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THE BACO (Q&RRA COMBUSTIBLE) CODE: ITS APPLICATION TO NATURAL
URANIUM FUEL RODS
S.Harrisgus and E.J.Savino
Departamento Materiales
Comisién Xaclionsl de Energla Atémica

ARETRACT:

The BACC code =zimulates the thermomechanical behaviour
of a eylindrical fuel rod in a power reactor. 1ts necessary input
parameters as well as the output predictions sre described, and
the sppropiate models referred to. The literature reported experiments
used for the code calibration are briefly reviewed. Then, results
for s self-atanding (CHA-1 type) and & collapsable cladding { CNE
type) fuel rod are presented. Technologically scund results are
obtained, showing that the same numerical code can be used for
quite different fuel rods as far as it is based on physically valid,
general models, and & numerical stable integration procedures.

t. Intreduction -

The code BACO(BArra COmbustible) has been
developed at CNEA within a system of codes for fuel modelling.Thia(1)
aystem includes finite differences methods for simulating the quasi-
ateady state thermomschanical stsate of 8 cylindical fuel rod{BACO),
finite elementa for calculating local phenomena and recently
finite differences methods fopr transient thermal behavicur snd rhase
change in a cylindricael rod have besn 1ncorpornted(3'4).

BACO 18 based in the codes PELT and VAINA de-
veloped aa a joint exercise with J.Eattheua‘s)in 1974. The first sim-
ulatiors of a fuel rod section were done by 1976. Since 1977 the code
has been: a} extensively deacribed in the international literature(6'3)
b) submitted to diffeprent convergency t:e.-st.s(7 » BlB80 ¢) compared its
predictions with anslytic solutions in 8implified thermomechanical
problems(7), while d)} new material bshaviour models,of different comp-
lexity,have been incorporated taking profit of the code modular cha-
racter(a'g). On the other side the code predictions have been e) comp-
ared with availaeble experimentel results for nuclear power resctor
rfuel elements(i.e.case D in Aef.16) and expsrimental HWR,LWR and FB3
fusl rods‘10'12) and ) with predictions by other codes of equivalent
complexity 1ike URANUS('3} of the 1RT,Darmstedt.

A4 brief summary of the code input parameters,
output results and material performance models is given in the next
sBection,while in section 3 some results for a self~standing {CMNi-1
type)and a collapsable c¢ladding({CKE-type) fuel rod are presented.

2. The BACO code -

4 summary of the main features of BACO is given
in Table I. 4 more sexplicit description is given in references(6-13).
Table 11 swmarizes the main options of thermomsechanical models used
in the code for a UG, pellet canned in a 2Zry cladding. Table III
gives the main input parameters neceasaryvthe code,in addition a
userts manua1(37) is svaileble., Finally s list of the code predictions
{output) for different rod axial sections at selected time steps is
given in Table 1V,
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TABLE 1

-4 -

TABLE 11

MAIN FEATURES OF BACO

~THERMOMECHANICAL DESCRIPTION OF A CYLINDRICAL FUEL ROD

-SIMULATES EITHER A SINGLE ROD SECTION OR A COMPLETE ROD
INCLUDING AXIAL FOACES.

~THERMAL DESCRIPTION: QUASI STEADY STATE BASED ON SIMULTANEOUS
AFALYTIC AND FINITE DIFFERENCES METHOD!14),

-¥ECHANICAL DESCRIPTION: FINITE DIFFERENCES METHOD,QUASI-BIDIN-
ENSIONAL,¥ODIFIED PLAIN STRAIN.

~MATERIAL MODELS: NODULAA STRUCTURE.

-WIDE RANGE CF ROD DESIGN APPLIGABILITY.

~ACCURATE CONVERGENCE AND FAST RUNKING.

TABLE 111

IKPUT PARAMETERS
ROD GEOMETRY(COLD HOD): Fuel inner radius
Fuel outer radius
Dishing depth
Dishing radius
Kumber of dishings per pellet
Pellet height
Cladding inner radius
Cladding outer radius
Rod length
Plenum volume
BOUNDARY CONDITICKS : Coolant temperature
Coolant pressure
Rod~-coolant heat transfer
Filling geas composition
Filling gas pressure
Washers and/or axial spring constant
IRRADIATIOR CONDITIONS: Power cycle; LHGR vs time/burn up
Cladding gamma heating
Fast neutron flux
Flux depression
MATERIAL PROPERTIES: Those referred to in Table II can be
freely combined

THEAMOMECHANI CAL MODELS USED IN BACO

Thermal models: Fuel thermel conductivity:Refs.(15),(16},(17),(18)
or (19)
Fuel-cladding heat conductance:Ref.{20),(21),(22)or(23)
Cladding thermsl conductivity: Ref.{24) or (17)
Coolant thermal model: Heat conductance for film
transfer
Flux depression:Besael function radial dependence
or parabolic radisl dependence
Cladding gammae heating: optionsl input

Fuel mechanics: Elaatic conatents: Ref.(16),(17) or (25)
Thermal expansion: Ref.{16),(17) or (26)
Creep: Ref.{16) or (25)
destructuring: Ref.(16)
Densification: Ref.{27) or empirical exponentiasl
despendence on burn up
Cracking: Ref.(16)} or (25}
Swelling: Ref.{16) or (28}
Change in geometry: Dishing evolution:Geﬂ%alizad plein
strein, or a
continuum approx.
Central fuel hole;continuum approx.
Grain growth: Ref.(17)
Lladding mechanics:{Zry-S.5teel }{Zry models are given-Anisotropic mech)
Elastic constants:Ref.(16),(29) or {30)
Tube texture: Ref.(31) or experimental values
Thermal expansion: Ref.(24) or (32)
Time independent plaesticity: Ref. (29}
Creep: Ref,(16),(32) or (33}
Radiation growth: Ref.(32) or (34)

Fission gas release: Ref.(16),(35) or (36)

-23 -
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TABLE IV

BACO'S PREDICTIONS{QUTPUT) AT SELECTED TIME STEPS
Thermal predictions:Pellet,cladding and cooclant temperature profile

Neutronic calculetions:Flux depression
Fast flux at cladding

Mechanical predictions:Fuel and cladding redial deformation,
including central hole at fuel
Fuel and cledding stress/strain state
Fuel cracking(radial and axisl),including
central hole opening or closing down and
crack volume
FPuel-cladding contact pressure
Dishing profile
Cladding ridging
Fuel and cladding axiel stpgin

Katerinl stats predictions:
Fuel density vs.radius
Fuel grain size radial dependence
Fuel fission gas storage
Cladding internal atresses

Synergetic predictions: Internal gas pressure and composition
(fission gee releese per radial and axial
section)
Rod axial stress/stpain

3. HWU3 fuel rod simulation -

Somé numerical results for a self standing
(CKa-1 type) and collapsable(CNE type) cladding fuel rod are present-
ed. The first corresponds to a set of design pammeters similsr to
those of an Atucha-I fuel rod,while the second is correlated to an
Embalse rod. Eypothetical typical irradiation conditions are assumed
and the effects of a general power increase are analyaed.

The assumed power cycle of the CNA-I rod ia
sketched in figure 1(where only power at the highest power axial
position is shown):the cycle includes two changes in the position
of the fuel bundle within the reactor at 76 and 116 fpad,and power

f

peaks due to local changes,i.e.control rod motion,changes in near

fuel bundles,etc.. In the two chmges(76 and 116 fpd) the fuel goes
through & zero powsr,reasctor conditions state,while the EOL results

e&re calculated at stp conditions. Fuel predicted central temperature
at the higheat power axiul section is also plotted in figure 1 for

the power cycle shown(100%) and for a 15% general power increase '
(115%). As expected temperature and power closely correlate, except

for the decreszse in central tempsrature at conatant pover for the

first 10 days of irradiation. This is due to fuel-cladding gep closing
down induced by a large primary creep of the cladding.

It can be seen in figure 2 that for the material models used
in the calculation both the cladding end pellet radius decrease
during that initial period. In the case of the pellet thie is due
to redensification; however cladding creep down dominates and the
final result is a reduction in hot gap width. For the 100% case,pellet-
clad contact is stablished at 44fpd and gap reopens at the third
bundle position; while for the high power case{1154) gap closes at
Bfpd and does not reopen during the whole cycle. Predicted contact
pressures are plotted in figure 3,alsoc for the high power axial
section and for the 100'% and 115% cases.

The amount of fission gaa relesse by using the Beyer and Hann
model(16'35)ia plotted in figure 4. It can be seen & relatively amall
incresse in power(15%) gives a 100% increase in gn8 release. However,
dus to the relatively large initial He content(the rod is pre-pressnr-
ised) the fraction of fission gas 1s relatively low and gep conduct-
ance large during both cycles, A centpal hole opening by restructur-
lng is predicted for the 115% case at the second position in the
reactor,while ridging is predicted for both cgaes,

The power cycles for simulating a CNE type rod
performance are summarized in figure 5(standard power) and & (high
power) together with the predicted fuel central temperature. Power
axial profile is not important here for & short rod (50 cm) against
the above CNA-1 type case for a long bundle {app.6 m). In figure 6
the reults for two different gas release models ~(35,16) against
(36)- are reported. In figure 7 the predicted amount of fission gas
release is plotted. Fission gas release has a larger influence for
the CNE rod performance than for the CNA-1,this is dus to ths differ-
ent initial amount of He content which is 20 timea larger for the
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CNA-1 than here. Alsc the relative free inner volume iz smaller
here than for the CNA-1,and rod power at the high power position is
almost axlally independent. These facts imply a higher fission gas
polsoning into the fusl-clad conductance and,therefore,a largs
influence of gas release in fuel tempsrature (figure 6). Then, for
the high power case,s central hole cpening by restructuring is
predicted for elther gas release models. The hole radius is plotted
in figure 8;it 18 a smell hole but its influence in the fuel stress/
strain state is relevant. Contact pressure is plotted for the two
power cycles in figures 9 and 10, In spite larger central tempara-
tures are predicted for the high power case,the contact pressure

is relaxed in that case by closing the central hole, The general
shapes of the contact pressure curves responds to a large initial
value,due to differential thermo-elastic expansion,which is relaxed
after the first days of irradiation by cladding primary creep,fuel
redensification,restructuring and central hole closing down (these
leat two for the high power case). Fuel swelling dominates contact
pressure increase after that initial relaxation.

Gas pressure,which is assumed to be the same at any interstice
within the rod including central hole,is plotted in figure 11,where
also the coolant pressure is shown. It can be seen that for the
high power-high gas release case & situation is reached where inter-
nal pressure at the central hole is larger than coolant pressurs
over the external surface of the cladding. As a result the central
hole closing down stops and contact pressure relaxation rate decresa-
ses. Axisl strains are also shown in figures 8 and 9.

4. Sumery -

The BACC code has been shortly described and
épplied to the two types of fuel rods used in the argentine power
reactors. A brlef power and model sensitivity analysis was tried.
The previous results should then be taken within that spirit. The
comparative predictive performance of the two rods and of the same
rod under different power and/or with different material models
discussed in section 3,are technologlcally feasible,physically
understandable and ellucidating for design decisions.
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AATLRTAL MGDZILE AND HURERICAL SIRULATION OF REACTARA FUSL RLAS Procnmegs--
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Suenoss Aires-Argentina

AHSTRALT -

fre influence of different gap conductance parameters,!’, and
iry elastic constants and thermal conductivity,and UUZ fracture;stress
cn the predicted fuel rod performance is studied for a sinple power
?yclc using the BACD code. Significant differences, more than 27.%C
in precicied fuel central temperature, are obtained using differént
correlatiocn laus proposed in the literature for U02 thermal corcectivit
‘ne influence of the other abawve mentioned parameters is less -arker
for tnat zycle,

A study is alss made of the influerce of Iry texture on the fuel
rod pesformance, via the anisotropy coefficients in Hill's macel.

Claddings nawving four different annealing textures are simulatec:
]

differences of up tao 504 are found in the predicted hoop stress at t-e

cladding inner surface, as well as significantly different cladding crec

down,

It is coacluded on one side that the scattering in different
correlations for materials behaviour may have a significant influerce
on the predicted fuel rod performance.ln the other,it is shown that
fuel perfsrmance may depend strongly on tne cladding fabrication
thermal treatment,due to the reswlting change in texture,

-2t

cocfficients on the code stress-sitain predictions ig stcdiec,
The purpose of this study ic twofuld,on one cide a model
sencitivity determination, on the other an acsesment on the

irnfluence of the cladding fabrication procers paramesters on inz

fuel pecfoomance,

2- USC OF DIFFEREMT CORAELATION LAWS FOR SOML MATERTAL PRE-_RTIEE

For the numerical examples in this section a simple power
cycle is this is composed of a ramp from 2ero up to
552 w/cm
of 000
the fuel rod used for the calculation are summarizec in Tacle I.

The BACD

pesformance of the rod through the rumerical integration scheme

acsumed;
and a stay at this constant power until a final burrup
FMuw.d/t{U} is reached.Some relevant characteristics of

code calculates the thermo~clasto-plastic

described by Harriague et al. {2}{3} . The prenomena of thermal
exponsion,elasto-plastic strainimg {(including work hardening),
crecp,swelling,rédensification ,fuel reestructuring and radiation
growth are included in the mechanical modelinrg. Twe different
cold rod geometries are considered (see 7eble I) and a set of
material models,summarized in Yable IT of l3i is taken as
reference case, Some of these models are changed,one at a time,
with the others kept fixed, Some of the predictions of the code
which result by adopting this procedure for the cycle above
mentioned are summarized in Tables I1 and III. iIn the Appendix
the material laws which are varied for the different calculations
are briefly described,

For Table II (exampla 1) five variations of the laes in
the reference case are made. In cases 1 and 2, the constant ¢
in Ross-Stoute law for the gap canductance -see appendix- is
varied, It takes the value 2,5 in the reference case; 1.8 in
case 1 and 1. in case 2, It can be seen that differences of
50%C in the fuel central temperature are predicted by varying

the value of that constant within the above mentioned range.
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In cases 3 and &4 the elastic constants of the Zry cladding ard

U02 pellet are changed from tho=e measurcd at ENCA {11} {whiek
approximately agrec with those recorted by Noribwood et al, {1&} :
and the ones reported by Mattheuws !13} yused in the reference
caze,to the ones recommended in the PRI repart 155 « From ine
table it can be concluded that the influerice of the elactic TEesponse
on the repcrted values {s relatively small, Firally,in case S ttao
constant value of 150 ™"a assumed for the U02 Fracture stress in
the rsfcrence case is replaced for tne law recommendec at [51 -
see appencix-, This change has a negligitle influence in the
reported results,

In in¢ example reported in Table IIT we concentrate inm tha
tnermal comcuctivity of both U52 and Iry. As it is well krouwn,
thermal concuctivity is a heinous parameter to determine far a
ceramic. Several fiis have teer proposed in the literature for thre
Ud5 thermal congductivity. One of the first ones is due to Lyians

{ﬁ} and it is wused in our reference case. In Figure 1 we plo: it,
together with several later correlations, for a 957 TD oxide as
a function of temperature. As a fieneral comment it can be seen

that Lyons fitting gives the smallest conductivity values,Houwever
the largest scattering among the proposed laws takes place at
relatively high temperatures {over 230C*CY. In Table ITI some
thermomecharicel values predicted by the BACO code are reported for
the power cyclie atcve descripted, As expected, larger temperaturcs
are predicted when Lyons law is uvsed, At the end of the power up
ramp, the central fuel temperatures ard ordered in a proportion
inverse to tne average conductivity value over the whole temperature
range (beltween 480 and 2200°C), @y the end of the power cycle this
order is slightly altered,i.e.compare the EPRI law with the one
due to Christensen; the fact that the calculation using the last
law predicts a larger central fuel temperature is due to the
different fitting of the conductivity in the low temperature
range (between 410 and $10°C)}, A cooler fuel for the same initial
geometry implies later pellet-cladding cantact, and therefore
lower siresses are predicted at tne cladding-see last two coiumns
of the table., Finally,the temperature dependent thermal of the Iry

-2 .

arnposed by CPRI is used in case B, It can 2o seer it has a mi-:r¢
influence on the fuel temperature. It is interesti~g to peint gu:z
in this wvxample that the predicled hoop stress a2t the clacding

is larger in this case than in the previous examples.

3= TEXTURS OF THE ZAY CLADDING

The influence of Zry anisotropic mechanical behaviour cn
the fuel rod performance has been many times neglected inm tne
literature.tiotwithstanding the well known dependence of the ZIoy
tube texture and cohsequently its mechanical respanse or the
faprication working process,tPA]l for example,in iis thermal reac
vode evaluation project {p} ,recommends the same anisotropy
cocfficients for cloaddings with different annealing finicring

T i

prccesses,~heavily cold-worked in case & of Phase 111, coid-
worked in cases C and O, and fully annealed Zry in cese 7,

Here tnec influence of the different cladding annealing
temperatures on the fuel performance is studied., The code 3807 is
usue.and Hill's treatment of anisotropic plastic behaviour is
adopted, This implies an elliptical yield/creep loci approximatiaon,
then the Bauschinger and strength differential effects measures
in Zr alloys are not included. In all cases studiec the same cree:
and plasticity laws recommended by TPRI for the Zry cladding are
adopted for relating equivalent siresses and strains:

&q = T %) ; Eoq = 90 T )
where
2 2%1/2
Oeq = [0 T G2+ oy T3 T2 a3t G- 6)° )

then in the different examples the laws for those phenomena differ
only in the anisotropy coefficients a; . Creep and plasticity in

a given dineafigp i are taken as
' i Co G Jea( G- G)]
Ei = [aj( e LR im 9

—
o if ik

and

~dla



f{ O
£i=.%'_"_q) {aj(ol- q‘)+ak{0;- (g)}
o if i

The texture and thermal creep rtesulting from four diffe--
ert annealing treatments were studied bty Stehle et al. {12}.In
Table IV the anncaling conditicns of the four Iry specimens and
the anisotrony coeflff..liuts deduced by those authors gre summar-
ized,vhe four cituaticns range from cold-worked raterial (Zpecimer
1) to recrystallired one(Spccimen 4). Four different natirzi
uranium fuel rods aro then cimulated with the same paraneters
and msicrials laws usdd in the reference case of Table Il except
for the cladding,wherc the previoucsly mentioned anisotropic laus
and anisotropy coefficients are used., The same se: of coefficients
are used for cladding crees and plastic defeormation; it aust Se
notzd that Stehle et al. fit their anisotropy coefficients to
thermal creep loci,but those coefficients may vary for the tuwo
phenomzna. However,in the examples shoun here creep ls by large
more iwportant than plastic deformation,

The power cycle used for the calculation is composed of:
—Ramp from zeroc to 25C w/em in half a day;
~Lonstant power wntil 250C tw,d/t(U) burnup;
~3amp f:oﬁ 250 to 550 w/cm in half a day;
~Constant power (550w/cm} until a final burnup of 10000 Mw.d/t{U).

In Figure 2 the colculated permanent displacement{plastic
+ creep) of the external cladding radius is plotted as a function
of burnup. It can be seen that to a larger amgunt of cold work
of the cladding material it corresponds a larger c¢reep down. Durin
the power up ramp at 2500 fw.d/t(U) pellet-clad contact is attaine
in the four cases, However,in the cxamples where a relatively
larger creep down of the free cladding is predictad,contact is
stablished sconer in the ramp, The predicted hoop stress at the
claddirg inner surface is plotted in Figure 3 as a function of
burnup.There it can be seen that a sharp increase of this stress

during the ramp may te expecied for the casec where contact is

s, -

reached at an early stage -see cases 1 and 2 in the Figure -,
However those same cladding materials are acle to relax the noco
stress relatively eacily. Then after a certain ctay in the reactor
the predicted honop stress at the cladding is smaller fur the cold-
worked material(example 1) and increases with the amount of
anngaling,

In order to separate the effect of texture from other
changes in the material mechanical behaviour,the examples discusced
here are based on assuming the creep and plasticity laws for tne
equivalent stressand strain to be independent of tre cladding
thermal treatment, If these laus were changed in accordance witn
the treatment,the redative difference in performance of the
different cladcing materials should be expected to increase. For
example,cold-worked 2ry shows a larger creep rate tharn tre annzaled
one, Ve same increase in differences of performance snould -e
expected if different anisotropy coefficients were used for
irradiation induced creep and growth,being those phenomena more
texture dependent than thermal creep,

4= COMNCLUSIONS

A set of runs of the 2ACDO code was performed in order to
test tne sensitiuity of the code predicted fuel rod performarce on
the material models, Several conclusions are drawn, Cn are side i:
is shown that relatively minor differences an the fitiing of thre
UD2 thermal conductivity,well within the scattering among the resulcs
of different authors,result in noticeable different numerical pnrle~
dictjons, It is important to remark that the difference in predic-
tions is not caused in our examples by the 8ifferent fitting in the
high temperature regiun,where the uncertainty is larger,but mainly
by apparently small differences over the medium and low temperature
range,(Cthier paramcters,as the roughness constant c in Ross-Staute
gap conductance,elastic modulii and fracture strese,ds not seem to
have such a large influence cn the code predictions.

Finally in section 3 the influence of the 2ry cladding



annealing temperalure or the feel performance via differcenccs in

texture is studied. Althouzh the model did not include some oficet
2s the slrength differential, 2auvschinger effect or differcer:
anisotropic creep against plastic deformation,it is clearly shouwn
that different textures imply a remarxably different mechanical
behaviour of the rod, This implies that fucl mechanical perfor.ornc
is sucstantially changed Ly the cladding fabrication thermal
treatment not only from the peint of material toughness tut alsa
by the resulting change in texiure,
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Furl rod characteristics

Fual @ natural U@,
Clauding : Irly-4

Co1d codii : f.5294 cm (Tatcle I1)

Pellet external
n.5313 cm {Table I11)

Pellat internal 0.0 {compact pellet)
Cladding exterrnal 0.895 cm
Clagging internal 0,540 cm

-t
fuoel surface rountness @ 0.12#10° ° cm

. , -3
Cladcing surface roughness 3 QR.4x1 cm

Pellec initial dencity ¢ 95°% TD

xternal cladring tewperaturc : 305°7 (assumed constant)

Czclant pressure : 12 FPa

rill He gressure at rocm Lexcerature @ 1,7 MPa

clux deooeossion: included.,
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APPTNDIX

ALTEREATIVE MARCATAL WMGDTLS USED IM THE CRLCULATICKS

1.1 Thermal conductivity (k)
-~ Reference case: Lyon's correlation 4

ke 3824 o ggan™ ) (1p )70

T+123.4

. : . !
using the porasity correction -toposed %y Cndracek et al. {.;J H

T in*i:, p is the porosity fraction {assumed constant, p=C.05,4n

the calculations of section 2), and k in w/cm®K

- Christensen's correlatian [B} for a,95 10:

4n, 4

IR -3
e v el 1.32x157 Texp(1.,88x10” 7(T-273.))

for 273°K ST & 1923°K

k=

ard
k= 0.02 + 1.32x15" Yexp(1.828x107 2 (T-273.))

»
for 1923*K € T < Tmelting

- WATPRC's -correlation {7} for §517D fuel:

ke pld 1.215x10" % exp(1.857%1073(7-273.)) for 7 € 1327

and

0.0191 + 1.216x10~% exp(1.867x107°(T-273.))  for T > 1923

x
Ik

~ EPRI's correlation [5} H
2

36,24 -13 .3 1.1315(1—% )
( T+129.4 6.12x10 ™) +p+10p

- Brandt and Neuer correlation {5} :
1

k= g so9g 028 1

(1-p(2.7&~D.5x1D-3T))

x
[}

- 7 .
+ 1.12x1073T exp(=13673/7) -4.18x10 exp(-30123/T
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" *2,- Cladding =

1.2 Elastic modulii
- Reference case: Matthews' correlation I1ﬂl
-
£=0.22x10°(1-0.92x10"%{ 1-290. ))

¥ -0,3253-1.299x10 *(T-298. }
with £ in MPa and T in *K

- EPRI's correlation !ﬁ} {+)

£=0.2025x10%-97,33 T for T < 1973 K
£=1.040x10" - for T 3 1973 °K

Y =0.32-1.791x1072(7-298,) for T £ 1973 *K
V=0.29 for T 3 1973 *K
1.3 Fracture stress

- Reference case:; from Mattheuws [1US an average U}r=150 MPs was .

adopted

~ EPR] correlation {E}

0}r=1ua.1a+2.1ssx1n'zr ( O, tn mPa)

zry) .
- Reference case : from Scott {9] an average valus gf .18
was adopted for in-reactor temparatures, ‘ ’

2.1 Thermal conductivity (k

- MATPRO-9 correlation [7} : 2 S
RZry-o.u?51+2.09x1u‘“r-1.45:10’71 +1.67x107 'ty

with k in w/cm®K

Iry

2,2 Elastic modulli .
Calculations in section 2 wars made sssumin
behaviour of the cladding. co e

and agree well with those reported by Northuood'iﬁl
. i B ' _!.'.‘ ;

E=60600 MPa -
Vai,325 ’ ' . . " e
~ EPRI correlation: = o
E=134970-103, 3T ) ’ ",
¥-0.3329-0.1265x10"°T -

(IR E RN R NN dersedrs -c-----o.ooooo---qa-----ooooo'-uiﬂ...‘

é+) This corréi;tlon di??;};.;arkedly either from the ons nrqu
y Matthows {17} ar the nne in maTeRro{7}.This difference msy a

ot crmnm ln mufamanmrn Bl BT v

J.~ NLap conductanco —

In the BACY code Ross and Stoutc expression §12} for tne gap
conductance is used:

. I cH kfg

«2 1 H :

g G g c(d1+lz}+g1+g2+dg
where

hg = gap canductance (w/:mz'ﬁ )
- 2k1k2
M avegrage thermal conductivity of fuel and clacding

1

(k1,k2 thermal conductivities of fuel and clacdding)
P = contact pressure between fuel and cladding
2, .2 4
Rg = (E].S(H_l+.=!2))1/J ,and n1,H2 surface rougnnesses offuel
and cladding

H = Ffeyer hLardness of the ecladding

kf0= thermal conductivity of the §ases filling the gap
991957 temperature jump distances
dg = radial gap
c = constant
In the reference case,constant c is taken egual to 2.5; in

section 2 results are compared for values of 1. and 1.8

4.~ Iry anisotropy coefficients - {13}

Case Annealing temperature Anisotropy coefficients

ec F H G
1 659 0.562 C.B7 0.48
2 500 0.57 D.75 D.43
3 550 D.58 0.51 0.41
4 600 0.65 0.45 8.38

{Annealing time=2,5 h)
. ~ _ 2 2. 271/2
with Q@ = [Figy = 6,05 T - ) 2t - a)° ]
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Different fittings to experimental gata proposad by:

________ Lyons {ﬂ}
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