åíorce acting on the periphery of a '

defleeted fuel pin, thermal and irra(liation induced ereep and swelling, and

tthioe nlnLtiai P.9WinEi Of Er f}iei pin are th.e Åíacto]rs affectLng fuei pin def}ec-

                      '
ii) Mechanieal behavior of a fuel pin Å}s tyeated on a beam deflection

model, the cross--seetional shape of which is invariant under the app!ication

of external t'orees at fuel pin contact points.
                                                                              '
ma) A fuel pin is rigtdly fixed at the lower end anLd is non-twistable. The

upper end may either be free or fixed accordLng to the design of a fuel pin

bundle under consideration. !n the curTent analysis, the upper end is kept

                                                                       '
      .
iv) Eh?ictzonal force at pin contact is negligxble wzth respect to the fmal

pin bundle configut]ration.

:) A wrapper tube deflection which can be calculated with a method described

in references (12) and (l5) is considered as the boundary conditions for a

fuel pin contact..

2.2.2 Equations governing fuel pin deflection '  '
     Vnder the beam defleetion model., the general differential equati6ns of

elastie deflection are as follows:

                          b
                                '  1 la2oUi:iZ) = -. ,E.,. Å} Ii Mi,.(.), ' (2-la)

     x
                                                                        '                            '                       '     o2vi (z) i '
       O.2 =-: ii.(7j;X'. Mi,y(Z)' '(2-lb)
                                    '           '                      '           '                                                                    '                                       '                                                                 '                  '
where ui(z) and vi(z) are the x and the y coordinates of the central axts 6f

the deflected fuel pin i at z. Mi,.(z) and Mi,y(z) are the x and the y

                                                                       '       '                           '                                                   '         '                                 '
          '
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components of the bending moment and Ei(z) is the modulus of elasticity of

the fuel pini at zrespeetively as Ulustrated in Mg. 2.l. ui(z) and vi(z)

may be expressed in terms oÅí the coordLnates of the central axis of fuel pin

i at z == zo, i.e. {ui(zo), vi(zo)} and its deMection xi and yi at z, namely

                                                                    '              'l                                     '            t/t                      .                                      .t               t.              '                    '
 '                                '    -Ui (Z)=Ui (zo)+xi (z), '(2•- 2a)
                                               '

     Vi (Z)=Vi (Zo)+Yi (Z)• ,'• (2- 2b)
                                                   '

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

in eq. (2-1) is apparently expressed as ÅíolZows:

                                                   '    Mi(z) = M: (z) + ]vrl.l(z) + ]Gil(z) + Mi (z) + Mg. (z), ' (2•-s)

where M!. (z), iyE(z), rql.l(z), iy(i(z) and Mg. (z) are bending moments oÅí the fuei

!

pin i at z due to non-unifomn circumfe-Tential temperature dLstribution,

external loads acting at ÅíueZ pin contact points, hydrodynaJnical force acting

on the periphery,'non-uniÅíorm swelling and thermal and irradiation induced

creep, respectively. M.(z), Mi. (z) and M2. (z) may generally be expressqd in

terms of lopgitudinal strain ei(x,yiz) as follows:

                                   '                        -t    MI I9'C(z) =fA x el 'S'C(x,y,z) E (Ti) dA, (2--4a)

                                              '                                   '

    M.lyS'C(z) =fA yE: 'S'C(x,y,z) E (Mi) dA, (2-4b)
                                       '
               '

where integration is carried over the fuel pin cross section A,
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                                 '    e:. ,(x,y,z) =cr (ri) Ti(x,y,z), ' ' (2-s)1
          '                                                                      t                                                                      ttt                                                              '                              '    e.S.(x,y,z)=fS(Mi,ipit), . ' ' (2-6a).
                  t tt                                                                       '                              '                  '
                  '                          '                     -/              '
              .-                                     '                                                      '                  '            tt t                      ,      '       '              t.                                  '    '    eg.(x,y,z)=fC(mi,g6it,ai). '• (2-6b)
                                                    ''

        '                                          '
                                                               'Here, Ti(x,y,z) is computed using a lumped thermal-hydraulic subchannel

analyses code explained in section 2.2.6 taking into consideration the Åíeed

back effeets between the fuel pin bundle deflection and the fuel temperature

iteratively. a(Ti) is the linear thermal expansion coefficient oÅí the fuel

pin i at (x,y,z) while fS(Ti,Åëit) and fC(mi,Åëit,ai)(i4)' (l5) are strains at

                         '(x,y,z) due to sweUing and creep under temperature Ti, neutron flux tirr}e ipit

                                      'and stress ai. i<I](z) and Mli(z) a[re given by the Åíouowing expressions:

                                           '

    Mli,.(z) =f,lkRi,k! ri(zi,k,)(zi,kt-•z), (2-7a)

    ]Ylii,y(z) =k"Xk,i/kR,,k, 6.(z.,k,)(z.,k,-z), (2--7b)

for
                        ' x''
                                      '     Ze(Zi,k.-l<Zf{! zi,k) with k = 1,2,...'.., kl ,

and

                    '    ]!il•ll ,.(z) =o, (2- 7a')
           '
                                                               '                                                                       :    1vrlil,y(z)=o, ' , (2.-tirb`t•)
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           'Åíor .

     Z>Zi ,kt

where ri(zi,k) and 6i(4i,k) are direetiona! cosines defined such that if the

inte Fr:i.t:.fkgL.ie.:glpOj?:.S.,i:,the fuel PM Z' , / . •• (2-g.)

                                         '

     6i(Zi,k) =-= Sinfij(Zi,k),' ' (2-8b)

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

the fuel pin i,
                                                                         '                                                            '
     ri<Zi,k) ii! --COSPi(zi,k), ' (2-8af)
      -
                                 '     6i(Zi,k) =- -SinPi(Zi,k), , (2--8b,)

as iUustrated in Fig. 2.2. • .L

    ivili!,.(z) :EZ+wi(zt')r\. (z")(z"-z)dz", ' (2-•ga)

                                      '    iy(l,y(z) =: t2Z"wi(z")61.l(z")(z,t-z)''fiz". . (2...g6)

                                          '                                                         '

Here, zi,k is the z coordinate oÅí the kth eontact point from the loweve end

of the fuel pin i, Ri,k is the load on the fuel pin i dvLe to pin contact at

zi,k and Wi(z) is'the no]rmal component oÅí the 4y. 9, ;.,.odynarnical force acting on

a unit length oÅí the fueZ pin i at z. r\. (z) and Og. (z)' aire directional cosines

of Wi(.z) with respect to the normls Nx ap. d Ny to the ith fuel pin at z lytng

on the planes normal to •the axes y and x as Ulustrated in Fig. 2.l and for
smaii defiection i.e. o ro,rl (z) apd 61.l(z) may simpiy be expressed as foiilows:

                                                           .                                            tt               '                          '

                                                       '                                                                   .
                                                                         '
                          '



    rg. (z) :cosgi(z), . ' (2-loa)
                                                                            ft                                                                           '                                                                   '                                                                  '                                     '    5\. (z)ilr sin9i (z). '. ' .. (2-10b)
                   •t                                                                            '                                 '                   '
Experimental determLnation of Wi(z) for a wire-spaced fuei pin will be Teviewed

                                                                         .in seetion 2.5i . •'.' '  ''  '
     It should be clear that lyllll(z) and Mg. (z) depend on the polar angle ef the

deflection and the inte]mal stress ai(z) of the fuel pin i anq therefore eqs.

                                                       '(2-ia) and (2-lb) 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.

2.2.5 Boundary conditions , -
     In the present analyses, the following boundary conditions are employed.
      .       '
However, the supporting conditions for a Åíuel pin bundZe at both ends are

arbitrary and their alternation does not affect the proposed analytical pro-

ceduires .

a) Pin bundle supporting conditions:
                                          '
     A fuel pin b?ndle is rigLdly supported at the lower end i.e.

                                                           '     xi(zo) == yi(zo)=O, '' . (2.-lla)
                                        '                                                                '                                     -                              '                                                                   '     dxi(zo) dyi(Zo) ... 1'     dz --'d"-"-"-'-z =O,• .1 (2-llb)
                                                              '
                                                                  '                                          '                                                       '                       '
lkd.tg.fEe.;,31 .]h:.",P.gZg,g:g' ,gP,g?,ls,21:?g,;...:::.lf-;".,i:xg ?;".:tg?r"tion

                                                'b) . IPuel pin contact conditions: ' '

' A Åíuel pin •may contact with the adjacent fuel pins or a wrapper tube

flat with or without an intervening wire spacer dependLng on which Zayer the
                                                                            •-
fuel pin under consideration belongs to and which direction it is deÅílected

to. In a case of the fuel pin i making contact with the adjacent fuel pin j

                                                                         '                      tt                                                                        .           '          tt                                                         '                                '
           '
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with an intervening wiTe spacer illustrated in Fig. 2.2, the foUowing contaet

                                                                    -tcondition should be satisfied. Let q(z) be a center to center dtstance of

the fuel pins i anq j at z, and .zilj,Lbe the z eoordLnate of the Lth contact

                                                           '                                                                      'point between the fuel• pins i and j from their lower ends, then

            tt .. .- ..t. . -                     -             tt                   '
    q2(zo) =={ui(zo) - uj(zo)}2+{vi(zo) - vj(zo)}2, (2-i2)

         '
        '                                          '                             '                                                 '

    q2(zi ,j,L)= { ui (zi ,j,L) -uj(zi ,j, 2} 2+{vi (zi ,j,L) -vj (zi ,j ,L)}2

                         '               '              ={ri(zi,3,L) + r.}2 + {rj(zi,j,2i) + r.}2

                                        '                '              -p2{ ri (zi ,j ,l) + rw} {rj (zi ,j, L) + r.} '

lt

              cos{ Pj (zi ,j,L) - P i (zi ,j ,l) } , (2-l 5)

                           '                               '

Where Pi(zi,j,L) and Pj(zi,j,L) are bhe directional angles of the fuel plns,

i and j with respect to the center of iptervening wire spacer at z = Z,z• ,j,.e,

respectively as illustrated in Fig. '2.2. ri,r and ri are the radLi of the

intervening wire spaeer an,d the fuel pin i. Deflection of the fuel pins i

and j may be correlated to g(zo) and q(zi,j,Ae) as ÅíollOws:

                              '
                                              '          '    '    {xi(zi'ij,L) ' xj(zi,j,L)}2 + {yi(zi,j,.e)"'):Jttj(zi,j,LS}2

                                      t-.                                  '                     '
                                                          '    = q2(zo ') +q2 (zi ,j, L) -2q(zo)q(zi ,j, .e) cos{2 i(zi ,j ,.e) - Ri (zo )} , (2-l4)

                                                                    A
                      '                                  '                           '
where Ri(zi,j,Ae) is defined svtch that
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     Ri (Zi , j , .tl)

     ....a[{lzJ.!(:.Zii.z.aL2diiEit2-;2EEIiEZI:t{l!;{IS'llllre i)}( .)JS( )}( ))''

              , . (2-l5)                   tt            ttt                      .              tt                     '
Substituting empressions (2-l2) and (2-l5) into (2-l4), the following boundary
'                                                     'condition for fuel pin contact may be derived, which is lineax in defleetion
              '
of the both fuel pins:

      {ui (zo) -- uj (zo)} { xi (zi ,j,2 - xj (zi ,j ,le)}

          '
      +. { vi (zo) - vj (zo)} { yi (Zi ,j,L) - Yj (Zi ,j ,.e)}

                                         tt                          '                                       '      = q(zo)[q(zi,j,L) cos{2i(zi,j,L) -Ri(zo)} -- q(zo)]. (2--l6)

 t
                                                            ''Zn expressions (2-15) and (2-15), either Pi(zi,j,L) orPj(zi,j,2 is known

                                         '                               ' depending on whose wire spacer is intervening. Mhe rest is to be detetmned
                  '        '                             ' in a course oÅí contact search as is expZained in section 2.2.6.

      For pin contact without an interverdng wire spacer, the contact dondL-
                                    '                              '         ' tion (2-16) is general when rw is set to be zero in expressions (2-15) and
                                                 '                                      '                                      ' (2-i5)• ' '
                                    t.      In a case of the fuel pin i in contact with the inner flat of a wrapper
                                      '
 tube, let

be a

of a

Ue(Z) + a

general

wrapper

e(Z)Ve (z) + be(z) = O

equation for the

tube at z, where

.inner

Ue(z)

boundary

atnd ve(z)

of the

 are'x

                (2-17)

                     t ,s'
hexagonal cross sectioh

and y coordinates and
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ae(z) and be(z) are previously known constants, then the boundary conditidn.

                                                                        t J..of fuel pin contact on a wrapper tube flat at z = zi,e,L.wtth an interventpg

wire spacer may be expressed as follows: • '

                           '                      .              '
     Ui (Zi ,e,L) "{ ri (Zi ;e ,2)+rw}CO FP i (Zi ,e,L) +rwC?SPe (Zi ,e ,L)

                        '
     + ae(Zi,e,l)(Vi(Zi,e,2z)-{ri(Zi,e,.tl)+rw}SinPi(Zi,e,Ae) +

                                                                '                                                        '     + rwSinPe(Zi,e,e)]+ be(Zi,e,.e) "O' ' ' (2-18)

In the above eq. (2-17), zi,e,L is the z coordinate of the lth contact point

between the fuel pin i and the side e of the hexagon from the lower end and .
      .
Pe(z) is the directional angle from the center of the inteÅévening wire spacer

to the inner flat of the wrapper tube in eontact.

, For pin to wtrapper tube contact without an intervening wire spacer, the

contact condLtion (2-l8) is general when Tw is set to be zero. ..

2.2.4 General solution of the deflection eguation
                                                                         '
     Solutions of eqs. (2-la) and (2-lb) which satisfy the boundary condi-

tions (2-lla) and (2-11b) may genera.11y be written as follows: ' •

                                                       '           '  tt
                                               '                                                         '                                                '     xi(z) == xY(z)+xl(z)+x.i(z), .. (2-iga)

       '
           '                   '
     Yi(Z)=Yl (Z)+Yi• (Z)+Yi• (Z), .(2-l9b)

t.

where

                             '
          '
                     '
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li
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ze( z.
It

k-1< Z-< Zi ,k) with k = 1, 2, ....., k:.
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kSi(ls.   .2 i- Z] Zi,k, 2E

6( Zi ki)

i,k, rei L -
Ri ,k, •' . (2-21d)
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xl. (z) and yl. (z) aTe the x and y coordinates of the initially deflected eentrai

                                                                    '                                                                           t It.axts of the fuel pin i. . • ..'                         '                                                        tt                                                           '     It should be remarked that the dependency of the modulus of elasticitY

                                 '                   '
of a fuel pin on temperature in the range of current interest is negligible

with respect to the final fuel pin defZbction in engtneering point of view

and in deriving xi.](z) and yl.}(z), E(mi) is kept constant E(EFi) for simplicity.

tt

However, in a case that the dependency considerably reflects on the evaluation
                                                                             ttof fuel pin deflection, the ' interval of z is subdivided into a reasonable

numbeÅé of subintervals in which the dependency may be negligtble and solutions

corresponding to these subintervals should be analytically connected to give

x8•(z) and yi(z)(i.2), (is). . . . ,
2.2.5 Equilibrium matrix equation for fuel pin bundle deflection

     So far, generai solutions for th]ree-dimensional fuel pir deflection

(2-19a) and (2-19b) and contaet conditions for fuel pin to fuel pin (2-!6)

and fuel pin onto wxapper tube flat (2-Z8) have been derived. Henee, once

contact points in a fuel subassembly are established, the corresponding

algebraic equations satisfying contact condLtions may simultaneously be

solved for loads and the equilibrium deflection modes of all Åíuel pins in a

subassembly are subsequently determiped. Procedures for searching con'tact

points are to be explained in section 2.2.6.
                                                            '                                                  '                                       tt     rn expressions (2-l6)' and (2-l8) representing the geometrical correla--

tions of a pair of fuel pins or a fuel pin and its adjacent wrapper tube flat,
                  'subscripts (i,j,Le) are employed whUe in expres.s.ions (2-19a) and (2-19b)

including the elastic deflection oÅí a fuel, pin du.e to loads distributed along

the axtal dLrection, subseripts (i,k) are practical.. However, to avoid the

                                                                  '                                                                '                               'complextty assoeiated with those subscripts, we define a pair number p to.i

every pair of adjacent fuel pins and every pair of a peripheral fuel pin atid

its adjacent wnapper tube flat. Then, load Ri,k ma"r be rew]ritten in terms

                    '
                                                '                                                            '                                                                        .-                                                '                           '                                                            '                             '
           '                                                                   '                                              '                                       40 ..
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                         , where .EL indicates the .eth contaet point Åírom theof a pair number p as R
                      P,l
lower ends of the pairpas before. • •'i'

.

' Suppose a set of n+ eontact points to be started with are temporarily

presumed through contaet search as indicated in steps 4 and 5 of Table 2.l,

                                   substitution of solutions (2--19a) andthen for eaeh contact point z = z
                               p,z
(2-19b) with definitions (2•-20a), (2-20b), (2-21a) and (2-21b) or (2-21c)

and (2-21d) instead of (2-21a) and (2-21b), which represent the eorrelations

between the x and the y disp' lacements of fuel pin i or j and unknown loads

on pin i or j due to contacts, into a contact condition (2-l6) or (2--l8)

resuJts in a linear algebraic equation in loads R p,.e which are aeting on a

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

                              Gn+ sinmltemeous algebraic equations in R                                          corresponding to all preset con-

tact points are derived which are expressed through straightforward rearrrange-

ment of equations in terms of an matrix equation of the following form:

                                         'i

                                     '

where R=h(Rn) is pa-:olumn vector whose element Rn(ERp,e) is a load corres-

j2i".d•i.",g,`.O,g2g,(.{i',Sh',-g.'{"'8,',L..)l:.C.fi",t,?gt,l.O.in;l:,a.Sl.ib,paill,e.M,p21i::r.o"idedthat

     Suppose the mth row of the flexibility matrix M corresponds to the Zih

{l-Xii•l,zl+iikf.ii:;Xl:•ii•g•I•ei:.e2gCi.i;;i`iiiiii,lli/.lgi•:igg.giil,lggSii•e,gu,;ipins•

                                                                     'numbers p(i,j), p(i,cs), p(i,c4), p(i,Cs), P(i,C6), P(Z',C7), P(j,Cl), P(j,C2),

P(j,Cs), P(j,c7) and p(j,cs) where %, c2, .•..., cs are the pin numbers oÅí

eight fuel pins surroun6tng the fuel pins i and j as shown in Fig. 2.s. xri

                                                                       'a case that one or both of the fuel pins i and j belong to the peripheral
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layer of a fuel subassembly, c may standcr. for one of the six flats of a

wwapper tube and the number oÅí pairs involved in the equilibrium equation

diminishes from the geometry of a fuel subassembly. tehe numerical order of

the above listed eleven pair numbers differs ac.cording to which fuel pins in

a subassembly i and j refer to, nevertheless all the pair numbers are fixed.

Mherefore to faciZitate diseussion, let the above listed eleven pair numbers

be represented by p(el,rp1), p(e2,rp2), ".', p(elo,rplo) and p(ell,rpu) such

that

                                                '
     P(X, Z) <P(e 2, rp2)< ''''' <P(elo,rplo) < p(6 n, nn), (2-2s)
                                                             '

then the elements Mm,n in the mth row of the flexibility matTix M are

expressed as Åíollows (see Appendix 2A):

              . P(el,rpl)-1

1) for IE{gnf{g .X L;,,
                p,=z

L

         p(e ,i7)-l p(e ,T) --1
2) for pF.1 L"p,+lf{gn-<. p;2i-l-1'' je$,+•e'"{p(i,j),.dp(e,v)},

   '
                                  4if (e,rp) >s< (i,j)(namely, when e=i, rp=cs, c4,i....c7 and when6=j,rp =cz, c2,

cs, c7 and cs) ' ,
                                  tt                                       '                          ' '                t    M.,. = G. {p(i,j), •(l; p(e ,rp),C} + G.{p(i,j),{l.; p(6 ,ty),C}, (2-25a)

                                           .. {t t                           .t                                                                     '                            -. -and if (e,rp).(i,j) • •
                                      '
    Mm,n = G.{P(i,j),L; p(i,j),4} + G.{p(i,j),.e; p(i,j),C}

         + G.{p(i,j),.e; p(j,i),4} + G.{p(i,j),e; p(j,i),c}, (2-2sb5

                                                           '                                            ttt
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                                                                    '                                                                   '                  i           p(e,rp)-1. •                      ,, . (2-26)
3) for P(i.i9".rp--l-i .4s,'; L'"{(p(i,j),up(e,rp)}+i-<' nf{; iSlll")Je",l

                                       '                                                            '                     '
if (e,rp) N (i,j),

                                    '          '    M.,. = H.{p(i,j),L; p(8 ,rp),C} + H.{ p(i,j),L; p(e,rp),C} ', (2-27a)

and if (e,rp) = (i,j),

                  '

    M.,. = H.{p(i,j),l; p(i,j),C}+ H.{p(i,j),L; p(i,j),C}

         + H.{p(i,j),2;; p(j,i),4}+ H.{p(i,j),.e; p(j,i),4}, (2-27b)

                                     tt
                                                    '                           p(e"e, rf)-1         p(e,rp)
4) for pF=l Li,+lfgnS{ p,gl 4,,

                                    '

                                          '

Åíor all (e,rp) such that -'

     (6,?) - (ei,rpi), (e2,n2), •••••, (eu,rpn), (2-29)
                                  '                                   '
                  'where p(6-e,rp-e) is the next larger pair number to p(e,rp) in the ordered set

(2--25) and if p(e,rp) = p(en,Tn), the interval of n in 4) should be repZaced

by pPi6.li'rpii).eE5, + i-<n•

                                     '                                  '
    D =- (Dm) in eq. (2-22) is a colum vector whose element Dm is
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    D.=g(zo)[q(zp (i,j) ,.e) cos{Ri(zp (i,j),.e)-2i (zo>} -q(zo )- {ui (zo)-uj(zo)}•

      ' {xee• (zp (i,j) ,,e)"xl' (zp (i ,J) ,L) "xY(zp (l,j),.e) -xl' (zp (i ,j) ,L)}

                                          '       -{vi(zo)-vj(zo)}. ' '
                                         tt t
     ' {yee' (zp (i ,j),.e) "yl' (zp (i ,j),L) -ylj' (zp (i ,j) ,.e) '- yl' (zp (i ,j),.e)} (2- 50)

                                                 '
    Futnctions G{p(i,j),l; p(e,rp),C}and H{p(i,j),l; p(6,rp),C} in terms of

which the mati7ix elements Mm,n are e)cpressed are defined such that

    G. {p (i ,j),e; p (e ,v),c }

                      1    :-= {Ui (Zo) - "j (Zo)} {3 Zp (e ,rp) ,c - Zp (i ,j) ,L} '

    •z2,(4,rp),grist{!xiS-?;i3-t6(ag)len(8), • ' ,' (2-soa)

                                       '
    G.{p(i,j),.e; p(e,ny),c}

                          '    '                      l    Eii {vi (zo) - vj (zo )} { T zp (e , rp) ,c - Zp (i ,j) ,.e) '

   •z;(e,h),4611tiLZg8'kl"EiEEL{ S(![re)4illn(6),, .' ' (2-sob)

                                                                '            '                                              tt
                         '                                                                  t.                                                 ,    H.{p(i,j),•(l; p(e,v),C} , '
                    t. t    S foi (zo) - uj (zo)} {-Zs Zp (i ,j),l r Zp (e,rp) ,c} '

   •zs(,,j),eZri-!Zgg2k}"ilifL-!iL{ ,6(fiT6)Ci?(e), ., ..(2-sia)

                                  '
                                                     '                                                              .
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                                                              '                                                             '
                                                    t.    H.{p(i,j),.e; p(e,rp),c} . .
                                                                       ttt                              '                  '   =-{vi(zo) '- Vj(Zo)} i} Zp(i,j).e. - ?p(6,v),C}' •

            ttt t                                              '                      .                                                                '                                                      '    'z$(i,j),.ee6{L!"!ISi'?ii?"I;iesE'Le{,6(Eifp4ieS)(6)', '(2'sib)

                                                   '
where

     n(e) .1 iÅí e. i, ,
                                                                 (2-52)
          . .-l if e= j•

.ttX
{p(i.,j),.el p(6,rp)} represents the number of all loads Rp(e,q),4's agL sociated

                                     'with the pair p(e,rp) whose points oÅí application zp(e,rp),c's satisfy

Zp(6,rp),c f{g Zp(i,j),.e, as shown in Fig. 2.4.

                                                             rt

     rn a case that the mth Tow of the Åílexibility matrix M corresponds to
                                                            'the .eth contact point from the lower end of the fuel pin in contact with the

wrapper tube flat'e, five pair numbers are concermed with expressing the

                                 ttequilibrium condition as is clear from the configuration of a fuel subassembly.

Erom contact condition (2-l8) and so'lutiQns for fuel pin deflection (2-19a)

and (2-19b), the !natrix el.ements Mm,n .are expressed as follows:

i) for ig'
n-<

pP,Ili-l'rpi)-iLs,, ''. ' .,.

                                              tt.                                            '                                                     '                               .t                 t.                                                                     '    Min,.=O, ' , (2-55)
                                                  '                                      '                                   '                                                     '                                                                     '                                        '           '
                                                               '                                                     tt                '                      '
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2)

5)

4)

L

    p (e, rp) -z
'for  ,F., LSt+

         'Mm,n= Gu{p(i,e),.e;

    p(e,v)-l
for . p;7.i Li'+

Mm,n = Hu{P(i,e),Z;

where

(2-55)

  p(6
by E
  pi=1

i<n -< PS 'rp)-iLx, + iX{pa,e),qp(6, rp)}, r

      pt.1 Jr

P(6, ry) ,C} " ae(Zp(i,.),.e)G.{P(i,e),L; p(e, rp) ,C},

.eX
{ p(i ,e) ,Llp(e , rp) } + 1-<n f{:P (.Xt 'rp )L '. ,

                        pt=l r

                          ' p(e, ty) ;}+ a.(zp(i,.) Åë)H. {p(i,e),.e;

                    p(eX, i)-l    p(e , rp)
for  ,F.i Zil,+if{n-<pE.i LSt,

           '

M =O mvn

for ali (e,n) such that

(e,rp) =: (ei,?i), (e2,rp2),''e'', (6s,rps),

 p(eee,ljX) is the next larger pair number

  and if p(e, rp) = p(6s, rps), the interval

 s,Ts) .
     S, + l:E{n.

to p(e , rp)

    'of n in 4)

(2-54)

'

p(e, rp) ,c},

     (2-55)

in the

 should

(2-56)

    (2-57)

ordered set

 be replaced
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                                                     -                                          '                                        '                                                  '                                                                         '    •Mhe elernentD for this case is '                  m                     t .t                                                               '                                                           tt                                                                          '
     Dm = -Ui (Zo), -,XÅí (Zp(1,e) ,L) d XZI(Zp(i,e) ,L) , '

                      ,              '                 '        + {ri(Zp(i,e),l) + rw}COSPi(Zp(i,e),21) - rw COSPe(Zp(i,e),l) '

                                                                '                '                                             '                                     '        " "e(zp(i,e),2C'"i(zo) - yee' (zp(i,e),L) - Yl' (Zp(i,e),.e)

                  '
        + {ri(Zp(i,e),.e) + "w}SinPi(Zp(i,e),L) ' rw SinPe(Zp(i,e),e))

             '

        -be(Zp (i ,e) ,L)' (2pt 58)
                                                              '    '
     O.nce, matrix elements Mm,n and colum vector Dm are obtained, eq. (2-22)

is analytieally solved and the equilibrium defection modes of all the fuel

pins in a subassembly under operating condition may be fouLnd.

, Zf Emy of the preset contact points are not realistic or any actucfi"l con-

tact points are missing in the preset contact points, we have negative loads

as solutions of eq. (2-22) or the resulting deflected confi' gumrations of a

pair of fuel pins intersect each o,ther. Then a set of contaet points are

corrected based on the up-to-date fuel pin bundle eonÅíiguLration and the com-
                                           i
putations are to be restarted, sinee the extermal boundary eonditions for a

fuel pin bundie associated with wrapper tube' walZs may restrain the freedom

                                   'of fuel pin displacement. In a case that a row of fuel pins are bridged by

w]?apper tube waUs from the both sides, the order of matrix (Mm,n) in eq.

                                                     ,(2-22) is to be reduced by elirninating a eontact .condition. In an actual

fuel pin bundle, fuel pins are usually packed loose to compensate thermal
                                         'expansion and irradiati6n-induced swelling oÅí pins and wire-spacers aTe
                                                                        '
wwapped in the same phase, linear and circumferential bridgtngs of fuel pins

hardly occur.
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2.2.6 Subchannel analysis method in a fuel subassdmbly -1

     In calcvLlating subchannel coolant Mow rates and temperatu]re distribu--

tions in a fuel subassembly, a computer code vaX-II based on a lamped para-
meters tec]nnique similar to that employed in coBRtL--Izlc(ll) is iteratively

coupled to bundle deflection analyses. This lamped parameters method c6nsiders

a fuel pin bundle to be an interconnected set of paralleZ flow sUbchannels

deÅíined by fuel pin walls and the narrow gaps among fuel pins. Mhe conserva-

tion equations of mass, energy and momentum are solved numerically by using

a Åíinite difference method under the boundary condition of uniform pressure

at the' bundle outlet, and the initial eondr'-tions of subassembly coolant flow

rate, temperature and pressure distributions of subchannels at the bundle

iniet. Consequently, coolant flow rate and coolant temperature in the sub--

channels of a fuel pin bundle as weZl as cladding and fuel te!nperatu:TLe are
                                         t/
dete]mined under the assumption oÅí uniform heat flux.

, One of the important experimental parameters in the subchannel analysis

method is turbulent ntxing coefficient e                                           for which the following best fit                                         H
                                                                    (i6)
of sodLum experimental data for a prototype IM]iEBR fuel subassembly                                                                         was
                    'derived by author, et al., •'
                                  :
                              '                                                  '                    O.8 .                                             , (2-59)     eH == O.2 vv Re

                                                 tt                                      '                                       '

where vv is kinematic viscosity and R) is Reynolds number of sodium coolant.

2.2.7 Cornputational scheme ' .
                                                `                                  '                                                       - tt     A computer program rmTZBOW-5D which computqs the three-dimensional

equilibrium Åíuel pin bundle configuuration under operating condition, the

magnitudes and the points of application oÅí constraint forces due to pin
                                                                           '
contact and the subchanneZ coolant temperature and flow velocity dLstribvL-- '

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 seheme is explained in Table 2.1. t ;
                                                                            tt t                                           '2.5 Experimental investigation on lateral drag coefficients of a fvLel pin'

2.5.I Introduction , '' ,, . ''                                                                   '                   .t                                                                         '     In eonnection to evaluating the hyd]rodynamical drag force on a deflected
                                                   '                         '
fuel pin whieh is necessaeey to determine a Åíuel pin bundle equilibrivm oonfig-

uration in a reactor operating condition, experimental investigation on

            'lateral drag coefficients for several diffeTent types of wire-spaced fuel pins

was carried out using a water loop faeSlity. A few experimental studies have
been d6ne on this subject for a smooth tube(9)' (10), however those for a

wire-w]rapped fuel Pin have noe been reported yet.

2.5.2 Experimental facnities and methods

                                         tt t     Experiments were perfoTmed using a 270 m5/h water loop, the flow diagram

pnd the side view of which are shown in Fig. 2.5 eund Fig. 2.6, respective].y.

orhe 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

eovering were provided in the test section to allow visual observation at a

                                                                       'test ptn during test operation. Side view of the test section aand its sche-
                                                '                                                     '                                     i                                                                        '                           '                                                                             '                                             -matic representation are shown in ffig. 2.7 and Fig. 2.8, respectively. Mow

                                       'straightners were placed in the upper stream of the test section in order to

elintnate the secondary flow. Inconing Mow was reguLlated at an arbitrary

                 ).rate (so m5/h 'v 27o m5/h) through a valve v-4 in Fig. 2.s.

                                                .              ttt t                                       . tl2) Test pins . ' , .
                                                                         '         '                                                    '     Test pins employed in the present experimental investigation were of
   '                                           'equivalent qvtality to ptototype IilBR fuel pins currently under design studtes.

!n 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 50-v 7'O to the flow
                                                                          '                                 '                                          '                                                                             tt
                           .t
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Table 2.l   Flow

SVART

STEP 1

STEP 2

STEIP '5

STEP 4

STEP 5

STEIP 6

STEIP 7

STEP 8

SME[P 9

SMEP IO

STEP ll

SMEP l2

diagraJn illustrating brieÅí computational scheme of nvMXBOW-5D.
                   /t
  '

                                                        '                                               t ...                                                           '

    Set nominal parameters. '
   Compute thermal and hydraulic characteristics of each

    subchannel based on the up-to-date data.

    computb {xll.l(z), yll.i(z)} for each fuei pin.

   Define depress6d free defiection {(xll.i(z)],(yll.i(z)) } sueh

    that for Nc}>i ( xlr•I == x'l• +H+S+C/, .,ylY. ='yEiF+HtS+c

   (xll•l(z)) t xll•!(z)/No, [yll•l(z)) =he yll•il(z)/No•

    Search temporary sets of eontact points zp(i,j),z and either

    Pi(Zp(i,j),L) Or Pj(Zp(i,j'),.e) using {Cxee. (z) )[yee. (z))}.

    Oompute matrix element.s Mm,n and Dm based on the up-to-date
    contact points, P's aactd {xee. (z), yee. (z)}.

    Solve th R = D for R .
                        n
    rf Rn is negative, the corresponding contaet• point is elim-

    inated and go to Step 6. If aU Rn's are positive, go to

    Step 8. •
    compute {xi(z), yi(z)} based on (Rn) and {xll.I(z), yil.1(z)}.

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

   Adjust sets of co.ntact points and P's.

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

    wise to' Step l2. '

    Go to Step 2 if fuel pin configuLration is not eonverged,
  )t

    otheiavJise to Step 15. '. • ,
                                                       '

SrlllP l5

STEP l4

STOP

Write Åíinal pin bundle configusration, loads at contact

points and subchannel temperature characteristics.

Proceed to the next time step. !Åí the final time sicep is

reached, stop the computation.

                                         .                             '                          '
                     '
                         '
           '
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dLrection. orhe diameter of wrapping wire was 1.0 'vl.5 mm and the wrapping
                                                                           '                                                                         t/tpiteh was 200-v 506 mm. Two kinds of test pins with and without dumy pellets
                            '                           '              '                                    'were brought into experiments. Dimensions and a side view of the test pins
                  '
                                                                  'are shown in Fig. 2.9and Mg. 2.10, respectively. .' '
                                                                           .                                                                      -5) Instmmentations • '
                                                                '                                                                         ,     Deflection of a test pin due to•the lateral drag force was measured by
                                           '                                   '   ,an optical 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 proÅíilo-meter consists of a N.V. monitoring eamera kith a special'

500 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.ll
      -                            'and Fig. 2.12, respectively. On-line recording of the deflection data was

performed by a videomonitorc connected to the optical profilo-meter and

strains due to pin deflection at five axtal locations on a test pin were

recorded simuLltaneously by a data loger.

4) reest procedu]res

                                           '
     BeÅíore hydraulic tests, the moment of inertia of test pins was inves-

                                              'tigated.' At the beginning of each t,est, the position of a test pin under

the zero--flow rate eondition was adjusted so that the efÅíect of buoyancy and

gravity on the dtsplacement of a test pin could be identified and eliminated.

Setting the axts oÅí a test pin at several oblique angles to the flow direction,
                 ,                                                    'magnitudes of displacement and strain were measured with an optical profilo-

meter and strain gauges for various Åílow rates. .
       '                              '               tt2.5.5 Data analyses and results . , .
                                         'l) Investigation on moment of inertia ' . ,
                                         '     To evaluate the effect of a wrapping wire and dumy fuel pellets on the

stiffness of a test pin, moments of inertia of several differeht types of
 '                                                                   '                               '                          '                              tt t                                                                     '              tt                '                       '      '
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wire-wrapped test pins were investigated by bending tests. The results are

shown in Fig. 2.ls for various types of test pins. From these resuLlts, ' i'

wrapping wires and dummy fuel pellets hardly influence the effective moment

of inertia for a small defleetion range of fuel pins in a reactor opera Ping

condition. The value oÅí moment of inertia shows good agreement with a theore-

tically predicted value of 59.55 mm4. The accuraey of these experimental

results was estimated to be of Å} 5 %o based on the fabrieation toZerances of

the test pins and the error inherent in the measuirement of test pin displace--

ment and exte]rnal loads.

2) Investigation on lateral d]?ag coeffieients

     Forces acting on a single rod set obliquely to a stream olr fluid were

discus,sed by Taylotrr(9). ]}or a rough cylinder with the roughness consisting

of thin disks and plates, he proposed the following expression . '

                  '     w= El}pdv2 cd sin2o, ' • ' (2-4o)
,

where W represents the no]rrnal component of force acting on a unit length of a

eylinder, 0 is an oblique angle of a cylinder with respeet to the flow direc-

tion and d,p and V are the diameter of the cylinder, the density and the

velosity of the fluid, respeetively ,and Cd is a drag coefficient. A wire-
                                           ,
wrapped fuel pin has a strong scesemblance to a cylinder with roug5hness of thin

adinllliillsglsle Piat9S', MhUS' eXPresston (2"40) bias empioyed for the cu]rrent data

     Analytical mode"l for pin deflec.tion due to hydrodynamical force in axial

                                                     ,
coolant flow is shown in Fig. 2.14, where Gb and .Gg are buoyancy and gravity

acting on a unit length of a test pin, respectively. Then, the sum of the

normal component of for6es di(z') acting on a unit length of a test pin at an

axtal location z' is expressed as follows:

                                                             -      '
                                   '
                      '                               '
                              .t                   '
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     di(z') == 61}pdv2 cd sin2e'+ (Gb - Gg) sino', , ' (2-4i)'

                                             .t                  .where e' is the angle between the coolant flow direction and the tangential

direction of a test pin at an axial location zt. Since the oblique angle 0
                                                                .t' set at the upstueam' en6 is smau and the deflection of a test pin A(z'). from

its ze]ro-fZow position is considerably small, e' is nearly equal to 0 ahd
                                                                         .                                                            'Åë(,z') may be treated uniform over a whole iength of a test pin. Mhen, bending

moment M(z') and the deflect,ion A(z') at z' are as follows:.

                                                                         '

                                      '     M(zt) .f ,a>(z,)(z" •- z,) dztt (2-42a)

          11;!; Åëo {ll• (z'+)2-z'+z'+ll z'2} , (2-42b)
                                                                 '                             '
     tt     A(z,) :.;ir -v IZ? {iit (z,+)2 z,2-ilii zt+zi5+ Sz z'4}, (2-4s)

                                          ',

where Åëo corresponds to expression (2-41) with e' rceplaced by 0 . Based on

the measured dLsplacement Ur'(z') due to buoyancy and gravity at zero-flow

condition Emd the measured dtsplacement glr(z') due to the total foree Åë(z')

in flowing fluid, dxrqg coefficient Cd was calculated by the Åíollowing expres-

sion aecording to expressions (2-41)' and (2-45):

        tt                   '                                     '     cd=(z;ili3ikET'Z2.•,.2o){i(.,.)[2urSi).-tT.IiZili.zlz.,4}• (2-44)

                 '
           t t tt ttt ttt         .t                                              s•                  '                                .tDrag coeÅíficient Cd was hardly dependent upon thq oblique angle e for the

range of 50-•- 70 in the experiments. The results are shown for several differ-
                     '
ent, types of wire-wrapped test pins in Fig. 2.l5 where types oÅí the test pins

are comnon in Figures 2.15 and 2.15. Cd gradvtally incxeases due to friction

Åíoree as the velocity of fluld flow decreases and is almost coinstant at high

                                                         '                                                                 '

                                     55



 velosity, whieh shows the similar trend eXhibited in fig. I of reference (9)

 Åíor smooth tubes. Value of Cd for the test pins without urapping wire is

 about l.O for the velosity range of 5 m/s 'v 6 m/s which corresponds to the

Nreaetor operating eonedtion Åíor a pTototype pmBR and values of Cd for the

 wire-wnapped test pins arb larger by 2o 9o -- so ofo than those for the test pins

                                              ' without wrapping wire. ' . '                                      '
      Experimental eTroT was due to material properties of fluid, dimensions

 of test pins, and inaccuracy in measurements of displaeement and oblique

 angle of a test pin and fluid velosity. These factors cormected to experi-

 mental error were treated statisticaUy or cunmiulatively according to their

 natua?es, and the resulting inaccuJeacy of drag coefficient Cd obtained th]rougti

 present experiments was estimated to be of L 18 %o. '

 2.4 Numerical results and discussion
                                           tt
      Several cases of sample calculation have been perÅíormed using MULTIBOW-5D

 code to veriÅíy the effects of l) hydrodynamical Åíorce exerted on fuel pin by

icoolant, 2) bowing of a wrapper tube and 5) swelling and creep of a fuei sub•-

 assembly on pin byndle deflection as well as the deviation in engineering hot

 channel factor, and to demonstrate the applicabiZity of moLMIBOW-5D to a

 prototype ImaBR fuel subassembly. P.arameters employed in sample caleuiations
    '
 are listed in [[hble 2.2. A solid line and a broken line appeared inFigs. 2.

 16, 18, l9 and 20 indicate' the eentral axes of a fuel pin in defleeted and

                                      tt nominal configunra,tibnssrespectively. A long arrow corresponds to a contact
                        '                                                  '
 point between a pair of adjacent fuel pins in the displayed plane, whUe a
                                      ' short arrow corresponds to a contact point between a fvLel pin displayed and
                 '
 an adjacent fuel pin not in the dtsplayed plane. The fged baek effects between

 the fuel pin bundle deÅílection and the fuel thermal-hydraulic behavior are

                                                         /t                                                                 ' considered in these analyses. '
                                                                 '                            '                                                 '
            '                         '       '
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Sample calculation 1

     DefZection of a 7 fuel pin bundle in a hexagonal lattice was investigated

with and without taking into consideration the hydrodynamtcal effect. Yigutre

2.l6 shows the'equilibrium deflection modes of fuel pins stax)ding in a corner
                                                                           -                                                                      -              'to eorner line with the hydrodymarwicaZ effect. '  .
                                                                '                                                                         ,     Comparison between the two caseS shows that the inward deÅílection of the

corner fuel pins at the upper core region is suppressed by O.05 mm due to the

hydrodynamical effect, which corresponds to the deerease in engineering hot

                                                                           'spot subfactor by about O.4 ofo. '- •                                              '                '
Sample calculation 2

     Deflection analysis of a prototype ]UMFBR fuel bundle consisting of 169

fueX pins assembled in a hexagonal lattice was performed with respeet to a

seetor of 50 degr?ee symetry. rhe symnetry condition does not hold in a

strict sense considering the wrapping phase of spacer wire, however it we.s

employed for simplicity. Mhe peripheral fuel pins wei?e double wi]ce-spaced to

irnprove the edge fLow effect and the wrapper tube was assumed to be straight.
                                        ttt
  • ruhe corresponding equilibrium deÅílection modes are displayed in ELgs. 2.
                                                                   tt
17, 18 and l9. Variation in subchatmel area is of the order of - }8 ofo except

for the Peripheral subchannels where, about l4'N-50 %o increase is observed in the

regtons of the upper core and the upper blanket. Accordingly, the edge flo'w

effect becomes Zocally exaggerated resulting in the incrcease in engineering
                                   'hot spot subfactor by 5.5 %o. The maximum load is O.52 kg at the upper end
                 '                                                                      '                                            ttttof  a fuel pin in contact with a wrapper tube. .

Sample calculation5 . • •                                                            '                              '                                              '            '               '                   '
   . Deformation analysis of a similar fuel pin bundle with a wrapper tube
                                         '           'bowed to the flat to Åílat direction was perforrlled and the equilibrium deÅílec-

tion rnodes of fuel pins in two adjacent rows including the center pin and

parallel to the direction of bowing are displayed in Fig. 2.20 where only the

                                                                  '                                                         '                                                                     !
                                                                         '                                                                            '                '         '                                       '                                               '                                                                   '                                                  '                                                                     '                                   •67 '



contact points between pairs of fuel pins displayed are indieated. dihe ,.'

displacement at the upper end of a wrapper tube due to bowing was assumed

to be 2.64 mn which may actually be a case oÅí a fuel subassembly in the •
vicinity of a eontroi rod subassembiy(i2)' (i5).. comparison oÅí the res}zits

with those for a straight wrapper tube shows that the increase in engineering

hot spot subfactor and the maximum load are O.45 %o and O.ll kg,respectzvely.

SaJnple calculation4 • • • •                                     '  , mo evaluate the effect 'of swening an'd creep of a fuei subassembly(l4)'

(i5)
     on engtneering hot spot subÅíaetor th)rough the defleetion of a fuel pin

bundle' as well as a wrapper tube, Mg. 2.21 shows the deflection modes of

two adjacent rows of fuei pins including the eenter pin and parallel to the

flat t.o flat dtrection. Solid lines and broken lines correspond to fuel pins

at zero and after 500 day irradiation,respectively. '
     Owing to higher tempexatune and neutron flux distributj.ons, swelling is

dominax)t in the core regton, where deflection oÅí fuel pins is guLte apprecj.-

able. At zero irradiation, the increase in engtneering hot spot svLbfactoce

due to fuel pin deÅílection is 2.5 cro, which is smailer than that in the case

                                                                 'oÅí Mat power dLstribution considered in sample calculation 2. Xt is partly

because the deflection of peripheral fuel pins due to edge flow effect is
                                             ,                                                             '                                                   'considerably compenSated by the power gi?adient. '
                                                         '                                                                        '     After 500 day irradiation, the total ih'crease in engineering hot spot

subfactor is 4.5 9o and the maximum load iS appeared to be 1.51 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

iYesi gL.n..iggl gXl Witho"Y Lntervemng y2re spaeer.ts observed. •

     Some of the conclusions obtained through the present studLes with Åées-

pect  to a prototype pmBR fuel subassembly are as Åíollows '
 .. .

                   '                        ' 68 ..



1) The engineering hot spot subÅíactor aecounting for the fuel pin bundLe

deflection is around l.025 -v 1.055 at zero irradiation depending upon the
                                                                            tt
power gradient within a Åíuel subassembly and further incyeases up to }.045

at 500 day irradiation'.
                                          .-                                                                         '    '               '2) Mhe variation of the peripheral subchannel area after 500 day ir]radLa-

                                                                            .tion is considerably Zarge and the edge Mow efÅíeet is exaggerated resulting
        'in the increase in engineering hot spot subfaetor. .
                            tt5) At zero irradiation, the rnaxtmm load is O.52 kg at the upper end of a

peripheral fuel pin in contact with a straight wrapper tube, however after

500 day irradiation it increases by the factor of about 2.5 depending upon

the power gradient and that the raaxtmum loaded point moves to the inner core

   .regron.

4) The decrease in engtneering hot spot subfactor due to hydrodynamical

efÅíect is around O.5 ofo at zero irradLation, however the effect becomes more

appreciable as irTadiation progresses.

5) The di?ag coefficient for a wire wrapped fuel pin ir. experimentally

dete]rmined as in Fig. 2.l5. •
     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 irradLation, as is clear from '
                                       '                                      '              '
                                               '                                    '
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Mable 2.2 Parameters employed in the sample caleulations.

Sample Calculation l 2 5 4

Geometry

   outer diameter of #uel pin (mm)

   diameter of wire spacer (rnm)

      inner fuel pin
      peripheral fuel pin

   !ength of fuel pin (mm)

      lower bZanket regton
      core regron
      upper blanket regton

   number of pins per subassembly

   number of wire spacer per pin

      inner fuel pin
      peripheral fuel pin

   nvapping pitch of wire spacer (mm)

   Åílat to flat dLstance of wrapper
i tube (mm)

 6.5

 1.5
 l.O

 550
 950
 50o

   7

singl e
double

 506

 22.5

 6.5

llo5

g5,8

 500-

 169

 '

single
double

 506

 !04.6

 6.5

 l.5
 1.0

 550
 950
 500

 169

single
double

 506

 104.6

 6.5

 1e i5

 l.O

 550
 950
 500

 169

single
eiouble

 506

 I04.6

Subassembly Thermal and E[ydraulic

   peak to ave. power distribution

      radial
      axial
                            '
   heat generation rate (mu)

   Na-coolant flow rate (kg/sec)

   inlet coolant temperature (OC)

Data

flat
1.2

Oel9

O.85

597

flat
1.2

4.6

20.2

597

flat
1.2

4.6

20.2

597

!.17
l.2

4.6

20.2

597

:nitial 'Bowing

   wrapper tube

   fueZ pin

straight '

strai ght

strai ght

'strai ght

 bowed

strai ght

strai ght

straight

Cause

• 1.
   2.
   5•

of Defleetion

 therma1
 hyd rodynamical
 swelling, cÅéeep

l/l ,2 1,2 -1,2 l,2,5
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                                     .t                                  '                               Appendix 2A

                                                                      '
     Derivatlon of the expressions (2-24) -v (2-50) for the elements Mm,n in

                         'the mth row oÅí the tlexibility matrixM wUl be shown as follows: We con-

sider the boundaxey condition (2-l6) eorrespondLng to fuel pin eontact between

fuel pins i and j at z -m zp(i,j),e. rehe eight'  fuel pins surrounding the fuel

pins i and j and the corresponding eleven pair numbers are shown in fig. 2.5.

Rewriting the geneyal solutions (2--20a), (2-20b), (2-21a) and (2-21b) with

                                                              tt
respeet to exte]mal ioads R                             at contact pQi.nts, sv-bstitution of solutions
                         P,l
(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-l6) results in the Åíollowing

one of the n+ sirmiltaneous algebraic equations.

                 '
  '
' {ui(zo) - uj(zo)}A + {vi(zo) - vj(zo)}B

v = q(zo)(q(zp(i,j),.e) cos{ig(zp(i,j),.e) -Ri(zo)} -- q(zo)), (2A-Z)

           '
where A and B are defined as follows:

    A:h= xÅí (zp(i,j),.e) + xi' (Zp(i,j),e) - XY'(Zp(i,j),.e) - XI'(Zp(i,j),.e)

     '
                                                               '
    +iiEl((i;z,(i,j),c--z,(i,j),e,)zS(i,j)i,c'!t2'IIillEsllli-zS2'{ ',(Ei.),,C}

              '        '    '.(itzp(i,j),4"z,(i,j),.e)z,2('.l,j),ctr-IS2{:(t/i.sill2"SL,.C})R,(i,j),c tg:3ggfition

    + Zii'l.xilLj)[(:} z,(,,j),L- z,(,,j),4) i(,,j),.e r{f(z[Ti. )i, c} ?ins i and.

                                                  '
    - (i}-zb(,,j),.e -- zb(i,j),c) z;(i,j),21:Sil(IIiXi-stilltz!2-,(iiT.),j C})R,(i,j),c

                           (expression to be continued to the next page)

                                   77
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.z
lf.,iil][i,i,21E.'.e,1gii;ccs)}.-i;(,,j),.,) z$(,l.?k'riii'iiiil.;lf)'C} R,(,,.s),c;

       '
'ci/Pilltl iis;J.a)it;.z;)si,cs),4) zS(z.,o),2 rZ{,,Z.P(ili;if)'C} R,(.,.s),c

.L
,.

li[i,'2iEe.IP.i:Ii`)'El,,,,>,.) zs,,,.,,,, rilili.Silii:"`' Rp(i,c,)•c

  +"Ill/.(,i,li/`,:'?g;2?6at:gsi•o,),g) zS(z,J),L rXft"`' R,(.,.,),c

  X/
.L ,i.fi,•eg:.Ip.gil,cs)}El(,,,),.).;(,,.,),,rikill)l-i,?lt!:i.)g}R,(,,.,),,

                                     tt"i'2ilI(i':i?s;z?st;.:sfi•c,)•g) zS(z•J)•L -!i'Lli'iX)'l)'`} R,(.,.,),,

.<.ll[.l.' •llg. jp.gilz6)} E,!,,,,,,..) ,s,,,.,,,, riiip,,(,l fi. )•c' R,,,,.,,,e

         ' '                                 .+Iii/9ii/li/6,i?s.:;2ist;.:ss'i•c,),c)z;({,j),e-r-------l -',`.Zkl;\ii.•t-:-)•c'R,,,,.,,,,

.<.:&,'21:.l:;i:'i7)'El,,,,,,.) zs,,,.,),grik;l.si:l'C' R,(,,.,),g

+i
cP

/.--/l(;71,(.,,),z - z,'
(.,.7) c) zSa,J),.e rZii'IP(E(iii)l.7)'C} Rp(l,c7),c

                          (expression to be continued to the' next

interaetion
bbtween

pins i and

c5

interaction
between

pins i and

e4

interaction

between

pins i and

c5

interaction

between

pins i and

c6

interactiGn

between

pins i and

c7

pate)
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 l{p(i,j),qp(j,cih •-i

'-

 c."S.l(} Zp(j,cl),g - Zp(i,j),L) Z$(j,cl),c

       '             '  lp"(j,cl) '
T "X.(E} Zp(i,j),.e d Zp(j,gi),c) Zi(i,j).,.e

 4-l{ p(i ,j) ,l IP(j,9i) }'

. L"" { p(i,j),l lp(j,c2)} -l
- c2-S-z(g Zp(j,c2),4 "' Zp(i,j). ,L) ZS(j,c2),c

  + .ep(j,c,)

--

 .x (lli zp(i,j),L -- zp(j,.2),c) zS(i,j),l

c=L'" { po,j),.el p(j,c2) }

               '
.eee{ plii ,j),Llp(j,Cs)} -i , 2

" cX.lk3 Zp(j,.s),c - Zp(i,j),L) Zp(j,cs),C

-ii
x( ;(;lp(.,J),L - zp(J,cs),c) ZS(i,J),L

 g=e {p(i,j) ,q p(j,c                  5)}

  ec

..

1.ts[./..r•2j:.Ig;lI1'7)'i,i,,,,,,.)z$,i,.,,,,

   '                 ' ':Li
.( e(;,71,(l,,),. - z,(,,.,),e) zS(i,j)•i

 C=L {P(i,j),LIP(j,C7)}

        '
 Lee{P(i ,j) ,lIP(j iCs)} -- 1

- cE--l(} Zp(j,cs),c - Zp(i,j)L) Z$(j,.s),c

               '  + •eb(j,cs)

- aE (} Zp(l,j),L '" Zp(j,cs),c) ZS(i,j),.e

4=L'" {p(i ,j) ,L IP(j,Cs)}

rj {Zp (j,cl), C }

2E(Tj)Ij

rj{Zp(j,el),C}

Rp (j ,el) ,4

2E(Tj)Ij
Rp(j,cz),C

rj{Zp(j,c2),C }

2E(Mj)Ij

rj {Zp(j,c2) ,C }

Rp (j,c2) i4

 2E(z[Fj)Ij Rp(j,c2),c

rj{Zp(j,cz),C}

rrtjij Rp(j,es),g

            'rJ•  { Zp (j ,c .,) , 4 }

             R        . P(j,C5),C  2E(Tj)ZJ

ri{Zp(j,c 7), 4}

   2E(Tj)Ij

..llt2.iEe.Sil.:az2.:S.{ .p(J,c),C}R

  2E(Mj)Ij

rj{ Zp (j,cs),C }

R P(j,C7),C

P(j,C7),C

, 2E(Tj)Ij

rj {Zp(j,cs), C }

Rp (j,cs) ,C

Rp(j,cs),C

inteTaction

between
.pins j and

cl

interaction

between

pins j and

C2

2E(rej)Ij

interacti on

between
pins j and

c5

interaction

'between

pins j and

e7

interaction

between

pins j and

C8

. (2A-2)
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     B is expressed by repiacing xll•i, xl• ,

         M!M !for A by yi, yi, yj and yj, and r in A

eleven pair numbers illustrated in Fig.

                               'p(e2, n2), •••••, p(elo, rp lo) and p(611,

                 '< ' ' ' ' ' <p (elo, rp lo )< p(eu , rp•u) , then

represented in expressions(2-24)'v(2-50)

 xll•i axtd x:•'in the expression (2A-2)

by 5, respectively.. Let the above

2.5 be represented by p(el, rpl),

 rpn) such that p(el, rp1)<P(62, ?2)

we get the matrix elements M
                          msn

.

,

1

1

,

,
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(5)
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(5)
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(8)
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                                  Chapter 5 .
                                                        '                     '                  ,Probabilisbic evaluation of fuel pin gaps
                 '               '                due to the variation of core design parameters
                                                         '                                 '                                                                     ,                       '                               t.                 t.                                                                            -                                '                                                        ' 5.I Introduction ' .
                                                                 '                                                      '      In this chapter, discussion on•the inner-subassembly characteristicsi

 under the probabilistic variation of core design parameters deseribed in

 section 1.5.5 will be given. Evaluation of the effect of probabilistic devia-

 tion in Åíuel pin gaps oÅí a FBR fuel subassembly due to manufacLiM?ing and

 assembling tolerances on thermal and hydraulic characteristics of a core

 plays an important role in eonneetion to the safety assurance of a reactor
 performance through a fuLi eore life(1)'V(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 terms of the corresponding measueed Suel pi.n gap distributions
 at a factory site(5)' (6). However, wire-spaced fuei pin gap distÅéibutions

 in a reactor operating condition difÅíer considerably fTom those at an assem-

 bling site since wire-spaced fuel pins are usually packed loose in a bundle

 to coinpensate for fuel pin swelling and are deflected with complicated modes

 under a ,reactor operating eondition dvte to temperatuJre gradient across a fuel

 pin bundle, hydrodynamical force exerted by coolant, irradiationiinduced
 swening and creep(7)' (8). Reeentiy, a computer code pAcm is reported which

                                                    ' takes into consideration severaZ uncertainties in mixtng constants, inlet
    '                                                                         tt temperatuire, power Zevel, fabrication emd material properties whieh are to be
 sampled at the 6eginning oÅí thermal and hydTaulic subchannel Etnalyses(9).

                '                                          '      In this chapter, the sensitivity- of uncertaintÅ}es due to manufacturlng

 and assembling toleranees oÅí a fue! subassembly to the deviation in wire--

 spaeed fuel pin gaps is. discussed based on the method for thiree-dLmensional
                                                                           '                            .t
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fuel pin deflection analyses explained in section 2.2. A fuel pin gap

between an arbitrary pin pair at any axial distance within an equilibrivtm

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

a set of referenee values of all the related uncertainties and theiT devia-
                                '
tions with the eorresponding sensitivity funetions which correlate the devia-

tions to a' fuel pin gap under consideration. Then, the probabilistic distrib-
'

ution of a local fuel pin gap may be obtained through taking aU the possible

combinations of the values of uncertainties within their ranges of deviation.

Uncertainties due to loeal and global toZerances are elassiÅíied into thrree
categories accordLng to the scope of their imfluence(IO), (U).

     Sample calculations were performed on the sensitivity' of uncertainties

to probable fuel pin gap distributions of a typical I?BR core based on the
eurrently available factory data of fuel subassemblies for test production(12)

and the results for the Suel pin pair eorresponding to the cladding hot spot

pfacenter fuel subassembly are discvtssed. .
5.2 Analytical fornmlation

                                   '                                          '
5.2.1 Assumptions underlytng the probabilistic evaluation of fuel pin gaps

     Present probabiZistic evaluation of wire--spaced fuel pin gaps within a

IgBR fuel subassembly in a reactor operating condition is valid under the

assumptions'employed in the previous section 2.2.l with the following addL-

tional assumption:
                                 '(i) Vncertainties listed in Mable 5.l are the factors affecting wire-spaced

                                          '                                                                       '                                     'Åíuel pin gap distribut'ions. ' ' ''
                                                    '                                                          '                                                  '                                                                           tt
5.2.2 Probabilistic variation in fuel pin gaps

                                                '1) Classification of uncertainties -
                                           '     We consider in the preceeding sections the probabilistic variation in a

fuel pin gap due to the related uncertainties including manufactu]?ing and

assembling tolerances of a fuel subassembly as well as the ambiguLity in

                                                                   .                                                  '                               '

84



material properties and experimental data.. These uneertainties
                                          '                   '         '
.mMaliOetl]l.iif. CategOMeS aCCOrding to the scope of their infiuence

                    . .t                                          '                                       '                      '                                    '                  tt t     Mable 5.l Classification of unceTtainties related to fuel

are

as

pin

 classified

listed in

gaps.

Category Symboi Specifications of Vncertainty

core and
subassembly
uneeptainties

FS(1)

FS (2)

FS(5)

FS(4)

modulus

fuel pin

fuel pin

Åílat to

of fuel pin elasticity

 drag eoefficient

 linear thermal expansion

flat. distance of a wrapper

coeÅíficient

 tube

fuel pin
uncevtainties

Ff (i;l)
Ff (i;2)
Ff (i;5)
Ff (i;4)
Ff (i;5)

dLameter of Åíuel pin i

wire spacer diameter of fuel pin i

pitch of fuel pin i at the end supporting matrix

welding angle at the lower end plug of fuel pin i

end support tube instaUation angle of fuel pin i

local
uncertainties

iire(i,h;l)

F•e<i,h;2)
wire spacer wrapping pitch

initial bowing amplitude of

of fuel pin

 fuel pin i
iatz      h
at z    h

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

                    '                                      '                       '                                           .t     F(i;R)=--:ie;5{(il.-lil-i) , . • .. . .• • ••. '(s-l).

                         '                                                     '                                            '      .'N.,w! ere e(i;R) is the no!ninal value of the Rth uneertainty in the ith category

                                                     ,                                                                    fivand e(i;R) is a deviated value of the uncertainty in the vicinity of e(i;R).

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

angle of an end support' tube for a fuel pin i, Ff (i;5) aTe illustrated in
                   '
•Fig. 5.l. Basically, diameters of a fuel pin and a wire spacer vary locally
                     '
          '                                                                       '                 '                '
                             '                   tt t tt                '                                                          '
                                                          '                                     '                                                 '                                                          '
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along the axial pin direction. .However the local variations are considered
to be negligibly small aecordLng to the currently available factory data(l2)

and these uncertainties are classified into the category of fueZ pin uncer-
                               '
tainties. Wire-spaced fuel pins are usually bowed spirally with the period

of a wire-wrapping pitch ' due to the tension of a wire spacer(i2) and therefore

the amplitude of the initial bowihg of a fuel pin and the w]rapping pitch of

a wire spacer are treated as local uncertainties.

2) Sensitiv'ty functions assoeiated with uncertainties

     In order to discuss a probabUistic distribution of the mth fuel pin gap

gin(z, {h}) at z under a set of all the related uneertainties {FR}in a fuel

subassembly, let P(gin, z) be the probabilistic density such that the pin gap

gth(z, {FR }) is included in the interval (gm,gm+dgm). Then, since gm(z,{FR })

is to be dete]mined th!rough mechanical and geometTieal eorrelations among aU
                                        '
the fuel pins in a subassembly with temperatuce and neutron f]ux fields and

bydrodynamical influence due to coolant flow, P(gm,z) may generally be expresg.ed

in terms of the product of probabilistic density functions of all uncertainties
                                        'as follows:
                 '     ?(gin'Z) = {.io' ' f2.ll PS (Rs) asS(Rs) 4. llig Pf (i; Rf)d Epf (i ;Rf) • .

             •{l lZ pl(i,h; R;e) dlp•e<i,h;R21). • (s-2)
                 z
Tn expression (5-2), FS(2s), Ff(i;ZÅí) and Fqi,h;2Le) represent a normalized

subassembly uncertainty of the 2sth kind, a normalized fuei pin uncertainty of
the 2fth kind b' elongtng to the fuel pin i and a normalized local uncertainty

of the R.eth kind belonging to the fuel pin i at zh and PS(Zs), Pf(i;2f) and

PL(i,h;R;e) are probabiZistic density functions of normalized uncertainties

FS(2s), Ff(i;Rf) and Fe<i,h;2;e), respectively. IndLces i, h, Rs, Rf and R.e

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

bundle configuration. 9 indicates that the integTation should
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conditionall y be carried out on FS, Ff a'nd F21 such'that the mth fuel pin gap

atzis ineluded in (gm, gm+dgm)e . '
     However, in carrying th]rough the integration conditionally on 9,

computational difficulties are involved since a set of simmltaneous equations

for an equilibrium configutration oÅí a fuel pin bundle should be solved once

for every possible combination of the values of uncertainties to assure

whether the integrating condttÅ}on is satÅ}sfied. For avoiding such computa-

tional difficulties, we expand gm(z,{]r2}) into Maylor's series at {EP2}as

                                                         '                                         'Åíollows:

     '         '     gin(z,{Fx }) = gi,(z,{92 }) (i+tt,p.;R.(z,{eR}){FS(2,) -- GS(2.)}

                       '
               " li•i" "2SfPm,i;Rf(z,{e2 }){Ff(i;Rf) ..- 6f'(i;2f)}

               + i.7iX jFp.,i,h;le(z,{eR}){ FL(i,hinz) --.9Z(i,h;R2i)}

                     .tz.

" .+ higher order terms), (5-5)
           '
where {SR}represents a set of all the related uncertainties at their refer-

ence values and a sensitivity Åíunctionpm;2e(z,{-}) is defined such that

                                                                  '                           '     '    ,o.;Re (z,{SR }) =- aj(.,I,,2 }) Ogoiii,(,,fZFI:2) }l,' {i,2} .. {32 }' (5'-4)

                                  ttffor sufficiently smau deviation of F6(Rg), an element tl)ptre(Re) of {eR} may

be fixed at its nominal value ' iS(2e). However, in a gase that the value of

an uncertainty is not well-IDcalized, the interval of deviation may be divided
                      '
into a reasonable number of subintervals in each of which a referenee value
           'is chosen so that a set oÅí the values oÅí uncertainties {F2} for which a fuel

pin gap is evaluated with expression (5--5) ame always in the neighbourhood of

                                                           '                                   '                                            tt
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{ez}. Mhen, the higher order terms in exp=ession (5--5) which correspond to

      'cross correlations, of more than two uncertainties with gm(z,{FR}) become of
                                      '
less significance. Mhe effect oÅí neglecting those higher order. terms on

gin(z,{Fz}) is dLscussed numerically in section 5.4.2. Values of'sensitivity
                                                                        '               (z,{e2 }) for aU m and e at necessary reference sets {e2}functions P          m;jils '
can be computed using rmMIBOW-5D code explained in section 2.2.7. DiscvLs'-

sion on the results oÅí numerical calculations is to be given in section
            .t -. ttt                                             '5.4. !t then follows that expression (5--2) with the condit'i'onal integration

on 9 may be replaced by

               '
     P(gin,z) =f•••fZ pS(2,) dffS(R.) < Yf pf(i;Rf) djif(i;Rf)

            x g RllLPAe(i ,h ; 21) dgee (i ,h; R,z) 6{ g. (z , {- } ) ; ( g. , g.+dg.) } , ( 5- 5)

                                      t.where 6{gm(z,{ FR});(gm,g.+dg.)} is defined such that

                                              't

     6{gin(z,{F2});(g.,g.+dgin)} Ei 1 if gin(z, {F2}) E(gth,g.+dg.), (5-6a)

                             =' O if g.(z, {FR }) t (g.,g.+dg.)• (5-6b)

Once all the necessary vaZues of sensitivity Åíunctions are computed, the

     '       'probabilistic dtstributions of arbitrary fuel pin gaps in a subassembly may
                                                   '
easily be obtained by integrrating the product of probabilitic density func-

tions of all uncertainties numerieally according to expression (5--5).

    ,ffor etialuating the measune of deviation in Åíuel pin gap due to a

particular uneertainty f(le), we define a normlized pin gap deviation

G.{z,I}e(Re)} due to Fe( te) such that

    G.{.,Fe( Re)} ,,, gm(Z'FgineE ,e){iiF2 '})gin(z,{iFrz }) , (s..7)
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END

where gr,(z,P6(Re)) is the mth fuel pin gap at z with all the related uncer-

tainties fixed at their norninal values except Åíor Fe(26). orhe corresponding

particular sen6itivity p.;.R6(z,9e(R6)) of f(Rs) at (Fbee(Re) to the fuel pin

gap under consideration may be eomputed setting all the reference values of
uneertainties equai to the corresponding nominai vaiues except for AF6(ze) in

                                                                  'expression (5-4). '
5.5 Computational scheme

     Computer program wnI{EGAP, which eomputes the sensitivity of uneeTtainties

to pin gaps between any adjacent pairs of fuel pins at arbitrary positions in

a fuei subassembly and the coyresponding probabilistic pin gap distributions

based on the factory data of tolerances, has been completed utilizing the
hithetrrto developed analytieal procedures and rmNBow-s]) program(8). The

brief computational scheme is explained in Table 5.2.

        . Mable 5.2 FXow diagram ofW[REC;AP code
L . .illustrating brief computational schemes.
                           '                                                       '                                             '

                Set nominal parameters, distributions-of uncertainties

                and a reactor Qperating condition.

                Compute pin bundle deflection with thermal and hydraulic

                charaeteristics in a reactor• operating condition by using

                rmNBOW-5D code.
                                      '                'compute all sensitivity fun6tions pm;Re(z,Fe(2e)).

                Select uncertainties oÅí dontnant sensitivity.

                Check the contributions oÅí higher order terms.
                                                       ,
                Compute probabilistic distributions of fuel pin gaps,
                taking all possible combinations based on eqs. (5-5),

                 (5--4) and (5-5)• .
                                            '
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5.4 Numerical results and discussion

5.4.1 Sensitivity of uncertainties
                                                       '
     Sarnple calculations on the sensitivity of unceMtainties to fuel pin
                                '
gaps in a fuel subassembly have been performed with respeot to a typical

Iit3R core based on the Åëv[r' rently available factory data of fuel subassemblies
for test pToduction(12). A sector of a fuel pin bundle brought into the

  '
present pin gap analyses is schematicaUy shown in Fig. 5.2, where the
                   '
related no!ninal geometries, theTmal and hydJraulic properties and the proba-

bilistie distributiong. of uncertainties aTe listed in Mables5.5 and 5.4,

                                   'respectively. Mhe design clearance value betiween any pair of non-deflected

            '
fuel pins with an intervening wire spacer is O.lmm at the initial stage•of

fuel life. A nominal equilibrium fuel pin configuurration in a reaetor oper-

                                                                       '                                          'ating condLtion is illustrated in Mg. 5.5 with respect to the fuel pins in

a corner to corner array of a fuel subassembly under consideration. Fig.

5.4 shows the dgtailed eqirilibyium fuel pin conÅíigaTation in the neighbou]r-

hood of the pin gap between a pair of fuel pins 7 and 8 at z"e corscesponding
                                          '
to the core and upper blanket interface where a claddLng hot spot usually

appears in a case of an XilY[EBR cDre. !n the following sections,

the effects of the related uncertainties on the pin gap between a pair of
                              '
fuel pins 7 and 8 at z"e and the corresponding normalized pin gap deviations

are discussed. Figs. 5.5'-v 5.9 show particular sensitivities oÅí uneertain-

ties whose effects to the pin gap exceed O.l %o in normlized pin gap devia-
                                                                       '
tion. Xn these figu[ees, the first and the third quadrants correspond to the

increase in the fuel pin gap with respect to its nominal value.

                '     'l) C6re and subassembly uncertainties
                                               '                                           '     Mhe norm.lized fuel pin gap deviation due to fuel pin thermal expansion

coefficient is of the oTder of O.05 %o and those due to other uncertainties

included in this category are of the order oÅí less than O.Ol ofo.
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Table 5.5 Geometries
     employed in

oÅí fuel subassemblies and thermal-hyckraulie
 the illustTative calculation.

parameters

Geometry

outer diameter of fuel pin (mm)
diameter of wire spacer (mm) '
 , inner fuel pin
    peripheral fuel pin
iength of fuel pin (mn)
    lower blanket rcegton
             .    core reglon
    upper blanket region .
    gas plenum regton ,
number oÅí pins per subassembly
number oÅí wire spacers per pin
    inner fuel pin
    peripheral fuel pin
wrapping pitch of spacer wire (mm)
wrapping dLrection of spacer wire

  flat to flat distance of wrapper
  fuel pin gap (mn)
  fuel pin pitch in end supporting
i initial fuel pin bowing amplitude
      inner fuel pin
      peripheral fuel pin

tube (mm)

matrix
 (mm)

(mm)

6.5

1.5
l.O

 550
 950
 500
l200
 169

       single
       double
         506
counter-clockwise
Srom the lower end
         104.6
           1.4
           7•9

o
o

.25

.15

,

SubassemblyWhermal and Hydraulic. Data

peak to ave. power distTibution
    radi al
    axi al
heat generation rate (ww)
Na-coolant Mow xate (kg/sec)
inlet coolant temperature (OC)

fiat
   l.2
   4.6
  20.2
 597
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Table 5.4 ProbabUistic dist=ibutions
employed in the illustrative

of the normalized
 calculation..

uncentainties

Category Synbol
MstribvLtion of Normalized Uncertainty

M ype Mean Value Deviation Range

core and
subassembly
uncertainties

FS(Z) ,

FS(2)

FS(5)

FS(4)

chopped normal

uniform

chopped normal

chopped normal

l.o

l.O

l.O

l.O

         •-2+l.O x 10
'
Å}O.20
         --5+5.0 x IO
 2•sg x io-5

-

fuel pin
uncertainties

Ff (i;1)
Ff (i;2)
fff (i;5)
Ff (i;4)
FÅí (i;5)

chopped normal

chopped norma1

nearly uniÅíorm

nearly uniformÅÄe

nearly uniform"e

1.0
1.0'

O.995

l.O

l.O

+4.62 x lo-5
:7•6g x lo-5
;5•06,-s.s6xlo-5

          -4+5•24 x 10
B•24 x iop4
pt

locaZ
uncertainties
1

iife
(i,h;l)

FL(Å} ,h;2)

nearly chopped

nearly chopped

normal

norma1

l.O

O.97

         •- 2+4.9 x lo
-+o.2, -o.6

"e NomLnal angle is set to be 5600.

2) Fhiel pin uncertainties .

i) Bltiel pin ovLter (liameter and fuel pin pitch at the lower end

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

order oÅí less than O.Ol ofo and O.02 %o, respectively. Those due to the unce]?-

tainties associated with the fuel pins sun?roundtng the pin pair under consi-
                                                       ,                         '                                              'deration are negligtble. - .' .
ii) Wire spacer diameter • '. '1
                       L
     Mhe normalized fuel 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 O.5 ofo and O.05 ofo, Tespectively and the corresponding particular

                                                           '
                   '                                            '
                                                            '
                    '                                 . 95 •



sensitivity is shown-in Fig. 5.5. In an equilibrium eonfiguration under

a reaetor operating condition, a paÅ}r of fuel pins 7 and 8 make mutual con-

tacts at A and B just above and below zX as illustrated in Fig. 5.4. Since

in this particular example, contact point A where the wire spacer of fuel pin

8 is intervening is closer to z+ in comparison with contact point B, the wire

spacer dLameter of fuel pin 8 has more dominant correlation to the fuel pin

gap at zSe under consideration as in Fig. 5.5. The sensitivity of wire spacer

diameter wrapped along Åíuel pin 9 to the pin gap becomes signlficant for the

                                     -5normalized deviation' exceeding +5xlO . With decrease in wire spacer diameter
                                pt
of fuel pin 9, eontact point F indteated in Iiig. 5.4 is to be released and

fuei pin 8 tends to be displaced to the positive x-direction expanding the

pin gap in the equilibntum pin bundle configuration. On the other hand, with

increase in wire spacer diameter, Åíuel 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 displacgd to the positive x-dLrection expanding the fuel pin gap.

These tendencies correspond to the behaviour of particular sensitivtty func-

tions shown in Fig. 5.5.

iii) IiiueZ pin welding angle at the lower end plug

     Mhe 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 ordeT of O.1 %o and

that of the surrounding fuel pins is of O.Ol %o. Mhe eo]rresponding particular

                                    t.sensitivity` is shown in Fig. 5.6. The effect of the varriation in fuel pin

welding angle at the tower end plug of fuel pin 8 to the equilibrium pin

bundZe configLntration is as Åíollows: For the normalized deviation within

Å}O.Ol/560, a pin bundle eXhibits almost a stationary configuuration, however

in the vicinity of -O.055/560, fuel pin 8 comes into contaet with Å}`uel pin 7

at z=67.7 cm and its deÅílection mode is such as to expand the fuel pin gap

                                     'under eonsideration. Beyond the no]rmalized deviation of -O.08/560, additional

                                                                   .            '                      '                                                            '
          '                           '                                                        '                                                            '
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pin contacts between fuel pins 7 and 8 at z=21.8 om and fuel pins 6 and 7 at

z=52.4 cm cause the particular sensitivity being further reduced due to the

locai displacement of fuel pins 6 and 7 to the positive x-dLrection. In the

vicinity of normalized deviation O.055/560, fueZ pin 8 comes into eontact

with fuel pin 9 at z=67.7 cm and is locaZZy defleeted to the negative x-

direction contracting the fueZ pin gap. For the normalized deviation exceed-

ing O.08/560, additional pin contacts between fuel pins 8 and 9 at z=2i.8 cm

                                                 'and fuel pins 9 and 10 at z=52.4 cm cause the absolute value of the particular
                               '
sensitivity being fvurther reduced. The partieular sensitivity of the welding

angle ' at the lower end plug of fuel pin 7 shows almost the symmetrie character-
               'istics with Tespeet to that of fuel pin 8 as is clear from their geometrical

correlation.

iv) Installation angle of a pin end support tube

                                        '                                                             '     The particuLax sensitivity of the installation angle of a pin end support
       '
tube shows the slmilar characteristics to that of the welding angle of a fuei

pin end plug as shown in Fig. 5.7. Since the point of deÅílection is more

distant to the fuel pin gap under consideration by the height of a pin end

svtppoTt tube, the effect of the'installation angle of a pin end support tube

on the equilibrium pin bundle configutration is slightly dominant and the

                                           dbehaviours of particular sensitivity Åíunctions are complicated as seen by

coinparing Ng. 5.7 with Fig. 5.6. '
                                        '                                   t.5) Local uncertainties

i) Wrapping pitch of wire spacer

     The normalized fuei pin gap deviation due to the'local deviation in the

wire spacer wrapping pitch of fuel pins 7 anLd 8 at z=144.2 cm and z=128.9 cm,

which are just above and below z"e, is about O.5 ofe, while that of the local

deviation away from z)e is of the order of less than O.l %o. Supposing that

the wire spacer wrapping pitch of fuel pin 8 loealZy incTeases' at z=128.9 cm
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and then contact point A is shifted upward in Fig. 5.4, fuel pins 7 and 8

are locally deMected dute to the eonstraints at contact points E and ff so as
                                                                        '
to e)qpand the fuel pin gap under consideration. On the other hand, for the

                                                'dounward shift of 6ontact point A due to the locai decrease in wire spacer

wrapping piteh of fuel"pin 8, the pin gap contracts. With the similar
                                                                           '
reasonings, Åíor the upwancd shift of 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 sbown in Fig. 5.8.

ii) Xnitial pin bowing .. .
     The noxmalized fuel pln gap deviation dUe to the initial bowing oÅí fuel

pins 7 and 8 is about !.O %o and that of Åíuel pin 9 is about O.5 %o. However,

the contribution of the other fuel pins is of the order of less than O.05 %.

The corTesponding pa[rticular sensitivity is shown in Mg. 9. Sixpposing

that the amplitude of the initial bowing of fuel pin 8 is reduced in the

vicinity oÅí the pin gap under consideration, contact point B indicated in

Fig. 5.4 is to be released expanding the pin gap. On tbe other hand, the

local increase in the bowing amplitude of fuel pin 8 affects the equilibrium

pin bundle configutration in the' vicinity 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 locaJL increase in the initial bowing

amplitude of fuel pin 7 th the vicinity of the pin gap under eonsideration,

eontact point B indicated in Fig. 5.4 is to be released expanding the pin gap

and with the locaZ decrease, the pin gap contracts.

5.4.2 Evaluation of higher order terms
                                                                      '                                                         '                                         '
     Xn order to evaluate the contribution oÅí higher order terms appeared in

expression (5-5) which correspond to cross-correlation of more than two

uncertainties to the pin gap under consideration, severaZ sets of uncertain-

ties Zisted :n Table 5 5 whose contxzbutzons are comparativeZy dorgLnant have

                                                               '                                      -



been taken into consideration in evaluating the pin gap based on expression

(5-5) with and without higher order temas. The results are surnmaTized in

Table 5.5, which indieate that the contributions of higher order terms with

the  norinalized deviation Fanges of uneertainties listed are within -O.21 ofo

and +O.l6 ofo of the nominal pin gap. .
                                                                      '                                                                     '                                                                            '
5.4.5 Probabilistie distribution of the pin gap
                                                   '
     A pyobabilistic dLstribution of the pin gap under consideration was
                                                                             'computed based on expression (5-5) with respect to uncertainties whose eon-
                                             '                            'tributions exceed O.l % in normalized fuel pin gap deviation. Mhese uncer-
                                                                           'tainties include Ff(i;2), Ff(i;4) antd Ff(i;5)' with i=7 and 8, and F'(l(i,h;l)

and F'e(i,h;2) with i=7, 8 and 9 and zh= l28.9 cm and 144.2 cm. In calculating

the probabilistic distribution, higher order terms in expression (5-5) are

neglected. The result is shown in ]iig. s.lo where 'N g'th(z+ve) and gNm are the

                     '
value of the nominal pin gap under eonsideration in an equilibrium pin bundle

eonfiguLration with the initial fuel pin bowing .amplitude set at the most

probable value and .the design pin gap value with non-de.flected pin bundle ,

eonfiguration, respectively. Here, attention should be paid that the probabil--

istic distribution of the fuel •p' in gap under consideration, which eorresponds

to the cladding hottest spot in the center fuel subassembly, is shifted to

the narrower gap side though the distributions oÅí uncertainties considered

are almost symmetric. Mhis tendency is due to the confinement oÅí fuel pins

within a wiTe-spaced fuel pin bundle of an externally bounded system with a

W;.IPPceronlll2Zi[Ilnlg Sh9Uid be eOnsidered in t}ermai design of a g[BR core.

                                                                   ,                                                                    '                    '
     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 inttial bowing amplitude of a fuel pin, wrapping pitch

                                                                '                                                  '                t ttt                            '                                                                         '
              '                                                                   .                                                        ./
                                                            '                     '
                                                                      '
                                                        t.          '
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of a wire spacer, diameter of a wire spacer, installation eurigle of a fuel
                                '
pin end support tube and fuel pin welding angle at the lower end plug. '

(ii) A pin gap is affected rnostly by fuel pin unceTtainties associated

with a pair of fuel pins whose pin gap is under consideration and the corre-

               'sponding Zocal uncertainties in the vicinity of the pin gap.

(iii) Mhe contÅéibution of higher order terms in expression (5-5) to tshe pÅ}n

gap is approximately O.2 %o of the nominal value. A suffieiently accurate

pin gap may usually be obtained without higher order te]rms.

(iv) With the reliability level oÅí 99.87 9to, the maximum deviation of the

pin gap at the cladding hot spot of a fuel subassembly unde-T consideration

is s.os %o from the design nominal value gN
m.

(v) The probabilistic distribution of a fuel pin gap tends to shiÅít to the

narrower side due to the confinement of fuel pins of an extermaliy bounded

system though the probabilistic distributions of the related uneertainties

                                            'are almost symetric. '                          '
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Table 5.5 Comparison
    order terms

of
 in

calcul.ated
 expresslon

fuel pin
 (5-5)•

gaps with and without hi gher

Case
Deviated Uncertainty

Symbol Value
lized

of Norma-
Deviation

{g.(zx)/g.N} with

Higher Order Terms
Difference-e
   (ofo)

1
Ff (8

Ff (8

;5)

;5)

        -5s.o6 x lo
        -45•24 x IO .

O.9579 -O.O51,2
:-

2
Ff (8

Ff (7

;5)

;5)

 5.06

-5•24

   -5x 10
   -4x zo

O.9576 o.o

5
Ff (8;5)
FL(s,h;2)

        -45•24 x lo

O.2
O.9415 -o.o6s6

4

Ff (8;4)
Ff (8;5)
FL(s,h;2)

-5•24

-5.24
-o.6

   -4x 10
x io-4 Oe9264 •- O.Z95

t

5

Ff (8;2)
Ff (8;5)
FL(s,h;l)
FL(s,h;2)

        -57.69 x lo
        -45.24 x 10
        --25•27 x io

O.2

Oe9251 -O.214

6

Ff (6;4)
FL(7;s)

FZ(8,h;l)

FL(s,h;2)

 l.59

-5•24

 5•27

-o.6

x lo"4
x lo'"4

   -2x IO
O.9241 +O.Ol71

7

FS(4)
FÅí (7;Z)
Ff (8;l)
Ff (6;4)
Ff (9;5)
FL(s ,h;1)

iyl (s,h;2)

 2.59

 4.62

 4.62

 5•24

-5•24

-4•9

 O.2

 x lo-5

    -5 x IO
    -5 x IO
 x lo'4

    -4 x 10
   -2x 10

O.9406 +O.158

ee difference in no]rrnalized pin gap with and without higher' order teyms.

99



NO.o

y

wrapper
   tube fuel pm

<E)sgZz><l})<l})s@> 2i                                    @@@@@@@@

t?/

x

Fig. 5.2 Sehematic representation oÅí a
    numbers brought into analyses.

seetor of fuel subassembZy with pin



8
F

Ae
e
kiil

vz
<
li•-••i

ua
Mgii

280

25O

200

150
Z* e-

l

t

  ,-•-II

  <
  M •X
•<

100 •e

50

PINNO

,

1.

L

r.'mts'1
7

`.e-e),•

e---- -
'.eHb

.qH,,b

e

--dl-i)-,

.. N!.•

exe

e
- 'qe-eb

k

meas"re of
defgectioit •

   N

..Nb)•

-•

1

.,e-.e.,

..it-eb

m

,e

"dq"..IPb

::'s -t- -e -

f7pt8 9

-e.e- •

e•

•qqHt.•

..b.""P-

- e--

d!ptC,b

'

eG.-e-eebI.

.L"

..e-.et,). .e-t"e",. ol t e ,

-q"-e).

:

.

.s-eb• et ' , t

gop

qoo '

a

e <".ep• e ,,et""P'

-t--p--,
"-i-""bl.eA.spm.cyoo•,t-m' -r-a" I

t

l
`

-Nb ••

o,

ec

O.

t

."e--e,).

e

,

-

c

      234 s c} ioi xl g2i x3 x4 xs
Fig. 5.5 Equilibrium Åíuel pin eontiguration in a nontnal reactor operating eondition.

wo

fi

g
kptst.

bÅí tu

N;';

OQ':es

rs .s:

oko
Cls,)

Nl'i;

ge.g

ptopt,s?



NoN

PINNO..).

Ag
.,9,

i]il

vz
<
ts
(s,!>

pt3M-

iiiii

a
.,,cC

pa
paHfl

••!Eii

159.5

144. 2

z

z*

128.9

5
z

6 7 8 9
G

--}-v -m-e-e- el--e-tp- --

H

C
s

I

B

gm(z*),

E

-----

Ax$IAS

"pt• • ---"

F

D

-----t- "-----) e-e N

lob

- t-- t- -

Fig. 5.4 DetaUed
         vÅ}cinity

equiiibrium pin
of the fuel pin

bundle configuration in
gap under consideration.

the



p(Fjl)

N""'-- Oe6
             Oe5

O.3

O.2

Oe1

2=2

-- 1.0
-pt'

 Oe5
--- O.1

,-- O.2

(9})

Oe5
  FRf

-
(Å~10

  1.0
lii7?(lf

-- 2)

Fig. .5•5 Particular sensitivity oÅí normlized
to the pin gap under consideration.
fuel pin nunbers.

 .wlre
7, 8

spacer
and 9

 diameter
indicate

105



.P(Fi)io ..

'

Ri=4

61'NN/NtN/kN./'kige-Ne

-3-2..Z--1t"

IQ

FA--lil5A(Å~ro-4)

.

-- 1O
,

Fig. 5.6 Particular sensitivity of
angle at a lower end plug.
fuel. pin numbers.

normlized
  6, 7, 8,

fuel
9 and

pin
 IO

welding
indicate

I04



pa"{x) R=5 .t

10

7 '

6

5

-th ~NNN
/Avsas

/ iSL
- '

.,.g

9

-1 1FA---(Å~10-4) 3k

-- 1O

8

Fig. 5.7 Pathticular sensitivity of
    oÅí a pin end support tube.
    fuel pin numbers.

normalized
  6, 7, 8,

installation angle
9 and IO indicate

I05



"D(F,L,,>'

(Å~IO-2) 2=
Zh=l28.9cm

l

9
8

8

6

'4
.A.E..•

Ilt3;1.2---pttX2•2

2 (Å~10---2)

1 2

9

5

-
-

"e:rt
...e-e

L

-4
7

-- 6

'

-8

Fi g. 5.8 Particular sensitivity of
pitch of wire spacer. 7,
numbers. •

normlized loeal
8 and 9 indicate

w]rapp:ng
fuel pin

lo6



'

Z=l28.9.cmhR=2

7

tO(F.,,)

(Å~io -2 )

'

21

..4
/

t!!'""'tu'...thqe.v

---
6:-V--5.k'tu4 .rl:-l,2••--1 1 2

10 9

.NM..ts.--

6
Fh,rIX

(Å~1O---i)

j--..v

;R

-- 1

8

•pt

,

Fig. 5•9 Pa trtloular
bowing. 6,

sensitivity
 7, 8, 9 and

oÅí

 10
norinalized
'indieate

 iocal initial pin
fuel pin numbers.

z07



Noco

)••,

s,NA
-m-"-

ca
•!f!iil

ca

o
g:ll

>•-i

Oe4

O.3

Oe2

O.1

g.( z5
Ag' ,,' <Zac)

  •

X.Ol X.02

O.4

0.3

O.2

O.1

O.97 Oe98    O.99 1.0
              '---v                      i)g.(z * )/g. (z *

0.91

Fig. 5.10

     e.92 O.93 &94
                   g.(z*)/g.R

]?robabUistic diBtribuzaon. of the pin gap under

 ngin: design nontnai pin gap under non-deÅíZected
Ngin(zac): nontnal pin gap ealculLated with design

        parameters. -
g-m(z"e): expectation value of gin<zÅÄe).

O.95 •O.96

 consideration. ••-

 pin bundle contiguration.

 noninal vaZues of aZZ eore desi gn



                         RefeTences Åíor Chapter 5

(1) K. Sakai, Y. Oknbo and H. }lishida, Development of a Computational Method

                                                                  '
     for Evaluating ]iUel Pin Gaps in a ]i[BR FUel Subassernbly, PNC Report

     SJ206 77-IO, Mar. (l977)•

(2) K. Sakai, Y. Okubo and H. Mshida, Preliwinary StudLes on a ProbabilÅ}stic

     Distribution of Fuel Pin Gaps within a ware-Spaced ]i'utel Subassernbly,

     Trans. of At. Einergy Soe. Japan, Oet. (1977) C55.

(5) K. Sakai, Y. Nakai and H. Mshida, Probabilistie Distributions of EUel

     P'in Gaps within a Wire-spaced IPuel Subassembly and Sensitivities of the

     Related Uncertainties to Pin Gaps, Nucl. Eng. Design, 48 (l978)

                                                       '     505.

(4) D. B. Atcheson and M. I. teemme, Core-Wi' de Statistical I]valuation of the

    Effect oÅí Vneertainties in Ciad Temperatvure, Material Property Data, and

, BuLrnup on the Probability oÅí lmaBR Fuel Rod FailuLTe due to Creep RuLpture,

    Nucl. Eng. Design, 51 (l974) 591•

(S) H. HLshida and M. Higashi, Statistical Evaluation of Pin Gaps in I'utel

     Clusters for FUGEN, Nucl. -Eng. Design, 55 (l975) l91.

                                                                    '(6) K. Sakai, Y. Okutbo, H. Hishida, et al., Development of Statistical EvaZ-

    uating Method on ]inel Pin Gaps within a ]IVGEN IUel Subassembly, Trans.

     oÅí At. Energy Soc. Japan, Oct. (1976) B47e

(7) K. Sakai, Y. Okubo and H. Mshida, Deflection of Wire-Spaced ]iUel Pin

    Bundles, Trans. of A.N.S., 26 (1) (l977) 460.

(8) K. Sakai, Y. Oknbo and H. Mshida, Three Mmensi6nal Deflection Analyses

    of Wire-Spaced Fuel Pin Bundles under Temperature and Hydrodynantcal

                                         '                      .    Force Fields with ITradLation Effects, NueZ. Eng. Design, to be published
                                    '
     (1978).

                                    I09



(9)

'(iO)

(il)

(i2)

J. P. Wei and J. D. Stephen, PACT: A Probabilistie Method for Analysis

of uaBR Coolant and CladdLng TempeTattare Distributions, Trans. of

                              'A.N.S. 24 (Z976) 546. • .
A. Amendola, Advanced Statistical Hot Spot Analysis, KffK ll54--EU[R 5687

                                                                      ,K. Sakai'and H. 1lishida, ProbabUistic Ervaluation of Core-Internal

Coolant Flow Distribution with CoTrelation Among ]iUel Subassemblies,

                                                       'Nucl. Eng. Design, 44 (1977) 255•

Mest Production Data for MONJV ]fuel Subassemblies, PNC Xnternal ?4emo, '

Feb. (1976).

J

llO



                        . Chapter4
                    '
         Probabilistic evaluation of subassembly coolant flow rates

                due to the variation oÅí core design parameteys

                                    '                            '                       '
                                                     '                          '                                        '4.I Xntroduct;on 4 ' .
                                           ,     In this chaptey, discussion on the inter-subassembly thermal and hydrau-

lic characteristics described in section l.5.5 will be given. A liquid metal

fast breeding reactor is usuaUy provided with orificing devices within

coolant flow channels in order to optimize coolant Åílow rate based on the

channel heat generation rates. However, cooiant Åílow rate deviates from the

norninal value probabilistically due to manufacturing and assembling tolerances

associated with core internals and flow regulating devices and the evaluation

on the probabUistic deviation in flow rate of each coolant charmel plays an
important role in connection to therwa1 and hydraulic design of the core(l)"V

1-                                                                              '                          '
     Conventionally, the variation in the coolant flow rate of the hottest

channel is evaluated on the tolerances and the correspondLng engineering hot

spot subfactors aye combined with the related subfac' tors statistically or

cuimzlatively according to their natuees 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 oÅí the hottest' channel(5) AV (8).

 '' In this chapter, the effect of local and global uncertainties on the

probabilistic variation in coolant Mow rate of the hottest channel or any

arbitrary channel is dLscussed in terms of the cool ,ant  flow correiation among

all the core-intermal coolant channels under the condition of constant cooZant

fLow rate at the core inlet. Vncertaint#es may include those due to manufac-

turing and assembling tolerances inhexent in core'components asi well as due

                                                   1 -,
                                            '                                                            '
  '                         '                                                           '                  '                                                                         '                                                        '
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to ambiguLty included in material properties and are classified into four

                                                       'categories according to their contribution, similar to Amendola's global hot
spot anaiysis(4)' (8), nameiy (i) core uncertainties, (ii) pressume pxenum

uncertainties, (iii) flow zone uncertainties, and (iv) subassembly uncertain-
                                                                      '
ties. Giving measutred or assumed probabilistle distributions of the uncer--

tainties and taking theiT possible combinations with coolant flow correlations
   '
within and among the flow categories, an analytieal 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 cumlatively based

on engtneetring judgement in connection to safety consideration. Those uncer-

tainties should be incZuded in evaluating core-intermal coolant flow deviation

from systematic origtns.
                                         tt
     For numerical evalutation, a computer programne ORZFS--PFD has been devei-
opted (1)'V(4). oRIFs computes the thermal and hydrauzic eharacteristics oÅí

a corce under the nominal condLtions and PFD evaluates the probabilistic varia-

tion of subassembly coolant flow rate due to uncertainties. Several cases oÅí

sample caleulations have been performed in order to compare the deviation in

                                                                       'subasSembly coolant flow rate'  based on the conventional one-spot model and

                                             ithe proposed method• which takes into consideration the coolant Åílow correla-

tion arnong all svLbassemblies. The results are shown with the corresponding

                                                                'probability oÅí occu)rrences in terms of the probabilistic distributions of
                                                                       '                                                       '                                                    '                                                       '                                              'uncertainties. ' •
                                                       ,4.2 Analytical fonmlation
                                                  '
     Mhe procedures of calculating probabilistic coolant fZow distribution

                                           '                       .to be dLscussed consist of two parts. Mhe first part is concerned with the

evaluation of eoolant flow Tates in various coolant channels and the corre--

sponding temperature dLstyibution under the nominal core condition. The
        '                                                                   .                                    '                                                          '                                                            '                                                                       '                '                         '
                   '                                                     '                                                 '                                     ll2



second part takes into consideration the probabilistlc deviation in flow rate

and temperature distribution due to rnanufacturing and assembling tolerances

assoeiated with core components. The coolant channels under cqnsideTation
                 '              '
are sehematically shown in Mg. 1.1 and DiagraJn 4.l. Atnblguity inherbnt in
       '
material properties and experimental data may as well be taken Å}nto consider--
                                                                   '                       '                    '                                                                            ,

                                '   '
4.2.l Nominal calculation

     Equations of continuity and the eonservation of energy and momentum are
                                                'solved simmltaneously foT coolant temperatimre and flow rate digtributions '

                '
through iterative procedu]ces by balancing the pressuÅée difference across each

flow channel under the nominal eore condLtions. The pressuxe dTop is evaluated

                                          ttin terms of experimental data and available fommlas. '
     In calculating the pressull?e drop aeross the fuel pin bundle section of

a fuel subassembly, edge flow effect is taken into consideration in relation

to the momentum balanee within a fuel subassembly, where edge Mow coeffielent

f is defined such that
 W
                                         tt

      wde Win ''
         '
        '     '        '                                                       -W is an averaged coolant flow rate per fuel pin while win is an averaged

                                              '                                                                             'coolant •Mow rate pesc fuel pin belongtng to the interior subchannels. fw is

weakly dependent upon subassemb!y flow rate vunless the flat to flat distance

           '6f a wrapper tube deviates. Computer prograrmne ORIFS determines pressure drop

across each coolant channel as weU as the nominal hydraulie resistance coef-

ficients at the norrnal operating conditions under the condition of constant

total coolant fiow rate wT at the core inlet. . ' • ••

4.2.2 Evaluation of pressuce loss performance

     We consider, in the precedtng sections, probabilistic variation in coolant
                                                                '                                                                   '                                        '
flow rate due to manuÅíacturing and assembling tolerances. Unceytqinties to
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be considered are classified into Åíour categories accordLng to their scope

oÅí influenee, namely, (i) core uncertainties, (ii) pressure plenum uncertain-

ties, (iii) flow zone uLncertainties and (iv) subasserubly uncertainties. We

define a noTmalized uncertainty F(E;R) such. that
                                                                      '                         tt                                          'r F(,,2)Ett{eli•:-:ii-i;-,,,2l ,;. . (4-2)

      '
      .'Nv.where 6(e;R) is the nomLnal value of the Rth uneertainty in the eth category

and 6(e;2) is a deviated value of the uneertainty in the vicinity of the

              .N.nominal value 6(e;2). Uncertainties under consideration are listed in Table

                                            ./                                                                        '4.1.

     The pressure drop across flow channe!s, such as a core fuel subass6mbly

and a blanket fuel subassembly, may in general be expressed in terms of F(E,R)'s

                                           'as Åíollows:
                                        tt                                                                              '
aeross a core fuel subassembly:

                                          't

     Apl(l,v ,to)= aOR(l,v ,(D)FS(l ,v ,(D;2)FS(1 ,v ,Q);s)FZ(1 ,v;2){Fe(l)} -lw2(l,v,G))

               + gNS (i ,v ,(le)) {FC (i)} -iyllP (i ;i)w2 (i ,v ,Q))

               . a Ill3 (l ,v ,a)) {FC (i)}O'2 {FC (2)} otO' 8iSP (1 ;2){ FS (l ,v , (D;l)} "l ' 8wZ '8(1 ,v ,(v)

               +a Pl {wi}2+ FC (l) p-(l,v ,w)h., (4- 5)
                                                                   '
                                               '
                         '
across a blanket fuel subassembly:
                                   '                                         '
      '     Ap2(2,v ,Q))= a OR (2,v ,(D)FS (2 ,v , (v; 2)FS (2,v ,(D; s)FZ (2,v ;2) { FC (1)} 'lw2(2,v ,(D)

                                                        '               +aNS (2 ,v ,(v){FC (1)} -IiiP (2;1)w2 (2,v,w) '
                                                             '                                   '
                                                               '          ' +.]i[B(2,v ,("){FC(i)}O'2{FC(2)} -O'8FZ(2,v ;i)• ,

           '
               .{FS(2,v,tu;l)}-l'8wl'8(2 }, ,tu)+puC(2) 15-(2,v ,(v)h.. (4-4)

                                                                 '                        '                                                         '
                                                                '
                                                             '                        t t ttttttt
                           '                                                                 .
                       '                                                        '                                                          '
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Mable 4.1 Classification of uncertainties. Keys: p..e.c. =
pressure loss coefficient, vo = number oÅí flow zones
of blanket futel region, vl =vo + number of flow zones
consisting of control rod S/A, V2 = Vl + number of
flow zones of nevLtron shield region, vs = v2 + numbey
of flow zones consisting of neutron sources. •

category symboZ speciÅíication of uneertainties

core FC (a)

FC(2)

eoolant

coolant

density

kinematic viseosity

T

pressuye
plenuin

FP(l;1)
]iiP(i;2)

liiP(i;5)

iiP(i;4)

sP(2;l)

IiP(2;2)

yiP(2;5)

B{P(5;i)

 '
iiP(4;i)

p. Lc.

p•Lc.
p. l. c.

p.L.c.

p.Lc.
p.L.c.
plenum
p.L. c.

P.L.c.
plenum
p.L.c.

6f

of

of

of

of

of

of

of

of

core fuel S/A"eaxial neutron shield

core fuel S/A pin bundle

downward leakage from high pressure plenum

upward leakage from high pressure plenum
blanket fuel S/A axial neutron shield

depTessu]rizing mechanism for low pTessure

upwaxd leakage from low pressume plenum

depressu]rizing mechanism for storage r'ack

side wall bulk plenum ieakage

,

flow

zone,

FZ(2,P;1)

FZ(2,v;1)

FZ(2 ,v ;1)

FZ(2 ,p ;l)

FZ (,tt,v ;2)

p.I.c.

p.Z.c.

p.I. c.

p.I. c.

p.I.c.

of

of

of

of

of

blar)ket fuel S/A pin bundle

contToZ rod S/A

neutron shield S/A

neutron source S/A

orificing mechanism in S/A

 (v-<."o)

 (V O<V :{"l)

 ("1<" S{:"2)

 (" 2<" th<"5)

entrance nozzle

S/A FS(,U,V ,

FS(,ce,v
      t.

FS (,U ,V ,

tu;l)

ca; 2)

w; 5)

p.L.e

p.Z.c
tion

p.Lc
tion

., of pin bundle

. of orificing
tolerances)

. of orificing
toZerances)

 seetion in

section in
          ,
section in

 S/A

S/A

S/A
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              '
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"e S/A indicates
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 a
etc
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P]ressure drop across other channels, such as a eontroZ rod subassembly, a

reflectoy subassembly, a neutron source subassembly and an expended fuel

storage rack may also be expTessed in sintlar formulae as expTessions (4--5)

and (4-4)•

   . FS(,ce,v,(D;2s) represents a normalized subassembly uneertainty oÅí the Rsth

kind whieh belongs to the (Vth subassembly in the vth flow zone connected to

the ictth pressure plenum. FZ(ice,v;Rz), ]IP(,te;2p) and FC(2e) represent a nor-

malized flow zone uncertainty of the Rzth ki4d belonging to the vth flow zone

connected to the pth pressure plenum, a normalized plenum uncertainty of the

2pth kind belonging to the ,Uth pressure plenum and a normalized core uncer-

                                       OR NS                                                    Btainty of the Rcth kind,respectively. a , a                                                       a]re the nominal'                                               and a

hydraulic resistance coefficients acToss an orificing section, a neutron

shield section and a fuel bundle section of a fuel subassembly,respectively.

Mhese values are computed in advance with ORIFS oode taking into considera-

tion the temperature dependency of coolant properties along the flow channel

under consideration. aPi is the hyd]rauiic resistance coefficient across

connecting pipes in the high pressurre plenum and is treated constant in the

present analysis sinee the coyrbsponding pressure drop is considerably small.

-p- Ue,v,to) is the averaged coolant density over the axial Zeng"th of the wth

fuel subassembly in the vth flow zone connected to the ,teth pressure plenum

and is also computed in advance with ORIFS code. .hs is the axial length of

asubassembly. .                                                 '
4.2.5 Probabilistie variation in eoolant flow rate '

     !n order to discuss the probabilistic variation in the coolant ÅíZow

rate along the rth coolant flow channel, where T is a sequence number corre-

sponding to Cee,v,a)) under eonsideration, let P(wTIwT) be the probabilistic

density such that the coolant flow rate wT along the rth channel, such as the

Tth core subassembly, is ineluded in the interval'  ("v, wr+dwr)' under the

                                                                -
                                                         '                                                '              .t- '
                                                      '          '
                                            '                                                                 '                . Il7



condition of constant total coolant flow Tate wor at a reactor core inlet.

Then, since wT is•determined through the flow correlation among all the

coolant flow chamels, P(wTlwT) may geneTally be expressed in t.e]rms of the

product of probabil'i stic density Sunetions of all uncertainties listed in
                                                                           .
                     'Table 4.l as follows: .
                                                                         .
  .i. P(WTl WM)= .{iillji RgPC(2.)dFC(R.) 2 2llp PP(ie; jlp)d[FP <Lt ;Rp)•

                                                          '                                                '
             .g Rll pZ(,tt,v ;R.)(xFiZtlLe ,v ;i.) :l3r Y pS(,tt,p,(D;R.)<i[EiiS.Qce,v,(v;2.).

                  zs                '

In expression (4-5), PC(Rc), PP(pt;lp), PZ(@,v;Rz) and PSlp,p,te;Rs) are pro-

babUistic density functions of the uncertainties FC(Rc), FP(It;Rp), FZCte,p;2z)

                                                         'and FS(,ce,v,(v; ls), respectiveiy. Zndicies ,ce,p,(it), 2c,RI) and 2s va]ry so as to

                                                                'cover all the uncertainties. 91 indlcates the integration should conditionally
             'be carried out on FC , FP, FZ , and FS such that the eoolant Åílow rate in the

                                              '
Tth subassembly is wr and the total coolant flow rate at a reaetor core iniet

is wM. However, compvttational difficulties are involved in earrying through

the integration conditionally on 91 appeared in expression (4-5), that is, '

equations of continuity and conse]rvation of momentum and energy should be

solved Qnce for every possible combination of ffC, ]i[P, ]?Z and FS in order to

assure whether the integrating condition is satisfied. In order to avoid such

computational diÅíficulties, we replace the kernel of expression (4--5) by a

  'probabilistic density function depending eonditionally on the coolant pressullre

drop Ap between the inlet and the outlet plenums. . ..•,
     Suppose P(61a,P,r,...) be a conditional probabilistic density that 6 is
                        '                                   -.                                                                          'included in the interval (e,e+dg) under the fixed parametric values of a,P,r,

"' , then the expression (4-5) may be rewwitten as follows:
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              max. va!ues     P (wT l wT )= tt fi : ' "sii. .fA. PC (i. )g lpZ PP (pt ,R p) gE. PZ (pt,v ; i.•) '

             •P(w.IwM,Ap,FC,FP,FZ)d(Ap)dpse(2.)dliP(xe;2p)dllZ(,ee,v;R.), (4-6)

                              '
where FC, MP, FZ in (}Lcat e. Fe (Rc)'s, EiP (Ke; 7,p) 's and FZ CLt ,v;2 )'s wi th ,ce , v ,

                                     '
Rc, 2p and 2z being iru[rining indices covering all the uncertainties belongtng

to the first three categories. Variation in the subassembly uncertainties

is implicitly taken into consideration through integrating p(wTlwT,Ap,FC,

FP,FZ) with respect to Ap. It should be cleasc that

     P(wTlwM,Ap,IEi,C,IIiiP,y:Z) ,

            = f. ••• •f,U ll llllPS(pt,v ,w;2 ,) (i[IrS(,u,v,to ;2 ,) , (4-7)
              on92 pt v to Rs
                                         '

where 92 indicates that the integration should conditionally be carried out

on FS sueh that the coolant in the Tth subassembly is wT and wT,Ap,Fe , FP and

FZ are parametrically fixed.

     For computational convenience, the kernel in expression (4-6) is Åíurther

deeomposed into the Åíollowing form according to the muLtiplication formula:

              max. values - ''     P(WTl W')== ttfi: '.esia., fZ-ll.7 PC(i.),EI2g iPP(•et; 2,) :l]r ;ii.!r pZ (Le ,v ; 2.)•

                             '             .P(wT 1 wZ , Ap ,fi'C , ]i'P ,FZ) .P(wZ l wP , ttNp , EFiC , g,P , IiZ) .

                        .

                                                       '             .p (wPlwM,Ap ,FC ,FP,FZ) dwZdwPd(Ap) (i[FC ( 2. )asP (,et; ,lp)dFZ <Lt ,v;R.)•

                    '                      ..                        -t -                     tt                                                            '                                                 ' (4-8) •

Here, wZ and wP are the eoolant flow rates of the flow zone and thb pressure

plenum to which the Tth subassembly under consideration belongs, respectively.

     So far, uncertainties have been expressed in terms of probabilistic

density functions. However in repTesenting the resvtlts of measurement on
                                                           '                                               '                                            '
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uncertainties, histograms are of direct means. We dLvide the interval between

the maximum and the wtnimum values of variable e into To subinte]rvals and let
                                                  '                                                           'the rnidpoint of the Tth subinteirval be e(r), then the probabilistie distribu-

     .tion P(6(r)Ia,P, r, .'') is defined such that ' '
             • - e(r)+Ae/2
     "]5(8(r)la,p,r, ''')=--f (l(.).-Ae/, P(4Flcr,P,r, ''')9(?, . (4"'9).

                                                           '
where Ae eorresponds to the width of the subinterval.

I) Computation of IF(wT (r)lwZ,Ap,FC,FIP,FZ)

     Based on Bayes' theorem(9), a conditional probabiiistic dlstribution

function F(wT(r)lwZ,Ap,FC,jlP,FZ) may be expressed as follows:

     IF(w. (r) lwZ,Ap,Fe,FP,FZ)

            ' :iS(w.(r)1Ap,FC,FP,FZ) Ei;(wZtw.(r),Ap,FC,FP,FZ)

             - F(wZI Ap ,FC ,FP,FZ) • (4-IO)
                                                              '

:F(wT(r)IAp,FC,IJP,FZ) on the right side of eq. (4-10) may easily be calculated

according to expressions (4-5) or (4-4) which gtve the relations between sub•-

assembly coolant flow rate and the correspondLng pressure loss coefficients

under given pressure drop Ap. Herei pressmie d]rop across plenums should be

known in'  order to relate Ap to Apl or Ap2, in connection to which discussion

is to be given later at engineering points of view. Suppose the flow zone'

under eonsideration, which includes the Tth subassembly, consists of Nz

statistically identical subassemblies, then F(wZIAp,FC,]i{P,FZ) may be obtaLned

through taking all the possible combinations of EF(wT(r)lAp,Fe,FP,FZ) over Nz

subassemblies, nameiy, ' • ' ,

l20



    •iF(..IAp,F.,Fp,F.)., jliz .sNz-a....Ns'a-P-''' c; c....... c

                    , a=OP=O rp =O Nza Nz-aP, N.-a-P-.••
             •(lil;(w.(l)lAp,Fe,]iP,FZ)]a •(EF(.. (2)IAp,FC,ifP,FZ)]fi ••••

                         t/
             .(EP(.t (..)l Ap,FC,plP,FZ))NZ-a-P-''r- rp6{t7Z,(.Z,.Z.A.Z)}, (4-u)

where t3Z and C are defined such that
            Na             z
     ftZ! a•w(l) + P•w(2) + ••••• + (N.-sa--P-p•••''-V)'w(sc.), (4-l2)

             Ng
     N..Ca Ei '(1fiiE.:2ZSTa;l!, (4-i5)

and

    6{WZ, (.Z,wZ + AwZ)} .-. Iif WZ E(wZ,.Z + AwZ), (4--l4a)

                         :-== Oif idZ .E((wZ,wZ + AwZ). (4-l4b)
                 '
EF(wZlwT(r),Ap,FC,IEIIP,FZ) may be ca.leulated without dLffieulties sintlar to

texpression (4-ll) by means of keeping the flow rate in the Tth subasseinbly

at wT(r) and taking all the possible combinations of probabilistic distribu-

tions of the rest of (Nz-l) subqssemblies which belong to the flow zone under

consideration. '
2) Computation of F(wZlwP,Ap,FC,,}P,FZ) '

    F(wZlwP,Ap,FC,IiP,FZ) may also be expyessed based on Bayes' theorem such

                                  tt
                   '
    EI;(.Z 1 .P , Ap , FC , ]iilP ,FZ )

                '                                                   '              li5 .ZIA FC FP FZ . iF wPl.Z A Fe FP FZ
                                                    , (4-i5)
                    :i;(wP l Ap , FC , IffilP , FZ )

                                         '                                        '           '                      Lwhere P(wZIAp,Fe,FP,FZ) is already gtven by expression (4-ll). F(wPIAp,FC,

I[P,FZ ) is derived in terms of il;(wZIAp,rvC,FP,YZ). Since flow zones are m

                                                           '

.

z}
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 general not identical tp one another, P(wvZ(a)lAp,FC,FP,FZ) should be evaluated

 for every zone and taking all the possible combinations we have

                                 '     F(wPIAp,FC,IE{P,FZ) •
             F .llili' ."XA2Z'i"''.iX!A[iYi:i:F(wi(ai)l Ap,FC,]i{P,FZ)F(w:(a2)IAp,Fc,iip,Fz)•••

                            z
               ••• El;(wiil (av,i )IAp,FC,]i'P,]i3Z)6{"wP, (wiP,wP+zxwP)}, (4•-i6)

                      zz
              '

     kP :-= wi (ai) + w:(a2) + ••• + will. (aM.)•• (4-i7)

     Again, i;(wPlwZ(a),Ap,FC,]i{P,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 combinations of probabilistic distributions

Åíor the rest of (Mz-l) zones which belong to the pressune plenum.

5) Computation of EF(wPlwM,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 rnaximn and the

minimum pressure loss coeffiQietflts.' Then, it folzows that EF(wPlwT,Ap,Fe,gJP,

FZ) may be caZculated within the pressure drop interval in terms of EF(wPl Ap,

FC,IiP,FZ ) gtven by expression (4--l6) simply as follows:

     Ei;(.Pl .T,Ap,FC,FiP,FZ) ,,
                                             '                                                '                    T-            = bETiili'6/'M.Pi iF(w:(bi)l Ap,FC,FP,irZ)'''EF(wPMt{(>bsalp)l Ap,i'C,F[P,FZ)• .

                     P .' .6{{aM,(.T,.re. .T)}, (4-ls)

                                        'where

     kT =- w: (bl) + wg (b2) + ••••• + wi2 (bM ), (4--19)
                                     pp •
and b)a corresponding to WP under consideration is fixed. .

                                                        '
                                                    '
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     So far, the mathematieal derivations are in general, however, in actu-

ally calculating the eÅífect of uncertainties on the coolant flow rate dLs-

tribution, the following assumptions are employed, which are sufficiently

reasonable at engtneering points of view. ' '
(i) Mhe pressure loss coefficients for leakage flow paths are kept at the

                                                                      'minimm valuies since leakage flow ' rates are negligible in comparison with '

the corresponding main flow rates.

(ii) In estimating the flow deviation in high pressure coo'lant ehannels, L

pressune loss eoefficients of the low pressure coolant channels are kept ' '

constant at their minimum or nominal values since flow rates w;, wPs and wP4

defined in Diagram 4.1 are considerably small in comparison to w:.

      Mhen, a yelation of Ap to Apl and Ap2 previouLsly pointed out is

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

reactor core under the given Ap and wM, and w:, w;, wPs and wP4 are sinmlta-

neously detemined. '
(iii) On the other hand, in estimating the flow deviation in low pressu]re

coolant channels, probabi!istic variation in pressure loss eoefficients of
                                                                    '
the high pressure coolant channels are taken into consideration through flow
                             -- •
                                            'correiation. • '
4.5 Nuu}erical results and conclusions

     ComputeT prog]ramme ORIFS-PFD computes the nominal coolant flow rate

distribution inside a reactor core and probabilistic deviation in subassem-

bly coolant flow rate due to amufacturing and assembling toleranees, etc.
                                                                           'of the core eomponent in connection to the evaluation of hot spot temperature.
                'The programme is based on the computational schemes shown in Diagram 4.2.

     Several cases of saJnple calculation have been performed using O]llFS-PFD

code for a prototype IEY[FBR core in order to eompare 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 ]liPIEBR core brought into the current

sample ealeulations consists of l98 core fuel subassemblies, 172 blanket fuel

subassemblies and subassemblies associated with control rods, neutron shields.
                                                                     '
and neutron sowrces. The core Åíuel subassemblies and the blanket fuel sub-

                                                           .                               'assemblies are divided into 8 and'  5 different flow zones]respeetively. Con-
                                                                      '                                                                       '
tro! rod and neutron shield subassemblies belong to another flow zones.

     The probabilistie distribution functions for the uncertainties employed

in the sample calculations based on the test production and experimental
data(10)'N'(l2) are listed in Table 4.2• '

4.5.I Sample calculationl . - n
                                                        '     Mhe first sample calculation is concerned with the evaluation oÅí the
                  tt
effect of flow correlation among subassemblies. Let a flow zone under con•-

sideration consist of Nz subassemblies with statistically identical uncer-

tainties. We estimated the deviation in coolant flow x'ate of one subassem-

bly which belongs to a subgroup of Nz' subassemblies in the flow zone among

                                      'whtch the flow correlation is taken into consideration, while the rest of

 (Nz-Nz') subassemblies in the f•low zone are assumed to have the mean charac-

teristics. In the sample caleulation, Nz' is selected to be Nz'=5, 7, 9 and

11. The satisfaetory convergence in the coolant flow rate deviation had been

found for Nz' being beyond 9, as shown in Fig. 4.l. Consequently, a conclu-
                                                '                                               '                                   ttsion !nay be derived that it is sufficient to apply the central li!nLt theorem
                                                '
in takiLng into consideration the coolant flow eorrelation among fuel subassem--

                                                                        'blies in a flow zone consisting of more than 10 subassemblies of statistically

identical charaeteristics in the case of a prototype EBR core under consid-
                       'eration in eonnection to evaluating expression (4-ll).
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4.5.2 SampZe ealculation2 . .
 • SaJnple calculations on the probabilistic distributions •of the core fuel

sutbassembly coolant flow rates P(wTlwT) in eve]?y flow zone have been perfo]rmed.

The results are shown inEigs. 4.2-v 4.9. Comparison was made on the devia--

tion in coolant Åílow Åéate due to uncertainties evaluated based on the conven-

tional method and on the proposed method where the flow eorrelation over all

subassemblies is taken into eonsideration. [rnder 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 cteviation yangeg. of a].l

                                          '
                                         '                                                 '
     Flow rate deviation in every Now zone of the core fuel assembly and the

correspondtng probability of occurrence are shown in Mable 4.S, where the

minimm appreeiable level for the probabUistic flow rate deviation is set to

                     .l5be oÅí the order of 10                         in the present sample calculatj.on. However, the

mininrum appreciable level should be decided based on safety eonsideration in

the aetual design calculations. Mhe computational raesh vidths oÅí pr•obability

illeillgli.IaMS are MdLCated in Mable 4:.5 for the results obtained on the ]piroposed

                             '         '                                                                       '                             '4.5.5 Conelusions
                                             b     Some of the conclusions obtained through present studies with respect

to a previously mentioned prototype ua?BR eore are as follows:

(i) Setting the niniimni appreoiable' level of probabilistic occurrence to be

  -15     , the deviation oÅí the coolant flow rate from the nominal value in a10
    'core fuel subassembly is about 50 ofo sma11er than that 'calculated with the

                                             '
conventional method as shown in Table 4.5.

                                                              '(") !t 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. •• .                                                 '
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(iii) Mhe hydrcaulic resistance of an orifieing device always deviates to the

lanrgey resÅ}stance side from its nomLnal value due to the vatiation oÅí the

Snstallation angle of orificing holes. This deviation shifts the subassembly
                           t/
coolant flow rate under eonsideration to the lower flow rate side. This

tendency is more remarkable in the lower flow rate regions as shown in Ngs.

4.2'y4.9, since the installation angle of oyiÅíicing holes afÅíects the

hydnauLic resistance of an oyificing devicq where the pressure drop is larger

in lower flow rate regions. !n a case of the prototype IICEBR core employed in

sample calculations, the mean value of the probabilistic distribution of

subassembly coolant flow rate deviates from its nominal value by O.20 ofo in

higher flow rate regions and by O.57 %o in lower flow rate regions as are clear

from those figuLres. Mhe normal distyibution of subassembly coolant flow rate

assumed in the conventional hot spot analyses should be improved talctng into

consideration the mutual dbpendeney of core structual parameters thmough

'coolant flow correlation within a reactor core based on their actual proba-

bilistic distributions.

(iv) Mhe proposed method may be used to veriÅíy the conventional method of

                                '                                                       'hot spot temperaturre calculathid'n. ''
                                                                       '
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Tab1e 4e2 Probabilistie
uncertainties

di stributi' on

employed in
 Åíuncti6ns
the sample

for the
calcu Lations.

Distribution

Category Symbol
Type Mean

Value
  Maxinmm
Devi ati on (%o)

core FC(1)

FC(2)

ehopped

chopped

normal

normal

l

l

.

t

o

o

i5
Å}15

t

pressuur?e
p1erium

fi[P(1;l)

FP(i;2)
i"P (i;5)

FP(1;4)

FP(2;l)
ii{P(2;2)

FP(2;5)

FP(5;l)

FP(4;l)

uni form

chopped normaZ
b function

6 Åíunction

b function

6 function

6 function

6 function

b function

l

l

l

1

o

o

1

o

o

.

.

.

.

.

.

t

.

.

o

o

o

o

9

95

o

95

95

flow

zone

FZ(2,v ;1) (V -< Vo)

FZ(2,v ;l) (v o< V E{;Yl)

FZ(2,v ;l) (V l<U -<'" 2)

FZ(2,v ;1)(P2<V -<V s)

FZ(1 ,v ;2)

FZ(2,v;2)

6 function

6 function

6 function

6 function

ehopped 'normal

6 function

O.95

O.95

O.95

O.95

l.O

O.95

Å}IO

Å}5

o

o

o

o

o

o

o

o

o

o

o

+6

o

S/A lpS (l , v, to;1)

f (pt, v, tu; l) (2-<P -< 4)

fiP (1,V,W;2)

f (pt,v, to; 2) (2-< pt K4)

f (1 ,V, to; 5)

f (,a , v, tu;,s) (2s{gpe E{; 4)

ehopped nommal

6 funetion

linearly deeending

6 function

chopped normal
6 function

1

l

l

l

l

l

.

.

e

.

.

.

o

o

Ol

o

O05

o

+O.5

o

+5
o

+l

o
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Tab1e 4.5 Probabilistic deviation oÅí
prototype pmBR eore.

eoolant flow rate in a

Flow Nominal Plow Deviation

Zone Coolant MoNiz
Rate (kg/s)

Conventional
Method (ofo)

Proposed Method"e

(9o) Probabi lity

]- 20.20 2.o6      -O.571.50    +o 8.421     -11x zo

2 18.59 5•85     -O.912.49    +o 1.569     -7x 10

5 l7.85 5•50
     -o2• 54 +o

•96
5.17     -7Å~ IO

4 l6.65 4e48 5.25 -l.25
+o l.504

    -6
x IO

1

5 l5.47 4e59 l5e25 •-
]. • 54

+o 2.010
    -6
x IO

6 l9•54 2.68      -O.74l.94    +o 4.498     -8x 10

7 16.24 4.90 5•59 -- l . 52

+o
5•674 x   -6

10

8 14.77 5.00 5.56 -l.45
+o

         -62.081 x IO

ee Mhe mmmmmappreciable probabil ity level is oÅí the order of lo"l5.
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                        . Chapter 5
                                                   '
                      General discussion and eonclusions

                                    '                          '                                       '                                                                         '                    '                                '                                              '
     The objective of thLs study is to accomplish an advanced method for hot

spot analyses of the core temperature in core therm1 and hydeaulic design

taking into consideration the mutual dependency of core design parameters

                       'through the following correlations, which have been left out in the conven-

tionai hot spot analyses, namely,

(i) thermomechanical correlation among fuel pins within a fuel subassembly,
                       '(ii) coolant flow correlation among coolant 'flow channels within a reactor

(M) the effect of temperatu]?e dependency of material properties on the core
                                                                 ttt
                                                                           'hot spot temperature. '                       '                                          tt
     rn this chapter, conclvtsions obtained in each section will be reviewed

and discussion with respeet to their applications to reactor core thermal

and hydraulic qesign will be presented.
                                          '
1) Lateral drag coefficients of fuel pins correspondLng to hydrodynanical

foree under the coolant Mow have experimentally been investigated Åíor several

dtfferent types of wire-spaced fuel pins as showa in Fig. 2.15. '

2) A method of evaluating the fuel pin deflection, the related effects of
                              'the core temperatu]re and tihe 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 11um3R core have been

                                           '
(i) Due to the temperaturre gTadLent across a fuel pin bundle, Åíuel pin

deflection causes to decrease the inner subchannel flow area almost in the

core region as shown in Figures 2.17-v 2.21 and consequently the hot spot
                      '
tempeTature increases. ghxether, owing to the irradtation swelling and creep,

                                                                   J                                                                  '                                                               '
                                                            '                            '                                                                               ' '

                                                        '                                                              '
                              '                                                            '
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the Åíuel 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 maxinmn nmtual force acting at the fuel pin contact point generaUy

increases with respeet to irradiation time. '  '
                                                '
(ii) In a case of the prototype LIY[F!BR core employed in sample caleulations,
                                                              -                                             .                                            '         '
the equilibrium fvLel pin deflection modes are displayed in Figuures 2.l7 's-

2.21. Deviation of subchannel area from the design nominal value is of the

order of ' l8 ofo for the inner subchannels a2nd is of the oyder of +l4•v+so 9o for

the peripheral subchannels at the Å}nterfaee between the core and the upper

blanket regtons. Mhe hot spot subfaetor aceounting for the fuel pin bundle

deflection is 1.025 'vl.055 at zero irradiation dependLng upon the power

gradLent within a fuel subassembly and it further increases up to 1.045 at

500 day irradiation.
                                          tt
(iii) For the same prototype IliMFBR eore, the maximu!a load due to fuel pin

eontact is O.52 kg at the upper end of a peripheral fuel pin being in contaet

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 afLter 500 day irradLation.

5) Xn the design of a wire-spaced fuel subassembly, the diamete= of a spacer

wire and the clearance betweeh a fue! 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.
                                         '                         '                                     t.Mh]rough evaluation of the eÅífects of design parameters on the core the]mal

                         'and hydraulic characteristics by using the proposed method, these parameters
                                                                           '                                                       ,may be optimized in eonneetion to the pin bundle pressure drop perfonmce,

the core temperatume'distribution and the pin bundle deflection mode under

                                           'thermal gradient and iriradiation swelling.

                                                                      '4) rvor the prototype !if!lli[BR 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 core temperature in a reactor operating condition

  are as follows:
                                                                            '
 ''(i) initiai bowing amplitud6 of a fuei pin (G.{4,e,F6(2e)} defined by (s-7)

       = -l.58 ofo.v +l.21 ofo), '

  (ji) diameter of a spaeer wire (-O.492 %o, +O.417 ofo),

  (jii) wrapping pitch of a spacer wire (-O.598 '%o, +O.198 9o),

          '  (iv) insta!lation angle of a fuel pin end support tube (-O.298 ofo, +O.0479 Yo),

                                                                     '  (v) fuel pin welding angle at the lower end plug (-O.l57 %o, +O.0465 %o).

  The va!ues in the above parentheses indicate the maximum deviation of a fuel
                                           tt
  pin gap due to the vaniation of each parameter under consi.deration from its

                .N..  nominal value gm(z"e) calculated based on the proposed method with alZ the

                                                                           '  nominal core design parameters.
                                            '                                     '            '                                                             '       Based on these sensitivity studies, assembling and fabrication toleranees

  of subassembly structual parameters can be optimized in corrnection to the

  fabribation cost. The tolerances associated with those stxructual parameters

  selected above should be of smaller Zevei than those of the other paraJneters.

  Especially, the tolerance'of spaeer wire wrapping pitch should be of the

. smallest level at the core and the upper 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 stvLdLes, probabilistic dLstribution of a

     '                                                '  fuel pin gap within the prototype l]hli13R fuel subassembly in its operating

  condition has been evaluated as shown in Fig. 5.10. The nominal pin gap

 gm(zX) calculated with design nominal values of all the core design parameters
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(liffers by 6.og 9o from the design nominal value gli'of the pin gap employed

in the conventional thermal and hydraulic design. With the •confidence level

A of 99.87 ofo, the rnaximum deviation of the pin gap at the cladding hot spot
                                 '
of a fuel subassembly is 8.05 ofo from the conventional design nominal value
                                                                               '                                               'gil and is l.96 %o from the curyently calculated design noiirinal pin gap Ym(zX).

                                            -.                    '
The probabilistie 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 O.51 %o from the calculated nominal value as shown in Fig.

5.Å}O. Mhis tendency is due to the mutual dependency of core design para-

meters'  through mechanical and geometrical correlations in the conÅíinement

system of fuel pins extemally bounded with a wrapper tube. The normal dis-

tTibution of fvtel pin gap employed in the conventional hot spot analysis is

                                                            'in conflict with this tendency and shouid be improved.
                                         '6) The effects of variation in core design parameters such as the

dimensions and the geometries of core strrtetual components, matental properties

and hydraulic parameters on the fuel subassembly coolant fiow rate have been

                                                                            'studied and the Åíollowing conclusions were obtained:

(i) It is sufficient to take into consideration the Åílow correlatlon among

at moSt 10 fuel subassemblies within one flow zone in evaluating the effect
                             '                                             ,of subassembly uncertainties. . .
                                                '
(ii) Mhe effect oÅí the local vaTiation in core design parameteTs on the Åíuel •

                                   '
subassembly coolant flow rate is more significant as compared to the global
                                                   '                                        '
variation in the corresponding parameters. In a case of the prototype ImsBR
                                 '                                                                           '                                                       ,core employed in the sample calculations, the effect of subassembly-wise
      'variation by IO ofo in the hydraulic resistanee oÅí a fuel pin bundle on fuel

subassembly coolant flow rate is about l.9 %o-v 2.4 %o largey than that of the

high pressunre plenum-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 efÅíect on the

subassembly coolant Åílow rate in the lower flow rate reg[Lon where the pres-

su]re drop at the orifieing device is larger. •On the other hand, the pressure

loss coefficient of a fuel pin bundle, the flat to flat distanee of a wrapper

tube and the stiTuetual parameters of a fuel pin bundle have a larger efÅíect

on the subassembly coolant flow rate in the ptgher flow rate region where

the pressure drop in a fuel pÅ}n bundle section is doninant.

7) The hydraulic resistance of an orifieing deviee always deviates to the

                                         u'
larger resistance side from its nontnal vaiue due to the variation of the

installation angle of orifieing holes. Mhis deviation shifts the subassembly

coolant flow rate under consideration to the lower flow rate side. This

tendency is more remarkable in the lower flow rate regÅ}ons as shown in !iligs.

4.2'N- 4.9, since the installation angle of orificing holes affects the •

hydneaulic resistanee of an orificing device as mentioned previously. In a

case of the prototype !paEBR core employed in sample ealculations, the rnean

                                                                            'value of the probabUistic distribution of subassembly coolaxtt flow rate '

deviates from its nominal value by O.20 %o in higher flow rate regions and

by O.57 ofo in lower flow rate regions as are.clear from those figuures. The

norml distribution of subassembiy coolant flow rate assumed in the conven-

tional hot spot analyses should be improved taking into consideration the

mmtual dependency 'of core structual paTameters throvLgh coolant flow correla-
                                                                        '                                                                        'tions within a reactor core based on their actual probabilistic distributions.

Mherefore, it is necessary to set the design nominal va!ues 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 noninal values of' channel coolant flow rates
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may correspond to their mean values. Ba' sed on the' evaluation of the effects

oÅí core design parameters on channel coolant flow rates and.their probabilistic

         'distributions using the method developed in this study, the core-interna!
                                  '
cooZant flow controZ devices can be optii[[Lzed in eonnection to the manufae-
                                                '
tu]ring and assembling cost of eore internals and the coolant circulation pump
                           .                                           t tt
                   '8) lilor the prototype ]lirmBR core employed in the sample calculations, the

probabilistic distributions of coolant flow Tate in core fuel subassemblies

have been evaluated based on the currently available factory data as shown in

Figs. 4.2 A-4.9. Setting the minimum appreciable level of probabilistic
                                                                           'oecvmrrence to be lo'-15, the deviation of the coolant fiow rate f.rom the design

no!ninaZ value is about 50 ofo smaller than the maximum deviation calculated with

the conventional one-point hot spot temperature evaluation method as shown in

Table 4.5. I?urther, with the confidence level A of 99.87 %o, the deviation of

the coolant flow rate from the design nomLnal value is about 40 %o smaller than

the maximum deviation calculated with the conventional method mentioned above.

Mhe above results indicate that the hot spot temperature calculated based on

the conventional method gives a• considerably conservative value.

9) Based on the probabilistic dLstribution of fuel pin gaps under the con-

                                             ,dition of constant subassembly coolant flow rate and the probabUistic distrib-

ution of subassembly coolant flow rate under the condition of constant reactor

total eoolant 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 higheth temperature side from

the normal distribution. Mhe normal distribution of the core hot spot tempeT-

ature assumed in the conventional hot spot analyses is in eonflict with these tend-
                        '
encies. In order to optimize the reactor core perÅíormance and safety, the

probabilistic distribution of the core hot spot temperature shbuld be evaluated

                                     l42



based on the actual probabilistic distributions of
         'consideration their mutual dependency through the
                         '
tion, the coolant flow rate correlation and the

material properties.

                       -t

 uncertainties 'taking into

 thermomeehanical eorrela-

temperature dependency of
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location:

   (x,y,z)

   (xtsytezt)

       Z+   z    o'

         +   Z6, zt

   z"e

:i

   j

   k

   p(i,j)

  . Z•s Lp

         '
   L'e{ p(i ,j) ,Ll p(e, rp)}

     '
           '
         '

   e

       Nomenclature

         '                                  '
                   '           '
         '                                        '                                            '       '
Cartesian coordinates illustrated in Fig. 2.l, where

the veTtical direetion of a fuel subassembly is

parallel to z direction .
             '
Cartesian coordLnates illustrated in Fig. 2.14,

where z' axis is oblique to z-axis by angle 0

z coordinates of a fuel pin at the lower and the

upper ends

z' coordinates of a fuel pin corresponding to z                                              o
and z+ t respectively, in the (x',y',z') coordinate

system
               tt
z coordinate of the core and upper blanket interface

fuel pin number corresponding to the ÅíueZ pin under
   ,
             ,
                                      'consideration

fuel pin number corresponding to any adjacent one in

contacf with the fuel pin i
                                            'numb'er indicating the kth contact point from the

lower end of the fuel pin under eonsideration.

pair number associated with fuel pins i and j

number indicating the •eth contact point from the

lower ends of the fuel pin pair p(i,j)

number of all loads Rp(e,rp),c''s associated with the

pair p(e,rp) whose points of application zp(e,rp),es

satisfy zp(e, rp),c ff{ zp(i,j),L as shown in esg. 2.4

wrapper tube flat number, e = 1, 2, ....., 6

                                     .                     /.,
                                        .
                        '                                 '                                          '         '
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r

(,UeV JQ))

(,Ufp)

pt

uncertainties:

   B'

k,

   F tki,h; 2;e)

       tt           '
   ]i,f(i ; Rf)

        '
   FS (2..)

      '
   ]?S (,te , p , to; Rs)

FZ (,ee ,

iiP(#;

v;2

2p)

z
)

  fuel subassembly number corresponding to the fuel

  subassembly under consideration

  (Dth subassembly in the vth flow zone connected to

  the ptth pressune plenum

  vth flow zone connected to the ieeth pressure plenum

                                                  ,  pressurre plenum number corresponding to the pressure

             '  plenum under consideration (in sample calculations,

  pt = 1, 2, 5 and 4 correspond to the high pressure

  plenum, the low pTessure plenum, the storage raek

  plenum and the side wall bulk plenum, respectively)

  uncertainty oÅí a core design parameter

  Rth uncertainty

  set of all unceytainties related to the fuel pin gap

  normalized local unce)rtainty of the 2Lth ki.nd which

  belongs to the axial eoordinate zh oÅí fuel pin i

  normalized fuel pin uncertainty of the 2fth kind

  which beiohgs to fuel pin i

  no]rmaiized subassembly uncertainty of Rsth kind

                                   '  (includes FZ, FP and FC as parameters in chapter 5)

  normalized subassembly uncertainty of the 2sth kind

            tt
  which belongs to the (Vth subassembly in the Vth flow

  zone eonnected to the ptth pressu]re pZenum
                                                 '
= normalized fLow zone uncertainty of the 2zth kind

  which belongs to the Vth flow zone connected to the

  ptth pressure plenum .'
                                                '
= normalized plenun uncertainty of the 2 pth kind whLch

  belongs to the ptth pressure plenum '
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   FC(R.)

   Fje

   FÅí

   FS

   FZ

   FP

   FC

probability:

   p (i ,h; RLe)

   Pf (i; 7,f)

   pS(R.) '

   pS cu,v,(v; Rs)

   pz (,u, v; 2.)

   PP Ca; 2,)

   pC( R.) '

   p(e1a,P,r,•••)

  Eiis

  A
          'thermohydraulics:
        '
   [I]

tr  normalized coye uncertainty of Rcth kind

  all uneertainties represented by F'e(i,h;2 ) with
                                           L
  possible combinations of i, h and 2L

= all vLncertainties represented by Ff(i; ,lf) with

' possible combinations of i and R                                  Åí
          ' = all uncertainties represented by FS(2s) or FS(ite,v,

  w;Rs) with possible combinations of ice,v,(v and Zs

= all uneertainties r.epresented by FZ (Jt,v;Rz) with

  possible combinations of,ee , v and R
                                     z
 = all uneertainties ]represented by I{P(,Ct; Rp) with

  possible combinations of ,ce and 2 '
                                  p
== all unceTtainties represented by FC (7,c)

                 tt
  probabilistic density function of Fe<i,h;2 )
                                           L
  probabilistic density function of Ff(i; 2Åí)

  probabilistic density function of FS(2s)

  probabilistic density Åíunction oÅí FS(,u,v,(v;2s)

  probab'ilistic density funetion of ffZge,v;Rz)

                                              '  probabilistic density function of FPCLt; ,lp)

  probabilistic density function of Fe(Rc)

  .  conditional probabilistic density function that e
              '                 '       '                       '             '            '  is included in the inberval (e,8+d8) under the

  fixed paramaeters of a, P, .r, "' '
  probabUity defined by expresSion (4-9)

  confidence level deÅíined by eq. (1-5)

                  tt t

= core tempeTaturre distribution function (corresponds

   '  to cladding temperatuire 'in chapter 2)'
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MT
 H.S.T
 T

m.N

Tin

w
.W

-W.
 In

WT
 mW

v

Re

gin(ze

"gV.(Z)

N%

p

Ap

API,

(A)

{F2})

Ap2

   core temperature within the z'th Åíuel subassembly

   calculated core hot spot temperature with confi-

   dence level Awithin the Tth fuei subassembly
          '
   defined by eq. (1--5)

 • core noninal t'emperature at the speeified point

   corresponding to mHT'S'(,e

   reactor inlet coolant temperatu]re

   coolant'flow rate

   averaged coolant flow xate per fuel pin in a fuel

                      '                   '   subassembly .
   averaged coolant flow rate per fuel pin belonging

   to Snterior subchanneZs of a fuel subassembly

   coolant flow rate of the rth fuel subassembly

   reactoT total coolant flow rate '
   coolant flow velocity

   Reynolds number
                                      '   mth Åíuel pin gap at z with respect to {F2}

   nomina•1 value of the mth fuel pin gap at z in an

   equilibrium pin bundle configuTation ealculated

   with nominal valvtes of all core design parameters,

   i.•ee gl,(z,{IFi'R})

   design nominal vaiue of the mth fuel pin gap under

' non-deÅílected pin bundle configuration

   static pressure . .. . •. .
                     tt         '                                        '
   pressu]re drop between the inlet and the-outlet
                                    '                    '   plenums

   pressure drop acr6ss a eore fuel subassembly and a

   blanket fuel subassembly, respectively
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fuel pin deflection and forces:
                                                                 '
' u(z), v(z) ' =x and y coordinates of the central axts of a Åíuel

                        pin atz .
   x(z), y(z) .=x and y directional displacements of the ceritral .

                . axxs ofa fuel pin at z from u(zo) and v(zo) . ..

                                  '   E . =longitudinal strain . .• 1                                                                      '   R .. =load due to fuel pin contact .
         '   W(z) ' = normal component of the hydTodynantcal force
           '   . acting on a tutit length of a fuel pin at z '•
              '
   Gb, Gg = buoyaney and gravity acting on a unit, length of a

                       fuel pin
                                                                    '                                                                   '                                                   tt                '   a ' Å}bending stress
                                                             '                                                                     ttdiinllisZi)ons and geometr:.eg?ndLng moment at z .

                                        '
 ' r(z) = radi us of a fuel pin at z
   d ' = diameter ofa fuel pin
   rw = radius oÅía spacer 'wire
        '   hp ' ' =axial length ofa fuel pin
    '      '        '  4s. . =axial length ofaÅíuel subassembly .
   q(Zi,j,L) ' •.' = iill.rrL tO Center distance of fuel p:ns 1 and J at

  Pi(z) ' .' = directional angle of the center of fuei pin i with

         '' .. Eespect to the ee,nter of intervenmg wxre spacer at

   2i(z)'1' ' '' i directional angle of the center of fuel pzn in con-

                       tact with the fuel pin i at z
        '
  .0 . .= i:.i.iq"die.glllil.e.Ofa ÅíUei pzn with respgct .to the

   '              '        '                                                              '
                                                        '                                             '                                   Z48 ••



   lic)

   r(z)

   6(z)

     '                    ' '      '
material properties:

       '   ic,
 '

            '   e    p

   Pv

   eH

   a(T)

   E(M)

   z
           '
    B   a (ltt, vs w)

          '
         '
    .OR NS              PI
   a ea sa
   ?.d

ig

           '
mi.seellaneous:
       '
 '   t
       '

.= directional angle of W(z) with respect to the normal

   to the fuel pin at z lytng on the plane normal to y-

                                                '     -t                                '         '
   directional eosine of load R with respect to x-axis

. ' defined by (2-8a) or (2•-8a') at z

     '
   directional cosine oÅí load R with respeet to y-axis

   deÅíined by (2-8b) or (2-8b') at z '

                               '                  '    '
                     '                '                                 '
 = density of coolant

   speciÅíic heat of ooolant

                            '   kinematic viseosity of eoolant • •
                                                ' = tvL]cbulent diffusivity of heat

   linear thermal expansion coefficient oÅí a fuel pin

  unde]r M

   modulus of elasticity of a fuel pin undeT T

   moment of inertia of a fuel ptn cross seetion

                                                FB -   hydraulic resistance coefficient, defined a$ a =
   Ap]i[B/w#, associated with the fuel bundle section

                                                   '
   of the toth subassembly in the Vth flow zone counected

   to the #th pressure plenum • '
   defined similar to affB

   dzrag coefficient for a Åíuel pin

   coefficient of edge•-Åílow effeet within a fuel sub--
                                 '                                                  t.  assembly ' ' ' •                   '             t tt
   strai.n due to sweUing .. ,
                                           '
   strain due to thermai and irradiation creep

   '
                                       '  ti•me
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   Åë

   N,N    xy

- Mm,n

  ,Dm

   g

   N
    Z

   M
    z
   M
    p
superseripts:

  .(l.

   Åí

,S

   Z

   p

   c

   m

  R

  H
   s

  c

  M
   1

   OR

  NS

neutron Åílux
                                      '                                     '
nomals to Åíuel pin i at z 1ytng on a plane normal

                             'to y•-axis and on a plane noru}al to x-axis, respec-
               '              '                                       tt
                '                                     '
element of flextbility matrix ' '
                                        '                                             'element of bolum vector ' • '
                                        '                    '              '                          'gravitational constant ' ''
                                 'number of subassemblies which belong to the flow
                                    ttzone under consideration

                                         tnumber of flow zones

number of pressurre plenums

local

fuel pin
                 '                                 '
subassembly (ineludes flow zone, pressure p-lenum

and core in chapter 5)

flow zone

pressuire plenum

core
due to temperature distribution (total foÅé wM)

            '
due to loads at fuel pin contact points
           '          '                                'due to hydrodymagMLcal force

                        'due to swelling . '
                 '                          '
due to creep

due to bending moment

due to the initial bowing

orifice section oÅí a subassembly

neutron shield section of a subassembly
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IE[B

PI

x
'I)l'

AA

fuel pin bundle seetion of a svtbassembly

high pressure plenum section

mean valu6 of A

nominal value of A

referenee' value of A at which a funetion of A is

expanded into Taylorr's series
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