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ABSTRACT

The Sodiumcooled Fast Ractor (SFR)fuel subassembly irradiation leads to a substantial
modification of its geometry and mechanical propertiedeed,it producesvoid swelling andcreep
on the clad thaihcrease the fuel pin diameter and its bendihg a result, theubasserbly flowrate
could be reduced, and hertbe sodium temperaturmeould increaseln order to guarantee tlieel pin
clad mechanical strengtin operation, whichlargely depends on its temperatuiie is proposedto
evaluatethe maximum temperatureeached P the cladfor a deformed sulassembly The objective
of this study is to provide the sensitivity of therrhgdraulicsto the fuel bundledeformation in order
to propose criteria on the maximum admissible strain.

To address this issu¢he impact ofa R fuel bundlediametral strairon the thermahydraulics is
studied by means of Computational Fluid Dynamics (CFD) simulations with the industrial code
STAR-CCM+ [1]. A nominal geometryof subassemblyand a higly deformed oneare considered
The modification onflowrate for this latter geometry is firstly determined bgnathod that estimates
the relationship between tipeessure loss arttie flowratein the subassemblyCFD simulationswith
the updated flowrateused as boundary conditionfor the defomed geometryare then run and
compared to the results obtained for the nominal geont&grihis way, he consequencesf thefuel
pin deformation on the clad temperataired velocity fieldare evaluated

This work presented with conservative hypothesisl based ora geometry that is deformed beyond
therecommendedimits, concludeson thehigh sensibilityof the deformation othe clad temperature.
On the other hand;lad swelling and creeplso dependn temperaturethereforethe temperature
increase n the subassemblyresulting from the lower flowratdn subassembly could also
significantly modify its geometryGiven the perturbatiorfound on the clad temperature,it is
suggested to adopt coupledapproachbetween thermatydraulics and thermomechias to better
assesshe subassembly evolution during irradiation

KEYWORDS
Liquid sodium, Sodiurooled Fast Reactor, thermhldraulics in sukassembly, CFD.
INTRODUCTION

The CEA is involved in long term R&D programs on Sodicooled Fast Reactoard is currently
working on the ASTRID project?]. Among the domains of studies, a thorough understanding of the
core thermahydraulics and in particular of the geometrical modification induced by irradiation on the
fuel subassembly is a major concern.déed, this will make the global temperature of the- sub
assembly progressivelincrease As a result it will influence the clad mechanicastrengthand
therefore the lifespan of the saBsemblyn reactor

Thanks tonumerical simulation using theCFD industrial STARCCM+ software, thethermal
hydraulicsof a SFR sulassembly isevaluated in nominatondition for the nondeformedand
deformedgeometries, the latteone being characterized byuel pins with a larger diameterand
updated boundary conditisfor thesub-assemblyflowrate

The results obtained for these two cases are then compared and preliminary conclusions are drawn
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from the effects ofa geometrymodificationof the subassemblyon thermathydraulics

1 SFR FUEL BUNDLE DEFORMATION MECHANISM S AND CAUSES

In a SFRreactor, the fuel pin is submitted to different solicitations, leading to its deformafien.
presentinghe ASTRIDlike subassembly, e causes anthe resulting deformatiomechanismare
explained.

1.1 The ASTRID-like sub-asembly

The ASTRIDIlike subassembly is composed of several dozens of fuel pjtiedrical steel clagthat
contain thefissile and fertile fuel pellets. A spacer wire turns around eacthglioally in order to
maintain it in its initial position and hadso the advantage to mix the sodium flow. The-asdembly
and fuel pins are drawn dfig. 1.

Fig. 1 A fuel subassembly (left), a pin with its spacer wire (centre) and detail of a fuel pin sub
assemly (right)

In addition, thehexagonafjeometry ofthe subbassembly is characterized by the distance between two
neighbouringpins called the fuel pin pitch p, the pin diamei&y, z .,she wire diameter&s (; sgnd the
spacer wire pitclicf. Fig. 6)

1.2 The causes of fuel deformation

During irradiation, the fuel pin geometry is in constant evolytid@pendingon its temperature,
internal pin pressurandtheirradiation dose received. The main causethefuel pin deformation
arethermal expansiorgreepand swelling

The thermal expansion correspondsatgeneral increase in volume of a materiathetemperature
rises.

Creep is the tendency afmaterialto permanently deform under the effects of a constass It is
time-dependent ant only evidenced after long time reactornominal condition Creep can be of
two different natures: the thermal creep linked to the high temperafutiee material ad the
irradiation creep correlated to the receiugddiationdose.The high temperaturef the clad enhances
the viscoplastic effects resulting from tfugce exerted bythe fissiongas on the inner sid# the clad
Thermal creepis presentfor clad temperature Tead Tmeting®0,3 [B], With Treing  the melting
temperaturehenceapproximately220°C. Creep is howevesmall around this temperatuimit rapidly
increass as thetemperaturgets closer tohe cladmeltingpoint Due to theneutronic flux, irradiation
alsoincreases the creep rate ovee thne due tahermal creep and induces creep at tempemsature
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where the thermal creep would not be present.

Void swelling appearsvhen energetic neutraimpact atons of the crystal structuref the clad

material Atoms leave their original position, creatinggacandes in the structureMore precisely,if

neutrors areenergetic enough, part of this energy can be fearesl to the displaced atsmwhich, in
turn, can produce a real cascade of displacements in the crystal strédturigh temperature,
recombinationof atomsin a different state of equilibriums generally achievedAt medium
temperature corresponding approximately to the core temperatheyacanciecanaccumulatehat
leadsto a generaincreaseof the material volumeAs a result, mechanical properties tbe clad

material, such ais ductility and resilience, can significantthange The fuel pin clad igarticurlaly
sensitive to void swellingeading to an increase of its diameter. Probabditglad failure becomes
therefore higheror that reason, a limit dhe acceptableladvolume swellings fixed to 6 % [4].

1.2 Consequences of these solicitations on the fuel pins

These solicitations modify the geometry of the fuel pin, especially its diameter and itsgbendin

The fuel pinBowing isthe result of demperaturgradient betweemito opposite faces of the fuel pin

In reactor, this i$n generalthe case between the nearest and furthest part of the fuel pin relatively to
the center of the reactor cota orderto accommodate the thermal dilatationthis induces a flexion

of the pin on its axis.

This phenomenon is representadFig. 2 where thefuel pin deformation is caused the differential
thermal expansiohetween the red fa@nd the blue one

Fig. 2 Simplified illustration of bowing

Helical flexion isa bending phenomenon of the pin due to the differential thermal expansion between
theclad and its own spacer wirEhe result of this deformatias visualized orthe left representation

of Fig. 3. As the fuel pingetsinto contact withthe wrapper tube or aeighbouringwire at different
periodic axial positions, corresponding to a rotation of @Qthe spacer wirg1/6 of the spacer wire
pitch), thiswill induceadditionaldistortion in the clad, creating such impressgeillationsshown on
theright pictureof Fig. 3.

In general, helical flexion appears first on the mlwse tothe wrapper tbheandthen propagatgo the
pins oftheinner rows of the fuetubassembly.
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Fig. 3 Simplified illustration of helical flexion (left) and its appearance in SFR fuel pins (right)

If a single fuel pins consideredits radial deformationdue to swelling or creeig uniform. As the pin
is surrounded by nelitpouiing pins and rapidly get to contact with thenin reactoy the fuel pin
diameter will preferentially increase in perpendicular direction to the cdotpobducethe oval shape
represented othe left Fig. 4. This deformation ihowever @rtially countesbalancedby the force
applied by the interndission gason the pin asrepresented on the righig. 4.

Fig. 4 Effect of ovalization in a SFR (left)lllustration of ovalization (right)

Amongthe different deformations dhe fuel pindiscussedbove, theéhydraulic diameter of the sub
assembly is mainly affected ke pin dametral deformationThe effects ofbendng and helical

flexion aretherefore ignoreth the followingof the paper
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2 NUMERICAL APPROACH

The impact of the fuel bundle deformation on thermalraulicsis studied by means of CFD
simulation with the commercial softwareSTAR-CCM+. The modelling choices for meshing and
boundary conditions are first explained. The results are then pre$antieel different simulations

2.1 CFD modelling

Flow in a sodium suassembly is always turbulent (Re~5000@)nominal condition A RANS

approach with thedHnodelandthe ZD OO I XQFWLRQ FDOOHGIi$ iseddhé chdc®€ O 7UHD\
of this turbulencenodelis justified by previous studidsading tosimilar results with the4high and

low Reynolds as well as witihe k ZSST turbulence model [5].

The modelled geometry consists of a -asisembly of 217 wiravrapped pins surrounded by a
hexagonal wrapper tuligeeFig. 5). The main geometrical parametefsthe modelledsubassembly
are sumnarizedhereafter

Heated column 800 mm

Fig. 5 Fuel bundle representation in the CFD calculation

Two geometrieshat correspond respectively to the nominal geometry addfarmedgeometry with

an arbitrary increase of6% of its pin diamete are assesd. This diametral deformation is
representative of the contribution of fuel swelling and creep and extkedicceptablevolume

deformationof 6%, mentioned abovelhe spacer wire is considered as +ol@fiormed although it is
alsosubmitted to swellingféects.

The effect of the diameter increase fdwo neighbaring pins is represented ofig. 6. In order to
simplify the meshing, two modifications of the real geometry are proposed for the modaitial).
interpenetratioretwesn thepin and its own wires firstly done so that the contact is hioear From
previous analysis, this assumption does not alter rgéuld. Secondlythe modelledspacer wire is
allowed to go into theeighbairing pin while the spacer wire wouldavecrushedin reality. As the
fluid crosssectionis only increased b$.9 % whereas th@in diameteexpansion 06% decreases the
fluid crosssection by more than 3b, this simplfication isalso considered to lscceptable.
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o000

Fig. 6 Detail of the twaneighbouring pins for the nominal (left) and 6% deformed geometry (right)

2.2 Sodium thermophysical properties

Constantthermophysicapropertiesfor sodium are consideredf a temperature of 475°¢hat is an
averagevalue betweenthe inlet and the averageutlet sodium temperaturén the fuel bundle
respectively o#00°C and 550°(38].

2.3 The fuel bundle meshing

The STAR-CCM+ softwareallows to mesh the fluid by trimmetktrahedrabr polyhedral cellsThe
polyhedral meshingwhich isa good comprise between the number of cells and the quality of the
resultswith one prism layelis selectedin order to reduce the number of cellse tmeshing idirstly
created on a reduced geometry of 0,hrheightandis thenstretched by a fact@f 4. As the radial
gradients are larger than the axial on@gyvious study concluded thiiis strategy does not degrade
the results9]. The final meshing is representedfg. 7.

Fig. 7 Mesh of the sulassembly (left) and detail of the spacer wire (right)

Onthe 6% deformed geometiye meshindakes into account thaterpenetratiorof the spacer wire
in the neighbouring pins

The main characteristics of the meshiag the targetcel size of 1mm, the prism layer sizeof
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0.42mm The number of cellss 43 millions for the non deformedyeometryand 55 millionsfor the
deformedone

CFD calculations are performed witvall functionbased onthe DO O \ :DO O 3RIRHIIMNOP HQ W
represerts the shear stress, turbulent production and dissipation neasulhassemblywalls.
Depending on the value of thennsionless distae to the wall y+ this hybrid approaclgives

results similar tahe Jow y+ treatment as long ag+ is lower tharb andto the %igh y+ treatment if

y+ is greater t030. Reasonable result@re also gefor intermediate meshes where the cell centroid

falls between the twdHowever, the aim should b® have either y+5 including a well resolved
viscoussublayeror 30<y+<100.

In the present cas&b% of cells are in the range 5<y+<30, essentially concentrated near the contact
line between pins and wit@nd less than 10% are above l0@reforethe meshing is judged to be
acceptable.

2.4 Boundary conditions

The fuel bundle studied momposed of two fissile zones separated by a fertile one. The wrapper tube
and spacer wieare supposed adiabatic. The axtiakar power profileis derived from neutronics
calculation In the CFD calculatio, the heat flux profilandnot the lineapowerprofile is imposed to

all the pins For that purposehe differences of surface between the two geometrietakeminto
accounto evaluate the heat flur order to keep the same total powrethe subassembly

The sodiumtemperature igixed to 400°Cand thesodiumflowrate with a uniform velocityto tya
kg/sat the inlet othefuel bundle At the outlet, &onstanpressue isprovided.With these conditions,
the average sodium temperature at the outlet of the heated column is 550°C.

For the deformed geometrywad cases are simulated. Firdtetsame flowratas for the nominal
geometry is kept. Themmodifiedflowrateis assesseth order to havehe same presire drop foall
the subassemhésasit is for the nominal geometrindependently of the restriction of the flow cross
section This hypothesiss basedn theassumptiorthatthe core presse drop is fixed by the primary
loop so that the pressure drop is the séonall subassemblie$10]. The flowrate in the deformed
subassembly is evaluated from a pressure drop model bas€&Drealculationsand correlations as
explained hereatfter.

2.5 Expression of the pressure drop in the sutlassembly

A basic model is proposed for calculatithe fuel subassembly pressure dr@s a function othe
flowrate andthefuel pin dianeterin order to evaluate the impact of the fuel pin deformatan.this
evduation, it is assumed that the diametral deformation of the fuel pins is uniform and only localized
in the heated column.

The subassembly is composed of different zones : the foot, the fuel bundle, the plenum, the upper
neutronic protection (PN@nd tke head. The total pressure loss in theasdembly is obtained by the

addition of the pressure dmd. Q HDFK JRQH DQG WKH VLQJXODU SUHVVXUH G
transition between thenkig. 8 presents a schematitzew of the different zones of thelel sub

assembly

Upper neutron shielding Plenum Fuel bundle nozzle

Fig. 8 Representation of a fuel si#ssembly
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Based on this representatiohetpressure drop may be expressed
A2 ctpmmpabrhaiind A2eaxnd A2inpac £ A2aapaoecazdionx b2 vavenoddduo=

As mentioned earlier,rdy the deformation in the heated column is considered, therefore the pressure
loss in thefuel bundle can b&vritten as:

A2y axpl A guasad-P2aaxgUasadd)

With A2, 4 244 gthe part of the fuel bundle that undergoes deformation
A24 3 ax 3 U 2 4 2 he one that does not.

These twqressure losses caB bxpressea@s a functlon ofhesubassemblyflowrate Q :
6 Ay
AzaaaXQUaaa(ZJ-x <|ﬁaax{bb‘ﬁ 0008 (3)

UUUDBN /DUUUDN

and

AZXQ)Uaaa(ZJ-K q@% @A_

with éthe sodium density,Bthe friction factor and# L and &g respectively the fuel bundieross
section, the height of the fuel bundle and the hydraulic diameter in the zone consideretttiohe f
factor Bis provided by the Rehme correlatifii].

The pressure drop in the restthé subassembly includinghe foot, the plenum, the PN$he head

and singularitiesare regroupedogether, for which adependence on flowrate is assuntedbe
quadratic

A2 5iinE A2igpae £ A% sapanecastiorx Eabe vavenoasUBe(6)
An evaluation not presented here, basegreexisting CFD simulationgields UL stv m*kg*

The final expression of thegssure drop itherefore:

E 6 AJULTIDN Ap i N 6
Azaee’maeae(baéﬁﬁ_ C%aax(Z)U—&UULI'D’\I %boul_jDN QQ@E %NE UGR3 (7)

Using equation (7)it is found that the flowratés decreased from 27,3 kg/s to 21,3 kg/s for the 6%
deformed geometriyn order to respect the same core pressureasalpis for the nominal geometry
and flowrate
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3 RESULTS

For the CFD simulationshtee caes are consideredhe nominal geometry with the imposed flowrate
of 27,3 kg/s and the deformed geometry with samdlowrate and with the reduced flowrdaading

to the conservation of the salssembly pressure drop, @stermined in the previous s$en. Results
relative to the heated column of the fuel bundle are presented hereafter.

3.1 Pressure drop in the heated column

The pressure drop is plotted on the nominal geometrna function oflowrate and compared to
literature correlationsAs drawn or[Fig. 9] the calculated valuesiepresented bylack crosses, fit
particularlywell with the Blasius,Rehmeand Novenstergorrelatiors [12].

Pressure loss in fuel bundle - non deformed

100000 - -=-Pontier
0000 Novenstern
80000 1 —Blasius
E Zgggg : ——Daxi
i Cheng&Todreas
‘3- 50000 - rehme
3 40000 -
* 30000 | t
20000
10000 |
0 \ | \ | | \ |

13,5 15,5 17,5 19,5 21,5 23,5 25,5 27,5
Flowrate (kg/s)

Fig. 9 Pressure drojs a function oflowrate on the nominal geometry
For the deformed geometry, the pressure drop is also plageal function oflowrate or{Fig. 10

Although they are not validated on a deformed geometry, the Blasius, Rehme, Novenstern and Cheng
Todreas correlatiorgre acceptable when compared to CFD calculatidagalized by crosses

Fig. 10 Pressure drops a function oflowrate on the 6% deformed geometry

From this comparison, tan benoticed that thalifference between the refeire Rehme correlation
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and the CFD evaluatias of the order 06,5%whereas it was less than 1% for the nominal geometry
This gapwould be minimised if thet U H iy@aulic diameter corresponding to the CFD geometry that
takes into account the wire inpeetation in the nelgouring pinswasused in this correlatiomstead
of the one that includes the total section of the wire

3.2 Sodium welocity at the outlet of the heated column

The sodiumaxial velocity at the outlet of the heated column is ploféd. 11]as a function of the
distance to the center of the saksemblyFor each abscisse, the axial velocity is averaged on the
circumference.

For the three cases considered, the velocity is nearly constti@dantral zone offte subassembly
andhigherin the periphery since the local hydraulic diameter, hence the flowrate, is higher.

If the flowrate is unchanged on the deformed geomegilocity is increased bymore than 8 %
whereasa reduction oftheflowrate leads t@ snooth increase of%. In the first case, theeduction of
thehydraulic diameter isountefbalanced by an increase in velodgtyce the flowrate is not modified
In the second case, thiecrease of flowrate and cressctionobviouslyresuls in a decreae ofthe
velocity.

Fig. 11 Velocity at the outlet of theeated columiffor the 2 geometries

3.3 Temperature at the outlet of the heated column

The average sodium temperatuaé the outlet of the heated column is evaluated foe theformed
geometry ofiTable 1]and compared to the averagssHiumtemperatureof 550°C, obtained for the
nominal geometryKeepingon the deformed geomettlye sameflowrate as forthe nominal geometry
the increase of temperaturis null by energy conservationsince the power to be extracted is
unchanged, whereas it increases by 44°C for the reduced flowhateodium temperature around the
central fuel pin is more largely perturbed since it changes from 5&5°the nominal gometry to
585°C and to 632°C, according to the flowra@ompared to the nominal situation, means a
temperatte increasef 77°C

10
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Table 1. Increase ofthe average sodiumemperature between the nominal andhe 6% deformed
geometryat the outlet of the heated column

Taverage ' Taverage Taverage ' Taverage
heated column heated column | central pin  Central pin Flowrate  Hypothesis
Reduced
594°C 44°C 632°C 77°C 21,3 kgls flowrate
Nominal
550°C 0°C 585°C 20°C 27,3 kg/s flowrate

This increase of the average soditemperaturearoundthe centrapin is alsovisualizedon[Fig. 12]
The sodium tempetareis representedt the outlet of the heated column as a function of the distance
to the center of the stdssembly, the sodium temperature being averagéuecziraimference.

ThigFig. 12also higlights that he temperaturdifferencebetweerthe center andhe peripheryof the
subassemblyis increased for the deformed geomefrire temperaturelifferenceof 80°C for the
nominal geometryeached40°Cfor the geometrgleformedand thereduced flowrate

Fig. 12 Outlet temperature vadius

3.4 Maximum clad temperature

Mechanical strength of the clad is generaly evaluated at itéhickhess The clad temperatura this
location is evaluated from the outer clad temperattine sameone as the sodiuntemperaturdn

contact with it from the clad thermal conductivityand from the local heat flux kysing the Fourier
law.

6202600 0 b a Bl 2 OF: — (8)
A o1 r0010 U it LaBRY
gorrooOIoOUDbP P
630 20000 Pad gladtemperaturat midthicknesg°C)
6 3 o 0uter clad temgrature (°C)
O: local thermal heat flux (W/M
ay r o xcladthermalconductivity (W/m/K)
4502000 O b & gdrid-thickness and outer clad radius (m)
45 ¢ ¢ gigouter clad radius (m)

11
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Using (8), he clad temperatarat midthickness isabout 20°C higher than the outdad temperaturg
assuming that the heat flux is taken at the top of the heated column

The resultobtainedfor the threecdculationsare sumrarized ifTable 2] For thenominalgeomety,
the maximuncladtemperture at midthickness isaround585°C. It reachs 605°C and652°Con the
deformed geometryepectively for thenominaland reduced flowrate§ he effect of fuel diameter
deformationon temperature is therefosegnificantin reactor conditions

Table 2. The averageclad temperature on the outer side and at midthickness

Teag Thid-thickness ~ Flowrate Hypothesis
Nominal
geometry
564°C 584°C 27,3 kg/s Nominal fowrate
Tclad Tmid—thickness Flowrate HypotheSiS
Diametral :
deformation 6% 585°C 605°C 27,3 kg/s  Nominal flowrate
632°C 652°C 21,3 kg/s Reduced flowrate

With the conservativeassumptions made in thesalculatiors, the midthickness clad temperature
reaches652°C for the deforned geometry and the reduced flowraléherefore, the effect of
deformation induces a large increase of temperature. These results highlight the advantages of this
approach thatllows a local evaluation of the temperature field.

It must however be recaflethatthe conservative hypothedisads to higher temperatures that are
expected in reality. Firsthe diametral deformation of 6% used for this study is beyond the criterion of
the admissiblevolume deformationClad deformation also depends on tempegathrough clad
swelling and creep [13] [14}herefore any temperature increase in theaggembly will affect the
geometry. This feedback phenomermud beevaluated by a coupled modelling between thermal
hydraulics and thermomechanics thveduld beter providethe impactof irradiation on the clad
temperatureUncertainties on the clad temperature will also bavestgatedin order tobe compare to

the maximum admissibldarl temperature that is 700°C for therrentclad material.

12
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4 CONCLUSION AND PROSPECTS

Sensitivity of thermadydraulicsto the fuel bundleleformationwas investigateh this paperThanks

to a numerical CFDapproachthermathydraulics in tle subassemblywas studiedfor the nominal
geometry and a highly deformed one to 6% in pin diamassuming a decrease of flowrate in order
to respect the same sabsembly pressure drop, treial temperatureggradientbetween the central
zone and the periphery of the saksemblywas found tdncreag from 80°C to140°C. Thelocal clad
temperature at mithickness was alsacreasedrom 58&°C to 652°C

This study was conservativéOn the one hand, the diametral deformatiotwise ashigh as the
maximum admissibleralue in nominal condition inreat¢or. On the other handhis deformation is
applied to total heat column of all the pifa reality, clad swelling and creep are dependent on
temperature and irradiation dose. Any perturbation on the clad temperatutieevafore affect the
subassembly swelling, hence the flowrate will also be changed by this deformation, since the core
pressure drop is fixediven the large temperature perturbatioarfd for the deformed geometry, it is
suggested to treat togethibermathydraulics and thermomechanics in the-agbembly

This approach envisaged to study the temperature feedback on the fuel bundle thermomechanics, is
alreadyunder study[15]. An interface betweethermathydraulics evaluated in this paper with the
STAR-CCM+ code and a thermomechanical code [16] is developed. The final objective is to provide
less conservative results on clad temperature that represents on a better way the clad behaviour in
reactor Thiswork will alsohelp to better assess ttlad deformation criterion othermathydraulics.
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NOMENCLATURE
Glossary
ASTRID Advanced Sodiuriechnological Reactor for Industrial Demonstration
CEA $OWHUQDWLYH (QHUJLHY DQG $WRPLF (QHUJ'
Atomique et aux Energies Alternatives)
CFD Computational Fluid Dynamics
FG Fission gas
def Deformed geometry
non def Non-deformed geometry
RANS Reynolds Averaged NavieStokes
SFR Sodiumcooled Fast Reactor
Abbreviations
A Crosssectionof the fuel bundlém?)
Dgjad Claddiameter (m)
Duire Spacemwire diameter (m)
D, Hydraulicdiameter (m)
gap Distance between the pin of thest row of the sulassembly to the wrapper tub
f Friction factor ¢)
L Height of the fuel bundle (m)
p Pitchof the fuel pin (m)
Q Flow rate in the sulassembly (kg/s)
Re Reynolds number)
Riid-thickness Clad radiusat its midthicknesqm)
Router External clad radius (m)
Telad Outer dad temperature (°C)

Tmid-thickness

D

Clad temperature at mid thickness(°C)

Coefficient relative to the pressure loss in the-askembly, except the fu
bundle €)

4W Pressure drom the subassemblyPa)

A Whde Pressure drop in the fuel bundle (Pa)

y* Dimensionless distance from the wall

clad Clad thermal conductivitp\W/m/K)

E Sodium density (kg/M

k Turbulent kinetic energy (J/kg)

X Turbulent kinetic energy dissipation rate (J/kg/s)
o) Local thermal heat flux (W/M
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