NUREG/CR-2507

Background and Derivation of
ANS-b.4 Standard Fission Product
Release Model

Compiled by:
Southern Science Applications, Inc.

American Nuclear Society

Working Group 5.4

U.S. Nuclear Regulatory
Commission



( NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the
United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party’s
use, or the results of such use, of any information, apparatus
product or process disclosed in this report, or represents that
its use by such third party would not infringe privately owned
rights.

Available from

o GPO Sales Program
Division of Technical Information and Document Control
U. S. Nuclear Regulatory Commission
Washington. D. C. 20555

Printed copy price: $6.50
and

National Technical Information Service
Springfield, Virginia 22161




NUREG/CR-2507

Background and Derivation of

ANS-5.4 Standard F|SS|on Product

Release Model

Manuscript Completed: July 1981
Date Published: January 1982

Compiled by: .
Southern Science Appllcatlons Inc
Dunedin, FL 33528

American Nuclear Society -
Working Group 5.4 - - .-
LaGrange Park, IL 60525

Division. of Systems lntegratlon
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555



- Availability of Reference Materials Cited in NRC Publications” "+ * - .
Most documents cited in NRC publications will be available from one of the following sources:

1. * The NRC Public Document Room,'171'( H Street., NW: - .
Washington, DC 20555

2. The NRC/GPQO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications, it is not
intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Document
Room inciude NRC correspondence and internal NRC memoranda; NRC Office of inspection and Enforce-
ment bulteting, circulars, information notices, inspection and investigation notices; lLicensee Event
Reports; vendor reports and correspondence; Commission papers; and applicant and licensee documents
and correspondence. '

The following documents in the NUREG series are available for purchase from the:NRC/GPO Sales Pro-
gram: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and NRC
booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of Federal
Regulations, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical Information Service include NUREG series reports and
technical reports prepared by other federal agencies and reports prepared by the Atomic Energy Commis-
sion, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries mclude all open literature items, such as
books, journal and periodica! articles, transactions, and codes and standards. Federal Register notices,
federal and state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference pro-
ceedings are available for purchase from the organization sponsoring the publication cited.

Singie copies of NRC draft reports are available free upon written request to the Division of Technical Infor-
mation and Document Controi, U.S. Nuclear Regulatory Commission, Washington, DC 20555.




BACKGROUND AND DERIVATION OF ANS 5.4

STANDARD FISSION PRODUCT RELEASE MODEL

OO0 X r oo E D O @O oWm
- . L I e T Y S 2 I B I

‘F WO O P LG T oMo m
A P

. Turner, Chairman
4Beyer

Buescher
Himes
Klotz

. Leech

Lorenz
Meyer
Noble

F. Notley
Rim

Ritzman

ANS 5.4 Membership

Southern Science Applications, Inc.’
Battelle Pacific Northwest Laboratory
- EG&G Idaho, Inc. : _
Hanford Engineering Deve]opment Laborator
Combustion- Engineering, Inc.
Westinghouse Electric Cofpofation
Oak Ridge National Laboratory -
U.S. Nuclear Regulatory Commission
General Electric Company
Atomic Energonf.Canada, Ltd;
. Korea Atomic Energy Research Institute
‘Science Applications Incorporated

July '1981

Compiled by

Southern Science Applications, Inc.

P. 0. Box 10
Dunedin, Florida 33528



IT.

TABLE OF CONTENTS

INTRODUCTION (R. 0. Meyer, U.S. Nuclear
Regulatory Commission) . .

HIGH TEMPERATURE FISSION PRODUCT RELEASE

A.

Mathematical Formulation for H1gh
Temperature Release .

A-1

A-2

General Mathematics of the Booth
Model (L. D. Noble, General
Electric Company)

Time Varying .
A-2.a Time Dependent Diffusion

Parameters (L. D. Noble,
General Electric Company)

.A-2.b Mathematical Formulation for

Time-Varying Power Histories
(C. S. Rim, Korea Atomic
Energy Research Institute) .

High Temperature Data Base (C. E. Beyer,
Hanford Engineering Development Laboratory)

1.

Model

Low Burnup Data Base and Selection
Criteria

High Burnup Data Base and Selection
Criteria

Fitting

Diffusion Theory (ANS 5.4 Model)
(C. S. Rim, Korea Atomic Energy
Research Institute) .o

Comparison with Beyer-Hann/NRC
Model (R. 0. Meyer, U.S. Nuclear
Regulatory Comm1ss1on) .

Reducing Application Errors (L. D. Nob]e,
General Electric Company). .

Page

13

13

19
32
32
36
4

44

53

56



TABLE OF CONTENTS (Continued)

Release of Iodine, Cesijum, and Tellurium
(R. L. Ritzman, Science Applications
Incorporated) e

1. General

2. Data Sources

3. Analysis of the Data Sources'

4, Discussion of Results and
Recommendations

Effect of Precursors on Release of
Fission Product Gases (M. J. F. Notley,
Atomic Energy of Canada, Ltd.) . .
F.1 Release by Diffusion .

F.2 Release by Knock Out and Recoil

F.3 Consequences of the Re]ease of a
Precursor.

ITI. LOW TEMPERATURE FISSION PRODUCT RELEASE
(R. A. Lorenz, Oak Ridge National Laboratory)

A.

B.

APPENDIX A
APPENDIX B
APPENDIX C
APPENDIX D
APPENDIX E
APPENDIX F

Mathematics of the Knockout Model
Low Temperature Data Base
1. Stable Fission Gas Release .

2. Radioactive Fission Gas Release
at Production-Decay Equilibrium

Model Fitting - Low Temperature
Release e e

iv

Page

60

60

62

70

76

79
79
80

80
83
83
86
86

93

95



FOREWORD

This report summafizes work‘performed by the ANS 5.4 Working Group
on Fuel-Plenum Fission Gas Invgntory and is a compilation of individual
contributions by meﬁbers of the Working Group. The report was compiled
to document tﬁe basis for the ANSI/ANS Standard on '"Method for Calcu-
lating the Fractional Release¥of Volatile Fission Products from Oxide
Fuels," ANSI/ANS 5.4-1981. The information éontained in this report is
important to an pnderstanding of the Standard;_énd has been reviewed and

approved by the Working Group. -

Views expressed in this report are solely fhose of the individual
contributors.‘ Neithgr the.members of the Wérking Group, their respective
employers, the American Nuclear Society, nor the United States Govern-
ment makes any warranty, expressed.of implied, or assumes any legal -
liability or responsibility f&r the_accuracy, completeness, or useful-

ness of any information presented herein.



I. Introduction (R. 0. Meyer; U.S. Nuclear Regulatory Commission)

ANS ‘Working Group 5.4 was established in 1974 to examine fission product
reieases from UO2 fuel. The scope of ANS-5.4 was narrowly defined to include

the following:

1. Review avai]ab]é experimental data on fé]ease of vo]ati]e fission
products from U0, and mixed-o*idé fuel.

2. Sﬁrvey existing aha]yﬁicaT models curréntly being applied to ]ight-
water reactors.

3. Develop a standatd‘ané]ytica] model for volatile fission product
release to the fuel rod void Space. Place emphasig on obtaining a

model for radioactive fission product releases to be used in

assessing radiological consequences qf postulated accidents.

The standard as developed applies to steady-state conditions. When used with
isotopic yields, this mefhod will give the so-cal]ed "gap activity," which is
the inventory of volatile fission products that could be available for release
from the fuel rod if the cladding were breachedT This gap inventory of radio-
active fission products can be used in accident analyses not involving large

abrupt temperature changes.

The volatile and gaseous fission préducts of primary significance are krypton,
xenon, iodine, cesium, and tellurium. These gaseous and volatile fission °
products can be divided into two categorie$: (1) short-lived radioactive

isotopes (halflife less than one year) and (2) long-lived radioactive isotopes



(halflife greater than one year) and stable species. This division is convenient

since the most important release mechanism involves therm511y activatéd‘migfation

processes that proceed slowly such that the short-lived isotopes decay appreciably
before they are released from the pellet.” Consequently, release calculations

for short-lived isotopes must inciude their decay rate, whereas, for ‘long-lived

and stable isotopes, decay does not have to be considered.

Most experimental measurements of released fission gas'were preceded by a
cooldown period of approximately a year, during which time all of the short-
lived radioactive species disappeared. As a result, insufficient data exist

to directly determine a release corre1a£ion for.short-lived isotopes. While
gas-release correlations based on stable-isotope data are useful for fuel-
performance calculations, they are usually not-capable of predicting the
radicactive releases. However, it is possible to derive an analytical model
that is based on mechanistic or phenomenological prinéip]es that wi]T:pﬁedict
releases as a function of.half]ife and can be calibrated with stable-gas-release

data. This is the approach taken by ANS-5.4.

The Working Group has chosen what is believed to be the simplest §uch
phenomenological model, the Booth diffdsion-typé mdde'(1-§),'and has fitted
the model empirically to selected data, whose characteristics will be described

later.

'The Booth model describes diffusion of fission-product atoms in a sphére of

“fuel material. 'The governing equation is

aC/st =B - AC-divd, - @



. where C. is the isotope concentration»(atoms/cm3), B is the production or birth
. rate (atom;/cm3jsec), A s thegdecay constant (sec -1), and J is. the local mass
Flux (a;qm;/cmzfsgc). This equation is fundamental and applies to {sotopes of
any thmicg] species with anyyha]f]ifé. The rate of concentration change in a
region is equal to the rate of(production minus the,rape of decay minus the -

rate of l1oss by mass flow oqt of the region. Equation 1 iﬁp]ies nothing about
the mechanism of mass flow. The apparent diffusion coefficient D is contained

in the flux term, which is given by
J=-Dgrad C. (2)

This diffusion equatiqn, Tike Eq. 1, contains no information about the diffusion
mechanism and mere]y assumes that a net.f1ow of matter occurs because of the
existence qf a concentration.gradient and that the flux is proportional ;o that
gradient. The production rate B and decay constant A in Eq. 1 are known for
most isotopes, but the‘diffusion‘coefficient D in Eq. 2 is unknown and must be

determined. from experimental data.

From a ggnera1”kpow]que of atomic migration (6), it is known thaththe diffusion
coefficient of a species in a host material depends .on the properties of that

‘ materja}”and its.iﬁtergctiqn with the qiffusing specjes. These interactions

are primarily electronic in nature so that different atoms (elements) wou]d..

have different diffusion coefficients. Because the valence and ionic properties
of_krypton and xenon_are simi]ar, their diffusion coefficients in UO2 are similar.
However, there is no reason to expect the_nob]e gases to behave like iodine or
other chemical species. Therefore, it must be presumed that different elements

migrate and are released at different rates.



On the other hand, the diffusion behavior of a chemical species can be expected
to be the same for all isotopes of that species. While, strictly speaking,
there is a diffusion isotope effect that is dependent on isotopic mass (7),
this effect is very small and has only been detected in a few précise experi-
ments using isotopes with large mass differences. Small differences in
diffusion behavior would be imperceptable in the context of fission gas

release.

The Booth diffusion model is an over-simplification of the physical process.
The effective diffusion parameters that are determined by empirical]y fitting
| the Booth model to gas release data are not the diffusion coefficients for
atomic diffusion of inert gases and other chemical species in pure U02.
Atomic diffusion,.gas bubble nucleation, bubble migration, bubble coalescence,
interaction ;f bubbles with structures, and irradiation resolution are all
involved in fission gas release. Some of these processes, like bﬁbb]e
migration, are relatively well.understood. The microscopic parameters that
govern these mechanisms are, in turn, dependent on the materials properties,
such as diffusioﬁ coefficient, heats of vaporization;vett.;_which are inde-
pendent of isotopic makeup. It, therefore, seems appropriate to assume that
the overall release kinetics are the same for all isotopes of the same chemical
species regardless of the complicated nature of the release mechanisms.

Precursor effects may, however, cause a small apparent difference in release

kinetics.

The Booth equations describe a smooth continuous release process and should
not be app]fed to discontinuous releases or bursts (i.e., abrupt releases

observed during sudden temperature changes). It is considered bevond the



state of the art to model burst releases in a quantitative manner; Neverthe]eés,
gases released in bursts are included in the data and are, therefore, accounted
. for.in the cumulative releases predicted by the empirical model.

/
Finally, temperature-independent mechanisms are éxpected to be important for
gas releases at low temperatures. As with the temperature-dependent (high
temperature) diffusion-type model, the release fraction for radioactive species
will depend on the isotopic halflife. However, the low-temperature release
mechanisms are thought to be controlled by knock-out and recoil and, therefore,

all chemical .species are treated alike.
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II HIGH TEMPERATURE FISSION PRODUCT RELEASE

Mathematical Formulation for High Temperature Release

A general mathematical formulation of the Booth model for
diffusion of radioactive species during constant power and
temperature operation is described in Section 1. The formu-
lation relies heavily on the work of Beck!, and many ex-
pressions are taken directly from his work rather than being
"re-derived".

In Section 2, the model is expanded upon to obtain the
formulas for cases in which neither the power nor temperature

need be assumed constant. The first portion (Section A.2.a)

of the Section treats the generalized case of time (exposure)
varying power and diffusion coefficients, with explicit solu-
tions for two cases. One, where the power and diffusion co-
efficient are assumed to be step-wise continuous functions,
and the other where the diffusion coefficient is assumed to
vary exponentially with time (exposure) but the power remains
constant. The second portion (Section A.2.b) uses a different
approach to derive the solution for the step-wise continuous
case, and it formats the equations into the form used in the

"standard. It can be shown, with some mathematical manipula-

tionand noting the slightly different notation, that the
release fraction F defined as the division of equation (31) by
equation (33) in Section A.2.a is identical to equation 19 of
Section A.2.b. ‘ '



A-1 General Mathematics of the Booth Model (L. D. Noble)

NOMENCLATURE

Concentration of nuclei in the sphere (atomé/cm3)
Diffusion coefficiénf:(cmz/sec)

Produétion_raté (atqms/cm3-séc)

Decay constant (sec-!)

Time (sec)

Radial coofdinate»in the sphere'(cm;,

Radius of the sphere (cm)

Rate of release from ﬁnit vquhe:o%'sphere'(atoms/cm3-sec)

Accumulation of undecayed released atoms from a unit
volume of sphere (atoms/cm3) - C

D/al (sec-1)

xa2/D

Dt/a?



Constant Diffusion Parameters

The release of volatile products from a U02 fuel matrix may,
under certain assumptions, be represented as diffusion of an
isotope to the surface of an equivalent sphere. Using the nota-
tion of Beck(1), the equation for the concentration in a sphere
may be written as '

3¢ =1 3 2, aC |
3t —Z'EF (Y‘D—a?)*‘B-XC (])
re
The release rate R(t) from the fuel matrix into-the void
regions surrounding the fuel, and the accumulation of the unde-

cayed atoms in this void region, N(t), are of particular interest.

The release rate per unit volume of fuel, R(t), is defined
as follows:

- (2)

The accumulation in the void space is then related to the
release rate by the following equation:

dN = R- AN | (3)
dt o

Since the total number of atoms present at any time is

B[, -it] | | |
[ @
the fraction, F,kthat~is‘present in the void space is
| .B(l-e‘“)

For the case of stable isotopes, A=0, and

F= N
BT o (6)



(1)

As shown by Beck' ’, the solution for R may be written either

as
o -nz'nzt
R = 381 1\ o e (7)
— cothv"—~ -— ] -6Be" 1!
roma ) G
n=1
or as
- Ut
R = 3B[g—erf (Vvr) (1-e )]+ E (8)
Yu
where
2D exp(-2n v erfc( & ~/m) -exp (2n /E)erfc&%; +/ 1)
'/;‘ n=1 /1 T

Either form of the expression for R is exact; however, equation
7 converges much faster for large values of either t or ut while.
equation 8 converges rapidly for small values of t.

The relations for F may be written as

T S
Fe 3} 2~ cothvi=- o 2ee 3 o
"1 (ef7-1) n=1 n“s°(n“n“+p)

or as
F= ‘ELT‘“" 1 ‘erf Yot =2 [uT éur) _ 1-0+un)e v
'(]-EHT‘) v/_l]‘ l T ’ . —_— .
| _ . W
where
2
‘ S ) ‘—(p'rl'n'].r) .
E, = ,___E_:f__ . _lZ:T__ 2 e -ne"Terfc(n/ /%)
, B(1-e"T)  (1-8"") =1} €7 L

In the specia]'case of a stable isotope, r=0, and the relations
for F, are as follows: | '

10

(9)

(10)

(1)

(12)



® 2 2
1 + 6 =n"n 1
F=1- L (13)
LS R
n=
or
F= 4 31 | | (14)
= Yroo- 5 + E
where
@ - 2 .
E, = 42 1, [ (1402 ) & /7 on(3+2n?/7) erfc (L) -~ (15)
o n=1 e T | | T '

The equations for E] and E2 were not given explicity by
Beck(]), although he did suggest the method for obtaining them.

Beck(1) indicated that for values of « < 0.1 the approximate
formulas obtained by deleting the terms E, E] and EZ in equations
8, 11 and 14 are in error by less than 0.0001, In fact, if the
asymptotic expansion for erf(x) given by Beck (equation 32 of
reference 1), is utilized, it can be shown that for small t and for
ut << 1/1 B '

E= 3 exp (- 1l - ut) 213/2

m 1 T-ut

(16)
for a value of 1 = 0.1, this expression gives a value ofa.5x156.
Similar use of the asymptotic expressioh for E] and E2 shows that
for v < 0.1, the approximate expressions for R and F obtained by
neg]ecting E, Ej, or E2 are in error by 5]55. Conversely, for
values - of © > 0.1, the expressions in equations 10 and 13 converge
quite rapidly and should be used for larger values of 1.’

‘ _ As was indicated by Beck(]), equations 10, 11, 13
and 14 are exact. However, wheh'T‘§_0.1 the folTowing simplified

_5
expressions have an error of < 10 .

1



For © < 0.1

Fod [‘, {erf(fm - 2/ expl-ur) -‘-’“*“T’-e"p““"]u7)
() : o

1 - exp(-ut) | v

or when A = 0

F=a/77 - 31/2. | - (16)
For t > 0.1
A . g T n2q2.)
Fe3l—— coth(vp) -1|-—FBu 5 1= exp(-n2e2e) (19)
Yo u exp(ut) = 1 n=1 n2x2(n2x2 + y) - '

or when A = 0

Fey.. 483 exp(-n?e2c) (20)
Tg? T n__:] nunl.. co e, . Co

For practical application, only three terms in the sum (EQ. 19 and 20) are reauired,
since this gives an accuracv of better than 1073,

12



A-2

Time Varying

A"Z. a

Time Dependent Diffusion Parameters

The solution for the release and accumulation of volatile fission
products is slightly different whenthe diffusion coefficient D is a

the previous definition of 1 as follows:

t (t) = -17?./' D(u)du
a
0

~function of time. However, the solution may be obtained by modifying

(21)

When D is constant this new definition corresponds to the previous
one. For convenience, the following definitions are also introduced:

X = r/a

6(t) = B(t)a2 "p(t)
H(t,X) = C(t, X)ert

1(t) = alR(t)e*t/n(t)
J(t) = N(t)et

The d1fferent1a1 equat1on for H is then obta1ned from the equation

for C by multiplying equat1on (1) with a

" This equation is:

3H _ 1, 3 2 aH
- e

Further, from equation 2

32

I(t) = -3 3% X=1

and from equation 3

3 =
4,"3?.J(F);ﬁ Ig?)

13

(22)

(23)

(24)



Using S as the transform variable, and using a bar over the symbol to
“denote the Laplace transform with respect to 1, the solution for the
transform of I is:

1(S)

"
w
[

—
W
~—

- - -V[coth S

]
W .

e e e
2D -~ (25)

L 5

v

where G is tﬁe transform of G.

Further, the transform J, of J, is:

J(s) = 1(s)/s

The soTutidﬁ for N(tj is obtéfnéd‘from the inverse Of;ﬁiiah&-magi
be written as follows {where z is defined as (t) - *(u)):

. ot

_nz-n-zz

N(t) = 6 et f B(J)e ddz-]-z—r—- . : (26)
o ‘ .- :

. : : n={§ . . . Lo LT Do

or it may be written as

N(t) = 3 et S B(u)edu [ 2VZ)_ -z 4 53(z)‘] R 7))

0

where E3 is defined as follows:

E-exp( -n / ) -nerfc (n //-)I “

. T
.' t
.

£ (z)

,%
l

14



The release fraction F is then determ1ned by d1v1d1ng<the value for

N(t) by the total productlon up to time t; where tk -t —-tk+1

. e _
AB(u)du = B (t-t) ¢ 32=1 [Bj (t'j”-tj.)} - | | (33)

The previously derived equations can also be used to develop
explicit equations for a particular case in which the effective
diffusion coefficient p’1is assumed to increase exponent1a11y with
time. Only stable spec1es are considered.

If D'=D0 exp (at) where o is a constant, then from equation 21

0

constant production rate B, the expression for the number of released
atoms, N,.can be: written as fo110ws for large values of time.

T=0D _[exp (qr-1)] /a. Using equation 26 with A=0 and a

."T . - ‘- . N
- d x -nmx ' o
N=8 /TT&X-_ [“ 6 Z—M—l] | - (34)
. ' J . » : ' L
Note that a transformation x= T(t) T(U), and the identity :E:l/n =712/,
has been used. Also note that p’ = D +at.

In a similar manner, neglecting the term E; in equation 27, the value of
N for shorter times becomes ,

T T
. 6B Vx dx _ 3DgB dy .ot qy] _ (35)
N VT g DZax T T f . [e - e ' o

Using the relationship that the release fract1on is N/Bt, the express1ons
for F may be written as follows for long-. times. : '

21 BZ exp(-n?1D" /g) [E{ (n?n20” /a) - E, (n’ﬂzDo/a)] (36)
n= n TT Clt .

15..



A particular case of interest is one for stable isotopes (A=0) in which
the time dependence of both the source term and the diffusion coefficient
.may be represented by a succession of values which are constant w1th1n

any twme increment tJ to tJ +]

Specifically

B(t) = By when t, <t <t S L (28)

and |

D'(t)-b’ hen t. < t <t '

Bt IS R T o (29)

with t 1° 0

With these assumptions, and the notation that
g-r ., ‘

Tt (tj) = 3 Di (t 141" ti) (30)
i=1 ' ‘

the solution for N (t) may be written as follows:

on the interval t <t <t

k K+1
- B, = | 1 202 (ro1,) l (31)
) Z - By Z -exp|-n"m (T-Tk
J‘='] K n=| nm
o 2 2
K-1 : -n T T-T.
Bi N exp , ( J+1)] 1- exp [-nz w2 (1. -T;)Jl
6 X e > — W
i=1 Yj n=1 n.m .

or, for smaller values of time, where the term E3 in equation 27 may be
neglected.

_ k - 3 -3 . 2
N(t) = v Lf?: (t-1y) /? 2(1 Ty) ]
K-1

=1 VT

e

| - 2 _ l 32
[ 4_— {(T-Tj) 3/2 - (T-Tj"']) 3/2} %_:(T-Tj) -(T-Tj+])2’] ( )

+
SN

16



where E, is the exponential integral

Ei (x) =- eV dv /v

Or, for shorter times, the expression is:

12 7 1 o, ] , 3 7
F= ot %‘r—r- [tanh JO.T/D’ Y aT/Dl iy {Dt-'r] (37)

17
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A-2b.

Mathematical Formu]ation.for Time-Varying Power Histories

*
(C. S..Rim, Korea Atomic Energy.Research Institute) -

The diffusion model presented in Section II-Al is applicable when
power and diffusion parameters remain constant with time. Fuel rods
are often subject to time-varying power histories. Even when the
power level remains constant, fuel temperatures change with time due
to changes in gap conductance, radial power distribution withfn the
pellet, etc. Diffusion parameters vary due to changes in fuel

temperatures and are assumed to vary with burnup.

A mathematical formulation for stable fission gas release calculations
is established in this section which will accommodate temperature and
burnup dependent diffusien parameters as well as a varieb1e power history.
Model fitting to high temperature fission gas release data and application
of this model to variable power and temperature cases are presented in

the next section.

* .
Work performed at Westinghouse Electric Corporation, in collaboration
with B. S. Preble.
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DI

NOMENCLATURE

gas concentration (mo]es/cm3)
diffusion coefficient (cmz/sec)
production rate (mo]és/(sec‘cmB))
time (sec)
radiai location in sphefe (cm)
equiQa]ent radius of sphere.(cmjv
fractional release (molés/mo]es)
gas released (mé]es)

D/a2 (sec'l)

D't

'+ 20



1) Derivation of the basic equation

The diffusion equation for stable isotopes can be written as

aC
st

au

3%

@

2 GrZ

Equation (2) then becomes,

w 2w
at 38

s l,-w_ P

where C = FU T g

Boundary Conditions (B.

1) ¢
2) ¢
3) 'c

Co(r) at t

0atr=a~

is finite at r

H

t P P2

Pr

D ar
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The general solution to eq. (3) with B.C. 1) to 3) is given by Carslaw
and Jaeger[]]4 (p. 104) as |

: _nnl. 24 /a2 4 a
W= (2/a) BN TR sin 20 f(rt) sin I ar
2 2
nDn .t Dn"n i/a n_Pa3
or
- —Dnznzt/a2 nar a -
W= (2/a) ve sin—{ sy r' ¢, (r') ssin dr'
. 3
a Pr' « nmnr' o dr'
+ Iy —gp Sin-
o _pat pn2+%t/a?
+ (-1)" “6Dnm (1- e )} (8)

The 2nd term in eq. (4) can be simplified

V3 . ) a
aPr'” . har _ P K nar' v
foTBD . SIn—3 dr' =765 o T sin —a dr
5 3 i .-
- § . N v
T ST T
2 -
(39 e oebr a
: ner'
(n" 3 cos e—3-~4]0
MN 2
ST fi,ﬂ_ (n® 4% -6)
6Dn"m"
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so that eq. (4) becomes :

*p 2 2t/a2 n a nrr'
. . D . Wy . Ty . o '
W= (a) 7 e ' sin {(=0) (7% r' o (r') sin (=) dr
4
n Pa
D!T:’f!'j
4 2 ? 2
/
- (- 1)n Pa ¢ Dn™ =" t/a” | (5)
6Dn=
Expanding we ther have
on” 2‘7‘/a"” nrr, .a nnr'
- - . - |8 . ,-TL- . 1 t : ]
W= (Za) 1e sin (=) /v Co‘(r)S"’(a‘)d"
3 = n 22, ,.2
+ ng : ('é,) e DTt/ Gy (RO
\ A |
D+ n
- (27a) GRS B (=) (6)
60w ! n a ’

Equation (6) can be further simplified using a relationship from Ref. (¢}, P.470 ;

W= (2/a) ° U tian s /nd"n o Co (r') sin (n:r ) dr

2Pa : ‘(_Tl -Dn 11 t/a2 sin (P—'-'-[

Pa~r
60

{7)
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: ._w o PrT . .
Since C = 7 OB and defining D' = D/a”, we have
* 2 2 ! {y! '
C = __?__ ¥ e‘n n D't .5in (_n_n_y:) fa r! Co\r ) sin “(mzr ) dr'
ar i : 3 a
‘5 v (—l)n - 2 l ' ‘viz -v - ’
' Pa : — e n- o« 0"t sin (3%5)‘ o .
. |r J. n Sk

car (7

(8)
which forms the basis for the femaining solution.
~2) Calculation of the lst time step with Pl. T1 andZDi‘
Since there is no initial concentration
C0 =0
r 2 [l . . o .
2P a o (-1)" -nér Dt
C, = -1 ; .La_L_ o Y rv»sﬁn;(ﬁlz)..s%wf“‘”
: 3 : ' n3 R R
= Dr o o
Ap1 | L .
== (1 - (r/a)” ) (9)
6D
1
Moles released during time step At]
m, = -gAq;4 n'az D, 3C1 dt
] 15— |
_ ar r=a
Wy =(4/3)na3 P, At +~8§39T 1 -np’ At
. / 1 1 "3"61';‘ h m. (e 1 (] -1) (10)



Fractional release at the end of 1st time step

m

1
£, = A
' giﬂa Pl Atl
A -nznzDiAt, | (11)
fl= 1l 5= 1 — (e -1 '
T Dilt\.t] 4 n

. w 4
Since L lz = ;O , equation (11) is the same expression
n _ _

obtained by Booth(3) for the constant power, constant temperature case :

2 2n,
6 6 1 -n 1 D't
f=l-gpe * 7o L 7 @
n D't '
3) 2nd Time Step (pzs Tz) Dé )
? - n2ﬂ2 D. t. sin (n"r) ,a r' C (aty r') sfn (n“r‘)'dr
C,= ar I . 2 "3/ o 1°°°1, a
P2 - (e
80;
2-2
2P,a _ n “N DAt
i S L
'n,Dér ! n
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but from eq. (9), considering C1 at at,, r

a nur

fﬁ r' C1 (Atlr‘) sin (-—a-—) dr' =
o Pl (a2 ' -r'3) sin (.’.‘.;‘.2') d
6Dy
3 2P133 - n nmr'
[ —-— I - sin ( ) e
: '?‘Dl n=1 n a
P 2 _qy\n 2 2,
Di n n
2P, a v 2 n
1 -n"a Do . -1
¢, = o e NP2 gin (0o L)
I Dl r - n
P
2,2 2
LI
2P,a « n
2 (- 1) nnr
t z sin (=) e
;30' r ﬁj a
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2 2n,
(e -n“n letl

-nznzDz t

-n nzoi_btl si

nwr
n (-—~-—a

- 1)

") dr'



Number of moles released during time <tep At?

‘f‘tZ ?_ 3G ) dt
m2 =z - r/; 4+ a 02 ] 2 o rea
ar
my = d/3ma’ P, ot
p 2 2 1 | 1 ) 2 ? ‘ e
. _“,)‘a{__{ ﬂ ‘:’ 1 (C‘n T (Dl Atl + DZ Atz) -nn D ? ‘12)
S0 el E -e
n
1
Py e Dt oat
- A “‘4‘( 1 ] ‘1)
p. N
P, 2 2
? -n" w D5 At ‘ .
fop fa e e oL (14)

Cumulative fra:ztional release at the end of step ?

43,

: - 2 2
f,= 1+ P . 1 -nw (D) at )
2 S L e [ 185+ p2 oty

N P
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4) 3rd Time Step

In a similar manner

Cq = [—m o e byt siﬁ (3%5) 2 C2 (Atz,.r') sin (ﬂ%ﬁ)‘dr']

P
1 -2

oo 23 : ' |
2Pra” = o .in 2 2., ]
+[ 3 Lng sin (%) e " " D3t
71!"[)3 " n
for which
4 3
My =— ma P t
3 3 .' .‘3: 3 P
3PP e 220, 2.2, 2 20
fi’%—[-lz-lﬂe""ol’*tl-n e "Dty (e D3ty Ly
N Diln
T T
£ e T 0 Ly (@ T P Ly
Dé 1n I -
P 2 2.,
.3 ;§+(e"”°3“3-1)] (16)
Dé 'n ,
-and for which
- ‘ ' m1+m2+m3
34 3 -
5 a (PLM:1 + PzAt2 + P3At3)
6
f,.=14+ - . \
3 3 , Z : 17
r (Plzxt;1 + Pzat2 + P3At3) | (7)
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where

P, = 2 2,0 : . 3 FPYUVEUTOUREN |
7 = 1 : __11_ [é “n"n (DlAt1+DZAt2+D_3At3) -e nw (026t2+036t3)]
Dl ‘ n .
1
p 2.2, . |
REEEER [ o T (Dgaty#DIILy) -ny D3at3]
Dé ‘'n o o
p 2 2y, o S |
+2fd -[e o Dyaty 1] ‘ (18)
DS ''n
3
5)  General Case

In general, cumulative fract1ona) release at the end of kth time step can be
calculated by .

_ , ok
k 2.2
Py = 2.2 -n"r".r, D'at,
R pp— —lx—lz(e" ihPjaty Lo 192 5
n ) P.At, D: n=1n
j=1 ¥ 1
‘ k k
Py = _nl.2 ' 2.2 0 o
e 02y Lok Ditty e Mg Diety
Dé n=1 n '
| |
| '.
] |
o [
| |
P © l 2 .
k 1 -n“xD'at . ‘ '
+ — T (e kK "k - 1) ' {19)
D"‘ n=1 T\T ,
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Defining

and g(r) = g g 14 (1-e"7" 0 ' (20)

Eq. (19) can be transformed to

1 : 1 ‘
f,o =1~ {1 9 (1y) = 1,9(1,)}
k K P.at D! 1 1 27V'2
1779 1
)
i=1
P2
+ ‘D—. {ng‘('[z) - T3 g (T3)}
2
+ PkAtk ] (rk) ] (21)
- | -
Using a relationship DR sl » Eq. (20) can be rewritten as :
~ n=1 n 90
| L5 ® e (22)
g (1) = - no= -
151 1 n=1 n4 ir4

A comparison between Eq. (22) above and £q. (13) of Section I[-Bl1 shows that
g (v) = 1-F (Eq. (13) of Section II-Bl).

Therefore; the function g'(x) in Eg. (21) can be determined using a finite
number of terms(for an accuracy better than 10'5) :

For ©¢0.1, g (x)=1-4 g( LA S (23)
' y ki 2 '
- 6
T

‘For 1 > 0.1, g (1) = 1

a7 - (28)
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£, HIGH TEMPCRATURE DATA BASE (C. E. Beyer, HEDL)

-1
oy
C'J
i (,')

Several sources of high-temperature oxide gas reiease data‘have peen
cxemined in order to cover the operating range of commercial reactors. The
vast majority of in-reactor gas release data have been obtained from post~
irradiation puncturing of fuel pins, This is done several days following
irradiation after the radicactive gases nave decayed off, leaving only the
stable gases for measurement. There have been a Tew sweep—ga$ experiments
which have measured in-situ reifease and thus, the radicective species;
however, the majority of these have been at low temperatures with small thermal
gradients ena low fission densities. This has necessitated the use of stable
gas release data by the dorking Group to define the diffusion coefficients
for the radioactive species. |

The High Temperature Data Sase consists of two sources of dats which are

-

referrved tc here as lhe Low Burnup Data Base and thiz High Burnup Dota Base.

1. Lgy Burntp Data Base and Selection Criteria

eption, a data base was selected from an

tariy in the Working Group's 1in
1

- s

arlier analysic by Beyer and Hann ) which vieidad 45 well-characterized
dats sets for stable gas releases. The major limitation of these data was
that burnups did not exceed 19,000 Fidd/t, which led to the data being
referred to as "the lcw burnup data base.”

This data base substantially reduced the variance zmeng in-rcactor gas
release data by establishing discriminative criteria for data seiecticn end
providing a sysiematic approacn tc data reductiorn., The criteria fc: data

¢ Stoichiometric U0, (O/M = 2.00 & 0.0C5)

¢ Pelatively constant rod powers over time.

/PI’HX . . '] .\f-\
VETETL ayg e
b b]‘-ne Iq-
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¢ Relatively fiat axial rod power (temperaturc) profile

Axial Peak Power . i
(AX]EI] AVg, Poweyr — ].]v)

*. Fuel temperatures measurable either frcm thermoccuples or 1nferred
from a microstructural change.

(2-8)

S

several sources of data were considered in this analysis with only 7 sources
and 45 data points able to me=t all of the above criteria. These data have shown
N re]ative]y small amount of variance even though they have come from Tive
different experimenter's with:varying fuel rod designs.

Since the issuance of the Beyer-Hann report, the ANS 5.4 Committee has
scrutinized these data very closely and -found some minor inconsistencies ameng
ihe data. Because of these inconsistencies, additional criteria for reduction
of thedata in Table 1 were established. These criteria are as follows:

Burnup within the fuel is based on 200 MeV/fission.
* Heat generated within the fuel is based on 182 MeV/fission.

Fission gas generated within the fuel is based on a vieid of 26.9 cc/bid
for Xe and 4.1 cc/hid for Kr production.

]

Irradiation time is based on effective-full-power days.

The remaining methodclogy used for calculating the fuel temperature profilcs
5 the same as described in Reference 1, which in brief consists of the:

e

WAIN computer code

* Tine- overagcd rod powers

® Use of Lyon's, et al., 19-10) thermal conductivity equation for U0,
along with the Maxwe?'oiuken(]]"]‘) relaticnship to account for effects
of porasity.

¢

Use of flux depression 3ubrou}iq$ from GAPCON—Therma]-1(13) and a
mefhod piroposed by Redertson. 5

The reduced form (rod pomers, fuel temperatures, burnups, irradietion time,

¢tc.) of the 45 data points i3 presented in Table 1 of this report. The data
{ .
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Table 1. Low Burnup Released [Lata and Reuaced Temperatures

SPECIMEN HEAT RATING FULL TEMPERATURES (°C) IEPADIATICN BURNUP RELEA SE
REFERENCE NO. W /F1) SURFACE  CELTERLINE e 0P SEC) (AWd / MIM) FRACTIGNS
DTECH?
€CS-EEC e 12.3 97, 171, 8.683 BETEVIR 0.108
(763!:155955C0NF. ELP-5 13.5 T 430, inz. 2.678 3870, 0.047
e P-4 ) 15.1 82, Cawb 8.423 ( 12912, 0.27
- " wes TR 586, 2050.° 11,759 18604, 0.258
. £®P-10 TR 608, 2082.% 5.841 vus, 0.203
- Tp-12 13.3 8. 1989.% 5.901 s, 0.197
HPR-129° 116-5 18.9 509, 205.(2010.) ©7.482 as79. 0.275
. 174 19.8 549, 2275..(2000.%) 13,3 8713, 0.254
AECL-1676° - OFE 5.0 as. . van 794, ¢80
. OFH 2.9 02, 275, .37 &8, 0.3
. OFD 2. 474, 204, 1,397 8. 0.7
. oFe n.9 2. 2466. 1,397 sm. 0.167
< " oFA 17.4 02 173, 1.397 386. 0.0¢
AECL-2662° LFL 15.6 5. e8I 9,336 2230 0.057
. LFF 15.5 60, 1901, 9.336 2200. 0.172
. L6 151 2. 20062 9.336 7730, 0.7
. s 29 s81. us1.b 9.33% 3120. 0.379
- LRW 0.1 432, 7nw.> 9.3 3290, 0.248
. A 2.2 854, 2%.° 2,33 w0, | 0.496
. Y " no’ T s, 25512 9,238 3z, £.268
- LM 7.3 . 89,2 9.3% 3090. 0.155
- LFH . 533 2400.% 5.3% 3000, @.an
Rt 2.7 ’ 820, 2502 . 9.3% . * 3090, 0.458
AECL-2230 BN 17.0 5. 1820.% 7.30 250. 6%
. 80 7.3 " ae3. 1858.% 7.3 2070. 0.149
. o . 168 458, 1812, 7.30 210. 0.14)
. ‘or i 174 ' 7. 1950.% 7.30 0. 0.157
. cat 6.6 _ 496, - 1868.%" ) 7.30 - 220, 0.153
- av 17.5 a0, 1941 % ' 7.30 2760. 0.165
L cey 1655 : 518, 1957.0 7.30 %30, 0.168
. cax 17.1 525, 2020.b 7.3 7. 0.188
CEA-R-M1E  CYRANOAI 12,9 758. 2069, 1.588 1003, 0.150
ALSO CERAMIC  CYRANO-VII 1.5 843, 1969. 3.5 1405. 0.130
NUQL. FUELS . - .
CEA-R-3358 4110-AD) 18.1 a2, 6. 1.2 7051, 0.216
- C o Qi0-AR2 17.6 570.- - 217, n.2 eg60. 0.221
- 410361 150 43, 1876. n.a2 s73¢, 0.13%
. a10-ge2 7.8 s, 2047, o n.2 7215. 0.159
. Mz-AR) 19.5 4. n2.° 5.80 3755, 212
- a12-AR2 1.7 3. 2058.° 5.80 3549, 0.112
< am2sa T as. 1699. ) X oA, 0.079
' . 12882 16.6 ey 1902, 5.80 . 0.126
.- o 4i3-an S7a 7. > 5.80 . 0.207
. 4113-A€2 15.6 B, 29.b 5.80 e, 0.%0
. a113-8E1 . 16.0 . 838, 1903.° 580 - . 0.170
. a3-ae2 15.9 694, 2204 5.80 261, 0.210

®DATA REVISED FROM BINWL-1875.

|’A\IERAG[ OF CENTERLINE TEMPERATURES DETERMINED FROM EQUIAXED AND COLUMNAR GFAIN BOUNDARIES .

CTHERMOCOUPLE MFASUREA\FNT N ANPULAR-PELLET.  ALL OTHER TEMPERATURES CORRESFONG TC SCLID PELLET GtOMETRY, -

HEOL 7701-32
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sets which have  .un adjusted to correct the inconsistencies and typographical
errors are from the following reports or papers: B1UCH .ECS-EFC-73-595 (BNES
conf. 1973), (“) wpr-129,3) aecL-1676, (%) and aecL-2662.¢5) Consequently,
some of the data presented in Table 1 differs from those presented in the

(1)

clear as to the MeV/fission used for rod powers and burnups, the fission gas

original reports and BNWL-1875. Since the original reports were not a]ways
yields used for re]easevfractions, and the existence of typographical errors,

the primary authors of the above reports were contacted to provide this infor-
mation. Ba2sed on their replies (Appendix A) and the above criteria and
methodology for data reduction, we have made the following adjustments.

The DTECH ECS-EFC-73-594 paper has presented burnups based on 183 MeV/
fission, In addition, the release fractions are nct consistent with the
fission yields used in this analysis. To be consistent with our methodology
for data reduction, the burnups and release fractions have been recalculated
in Table 1 based on 200 MeV/fission and 31 cc/Mild, respectively. |

The HPR-129 report has presented rod powers based on total assembly power
(i.e., 200 MeV/fission). The rod powers for the two rods in Table 1 have been
recalculated based on 182 MeV/fission. It should also be mentioned that rod
powers for these rods are not based on time averaged values, but rather those
powers which correspond to the temperatures utilized in Table 1. The measured
thermocouple temperatures for both rods have also been révised downward by
609C from BNWL—]875(]) to reflect (time) average tempérafures during the latter
-1/3 of irradiation. The'higher temperatures in BNWL-1875 were the peak temp-
eratures measured during the same time period. ' '

The AECL-1676 report gives the effective-full-power days (EFPD) as 16.7
which is a typographicaT error and should be 16.17 EFPD. Release fractions
vere also adjusted slightly (+8%) to reflect the updated yields for Xerion
used in this analysis {26.9 cc/Mid). '

The rod powers utilized for the AECL-2662 data in BNWL-1875 were peak
.time) powers. The powers presented in Table 1 are average (time) rcd powers.
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2. High Burnup Data Base and Selection Criteria

As noted above, the low burnup data base did nct exceed 19,000 MWd/Mt.
Current commercial reactors reach peak burnups up to 40,000 MWd/Mt pointing.
to ‘the need for a data base in the 20,000 to 40,000 MWd/Mt burnup range. ‘It
also came to the attention of the committee that a significant burnup effect
may exist above 30,000 de/MTM'(Reference 15 and Appendix B) At this time,
the Working Group researched the open 1iteraturéito find non-proprietary data
in the higher burnup range.  However, the committee could not find data which
could meet the selection criteria used in the low-burnup data base. The major

_problems for data at high burnups have been the tack of an independerit measure
of fuel temperature, a significant variation in power history, and that much

of the data was derived from mixzed-oxide (MOX) fue].(Appendix C)

Published gas release data (16,17) from fuel irradiafed to high burnups
(15,000 to 39,000 Mid/MTM) in the Saxton reactor were examined. However,
attempts to calculate fuel temperatures for thece fuel rods showed large

(Appendix D) These data have also been
(Appendix E)

uncertainties in calculated values.
criticized as being inconclusive in quantifying a burnup effect.

.A large high burnup data base was discovered(]g) in tﬁe Liquid Metal
Fast Breeder Reactor (LMFBR) program; however, detailed data were not pub-
licly available. The Nuclear Regulatory Commission subsequently obtained
and pub]ished( !9 the Wo
Group discovered that some of the data exhibited reiatively small variations
in power history,'gnd all of the data had a re]atﬁveTy flat axial power profile.
Also, the majority of the data have detailed power histories and grain growth

‘these data. Upon examination of these data, the Working

measurements. The major problems in comparison with the low burnup criteria
were that temperatures were ca]culéted rather than measured independently,
‘and were from (Ug, 75 Puo;zs) 0, rather than from UO,. |

The temperatures fdr.the LMFBR data were caiculated with the'SIEX ‘code.”‘8>
This code has béen developed exclusively for and correlated against EBR-II
fuel irradiations. ’
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The Working Group has attempted to determine if any inherent differences
exist between MOX and U0, gas release data; however. no data were found which
allowed a direct comparison typical of operat1n? conditions in commercial

(Appendix B) o cver, have indicated that

fuel. Calculaticns by Westinghouse;
their burnup dependent release model, based on U0, data, adequately predicts
MOX data. Also, the GESMO report(zo) concluded that there did not appear to

be justification for differences in releases between MOX and U0, fuels.

Consequently, the Working Group haS‘accépted selected LMFBR data as the
high-burnup data base. These data are the best characterized and controlied
of the high-burnup data examined. There has also been a systematic
approach in the data reduction.

Similar to the low-bufnup data, cr.ter1a were used in the selection of
LMFBR data. These criteria were:
® Relatively small centerline temperature variations (SZOOQC) with time
as calculated by SIEX.

® Relatively flat axial power profile

(A71a1 Peak Power
Axial Avg. Power -

1.09)
The second criterion was met by all EBR-II data since the core length is relatively
‘short (13.5 inches) and the peak-to-average approximately 1.08. The first criterian

resulted in only 19 cut of 41 LV FBR gas release data p01nts be1ng acceptable.
These data are listed in Tabie 2

The rod powers and temperatures quoted repréSent the end-of-11fe (E0L)
calculated values. With the exception of beginning-of-1ife (BOL) temperatures,
these ECL values are at or near the peak temperafures experienced by these rods.

An exaniplie of a typical centerline and surface Lempbrauure hsstory for the%e
fuel rods is given in Figures la and 1b.
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TABLE 2

HIGH BURNUP DATA BASE AND CALCULATED.TEMPERATURES

: : Fuel Temperature Grain Growth Radius

Rod ~ Heat Rating - Fuel Dia. EOL* (°C) Fuel Density Burnup ~(inches) - Gas Release
No. - T (Kw/ft) ({inches) Surface Centeriine (TD) .. MWd/MTM Columnar Equiaxed . (%)
BNL 1-6 - 8.18 C.2120 769 1703 95.1 8070 0.0382 0.0600. . 12.9
Bl 1-14 8.40 0.2120 762 1723 91.6 8180 0.0244 0.0474 _ 8.2
FiL 1-17 8.95 0.2122 769 1783 93.2 8680 0.0371 0.0550 15.1
PRL. T-18 9.24 0.2122 766 1787 85.0 8950 0.0498 0.0799 18.1
PHL 1-39 9.20 0.2101 855 1838 98.0 9090 0.0568 0.0763 29.9
°il 3-8 4.85 0.2134 925 , 475 93.5 26340 0.000 0.0467 10.7
PRL 3-27 4.7 0.2135 823 1363 90.2 26740 0.000 0.02380 12.5
Al 3-33 4.75 0.2116 851 1386 92.4 26710 0.000 0.0360 1341
Pal 4-1 8.5% 0.2135 851 1751 94.6 42140 0.0413 0.0707 ' 62.2
PRL 4-26 3.05 0.2135 846 1767 97.0 40380 0.0440 0.0732 64.5
Pil 4-34 7.73 0.2118 967 1851 95.3 39570 0.0536 0.0751 65.4
PiiL 7-10 8.46 0.211 862 1722 '95.2 24250 0.0467 0.0742 30.1
PiL 8-11 - 12.16 0.2115 870 2078 ©98.0 58200 0.0803 - 92.2
Pil 8-25 11.61 0.2115 853 1999 97.8 57180 0.0822 - 94.3
Pri. 8-37 106.77 0.2119 818 1870 26.9 55720 0.0652 - 65.2
PliL- 8-38 11.45 0.2120 . 798 1921 : 95.6 27760 0.0653 0.G760 53.6
PHL- 10-15 8.73 0.1944 . 8066 1788. . a1.8 63550 - - : 78.7
Pl 10-23 . 8.34 0.1949 877 1817 93.2 45820 0.0524 0.0691 67.5
Fiil 10-63 8.32 0 6 5

.1948 847 1797 . 94. 519€0 - 0.0559 0.0699 , 71.

*Lnd-of-Life
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A1l temperatures in Table 2 are taken directly from the SIEX calculations
with the exceptions of three rods, PNL 3-8, 3-27 and 3-33. Peak BOL tempera-
tures calculated by SIEX for these rods were unreasonably low {~300°C) when
compared to their measured equiaxed grain growth. The other 16 rods used in
high burnup data base consistently predicted grain growth boundary temperatures

of ~14509C.T putt Tater confirmed that SIEX was underpredicting temperatures
for the PNL 3 rods.(Z])

In order that temperatures for these three rods be made consistent with
the other 16 high burnup rods, the original temperature histories for these
rods, as predicted by SIEX, were normalized to calculated BOL temperatures
based on a 1450°C grain growth temperature. The EOL temperatures from this
normalized temperature history were then used in Table 2.

T These gﬁain growth temperatures were estimated from SIEX BOL temperature
profiles, which in ali but one instance represented the peak temperature during
the rod life.
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C. Model Fitting
1. Diffusion Theory (ANS 5.4 Model)

(C.S.'Rim, Korea Atomic Energy Research Institute)

The stable isotope solution of the burnup dependent diffusion model
(Equation 21 in Section Il - A2b) was fitted to yarious stable fission
gas release data. The modified diffusion coefficient, D', was

. assumed to be a function of temperature and burnup in the following
form :

D' = (Do/a2) e V/RT x 100Bu/B

where
T is the local fuel temperature ( K)
R is. the gas constant (cal/mole K)
Q is the activation energy (cal/mole)

Bu is the accumulated local burnup (MWD/t)
Do/az, Q and B were determined to meet the following requirements :

1) Fit to 45 low burnup data
2)  Fit to 19 high burnup data

3) Low release for low temperature fuel even at high bufnqp

Low and high burnup data quoted in l)vand 2) above are descrjbed in
detail in Section II - B. Based on the review of fission gaS release
data from low temperature fuel (Sectiqn [1I - B), the third requirement
was determined to be "less than 0.25% release at 30,000 MND( t from

a pellet with the centerline temperature of 900°C and a- surface

temperétuke of 4000C",
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In analyzing the data, the total irradiatﬁon period was divided into

a series of time steps with a burnup increment of 1,000 MWD/t and the
diffusion cdefficients were calculated using burnups corresponding to

the midpointé of each time step. The pellets were subdivided into 10

- radial rings of equal volume, and the average‘temperature_and'burnuplin each

ring were used in determining diffusion coefficients.

For ]ow’burhup data,which were obtained from therma] reactor irradiations,
~detailed radiaf power distributions were used in calculating local fission

gas production rates, burnups and fue1ltemperatures. A uniform radial

power distribution was assuméd for high burnup fuel pins which were irradiated
in EBR - II, a fast reactor. High burnup data weré analyzed using parabolic
radial temperature distributions and an axial power distribution with a peak

to average power ratio of 1.08.

The steep temperature gradient across the pellet and the nonlinear form
of the model have necessitated the use of nonlinear regression technigues to
fit the model and data. For a given set of data, many values of Do/az,Q and

B were tried, inorder to obtain a small residual sum - of - squares, Sg :

j=1
where n is the number of data points, F? is the predicted fission.gés

. ‘th . . Ay , . ) .
release for the j  data point,and F" 4s the measured fission gas release
. . - J .

for the jth data point. An effort was also made to.thain
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the'regression line close to the ideal one, i,e.,AFp=.Fm.

An extensive parametric study resulted in the following parameters
which give a best fit to the low and high burnup data sets and meet

the low temperature requirement :

Do/a2 = 0.61 sec~!
Q = 72,300 cal/mole
B = 28,000 MWD/t

Figure 11 C - 1 shows acomparison between measured and predicted fission
gas release for 45 low burnup data. For this data set, the correlation

coefficient is 0.88 and the regression line is
FP =097 F™+ 1.9
where FP and F™ are predicted and measured fission gas release in' percent

The goodness of fit to the high burnup data is shown 1n'Figure I1C - 2.

For this data set, the correlation coefficient is 0.97 and the regression

line 1is

P = 0.91 FM 4 1.33

The fission gas release calculated for low temperature fuel (TC =vQOO°C,

TS = 4000C) is 0.23% at 30,000 MWD/t ‘and, thefefbre, the model satisfies
the low temperature requirement. Although the low release restriction

was included in order to maintain consistency with the low temperature data.

it did not change the goodness. of fit to both low and high burnup data

significantly.
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Fission gas release calculated by the model at constant fuel temperature
and power is shawn in Figure Il C - 3. Figure I1 C - 4 sths the
results with step changes in fuel temperature and power at 20,000 MWD/ t.
The effect of burnup enhancement factor in the diffusion - coefficient

is given in Table 11 C - 1. Also presented in Table II1 C - 1 are
results for pellets with given centerline and surface temperatures and

parabolic radial temperature and uniform radial power distributions.

47



Tab I1XC-1 Comparisorn Fetweer Zurnup Denendernt and Surrup Independent Diffucion lodel

Tuel Esds

!,.l
m
'n
|8}
b]
9]
)
0n

§ae

SR : 7uv'uu : 20U

- - P —

- hd H : i H i - H

: B ey e T ' 4 : - : ST pTaTerer : oleh Tslele ;
) . R A B . Pl . G . 300 30050 20000 :

v} 07C -w? -’-x}. ’; Leds _‘j o','-:l‘-" $ .)O L‘;l
5 .
P { ; L. . o, N e t P
sy \J.l‘ : \)o :}ob*:- 7.7 “éo\} 'a/:’ H 70"'
o ( . . , ,
. l H
! 9.11 0sfd D 0.3F .S 0wy 9452 Cas
T T ;
; .‘ofl‘ 170':'7'2 ! c’.--: /-.077 }70— ? \/‘}'n-)'\(; i ::c 5
¢ {
150000 .~ - o - b, ' , ~ é ;
- N 12.21 i3 .08 Dl W4 34,00 1 7.4
[ . ' '
o : . L L ae PN Ta : -
b _orngoeg i Witk o Dep 1T Fw/oft J53 2.62 “el3 P 12.15 pi3Wld o333 w439
A~ =L s . | : :
-~ g i A
B o Hu Fa/ft o © 1.5 2058 3474 453 5.9 4 5475
-n _ 1ocooc‘ With £ }fw/f:t;f' 0.03 ‘ 0.7 Jeid J.28 c. 24715 405
L TY = W 50C°C | S 5 - . .
5 | vo su Ten ¢ rrre 0.2 I 0.05 9.07 0.11 0.73 G5 0.7
h 1 ¥ ' ) '
¥ i i N
: { L. - . ~ - - y - A a H . E :
r . noceg| with Bu Dop € Fw/Ct c.o1 | ez 9.04 0.70 2310455 1.26
- = . ] ;
i ] ; | . ! . i
i m RO . . SO : ; 0y ! Sy
|5 = 400°C| 15 By Den ¢ Tw/Et 0.01 1 0.01 0.02 0.03 C.03 1 0.04 0.4 |

-

' (Su, T) = D'(T) x 1007u/cro0C
1

et Diareter = 0.3%225", Fellet Density = 9%5¥ 7D

¢ = 720C cal/mole Do/a2 = 0.€1 sec”
D

racticn of Power Gererated in Fr-llet = 0.C74



MEASURED GAS RELEASE (%)

50

40

30

20

Figure 11 C - 1
MEASURED vs PREDICTED FISSION GAS RELEASE
(Tow burnup déta <’19000_MND/t)

. R
- °
o
}—-
° o
Lo (Y]
4 ‘ o
|- o ®
o .o
° o
()
L ° °
2 °
= 0% o Oo
s o/ &
| L l \ l ] |
0]

0 20 30 . .40

PREDICTED GAS RELEASE (%)

49

50



MEASURED GAS RELEASE (%)

100

80

60
40

20+

_ Figqure II1 C - 2
MEASURED vs PREDICTED FISSION GAS RELEASE

{high burnup data < 60600 ‘MWD/t)

T T T

20 40 60 80

PREDICTED GAS RELEASE (%)

50

100



1§

FISSION GAs RELEASE (g)

Fig.I1 ¢ - 3 Fission Gas Release at Constant Temperatyre and Power
100 . e
' -~

) ‘ i /

90 Pellet Diameter - - 0.3225" - ya
Pelleat Density 95 % 1D » /
80 4
/
70 | - 7
— 12 KW/fy / /
T ememaa 6 Kw/ft - ’ /
60 ‘ . y, .
S0 1500 °C
40
30— :
Ve
_ ”
ay
| 0 = - ‘ — - -
.——" ‘ -— —-" -
ol =g + | | !
o) 10 20 30 40 S50

BURNUP (Gwpy t)



2s

FISSION GAS RELEASE (%)

100
90
80
70
60

50

40

30

20

10

Fig. 11 C-4 Fission Gas Release with Step Changes in Temperature and Power

BURNUP (GWD/t)

. Pellet Diameter . 0.3225"
Pellet Density . 95 % TD

1500 °C

14 KW/t
B 1250 °C

12 KW/ ft

- 1000°C, 10 KW/11
B | "1250°C, 12 KW/t
—] | 1 1 1 L - |
o) 10 20 | 30 - 40 50



2. .Comparison with Beyer-Hann/NRC Model
(R. 0. Meyer, U.S. Nuclear Regulatory Commission)

Comparisons (using GAPCON-THERMAL-2) have been made of the ANS-5.4 model
and the Beyer-Hann fission gas release model. They were expected to
agree well in the burnup range below 20,000 MWd/t because both models
were based on the same low-burnup data base. HoWever, the ANS-5.4 model
overpredicted the Beyer-Hann model significantly above 5,000 MWd/t for
high Tinear power ratings.

These comparisons were continued for burnups above 20,000 MWd/t by using
the NRC correction function with the Beyer-Hann model. They were expected
to agree in this burnup range as well because both were derived from a
second high-burnub data base. Again they do not agree. While the ANS-
5.4 model overpredicts the other model significantly at 20,000 MWd/t,

the trend reverses at about 38,000 MWd/t, and by 50,000 MWd/t the ANS-
5.4 underpredicts the other model significantly. See Fig. 1 for a

typical comparison.

The ANS-5.4 Working Group considered two approaches in deriving the

- release correlation. One approach provided a best-fit to. the 1ow-burnup
data and made a discontinuous switch to a burn-up dependent function at
20,000 MWd/t. This approach would have resulted in lower gas release
predictions below 20,000 MWd/t and would have assurred agreement with
the Beyer-Hann model. The approach was rejected because there was no
fundamental basis for a discontinuity in the model at 20,000 MWd/t,.
because the low-burnup data base was very sparse above 10,000 MWd/t, and
because the burnup dependence would have been stronger than we believed
reasonable at high burnups. The second approach, that taken by the ANS-
5.4 Working Group, assumes a single continuous function which applies at
all burnups. The agreement between this function and the data is good
as demonstrated by correlation coefficients of 0.88 (low burnup) and
0.97 (high burnupn). This agreement is illustrated in Figures IIC-1 and
11IC-2. Nevertheless, there is a suggestion that the use of the high
burﬁup EBR-II data results in overpredictions for the transition range
near 20,000 MWd/t, particularly at high power levels.
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At the time the ANS-5.4 model was developed, additional data were not
available to quantify such overpredictions. The Working Group has
concluded that the model is the best candidate for a standard that the
present state-of-the-art will allow.
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REDUCING APPLICATION ERRORS  (L.D. Noble, GE)

The total release withihAany axial segment of a fuel rod is the integral
of the radial release distribution. The error introduced by approximating
the integral should not be so large that it contributes significantly to
the uncertainty in the calculated fuel rod release. If it is assumed that
other uncertainties, such as in the fission gas model itself, in the power
and temperature distributions, etc., are of'the order of 15%, then the
“integration-error should be AL

A number of calculations were performed to investigate the error introduced
by an integration scheme using N equally spaced nodes. The release fraction .
in each node was computed using the node average temperature.

A simplified relationship between fuel temperature and power was used:
T = 560 + 20P + 95P (1-X)

where T is the fuel temperature, (K), at radial location X = (r/R)z, and

P is the power in KW/ft. This relation is equivalent, for typical LWR rods,
to assuming no pellet flux depression, a constant pellet-to-coolant heat
transfer'coefficient of 750 Btu/ftz-hr-oF, and a fuel thermal conductivity
of 0.0273 w/cm-2C. Calculations were performed for power levels between 1
and 20 KW/ft at the four different sets of time and exposure shown in

Table 1.

The maximum calculated percentage error in the release fraction F for all
the cases considered is plotted in Figure 1 as a function of the number of
nodes N. (Calculations with N=100 were used as the "correct" answers). The
trend in the maximum error was similar, regardless of whether equal volume,
or equal radial increment nodes were used. The maximum percentage error for
some cases which had equal temperature differences, AT, between nodes is
plotted in Figure 2.

The results indicate that it is the number of radial nodes, not the
temperature difference, which is the primary factor in reducing integration
error. Six or more nodes appear sufficient in all cases (in most cases

4 to 5 is acceptable).
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TABLE 1: COMBINATIONS USED IN ASSESSING ERROR

TIME EXPOSURE | PONER TEMPERATURE
(YEARS) - (eWp/t ) D't 100°%/28  (xusrr) ( K)

0.1 : 1 2.28x10° 1t020 560 to 2860
0.5 5 2.20x107 " "
3 25 3.55X10° " "
8 50 5.78x10"" o "
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MAXIMUM PERCENTAGE ERROR IN RELEASE FRACTION
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MAXIMUM PERCENTAGE ERROR IN RELEASE FRACTION
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E. RELEASE OF IODINE, CESIUM, AND TELLURIUM {(R. L. Ritzman, SAI)

1. GENERAL

A survey of the literature for the past twenty years revealed
about a dozen studies of iodine, cesium, or tellurium release from UOZ’
either in-reactor or out-of-reactor. The data that have been reported
were obtained using a variety of techniques and conditions. Only three
or four studies represented systematic investigations over a sizeable
temperature range with prototypical UO2 fuel specimens. It was consid-
ered impractical to obtain absolute release parameters from this limitec
data base. A principal factor in this judgment was the absence of dif-
ferential release rate data in the studies, without whicnh an assessment
of the possib]e'“burst release effect" cannot be made. However, since
the systematic studies noted above included noble gas release measure-
ments as well as iodine, cesium, and tellurium release measurements, it
does appear feasible to obtain relative release parameters for iodine,
cesium, and tellurium from the data set. In 'such a case the "burst
release effect" for each of the different species would tend to cancel
and its influence on the release parameters would be minimized.

The considerable effort to develop a standard analytical method
for the noble gases has resulted in a procedure witich is based on dit-
fusion theory.™ In order to be compatible, the method for the other
volatile fission products should have the same basis. Therefore, the
plan for the present work was to use what data are available from the
literature to develop diffusion parameter ratios for each fission pro-
duct relative to xenon. The reference noble gas diffusion parameter
(D') could then be multiplied by these ratios to obtain D' values for
the other fission products for use in the ANS-5.4 model. Several cri-
teria for data acceptance were formulated to promote applicability of
the derived diffusion parameter ratios to the conditions of commercial
fuel rod operation. ' The criteria are listed as follows:

*As described in this renort,
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1)

4)

Only fission product and noble gas release data obtained
in the same expériment were to be used in deriving

sets of diffusion parameter ratios. This is consistent
with the relative nature of the procedure.

Release data for these species were to be limited to
measurements made at temperatures above about 1000°C
since diffusion release is regarded as important at
these higher temperatures.

The release data were obtained from high density
UO2 samp1e$ (greater than about 92% theoretical
density) since this is more characteristic of
reactor grade fuel.

The UO2 samples used in the studies were stoichio-

. metric or slightly hyperstoichiometric in composition

since this is also more characteristic of reactor
grade fuel.
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2. DATA SOURCES

On the basis of the above criteria, two reports from the litera-
ture were identified as sources of data for obtaining diffusion parameter
‘ratios. Each of the studies involved post-irradiation heating experi-
ments rather than in-pile tests at elevated temperatures. ‘The first data
source was the work of Davies, Long, and StanaWay(l) who measured Di/Die’
D/Dy,» and D?e/Die'ratios for a series of‘UOé’Sinteredfcompacts, sin-
tered spheroids, and fused spheroids of various densities at temperatures
ranging from’lOOOoC'to 2150°C in hydrogen. A total of 19 separate values
was reported for samples which had a density of 10.16 g/tc or greater.
The results as given by the authors are listed here in Table 1 (Iodine/
Xenon), Table 2 (Cesium/Xenon), and Table 3 (Tellurium/Xenon). ;

The second data source was the work of Parker, Creek, Barton,

(2) who measured the fractional release of xenon and

Martin, and Lorenz
the other fission products from reactor-type UO2 samples (93 - 94% theo-
retical density) during 5.5 hour anneals at temperatures ranging from

1400°C to 2260°C in helium. From the reported experiments, a group was
selected in which the measured fission product release fractions were

low enough to allow calculation of D' ratios using the simple diffusion
equation. The results of these experiments and calculations are listed
in Table 4 (lodine/Xenon), Table 5 (Cesium/Xenon), and Table 6 (Tellur-

ium/Xenon).

Other reports were identified in which the investigators applied
classical diffusion theory to interpret post-irradiation release data.
However, these reports either used one of the sets of data noted above or
did not provide the basic release data from which the classical diffu-
sion coefficients were derived. Therefore these sources were not included
in this analysis.
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It should be noted that no specific evidence exists which would
confirm that diffusion parameter ratios obtained from out-of-pile
heating -experiments are applicable for predicting fission product release
under in-pile conditions. In-pile irradiation is,accdmpanied by certain
phenomena which do not occur out-of-pile such as continuous generation of
_fission‘pfoduct species, fission-induced re-solution from lattice
trapping sites or gas. bubbles, and perhaps even fission enhanced
‘transport of species within the solid. However,.the ratio approach
~noted above offers the best potential for compensating for such
~absolute differences in environmental and mechanistic factors until
definitive in-pi]e data become available.. The method utilized here
should be app]ied with the realization that future in-pile work could
result in modifications to- the parameter ratios or perhaps even to the
basic approach. |
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Table 1.

Sample
Type

Sintered
Compacts
Compacts
Compacts
Compacts
Compacts
Compacts
Compacts
Compacts
Compacts

Sintered
Spheroids
Spheroids
Spheroids
Spheroids
Spheroids
Spheroids

Fused
Spheroid
- Spheroid

Diffusion Parameter Ratios Obtained for

Iodine/Xenon in Reference (1)

Density

g/cm3

10.3
10.3
10.3
10.3

©10.3

10.8
10.16
10.7
10.7

- 10.6

- 10.6

Surface Area

sz/g Temngature Di/D*e
140 1000 15.2
140 1000 39.7
140 1200 .4
140 1400 3
100 1600 1.7

10 1600 19.4
5 1600 6.3
4 1300 53.3
7 2000 7.8
7 2150 1.4

25 1200 4.4

25 1400 28.1

25 1600 7.3

25 1500 16.8

25 1600 12.3

25 1600 2.0

103 1400 6.3
77 1200 4.0
77 1600 16.8
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Table 2. Diffusion Parameter Ratios Obtained for
Cesium/Xenon in Reference (1)

Sample Density Surface Area = Temperature D. /D!
Type ' g/cm3 C sz/g oc Cs” "Xe
" Sintered 10.3 140 1000 5.76
Compact 10.3 140 - 1000 26.0
Compact  10.3 140 1200 1.9
Compact 10.3 140 - 1400 1.96
Compact - 100 1600 . 5.29
Compact 10.3 10 1600 39.7
Compact 10.8 5 1600 0.64
Compact 10.7 7 2000 4.84
Compact.  10.7 7 2050 0.83
Compact . 10.7 7 2150 0.141
Sintered - 25 1200 1.0
Spheroids - 25 1400 21.2
Spheroids - 2% 1600 0.36
Spheroids - 25 ' 1600 6.25
~ Spheroids - 25 1600 0.64
Spheroids - 25 1600 0.36
Spheroids - 25 1400 6.25
Fused - 10.6 77 1200 1.0
Spheroids 10.6 77 1600 3.24
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Table 3. Diffusion Parameter Ratios Obtained for
Tellurium/Xenon in Reference (1)

Sample  Density Surface Area Temperature Dfe/Die
Type g/cm3 : cm2/g : Oc

Sintered 10.3 140 1000 7.84
Compacts 10.3 140 1000 24.0
Compacts 10.3 140 1200 15.2
Compacts 10.3 140 1400 - 7.29
Compacts  10.3 19 1600 100.
Compacts . 10.8 5 : 1600 - 121,
Compacts 10.16 4 - _ 1300 44.9
Compacts 10.7 7 2000 13.0

Sintered : - 25 1200 6.76
Spheroids - : 25 1400 39.7
Spheroids - 25 1600 110.3
Spheroids - 25 4 1600 196.

: Spheroids - .25 ' 1600 441.
Spheroids - 25 1600 441.
Spheroids - 103 1400 10.9

Fused 10.6 7 1200 32.5
Spheroids 10.6 77 1600 259.
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Table

Sample
_Type

* PWR-UO,
RWR—UOZ

PWR-UO2

) PWR-UO2

"EGCR-UOZ
" .RWR—UOZ

2
EGCR-UO2

PWR-UO
. PUR-UO,
PWR-UOZ

PHR-UO,

EGCR-UO2

4.

Diffusion Parameter Ratios Calculated from Release

Data for Iodine and Xenon in Reference (2)

% Theo.

-'Témperature

Density ¢
93-94 1515
93-94 1610
93-94 1710
93-94 1800
93-94 1900
93-94 1400

97 1400
93-94 1400
93-94 1400

97 1610
93-94 1610
93-94 1610
93-94 1780

97 1780
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Fraction Released
in 5.5 Hours

o O O O o o o o o o o o o

I Xe Dy/Dye
0.058 0.013  19.9
065 0.027 5.8
.096  0.026 13.6
12 0.037 10.5
.16 - 0.097 2.7
.04  0.008  25.0
.009  0.008 1.3
016 0.005  10.2
23 0.061 14.2
037 - 0.026 2.0
055 0.060 0.84
.25 0.14 3.2
12 0.037 10.5
.24 0.12 4.0



Table 5. Diffusion Parameter Ratios Calculated from Release

Data for Cesium and Xenon in Reference (2)

Fraction Released
in 5.5 Hours

Sample % Theo. Temperature
~ _Type Density oc
PUR-UO, 93-94 1515
PUR-UO, 93-94 1610
PHR-UO, 93-94 1710
PUR-UO, 93-94 1800
PUR-UO, ' 93-94 1900
PHR-UO, 93-94 1980
EGCR-UO, 97 1400
PUR-UO, 93-94 1400
PWR-UO, 93-94 1400
EGCRQUO2 97 1610
PWR-UO, 93-94 1610
PUR-UO, 93-94 1780
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O O o o o o o o o o o o

Cs

.014
.017
.027
.032
.086
.15
.026
.005
.21
.12
.20
.032

Xe DlCs/DlXe
0.013  1.16
0.027  0.396
0.026  1.08
0.037  0.748
0.097  0.786
0.12-  1.56
0.008  10.6
0.005 1.0
0.061  11.9
0.026 21.3
0.060  11.1
0.037  0.748



Sample -
_Type
PWR-UOZ
PWR-UO,
PWR-UO,,
PWR-UO,
PWR-UO,
EGCR-U02
PWR-UO,,
PWR-UO,
| EGCR—UOZ
PWR-UO,

Table 6.

Diffusion Parameter Ratios Calculated from
Release Data for Tellurium and Xenon in

Reference (2)

}

Fraction Released

% Theo. Temperature __in 5.5 Hours /D"
Density oC Te Xe Te' ™ Xe
93-94 1515 0.029  0.013  4.98
93-94 1610 0.12  0.027 19.75
' 93-94 1710 0.20  0.026  59.2
93-94 1800 0.21  0.037  32.2
93-94 1400 0.039 .0.008  23.8
97 1400 0.008  0.008 1.0
93-94 1400 0.012  0.005  5.76
93-94 1400 0.16  0.061  6.88
97 1610 0.12  0.026 21.3
93-94 1780 0.21  0.037  32.2
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3. ANALYSIS OF THE DATA SOURCES

AInspection of Tables 1 through 6 reveals a total of 33 determi-
nations of Di/D E, 31 determinations of Dﬁs/Dfé’ and 27 detérminations
of Dfe/Dfe as a function of temperature. Assuming D' values for each
individual species would follow the expected Arrhenius equation, the
- form of 'the D' ratio versus temperature expressions should be:

D'pp/D'y, = D' °/D'Xe exp [(Qy QFP)/RT] (1)

or,

(D' pp/D'y) = In(D' /D' ) + [(Qy - Qpp)/RT] (2)

where,'D'FP = the diffusion parameter for iodine, cesium, or ‘tellurium
at temperature T, (sec—l)

D'Xe = the diffusion parameter for xenon at temperature T,
-1
(sec )

D';L' the limiting diffusion parameter for.iodine, cesium,

or tellurium, (sec'l),

U N
o
n

D'yg = the Timiting diffusion parameter for xenon, (secf})

QFP = the activation energy for iodine, cesium, or tellurium
diffusion, (cal/g-atom)

QX = the activation energy for xenon diffusion, (cal/g-atom)

P
L]

‘the gas constant, (cal/g-atom, K)

T = the absolute temperature, (K)
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Using the form of the expression in equation (2), each set of D' ratio
versus temperature determinations was subjected to a linear regression
analysis. The results of the analysis are displayed in Figure 1 (Iodine/
~ Xenon), Figure 2 (Cesium/Xenon), and Figure 3 (Tellurium/Xenon). Each
figure contains the individual data points, the estimated regression

line for the set of data, and the 90% confidence limits for the regres-
sion line. The estimated regression lines in the three figures corres-
pond to the following set of D' ratio expressions:

1

D' /D'y, = 5.75 x 107 'exp (8900/RT) (3)
1 1 '2 | .

D' /D'y, = 7.58 x 107%exp (12100/RT) (4)
D'o/D'ye = 1.10 x 103exp (~12500/RT) | | (5)

" In the ANS 5.4 modé], each of the above expressions can be multiplied by
the reference Arrhenius expression for noble gases to obtain reference
Arrhenius expressions for each of the other volatile fission products.

The constants in Equations (3), (4), and (5) represent expected .
values. However, these constants are subject to some uncertainty. There-
fore, 90% confidence limit values were obtained for each of the constants.
The resulting lower and upper limit values are given in Table 7. It is

. - . . , O , O
the simultaneous effect of the uncertainty in (D FP/D Xe) and (QXe -QFP)

that produces the 90% confidence limit curves which are.shown in Figures
1, 2, and 3.

,,,,,,,
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Table 7. 90% Confidence Limit Values for the
Constants in the D' Ratio Expressions

0 o -1 :
D', /D', (sec ”) Qy. - Q- (cal/g-atom)
Fission Product : FP Xe Xe TP
FP . Lower Limit . Upper Limit Lower Limit Upper Limit
o . -2 0
I - 8.06x10 4.10x10 2900 15000
Cs 5.38x10°  1.07x10° 2800 21400
Te 4.04x10! 2.98x10"

-23600 - -1300

Table 8. Fission Product D' Ratio Results Assuming
Temperature Independence for the Ratios

Diffusion Parameter Geometric Geometric
Ratio ‘ Mean Value Std. Dev.

D'iodine/D'noble 7.2 2.8

D'cesium/D'noble 2.3 4.3

D'tellurium/D'noble 28.5 4.4
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4. DISCUSSION OF RESULTS AND RECOMMENDATIONS

The results of the above analyses are based on limited sets of
data and on a particular interpretation of those data. The use of dif-
fusion theory almost certainly represents an oversimplification of a
complex migration and release process for these species, but it is thought
to be the best approach for the current Tevel of available information.
Inspection of Figures 1, 2, and 3 and Table 7 reveals the considerable
uncertainties that exist in the derived D' ratio expressions given by
Equations (3), (4), and (5). - Therefore, these equations should be
applied with caution, recognizing the limited precision with which the
ANS 5.4 model can be extended to predict releases of jodine, cesium, and
tellurium from UO2 fuel.

Some effort was made in this study to correlate the out-of-pile
data with results of a series of relatively recent in-pile experiments.
reported by Friskney, et al (3’4’5). The data in Ref. (3), while subject
to rather large uncertainties, suggest cesium/xenon diffusivity ratios
that are both lower and of opposite temperature dependence than -shown by
the results in Figure 2. Unfortunately, these data were obtained from
tiny particles of high-porosity UO2 which are not prototypical of LWR fuel.
The data in Ref. (4) and (5) provide somewhat conflicting results for
iodine/xenon diffusivity ratios; at sufficiently high temperatures, data
from Ref. (4) indicate ratios which fall among or below the lower values
in Figure 1 while data from Ref. (5) indicate ratios which are more
consistent with the out-of-pile data in Figure 1. In general, the‘humber
of in-pile determihations in either reference are too few to constitute a
~strong test of the statistical fit shown in the figure. It is well to
point out, however, that the in-pile results tend”to reinforce the
statement made above that the equations derived from the out—of-p{]e data
should be applied with caution.

Because of the large uncertainties, it is attractive to
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adopt a much simpler approach for estimatingvD' ratio values; namely, to
ignore the suggested differences in activation energjes between species
and to treat the D' ratios as a set of temperature independent data. .
This would be equivalent to assuming that the activation energies for
jodine, cesium, and tellurium diffusion are all equivalent to that for‘
xenon diffusion. The results of re-analyzing the three sets of data,
using this assumption, are given in Table 8. On the basis of these
results 'the proper D' ratio values (rounded to one significant figure) -
for use in ANS-5.4 high temperature model would be:

D'iodine/D'noble =7
D'cesijum/D'noble =2
D'tellurium/D'noble = 3x10’

However, it -should be noted (see Table 8) that these values are uncertain
by factors-of roughly 3 or 4 at the one standard deviation level. Thus
the simple approach also yields a rather crude approximation of the dif-
fusion parameters for the non-noble gas species.

In conclusion, it is probably worth emphasizing again that the
simple ratios listed above, which were obtained from out—ofjpiTe experiments,
may not be applicable under in-pile conditions. In the case of iodine, for
example, several studies (4,6,7) indicate that the value of the iodine/xenon
ratio-would be Tess than one during in-pile irradiation. The in-pile experi-
ments.invo]vihg cesium re]ease(3) indicate similar behavior for the cesium/
xenon diffusivity ratio. These findings, while not conc]usive,‘suggest<that
the abqvé.ratios may be conservatively high. Therefore, as additional data
become available, the approach and assumptions adopted for the present analysis.
should be re-evaluated for compatability with the new information.
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F. EFFECT OF PRECURSORS ON RELEASE OF FISSION PRODUCT GASES

(M.J.F. Notley)

F.l Release by Diffusion

- In the foregoing sections, it 1s assumed that the production
of fission product gases is proportional to-the local fission rate
in the fuel. However, the gases are daughters of precursors which
may themselves move in the fuel before decaying. The fractional
release of a particular isotope will be increased if the precursor
is able ' to diffuse before decaying. - 'Thus, decay products having
precursors with relatively high diffusivities and half-lives which
are a significant fraction of the irradiation time will experience
the greatest increase in fractional lelease.-

Friskney and Speighc (1) havo devaloped the mathematics for
the release of an isotope with radiocactive precursors, under con-
stant irradiation conditions. The case of a variable irradiation
history is more complex and the mathematics have not yet been
developed. However for most practical situations it is usually
sufficient to consider only the last period of. irradiation,
averaging over three half-lives for the isotope under
con31deration._ : oo

Friskney and Speight conclude that.for chains with short-
lived precursors (of the order of a few minutes) little error
should be introduced by ignoring precursor movement. For Xe-135
(with a 6.7 h half- life iodine precursor) release is considerably
augmented by precursor diffusion. Even -if the precursor and the
daughter product have the same diffusion coefficient, releases will
‘be higher than, calculated considering the daughter alone.

These deductions are confirmed by experlment.A Tufnbull et
al. (2) show that the release of Xe-135 exceeds that of Kr—-85 after
several weeks irradiation, even though the half-life of the Kr-85
is greater than that of the Xe-~135. This is due to - diffusion of
the I-135 precursor. In practice, release may be significantly
underestimated if the ratio of the decay constant of the precurcor
to that c¢f the released daughter is less than about 10, particu-
larly if the irradiation period is of the order of the half~life of
the longer-lived 1sotope.

Figure 1 taken from reference 1 indicates the magnitude of
the effect of precursor diffusion (in this case I-133 with a half
life of 20.9 hours). Section E of this report indicates that
Dy/Dge is approximately 3 at high temperatures, therefore
the effect could be significant for both Xe-133 and Xe-135. For
example, if the fractional release of Xe-133 were calculated to be
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0.07 (by the formalism suggested earlier in this report), then
Figure 1 suggests that ‘the release allowing for iodine diffusion

" would be about 1.5 x higher at this particular temperature (compare
curve 1 with curve 7). At higher ‘temperatures the factor decreases
(compare curve 6 with curve 8). "A more: detailed model than ‘that
proposed in this standard should attempt to allow for precursor
diffusion, since the standard is non—conservative in so far-as it
ignores the effect. - However, integrated ‘over a typical fuel
element, the error due to this source i1s unlikely to be more than
about a factor of 1.1.

F.2 Release by Knock Out and Rec01l

AT

At low temperatures, precursors as well as daughter products
are immobile. ' Therefore low temperature knock out or ¥ecoil
releases are not affected by precursor movement.

F.3 Consequences of the Release  of a Precursor

If a precursor is released to the gap it will decay and add
to the inventory of the daughter, thus apparently increasing the
fractional release of the daughter. Assume that the fractional
release of the precursor is F then only (1- Fp) of the
precursor remains within the guel to decay to the daughter and to
be released subsequently by diffusion or knockout. The released
precursor atoms all decay into daughter products, whose effective
fractional release by this route will therefore be equal to F
The fractional release of the daughters of the atoms remaining in
the fuel is F3q, calculated as in this standard, assuming the
cumulative yleld of the daughter. Thus the effective total
fractional release of the daughter

Fd' =Fd(l—Fp) +Fp ® ¢ o e o & o o o o (!-)

This equation appiies to both high and low temperature release
mechanisms, but in practice for the low temperature calculations
can be reduced to -

] ) .

since both F4q and Fp“are small (<10%).

80



. When considering the high temperature releases, the release

4 of the precursor should -be calculated and the above correction made
to.the effective release of the daughter. A However, we do not have

reliable estimates, for the diffusion coeffic1ent for bromine (see

Section E) so are unable to correct the calculations .for. krypton

- release. The bromine 1sotopes of: interest have very short half

" lives (€1900 sec.) so their fractional release is likely to be 1low
..and have little effect. - A . : : :
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Ay = 1.522 X 1075/s¢c).

(From reference 1; Friskney and Speight, J. Nucl. Mat. 62
(1976))
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I11.

LOW TEMPERATURE FISSION PRODUCT RELEASE

A. Mathematics of the Knockout Model (R. 4. Lorenz, ORNL)

The classical knockout model states that the rate of knockout (release)

of an isotope per unit of geometrical sﬁrface area is proportional te the

volumetric concentration of the isotope and the volumetric fission rate:

SACI0 o >

where

R = knockout (release) fate of an isotope, atoms/sec,

S = geometrical surface area of fuel pellet, sz,
C,= a proportionality constant, cmalfission,

N = number of atoms of the isotope in the fuel,

V = volume of fuel,.éms, and

f = volumetric fissiph‘fate, fissions/cm3'sec.
Fuel of density less‘than thebfetical may contain open porosity of size
sufficient for knockout atoms to escape, thus requiring an addition to the
geometrical surface area.

For radioactive isotopes at production-decay equilibrium,

t za(3)( -

where

B

1]

birth rate, atoms/sec, and

-1
decay constant, sec

A
. . _ 3
since the total number of atoms of an isotope = B/}, atoms/cm”, apd the number

of atoms escaping is relatively very small.
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An alternative form of Eq. (2) is:

1 = . (3

where
Y = the isotopic yield, atoms/fission,

since B/V = fY.

The fractional release of radioactive isotopes is obtained directly

from Eq. 2.

W Sf ‘ (W

R
F=3=C 3%

where
F = fraction of an isotope existing outside (released from) the fuel.

An alternative form of Eq. (4) is:

F = C2 3
where
C,= a proportionality constant calculated for S/V =-6.0 cm_l,*

in units of metric tons per space megawatt second, and
P = épecific power, MW/t (megawatts per metric ton).
For stable isotopes or those with very long half-lives, the concentratipn
increases with time. If we assume a constant production rate, neglect the
small fraction released, and assume uniform concentration throughout the

fuel, the concentration is given by

ne

N Y eyt | (6)
V .
where

. . 3
_N . the concentration of a stable isotope, atoms/cm”,
Y

t

irradiation time, sec.

*
A typical value for commercial LWR fuel pellets.
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In analogy with Eq. 1, the release rate of a stable isotope at irradiation time

t is given by

R _ _dN/dt v | » )
o s (o) )

where

‘1

the same proportionality constant used in Egs. 1,_2, 3, and 4.
The total number of atoms of the isotope released from start of irradiation

to time t is given by

¢
2
2 ~ 2. ¢ .
. CISfY_[ tit = ¢, s£Y L | (8)

Z
n

The total number of atoms of the isotope produced is

NT = fYZV , (9)

The fraction released from start of irradiation to time t is therefore

Y
2l

S ft ' . (10)
N : : — .

S
\Y

=3

Since the quantity ft is proportional to burnup, the fraction released can be

expressed as

s , A _ ‘
F = 1c3 v Bu | o N - | | (11)
where
. cm- t
C, = proportionality constant, Mad and

Bu = burnup, MWd/t.

N -1
For commercial fuel pellets where S/V = 6 cm ~,

F CA Bu N |

where

C4 = 6C3, t/MWd. : ' ;
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B. Low Temperature Data Base (R. A. Lorenz, ORNL)

The data sources for fission gas release at low temperature are
divided into two groups: (1) stable gas and long-lived isotopes, e.g. 85Kr,
and (2) short-lived active gas release. 1In the case of stable gas release,
emphasis has been in'gathering data at high burnup. Irradiation temperatures

were not always available. The accuracy and consistency of published temperatures

were not evaluated.

1, Sfable Fission Gaiselease

‘Five groups of fuei fods werg-found which provided uséful stable
fissionigas release results, (Refs. 1-8 and Appendix F); data from these rods
are summarized in Table 1. It was not possible to determine which of these
rods (if anyj.éxperiencéd gas release as a result of only lbw temperature
reléase mechanisms. Where the irradiation conditions varied within a given
groupz(pIDO, Yankee-Rowe, and VBWRfDresden), it was cleﬁr that a direct
correlation‘exiﬁted between either calculated centerline temperature or
linear heat ;atiﬁg and the amount of gas released, especially wheﬁ'bfher
rods (not included in Table 1 because of high fission gas;release) were
considered. |

in ordervto'help determine selection criteria for the purposé of
discerning thch fuel rod gas release data were relatively unaffected by
high-temperature release mechansims, the data bf Bel1amy and Rich (bIDO) were
plotted as shown»in Fig; 1. This set was chosen since data from a large
numbgr of fuel pins were éyailable with fairly complete temperature informa-
tion. . Cente;liné‘temperature was plotted as a function of burnup since

Bellamy and.Rich had observed that fission gés release increased with
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Table 1. Fuel samples exhibiting low release of stable fission
gas and §5Kr at high burnupa
' Peak . Sigsion gas
Peak heat centerline Burnup re%;;se
e Fuel rod _ratingP temperature - (MWd /MT) — 85
Facility v No. "~ (w/cm) (°C) Avg. Peak Xe Kr
DIDOC 5029 943 14,250 14,960c 0.09
5032 327 15,680 16,460 0.10
5034 - 13,210+ 13,870 0.12
5030 1072 14,060 14,760 0.12
5037 < 943 18,340 19,260 0.15
5031 1033 15,490 16,260 0.16
5038 1061 19,290 20,250 0.195.
5025 - 17,860 18,750 0.22
5023, 1068 21,000 22,050 0.22
5024 - 23,250 24,410 0.25
5033 1257 13,780 14,470 0.895
5028 - 10,925 11,470 0.92
5020 . 1279 8,075 8,480  1.145
5019 N31465 19,000 19,950 1 1.48
5026 n1250 19,570 20,550 . 2.36
" 5022 V1160 35,340 37,100 2.53
5039 1150 40,000 42,000 3.16
H. B. Robinsond B-1 327-292-244 350 28,000 30,500 0.14
o . K-7 327-292-244 850 - 28,000 30,500 0.16
k-9 327-292-244 850 28,000 30,500 0.19
R-4 327-292-244 850 28,000 30,500 0.19
M-4 327-292-244 850 28,000 30, 500 0.19
e L-4 327-292-244 856 28,000 30,500 0.29
H. B. Robinson D-12 327-292-244 850 28,000 30,500 0.22 0.33
: : B-15 327-292-244 +.850 28,000 - 30,500 0.25 0.42
BETTE 79-163 . 313-305-306 1350 16,4008 - 0.18
Yankee-Rowe®  H3-C-fl 98-103-85 7,450 9,870, - .0.050.
H3-C-ab 120~-97-103 9,320 12,020 0.058
K4-C-£6 45-47-39 3,560 4,350 0.067
‘E6-C-ab 157-147-113 28,700 33,870 0.071
F5-SwW-d6 157-149-189 18,300 22,140 0.083
F4-C-f6 = 157-183-185 12,260 16,850 0.100
F5~C-al 133-167-157 - 20,100 24,320 0.100
" E6-C-f1 156-146-111 28,400 33,510 0.107
F5-NW-d4 159-177-198 19,720 . 23,860  0.117
> F4-SW-d2 - 190-110-206 10,700 14,640 '0.142°
K5-C-al 61-77-63 5,710 6,980 0.175
F4~-SW-a5 217-234-235 12,240 16,740 0.192
F5-NW-al 192-192-240 23,860 28,870 0.367
F4-NE-f1 210~-320-198 15,160 20,740 1.442
H5-NW-al 200-239-193 14,820 19, 800 1.608
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Table 1 (continued)

Fission gas

Peak ' release
Peak heat centerline Burnup %)
rating temperature (MWd /MT) - 85
Facility Fuel rod No. {w/cm) (°C) Avg. Peak Xe Kr
VBWR- . A46  5J-R2D10 341-257 24,200 27,800  0.076 . 0.06
DRESDEN B70  16J-R5D15 375-252 22,200 27,800 0.88 0.08
“Al 5J-R2D7 304-229-192 35,400 37,500 "0.10 0,08
A7 16J-R5D29 375-259-218 36,200 40,150 ~0.11 0.10
B52 4J-R2D23 291-219-184 32,800 36,100 ~0.11 "0.07
"A35 5J-R2p1 348-262-220 31,700 33,900 0L12 0,08
- 14J-R4D17 422 9,000 ~12,000 .0.33 0.29
A9 12J-T6D80 463-259-218 35,400 38,600 0.38 0.25
.- 12J-T6D8 510 ~10,500 ~15,000 0.47 0.46
Al3  11J-R2D93 446-277 28,200 32,700 0.51 0.58
B76  12J-R2D86 463-374 24,600 32,000 0.54 0.50
Al8  14J-R4D18 422-241-203 35,100 39,300 N0.536 0. 35
A1l 13J-R4D5 429-254-214 36,600 40, 300 0.66 0.43
- A37 11J-R1D73 446-277-233 37,300 41,000 ~0.88 0.51
A4l  11J-R6D14 446-297 26,400 31,350 0.92 0.93
B90 11J-R1D69 446-297-250 36,500 41,250 1.04 0.69
- 11J-R1D71 402 9,600 ~12,500 2.43 2.00
- 12J-R2D88 463 ~4, 700 6,900 N2.62 2.63
- 11J-T2D25 10,900 ~15,900 5.05

490

b

34,000 MW4&/MI.

Ratings listed are for three successive thirds of burnup.

aExcept for peak heat rating, conditions listed are for end of irradiationm.

For SA-1 rods,
ratlngs are for burnup increments ~0 to 10,000; ~10,000 to 22,000; and 22,000 to

dgeak burnup assumed to be 1. 05 tﬁmes average. Ref. 1.
ef. 3,
®Ref. 2. Used stable Xe production of 28.2 cm (STP)/MWd/t. Used 85kr content at

end of irradiation of 0.191 cm

(STP) /MWd.

fRef 4 and Appendix F
Burnup at fuel rod centerline.

hRef 5.

efs. 6 to 8.'

Burnup at surface 32,000 MWd/t.

First rod number is Dresden SA-1 designation; second is VBWR.
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Fig. 1. Maximum Temperature and Xenon Release: Bellamy and Rich Data.



burnup for fuel irradiated at centerline temperatures near 1250°C.1

Supplemental temperatpre data wefe.employed. (Ref. 1 and Appendix F).

The data in Fig. 1 are shown separated by a sloping straight line
which divides fueltpins releasingv<0.3% of the fission gas from those releasing
>0.8%, Thése-fﬁel pins in the low gas-release.group had centerline tempera~
tures which reméined below the line for their entire irradiationm. Theée
data shggégt that‘an ﬁpper temperature limit similar‘to that shown in Fig. 1
may be Sufficient to’determine which irradiations should be relatively unaffected
by high temperature fission gas release.

| Centerline temperatures for the H. B. Robinson fuel rodsg were plotted

in the same manner in Fig.-2 along with the suggested upper temperature limit.
:It is clear that the H. B. Robinson fuél rod centerline tempe;ature lay below
this temperature limit for almost the éntire irradiation period. The calculated
ftemperatures shown in Fig. 2 are biased high toward end-of-life because the
“inclgsion of én unrealistically high fission-gas-release model resulﬁed in
.low calculated gap thermal'condﬁctivity. |

The temperature data for fuel pin BETT 79-163 (Ref. 4, Appendix F) are
plotted in a similar manner in Fig. 3. A number of the centerline témperature
peaks penetrated the upper limit. Interpretation of data from this fuel pin
is complicated by high-enrichment ﬁranium causing a.significant flux depression
within the pin. Burnup at the fuei pellet surface was almost twice that at
the centerline.

Centerline temperature data for the Yankee-Rowe and VBWR-Dresdeq fuel
rods were not availéble. For both sets of data there is a trend toward lower
fissigﬁ’gaswfe}ééée‘witﬁ;iowerviiﬁeaf heat rating (lower-centerline temperature).

These data are useful in that they do confirm the occurrence of low fission
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gas release (several tenths of a percent or less) at peak burnups of the order

of 30,000 to 40,000 MWd/t for rods irradiated at sufficiently low heat ratings.

2.Radioactive Fission Gas Release at Production-Decay Equilibrium
The release of radioactive fission gas is usually measured by sweeping

0-16 provided the

helium over small samples of bare fuel. Seven references1
data listed in Taﬁle‘Z. Most of the data were obtained at low fission rates.
Commercial fuel operating at a heat rating where low temperature release might
be important would have a fission rate of the order of 1013 fissions/cm3-sec.
The criteria for selection of data demonstrating low temperature release
. of fadioactive fission gas aré as follows. The exposure temperature was
limited to a maximum of 800°C. Soulhierl'3 believed that some of the release:
observed at 800°C was a result éf high-temperature diffusion. The fuel denéity
range was 10.08 to 10.96 g/cm3. Lower density fuel released a much largef
fraction of the fission gas presumably because of extensive open porosity.lz’13
Burnup was not a criteria for selection, although most samples exhibited an

17 "the

initial gradual decrease in release rate. According to Carroll,
decrease is usually>not significant after 30 days of irradiation and the subsequent
gas release is about 1/3 to 1/2 the starting release.”" Data taken under condi-
tions of temporariiy abnormal fuel geometry (high exposed surface area resuiting
from power cycle-induced cracking15 or the opening of tunnels16) were not

. . . 17 R
included. Subsequent irradiation tends to heal the cracks™ even in uncon-

strained fuel, and the tunnels‘close,18 especially in constrained fuel.

93



76

Table 2. Release of radloactive fission gas at low temperature

. ’ . Cnnccntrul fon
Surface-to- . Fractional . Release | Fission

i : Fuel:chgracterigtlcs - volum; Trradlation release rateb rate® finsl rate
0 | . Tgit - Type Densigy ragio s Tempsrature time i ntoms/sec rel atoms figgignﬂ nt(ms fjss!on
esearcher 5 - Ag/em’)  (cm®/em”) (°c) (d) Tsotope \atoms/sec born/ - \cm?-gec cm?.sec \cw’ .r;ec
Melehan '63: A Sintered : 10.08 19,45 320 13ge 5.0'x l()__J 3.86 x 10° 1.10 x 1011 5.29 x 102¢
; b »pellet -(.i(nitial) ] 113 x -5 - 4 T - 26
O “Sintered -.'10.85. © 9.45 430 30-60 . Xe 9.6 x 10 6.94 x 10" - 1.10 x 10 5.29 x 10
‘ ipellet . : . B :
Jackson ‘645 2  Sintered .10.49  13.3 - 800 . 2.6 x 1075 2.36x 10} 3.50 x 10} 615 x 1023
S peller ] 800 1.14 x 107 1.84 x 10> 3.50 x 10! 446 x Wt
Carroll '65 . Cl:9  Stngle-  10.69  22.9 600 0 " poxr 6.1:x 1072 1.0L x 100 110 x w2 - 609 x 1020
K crystal : 600 30 L e2xw0) 732x1000 L0x102 609 x 1028
G e 600 s et T ITIS Sm 0t 1oxi0d? o ee ke
; ; FL 6.2x 1070 - 1.80 x 10,  1.10 x 102 7.29 x 1023
3 o 600 180 - BBk 7.5 x 1008 125 x 100 110 x1012 - 6.00 x 1025
. : SO 600 180 Kr 6.8 x 10 13,28 x 10 3.2 x 10 5.15 x 1027
s ‘ ‘ . ) . e . ) :: N :
Soulhier '66. .  Sintered 10.26  7.07 230 o5 . JKep Csexa0l  6a2x0h 25 x 100l 3.14 x 1053
e ‘pellet R 2.6 x 107, 6.09x10,  2.5x 10} 1.37 x s0;]
Sintered  10.41 . 1.07 230 0-5 i 133 f . 1.8 x ]0‘S 2.20 x 105 2.5 x 1011 3.14 x 1027
;x ) ‘pellet . . . - 88 Xe 6.0 x 10_ "1.41 x 104 2.5 x ]0ll 1.37 x )025
. Sintered 10.63 . 7.07 230 0-5 l3§f 1.2. x 10 1.47 x l.()l. 2.5 x 1011 3.14 x 10;
pellet . . : 3.5 x107 8.21 x 10 2.5 x 10 1.37 x 10?7
Carroll '66:. C1-12  Flae-grain 210.96 22.5 <600 ke 5.5'% 1000 ¢ 6.14x 102.. 1.85 x 1012 1.72 x 102}
AR discs <600 : Ke 5.4 % 10° 1.93x 10° 6.0 x 10 1.81 x 10%8
Carroll *69 - c1-2o“ ‘Stntered  10.78  .16.2 600 L ke L23 x 107/ L8dx 108 7.0 x 101 2.46 x 1028
“ 0 hollow L 600 . Ke .0 x 10 1.08 x 105 1.7 x 10 1.45 x 1027
-cylinder, fine grain : : ) . :
Carroll '69  C1-21 Fused-  ~10.96  60.2 60O Wke 6.6 x 03 4.9 x100 1.3x 1003 . 8.50 x 1028
: crystal . 600 , Pke . 6.6 x 107 3.45 x'10 9.1 x 10 4.17 x 1070
-enr. spheres - - - - - S
Tuenbull '78 Fine, ‘conrse- 49.9 - 7125 042 e 7sx10 2.3 x10°  asx10'? . 1.02 x 202
- grain spheiea : : : : : - ' X ’ . v
1hc SIV ratlo of cnmmerclal pcllets les" In the renge 4 to 10 cm /cmj.- - i - - .
Rel«aqe rate based on geometrical surface area. 2 . “2 - . - ,'
Assumes natiral uranium enrichment -and fissfon rate (E/cm”-sec) = 0.10 x thermal neut ron flux (n/cm”-sec) except for Carroll "69
test C1-21 and Turnbull '78. : 133 : : = - - =
dioncentration of B8Kkr <503 x fission rate and concentration of Xe = 43,800 x (lsslon rate except for Soulhier ‘66. o ! -
fReloaqo-:ate of 88yy obtained by extrapolation. ) V ’ E
113

Xe concentration assumed to he one-half of production-decay equilibrium.

gI):ltn for test C1-19 with a shlgl.e crystal hollow cylinder, $/V = 12.7: fractlonal release and relensc rate were 781 of ‘valuea shown for

fine-groin hollow cylinder at some flssfon rate.



C. Model Fitting-Low Temperature Ré1ease'(R. A.ztpeénz,;ogﬁL)

lhe data base for'lowktemperatUre‘release.of stable fission gas consists
iof seven fuelbpins,from the‘DIDO irradiation (Table l and Fig l);'eight fuel
rods from H. B. Robinson-2 bundle BOS (Table 1 and Fig. 2), and rod 79-163 from
the BETT 1rrad1at10n (Table 1 and Fig 3)-. These'fuel“plns all meet the'tempera—
ture limit criterion shown in Figs l 2, and 3; the‘release data for these
pins are plotted in Fig. 4 as a function of burnup The measured iractional
releases for the DIDO plns listed in Table 1 were réduced to give expected fractional
release for S/V = 6_l cm since the actual S/V values ranged from 10.7 to 12.1 cm -l
The S/V values for the H. B. Robinson fuel and BETT fuel were within 10% of 6.0
:Cm_ , so the measured fractlonal releases were not adjusted. v .‘

In accordance with the form owaqran;xthe line F = 7 x 10'3'39 fits
the data’reasonably well. From this the following ualues for thelpronortionality

constants can be calculated:

€, =7 x 1078 t/mwa,

1.17 x 10™° cn-t/Mwd

(@]
it

cz = 1.62 x 1072% t/MW.sec, and
©, = 8.96 x 107> cu/f1ssion.

When the data for radioactive isotope release are plotted in the'manner.of-
Eqs..é ahd 3,Aas shown in'Fig. 5,'it_can be seen that although theiknockout
model doesfnot provideia satisfaetory correlation, theidata‘tend‘to lie in
a:narrow band:with slope M).5.

When the release of stable isotopes is examined in the same manner (Eq 7),
Fig. 6 good agreement is obtained with the knockout model equations both in
magnitude~and slope Furthermore, the release of stable isotopes merges with

the high end of the radioactive release data.
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Fig.-4. Xenon release from fuel Pins meeting data-

set temperature criterion.
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The knockout model underpredicts the release rate for values of (nf/V)
<103O, a condition that will apply to isocopes with half lives <1 day in power
reactors where low temperature release might be important.

An emperical addition to the knockout equation was formulated and is
expres;éd in the following form. . .

' ~7 70.5

F=10 " (X) (13)

where
F = fractional release of radioactivé-isbtopes_ét“broduction—decay

equilibrium for fuel with S/V. =‘6.0“cm-1.

The mégﬁitude of this‘correction is'shéwn iﬁlFig. 7 along with the knock-
out model inlkhe’form of Eq. (5). Tbefbest-éétimate low-temperature reiease of
radioaciive isotobes rééching produ;tién~decay equilibrium from fuel with
S/V = 6:0 cm#; is therefore the suﬁ of Eqs. 13 and 5:

F é'lo'f:(ii'o‘s ¥ 1.6 x 1072 2 | (14)
Fof;the'equatipnéygivenxin this secition, P should be evaluated at

200 Mev/fission.
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Comparison of empirical model for radioactive isotopes (Eq. 14)
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| SOCIETLN ANONY M-

B-1050 BRUXELLES {@elgique)

Mr. S.E, TURRER
Chairman, ANS 5./+ Commi.ttee,

V. REF. N.U.S. Corporation,
n.rer: 032,00/-/1/151 - NH/DR. 2536 Countryside Boulevard,
DATE:.

Le 29 décembre 1975. Clearvater, Florida 33515,

Dear Mr, Turner,

We are pleased to answer your letter dated October 15. It reached
us, in fact, on beginning of December and Mr, Hoppe was in the States at
that time,

The bLburn-~ups quoted in ref. DTECH ECS-EFC-73-595 are comparable to
the burp-ups we used in our calculatjions, i.e, an integration of the specific
thermal power gencrated within the fuel ; they are deduced from experimentsl
measurements using 184 MeV per fission. The usual burn-ups (energy gen
by the fuel) can be deduced by multiplying the quoted figures by approximutely
200/184, Aseumlng 0,31 fission atom per fission (including the yield of 13¢ Xe
from 135 Xe by neutron capture), that gives 34 cm3 STP of ilSSlon gas pcrkh
(thermal energy generated in' the fuel)

ceted

The whole report should be consistent with these definitions and
figures except when otherwise quoted, It appears indeed that fractional

‘release values from Figure 7 are not correct, e.g. 26 % for ELPO instead of

23.2 %. The figure of 27.3 CC/MYd and the resulting fractional release quoted
in some Figures (12, 14, 15) werc derived neglecting the 136 Xe yield fiom

135 Xe by néutron capture and are not used anymore.

These experlments were performed by CYAlscclay and we dv not kaow

if thev have any additional data since the 1973 BRLS confercnce,

We have ourselves worked on the modeliing as pect and we enclose two

'papers and a working graph which could be interesting. We are further cross-

- ¢hecking with our own experiments,

0/.
.
YEL DIRECTION (02) 813 95 90 - o ‘0R) BIA 97 GO . A-1
TELEX 22187 NUCDRU B TULEGR CRUKELLES
SOC. CEN. DANQUE 210- QOD051G- 672 £ FEUING O OaD W72 - 44

TV.A 403126, 2513 ~ 1. C. wtl CFLO00
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For exanmple, we use a model where the local fission rate can be
a major parameter instead of the temperature depending on the temperature
level, This is completely different from classical models based on a
temperature effect. In addition, this model can take the hlstory of the
irradiation (power level for instance) 1nL0.accounL.

It is implemented in our COMETHE code, For the columnar grain
growth region during the time where evaporation condensation proceszds, we
consider 100 % fission gas release. From our experience, it is impossiblsz
to obtain a good corrclation of fission gas release from global parameters
vhich could be valid for a large range of application. As an example, since
we have introduced in-pile densification and fission gas bubble swelling
and .a kinetics model for columnar grain growth in the code, the resulting
temperature evolution of the fuel is very diffecrent of what we obtained,
previously. lMoreover, the grain growth affects also the releasc so that
we have to calibrate 1oa1n the fission gas relecase model. Preliminary
results are very.satisfactory but final conclusxon will not be drawn before
some months.

! ’ ! . i

To illustrate the differences with usual models, we predict in some
cases a lower rclease in the equiaxed grain growth region than in periphery
of the pellet despite the fact that the tempecratures are higher.,

Please note that in Figure 3 of the ASME paper, the burn-up is the
integration of the local specific power and it can be much higher than the
mcan burn-up of the pellet in case of a heterogenéous fuel, This. figure
results from the attached working graph. '

We think therefore that it will be difficult to find a'standard" four
calculating the fission gas release in operating fuel rods., That standard
should not be a function of temperatire, otherwise it will depend on how to
calculate these temperatures. In the case of very low temperatures,.Figure 3
of ASME paper and the working graph can be used for such kind of standard,

ot

We are of course very interested by your attempt to normalize the

calculation of fission gas release. As you -see, it is a subject - have
thoroughly considered for years and we judge we have rdached a ¢  method-
olegy ; indeed it agrees with experimental vesults as well for t :al ieactor

fuels as for LMFER and GCFR fuels.,
" We hope to hear further from your work,

/ Sincerely )ours,

e // i .:-‘ ’ ' co A:":ﬂ
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19 November 1975

DrR DO Meyer

US Nuclear Requlatory Cuwmlselon
WASHINGTON DC 20555

US A

Dear Ralph

Thank you for your letter of October 17 and the notes of your ANS committeze
‘meeting. It seems that you, too, find IFA-116 and 117 to be very interesting.
experiments. I was interested to see that your calculations of burn-up .in
IFR 116/5 and 117/1 differ from mine, one being higher ard the other lower.
Is this because you have a different estimate of days at power, or do they
cover a different period from that considered in HPR-1297

Now to try and answsr your questions.

Thz expression built into our computer cocde to calrulate rate of pLoauutwon
of :stable klypton and xenon (including BSKL) is

R=3.05x 1010 4 0.242 ems W T
‘ (1 + 7.684 x 10 V2/f ]

3.051 x 10—.1O is the ratn of p“OdUCthF cf otablﬁ Kr and Xe plus BSKr assuming
a yield of 26.01% from the fission of 235y,

0.242 is factor to give the addj é onal yield of '35Xe in which neutron capture
can subsequently occur tc give Xe. : S

: 12 . s ) i 135 - .
7.684 x 10 is the ratio of the decay constanti of Xe to its cepture cross
section and f is the nsutron flux.

These qases toopther with the original fll‘lng ons, were assumed to bc “he
only’ contrlbutorq to the pin internal pressure. lodine was not included.

The conversion of tomperaturo and prcsqurﬂ-redd1ng° from the IFA 116 and 117
instrumentdtlon into fract10na1 gas relkases was, Lo some ektgnt, done the

other way round. Havino ‘related temperature to rating by thie-arguments spollod
out in Appondix €, I fed-the raling history Tomm Tables VIoand VI into o
computer code tﬂgﬂthor with & eot of @osumplicns as Lo gos relecse such - A%
from fuel operating below™ 1650"C wnd 16 % Trea fuel above the temperaturz. This
then gave me = pressure history for the pin on lhe basis of certain a"Ulp'Jm\f

Contt:i
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Dr R O Meyer 19 Novembar 1975

concerning the temperature distribution in that pin. The program also prints
out a fractioral relecase. So, by comparing the obssrved internal prosuuss

at any timz (end of instrumentation life-so far as Table IX was concerndd)
with that calculated and making due allowance for the filling gas prassuro,

I could calculate the fracticnal release corrosponding te the observed interrs
pressure,

The gas storage tnmoeratures assumed in tha program are as follows: fuul/clicd
gap - average of can inner surface and fuel outer surface temperatures, oo
(fhermovou'Jn) hole - pnl]ﬂt bore tﬁnper ture, end dishes - the mean tan
of the fuel annull are extended into the disiius and tihe gas in cach annulus
assumed tec be at thc temperature of the underlying fuel. ‘The plenum temparotuss
was taken as 252 °C (Table VIII). '

Gas sloragc volumes are calculated fTrom the thermal expansion equalions [or fuonl
and clad and the swelling parameters given in Table VIII.

An obvious source of error is the axial rating distribution which I assignzd to
the pins. 1If this is in error, gas generation is certainly in errvor and tiw
release is almost certain to be wrong also Fnother uncertainty ccould evie:
in having to cope uwith fuel stacks which were composed partly of hollow and
partly of solid pellets. The program was not designed to do this znd I mentic
the way I tried to handle the problem on p.42 of HPR-129. I think also that @
is clear from the paper that I divided each pin axially into six @zcnes Tor tho
purpose of calculating temperature burn-up, gas release, etc, Tho spproprictu
rating factors<for these zonzs were .obtained from.equation 1 of Appaendix C.

Finally, to answer your last questioh, I did not take gamma heating intc account
in any of the calculations I did.

“Yours sincerely
' [//‘_,G.xu, L

J B AINGU

cc Mr D 0 Pickmarn
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Chalk River - Laboratoires nucléaires Chalk. River, Ontirio,
Nuclear Lalyoratorics de Chalk River Canada, KOJ 100G
' ' : (613) B94-351 3
Fuels and Materials Divisicn 22 January 1970

Fuel Materials Branch

Dr. C. Beyer

Fuels Design and Development
Pacific Northwest Laboratories
Battelle Beoulevard

Richland, Washington, 99352
USA '

Dear Car1ﬁ

This is to confirm our recent telephone conversations regarding
AECL report 1676, There is an error in the value of equivalent full nower
days printed in the report, it should read 16.17 davs rather than 16.7 dovs.
This brings the quoted power outputs in line (subject to round-off ervors)
with the quoted burnups. You point out that the xenon produced seems to
have been calculated on the basis of approximately 25.5 atoms per 100 fissions

rather than the (more recently) accepted value of 26.9 atoms. . I cannot con-
firm whether this is so, but suggest you recalculatie on the basis of 26.2.

Thank you very much for your assistance in getting in touch with
the ANS fission gas working party. I hope to meet you in that context
before too long.

Sincerely,
/

; .
el e -
locch ¢

/cl M.J.F. Notley
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APPENDIX B
Evidence For A Strong Burnup Effect (J. V. Miller, Westinghouse)

A. Fission Gas Release Predictions for ligh Bdrnup Saxton Rods

Having formulated the equations to be used for fission product release and
having established the required empirical constants using the prescribed
data base, it is now necessary to determine how well the model predicts the
fission gas release of fuel rods not contained in the data base. For this
purpose, the Saxton reactor was identified as the most likely source of

data since the infokmation was available and covered a reasonably wide range
of fuel burnup (15 - 39,000 MWD/MT).

Since the Saxton reactor was not operated at a constant power level (Figure V-1),
it was first necessary to derive equations which would account for the time
varying behavior of the fuel rods. Rim and Preble derived the appropriate
equations (see Section III-B) and these, in turn, were used to evaluate the
predicted fission gas release for a representative sample of the Saxton

data.

Tables V-1 and V-2 show the results of applying the diffusion equation to the
~ Saxton data. It can be seen from the tables that the predicted fission

| gas release is significantly lTower than the measured values. The ratio

of measured-to-predicted fission gas release ranges from 1.3 to 4 with an
average value of 2.2.

It should be noted that the diffusion constants (D' and E) used in the
calculations are different for the two tables. This is because the calculations
were performed during the period when the values of the empirical constants
were being finalized. Rather than repeat all the calculations for the

cases shown on Table V-1, several check cases were run to determine the effect
of changing the value of the diffusion constants (Table V-3). Although the
change in predicted fission gas release associated with the different
constants is small, resulting values would change the min., max. and average
of the measured-to-predicted ratio'quoted above. However, the conclusion
remains the same: the diffusion constants derived from the uniform power,
relatively low burnup déta,do not adequately prédict the fission gas release
of high burnup (i.e., > 15,000 MWD/MT) fuel rods with time varying power
histories. '
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B. Possible Reasons for Model Discrepancy

Although it appears that there is a‘burnup effect which is not accounted

for by the diffusion type equation, several other possible reasons for the
apparent discrepancy have been suggested. First of all it is possible that
the computer program used to calculate the fisSion_gas release from the Saxton
rods was biased. This could, in fact, mean that the différence between the
predicted and measured fission gas release was caused by the computer model
rather than explicitly due to a burnup effect.

To test this theory, two of the fuel rods used in the original data base were
evaluated using the computer program.. The results are shown below:

Fission Gas Release, %

Fuel Rod | Measured - "Predicted
»ELP-6 . , 23.7 . i . 23.5
ELP-9 ~ 25.8 - 30.4

Based upon these results it was concluded that the computer model was not
biased.

A second theory suggested that the reason for the apparent discrepancy
was related to the fact that the Saxton fuel rods were mixed oxides. The
discrepancy was then either due to the fact that the PuO2 particles were
operating at a much higher temperature or due to the fact that there was
a. basic difference betWeen the fission gas release from oxide fuels and
mixed-oxide fuels. To investigate this possibility, a calculation was
performed (Section VI) in which the temperature rise in a PuO2 particle
was determined based upon representative Saxton.geometry. Based upon
these calculations it was determined that the maximum temperature in a
PuO2 particle was less than 11°F greater than the temperature of the UO2
matrix and therefore could not be the cause of the apparent inconsistency
in the fission gas release. ‘

The suggestion that thére may be some basic difference between oxide and
mixed-oxide fission gas release was also investigated. This was accomplished
in two ways: first by comparing the measure and predicted fission gas'



release using the Westinghouse design model for fission gas release for some

of the Saxton data and secondly by evaluating the diffusion equation prediction

for several high burnup UO2 fuel rods. Figure'V-Z shows the results of the
first comparison. The results show that the Westinghouse design model, which

" was norma11zed to UO2 data, adequately pred1cts the fission gas release from
the mixed ox1de fuel rods. Conversely, the results obtained using the
diffusion equat1on (also shown on Figure V-2), are cons1stent1y below the
measured fission gas release.

Table V-4 illustrates a similar trend when the diffusion equation and the
Westinghousé'design equation are applied to'several high burnup UO2 fuel
rods. While the fission gas release predicted by the Westinghouse model
is in good agreement with the measured data, the diffusion equation under-
predicfs theifission gas - release by a factor of 15 to 20.

It is again concluded that there is an effect of burnup on fission gas
release.
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. C. Burnup Dependent Diffusion Coefficient

The previously described burnup effect on fission gas release is obviohsly
not described by a diffusion coefficient which is only temperature dependent.
However, the mathematical formulation (Section IT11-B) is capable of handling
a diffusion coefficient of any functional form provided the coefficient is
constant over a given time step or calculational interval.

Parker* suggests that D' be increased one order of magnitude for each 15000
MWD/MT of accumulated burnup but notes that a recent study indicates that
this correction may be overly conservative.

To test the validity of this type of correction, six fuel rods were selected
at random: four rods from TableV-2 and two rods from Table V-4. These Six

rods were then reevaluated by correcting the local value of D' according
to the equation

Dé = Dé *F
where Dé is the value corrected for burnup
Dé is the uncorrected (temperature dépendent) value
F is the correction factor.

Two values of F were used in the study

BU/
1) F=100 50000

BY/ 56000

nNO

~—

-n
i

= 100

These correction factors (Figure V-3) increase D' by an order of magnitude

every 15000 MWD/MT or every 25000 MWD/MTU, respectively. The results of
applying the correction factor in the analyses are given on Figure V-4 and

in Table V-5. It can bé seen that the 15000 MWD/MT order of magnitude correction

brings the predicted fission gas release in line with the measured values.

* G. W. Parker, "Release of Radioactive Fission Products," Appendix VII-C,
WASH-1400, August 1974,
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The average ratio of measured-to-predicted fission gas release for the six
‘rods is 0.86 indicating that the correction is overly conservative as indicated

- by Parker.

It should be noteéd that in doing these analyses no attempt was made to study
the effect of the size of the timestep used in the calculations. Thus

the use of a constant value of D' over an interval in which the burnup
changed sfgnificant]y may have affected the results obtained. Nevertheless,
the basic objective of the exercise was accomplished.. That is, the use of

a burnup dependenf diffusion coefficient does improve the predictive
capability of the model at high burnups.
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Table V-1
FISSION GAS RELEASE DATA FROM SAXTON CORE ITI MIXED OXINE RODS(1)

Power During Power During Fission Ras
Core IT (kw/ft) Core IIT (kw/ft) Release (%)
Initial Total
y Fuel :True .. Diam. . Instant Instant. , Irrad.  Rod Averaae

Rod 1.D. Density Gap Peak Rod Avg. Peak Rod Avq. Time Burnuo (2)
No./Type (% T.D.) (Mils) Pellet Time Ava. Pellet Time Avg. (Hours) (Mn/MTUY Meas . Pred.
RR/70-1 '_ 93.7 - 8.3 12.3 7.4 14.7 9.8 11,660 25,071 34.3 16.3
BO/MOL * 93,9 ° 8.3 8.0 4.3 - 19.3 "14.9 13,950 °  25,84n 37.0 24.0
FS/MOL 94.6 7.1 9.1 5.3 14.3 9.6 13,950 25,500 26.0 11.7
GL/MOL 94.7 7.8 10.8 6.0 15.6 8.8 13,950 .26,50NN 27.3 11.6
LZ/MOL 95.8 7.8 13.2 8.0 16.6 10.7 13,950 33,680 32.4 15.1
NI/MOL 93.4 7.8 10.0 5.0 17.7 11.2 13,950 27,020 < 34.0 2n.5
RD/MOL 93.9 8.3 8.9 5.2 17.0 10.4 13,950 26,110 32.7 21.?
BE/EOL 94.1 7.4 8.0 4.5 17.4 9.7 16,730 30,200 34.2 15.8
BK/EOL 93.6 7.4 8.5 4,7 17.9 11.2 16,730 33,300 36.1 20.3
FI/EOL 94 .1 8.0 11.3 7.3 9.8 6.4 16,730 30,900 19.2 8.1
IM/EOL 94.0 6.8 12.9 7.7 15.7 9.9 16,730 39,n30 2.0  16.1
LS/EOL 95.7 6.7 12.3 7.4 11.1 6.8 16,730 33,780 18.2 5.4
PF/EOL 94.7 8.4

13.4 7.2 5.6 -~ 9.8 16,730 - 37,560 ' 32.2 22.0

(1) A1 rods pressurized to 15 psia (90% Helium + 10% Argon) initially.

(2) Diffusion model using D' (1400°C) = 5.8 x 10710 sec'] and E = 45 Kcal/mole.



=

abh, 2
SAXTON CORE 11 PLUTONIUM PROGRAM FISSION 6AS RELEASE DATA(!)

Power (kw/ft)

Initial

Fuel True Diahétra] Réd Avq. Fission Sas Release (%)
Dsnsity Gap Time Avg. Peak Burnuo _ (2)

‘ (% 71.D.) (mils) Rod Avg. - Pellet (MWD/MTH) Meas . Pred, \
TI - 94.8 7.3 7.1 13.3 18460 3.3 1.0
TP  94.9 7.8 7.6 137 19750 30.7 13.5
TT 94,7 7.3 7.8 13.4 20400 32.3 11.5
N 94.4 7.3 8.3 13.4 21540 23.9 12.2
_TE 947 7.3 8.3 13.5 21590 28.4 12.2
LA 92.8 7.3 6.4 12.3 17020 20,7 3.8
MY 93.7 7.8 5.9 9.7 15660 - 12.9 2.0
. RI ~93.8 7.8 6.0 9.8 15820 5.1 1.3
JF ~94.4 7.8 6.0 9.6 15630 3.7 2.9
A 944 7.8 7.9 18.3 16360 35,1 10.1
B . 94,5 7.8 7.2 17.7 - 15050 3.2 1R.4
. CH 94.0 7.8 8.3 13.6 21640 - 26.7 14.4

(1) Total irradiation time = 9592 hours for all rods except A and B (irradiation time for A and B =
7638 hours). A1l rods pressurized to 15 psia (90% helium and 107 argon) initially. Pellets
conta1ned 6.6% PuO2 - 93.4% U02 : ,

(2) Diffusion model using;D“-(1400°C) = 7. x'10_10 sec_] and E = 49.7 Kcal/mole.



Table V-3

EFFECT OF DIFFUSION CONSTANTS ON PREDICTED GAS RELEASE

Fission Gas Release (%)

Predicted
Fuel Rod Measured A* B**
LZ/Mol _ 32.4 15.1 17.0
IM/EOL 28.0 16.1 18.4

45 Kcal/mole

]

* D'(1400°C) = 5.8x10" '~ sec '; E

49.7 Kcal/mole.

1
~J
-}
x
—
o

H
—
[a)

w
[g]
@]
m
i

**  D'(1400°C)
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Table V-4

TYPICAL FISSION GAS RELEASE

HIGH BURNUP* U0, FUEL RODS
Fission Gas Release, % Ratio
Measured/Predicted

Rod Measured Predicted**
1 , 19.9 1.06 18.8
2 23.9 1.53 15.6
3 22.6 1.18 19.2
4 13.2 0.86 15.3

* Burnup in Range of 54 - 55,000 MWD/MT

**  Diffusion Model with D' = 7.1 x 10‘10; E = 49.7 Kcal/mole

Values Predicted with Westinghouse Deéign Model

Rod Predicted Measured/Predicted
1 15.3 1.3
2 24.8 .965
3 21.2 1.06
4 15.0 ‘ .88
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EFFECT OF INCREASING DIFFUSION PARAMETER WITH BURNUP

Fuel S Burnup- - - Measured _ Predicted Release (%) o
- BU BU

Rod - (MWD/MTU) - E l? Roledse  © ; el

‘.(%): - - (Dé{Dé) - (Dg/Dg) = 19 50000 (Bg/Dy) = 4gy 30000

SAX - LA : ;;:- 17020 S  _ ?’ 8.8 l f s 23.7
SAX - QE T T O S P Y S S 30.4
SAX - RI o ss0 5.1 s . as 5.6
sw-T 190 307 o185 26.6 3.7
1 i} . 55400 - 199 1.06 5.2 21.6
2 o sm00- a9 1.53 . 8.8 |  29.8
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Ratio (M/P) Measured-to-Predicted Fission Gas Release
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APPENDIX C

I. Calculation of Temperature Rise in a Spherical Particle having Internal

Heat Gencration (J. V. Miller, W)
The temperature rise in a-spherical particle having internal heat generation

(1) ‘

is given by' " ’:

" '2
aT, = 2
f 6K

where ATf is the temperature rise [°F]

Q"' s the internal heat generation rate [BTU/HR-FT3]
a is the radius of the sphere ' [ft]

K is the thermal conductivity [BTU/hr-ft-°F]

If we assume that for a mixed-oxide fuel pellet the volume fraction of the
fuel which is Pu02 particles is Vf, then the heat generation in the particles
can be related to the linear heat rating (q) by

BTU

q(kw/ft) - 34]3(EF:EWJ - 144

Qun = 5
(n/4) (.3374)° v,

Q" =5.5 x10° a/ve

where .3374 inch is the typical diameter of a Saxton fuel pellet.

The manufacturing specification for the Saxton ‘fuel rods required that the
PUOé particles be less than 44 microns. Therefore, .

a=d- 44 x 1075 meter
2- (2) {.3048 meter/ft)

4

[+3
[}

7.218 x 10™° feet  (8.66 x 10°% inch)
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ConServativer.assuming that Ve equals 0.05* and .that K = 1 BTU/hr-ft-°F%*,
we have | o :

1d597) (7.218 x 10792

£ T (5 ¥ Ss

At ten kilowatts per foot (g=10), we then find that

‘ll?<

It is concluded that the temperature drop through a Pqu part1c1e is
neg]wg1b1e

- Surface Heat Flux and Associated Temperature Drop

The heat flux at the surface of the particle is

3 - Q“la
3

At 10 kw/ft,’

P PO -5
= 6, 10y (7.218 x 10
- (55 x10°) (gg) (REEE)

4 % 26,500  BTU/hr-ft

Deén(Z),'for'example; showed that the contact conductance between two surfaces
increased as the surface rdughness decreased,ahd as the contaCt'preSSure
increased (Fig C-1-1). 1In the case of PuOé partic]es intimately embedded in
a UO matr1x, the effective surface roughness ‘should be qu1te small and the

contact pressure quite high. From Figure C-I-1 it would therefore appear that
‘the contact conductance would be (at least) on the order of 3000 BTU/hr-ft-°F.

* The Saxton rods were typical 6.6 % Pu0
ek Value would typically be between 1.2 aﬁd 2.0

)



The temperature drop at the sukface of the particle is then given by

_ . 26,500 30
#/Meon = 3000 - 10°F:

The total temperature rise would then be given by

OT = T + ATc =10 + 1= 1PF.

Figures C-I-2 and C-I-3 show that a 100°F increase in fuel temperature only has

a significant (re]ative)fiﬁpactfonffiSéion»gas~feTease at 1OWftemperétufes

(e.g., in going from 1500°F to-1600°F the ‘release increased from 1.5 percent

to 2.7 percent). At high temperatures the increase in release due to a 100°F
change in fuel temperature is relatively quite small (e.g{Q the release increased
from 59 percent to 69 percent in going from 2500°F to‘2600§F)i :

It is concluded that the above described 11 °F temperature 1ncreqsg<§ttnibuted
to the PuO2 particle would not account for the factor of two or three difference
between the Westinghouse prediction,gnd the measured fission gas release.

It is also important to note thaf the central portion of nearly all of
the Saxton mixed-oxide fuel rods did not contain: discrete.particles of
(3,4) taken at

various Jevels of. fuel burnup show ‘that therma] d1ffus1on effect1ve1y ,

PuO2 throughout their operating history. Autoradiographs

homogen1zed about. ha]fpof the Cross- -sectional area D1screte PuO2 part1c1es
..could only be detected in the outer (colder) reg1on of the fue] Thus,

. the region of4highestAtembératureafand h1ghest_ga§tre]ga§e) had, 1n fact,

a nearly uniform matrix freé\of;discrepe,bakfiqjes. o

S

'C-3



References:

1) Cars:]aw‘ and Jaeger, Conduction of Heat In Solids, Second tdition, 1949
(p. 246).

2) R. A. Dean, Thermal Contact Conductance Between UO2 and Zircaloy 2,
CVNA-127, May 1962.

3) W. R. Smalley, Saxton Core II Fuel Performance Evaluation, Part I:
Materia]s, WCAP-3385-56, Part I, September, 1971.

4) W. R. Smalley, Evaluation of Saxton Core III Fuel Materials Performance,
WCAP-3385-57, July, 1974.



Contact Conductance (BTU/hr-ft2-°F)

Figure C-I-1
Effect of Surface Roughness
on Contact Conductance
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Effect of a 100°F Change in Temperature
on Predicted Fission Gas Release
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II. Fission Gas Release From Blended Mixed Oxide Fuel (B.J. Buescher, B&W)

Aside from any intrinisic differencés between the fission gas release rate of
homogeneous (U, Pu) 02 mixed oxide fuels and UO2 fﬁels, it 1s quite likely that
blended mixed oxide fuel pellets such as those in the Saxton rods will exhibit
a different gas release dependence oy burmup from that of UO2 fuel. The Saxton
fuel was fabricated by pressing and sintering pellets from blended powder
containing 6.6 .wt% Puoz. The waximm particle size of the Pqu in the finished
pellets was specified to be less than 44 microns. Fissioning in this blended
fuvel will not be hbmogeneous on a microscopic scale but will take place primarily
dn the plutonium rich regions. The resulting large concentration of fissionm
producté in the plutonium rich regions gives an effective burnup on a mi;ro—
scopic scale far larger than than the average macroscopic burnup. The magnitude
of the local burnup will depend on the particle size illustrated by the
folloving calculation.
For simplicity, the following assumptions were made:
1) The Pu02 particlés have a spherical shape and are wniformly disperéea

in the matrix. |
2) All of the fission events occur in the Pqu particleé.
3) The temperature of the region 15 less than 1200°C.
With thase assumptions, the local burnup can be considered to be given ﬁy'khe
concentration of fission products produced by the ?ﬁoz pAtticlg spread over
a region somewhat larger than the initial partiéié. The spreading will bBe due

to both the finite range of the fission products, about 5 microns?, anid

in jrradiated U0, at fission rates of 1013 f/cin3 sec has been found to be about

2
10-16 éﬁzléécoz Thé random walk éipfeSsion for the ﬁéénﬁsquare displacement of

the gésléﬁdﬁs normal to the
% = 20t.
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Assuming a nominal burnup of 20,000 MWD/MTm and a nominal pellet density of
94Z TD, the total fissicn/cm3 are 4.9x1020 fissions/cm3. This gives a nominal
mean square displacement of

R = 9.8x107° ca?,
-Oor an average displacement of 1 micron for a fission gas atom implanted in the
matrix.
Thus, for a 20 micron diameter particle, the fission products from that particle
will be found to be localized to a region roughly 32 microns in diameter.
Assuming a macroscopic burnup of 20,000 MWD/MTM, this 32 micron diameter region
will have a fission product concentration eQuivalent to that of a burnup of

about 80,000 MWD/MTM.

The burnup in the region was calculated as follows:

Macro-Burnup % Particle Veluze

Region B = - ——
gion Surnup Fraction of Pu Region Volume

A calculation of the local burnup versus particle size was made and is shown
in Figure C-II-1. For particles below about 8 microns, the pellet would contain
a large pumber of small particles with overlapping regions resulting in an
uniform fission product density. Above about 8 microns, discrete regions

are calculated and the local burnup increases with particleisizes up to a
microscoplc burnup of 147,000 MWD/MTM for 44 micron particles.

For the Saxton rods, an examination of the microstructure published id
Reference 3 indicates that the particle sizes were on the order of 20

to 30 microns, giving a local burnup between 70,000 and 110;000 MWD/MIM;

The examination of these cross sections also indicates that a high local
concentration of porosity is also'present, indicative of a large local
concentration of fission products. A local bumup enhancement such as

this can.lerd to 'a pronounced inc¢rease in the gas release in mixed oxide fuels
at even modét@té'burnupg as  has been noted previously.“ Such an effect is

not present’in the UO, fuel, dnd gas release data from mixed oxide is therefore

2
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not representative of the gasArelease from UO2 fuel.

It could be_érgued that the Targe gas release seen in Saxton mixed oxidg
fuels waé not due to partic]e size effects as homogehizafion héd occurréd“
in the high ;emperaturg regions of the fuel. A]though all of the data |
obtained in the Saxton Program is not pfesented in the Saxton reports; 5J 
fairly comprehensive presentation of the meta1lographic.data'obtaingd from
rod QE is given in Reference 5. This rod was irradiated tb = 21000‘MWd/tl
and the gas release measured in this rod was 24% (Apbéhdi} B). ‘Homogenfzatidn
of the Pu particles took place at the peak power location out to about 1/3
of the pellet radius or = 10% of the volume. Examination of the micro-
structure in the published edge to center composite of the peak section

indicated equiaxed grain growth to roughly 1/2 of the pellet radius.

Based on the microstructure, the 1400°C boundary in thé fuel at the peak
power position extends out to 1/2 of the pellet radius,‘and the 1700°C
boundary is estimated to extend out to almost 1/3 of the pellet radius. For
this fuel rod, Westinghouse predicted a release of 12% using a gas release
rate based on Beyer-Hahn results, and an enhancement ratio of 2 to 1 was
observed between the measured and predicted release rate. The release
fraction is already 80% at temperatures above 1700%C, where plutonium
homogenization is seen to occur. Since this only occupies = 10% of the fuel
volume (even at the peak power location) substantial enhancement of the
release rate appears to be occurring in the lower temperature regions of the
fuel where homogenization does not occur. Based on this, the particle

size effect cannot be ruled out by the homogenization seen in high temperature

regions of the fuel.
C-10
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Region Average Burnup (MWD/MTM)

Figure C-II-t  REGIONAL (MICROSCOPIC) BURNUP VERSUS PARTICLE SIZE
CALCULATED FOR AN AVERAGE (MACROSCOPIC) BURNUP OF
20,000 MWD/MTM
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Pacific Northwest Laboratories

Battelle Boulevard
Richland, Washington 99352
January 19, 1977 Telephone (509) 946-2526

Telex 32-6345

Mr. F.D. Coffman

Reactor Safety Branch

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Dear Mr. Coffman:

Attached are six copies of ithe December monthly activities report
for the Fuel Operational Performance Program. Efforts are now underway
on all four of the program tasks.

Sincerely yours,

.T&/b" L, ¢ "4/“&”\’" -
Stanley Goﬁdsmith, Manager
Fuels Design & Development

Section
SG:vm
Attachments
cc: R Lobel (RSB-DOR)

LS Rubenstein (NRR)
HE Ransom (RL-ERDA)

bcc: CR Hann
WJ Bailey
SR llagoner
FE Panisko
ER Bradley
EL Lourtright
‘file/1b
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_Battelle, Pacific Northwest Laboratories
.Monthly Activities Report
December 1976
Fuel Operational Performance Program
C.R. Hann, Project Manager

Task A - Fuel Operational Experience - W.J. Bailey, L.J. MacGowan o

The literature search to locate descriptive material that will aid in the assess-
ment of poolside inspection techn1ques (Phase 1 of Task B) is continuing. To aid-in
the search and eva1uation in the areas of ultrasonic and eddy current testing, work
was initiated 1n PNL s Nondestruct1ve Testing Section.

A pre11m1nary investigation of existing data base wanagement systems (DBHSs) vas
initiated. Of part1cu1ar interest are those DBMSs that may be app11cab1e to the data
bank and the associated evaluation of design parameters and operating modes on fuel
performance (Phase 2 .of Task B).  Advantages and disadvantages of the pertinent
DBMSs. are being compiled during the investigation. Also as part of Phase 2, the
routine sunveiilanéenof certain current.pUblicationS* is continuing and clues to- .
sources of .data on fuel performance experience are being tabulated.

Task B --On-Call Assistance - C'R Bann, S.R. Wagoner, F.E. Panisko

‘The GAPCON-THERMAL-2 code was used to simulate the behavior of selected Saxton
fuel rods.  Four gas release correlations were used in the simulation in which
predicted and reported gas releases were ‘compared. . The four models were: ‘

1. Beyer - Hann
2. - Beyer - Hann with a high burnup multiplier
3. Proposed ANS subcommittee gas release model
4. Proposed ANS submittee model with high burnup
The results-of modification are tabulated in the following table:

In addition to the Saxton rods, both a 15 x 15 and a 17 x 17 PKR rod vere
modeled with the first two correlations.

*Atomic Energy Clearing House. Accessions by NSIC, Accessions of Un11n1ted Distribution
Reports by USERDA Technical Information Center (TID 4401), and Report Additions to
Technical Information Files (PNL).
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© SAXTON ROD IDENTITY

R Qe LA TP Lz I
Ave. Rod Burnup, - S ' ". ' :
Ui/ 15820 21540 170200 19750 33680 29799
Measured Fission - . : an 7. S
Gos Release. (1) 51 29 27 307 324 B0
Model 1 (%) . 2.0 .50 50  18.9 _ 258  50.0
Model 2. (%). - 2,00 9.0 . .50  21.3. ' 52,6 - 70.0
Model 3 (%) 8.4 - 27.8° 17.3 366 551  58.4
vodel 4 © (%)~ 84 235 W2 347 750  79.2

Task C - Fuel Rod Volatiles Inventory - E.R. Eradley, C.R. Kamn - ‘

- Parametric studies to establish the influence of 'gaseous iodine and cesium on -
the .calculated fue1 rod.interna1 pressures and fuel temperatures have been completed,
The results show that including jodine and cesium release inlthevca1cuTationS“_-b
increases both the fuel temperature and .the fuel rod internal pressure. .In the case
of iodine release,. the magnitude of the increase is less than lb% fbr the conditions
studied. ,Substantiaily larger intreases are found for cesium release, especially at
Tow power levels. York on eva]uatjng_;he chemical and physical sfate of cesium and
iodine in the fuel-cladding gap has been initiated.

Task D - FRAP-T - Evaluation and Utilization - C.R. Hamn, -S.R. Kagcrer, L[.J. Parcren

Efforts on this task were de]ayed_due to on-call assistance requests.
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APPENDIX E

Applicability of Saxton Data (R.L. Ritzman, SAI)

The failure of the burnup independent diffusion cquation
to predict sufficiently large fission gas relcases for hjgh'
burnup Saxton fuel rods has been cited as evidence for a
strong burnup cffect. Therefore one would expect to observe
an increasing disparity between measured and predicted gas
releases in these data as the burnup increases. This expecta-
tion was checked by plotting the ratio of measured to predicted
gas release values versus burnup for Saxton Core III and Core II
fuel rods as given in Tables B-1 and B-2 of Appendix B. The

results are shown in Figure E-1.

Inspection of Figure E-1 reveals no clear trend of the
_gas release ratio with burnub, although the measured release
fractions are apbroximately twice the predicted values. Since
the varied thermal performance of the different rods was taken
into account in the gas release prediction ca]culations, the
lack of a burnup dependent trend should not be due to unaccounted
for power history differences in the data set. Therefore, the
Saxton data apparently contain no clearly discernable burnup
dependence for fission gas release. This particular result
does not, by itself, refute the existence of a burnup effect,
but it does indicate that the Saxton data are probably of
little use for either establishing or quantifying the effect.
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.‘g;:.:;a ' AERE Harwell, Didcot, Berkshire
" 0X11 ORA
Telephone: Abingdon 4141, Ext. 1316
Telegrams: Aten, Abingdon -
Telex 83135

- Date  1%th March 1975

Dr. L. Roberts
WHES Muclear Center

RN

Monroeville
Pittsourgh, Pa
USA MAR 2 0 1975
NUCLEAR FUEL DIVISION
E. ROBERTS

Dear Dr. Roberts, .

In reply to your Telex received 1lth March I enclose a table expanding the
data presented in Fig 10 of our paper in Journ.Huclear Materials V33, pp 64 - 76,
1969. I have some other data which may ve of interest to you in the report on
which the paper is based, but this requires administrative processing. I will
forward them as soon as clearance is obtained. Regrettably I destroyed the file
containing my original notes (in February of this year) and there may be some
minor gaps, such as the detailed temperature history of pins 5050 and S049.

Cur conclusion that fission gas release from dense UO, is insensitive to
irradiation temperature below 1250°C was largely based on tThe regularity of the
points plotted in Fig 10, which despite a wide variation in centre temperatures
display a substantially linear relationship with burn-up up to a eritical value,
above which the increase is quite smoothly exponential. This athermal relation-
ship is quite compatible with non-diffusional release mechanisms such as recoil
and knocxout which we may expect at low burn-ups below 125000. An irradiation
enhanced. diffusion mechanism of gas release could also conceivably exist, but I
would expect this to be fission rate dependent and also athermal below 125000, by
analozy with the work of D.J. Clough (4ERE R 6627, D.J. Clough 1970) on the
irradiation creep of fuel. Both fission gas diffusion and irradiation creep are
linked to the vacancy diffusion coefficient. In these experiments the range of
fission rates was comparatively small (140 - 200 i/g UO_) and we did not look for
a fission rate dependence. At lower fission ratesoI wollld expect the temperature
limit for athermal behaviour to be lower than 1250°C; in effect there is a greater
time per unit of burn-up for thermal diffusion processes to become sign%ficant.

As all our pins with maximum centreline temperatures not exceeding 1250°C contained
high density fuel pellets (~ 98% TD) we have no evidence of the effect of fuel
pellet density on gas release in this temperature range. '

IR AR A Foovivwren s F_l



_ I have ascribed the increased gas release above about 3% burn-up'to an
increase in effective surface area due to grain boundary gas bubble linkage,
or to grain boundary weakening. followed by intergranular cracking due to thermal
stress. This critical, grain boundary condition must also be achieved through
diffusion processes,which by the arguments adduced above should be athermal below
‘ 125000 at these ratings; i.e. the critical burn-up will not be sensitive to fuel
temperature. Again I would expect the limiting temperature for athermal behaviour
to fall at reduced fission ratings, which is borne out by much of the.UKARA work on
AGR fuel, e.g. "UO2 Fuel in the Mk 11 Gas Cooled Reactor (AGR)", G.B. Greenough,
J.S. Nairn, J.B. S&yers, Paper No. 2.10(6), Fourth ICPUAE, Geneva, 1971. :

I hope these comments are of use.

Yours sincerely,
PP QQ\ Q)Q\L\.&—V\-s‘) .
R.G. Bellamy

Metallurgy Division

Building 393.7
Extn. 4316

1kth March 1975

cc Mr. J.B. Rich
Mr. J.B. Sayers
Dr. M. Hayns
Dr. J.D.C. Mole
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...n identification and maximum fuel centreline tempuiatures for the points of Fig.lQ, JNM V33, p ?2..1}@,_ f

. X?§7”b - . : - ; : . ‘ (4. O
FPin liean Fractional Xe Assumed fuel/ Maximum centre temperature during each reactor cycle ~C
No. [B.U., at & release, % - cladoresist 1 1 2 z [ 5 .7 -8 ¢
' ' ' ("c/W.em Start end :

5030 1.48 0.12 - 1.0 931 97k 960 | 872
4 060 1.5 1047 | 1100 | 1079 971
2.0 1163 1224 | 1195 | 1072
5029 | 1.50 0.08 0.10 1.0 82t | 856 | 848 | 781
S mas? 1.5 919. | 959 945 860
2.0 1017 |.1066 1044 943
5071 1.63( 0.17 0.15 1.0 981 | 938 ol 816
| 1548 ' 1.5 1123 1073 1078 25
. 2.0 1264 | 1207 1212 1033
502 1.65. <0.1 <0.1 1.0 870 835 840 743
15612 ‘ 1.5 997 955 960 835
: 2.0 1124 | 1074 | 1079 927
3037 1.93( 0.15 - 1.0 671 634 757 758 74l | 795
15 %% 1.5 750 768 838 829 820 | 869
2.0 828 852 919 220 897 olz
5028 | 192208 0.19 0.20 2.0 967 | 1000 | 1047 | 1049 | 1020 | 1061
soz3 | XSRS 0.22 0.22 1.5 {1006 | 966 | 980 | 948 | 918 | 965
2.0 1163 | 1102 1081 1064 1025 | 1068
33390 ] : '
3022 .72 2.61 2.4 2.0 1188 | 1240 1194 1170 1180 1118 990 961 920 | 1228
Table/Cont'd
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946

2.2h . 3.08 ' 1.5 1 1aky 1100 1089 11ho 1134h 1070 977 g3k
2.0 1252 | 1200 | 1188 | 1241 1223 | 1153 | 1048 | 100C | 1CC5

L O . - V | .

; ;g ) Detailed calculations are not available; irradiated <i)‘o::' /
e T 10 cycles with centre temperature not exceeding 1250°C. o
T35 | 709 | ‘ e

IR v ' . 7
e
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Committee Correspondence

Gommittee: ANS 5.4 Working Group Reply To:
Fuel Plenum Gas Activity ,
(N218)
Bubject: Fission Gas Release from
Bettis Rod 79-163 . * Date: March 9, 1978

To: ANS 5.4 Working Group Members

Please find attached an analysis of the fuel temperatures
‘calculated for Bettis test rod 79-163,

BJB:1sf

cc: w/o attachments

J. S. Talenko ' '
H. W. Wilson — ’;j7 7
W. R. Gray K?(/,/,;;%/Ayx-ww~/ﬁ
J. R. Smotrel . /Ai?/f 7

R. A. Turner ' -

w/ attachment

J. R. Davis

8D 30153-1 F-5



Bettis Rod 79—l63

A calculation of the fuel temperatures was performed for the
Bettis test rod 79-163. The as-built dimensions;‘the'operating
history'énd the results of the post irradiation examination are
given in .Reference 1. The fuel temperatures were calculated using
the TACO‘thermal analysis code (Reference 2) This rod was fabril
.cated u31ng high density fuel with a small 1n1t1al dlametral gap ~
(y 1 mll). The fuel temperatures were calculated assumlng stable
fuel and a constant gap conductance of O,./-‘Watts/cm2 C. The center—
line- temperatures versus- burnup Wthh were calculated for this rod
are shown in Figure 1 At the f1na1 cycle of operatlon the center
temperature of the test rod was"f0und t0'1240 C. This occurred at
a rod average burnup, of. 24 OOO MWd/mtU.. o |

ThlS rod was highly enrlched compared to commercial LWR fuel
and had a strong radial dependence on the burnup The pol7nom1nal
flt to the .radial burnup data is shown in Flgure 2. Us1ng this fit

S

-as the be°t estimate the burnup at the centerllne of the fuel is
Slnce the gas release measurcd for thlS rod is 0.27 this'analysis
.gives an additional point for eSLaPLlSHlngHagquHSlLlon temperature

between knockout and enhanced low temperature .gas rélease. ... .}

References

1. J. T. Engel and H. B. Meieran, '"Performance of Fuel Rods Having
97 Percent Theoretical Den31tv U0y Pellets Sheathed in Zircalov-4
and Irladleted”qtthowi?hermal_Ratlngs L :WAPD-TM-631, July, 1968.

2. R. H. Stoudt et al., "TACO - Fuel Pin Performance Analysis,"
BAW 10087A, August 1977.
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' CENTERLINE TEMPERATURE. (°C) AT
PEAK AXIAL LOCATION
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Fig.ll. Centerline temperatures calculated for rod BETT 79-163;.
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ORNL-DWG 80-663
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Fig. 3. Radial temperature profile at end of irradiation.
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