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ABSTRACT

A proposed method foselecting andapplying hot channelfactors is
presented along with somjestification for these selections. The method is
illustrated by example, arttle sensitivity to some athe choices igxamined. The
uncertainty in the heat transfer coefficient is a megmtributor to the reduction in
thermal-hydraulic safety margins. The uncertainty introducatidoyeterogeneity
in the fuel is another important contributor and an area where nmdogmation
may be useful in reducing this uncertainty.

INTRODUCTION

The selection of engineeririgpt channelfactors for thethermal-hydraulic analysis of the
limiting (hottest)channel can have a significant impactreactorsafety margins. Someactor
designs have large safety margins, and large uncertainties can be assiinoetany particular
difficulty. Even inthese cases the choiceaverly conservative peakirfgctors carunnecessarily
limit the range andsefulness othe reactor. Theafety document®r the current reactors show
a variety of choicefor peaking factors and often wilittle justification for those choices. There
seems to be no generally accepted method for the selection of hot channel factors.

A method for the selection arapplication ofhot channelfactors is proposed here for
consideration. The assumption herehiat thefuel plate design has beeet (perhaps through
standardization), and threactor operatomust now evaluatéhis fuelfor this reactorbased on
the given fabricatiortolerances and uncertainties. The thermal-hydrémlits of the fuel are not
used toestablishwhat tolerances can be allowedhe fuel fabrication. The method is illustrated
by example, and the sensitivity to some of the choices is examined.



METHOD AND EVALUATION

Engineeringhot channelfactors may bebroken down into three separate components
corresponding to:

D Uncertainties that influence the heat flux, F
(2) Uncertainties in the temperature rise or enthalpy change in the channel, F

3 Uncertainties in the heat transfer coefficient, F
These factors should be introduced into the analysis as
Q" he=Fq* Q" nc
AT, = Fp * Q/(C, * MFR)
ATs=Fr*q"/h

where the notation hc refers to thet channel value and nc refers ttee nominal channel value
for the heaflux ("), and MFR is mass flowate. Theremaining notation istandard. §can be
defined aghe ratioAT,J/AT, for the bulk (b) coolant temperature, ang €an be defined as a
similar ratio in theclad surfac€s) temperature. These componesda be broken down further
into sub-factors and combined either multiplicatively

Fo="for* foo* fpz* -

et [T

Many of the sub-factorsnay bedetermined from the tolerances in thgecifications for
the fuel elements, pumpsnd other related components. Other sub-factoay bedetermined
from limitations inthe ability to measure certain parameters accurately, sucfioasrates and
temperatures While still othersmayrequire some engineering judgmenthe assessment of the
quality of the dataavailable. Some thermal-hydraulianalysis may beiseful in determining the
range of influence of certain variations.

or statistically

The specificationgor the fuel plates and elements thate used in théabrication of the
fuel usuallycontain tolerances on tlieel loading,the fuel density variationplate thickness, and
channel spacing. Aortion of thefuel plate specificationgor the University of Michigan are
quoted here for illustration and further discussions:

1) Fuel Loading - Each Fuel Plate shall contain 9.28 grams = 0.18 gram U-235
based upon final weight of the final compact and chemical and isotopic
analysis of the constituents.



2) Fuel Homogeneity - Density of the fuel per 0.08-inch-diameter Fuel Core area shall
not differ by more than 20% from the average fail FuelCore locations, except
in the area one (dhch from eactend of theFuel Core where theariancemay be
+ 30% in a regiomot to exceed 1/2nch inthe Fuel Plate longitudinal direction.
A “high” regionshall be defined aslacation forwhich the fuel densityper 0.080-
inch-diameter Fuel Core area exce2d%o of theFuel Plateaverage. The average
fuel density ofthe “high” region and four regions taken at the corners of a 1/2-
inch-square symmetrigbout the’high” region shall be lesshan 20%. Between
the minimum and maximum permissible fuedore length boundaryfuel underload
condition shall not be evaluated.

From these specifications, the fuel loading in a plate can be higheratmamal by nearly2%, and
the density can b@0% higher inthe X-ray scan. The tolerances on plate @rahnel dimensions
may beextractedfrom the associatetlue printsused infuel fabrication. From these data the
uncertainty in the platthickness islightly more thar3%, and thechannel spacing can be almost
6% smaller than nominal. The channel spacing does not include bowing of the plates.

Thesefuel plate andchanneltolerances can be translated into subfactors in most cases
without difficulty. The presence of a higher fuel loading in a plate will result in both an increase in
the heaflux from the plate and a temperature rise in¢hannel. A fuel loading specification of
M per plate with a tolerances A translates into the following sub-factors:

fy= 1.0 + Am/M
fo = 1.0 + Am/M

The fuel plate tolerances with upper and lovikicknesses specifiefibr the entirefuel
plate can conservatively be assumed tdhgeresult of variation in thkiel meat thickness. A
thickerfuel meatregion results in an increasetire local heatflux. Here one could alsassume
that the meat ishicker over the entireength ofthe plate andhat thebulk temperature iglso
affected by this variation in thickness. This overall variationaggslressed undedensity
uncertainties. If th@eominalmeat thickness is,tand the tolerance on the plate iAts, the heat
flux sub-factor may be expressed as:

The potential reduction in tifeow channel spacingesults in both &ulk temperatureise
(ATp) over the channel and a reduction in the heat transfer from the clad to the avélant=or
turbulent flow the change irchannel thickness can belated to these temperatucbanges
throughbasic principles First it is useful to develop an expression relatirggchange ifiow in
the hotchannel tahe nominal. The pressurérop across the hahannel is assumed to be equal
to that of the nominal channel (a good assumption with forced flow), and the pressure drop can be
expressed as



Ap:fr*L*p—V2
De 2

where fr is thdriction factor for thechannel. Thus, the velocity\) is proportional to (De/ft¥,
and the hot to nominal velocity ratio can be written as

th — DDQWC |j12 * ijrnc sz
e = 0 .
Vnc enc D D rhc D

The friction factor may beexpressed in terms of theeynold’'s number (R® where Re =
p*v*De/u. With the assumption thatandpu are constant, the velocity ration can be rewritten as

h ) EDehc |jl+(x)/(2—or)
Vie €nc E

where the friction factor coefficient, is usually in the range of 0.2 - 0.25.

Now usingthe relation q” = h *AT,, the sub-factor,f the AT ratio of hot tonominal at
the clad surface, can be expressed g6 .. The heat transfecoefficient for single-phase
turbulent flow isusuallyrepresented by correlations that are proportional to’{fB, again Re
is proportional tov*De, and the above heat transfer ratio can be writtenviasnd®® *
(Den/Dey). The velocity ratio can then be replaced by the expression derived abgive tbe
hot channel sub-factor

|:Denc |j0.4+(x)/(2—(x)
fh = 1l
€[

In a similar fashion, a hot channel sub-factor for the bulk temperature rise dabaonal
reduction can be derivedJsing Q =p*A* v*C *ATy,. AT, is proportional to I/A, and theflow
area, A, is proportional to De. TRF ratio of hot to nominalf can be expressed as

De Vv

nc % nc

Dehc th

fb:

and again substituting for the velocity ratio gives the relation



/(2-0)
De,,

fb = 0
€0

For plate geometry De approximately equal t@t, where t is theehannel thickness, the
above sub-factors can be written as

0.4+a)/(2-a)
i, O

fy =
e

i Dv,/(z—a)

f, =
" el

For afriction factor coefficient ofa = 0.2, f = (tdth)™ and § = (tdth)®>, and if thechannel
thickness irnthe hotchannel isLl0% less than theominal value,f= 1.04 andf= 1.19. These
expressions were derived under the assumption of turbulent flow and forced conyegtioand
C, constant), and are not valid for other flow regimes.

The homogeneity specifications for the fuel are subject to some interpretatioragmdbt
really beused directlyffor choosinghot channeffactors. Thealensity measuremendse afunction
of the apparatus used tnakethe measurements. In either a directiratirect manner the
instrument measures the transmission of X-rays througtu¢hplate, and withpropercalibration
thesemay betranslated into density valueser theviewingarea. The aperture this example is
0.08 inches in diameter, anthe densitiesare averagealensities within thisaperture. Other
instrumentsmay have smalleapertures with larger tolerances or larger apertures suialler
tolerances, andll indicatingthe samedegree of homogeneity. None of the instrumardgate
the degree of heterogeneitithin the aperture (théuel particlesmay all belumped into one
portion of the aperture). The methoditlined in this example seems to alloredit to be taken
for the spot to be amsolated area ohigh densitysurrounded by areas of lowelensity
(conduction away fronthe hot spotransverse to thelad surfaceanayreduce the importance of
the heterogeneity). The reasonimghindthese particular choices aperturesize and tolerance
seems to have bedwst over the years. Thaensity variations observed by these instruments is
notonly a function othe heterogeneity but also of ttiickness othe meat. A thicker meatill
also be indicated as a higher density. This uncertanaty duplicate the uncertaintglready
included for the fuel plate thickness.

The heterogeneity in thagher density fuels withEU is more of a concern than was the
case in the earlier HEU fuels. The conductivitgeserally muchower with lessaluminum in the
matrix atthe high densitiesand the heat cannot be conductedhy fromthe regions ohigher
fuel concentration aseadily aswas the case witHEU fuel. The uncertainty ithe homogeneity
of thefuel isalso an important factor timclude inthe evaluation ofhot channelfactors for the
LEU fuels. Clearlymore work isneeded to couple th#ensity measured ithe aperture to the
actual heterogeneity thismay represent in thefuel meat. This is not to say that these
measurements are no longer adequate for the acceptance of the fuel plates as fabricated.



For anuncertainty in thdocal density ofX%, the sub-factor for the he#iix can be
expressed ag £ 1.0 + X/100. Insome assessments this same valuekien as an uncertainty
applied tothe factor £, butthis seems to be a duplication andas donehere(in g’ = h * AT, h
is not reducedlong with an increase o). Thedensity variation of Y% fronend-to-end may
also be expressed ig £ 1.0 + Y/100 for the temperatusdong thechannel. At this time an
uncertainty o20% isbelieved to be a conservative estimfatethe variation in the hedlux, and
an additionall0% uncertainty is assumed ftine variation indensity end-to-end(including the
dog bone region) and applied to the temperature rise along the channel.

Most of the otheruncertainties can be related to uncertainties in measurements or
tolerances in equipment. Some of thekda can be taken from thepecifications of the
equipment, such as, pumps, meteats,. Othersmay betaken from known uncertainties in
measurements and methods of calibration.

Uncertainties in thélow can result from tolerances in pumpirgte as theoump speed
may vary withvoltage fluctuations or load. Themeay beuncertainties in the instruments used to
measure flow. Themmayalso be uncertainties assigned to plenums, orifices, piping, etc. If these
uncertainties are X%, the following factors can be set:

f, = 1.0 + X/100)
fn = (1.0 + X/100§®

where the 0.8 exponenbmes from the exponent on tReynold’'s number imost single phase
heat transfer correlations, and the Reynold’s number is directly proportional to the flow rate.

Uncertainties in thg@owerlevel and thepower densitymay beattributed to the various
sources. Thermay beuncertainties in thpowerlevel due tolimitations inthe calibration of the
instrumentation or in theensitivity ofthe equipment used for measurements. Uncertainties in the
computed powerdensity data may be assigned based on uncertaintiestlire basic data,
dimensions, method, etc. With an uncertainty of + X%, the following factors can be specified:

fyand f = 1.0 + X/100

The last major uncertainty to be discussed ighim heat transfecoefficient. This
uncertaintymay bebased on the spread ddtaand thefit of the data by the selected correlation.
The experimental data generally fit within a band of + 20% for any of the single phase correlations
commonly used. For an uncertainty of X%, the sub-fagterlf0 + X/100 is assigned.

Some of the other factors thatight be considered, sudhs, conductivity and heat
capacity have been found to have little impacthenresults. Uncertainties in these properties are
neglected. Also in some of the derivations, the density and viscosity are assumed constant. These
assumptions argot valid for reactors under natural convectibow conditions. Other factors
may need to be considered is some special cases.



The following tabulation provides a summary of the proposed subfactors:
Fuel loading/plate - M Am
fyand f = 1.0 +Am/M
Fuel plate thickness -At,
fq = 1.0 +Aty/tn, where t, = nominal meat thickness
Fuel density - + X%, local and + Y%, end-to-end
fq=1.0 + X/100 and,f= 1.0 + Y/100
Channel thickness - tAt
fo = (1.0 -At/t) O+ gnd f = (1.0 -At/t) ¥
wherea = friction factor coefficient
Flow rate - £ X%
f, = 1.0 + X/100 and,f= (1.0 + X/100¥®
Power and power density - + X%
fand f = 1.0 + X/100
Heat transfer coefficient - £ X%

fn = 1.0 + X/100



APPLICATION

The fuel specifications for the University of Michigan as quoted in the previous section are
used as an exampléhis fuel design is pmosed for the 10 kW reactor at Worcedtetytechnic
Institute (WPI). The reactor is potlpe and cooled by natural convection. Thus, some of the
expressions daot apply to this example.The assumptions of turbulent flow, constdensity,
and constanviscosityare no longewalid with natural convection. There is no pump associated
with the coolant flow, and the flow rate in tbleannel changes #se heaflux changes. The sub-
factors associated with a reduction in tiennel spacing have been obtained from a natural
convection thermal-hydraulics code.

The fuel plate specifications and blue prints for fabrication give the following data:

Plate thickness, in 0.062/0.058
Channel spacing, in 0.123/0.103
% loading/plate, g 9.28 +0.18

The fuel plate variation is #).002in., the nominal meat thickness 3.030in., and themeat

thickness variation is then taken to b&@%. The nominal channel spacing &66109in., and the
reduction in spacing allowed sbout 6%. However, &ariation of 10% wasassumed and
introduced in a steady-statieermal-hydrauliccomputation. This resulted in d6%rise in the

bulk temperature in thehannel, and 44% increase inthe temperaturelifference atthe clad

surface. The uncertainties in thel densityare taken to be £ 20% over thesl coreand + 10%
end-to-end.

Sincedata were noavailablefor uncertainties ippower, powerdensity, and flow in this
case, the following assumptions were made:

Uncertainty in power measurement + 5%
Uncertainty in power density +10%
Uncertainty in flow measurement +10%

The uncertainty in the heat transéerefficientfor this natural convection case was taken to be +
20%.

Thehot channeffactors and théot channelsub-factors derived from the uncertainties for
the WPI reactor are summarized in the following table:



Uncertainty Fq Fo Fh
Fuel Meat Thickness 1.07 - -
23U Loading 1.02 1.02 -
%3 Homogeneity 1.20 1.10 -
Coolant Channel Spacing - 1.16 1.14
Power Measurement 1.05 1.05 -
Calculated Power Density 1.10 1.10 -
Coolant Flow Rate - 1.10 1.10
Heat Transfer Coefficient - - 1.20
Multiplicative Combination 1.51 1.65 1.50
Statistical Combination 1.24 1.24 1.41*

*Factors for coolanthannel thickness arabolantflow rate are treatedtatistically. Theactor
for the heat transfer coefficient is multiplicative.

The multiplicative method ofcombining the sub-factors is conservative but somewhat
unrealistic. The statistical method recognizes that all of these conditior docur at theame
time and location. The uncertainty time heat transfecoefficient istreated as anultiplicative
bias. Thehot channelfactors with the statistical method are lower. The choideobthannel
factors strongly affectthe design and safety margins. The WPactor power at the onset of
nucleate boiling is predicted as:

No Factors 818 kW
Statstically Combined 442
Multiplicatively Combined 301

The sensitivity tothe various components is illustrated for the W&ictor at 200 kW in
the following table:

AG”, Wim? ATow °C AT, °C AVoy, CMI/S
No Factors - - - -
F,=1.24 only - 2.63 3.29 -1.10
Fq=1.24 only 5233 1.50 7.35 0.87
F,=1.41 only - - 13.14 -
All Factors 5233 4.38 27.74 -0.40

The heat transfer component, ks the largest antiasthe largesteffect onthe clad
surface temperatureThis factor changesnly the cladtemperature. The uncertainty in the heat
transfer coefficient isreated as anultiplicative sub-factor and is the largest contributor. this
uncertainty can be reduced, safety margins will increase.
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The heafflux component is the next largest contributor, and tmidant sub-factor in
this component ithe heterogeneity of tHeel. Some furtheanalysis may be helpful reducing
this uncertainty. In this natural convection exampte,flow rateincreases athe heatfflux is
increased in the hot channel. This improves the cooling of the plate in the channel and reduces the
clad temperature.

This natural convection example may differ somewhat from the results one might expect in
a reactorwith forced convection. The impact of changegha coolantchannel spacing are
probably larger in this case than with forced flow. With pumps and pgthvey uncertainties may
be introduced.

CONCLUSION

The selection ofhot channelfactors has a largenfluence onthe thermal-hydraulic
performance and impadtse design and safety marginstbie reactor. Thus, these factsrsuld
be selected witlgreat care. The proposeglection process is agtempt to providesome
guidance and rational for this task.

Hot channel factors should be divided into three separate components ratloe\thaare
factor applied tothe heaflux. Hot channelfactors areapplied tothe heafflux, the temperature
or enthalpy change ithe channel, andhe heat transfer to the coolant at the clad-coolant
interface. These factors can be broken down into sub-factors based on uncertainties in the
manufacturing process, measurements, specifications, and methods.

These sub-factorsnay be combined by multiplyingthem together, by treatinghem
statistically, or by a combination of th&o previous options. Thmultiplicative method isoverly
conservative, and the statistical or combined method is recomme@a@cthe uncertainty in the
heat transfer coefficient is treated as multiplicative in the example provided.

The sampleresults from the WPteactor show that the power for the onsenotleate
boiling is reduced by almost a factor ¢wo with the introduction ofhot channelfactors
(statistically combined) and furtheeduced if themultiplictively combinedfactors are used. The
increase in clad surface temperature wlith introduction ohot channelfactors is dominated by
the heat transfer component, and the largest contributor to this factor is the uncertainty in the heat
transfer coefficient.

A rather large uncertainty factor was also introduced for the heterogeneity fnethe
This contributes directly to an increasethe heaflux. This is anarea where furtherefinements
would be useful in perhaps reducing this uncertainty.
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