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ABSTRACT

The prineciple methoda for perfornlng reactor hot spot
analysla are reviewed and erxamined {or potential use in the
Applied Physics Division, The semistatiatical horilzontal
method ia pecommended for future work and i3 now avallable as
an option 1n the SEZ-~ANL core thermal hydrauviic code. The
gsemistatistical horizontal method 18 applied to & small LMR
Lo 1iluatrate the caloulation of cladding midwall and Fuoeld
canterline hot spot temperatures. The sxsmpls Inacludes a
listing of wneertainties, estimates for their magnitudes,
computation of hot spot subfaector walueas and caloulation of
two zigma temperatures. A& review of the uncertaintieas that
affeet 1iquid meta) fast reactors Is also presented, It was
found that hot sapot subfactor magnitudes ars strongly
dependent on the reactor design and therefore reactor
apecifiec details must be carefully studied,
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1. INTRODUCTION

Hot apot 2nalyses are a atandard parf of qore thermal hydraclice design
and have been performed by the Appllad Physics Divlision in support of several
reactors. This report reviews bthe methods uszed in past Appllied Physlca work
and presenta aome gildelines for future work.

The oblective of thils work 1z Lo gurvay axlating hot spot methods, to
raview the requlrements of the Applled Physics Divizion, to establizh how hot
apok analyses have basn performed in the past in Applied Physics and to make
recomeendations a3 o what methods should be used in the future. This report
defines the point from which future hot spot analyses should go forward.

This work is organizad az followa. Section 2 gives a general deaoription
of uncertalnties and thelr aFffegf on gore parformanca. Saction 3 revisws tha
methods that are avalilable for eziculating how ungertaintlises affect peak cors
temperatures. Saction U reviews what haz baan done In Applled Physies in tha
past, summarizes ocur requirsnents and makes a recommendation for a method to
be uaed in the future. In Sectlion & a discussion of the uncertaintiea that
gecur In the oore and balance of plant is given. Finally, in Section 6 the
recommendsd method is applied to a small LMR to 1llustrate saloulatlon of two
aigma peak cladding and fuel centerline temperatures.



2. BACKGROUND

2.1 Dasigning in thé Presence of Inoertaintioa

One of the conatraints faced by the reactor designer is that reactor
conditions muat not exceed deaign limita, These limita are chosen based on a
knowledge of material propertiea and the requirement that structural integrity
be maintained through life. For the core, full power limlta ars specified for
assembly cooclant exlt temperature, cladding temperature and fuel centerline
tamperature.

It can be argued that operatbing limita ¢an be approaghed very closely if
the as built plant is an exact eopy of the blueprint and 1f the analytic
techniquea used in modeling the plant are exact. This however neglects the
fact that components are manufactured to finites tolerances and the modela used
in caloulations ofien fgnore second order effec¢ts, For example,
approximaticna used in red bowing models reauli in leas than exact prediction
of pin deformaticons with the reault that subchannel flow areas input to a
thermal hydraulic caleculatlion will be in errer. This then leads to a2
caloulated subchannal temperature rise which iz alao in errer. In practice
then the as built plant will have proceaza variable valuea that deviate [rom
the deaign calculationa. Therefore, 1f the design 13 set sc that nominal
variable values equal the design limita then some of theze limits may be
axcead In the aa ballt plant as a resglt of the typea of weertaintles
discussed abovsa.

Te ensure proper and reliatrle coperation, the dssigner must seb noninal
deslgn values below the dealgn limita so that there 13 sufficient margin In
the presznce of uncertainties., Two gompebing objectlves muat be balanced when
sattlng the nominal operating conditiona. Too large a margln batwsen the
ncminal operating polnt and design limits penallzes reactor compatitivensss
while tog small a margln may in the preaence of uncertainties cause the limits
to e exceedad and compromise foel pin life and henece reactor performancs.

Since the magnltude of vncertaintles plays a major role in how closely
the nominal dazign can approach the deslgn limita, the treatment of
untertaintises hasa redelved much attention. To express the degree to which
actual reactor performznce departa from the pominal deslign aa a result of
uncartainties, hot apot methods were developed. Their urae has evolved since
aarly application to light water reactor design in the 14950's3,

2.2 Hot Spots

A standard sab of hot spot Includea oladding midwall temperatura, fuel or
abzorber ganterline temperature, assembly ¢oclant exit temperature and gas
pleanum praszure. For sach of these, the hot spot is located at the point
where tha variabla takes on its maximum value. Tha effect of the
uncertainties an tha variable is includad. OFften a geod approximation to the
hot apot lopation is thak point where the nominal value of the varlable is a
maximum, The logcabtion of the nominal maximem is dependent on the partleulap
design and muat be determined by analyaia, Generally the maxipum fuel
genterline temperature will be at or slightly abova the &ore midplans whils
the maximum cladding temperatore will be near the top of the cors.



The methods discussed below for computing hot spot values require that
the variable bHe written in the sum format of Eg. 5. As It turns out, this ia
possible For zll the core variables of interest. The expresszlons for cladding
midwall and fuel centerline temperature are given below.

AT (1)

AT clad MW

T = T+ AT

+ +
clad MW in coclant Film

Truet e = Tin * Yooorant ™ Tesin * 2Torad ¥ 2Tgap * 8Truel (2)

In addition, sexpressions can be written for assembly exit temperature and gas
plenum prazsure, as below, Sinee the use of Eqs. 3 and 4 in ozloulating hot
spot quantitias 1s almost fdentical to that for Ega. | and 2, they are not
pursugd fupthar in this work.

T, + aT (33

aoclant

L (1)

n » number of moles of gas

o
]

unlversal gas conatant

=
I

gaa plenum volums

—3
L1

ga=2 temperatyre



3. METHODRS

Hot aspot msthods sre an analytle mewans for representing the effect that
medaling and manufacturing uncertalnties have on the predieticn ¢f subaszembly
temperatures, The metheods fzll into two general groups, the hot rod appreoach
and the probablliatic approach. In the hot red appreach the rod with the
greateat nomlnal temperature, cladding or fuel centerline depending on the
application, i3 selected and then the effect of uncertainties on the
temperature at the hot apot for that rod ias caleulated., The resulting
temperature 1z then compared with design limita to determine the deaign
margin, ILf aufficlent margin exista then all pins in the subazaepbly meet or
better the design margin. In past LMFBR design work done in the U.5. {CRHER,
FFTF), cdesign llmits have been ape?}yled for the hot rod so the hot rod
approacit haa besn used extenaively « In the prevabilistic approach, the
probability that each point In the core exceeds the design Iimit tempaerature
is caleulated. I the number of locationa exceading the deaign limit ia less
than a predetermined nupber then the deaign is szdequate, In the reat of this
report we focua on the hot rod approach sinee past U.S5. LMFER deslgn limits
have been sisted in terms of temperature limits for the hot rod. The
probabilistic methods are not considered further,

Development of the hot rod approach began with the Determiniatic Method
used in early light water reactora. This pethed proved to be too conservatiwve
with respact to as built temperatures., The resylt was excessively large
marginas between deaign limlts and actual plant operating eonditlons. To
cyarcome this problen the Statlstical Method was developed and was first
applied to the Enries Fermi reactor. It hovwavel proved to be too optlmlstic
with reapect &0 22 bullt temperatures. Thia led to the devwwlopment of the
Semistatistical Metimpd, & hybrid of the Determiniatic and Statistical
methods, This method was adopted by Weabinghouse for analysla of CRDR.

411 three methods provide a means for determining the net effect on a
core variable of the simultansous occarrence of aeveral unosrtalnties. The

methodas are applicable to any variable that can be written In the followling
analytlc fora

m
y o= I OB s e xy) (5)
1=1
where L varlable whose value 1a uneertain,
n = number of uncertain varlablas,
F; = funetion of the uncertain variables
m = number of terms in the representation of y.
The above is the case for all hot apot varlsbles of Lontersat in cors dasign,
f.a. Fuel and absorber cenierline temperature, 2ladding temperature, coclant

mixed mean exlt temperature and gaa plenum preasure for fuel, blanket and
abaorber assembliea.



Each hot =pot method begins with the subfactor which expreasesa the effect
of a single uncertainty on & aingle term 1n Eg, 5:

F1 {31. - Ij * ﬁxj. ‘s xn}
f‘. = ¥ {ﬁ}
L F. (% )
TRES R
whara
Ej = nominal value of .,
A = arear in relakive Lo ..
K X X3

If the uncertainty in X fs a random variable then Ay, iz defined az one
standard deviation. If the uncertainty i=s datarmlnis{ic thes %4 ia the blas
error in Xj°

2.1 Datearministic Mathod

Tha datermlinistic method assumes all uncertalaties occur with thelp moskt
unfavorabla values at the same location and at the same time. The location iz
that of paak nominal conditions. Then from Eqa. 5 and & it is apparent that
the hot spot value 12 approsimataly,

m - _

Thia method la zppropriate for representing errora whose magnitudes remaln
conatant In time and apace and can be =2atimated a prieori. Examples lnclude
Iniet Flow maldistribation blas, cladding temperature Increase bensath the
wire wrap and biasea introduced through reactor physica methods. The method
has the disadvantage that reactor ¢ore unsertalinties that have & statistical
distribution of posasible values, and hence do not always sasasume their worst
case values, are not properly represented. This method tends to glve reaults
that are unnecessarlly conasrvative with respect %o the as built values,

3.2 Statiastieal Method

The gprobability that all the uncertainties take on their mest unfavorable
values at the same locatlon at the same time ia very small. This fact led to
the davelopment of the statistical method. In 1t each uncertalnty ls assumed
to e a normal random variable wlth known standard devlatlon and a mean value
of zerc. The uncertainties are assumed to be independent., If the
uncertaintiea are am=ll in magnitude, then the two sigma bound on the hot spot
Is pilven by the "sum of squares™ formulation:

2q m _ . n m - I
¥ = T R (x,s e x Y vzl Y8 e, 1) F, {Xes e X :  (8)
R T n 5 ogey L i N h)

where

fij = subfactor based on one standard deviation of uncertainty.



A two sigma variation ia typically utilized as 3 figure of merit. Bagzed on a
normal digtribution, the probability that the two sigma bound will not be
axceaded 18 97.7%. If the number of uncartaintias 1= largse, then this resuit
iz approximately walid even if the individueal wneertaintles have distributiona
other than normal. Examplesz of uncertainties that are well repreasnted
through the atatistical method Inolude manufacturing variabliity of fuel
pellat fissile materlal eontent, dimensionzl tolerances and experimental
uncertainties in correlations, The statiatical method has the disadvantage
that some errore are ¢orrelated and so the assumption of ilndependence may nob
be valid. Purther, certain errors are deocidedly not statlatiocal, rather they
ara known hiasss which should not he treated statistically,

3.3 Semistatistical Mathod

This approach is a hybrid of the above two and gives the deslgner the
flexibility of specifying whether an uncertainty occura as a constant blas ar
whether it assumes a statistical distribution of values. Howsver to apply it
meaningfully, one must justify the particular choice For 2ach yuncertainty, and
thiz may not always be clear. The semistatistical method, as In the
atatistical method, is normally utilized Lo yleld a two aigma bound.

Thersa are four different expreasions for the two sigma astimats, The
basic¢ expression is the "pum of agquaresa™ form and as ia shown 1n Appendix A,
it ia derivable from first principles. The other three {orms are all cbtained
from the sum of squares form by introducing a diff'erent mathematical
inequality to evaluates it. Each Inggquality leads to a form that overeatimates
the two sigma value relative &0 the sum of agquares form. Hanked with respect
0 the size of the Ywo sigma value, the variouza forms from smallest toc largest
are sum of squares, horizontal, vertical and vertical heat flux¥ Appendix A
givea a proof of the ranking.

The four approaches have the followlng historical slgnificance. The sum
of squares form although it i2 the baals for the others doea not appear to
have been used in desalgn work, The reason or thiz i3 not elear. The
horizontal form was used in more recent CRBR work (Ref. 2} while the vertical
form was used in the sarller work (Ref. 3). Reference 1 stataesa that the
yertical form "Ywas conservatively adoptsd for convenience ln caloulation and
to provide additional margin in the sarly stagea of deslgn” while the
horizontal form ™la more exact, and is baing used for futura analyass"™. The
vartlcal neat flux form was used in Reference 3. It differs from the vertical
form only in that local heat flux subfactora are lumped together to Form a
separate heat flux hot channel factor instead of beipng lumped in with fthe more
usial coolant, flim and cladding hot channel factors, The mathematleal
spacifics are given in Appandix A.

The semiztatistical method of Appendix A must be extandsed before the
effect of uncertainties in the balance of plant on core temperatures can be
represented. The extension given in Appendix B8 18 basad on thai developed For
CRBR and given in Reference 2. It is based on the cbaervetion that all

%4 vyariation of the vertical method, as desoribad in Subsection A.6.
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balance cf plant uncertainties appear as perturbations in reactor inlef
temperature and flowrate, Additionally these twWo quantitles are nog
atatistically independent but are correlated and as a reswult the asaumptlon cf
Independent. errors made In Appendlx A 1n the derivabtlon of the semistatlaticzl
method ia not valld., oObtalning values for the statistical parametera of
Appendix B requires a Monte Carlo analysia of the plant of the btype done In
Refarance 2.



¥, SELECTION OF & METHOD

Thia section begins with & review of what the Applied Physica Dlvlisinn
presently requires froam a hot spot analysis. The suitability of the past
approach to Fijling present needs is then assessed. Recommendations for a hot
apot methodology are then given bassed on these findings.

The principle requiremgnt is that the method be defansible. A candidate
method must have a rlgorous analytis baals, permit treatment of diffarent
arror types, have baen shown tro give reallstic temperature estimates and usa
data which can be determined bassd on messurements or estimatas. Addicionzally
the method should be amenable to computer solutions 20 that It ocan be ugzed in
routine design applications.

The main weakness of the mathod used In the paat In the Applied Phyaios
Bivision has been a lack of documentation, The method has been referred to as
the "five fastor™ mathod aince, as 1t is implemented 1n NIFD, five factors are
input to the code to penerate two zigma temperaturez. Thiz implamentation was
never documented and aoc the rationale for adopting 1t or Lta technlcal basis
wag never reoordad. However, it appears this method Is the vertical heat flux
form deacribed in Appendli A, Four of the Flve factors appear Lo béa coolant,
film, cladding and heat flux hot channel factors ams defined in Appendix A. The
meaning of the fifth factor is somewhat obscure. Past hot spot analyaas done
in the Dilvision have uzed thia method and taken numerical values for the Fleat
four of these factors rom CRER, apecifically fron the second £o the last row
of Table 1 of Ref. 3, and applied them Lo readtors other than CRBR. The
application of CRBR data to other reactors was not neceasarily appropriate Ln
all cases. Clearly the past method {3 vague and ta therefore difficult bo
dafend.

& fresh apprecach Lo hot apot analyals done withln the Applisd Physles
Division Ia warranted. With reapect to the four selection criteria liated
abovs there iIa one method that =atisfles them, It is the horlzontal veraion
of the semistatistical method described in Appendix A. The method has a
rigoroua analytic beais and this 1a egiven Ln Appendix 4. The method can
handle both bias errors and randem wncertaintiea. This methed waz selected
for use in the later atages of CRBR core uncertainty analysis. Considerable
effort was Invested in demonstrating that the method glves good uncertalniy
prediction. It i3 unlikely that an effort esguivalent Lo that done for CRER
could be mounted by Applied Physics. Finally, the uncertalnty data required
an be obtained by a combination of experliment and analyaia,. Therefore, the
seplatatistical horizontal mebchod 1s recommended for uss in future hot apot
analysea.



5. UNCERTAINTIES

Thiz zection preasents a discusaion of the uncertalnti=a assoclated with
liguid metal rast reactor corea. For the moat part, these uncertaintles occur
1n any Fasat reagtor that yses the hexagonal asaembly wlith wire wrapped pins as
the basic core hullding bHlock,

Since conventlional control assembliza consiat of wire wrapped plns in a
ey can, the unecertalnties affecting a control azsembly are almost identical
Eo those found Ln a blankel or fuel asaembly. Therafore no distinetion is
mads 1n tha digecussion balow hetwaen the varlows assembly types. A rafarencs
to an "assembly™ applied equally to a fuel, blanket or control azsembly.

In the discuasion below, the untertaintlies have been lumped aecording to
their affect on a spacilic core variable. The variables dlscussed are reactor
powar lavel, reactor power distribution, reactor flowrate and Inlet
temperature, aasembly flowrztes and inlet temperature, subchannel coolant
cemparacure rige and Film and olad temperature rise,

5.1 Reactor Fower Level

If an uncertainty axists in total reactor power under full power
agonditions, then pln and coolant Lemperatures may exceed their nominal design
valuas, The error in reactor power level and its effect on core temperaturaz
is represented through subfactora applied to the zubchannal coolant
temperature rise.

Maasurement errord reault in an uncertainty In reactor power level as
follows. GSteady atate raactor power level iz determined by measuring reactor
coolant Inlet temperature, outleb temperature and mass flowpate and then
applying an energy balance to ylald computed power. Error in the computed
powWsr howgvar arlses out of calibration errors in the temperature and Ilow
sensors. The errar in computed power ultimately appears as an uncertainty n
actual reactor power ainoe the reactor control system operates to aet to Zero
the difference between demanded and computed power., If the computed power
containa a bias error relative to the actual power, then the actual power will
not equal the demanded power.

.72 fReactor Power Diatribation

Fzctors that may cause the galculated power distribution to differ from
the actual are diacussed below. The error ln power distribution s
reprasented through subfactors applied to aubchannel coclant temperature rise
and local heat flux.

5.2,1 HReactor Physics Model Uncertainty

Uncertainties assooclated with reactor physica madels include those that
arise oub of modeling in Mewer than theee dimensions, those errors assoolated
with predicting burnup, applleation of diffusion theory where not legitimately
valid and interpolation of pln power from a neutronles grid that 1ls not
eoingident with the subchannel grid.
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5.2.2 Gontrol Rod Banking Uncartainty

Control rods are typically grouped inte a aeb or bank in which all the
rods move as a unit, However, because of manufacturing toelerancea, all the
reds In a bank 49 not necessarily penetrate the zame depth; when this 1a the
caae the powar is perturbed loeally in the area of the rod,

5.2.3 Flasile Fusl Distribution Uncertainty

Deviation in Fisaile gontent of a pellet from the daaign valus perturbs
the pellet power from the nominal. Singe pellets are producsed in bateh it is
pesaibla that an entire fueel pin of peallets could have a aimilar error in
Figsile goncentration.

E.2.4 Huclear Data Uncertainty

Basic nuclaar daka asuch as Flsaion oroas zections, (isalon yielda and
gamma heating croas aections are all derived from experiment and thus may
contaln exparimental ervor, Generally, nuclear data i3 not known to within
ane parcant,

5.3 Reactor Flowrate and Inlet Temperature

The temperatures attained In an assembly are in part dependent oo the
core boundary conditions of inlet Lemperature and flowrats. Unesertalnties in
these boundary ceonditions are prepresented throggh subfactors which are applied
to subghannel inlet temperature and aubchannel temperature rise,

Ferturbation of reactor flowrate and inlet temperature from thelr nominal
yalueg are Lnduced by balance of plant uncertainties. Foullng of intermediate
heat axchanger surlfaces, I not adeguately represenled in the nomlnal deslgh
calculations, will result in a diffarenca batween nominal and observed oore
inlet temperature. Primary ayatem frictional losses or pump characteristics,
ifF in arror, will indwece an ungertalnty in reactor mass flowrate.

5.4 Asszenbly Flowrate and Inleb Temperature

For the rejaons described below the tempepature and flowrate caleuwlated
for tha inlet of an assembly may differ from the actual,

5.4.1 Loop Tamperature Imbalance Inceptainty

In a multiloop plant, fluid from the e¢old legs mixea in the inlet plenum
gnd is then diatriboted by the inlet modules ta the core asaemblies., Normally
thae cold lega are at the same temperaturs. Howevar In some m0des of
operatlon, temperatura differances batwasn oold legs can axist. When this
opeurs, not all the Flow modulas will have the same temparature bepause of
lasz= than parfect mixing In the Lnlst planum,

Depanding on the analytle models uzed $o degeribe the plenum mixing it
way be necessary to introduca a hot spot factor to account for those modulea
having a ¢oolant temperabure higher than the average. Such & factor 13
required if dealgn caleulatbtlona fallad to represent the three dimensional
mixing as would be the case if a perfect mixing model were used.
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In addition, often the geometry of the inlet plemum ia =0 complex that it
is almoat impoasible to obtain an agcurate analytic deseription of fluid
mixing and the distribution of fnlet module temperatures. What iz fypleally
done in this case 18 to run a mixing experiment with loop Lemperaturses set 3o
that the largest ¢redible Lemperature imbalance exists between loops. The
deviation of the hottest inlet module temperature rom the averags 1z nmeaszured
and thia value 12 then used to compubts a4 hob spot Facton.

5.3.2 Interassembly Flow Diatribution Uncertainty

Unoartainty in the Clowpate caleulated for sach assembly s Introduced by
modaling errors, manufasturing tolerances and systematic arror, Modeling
arrars includs gepor implicit in gomponant prassure drop corralations and
error associated with representing complex multidimensional Clow sush as that
found in the Inlet plenum. Manufacturing tolerances introduce unecertaintiesn
in the axaest dimenslonz of components guch as orifice plates and Flow
distribution hardwars, Obviously a precise knowledge of these dimensions is a
necesaary condition for thalir ascurate hydraulic repreasentation, Syatematice
arror is error induced in ona component as a result of &rrors in the
ecalibration of another component. For example, incorrect blanket assembly
Flow resistance will reault in a flow bias In fuel assembliaa,

5.5 Subchanne! Coglant Temperature Riae

Caloulakbed subchannel temperatures may difFer Ffrom those observed In the
plant for any of tha reasons discussed below.

5.5.1 Intraassembly Flow Distribution Uncertainty

Coolant flowrate and Cemparatures distributlion among subchannela within an
aszambly 13 normally calculated using a subchannel code such as SUPERENERGY-2
{Ref. 6). In these codes, empirical constants are an integral part of the
medels wusad to describe wire wrapped induced cressflow and turbulent mixing.
¥alues For the conatants are obtained Ly making thermal hydraulic measurements
on a benchmark assembly and then adjusting the code gonstants s¢ that the
differance between meEasured and oode calouwlated temperatures ls minimized.
Bowever because of nmeasurement errors and the lnability of the mixing modal to
completely reprezent the velpcitlea in a wire wrapped bundle, code genarated
temperatures cannokb be Flt exactly to meaaurement. The error 1s represented
through hot spot subfactors applied Lo subchannal temperature rise and film
Lemperature,

5.5.2 Supchanngl Flow Area Uncertalinty

Marmfacturing tolerances in the construction of assemblies and modsling
errors in the predieticn of fuel pin bowing confribute to a2 avbehannel flow
ar=a that deviates from the nominal design valus, A a result the hydraulic
characteristies of the aubchannel differ from the nominal.

5.5.3 Wire Wrap Orientatlon Uncertainty

The flow and Lemperature distribution within an azsembly depends alightly
on the relatlve orjentation of wire wrapa and powar skew. Since this effect

13 not aceounted for 1n the subchannel codes used in the nominal analysiz, It
1s a aourge aof error.
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5.5.4% Cooclank Property Uncertainties

The gpeclfic heat and density of the coglant are wsed in the momentum and
energy equations to determing coolant temperature in a subchamnel., Sinee
property correlations are obtained from experiment, they contain measurement
arrors,

.6 File and Cladding Temperature Rise

Uncertalnties affecting the temperature rise acroesa film and cladding are
as folloewa.

5.6.1 Film Heat Tranafer Coefficient Uncertainty

The application of a aorrelatlon that was derived from measuremsnts
perforped in & particular assembly Lo an assenbly of different dimenslons and
possibly 4ifferent geomeiry is a potential source of errer. EBven though the
gorrelation may be in a nondimensicnal form, 1t iz sti1ll being appllied outside
the data baze upon which 1t waz derived, In additlion meagurement errora in
the data on which the correlation I3 based contribute o the uncertainty.

5.0.2 Pellet Cladding Becentricity Uncertainty

If 3 fuel pellat is not positioned concentrlcezlly within the eladding,
then at aome clreumferential location the elad-pellet gap 18 lesas than the
nominal value., Gap resistance at thla location 1s reduced and hence the heat
Flug ia inoreasasd. A8 a resuli, the cladding and filp temperature rises are
graeabter than nominal. Howaver, zincé the gap oloses with burnup, thila effect
ia important only at beaginning of 1ifa,

The effect of pellet-cladding eccentricity on fuel temperature (3 to
lowar the maxioum temperature. Thia inpliea that the fuel sublfactor i3 less
than unity.

5.6.3 Cladding Circumnferantizal Temperature Distribution Uneertainty

The distribution of coolant tamparature and axial veloclity around a fuel
pin shows a strong azimuthal dependence. Consequently the eladding
tamperature alao has a circumferential dependence. Het zpots within this
diatribution are further aggravated by the effecis of the wire wran.

In a caloulatlon of asgsempbly conditions with a =ubshannel code such as
SYUPERENERGY~-2, the full eircumfaepentizl distribution ia not solved for, but
inastead an average tomperatura over a 50 degree ssctor {3 obtalned. A3 a
ragult the peak ¢ladding temperature, which cecurs at the point where the
fluid gap {3 a minimum, i3 not available. A hot apot Faotor iz used to obtain
the peak value from the 60 degree average.

5.6,4 Cladding Conductivity and Thicknesa
Ungertainty in cladding condoctange result from uncertainties in the

cladding conduativity correlation and from irradiation induced changesa in
conduckivity and thicknesa.
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6. APPLICATION TO A SMALL LMR

To illuatrate the szemiatatistiecal horizontal method, we usze 1t below to
calgulate the fuel centerline and cladding hot apot temperaturez for an
arbitrary small LMR. This amall resctor provides 5 wide range of interesting
features to apply the hot aspot analysis to.

6.1 Deacription

The smzall LMR choaen here 1a a2 39 MWt fast reactor producing 10 MWe via a
Brayton oyele. The primary systam conslats of a2 single loop NaK alrewnif
driven by an EM pump and uses three Nak-pa2 hest excheangsrs bhat operate in
parallel to tranafer ensrgy to the gas secondary aids.

The core consists of nipetean ffuel aszemblies arranged in the form of &
cylinder. There are no blanket assemblfes, Control zesemblles are zlso
abzant with contirol being achieved via aix hinged exvessel refleckors that
wrap around the ocubalde of thse core. AL the snd of 1lfe, reagstivibty is low
enaugh that the raflectors ares complately clozed, forming an anmaluz around
the core,

The rfuel assambly iz btypical of a fast reactor. If consiszts of a hex can
housing 217 wire wrapped fuel pins, The dlimensicons are given in Table L.
Figure 1 shows a bypical fast reactor fuel assembly and is representative of a
small LMA d=sign.

Some hot apot subfactors for this reactor can be extracted directly From
CRBR work given the almllarity bDetween Fusl assemblles [or Ehe Lwo designs,
Comparing via Takle I shows that the two are similar with respect Lo thelr hex
geometry, numbar of pinzs, fuel pin design, use of wirs weaps and tha duct
riat—to-flat width.

Other hot apof subfactors such as those asaocglated with bhe core power
distribution W11l have apprecilably differanf values, For example, this small
LMR is chosen Lo be a homogeneous core and therefore 13 free from the abrupt
matarial tranzitions found at blanket fual azzembly Incerfacas in
heteroganeousa cores. The neutronics at such interfaces canncet be nodeled to
the apeuracy that homogeneous regions can and therefore are aubject ta greater
uncertalnty in logsal power. The abgsnee of such Intarfaces in this exampla
works Lo reduce the magnituds of the reactor phyales hot spot subfactor
acomparad to the CRBER homogansous core,

Finally, the classification of uncertainties as diract or statistieal
follows exactly that of CRBR. In that work it appears that soma unecertainties
that could ba considered determiniatico were treated as atatistical. One
reason for this might be that suech uncertainties rarely combine simaltanaocusly
80 that their net effeect 1s more accurately repreaented by treating each of
then statiatically.

6.2 Cladding Hot Spot

In this subssction, the cladding hob spot temperaturs iz calcoulated using
the methods recommendad in this work. This involves flest identifying tha
origin of uncertainties, determining their magnitudsea, computing asubfactor



TABLE I. Fuel Assembly Dimensions
CRER Small MR

et

Gecnatry hexagonal hexagonal

Inner flat~to-=flat, o .1101 . g.1280 .

Wall thickness, m 3,05 x 1073 3.048 » 1073

in

Numbei 217 217

P/D ratio 1.24 . 1.194 _

Cuter diameter, n 5.8U2 x IEME 2.398 » 1gu3

Cladding thickness, 3.81 x 10_“ £.35 = 10

Gap 1.65 = 10

Bond typs ga8 He

Fellet density, % TD 2.3 91.3

Fuel lengih, m 0.913 1.98

Upper arxial blanket length, m 0.356 0

Lower axial blanket length, m 0.356 1]

Fisgion gas plerun length, m 1.219 1,98
SEaﬂEP

Typea helieal helical

Fiteh, n 0.30H8 ~ D.3043 _

Drameter, m 1.422 » 1073 1.626 » 1073
Yolume Frantiona

Fuel and gap 0.347 0.3998

Structure 0.23% 0.234

Sodium 0,419 0.3653
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values and Finally cz2leulating a oladding two sigma temperature via the
zsamistatistical herizontal approach. The value la then compared with that
gotten in Ref. 4 whieh applied rthe methods of past AP hot apar analysas,

The logation of the eladding hot spot will be taken from Ref. Y where it
wag determined as follows, REBUS waz run to produce power densities and theae
ware then input to SUPERENERGY-2 to yield coolant temperature rises in each
subchannel of the ocore., A hand calculation using data from the above runs
produced nominal fiinm and oladding temperature risses. The resultsa showed that
the peslk nominal cladding temparaturs a2t BOL iz reached at the top of the core
in the ¢center assembiy.

6.2.1 Measurement Uneertainty

The magnitude of mezaurement errars and thelr freatment wiil be taken
from the CHBR work. There the power control system measurament errocrs Were
lumped 1n with the balanes of plant uncertalntissz, 53 the 3ams is dong hera,
S5ea2 tha Balance of Plant discuszzion below. Valuea for meagurenent error
sukfaetors ara therefore set to unity.

£.2.2 Heactor Phyaics Model Uneertainty

Tha modeling of the hinged reflectors presenta the greatest source of
uncertainty in the reactor phyziles caloulationa. Presently the neutronics are
modeled using a two-dimensional RZ diffTusion code that representa the
reflector region by an anmilua that surrounds the core, The number density of
the annulus represanta the degree of refleator closure, However, aa yat the
nusher densities usad are not based on a rigorous heomogenization ascheme zo0
they are only & rough =sotimate as to a 2-D representation.

Thia two—dimenaional treatment of neubtronios lntroducss errora as
fellowa, Firsat, at begimning of 1ife, the aix reflectors are ppen sc that the
reactor geomatry is three dimensional with a 60 degree symmetry section.
Although the reflector gaometry has an azimuthal dependence, within thls 60
degree sector, the r—z two-dlmenzsional ¢rlindrical repreasntatlon will average
out this dependenge and obsgure local power peaks, 3Jecond, there is some
quastion as ko how appropriate, for a particular reflector angular poaltion
and in the ab3snce of proper honogenlzation, the number densltlea are for
representing the reflsctor behavior. Third, diffusion theory 1= not strictly
valid at the reflector core intarface. IF these three error sourees are Lo be
accurately quentiflad then a Monte Carlo simulation or critical experiment
must be performsd. For the preaent, estCimatea [or the above errors will have
to suffica,

Failure to use & 3-D calculaticon to represent relflschtor aasymmetry should
not be lmportant at BOL since the peak subchannel is in the center aasembly
where azimithal dependence ia very small. As the burn cycle progreises to
E0OC, the paalt subchannal moves out to the core periphery where at EOC the
reflactora are completely closed and therefore the power showa no azlmuthal
dependence (except possibly from the uneven azimuthal burn at BOL), Hence tha
effeot of doing the neutronics caleulation in 2-D inatead of 3-0 should have
only a small effect on peak subohannel temperature. A somewhat arbitrary
error of 1% is aasigned,
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Next, for error introduced as a result of an Improper reflec¢tor number
density, we have the Following. A separate calculation showed that perturbing
the reflector aumber denaity from 60F to a value of TO0f aliered the midplane
pawer by 5.7% at the core center and by 6.3% at the periphery. Therefors, if
based on this result, we assume a acmewhat arbitrary error of 5% in reflector
number density, the peak subchannel power will be off by approximately 3%.

Finalty, for errors introduced by using dirffusion theory at the core-
reflector interface, bthe error in peak subchannel power s eatimated to be
1%. This 1s pased on a statement in Ref. 5 that for 60 to 70 cm radius
homagenesous coras With no control rods, calceulated reaction rates differ from
measurad by less than 1% at most points in the core more than 5 ¢n from the
blankst.

Another acurce of errar lles in fittlng power as calculated by the
nectronica code to pln power input %0 the subchannel code, The neutronies
ngdaillzation ia usually much ¢oarser than the subchannal grid a0 that pin
power must be interpolated from the neutronic nodea, The Iinterpolaticon errcr
For CRBR was determined to be 1%. For the small LMR it will be of similar
maprritude but the exact value will depend on the neutronic mesh slze and the
type of interpolatifon acheme. A& tentative value of 1% is used until the
proplem £an be atudled Turther,

The above uncertainties combine to an overall direct uncertainty of &3
which is appllied ta both lntegrated channel power and local heat fiux. This
number ia treated as an estimate until an appropriate Monte Carlo simulation
ar axperiment {8 carried out to obtailn a more sound woriding value.

.2.3 Control Rod Banking

The typical Faat reactor control rods and assemblies are replaced in this
eXample by a 3et of alx hinged reflectors. BSinee these function o ponirol
reactivity, it is appropriate to consider the effect of an aaymmeiry in their
position en loecal power. An accurate estimate of the maximum perfurbation to
loeal power by such an asymmeiry fs rather vague at this time for several
reagons.  Flest, the out-of+bank tolerances can only be estimated. Secondly,
&ven if the tolerance was Wnown, the Honte Carlo simulations required to
quantify the iampact would be prohibitively expensive, Therefore, an estimate
of the arror will have to suffiecs, Parametrie ecaleulations performed for CREBR
showed that the maximum error in local power induced by control rod cuf-of-
banking was 4% adjacent to a control rod and 2% otherwise. Sinee the effect
of a single ninged reflaotor should be more spatially dlstributed than a
gonkrol rod, a direct valua of 2% will be uwasd here.

&,2.4 Flaalle Fuel Distribution

Sinee the same fusl pellet Fabprication technigques as were proposed for
CRBR are aasumed, it 15 alzo reasonable to assume the CRBRE hot spot valuea.
There the uncartainty in subghannel temperature rise and in loeal heat flux
due to Fisalles fusl content ancertainty was estimated te have & three zigms
valus of 5.2%,
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6.2.5 HNuecleap Data

Experiments performed on the ZEPR-T7 oritical assembly (Ref. 2) and on
ceprtain homogenacus ecores (Ref. 5} provide a measure of the local powap
uncertainty that might be expeeted as a result of nuclear dats uncertainty.

In the IPPR-T axperiments, a heterogenecus core was nocked up using
blanket and fuel assemblies. A compariscn of measurad fisslon and gamma
reaction pates with ecaleulations showed the three sigma uncertainty in power
in the fuel to be 7%. This value was then used in the CRER hot spot analysis
to reprasant the uncertainty in pover dus to errors In rnueclesr data such as
fisalon, capture and gamma heating rates. Assigning this error exclusivaly to
nuelear data and then having a separata hot spot value for nuclear model
errors may have been conservative since the TR probably represents botn data
and methoda error.

For ¢lean (no control roda) homoganeous coras of G0-T0 om radlus, the
Franch computed reaction rate distributions bte within 1% of experiment at mwoat
points in the ocore more than 5 cm from the blaoket (Ref, S}, Again both
reactor physlcs methods and nuelear data errors are present In this value,

Theses two sets of results probably bound the uneertalnty in the amall LMR
caléulated power. This core 1s homegeneous and at beginolng of life has a
uniform fuel enrichment. As the burn cycle progresses, the interior regicn
depletea more rapidly than the periphery. But Ref. 5 ipdicates that errors in
reaction rateg increase as the Jifference in enrichment between adjacent
regiona incereases. Thus using the howmoganecua and the hetarogensous results
ahove apnd interpolating for the interior depletion at end of lifs, the srroe
in miclear data is estimated to cause a three sigma uncertainty in local and
channgl integraited power of 2%.

6.2.6 Balance of Plant

An accounting of the effect of balance of plant uncertaintiss on the core
inlet temperature and core Ulowrate would require an effort beyond the scope
of this work. Typically the effect of heat exchanger foullng. prlmary system
rasistance uncertainty, punp uncertainties and control system ecrors (powsr
and Flowrakte) on primary system inlet temperature are modeled using a Monte
Carlce technique to ultimately yiald hot spot factors for reactor inlet
temparature and subchannel temperature riazs (Ref. 2).

Evenn though such an analyels cannct be done here, we can and should make
uze of the work done for CRBH. Care muat be eXxercised in borrowing numbars
directly as the small LMR and CRPR ars dirferent plants: thus there (s no
guarantes that numbers are transferable. For CRBR a thres sigma subfactor of
1.14% was applied Lo subrhannel temperature rise. Without abtempting to
Justify whather this number iz valid hera, it will be used in the absence of
octher values,

6.2.7 Loop Temperaturs Imbalance

This subfacter ia unity ainse the primary system in tha amall LMR
consists of a single loop.
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6.2.8 Interassembly Flow Distribution

Although the fuel assembly Flow distribution hardware can be plant
apercifie, it will probably be s3imllar teo CRBR, thus the CHBER gsomatry will be
assumed, For CRER it was satimated that the tast daks ovpon which the
hydraulle less corralations for the inlat and csutlat noziles wers basad
cantributad a three sigma error of 0.018 Lo the caleculatsd assembly flowrats
whils the orificing test data contributed Q.45. Manufacturing tolerances in
flow distribution hardware, sxciuding the rod bundle which is pharactarized
under Subcharmel Flow Area, contributed a thres sigma uncertainty of 0,013, &
aystematie error of 0.002 for asasmbly flowrate was estimated. These combine
atatistically to give a three algms uvneertainty of 0,05 in subghannel epolant
temperature rise., Finally a direct blas error of 0.02 was asaigned to cover
any addlitional unesrtainties.

8.2.9 Intraassambly Flow Distributicn

Aa noted in Section B, the errors {n a subchannel caleulation are
dependent in part gn the sigilarity between the geomstry and the conditions
beldng simulated and the geometry and the conditions for which tha code waa
calibrated. As far as charagterizing the errcrzs in the temperatursa predicted
by SUPEREMERGY—-2 (Ref. 6) for the LMR assembly, it is appropriate at this
point to eatimate errgrs based on exiating work. For thlsz, we turn o the
work done for CRBR.

It turng out that the CRER and smaell LMR fusl azsemblies bGobth have 217
plns and that for the peak aszaembliea the power and flow differ by leas than
304, Hence the assembllies and their cperaking condlticna are almilar.

Withoul pursuing how the parameter valuas For the CRBR subchannal code, COTEC,
and our asubchannsl code, SUPERENERGY-2, were ¢hosen: we will assums that the
arrors s3timated for the CRBR subchannsl code In Ref. 2 apply hare. This may
e congarvative singe the arpors are proportional to tha powsr skew across tha
bundlea. CRBR srrors 2re bassd on a power skew that is very large compared to
the almost flat small LMRE powsr akaw,

The errors taken from CRBR (Ref. 2) are for the coolant, a direct
uncertainty of 0.03 and a three sigma uncertainty of 0.058. The correaponding
film temperaturs rise values are 0.000 and 0,005, peapactively.

B.2.10 Subchannel Flow Area

A Tyull fledged treatment of aubochannel [low area aneartainty requires
analy3als of assembly manufacturing bolarances and of rod bowlng With life.
Although such an analyais iz beyond the scopse of thia work, it is possible to
borrow from the CRER work to arrive at a very good estimate Cor the small LMR
hiot spok value,

To compute the hot spot subfactor, we begin with the assumption that the
unzertainty in subchannel flaw area is tha same aa for CRBR. This is the case
With mamifacturing errors, a3 wire wrap and pin diameter tolerances should ba
indepandent of the particular assembly dimenzions, The assumption 13 probably
conaervabtive with respeet te bowlng sinee Lhe dagree of bhowing i3 dependent om
the assembly power akew and CREBR has the lapgar gkaw hecauze of its
hatarogenaity.



Then Following the method desorlbed in Appendix D, three standard
deviations in CRBR area is, from Eq., D.3, 1.91E=T¥ n™ based on a three_sigma
hot apot aubfactor valus of 1.019 and nominal channel area of 1.7E=S m<, The
threa zigma subfactor for the small LH@ then 12, from Eq. D.3, 1.010 where the
amall LMR subchannal apesd of 3.76E=F n“ and three standard deviationa in area
of 1.Mea=T have bean uzed.

6.2,11 Wire Wrap Orientation

An analyszia parformed for CRBR fuel asseombllies showed that the Flow and
temperature diatribution in a subchannel dependa slightly on the relative
orlentation of the wire wraps and the sssembly power akew, This effect cauvsed
a4 less than 1% varlation in temperature rise in the peak subehannel {Ref.

2]. This effect should be muoh amaller in the small LMR sinece assembly power
zkews are much amaller than those Cound in CRBR, In CREER large power
gradienta exist near blanket=fuel! interfaces while here there are no hlanket
or control assemblies. The wire weap subfactor, is therefore, set to unity.

6.2.12 Coolant Properties

The accuracy of the calesulated film and subchannel temperature rises are
dependent 1n part on the agewracy of ¢oolant property correlations, For the
subchannel with the peak nominal elad temperature, the subchannel coolant
temperature rize ia roughly UD times that of the film teaperature rise. Hence
It 15 reascnable to look only at the uneoertaintles assoclated with bthe
property correlations used in the aubchannel temperature rise caloulation. This
caleuwlation in SUPERENERGY-=Z2 makes use of denszity and enthalpy propertles only.

The NaK enthalpy eorrelatlon presently in SUPERENERCY-2 was taken from
Ref. 8. There it 15 zasigned & probable error of 10.2%, which Is Interprated
arbltrarily here to mean that 0% of the time the measured value will rall
within the2e bounds, If the measured values are a2asumed Lo have a normal
distribution then thls error is equivalently 0.6 standard derlvatlions. Hence
the three standard deviation uncertalaty 1s 3.0%0.2/0.6 = 1%.

The HaK denzity correlation in SUPERENERGY«2 was taken from Rel. 9 which
sites Relf. 10 as the origin, Reference 10 1n turn sites Ref, 11 where finally
the correlatlon is said to have come from Ref. 12, There the correlation i=
sald to have an uncertalnty of +0.8%, but the nature of the uncertalnty 1s not
specifically stated. [Due to varicws portions of text in the chalpn of refcrences,
the unecertainty is arbitrarily assumed to be equal to a thres slgna uncertainty.

Combining the enthalpy and density uncertainties In guadrature glves a
three sigmz subchannel temperature rlse wncertainty of 1.3%.

6.2.1%3 Film Heat Transfer Coefficlent

The value of the aublfactor 1s obviously dependent on the correlation
waed, The Cilm temperature drop is calculated by hand ualng a correlation
glven In Ref. 4 with neminal temperatures and heat Fluxes used in thls
paleulation taken from SUFERENERGY=IT and REBUS as descrlbed in Ref. Y. This
correlation wans alao used for CRBR analysia of fuel assemblles and wasz chosen

*read as 1.91 * 10=7



-1

there beoause it gave the most conservative resglts of a humber of
correlations looked at in Ref. 13,

As for the accuracy of thia Pilm heat Sransfer correlation, it was not
obtained from experimental data based on prototypie amsll LMR fuel aasembly
dimrnalons and flow eonditiona. However, for the peak CRBR fusl asasembly, tha
power and (low are within 30% of the small LMR values and the P/D ratics are
close (1,20 for CRBR ¥=. 1.1948), Thus the error in the correlation used here
{i.e. in Ref., 4) should be approximately that which was used in CRBR, A three
sigma aubfagtor of 1.12 was recommended for CRER in Ref. 2. The same value
will be used here.

6.2.14 Pellet Cladding Eccentricity

Since we will assume stacked mixed oxide pellets clad in stainless steel
as doea CRER, the CROA eccentricity subfactor is applicable. There may be
some differencea that result from dirfferent gap and pellef dimensiona but
theae effects should be second order. They are even lesa important if one
vons ldera that the gap closea in the first few months after which time the
aubfactor s unity.

Annther resacn Tor adopting the CHER results is that the analysis
performed there is more detailed than oould be purzused here. Ik the CRER
analysis the pellek waz assumed Lo contach the cladding at a random
circumferentlal locatlon and the heat flux at thls polnt was then calculated,
Then for a copgeniric pellet the effect of the wire wrap on ¢ladding tempera-
Eure at the location where It made contact was calowlated. Thess rasults weps
then combined to glve the cladding midwall temperature for each dirsection of
displacement. The result was a distribtutlion of maximum cladding midwall
temperature. From this came a direct subfactor of 1.14 and a three 3lgma
subfactor of 1,174, both to be applied to Film and cladding temparature drops,

6.2.15 Ciadding Circumferential Temperature Distribution

As before, the lavel of detail carried out for CRER gnes beyond what can
ha done hera With the computer codes available Lo us at present.  Because of
tha similarity in fusl aszembly geometry it iz aot unreaaonable Lo uze CRBR
ra3ults until a simllar analyais can be performed. For CRBR it «asz determined
that to obtain peak circumferential midwall tedperature, a direct hot apot
factor of 1.6 to 1.9 should be applied to the nominal film temperature drop
and 0.8 to the nominal cladding temperature drop,

£.2.16 Cladding Conductivity

As yet not much attention hag been given to the choice of a conductivity
gorralation For the cladding material D=9. However, it i3 1likely thak the
correlation usad will be For unirpadiated materifal and will have an
uncertalnty of about SX, the same uncertainty as the corralations for
atainless staels {n Ref, 9. For the affect of irradiation on condusntivity,
Raf. 2 gites a study in which irradiation of oladding makerial 1a sald to
cause a change 1n conductivity of only & few pargent. Until this is lookad at
in more datail, we wWill assume that the 5% uncertainty disocussed above
bragkets tha irradiation effects.

An uncertainty in cladding thickness also effects the ecladding
conductange. A thickness below the nominal reduces the looal cladding midwall
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temperature and therefore 13 not of intereat as far as predicting the two
sigma Cemperature, This ia lmportant as far as fuel pin fallure analysis i=
concerped, however, since fuel pin lifetime iz directly related to c¢ladding
thickness., For a thickness above the nominal it turn2 out that the nat affeot
of the fncreased temperature rilse and the inereased structural robusthess i3
an inerease In fuel pin lifetlme. Thus2 1t 15 not necessary bto inolude the
affect of cladding thiokness uncertalinty In calculation of peak cladding
Cemperatures,

A direct subfactor of 1.05 bazed on the 5% conductivity error for
unirradiated natarial discusased above will be used,

£.2.17 Hot Channel Factors

if the vertical approach to the semistatlatical method wera used, hot
channel factors would have been computed via Eq, A.25. Howsver, since the
horizontal approach 1s uwssd, hot channel factor values ars not compated or
used.

£.2.18 Hot Channel Temperatures via Horlzontal Mathod

The hot spot subfactors presentad above ara summarized Ln Table II.
Using these values and the nomlnal temperatures at the peak cladding
temperature location taken from Ref. Y, a two sigma oladding midwall
temperature of 1268°F is calculated in Table III acesrding to Eg. A.16,

6.2.19 Compariaon With Pravious 5 Factor Vartleal Method

In this subseotion, asveral numerical axamples baaed on the small LMR are
uzed to quantify the difference between the two aigma value as ealeulated
conaistent with past Applied Physios work and the vajue aa galoulated in
ageord with the semistatistical horlizontal methad reconmendsd in this report.

Thers arse thras basic diserepanclaes betwaan past and preaent
approaches. First, past work made use of the vertical Implementation of the
semlatatistical method inatead of the horizontal implementatlion recommended
hare. Second, in the past, hot channel factora from CRBR were applisd
putright Lo other reacters without examining the validlty of this transfer.
Third, some of these hot channel Factors were applied lnaorrectly.

To lgolate the effect of esach of these differencea, a numerical example
ia worked through thrae times, each time with enly one of the thrae
diascrepancies present. In sach case, the hot apot temperatws is first
calculated as it would have been prior to this memo and then with the source
of the discrepancy removad as this meme recommends. Finally an example i3
worked through with all discrepancles acbing simultanecuasly. The detalls of
the caleulations are given Iin Appendix C a0 here we will discuss only the
results. The results are summarized below and lndicats that each discorepancy
acting on its own cause= a large bLemperature error relative to the reconmendsd
method. However when all three discrepancies ackt simultanecualy, there ls
some cancallation of error and the net rasult ia that the pazt method
underestimates the cladding hot spot tempsrature only by 16 °F, Assuming the
recommended method glves the cgorrect answer, the error in the past method Is

not on the conasrvatlve slde and hence the uaes af thiza method might reault in
eladdlng Failure rates that exceed design apscificationa.
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TABLE II. Small LMH Fuel Assembly Cladding ot Spot Subfactors

Coclant Film Cladding
Diract
Measurement 1.0 1.0 1.0
Reacktor physics modals 1.06 1.06 1.06
Contreol rod banking 1.02 .02 1.02
Interassembly flow distribution 1.02
Intraassenbly [low distribution 1.03 1.008
Pellet cladding eccentricity 1.14 1.11
Cladding circumferantial temperatures
distribution 1.8 0.8
Cladding conduetivity and thicknsas 1,05
Statistical (3o)
Figaile fuel distributicn 1.052 1.052 1,052
Huclear data 1.02 1.02 i.02
Balance of plant .14
Loop Lempsrature Inbalanca 1.0
Interasaembly flow distribution 1.05
Intraassembly flow distribatlon 1.058 1.005
Subchannel Flow arsa .o
Wire wrap orientation 1.0
Coolant properties 1.013
Film heat transfer coefficlant 1.12
Pellet cladding eccentrlclty 1.174 1.174




TABLE ITI. Caleculation of Two Jigma Peak Cladding Midwall Temperature Uaing Horlzontal
Methiod and Small LMR Nominal Temperatures and CRBR Bubfactors

Inlet T Coolant AT Film AT Cledding MW AT Tobal
1. MHominal Temperaturea {2F) 250 309 7 & 1172
2. Op Tempepatures (F) 850 351.0 158,46 .2
(= 309°1,06*1.02* {= 7.0*1.06"1.02° {= 1.06"1,02%1,14*
1.02*1.03} 1,00671,1581.8) 0.8°1.05%6.0)

3. 3o Temparature Uncertalnties (°F)

Fissile fuel distribution 18.3 0.8 0.1 19.4
(= 351.0°0.0582) (= 16.6"0.052} (= &, 2*0.052)
Buclaar data 7.0 0.3 0.1 Tl
Balance of plant kg.1 ha 1
Loop temparature imbalance o 0
Interasaenbly flow distributlion 17.6 17.6
Intraassenbly flow distribution 20.4 0.1 20.5
Subchannsl flow arsa 3.5 3.5
Wira wrap 0 0
Coclant propertien 4.6 4.6
F{lm heat transfer ocoeflicient 1.9 1.9
Pallat oladding eccentricity z.7 1.4 3.4
[2(30,)21% = 60.2

4, 2¢ Paak Cladding Midwall Tamperature (°F)

20 2
Tolag 80 + (I51.0 + 15.6 + 6.2) + 3 (60.2) = 1263

_.1?:--



Comparlacn of Recommended Method with Past

Folnt of Comparison Paat Reconmanded
1. Degree of conservatlsm 1266 (*F} 1263
{Seation C.1} (Semiztatistical vertioal {Semlstatiatical
method, Table C.1) horizontal method,
Table IIT)}
2. Validity of wneertainty 1282 1263
data (Seation C,2) (Dutside validity {Within validity
range, Table .3} range, Table III}
3. Correctness of applicarion 1207 1275
af mpertainty data {Dmisajons, errors, (Correct, Tabla C.5)
(Section C.3) Table C.4)
i, AlL of the abova 1247 1263
(Section C. N} {Table 4} {Table 111}

Ona final note regarding the use of data for characterizing
uncartainties. The numerical results of Seoticon C,7 subatantiate what waa
recognized by Malloy while writing Ref. B, that the origin end limitations of
unecertainty data used in the Division in the past has become obscured with
time and that these data may have been useful for an expedient caloulation but
that Llts legitimacy should have been vlewed with caution. It appsars that
such reservations were justified and that the development of subfactor data
and the method of applylng it as described in this work Is preferred to the S
Factor vertical method which has been used 1n bthe paat.

6.3 Fuel Hot Spot

The calculation of fuel centerline hot apot temperature is ldentlosl o
that performed to get the cladding hot spot temperature, except that a
different set of hof apot values 18 uwsed and that aubfactors for gap and Fusl
are required, 3ublfactors which are new from the claddlng case or whose valuss
change area given below.

The locatlon of the fuel centerline hot spot was found In Ref, Y4 to be at
the cors mldplane. The procedure used to Find it Is {dentigal to that
described for the cladding hot apot In Section 6.2,

6.3.1 Pellet Cladding Eccentricity

Although the effect of nonconcentric pellet allgnment 1s to elevate
cladding temperatmre a8t the point of minilmum gap, thlz is a locallzed
effect, The fuel centerline temperature s actually lowered below nominal
begauae of overall enhanced heat Lransfer. Therefore for fuel tempsraturse
caleulations, the pellet=cladding eccentricity subfactor can be set to unity.
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6.3.2 Cladding Circumferential Temperature Distributjion

Tha relativaly large conductance path between pellet surface and
caberline averages out local hot spols on the pellet surface from the fuel
gonterline temperatura. The net effect on the centerline temperature is the
game aa if the coclant had a uniform mixed mean temperature. Since the
subvhannel codes work with coelant averages, the fuel centerline temperature
gemputed should be the same as the actual case where the ¢oolant has a
clircumferential distribukion, Henge a subfactor of unity is assigned.

6.3.3 Pellet Cladding Gap Conductance

The gap condustance iz a complicated funetion of gap thickness, ga=z
pressure, gas couposition and fuel/eladding contact. In additlon each of
thess factora i3 [taelf the result of complex procesases. Therefore we do not
attempt to deconpose there arrors here but instead will wge results from CRER
witich had a pin geometry identlical to the small LME dealign. From Ref. 3, the
three aligma uncertalinty in clad conductance at the locatlon of peak fuel
centerline temperature is 0,48,

£.3.4 TFuzl Conductivity

The fuel conductivity is dependent on fuel density and plutonium conkbent,
bath of which vary with pelliet fabricatlon batch., In addition durnup changes
tha conductivity. For CRBR in Ref. 3, theae affects were eatimated to cause a
maximun reduction in conductivity of 10%.

6.3.5 Hot Channel Temperature via Horizontal Method

Tha subfactors for the fuel centerline temperature are reprasented in
Table IV and consist of the cladding aublfactors after having made the changes
deacribed above, Using these valuea and the nominal temperaturea at the peak
fuel centerline temperature locatlon taken from Ref. 4, a twe sigma fuel
centerline tamperature of 2523°F i3 gcalculated in Table ¥V according to En. AJ16.

6.3.6 Comparison With the 5-Factor VYertical Method

The ecaleulation of two sigma fuel Genterline Cemperature by means of the
hefaptor veptical method 1s subjaect to the same oriticlams as were made in
Appendix C for the oladding temperature caleulation. They are therafore not
repsatad here, The value gotten via tha old method iz from Ref. Y4, revision
of June 1%, 1984, 2649 (°F) which compares with 2523 (°F) computed in Table ¥
uaing the horizontal method recommended in this work.



TABLE IV, 3mall LMR Fuel Assembly Puel Centerline
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Hot Spot Subfactors

Fual conductivity

Coolank Film Cladding Gap Fuel
Girgct
Measuremernkt 1.0 1.0 1.0 1.0 1.0
Reactor phyalcs models 1.08 1.06 1.06 1.06 1.06
Cantrol rod banking 1.02 1.02 1.02 1.02 1.02
Intarassembly flow distrlbution 1,02
Intraazemnbly flow diztribution 1.03 1.006
Pellet cladding accentrialty 1.0 1.0
Cladding ¢ircumferentlial 1,0 1.
temperature distrlbuation
Cladding condactivity and 1.08
thickness
Statistical (3g)
Fissile fuel distribution 1.052 1.082 1.052 1.052  1.052
Hucisar data 1.02 1.02 1.02 1.02 1.02
Balangce of plant 1.14
Loop temperature imbalance 1.0
Intarasasmbly flow distrlbution 1.05
Intrzasembly flow 1.058 1,005
Subghannel Plow area 1,81
Wire wrap orlentation 1.0
Coolant properties 1.013
Film heat tranafer coefficlent 1.12
Pellet cladding eccenbrleliy 1.9 1.0
Gap conductance 1,48




TABLE V. <Caleulation of Two Sigma Fuel Centerline Temperaturs at Core Midplane Using
Horlzontal Method and Smal) LME Nominal Tamperatures and CRBR Subfactors

Inlaet T Coolant AT Film AT Cladding AT Gap AT Fuel AT Total

1. MNominal Temperatures (°F) 850 160 25 43 265 928 22m
2. 0Og Temperaturea (°F) 850 181.7 27.2 48.8 286.5 1003

3. 30 Temperature Uncertainties [(<F)

Fissile fuel distributicn 9.4 1.4 2.5 14.9 2.2 as. 4
Hurlesr data 2.4 0.% 1.0 5.T 0.1 30.9
Balance of plant 25,4 25.4
Loop temperature imbalance o 0
Interasaambly flow distribution 9.1 g1
Intraasembly flow dlstribution 10.5 a.1 10,6
Subchannel flow ares 1.8 1.8
Wire wrap 0 4]
Coclant properties 2.4 2.4
Film heat trenafar coefficlent 3.3 3.3
Pellet oladding eoccentriclty a 0 0
Gap conductange 137.5 137.5
Fuel conductivity 52.8 g92.8
(2(30,)27% = 189.2
4, 2g Feak Fuel Centerline Temperature {(°F}
Tigel = 850 + {181.7 + 27.2 + 48,8 + 286.5 + 1003) + % (18%,2) = 2523




-29-

7. SUMMARY, RECOMMENDATIONS AND CONGCLUSIONS

Hot spot analy¥ses are & atandard part of core themsal hydraulic design.
The prinzipla requlremsnt of any hob spob method iz that it be defensible. A
sandidate methed must have & rigorous analytic basis, permit treatment of
different arrgr Lypes, have been shown to give realiable femperature estimaktea
and use lnput data that can be obtained hased on measursmenis or e3tlmates.

A review of the hot 3pob methodsz uszed in the Appiled Physics Division was
mads as part of an upgrading of cora thermal hydraullc capabllitlies. It was
found that very little documantation exists and hence it i3 difficult to
determine whether the hot spot pethods uszed in the Division meet the criteria
above., For this reason the methods that have been used in the paat are
difficulc to defend. It also appears that a formal assessment of the
Division's requiremenis has never been made,

A Trash 1ook at hot spob analysls methods was undertaken. The Divilsion
requires a method that meets the four criterla desceribed above and
agqditionally 13 amenable to computer solution so it ¢can be used in routine
deaign applicationa. A review of the principle hot spot methods was made and
it was determinad that the semistatistical horizontal method hest meets our
needs. Perhaps the strongest point in favor of using this method is that it
was applied to CRBRE and recelved extenasive serutiny there. The
sempiztatistical horlzontal method iz now available as an option in SEZ2-ANL.
It 12 alsa recommandad that more attentlion in the future be given to finding
appropriate aobfactor valusa for uneertalnties that are reactor specifie.
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APPENDIY A: SEMISTATISTICAL METHOD

This appendlx derives the semistatistical method Crom Cirst principles,
It iz shown that by Introducing tha appropriate mathematical inequalities, the
horizontal, vertionl and vertical heat flux forms are derivable from the 3un
of agquare Forp. It 19 al=so shown that the sum of squares form givea Che
smajlest two sigma tamparatura value followed in order by the horizental,
vertical and vertical heat flux forms.

L.1 Dependence of Temperature on Uncertainties

The semistatistical method providea a means of rapresenting the affect of
analytic and manufacturing uncertaintiss on fual pin temperaturs at a glivan
location. The method assumes that the tamparatura 12 affacted by the
uncertainties as follicaws

M
Tylaeed = T +e, * 1%1 AT, {2,¢) (4.1)
whare
a = vegtor of deterministic #rrora of dimension k,

vector of random errora of dimanalon n having mean 0 and
astandard deviatlon g,

T

o nominal subchannel inlet temperature,
ﬁTi {g,e)} = 1th temperature rise,
Ty {@sg) = temperature at Locatlion M,

As an jllustraticn consider cladding midwall temperature. The
Eemperature ia the sum of the reagtor inlet temperature T,, a random error g,
the subchannel ccolant Cemperabure rize ATy, ithe film temperature rise 4T, and
the cladding midwall temperature rise AT,. Bach of the temperaturs rises i= a
funetion of random errors £ and bias errors «.

The statistical properties of Eq. (A.1} eannot be evalvated without First
introducing asveral approximablons. From the definltion of the total
differential

i
AT, (g.g) = AT, {(e,0) = j§1 AT, {g,0...e,...0) ~ AT (3,0) (A.2)
30 that Eq. A.1 becomes
M
Ty {2,e) =T +e IEI AT, (g,0}
(4.3)

n
+ 351 aT, ig,...ej...ﬂ} - AT, (g,9)
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The direct aubfactor ia defined aa

5 AT (0...0,...0,0)

T =
it AT, (Q,9)

and the stablatical subfsobor is

ﬁTi(g,ﬂpi¢Ej.-.ﬂ}
aT, (2,0)

=3
fij(ej}

From the definitlon of the direct subfactor
AT, (o, 0,0) = £°. (&) AT, {0,3..0.0,0) = £° {a.) 2. (a.} AT. {0,0)
i (8g205000.0,0 i1 (o) 8Ty {040,...0,0 g1 ‘o) Typ log) AT, 0,0

50 that sucsaalive applications give
: &
AT, (9,@) = aT, (0,0 2:1 it {“l} (h.4)

from the definition of the atatistical aubfactor, the approximation

aTi{g,ﬂ...EJ...n} N aTi{g,o...EJ...ﬂ}
M‘ifg,g} aTi{g.Q}
and Eq. (A.4)
s o
ariig.o...gj...u} = Ty, [$JJ AT, (2,0) 151 fie {A.5)

The temperature at the hot spot, axpressed in terms of nominal temperature
riaas and unecertainty aubfactors, is upon substitution of Egq. (A.0) and (4.5)
into Eg. {(A.3)

M LY D

Ty lgsg) = T, e, * 121 aT, (0.,9) £E1 fiy (&) 169
E (£2 (e.) = 1) aT, (0,0} : 2 (a,)
,J”'1 i\j -j i - .I-'I ilr l-
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A.?2 Mean and Varlanoe

Dbtaining an expresalon for the two sigma tamperature requires svaluating
the mean and varlance of T (g.c) as given by Eq. (A.6}. To evaluate these we
make use of the Following results (rom the theory of random variatles (Ref. 13).

Reault 1: Let Xys Xor »oe Xp be & sequenca of independent random

variables with mean p; and variance uz, 1=s1, 2 ... n. Let

i
K= Xp Yt et Xpe Then

n
X - L
Z, n
i nf
fut

has approkimately a norpal distribution with mean O znd variance 1.
Alternatively, the mean of y is the sum of individuwal y; means and the
variance of y 1a the sum of individual y; varlances,

Result 2; If y is a random variable with mean p and variance o2 and I ¥
is a funcition of y defined through y=h{y} then

mean of ¥ ~ hi{u) + Eléiﬂl & {A.Ta)

variance of ¥ = [h'{uJ]E az {A.Tb}

whers the prime sign desighates differentiation.

For the mean of TH{Q;Q}. note that apart from the £4 term, only the
sumnation over j in Eq. (A.6} is & random variable, or more specifically, f?jtej}.
From Besult 2, the mean of thils quantlty is gotten by substituting into 1t and

ita second derlyvative, £ = 6. But the sscond derivative should be vsry small

alnge f?JEEJ] i3 typlcally a amooth varying function of €j- Since f?J{EJ} is
unity the mean of TH{g,g} is therefore
M k D
mean [TH (a.g)] = T + I AT (0,0) E (4.8)
=15 O o i =1 i%

whera

D
Tog = Ty log) -
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For the variance of TH{g.g}, we assume that the random variables r?i in
Eq. {R.6} are uncorrelatad over ell i and ). Then tha varlance of Eq. (4.6)
1z from Result 1, the sum of the variange af sach individeal term. Noting
that the variasnce of €5 ia “3* making use of Eq. {(A.7b) and approximating the
derivative in Eq. {A.Tb) with rirst order differencing gives

a 2

s -
variance [flj{ej] 1] = [fijtu 1)

where
5 2 3
fij1a = variance [fiJ(EJ}] ,
Then
H n k
2 3 -2 o .2
varianes [T, (g,g}] = of ¢ 1£1 ng (Fiqrg = 1) (AT (0,0 EE1 £,)° (A9

A.3 Sum of Sguares Forn

The gum of agquarea expreasion for the two sigma tamparature eatimate can
be used to derive the three othar forms. Tha exprasalon is obtalned directly
From the two signs dafinition,

Tﬁ“ (g,8) = mean [TH (g,3] + 2 {varlance [TH EE.E}]}aé {4.10)

Substituting Eq. (A.8) and (A.9) into Bg. {4.10) gives the sum of squares form

H k

20 [
T {'E;E] - T o+ E 4T {Q.E} o f
Has °© qu -1 1R (A.11)
M n k
2 s 2 D 2%
vzl I T £, -0 (aT, (0,00 T £7,)°
TR S LT 1 oy it

The derivation of the ravaining thi-ee other forma of the two sigma
astimate is given ln the reat of the appandix, Thae following definitiona are
used,

! o § O
a=T + aT. (3,0) T ¢
o L i g1 ik

! (8.12)
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2 a 2
cij = {fijtu -1}
2. ar 0,0 1 )2
1 (1920 8 Eyy)

With these definltions, Bgq. (A.11) becomes,

M
29 (g} = a+2 b8+ § I 2 &P (A 13)

Hss i=1 = 131

4.4 Horizontzl Form

Define

It M
Tﬁ“ {g,e) = a+2 W+ I (3 Eijdi]zl% (A.14)
H J::I iw]
Then from the ineguality
M N n M
z b 2
IoToejyey ¢ 1 (1 ¢46)
1=l ja=l J=1 i=1
and Eq. {4.13) we obtain the result
T;“ (a,g) 2 Tﬁu (a,g) . {(A.15)
H 55

Substituting the definitions of Eq. (A.12) into Eg. {A.14), the horizental
form 1=

M k
T2 (g,6) = T+ b
®s§ } AT _(g,Q) nm f
My o 5 Tt it
M k
2 0 s D 32,%
r2 e+ L[] (& ~ 1} aT, (0,00 o ¢, }°}% (4,16}
Tooga Ty M0 T g 1

From Bg. {A4,1%), the two algma estimate obtained from the horizontal form is
aqual to gr greater than that obtained from the sum of squares forn.

4.9 Vertical Form

The veptical form is obtainad Crom the herizontal form aa follows, In
Eq. (A.15), the summation over j i3 rearranged sc that



o M n M M M

I (f c,e)° $ (3 402§ 3§ a1
J=t 1=l 1% jer gm M et geer k3% “0%
P2 ea ] 1§ I
- d Cig * % d.d (A.17)
=1 Loger 1 k=1 gkl K Fojur KIHI

An alternate expression for the first summation over | nn the right hand sids
of Eg. (A.iT) is sought. To obtain it, note that

M P 2 2 2 | M M w 0 oo
[1£1 d1[321 ‘)] 1£1 % jE1 gt kgi L-E+1 [j£1 uy) (jE1 “g)

which when rearranged is

n H M h n
y 2 Y
I o I ¢ -[Id{Ic Vw2 33 aall %[ 2 )%
f=1 1yt fat 1 kel gekdl * K gap BT Tl T
(A.183
Substituting Eq. (A.18) into Eq. {A.17)} glves
M n M M n n
y 2 .k
P (T e ap?all afl E)ARe2 ] T aa(] EH(] 2k
ARt A g H k=1 g=ke1 © K ogo KT Ty M
I )
v 2 d d g .C..
ket g-k+1 X gug KR
and eollecting terns yvields
h
zucjaﬁ-[za[ o2 412
Jet 4= =1
¥ M n n
i 2 ¥
r2 1} [[ E ¢, Co )~ (% ¢2)2(F )%  aay
k=1 gkt k144 j=1 M g

Equation (A4,19) is the form sought for the left side of Eq. (A.17). Making
use of the Cauchy Schwarz ineguality

mn
. %y 2 1%
(I € 645) = 1 I ckjl ) Chyl g0
J=1 J=1
we obtain from Eq. (A.19)

3 %2
J§1 [1_ i a,)% ¢ [121 d {JI ¢3,)%] (%.20)
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Now from the triangle Inequality and Eg. (A,20)

n [ n

02 § (1 ca)fcne ] (3 e

3=1 1=1 =1 =1

n
cv+ § a, (§ )% (h.21)
11 3 J
Def Iine
20 T2k
T f(g.g) = a+2fn+ 3 a (I €)% (A.22)
v i1 g=

Than from the inequality of Eq. (A.21) and the definitions of Eq, (4.22) and
(A 1U), wa obtain

27 (g.g) 2 T," (g (A.23)
v H

Substituting the definitlons of Eq. {A.12) Into Eg. (A.22}, the vertical foram
i=

& E K b
{a,g) = T+ 25, + AT, {0,0) m ¢
o 17 e -1 1%
] k
+ 2 iEI AT, (0,0) o r'fn { E ({£ tite ™ 1]%)% {A.24)

This @an ba wreitben in a more compact Form if we define

k 3
. . 3 . 2%
r LEI f?t [ [jE1 [:rLth 1))°]% (4.25)
¢ that
28 (ge) - T +2 +|ffm- (0,0} (h.26)
M, HE I I T T :

Where fi is the Lth hat channel factor.

From BEq. (A.23), the two sigoa estimate obtained from the vertical form
i3 equal to or greater than that cbhtained from the herizontal form.
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A.6 Vartical Heat Filux Form

Thia form of the semistatistieal method is a variation on the vartieal
Form presantad in the previcus saction. The variation has to do with tha
combining of local heat Flux uncertalnty subfactors. In the vertical form,
the affect of uncertainty In local haat Flux on film, claddineg, gap or fusl
temperature rize dua to a single uncartalnty (&.g. fissile maldistribution) is
represented by a subfactor applied to the affected Lemperature rise). Thasa
aubfactars are then collapsed into a single hot channel factor applied to the
temparature rise as shown in Eg. [A.25). In the vertical heat flux form,
howaver, the heat flux subfactora are combined into their own hot channel
factor. This hot channel fagtor then premultipliea the usual hot ¢hannel
factor to give a two aigma temperaturs aosording ko

¥
TﬁvHF N Tin * Ei * &Tcnnlant fnoalant * &Tfllm rheat flux ffilm
* A1 adding Fheat flux Telaacing (4.27)
where
ﬁTi = ith tempsrature riase
fi = hot channel factor asacciated with ﬂTi

fheat Flux = hot chanhel Factor for heat {Iux uncertainty

The wertical heatb flux Morm estimate of the fwo alegma temperature ia
definad by

M
¥
2%  a Tor2e, + § £ f.= AT, (0,0) (A.28)
HVHF 1 1=1 ih " ih 1
where
r p
D oY 2
f.. = § T 2} 2, - 1]}
ih fm] lin ju ijh
k= nep
0 2
Ffo =« N =i +2[ 1 (£~
in sup LLR o1 ijh

and
k = number of direct uncertainties
n = nuonber of statistleal uncertzinties
r = number of direst uncertaintles assoelated with lecal heat flax

p = number of statistleal uncertainties assopiated with local heat flux
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fijh’ r?jh = hot apob subfactors aasociated with heat Fluax uncertainties

f?jﬂ’ f?dﬁ w ol apot sublactors asscoiated with nor<heat flox
uncertainties

To shew that thls expresaion ylelds a higher two =lgme estimate than the
vertical form, let

a = 43?1 n:fgjh-nz b = 425? (£, g5 - 0F
20 that
1 +vasb < 1 + Ya+b + /ab
<1 +ya+ /% +vab {4.29)

= {1 +Va) {1 + Vb

From the definiticn of ri{ in Eg. {A.25)

2 L a21%
1)< + jEI [rljﬁ 112 (a.30)

r k=r
e = n ® g fPaiseal E {

i iih iln

P -
g=1 g1 j=1 Lin

Making u=2e of the Llnsguallty given by Eq. [(A.29}, the following inegquality
halds

K S {A.31)

Subztitoting Eq. (A.31) into Eq. (A.28) and comparing with (A.20) yields
Tﬁu > Tﬁﬁ
VHF '}

i.2. the two sigma eatimate obtalned from the vertical heat flux form iz =squal
tc or greater than that cobtalned from the vertical form.
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APPENDIX B: SEMISTATISTICAL METHOD EXTENDED TQ BALANCE OF
PLANT UNCERTAINTIES

The gemistatistical method is sxtended hers Lo Lnclods treatment of thoae
uncertainties outaide the core that lmpact core temperature, The starting
point iz the recognition that theas uncertalnties affect the core only through
reactor inlet temperature and rgactor mass flowrata. In general the flowrabe
and inlet temperature uncertainty are correlated. Since the standard
senistatistical btreatment assume= independent unpertainbles, they can not be
handled by the method without modification. The standard aemistatistical
methodology of Appendix A i= extended as Follows, The general expresslon for
temperature at polnt M 11

T (8T, 6Nps o, g) = T + 8T +e, + AT (8W., g, g)
M
L) AT, (g, ) (B.1})
i=2

Whiere

GTG = error In redetor inlet femparature due Lo ungertainty in the
balance of plant

EHH « srear in reactor Plowpats die Lo uneertainty in the balanca of
plant

£y = @rror in subshannal inlet temperature due to inlet plenum medeling
uncartalnty

QTE{SHE' Oty 5} = subchannel goglant taemperabures risa
and all okher symbols are ay defined in Appendix A,
As in Appendix A, the objective 13 to compute the mean and varlance of

Bq. (B.1) 3¢ that a two sigma temperaturs can be abtained. First we define

84T (8W) = AT (8W,, 9, 9) « &Tc{ﬂ. a, 0} {B.2)

=

which i= the error in subchannel temperature rise that resulbts from a
perturbation in the reactor flowrate, From the definltion of the total
differential

AT (6W., @, £) - aT (0, ©, @) = 4T {8W., 9, Q) ~ AT {0, 0, Q)

¢ (4T (0, g, &) ~ AT (0, 0, Q) (B.3)
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so that from Eq., (B.2} and {B,3)}
AT (8Wp, @, g} = 48T {§Wp) + AT (o, g, €) (B.4)

Subatituting Eq. (B.4} into Eg. (B.t)
M

T (8T s 8Wpy gu ) = T+ 6T+ e+ 84T _(&H.) + iEIﬂTi{g. e}  (B.5)
Next assume that the subchannel and reactor coolant temperature rises are
related by

aTc{ﬁHﬁ. g, G = ¢ ﬂTR{GHR}
a0 that

ﬁﬁTﬂ{ﬁHH} - g ﬁﬁTﬁ(ﬁHH} (8.6}

wWhare

ﬂTR{GHh} s  reaptor coplant temperatursa rise as a fonction of a
flowrate perturbation from the nominal

and

ﬁﬂTHIEHH) - aTh{ﬁHh} - aTR{u}.
Substituting En. (B.8) intn Eq. (B.5)

T 6T,r W, @, g) = T+ 6T, + &, * ¢ SAT (6N}

1

(o)
+ ] AT (g, g) (B.7)
1=1
The mean of Ty, is from Eq. (B.T}
mean [TH{ETE' LL PP el = mean [ETGJ + Qemean [EﬁTH{EHH}]
M
+ mean [ ¥ ﬁTjig, el {E.8)

i-1

where the last term is given by Eq. (A.8).
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The variance of Ty is from Bq, (B.7)

- 2,
var [TH{ﬁTo’ g, a £] var [6Tﬁ] + c-var [58T (5W,)]
M
+ GeeoY [ﬁTﬁ, ﬁaTE{ﬁWR}J + var [51 + 1El ﬂTi{g. )]
where the last term iz given by Egq. (A.%). The covarlance of the reactor

flowrate and reactor inlet temperature must be evaluated becauss these bwo

quantities are not independent as a Monte Carlo analysis for CRBR showsd (Ref.
2}0

The usual proesdurae for representing the balance of plant varlance is Lo
define an associated subfactor and apply It to the subchannel coolant riss, In
which case,

23 - _H...-_.l..-_._. 2,
fiJlu 1+ 306,00 lvar [T 1+ ¢ var (58T (5W )]

iy
+ ¢t « cov [8T, ﬁa*rﬁ{awn:r}}’
where
i = coolant

j = palance of plant.
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AFFENDRIX C: COMPARISON OF TWO SIGMA VALUES AS CALCULATED USING
PAST AND RECOMMENDED METHODRS

This Appendlx makes uss of a numarical exampls to gquantify the difference
hetween the two 2igma value as caleulated in past Applled Physica work (1.e.
the S-factor vertical mebhod) and as caloulated in accord with the
recomuendation made In the text Lo use the horizontal approach.

The procedure for comparison is as follows. Recall there wera three
bazic discrepancles hatwezen paat and present approaches, First, past work
made use of bthe vartical implementation of the semistatistical method inateszd
of the horlzontal implementatlon recommended hers. Segond, ln the past hat
channel fagtors rrom CRBR were appllad outright to other reactors without
examining the validity of thisz transfer. Third, some of these hot channel
Faotors wWere applied incorrectly. To isolate the effect of cach of these
differances, a numerical axample is worked through three times, 2ach time with
only one of the three disorepancies préasant. In each case, the hot apot
temperatura 15 galculaked a3 it would have been prior to thia report and then
with the aource of the diagrepancy removed ags per this report. Flpally an
example is worked through with all diaerepancies acting simultaneoualy. The
numarical examples are based on the small LMR and values for hot spot
aubfaciors and hot channel factors used in the ecaleulatlon will be introduced
aa they are requirasd,

C.1 Vartical versus Horlizontal

The effeact of usiog the vertleal approach versus the horizontal approach
is shown here through an example. Subfactor valuea for both cases are taken
From Tabla II while nominal temperatures ara taken from Table III, The
horizontal case has already beeh worked through in Seetion ¢ In Tablde III.
Caleculation via the vartleal approach 1s shown in Tabla €.1. The vaprtical two
sigma cladding midwall temperature of 1266 {°F) is 3 {°F) higher than the
horlizantal temperature of 1263 (2F).

0.2 CRBR Subfactors Applied to Different Reactora

In past hot spobt analyses in the Applied Physics Division, CRBR
uncertainty data has been applied to reactora other than CRBR to obtain two
sigma temperaturea, Haturally there ia some queation as to whether CREBER
wicertalnty data can adequafely represent that of a different reacktor. To
determine thia, the following simple test was performed., The small LME
aubfagtor data of Table II waa applied via the hoerizontzl approach te Table
IT1I nominal temperatures, Thae calculation is shown in Takle III and yielded a
value of 1263 (*F). Then CRBR subfactor data of Table 1 of Ref. 3 (which is
raproduced in Table C.2) was applied via the horizontal approach to the Table
III LMR nominal temperatures and yielded a value of 1282 (*F). The
caloulation ia shown in Table C.3. The effect of using CRER data for another
redctor reazlted in a 19 {(*F}) overestimate for ocladding temperature.

C.3 Uncertainty Pata Used Incorrectly

This subsection outlines errors that have been made in the past in the
application of ungertainty data. The effect of these errcrs on hot spot
temperature 15 gauged below by computing a two sigma value with the errors
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present and then correcting the erraors, recomputing the two sigma value and
then comparing the twWo resulisz.

Paat appors centar around the use of hot channel factor valuss pullad
from Takle 1 of Ref. 3 and input te NIFD for a two aigna cladding midwaltl
tamperaturse. For the sake of completeneas, caleulation of tha Raf. 3 Tabla |
hot shanriel factors from the subfactors 1n the same tabla via the vertical
approach is given below,

faoorant = 1-03 (1.05) 1,08 [t « 2 [(0.02)% + (0.08)% « (0.06)

# (0,01)% + {0,010 + {{,028)2 + {D.D1}’]g} - T1.232

2 ¥
Poiry = '°035 (1.7) {t ¢ 5 L0.12)% + (0.15)7]3) = 1,985
£ = 1.7 1+ % [(0,15) + (0 12}1]%} = 1.918
eladding * 3 ' * '

¢ - 1.03 {1 « £ [{0.065)% + (0,035)70%] ~ 1,08
heat flux i 3 " ' *

Hote that in Table 1 of Rel. 3, the two and three sigma hot channel factors
for cladding temperature rise for cladding midwall two sigma temperature are
nissing. The value iz calculated above, however,

The firat incorrect uas of uncertalnty data centers on the extraction of
ot channal Factor values from Table ' of Ref. 3. The praper hot channel
factor valuas for cladding midwall are shown abpya. The set of values,
noweyer, that haz been uaed in the Civialon and is 3aid to have been taken
From CRBR Table i of Ref. 3 differa as shown helow,

Two Sigma Cladding Midwall Hot Channel Factors

tot Channel Table 1 of Paat Work
Factor Ref, 3 {Page 5 of Ref. 4)

fcuﬂlant 1.232 1.232

Teiim 1,986 1.168

rcladding 1.918 1.128

fheat Flux 1.081 1.081
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Clearly the two sigma cladding and Fllm hot chahnel factor values llsted above
do not agree with the corpeaponding entries in Table 1 of Ref. 3. A ¢loger
look ahows that the AP vazlues are actually CHBER fuel centerline values taken
from Table 1 of Bef, 3, Henote, eérror one: Pllm and ¢ladding hot ohannel
factora derived for CRBR fuel centerllne tempersatwe have been applled to
claddlng mldwall temperature caleulatlions.

The aecond error Invplves the treatment of wuncertzinty in physics methods
and cortrol rod poaition. Io Table 1 of Ref. 3 these uncertalntiea are not
included a3 subfactora ainge they were applied to peaking factora, Since the
hot channel factor values glven at the bottom of the table are derived from
the aubfactors above the hof chammel factor, values given do not Include the
effect of physleca nethods and control rod poszltion uncertainty. To compute
hot channel factors from Table 1 that include theas uncertainties we nota from
the Table 1 footnote that these effscta contribute a 4% errar to coolant
enthalpy rize and ¥ error to heat flux. The new hot channal factora are then

i = 1,232 1.0 = 1,281

eoolant

Coladding = 1-918
Choat Plux = 1:081 * 1.05 = 1.135

These values will be used in the calculation glven at the end of this
subsection.

The third error dosals wlth Fuel centerline temperature. The hot channel
factor value for fuel temperature rlse iz sald to be two sigma and taken From
CRBR. However, looking at Table ? of Ref. 3, the value is a three 3igma
quantity., Tt can be convertad Lo two sigma by multipllication by twoebhirds.

To quantify the arffect of the first two erprora discussed above, the amall
LME cladding midwall temperaturse 1s computed vla the vertical method twiee,
onee Wwlth the errors intact and then with the srrors ocorrected. The
ealculations are shown in Tabla C. .4 and .5, raspecotively. With paat errors
the cladding midwall temperature is 1287 {*F) which 1a 28 {°F) leas than the
1275 (*F) value gotten when the errors are corpected.

C.4 Net Effect

Having locked individually at the affect of the azbova itema, they arsa now
conbined to demonatrate thelr aimultanecuz effect. Operating on the nomlnal
temperatures given in Table ITI with the semistatistios]l vartlosl approach and
the hot channg) factor values of Ref. N, which contain the errors alrsady
diseusaed in Sobaeotion C.3, ylelds a cladding midwall tamparature of 1247
(°F), This value repr2sents the temperatura gotten whan past methods ars
applied, The caleulation appgars in Table C.4 and is Identlocal to the
caloulakion of Ref. U, Now the corresponding value computed using the
procedure recommendad in the taxt Is 1263 (9F) and the caloulatlon ia shown in
Table III. Thia was obtalned using the semistatistioal horlzontal approach
and the aelectad hot apot subfactorsz of Seetion b, Therefors, the net effect
of past srrors,ls a 16 {(°F)} underestimate of the cladding two sigma

Lemperatura.



==

TABLE C.1 Small LMR Two Sipma Cladding Temperature Via
Semistatistical Vertical Method

Hominal Temperatures {°F)

Tin = B50
8Togo1ant = 309

Aeyim = 7

ﬁTeladding = 6

Hot Channel Factera (2g)

g z 4 - A
feo0lant 1.06 (1.02) 1,62 {1.03) [1 « § (0.52% + 0.02% +0.14

+0.052 +0,0687 +0.012 + u.u13=}ﬁ] = 1,265
= '2'- 2 ]
Poipm = 1-06 (1.02) 1.006 {1.14) 1.8 [1 + 5 (0.052% + 0.02
* ﬂsﬂDEz * ﬂt‘iE! * Uti?“:}]}i] = 2,557
feladding = 1,06 (1.02) 1.14 (0.8} 1.05 [1 + % {0.052% + 0,022

+ﬂ.ITH’lF=] = 1.16]

Cladding Midwall Temperature (2o)

129 « 8§50 + 309 (1.265) + 7 (2.557) + 6 (1.161) = 1266 (°F)
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TABLE C.2 CRBR Fuel Assembly Cladding Het Spot Subfactors (Ref. 1)

Laolant Fiilm Cladding
Direch
Power level measurement and control
ay3tem dead band 1.03%
Iniet {flow maldistribution 1,05
Assembly {low maldiatribution
ealenlagional uncertaintles 1.08 1.035
Cladding circumferentlal temperature
variation 1.7 1.7
Physics analysla calculakional
methoda and eontrol rod effects 1.04 1.05 1.05
Statistical (3 o)
Iniet Lemperature variation 1.02
Reactor AT variation 1.0U
Muolear data 1.06
Figssile fuel maldistribution 1.0
Wire wrap orientation 1.01
Subchannel flow area 1.028
Film heat tranasfer goefFiloient 1.12
Fallet+cladding eccentricity 1.15 1.1&
1.12

Cladding thioknese and conduwdtivity
Coolant properties 1.01




TABLE €.3 Caloulation of Two Slgma Cladding Midwall Temperature Using Horizontal
Method and 3mall LMR Nominal Temperatures and CRBR Subfactora

Inlat T Coolant AT Film AT Cladding MW AT Toatal
1. Heminal Temperatures {(2F) Bao 309 7 8 1172
2. 0Og Temperaturaa [(oF) 850 375.4 12.9 10.7
= 30G"71.03%1.,06" {= T7.0"1.035" {= 6,1°F.1°1.05}
1.081.00) 1.7°1.086}
3. 3¢ Temperature Uncartainties {°F}
Inlet tamperatura variation 6.2 6.2
Reactar AT variaticn 12.4 12.4
Huclear data 18.% 18.6
Figzalla fuel maldiastribution 3.1 3.1
Wire wrap orlantation 3.1 3.1
Subchannel flow area 8.7 8.7
Fiim heat transfer coefficlent 0.8 0.8
Pallet cladding ecoentricity 1.1 0.9 2.0
Cladding thicknesa and conductivity 0.7 0.7
Cooalant Properties 3.1 3.1
[E{3ui}*]t w 25 1
4, 26 Peak Cladding Midwall
Temperature (*F)
120 850 + 16 + (375.4 + 12.9 +10.7) + £ (25) = 1282

clad

3

ng' :)-
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TABLE £.4 Example of Applying Uncertainty Data Incorrectly
¥ia Vartlcal Mathod

Hominal Temperatures (°F)

Tin = 550
ATopalant = 3069

bTeyim = 7

Iii"I'czlah:!q:lj.rlg -6

Hot Channel Factors {29, Ref. 4)

§ = 1,232

coolant

ffilm = 1-168

t = 1.128

oladding

Theat flux” 1,081

Cladding Midwall Temperature {2a)

T20 » 550 + 309 {1.232) + 7 {1.168) 1.081 + 6 (1.128) 1.08%
= 1257 {*F)




TABLE C.5 Example of Applying Uncertainty Data Correctly
¥ia Yertical Method

Hominal Temperatiurea {°F)

Tiﬂ = EEPCI

AT = 300

eoglant
Alpiam = 7

ATcladding ™ 6

Hot Channel Factors {2g, Rer. 3}

r = 1.28

coolank
frjim = 1-985

felagding = 1.08

Cheat FLux™ F-'3°

Cladding Midwall Temporature (2g9)

TRC = B50 + 309 (1.281) + 7 (1.085) 1,135 + 6 (1.918) 1,135

= 1275 {°F)
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APPENGIX [: CALCUOLATION OF SUBCHANNEL FLOW AREA
EOT SPOT SUBFACTOR

Thia appendix shows how the value of the small LMR subchannel flow area
subfactor can be deduced from the work done for CRER,

We begin by assuming the following four itemﬂ are known: the value of
tha CRER subchannel Clow area hot apot Faotor ICRBE* the value of the CRBR
nominal channel ares An RBR’ the value of the desired channel area An desired'
and that the standard déviation in the desired channel area is the samé
CRER. From Eef, T the effect of channel arez on coolant temperatura risa ia

AT A 573

—_ . [Iﬂ} {D.1})

=
-

& = pominal subchannel area
Ay, = perturbed subchannel area
ﬁTn = nominal temperaturs rise with area An
4Ty = temperaturs riae with area Ry.
Now write

Ah - An - {D.2}

where e represents the error In area and 1g a sérg mean random variable with
atandard deviation o. Then, from the definition of the atatiatical hob apob
subfactor in Appendix A, the subchannel area hot apot sublactor is

A 5/3
() = (—F=) (b.3)

ﬂn - q

The standard deviation of the subchannel area uncertainty in CRBR is gothen by
solving Eq, D.3 for g where

5~ s
¥ (g} = faRBR

A, = luln,cmsﬂ

Then the atatistical hot 2po% factor for the deaired gecmetry, based on CRER
area uncertainty ia gotten by solving Eq. D.3 for r3(;) where

o= atandard deaviation of area in CRBR

Ay = An,desired



