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Cea Summary

» The Fuel Reactivity Temperature Coefficient
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» Uniform effective temperature Teff to account for pell et Temperature profile
> Effective temperature Teff R to account for Crystal Lattice binding in UO2 fuel
» Up-scattering effect in resonances

» Recommendations and Conclusion : Uncertainty in stand ard Doppler calculations
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Cea The Fuel Reactivity Temperature Coefficient (FTC)

@ 90% of the Fuel Temperature reactivity worth is due  to 238U(n,y) broadening
@ 235U component is weak ( 0.1%), due to cancellation of (n,f) and (n, y) contributions
@ 160(n,n) positive component amounts to 10 % (thermal spectrum shift effect).

@ 35% of 238U(n,y) Doppler effect comes from the first 3 resonances broadening.
@ 60% of 238U(n,y) Doppler effect comes from E = [60eV;2keV], unless capture rate is only 20%

- i [—— Hot Btand-By

Doppler effect {pcm)
: n

=)

T

_ ysis gf 238U Doppler worth
d flom Pertubation Theory
2OLLQO2 transport code

UAM-9, Madrid 20-22 May 2015 | PAGE 3



Cea Summary

» Challenges and biases in Doppler deterministic calcul ations
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Cea Spatial self-shielding

e Resonance energetic self-shielding comes with fuel rod spatial self-shielding

e 238 resonances are more self-shielded at the center of fuel pellet (shadow effect)
= 238U capture and %3°Pu build-up is higher on pellet boundary = thermomechanic
‘rim effect’ (Bu is twice !)

Moderator
needed
4,0E-04 Clad
3.5E-04 —=—12 GWilt T
3,0E-04 —=—40 GWijit
—=— 80 GWijit Rim effect ->
2,5E-04
2,0E-04 +

> Space-dependent self-shielding
HoER 40 Gwd 0Gudt o} is required for accurate LWR calc.
HOEol .. .- >4 concentric rings :

5%, 15%, 30%, 50% in volume

5.0E-05 - 12 Gwd/t

Pu239 conc (1. E24 at/cm3)

0,0E+00 \ \
0,0E+0 6,0E-2 12E-1 18E-1 24E-1 3,0E-1 36E-1 42E-1
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Cea Rim effect

@ 60% of the 238U(n,y) Doppler effect comes from the first 800um of the pellet

@The rim effect is significant in the Doppler worth:
both 2%, and AT#%,, ., present a non-uniform spatial distribution

: 25%
o= : : : : : : : : : : :
_g S O I feveeceecns bevenrreen TR P R ST e besesninnns eeennnns eecenereeioens
g Rim effect l(800pml : : : : Rim effef:t (800ulm)
E ’ ’ L Thus, the temperature model
SR 08 DO SRS SR BUROS URE SO SYECVON U0 SO SN SRS SO N have to take into account the
£ actual surface temperature.
=
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CZA FTC components in LWR UO2 assemblies

1 4
Isotopic components obtained from Perturbation Theo ry: 0P = I_ <@, ,Hp>
f

The Rim effect induces 30% Doppler contribution for the 5% pellet periphery
= temperature at fuel surface should be accounted for

UOX fuel Fuel region 1 Fuel region 2 Fuel region 3 Fuel region Full Fuel

2381 -42.9 -36.2 -38.2 -29.4 -146.7
2350 +0.1 0.0 0.0 0.0 +0.1
160 +12.9

Total -42.8 -36.2 -38.2 -29.4 /33.7

Thermal spectrum shift due to
temperature of fuel's Oxygen

(n,y) (n,f) (n,n) 09 -9 tal
-148.2 +0.6 +1.5 +12. -133.7

1'st calculation challenge : space-dependent self-shield ing formalisms require

crossed probability tables to account for non-unifo rm temperatures | PAGE 7



CZA FTC components in LWR MOX assemblies

238 broadened resonance contribution almost the same in MOx and UOx fuels
e Doppler level increases by about 30%  due to 24°Pu broadening

MOX Sample Fuel region 1 Fuel region 2 Fuel region 3 Fuel regiond Full Fuel

2381 -42.9 -36.1 -42.1 -31.7 -152.8
240py -23.2 -22.8 -19.0 -6.6 -71.6
239Pu -0.2 -0.1 0.0 -0.9
242py -0.3 -0.1 0.0 -0.9
241py +0.1 0.0 0.0 +0.2
2351 0.0 0.0 0.0 +0.1
160 -6.6
Total -59.3 -61.3 -38.3 32.5

239Pu : cancellation between Thermal spectrum shift due to

(n,f) and (n, y) strong components temperature of fuel's Oxygen :

becomes negative

(n’y) ( !f) (n,n) O'Sg'->9 /TD@“/

-272.9 +42.4 +4.6 -6.6 -232.5
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CZa Resonance overlap in MOX: 2 " Doppler calc challenge

Maillage XMAS Maillage SHEM

XMAS Mesh

4 : :
L 5 : © Pu2407

g, (bams)

19:3'{5 1 group 12.6 Enezl'g?(e;’] g 5:.6 55;.E:Energie {9\.‘)1;-9 * 52;-7 Ener;:;?(e\f) "
238/240pu/235U overlap at E=20eV 238/240Pu/23°Pu overlap at E=66eV
Mutual shielding taken into account Mutual shielding taken into account
by the fine mesh of SHEM by SHEM-361g (used for Sub-Group method)

D. Bernard - A. Santamarina, Conf. M&C2003, Gatlinbu rg, April 6-11
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CZA  SHEM optimized mesh : resonances 242Pu and 238U

Rigourous method:
iterative algorithm for optimal discretisation

Pu242 (E,=2.67ev), T=20°C, 0,=6000 barn U238/U235 overlap 20eV

w'l o 2u2py(n,y 0961 % SHEM U235 (E;-21.1eV), U238 (E~209€V), T-20°C

w k
10 capture rate_™S.________ | 2
10
_ 10" |
" Flux fine structure
N S 10’ |
2.|25 2.50 2.:57 3| s.lzs w0
Energy (ev)
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Energy (eV)

6 -5 4 -3 -2 -1 0 1 2 3 4 5 N. Hfaiedh - A. Santamarina, Conf. M&C2005, Avignon,  Sept 12-15

Group rmmber
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Cea SHEM-361g for Sub-Group self-shielding

» From SHEM-281g to SHEM-361g to allow NR assumption in SG method
= refine discretization between 24eV and 3keV - 80 supplementary groups

2.76792 eV 677.287 eV

XMAS-172

22.5356 eV 11137.7 eV

SHEM-281

swiewo1 ||| [HTNINRTITRICATIICC

‘ ‘ U238 ]

; :. : | _

E=66eV

> Moreover, resonance overlap 238U /Pu is explicitely described

A. Hébert - A. Santamarina, Conf. PHYSOR’08, Interla ken, Sept 14-19 UAM-9, Madrid 20-22 May 2015 | PAGE 11



Cea Summary

» Uniform effective temperature Teff to account for pell et temperature profile
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C2A 238U capture increase with power (140 W/cm - 208 W/cm)

Spectral distribution of the 238U capture increase with fuel temperature

Temp. distributiort - - - Averaged temd.
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The average temperature model overestimates the 238U capture increase
particularly in the first large resonances (because true temperature is lower in the rim)

A. Santamarina — T. Takeda, Conf. PHYSOR2002, Seoul, October 7-10 _
UAM-9, Madrid 20-22 May 2015 | PAGE 13



CZa Consideration of temperature profile  (cylindrical pellet)

> At least, Rowlands formula should be used :

4 5
Teff = ETC + BTS

» We propose the more accurate effective temperature (al  so suited for transients):

_ 1 _
I;_ﬁ' = Ia“herm _E (I;: o TS )

with:  T"e™ = [ T(r)dr/ [ dr

A. Santamarina, Report CEA/SPRC/02-03, 2002
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Cea Summary

> Effective temperature Teff R!to account for Crystal Lattice binding in UO2 fuel
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Doppler braodening of 28U in UO, fuels

Gelina meas. of resonance EY238=6.7eV

14000 e e ——

12000} UO2 sample — T=24K » Thermal motion of fuel atoms - Free Gas Model (GM)

10000 |
E

8000 |

Cross Section [barn]

» But atoms are actually embedded in a solid state

6000}
4000

2000+

» Lamb has shown that in a ‘weak binding’ assumption,
the Doppler broadening can be approximated by GM,

using an effective temperature T - (= <€>/kg)

Residual [barn]

» The ‘weak binding’ approx is not relevant for E ~ <1keV
= GM using T 4" does not fit 238U first resonances

-500f-

—1000f Discrepanty (barn)
[‘ between GM and measurement
~150p5 R S i T

E, [eV]

» We use Cristal Lattice Model(LM) , with 2 lattice vibration
] frequencies (acoustic and optical mode):

H%ﬂnﬂb p(hw) = 09 5(hw —134meV)+01- 5(hw - 518meV)

= describe accurately 238U resonances in UO ,

Solid State Model

Residual [born]
=
=3
=]

-5!.'.!!!E
Discrepancy (barn) ]
~lo%t  hetween CL and measurement ] A. Meister et al., Conf. ND’97, Trieste, May 19-24

| PAGE 16
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DE LA RECHERCHE A L'INDUSTRIE

lettf(GM) / losi(LM)

Determination of the actual effective temperature

> The real effective temp T.R! has to preserve the 238U capture rate (thus | Res. Integral)

» Solving the flux fine structure equation (both for 0,;3°M and o,35"") supplies |«

» Then we solved the following equation : I,z M (TeR') = I "M(T)

1.002

1.000

0.998

0.998

TrTrrTTTY '[ lllllllll | IIIIIIIII [ lllllllll I IIIIIIIII | lllllllll | lllllllll
E=6.7eV - T=300K
e — "'/" —{
D -
............. )
T ",—’-‘ /‘/ R]
- -~
T 7 Tt
I - T L _
i eff
."/ ‘
a L seeve g,=20 Barn
- o ++ e+ g,=30 Barn
-«»«a.,;so Qom
6.67eV Resonance, T = 300K +<+== Infin. Diluted
||||||||| oo iaaa b as vt b aa el s lesaesiay
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::.-J“ 1.002 AL B B LU B e L O i mh i m m mmm m
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~ - ",;_' e
— =
= 1.000 |- —.; £ 4
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® P L - -F_.d' L2
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- e RI
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Ll
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5 = - — m=3 Barn
— — — m=3 Barmn
6.87#Y Rasopdnee, T = 00K — afln. Dlluled
099 srggannlyrspv el ngns
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Teu/T

» TeeN is quite independent from Geometry/Concentration

A. Meister and A. Santamarina, Conf. PHYSOR98, Long

Island,

May 19-24
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The accurate effective temperature T 4~

» Tei®! depends strongly on resonance energy:
* In large resonances E<100 eV, the solid state effect is stronger than Lamb (Tue R >Tesl)

* Above 1 keV, T !! tends towards Teset M
~ WM |
‘L; 1.10 AE\T/&?eV T/T = 1(E) i
oo _ ]
1.08 [ E=21eV T=300K
._o'.r,-. E=37eV _
1.08 *'/*3 ]
osk T =) i S ]
1.04 ]
1.03 |
1.02 ' L e R i oa sl s LA b
e Y "eo " " "fooo ' " vbooo
E, [av]
» Therefore we proposed T ! /T corrections for the various energy domains
= 1.10 T T T T T T T T T
3 rof ) 0 1 » However, the | 4 preservation on the whole
— [ \ .
OB W, I e 1 resonance range (useful for thermal reactors )
N 1.07 F . . .
LI gives the Meister-Santamarina formula  (T<1000K):
1~ so8f
1.05 :-
1.04 | ] T, 86 3100
1.03 - 1 LU 1 + + 2 (T en K)
- : _/ T T T

1.01

1.00

| PAGE 18




Cea Summary

» Up-scattering effect in resonances
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CZa Doppler boadening — approx elastic Scattering Kernel

» The Asymptotic Kernel (AK) : T = 0K - target at rest P(E') 4
2
, 1 A-1 1
PE-E)dE=, "~ dE with a= El-a) [
(1-a)E A+1
- Used in deterministic resonance self shielding calc ulation = = >
a
» Sampling the Velocity of the Target (SVT) — Used in Monte Carlo codes
os(E—-E,0— o T)= 11 /I ﬂl‘rﬁshv;-.{})P[v.V — E' o' )Mr(V)dvV.
P IV >
b 0y O(v,)=constant VELV2—2uVv [ 2 _pip? a2
joint Probability Density:  p(V. u;) = G;E‘rr-ﬂj‘-rg{V} sl + =PV 1) == s a [Vﬂé’ BV L yp2e P
205(E,T)v Gaz Model vk

SVT algorythm : p uniformly sampled in [-1;+1] - target velocity Vsa  mpled - then Rejection applied to sampled pair ( W;,V,)

w2 ¢ S ; ;
VA A T e W s
vV v+V

Rsyr =

When (;,V,;) known, the two-body kinematic equations for energ y and momentum are solved = scattered neutron properties
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Resonance Elastic Kernel and Up-scattering

» Ouisloumen & Sanchez (NSE 1991) e Tevous
energy distribution of scattered neutrons \
: 2.00 1 _
at resonance energy is strongly affected —1 T—W \
. O .o'

by nuclei thermal motion %10425
pscaﬁering proba
';‘55%!

disiribution funclion
8 g
ol s

o

8

m e
> ‘e
1

» Bouland & Rowlands (Conf ND1994 ) A
developed the TRAMP code and quantified L 1’ ———
3540 2580 3580 16.00 136.20 J35.40 J8.60  38.801

resonant scattering effect. At LWR HZP: energy, ov
- +1% on 238U capture rate

- +9% on Doppler coefficient -
10F B | Resonant Free Gas 4
hModel developed
; e in (1] and [6]
< 8r ormalism eveé e ‘)
» A Courcelle, R. Dagan, J. Rowlands s | " ’”}/fmt;r/
tried to consider solid state effects on § o Ti \ j
resonance scattering : small impact vs GM /N
a4t /I | '\‘
{ Y
Dagan, Rowlands, Courcelle ( Conf ND2007, Nice) | / | ‘ \\
0 ’J/ e il i \\"‘»k
6.4 6.5 66 6.7 68 R

Secondary neutron enerqy (eV)



Cea Summary

» Recommendations and Conclusion : Uncertainty in stand ard Doppler calculations
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Biases in LWR Doppler coeff calc.  (using T 4,,,s» @nd AK)

Cold - HZP HZP - HFP
293K 560K 16106 210]0] ¢

Flat Temperature Profile 0% +8.0%
UO, binding : GM vs LM +4.0% +1.3%
AK vs Resonant Upscat -6.0% -9.4%

» It is mandatory to take into account the temperatur e profile at LWR operating condition
» Crystal binding in UO, fuels is particularly important at  room temperature

» On the contrary, resonant up-scattering is particulary important for large linear power
(however, the - 9% AK bias on Doppler worth is assessed in the Free Gaz approximation)
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Cea Uncertainty in FTC neutronic calculations

» Using the previous recommended T 4 and the resonant scattering kernel,
the calculation uncertainty components  (lo) are:

Flat Temp UO , binding |Up-scattering TotalUnc.1 o

2% 0.3% 3% 3.6%

» FTC uncertainty due to nuclear data is small:

0.6% 0.5% 1.0% 1.3%

= The total uncertainty on FTC best-estimate calculatio n amounts to 4%
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Conclusions

» Modeling assumptions in FTC neutronic calculation generate high biases : 2% to 10%
» Total uncertainty (bias uncert + ND) in FTC best-estimate calculation amounts to 4%(10)
» Supplementary deterministic  biases can occur in MOX due to resonance shielding

» Fuel Temp Coeff measured in the PWR lattice at MINE RVE in 1978 from 20T up to 900C
4 UO2 fuel samples (E ,35 =0.2; 0.7; 3.0; 5.1%) & 6 MOX fuel samples
= TRIPOLI4-DRBC: (C-E)/E = +3% £ 3%(10)

0000000
QOO i (O]
. . m Fuel sample -100F---

\ W scillation tube

Heat reflector

Measured Fuel Temp. reactivity worth vs VT
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- |sooc .

; E&mwﬁugs
UO2 sapple |
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~140F -

~160--
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-180 --
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