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ABSTRACT -

The release of fission gases from fuel pellets at high burnup is

reviewed with regard to the required safety analysis in reactor

licensing. A; correction function developed by the Nuclear Regu-
,

latory Commission is described, and related information on fission
.

igas release is summarized. A discussion of the present regulatory

position is also given. The report thus serves as a guide for the

analysis of high burnup cas release in licensing situations. ,
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I. INTRODUCTION .

,

Fission gas release from fuel pellets during irradiation is of
.

considerable importance in assessing the long-term behavior of nuclear ,

fuel s. At high burnup the composition and pressure of the rod fill

gases may be significantly altered, thus affecting heat transfer in

the rod. The gas pressure in the rod also determines, in part, the

stress applied to the cladding. For these reasons, fission gas pro-

duction and release from the fuel must be accurately-known throughout
-,

the lifetime of the fuel rod. -

.
.

A number of gas release models are used in licensing (1) by U.S.

commercial LWR fuel vendors. With the exception of a recently sub-'-

p mitted Westinghouse fuel performance code (2), these models currently .
,

" ~

have little or no burnup dependence in the predicted release rate for

fission gases. This situation exists in light of an obvious b"rnup _

enhancement in LMFBR fuels and comments -from the research community '

that there is growing evidence for an increased rate of fission gas ,

release, particularly above 30,000 mwd /t. This apparent discrepancy

was recognized by the NRC, and it has been thought that increasing

release rates might be perceived empirically as constant release rates
:
'

because of decreases in fuel temperatures with burnup.

The NRC formally approved models proposed by the industry in the- .

past based primarily on two considerations: (1) the industry models
|

| agreed well enough with the best available fission gas release data,
r

which were taken at low burnup, and (2) an NRC-funded study (3)

i
1

_ _ _ _
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concluded, among other things, that there was no burnup dependence j

at high temperatures. It should be noted, ilowever, tilat the high-
.

|temperature data analyzed by Beyer and Hann in that study came from

low-burnup fuel; most of the fuel (34 out of 45 rods) had burnups of

less than 4,00,0 mwd /t, only 3 rods exceeded 10,000 mwd /t, and none

exceeded 20,000 mwd /t. Burnup enhanced gas release at low temperatures

(<1250 C) was considered in the Beyer and Hann study. It was thought f

that burnup enhancement at higher temperatures pr'obably occured beyond I

the range of. LWR burnups (27,500 - 33,000 mwd /t) .
*

i
'

Serious discussion in the industry concerning burnup dependence

took place within an Ar.erican Nuclear Society standards subccamittee,
,,

designated the ANS-5.4 Working Group, which was chartered to investigate
-

4. ,
.

fuel plenum fission gas activity. The activities of this group have

.

been presented in a recent status report (4_). The NRC as well as major

U.S. nuclear fuel suppliers are represented on this committee. As a
..

'

participant, Westinghouse Electric Corporation (5_) stated that there

existed a strong burnup dependence that was not acccmodated by the

preliminary ANS fission gas release model (6_,7_). While this conclu-

ision was initially based by Westinghouse on Saxton data, which were
!

later criticized by Ritzman (8) as being inconclusive, the burnup
|

dependence is supported by recent Westinghouse data (9) from Zorita ,

I

as well as other experimental data to be discussed later in this report. i

|:

After receiving a request for model and design basis changes in 1976 )
|

from Westinghouse, the NRC concluded that the deficiency was generic

and began to form a licensing approach to the problem. |
| |
| .

|
|
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II. LICENSING ACTIONS
.

,

.

Mounting evidence of burnup enhancement forced the NRC staff

to reconsider its previous approach to fission gas release at high

burnup. In the absence of an acceptable method for describing this ;

effect, the NRC and consultants at Battelle Pacific Northwest Labora-'

'

t
tories (PNL) developed a correction method to evaluate the safety

.

implications of the release enhancement. The burnup correction

' was base'd on the only large source of high-burnup non-proprietary

data available at the time. Those data were LMFBR mixed-oxide (MOX)
, .

fuel data from ESR-II. No essential differences in gas release had :

been proposed for MOX and U0-2 fuels (10_,11,), and this conclusion had ;

'- also appeared in the GESMO report (1_2_). In addition, Westinghouse (S_)2

-
t

confirmed the urriform application of a single fission gas release model
'

.

to both high-burnup U0-2 and M0X data, including that from EBR-II.
-

'

Since the ESR-II data had not been released, it was decided to

begin the analysis with a correlation reduced from those data by Dutt
t

et .tl . (13_) (and later revised by Dutt and Baker Q4,)) . These EBR-II

data have since been released, at NRC request, and are included in

Appendix A. Revisions to these data are given in Appendix B.

From the Dutt correlation a correction method was developed as

a function of two variables, F(T) and Bu. F(T) is the uncorrected gas

release fraction predicted with any existing fission gas release model, ,

,

and Bu is the burnuo. It was intended that the correction method could
|

be used as a simple correction applied to almost any existing empirical

gas release model.

.. - .



-4-.

..
,

In November of 1976, the NRC staff prepared a letter to the in-'

dustry that included the high-burnup correction function for fission

g,as release. Later the same year this letter was sent to each licensed
"

utility and to all U. S. fuel suppliers. The recipients were informed

that the NRC had reason to believe the plant safety analyses underpre-
.

dicted fissiod gas release at high burnups. In addition, the following

calculations were requested with results to be reported to the NRC within

30 days.

1) Each utility or vendor was to temporarily alter the fission gas release

model in its fuel perfomance code such that release predictions were

increased for exposures greater than 20,000 mwd /t according to the NRC

i correction.

2) .The fuel vendors were to select several operating ' plants in' the U. S.- -

whose safety analyses would be most affected by an increase in gas

- release. Calculated data for peak-burnup gas release, rod pressure,

fuel temperature, etc. with and without the gas release correction

were to be supplied to the NRC.

3) The impact (if any) of these larger cas releases on LOCA and other

safety analyses was also to be described.

Responses from the vendors are summarized in Table 1. In light of the

vendor responses and in view of increasing experimental evidence in

support of enhanced gas release, the NRC staff took the position that

all vendors must improve their fission gas release models to include

burnup effects. Furthermore, until such time that improved models could

be approved by the NRC, the fission gas release correction method derived by

NRC would be utilized in safety analyses to account for the enhanced releases.

- - - - - - .- . --. -_ _ . . - - _ .-.
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Table 1. Fuel Vendor Responses on Enlianced Fission Cas Release.

"

SUPPLIER EXCESSIVE ROD PRESSURE LOCA EFFECTS'

BABCOCK & WILCOX NONE >200 F PCT
,

COMBUSTION ENGINEERING NONE NONE

0<32 F PCTEXXON (BWR) NONE

i '
EXXON (PWR) NONE NONE

GENERAL ATOMIC NONE < 110F PCT
,

,
,

GENERAL ELECTRIC NONE <850F PCT

WESTINGilOUSE NEW HOD PRESSURE CRITERlON NONE

.

e

e

_ _ _ _ _ _ _ _ _ _ _
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III. DERIVATION OF THE NRC CORRELATION
,

The approach that was taken in deriving the correction function

was, effectively, to separate the variables in the Dutt and Baker (1_4,) ;,4

correlation (see Fig.1) and to utilize that burnup dependence alone

for LWR fuels abdve 20,000 mwd /t. It 'is assumed that current LWR models

are adequate in the low burnup range (below 20,000 mwd /t).

To accomplish this separation of variables, a change was first made

in the Dutt and Baker correlation so that it became a function of re-

lease fraction F(T) at a fixed burnup (20,000 mwd /t) rather than a

function of local power. In each case the correlation also remains a
t

'

: function of local burnup, Bu. The basic form of the new function is

F'(Bu,T) = F(T) + (1 - F(T)]Y, (1)
*

where Y is an enhancement factor to be derived from the Dutt and Baker

correlation. An arbitrary but convenient functional form was selected

for the enhancement factor:.

~ 1 - exo[M3u-20,000)1 (2)
7 1 + (3/F(T)) exp(C(Bu-20,000)] ,

,

. . _

where A, B, and C are empirically derived coefficients and Bu is local

burnup in megawatt days per metric tan of uranium (mwd /t). Non-linear
,

regression techniques were used to fit Eqs. (1) and (2) to the Dutt and |

iBaker correlation.
| !

i

i
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Release fraction and local burnup values were obtained by inspec-
_

tion of Fig.1, which is taken frcm the Dutt and Baker report. In this

manner, a number of values for Y, the burnup enhancement factor, were

obtained for various local powers and burnups. These values are given

in Table 2. The coefficients in Eq. (2) were then chosen by a least-

squares method to cTosely approximate the Dutt and Baker correlation.

That is, values of the constants A, 8, and C were selected to minimize

the summation -

F = [ [Yg,3 (calculated) - Y ,3 (experbental)] , (3)g
,

ij

where i = 7,10,12 kW/ft and j = 20, 30, 40, 50, 60 mwd /t.
.

The resulting correction function is
*

-e.
''

1 - exu[-0.0000436(Bu-20,000)]*

F'(Bu,T) = F(T) + [1-F(T)] 1 + (0.665/F(T))exp[-0.0001107(Bu-20,000)] ~

Equation 4 is thus a reformulation of the Dutt and Baker correla-

tion in the burnuo range 20,000 to 60,000 mwd /t. This function simply

replicates the shape of the Outt and Baker curves, and the closeness

of the approximation can be seen by comparing the dashed and solid

curves in Fig. 2.

It was next assumed that LWR and LMFBR fuels that have the same release

fraction F(T) at 20,000 mwd /t will have the same release fraction F'(Bu,T)

above 20,000 mwd /t provided their respective temperatures do not change

(application of this method when temperatures change is described in Section IV).

i
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Table 2. Summary of Data from Dutt-linker curves. <

h

BURNUP(mwd /t) 7 kW/f t 10 kW/f t 12 kW/f t

RELEASE ENilANCEMENT RELEASE ENilANCEMENT RELEASE ENilANCEMENT

FRACTION FACTOR.Y FRACTION FACTOR, Y FRACTION FACTOR, Y

20.000 0.129 0.000 0.354 0.000 0.440 0.000
'

30,000 0.250 0.139 0.486 0.204 0.588 0.264

40,000 0.447 0.365 0.630 0.427 0.745 0.545
,

50,000 0.680 0.633 0.745 0.625 0.840 0.714

60,000 0.830 0.805 ,0.860 0.783 0.895 0.813

4

i

!'

.

.

,

i
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Therefore F(T) is interpreted as the fission gas release fraction
,

calculated with an existing LWR (i.e., low burnup) rel' ease model .

In this manner Eq. (4) becomes applicable to LWR fuel, and F'(Bu,T)

is the release fraction corrected for high burnup release enhancement.

If the boundary condition,
'

t .

(Bu-20,000) = 0 for Bu < 20,000 mwd /t, (5)

:

!

is imposed, Eq. (4) is inherently well behaved. The corrected gas >

release always approaches .the uncorrected release at 20,000 mwd /t,

and the corrected release never exceeds the physical limitation of I

100% rel~ ease. The method was chosen because of its simplicity and
i

ease of application to existing LWR gas release models.
i

*
.

,

4

r

6

ed
,

I

|
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." IV. APPLICATION OF THE NRC CORRELATION i
-

.

I It is assumed that current fission gas models are adequate for

; burnups to 20,000 mwd /t. To apply the correction for a b'urnup interval: ~

I starting at 20,000 mwd /t, the local release fraction F(T) is first

calculated with an uncorrected fission gas release model. If the-

-;

release fraction F(T) were 0.30, for example, a curve, which starts
,

j at 30". release at a _burnup of 20,000 mwd /t and continues to any re-
1

quirco higher burnup, would be generated by' means -of the correction.

1

i function. The corrected release values would be taken from this curve -

I for the duration of the burnup interval for which the temperatures are

f ,
considered constant. The correction function thus produces a family

of such curves as shown in Fig. 3, and all of these curves have the

i shape of the Dutt and Baker curves. o
,

:
1

|
If fuel temperatures change above 20,000 mwd /t, because of either

| a power change or other cause, a new F(T) would be calculated with the
4

| existing uncorrected model . Then a different curve in Fig. 3, based
!

.

on a new F(T), would be followed for the burnup interval of the new
!

fuel temperature to obtain releases at the new temperature. If the gas

;

{ release model in an existing code already has a (weak) burnup dependence,
j

the burnup variable in that submodel (only) would be artificially set to

20,000 mwd /t in order to calculate F(T) for burnup intervals above 20,000

| mwd /t. In other words, the burnup dependence is superseded above 20,000
1

! mwd /t by the correction method; it is not supplemented.
!

i
| As an example of applying the correction to a fission gas release modei

!

L
,

_ _ . _ , , . _ e _ . . . _ , . . _ . _ . _ . . _ _ _ , _ _ . . . - _ . , . _ , _ - , . . _ . - - . . , , , . , ,.
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that includes a burnup (or time) dependence, suppose the original
.

model was of the fom
.

F = k /t exp(-Q/RT), (6)
,

- ;

I

where F is the release fraction; k, Q, and R are constants; t is

time; and T is temperature. For burnups less than 20,000 mwd /t,

the gas release fraction is calculated by Eq. (6) as'it stands.

The local burnup in each node is .also calculated to detemine the '

,

time at whic.h the burnup is 20,000 mwd /t in that node. This may
2

be denoted as time t20 For burnups greater than 20,000 mwd /t,
' fission gas release is given by

F (Bu,T) = F20 +. R - F20] Y(F20,Bu , (7) .

-
.

where Y(F20,Bu)is the correction function given in Eq. (2) and

F k /c exp(-Q/RT). (8)=
20 20 ,

-

:

Although there remains an implicit dependence on burnup through the

temperature variable T, F20 is now independent of any e::plicit depen-
,

dence on time or burnup. , F20 must, of course, be recalculated each i

time the local temperatures are changed. Since the Dutt and Baker

correlation, from which the correction function Y was derived, accounts

for temperature variations, this implicit dependence on burnup should ;

not be removed. The correction method is relatively easy to apply in
,

i this manner and requires very little modification to most existing

gas release models.I

:

|

_. -. -- . . - . - -
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The approximation afforded by the correction function is dependent

on obtaining an, accurate release fraction at 20,000 mwd /t. Overpre-

dictions at 20,000 mwd /t would of course be propagated by this method,
.

and such errors would be conservative. On the other hand, underpre-

dictions at 20,dOO mwd /t could lead to important nonconservative errors .

.

at high burnud. Therefore, a minimum gas release fraction should be

assumed as discussed below.
;

Several sources (15,16) of low temperature (i.e., athermal)

release data indicate very low releases on the order of 0.2% at burnups

as high as 20,000 mwd /t. The accuracy of these data is unclear, however,

because of uncertainties in (a) measurement techniques for very small
,

.~

releases, (b) fuel density effects, and (c) measurement temperature

effects. While relative uncertainties are large, the absolute uncer-
. .

,

tainties are not, and we, therefore, believe low temperature releases

are closely and conservatively approxi. mated by an assumed value of 1%;
Ireleases of less than 1% at 20,000 mwd /t'are not currently justified

in safety analyses.

Several additional observations are relevant. (1) Our experience

with some vendor models programmed into GAPCON (13) has given near-zero

values of F(T) and erratic (and unreliable) release values at high burn-

ups. (2) The difference between 0.1% and 1% release on fuel performance

analysis at 20,000 mwd /t is not significant.

In view cf the above discussion, a minimum value of 1% should be

assumed as a conservative measure of F(T), the uncorrected prediction of

fission gas release at 20,000 mwd /t. This limit can be implemented by

simple programming logic.

__
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V. SUPPORTING EVIDENCE .

-
.

Figure 4 shows Westinghouse fission gas release data (9) from the
t

Zorita (Spain) LWR. Individual rod t'.ne-averaged power ranged from

3.3 to 9.4 kW/ft in these commercial UO-2 fuels. These data clearly

.

show the burnup enhancement and the general trend is predicted well by
.

the NRC correction factor. The approximation afforded by the correction

function is of course dependent on obtaining an accurate release fraction

at 20,000 mwd /t, here set at the lower limit of 1%. Any errors or conser-

vatisms present in F(T) will be prcpagated at higner burnups. It appears .

from these data that F'(Bu,T) might increase too rapidly at very high

burnups, but such an error would be conservative. It should be emphasized
.

that the NRC correction function was not derived from these data so that

this is an independent check. fecause of the variat' ion in linear heat

generation rate (LHGR) for the Westinghouse data, the burnup dependence

tends to become obscured by the LHGR dependence. We have noted (17) that !
,

a proprietary constant-power subset of these data eliminates the problem.

Figure 5showslowtemperaturedata.fromAERE(15). These low temp-
,
.

erature U0-2 data of Bellamy and Rich were reported for small diameter ,

fuel rods clad in stainless steel. Fission gas releases were measured

at burnups up to 48,000 mwd /t. For comparison with the high burnup correc- ,

i

tion method, F(T) was again set at the lower limit of 1%. Although the

NRC correction is somewhat conservative for this exceptionally high ,

'

density material (98% T.D. in this case), the fit is still reasonable.

This good fit may be somewhat fortuitous, however, since low temperature
;

releases are produced by a different mechanism (recoil) than high tempera- [

ture releases ( thermally activated migration) responsible for the LMFBR

_ . _ . _ _ _
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(Dutt and Baker) correlation and of primar,y interest in LWR safety ,
,

.

analysis. Both mechanisms, however, should be enhanced by high-

burnup microstructural changes even though their geometric dependence

might be different. A geometric difference may exist because one

mechanism is a surface-related mechanism and the other is a volume-
. .

^

related mechanism.

Experimentally measured fission gas release from German PWR fuel

rods (19,) is shown in Figure 6. The data were obtained from both
,

pressurized and unpressurized Zircaloy-clad fuel rods irradiated in

the Kraf twerk Union reactor at Obrigheim. The NRC correlation is shown

in this figure with the fraction F(T) at 20,000 mwd /t set at the lower
.

limit of 1%. At 30,000 mwd /t, these results show a range of fission
*

-
.

c
,

. gas releases that ~are approximated, rather than bounded, by the NRC

correlation.
.

.

Figure 7 shows early Babcock & Wilc6x data from a paper by Baroch

and Rigdon (20). For ccmparison with the high burnup correction method,

F(T) was set equal to the B&W estimate of gas release fraction at 20,000

mwd /t. Because of uncertainties in the power levels reported on these

U0-2 test pins, these data are not considered well characterized. In'

spite of the questionable results, the NRC correction function predicts

the trend well.

Figures 8 and 9 show European LMFBR data (21), and it is apparent

that the NRC correction reproduces the high burnup trend reasonably well .

In each case, the value of F(T) is based on the author's estimate of gas
.

|

|

.
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release fraction at 20,000 mwd /t. Again it should be emphasized that
.

these data were not included in the derivation of the correction method

and thus serve as an independent check. Questions regarding the relevance

of LMFBR data will be discussed in the next section.

Several state-of-the-art theoretical models predict a strong burn-

up dependence of gas release. Although we have not reviewed these

models carefully, both GRASS (22,23,) and the British model of Hargreaves

!and Collins (24.) are based on grain-boundary gas-bubble saturation.

In sample calculations, Hargreaves and Collins predict ' saturation in

the 10,000 to 30,000 mwd /t range, whereas GRASS did not predict satur-

ation (and hence would not indicate enhanced release) for H. B. Robinson

fuels at 28,000 mwd /t. The onset of saturation and enhanced release in

these models depends on the accumulated quantity of gas and thus on the

early life release rate. The NRC correction method is in qualitative

agreement with these theories except that the correction method has a

fixed (20,000 mwd /t) threshold corresponding to saturation. This is a

limitation of the correction method that is acknowledged, and this limit-

ation could only be remedied by substantial developmental effort.

.

1

- - - |
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VI. DISCUSSION

Several comments have been made critizing the NRC high burnup

'correcticn method described above. These comments will be dis-

cussed below in a question-and-answer format. .

>
-

*
i

~

Q1. Is it inappropriate to " correct" a fuel design model by simply

modifying one portion of the model?
-

.

A1. In a thermal performance code it is true that the various fuel

behavior models are interrelated. But it is also true that in almost

all cases the models for fission gas release are developed empiri-

- cally outside of a thermal performance code. Some adjustments may

be made to other parts of the code to improve overall agreement
,

,

with data, bit this calibration is done in the low burnup' range

(<20,000 mwd /t) since few high-burnup data are available (the new

Westinghouse code PAD-3.3 (g) is a possible exception to this state-

ment since it appears to utilize high-burnup Saxton data). In all

cases except PAD-3.3, which has a strong burnup dependence, it is

assumed that release rates at high burnup are the same as at low

burnup; or, in the case of the Combustion Engineering code FATES (g5)

and the earlier Westinghouse code PAD-3.1, that the weak burnup

dependence exhibited at low burnup is continued at high-burnups.

These assumptions are incorrect, and it is more correct to assume
,

that gas release is enhanced in the manner we have suggested. In

general, this will have no effect en code calibration since that

was acccmplished in the unaltered low burnup range.
.

. _ . - - , - - - - _ . - - , _
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02. Is there any double penalty taken because of implicit temperature

effects in the EBR-II (Dutt and Baker) data?
.

A2. Some measure of double penalty is taken because of our implicit

assumption phat constant power corresponds to constant temperature

at high expdsures in EBR-II fuel. This effect, however, is probably
!

unimportant. This point was raised because some fuels (in BWRs) ,

experience a marked decrease in gap conductance with burnup as a

result of helium dilution in the gap. The EBR-II plenum volume was

about 10 times the BWR fuel plenum volume per unit of fuel. Therefore,
,

gas dilution effects in the ESR-II rods was reduced.

.

03. Does the correction function overpredict LWR release because it was

derived from LMFBR fuels which run hotter?.

A3. No, it does not. In the Dutt and Baker figure (Fig.1), each curve - '

~

has been id' ntified by the U4FBR linear heat rating, and it is welle

known that, for example, a 7 kW/ft U4FBR fuel will operate at higher

temperatures than a 7 kW/ft LWR fuel . But in transforming the Dutt
.

Iand Baker correlation to a correction function F'(Bu,T), no equiva-

lence of heat ratings was assumed. An LWR case that follows the
l
1 7kW/ft LMFBR curve (above 20,000 mwd /t) will undoubtedly be operating -

at a higher power -- a power that would give a 13". release at

20,000 mwd /t as calculated by a vendor's existing model .

i

Q4 Are there errors in the correction function that result from errors

in GAPCON or the Beyer-Hann gas release model? '

__ ._ -
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A4. No. The correctica function is entirely empirical and neither GAPCON

nor the Beyer-Hann ntodel was used in its derivation. Determination of

coefficients was accomplished with a standard, regression procedure.

QS. Does the correction function grossly overpredict low temperature -

releasest '

~

AS. Possibly, but probably not. Some low temperature fission gas release

data show reasonable agreement with the correction function (see Figs. !

'

5 and 6 ) . However, it has been pointed out that the H.B. Robinson data

at 28,000 mwd /t (16,) show no enhancement with burnup. The H.B. Robinson

releases were small (<1".), and in such cases the corrected value would ,

- be no more than 3.5". at 33,000 mwd /t. While such a correction is large
'

,

on a relative basis (i.e., 3.5 times the uncorrected value), an overpred t

iction of several percent in gas release is a small absolute error. West

house also has critically stated that we would overpredict small releaseg

by 5 times (24), but they failed to' acknowledge that their new proposed,

model does the same. Such overpredictions are explainable in tems of

the proposed mechanism for enhancement, viz., grain-boundary saturation. 7

This mechanism predicts that a greater burnup would be required for

lower temperature fuels in order to produce saturation and its resultant
.

release enhancement. This level of detail is not present in the Dutt an9

Baker model (nor in our correction function) because low temperature dats

were not readily available at the time this function was developed. The;

industry may wish to address this shortccming in future modeling work.

For the present, however, the error is small, conservative, and probably .

unimportant since it is usually the hot rod (not a icw-temperature rod)
,

that is analyzed in the safety analysis.
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06. Does the use of mixed-oxide (t0X) data lead to overprediction of
'

gas release?

A6. We concluded in GESMO that MOX and U0-2 releases were not signifi-

cantly different. Statements by Westinghouse (5) support that

conclusion.! It has been suggested that local temperatures are'

high in M0X fissile particulates, but calculations (5,) show

insignificant temperature rises on the order of'11 F. It has

also been suggested (E) that local exposures are high in M0X

fuel particulates and that this exaggerates the burnup enhancement.

This hypothesis, however, depends on particle size and fuel enrich-

.

ment and would not predict a significant effect for 20-25 w/o Fu0-2
.

EBR-II fuels. The hypothesis has also been . challenged because fuel

particulates are homogenized in high-temperature regions, which

dominate gas release.

07. What are the implications of the poor ~ agreement with Saxton high-burnup

data of some GAPCON predictions (R) using the NRC burnup correction?

A7. The failure of GAPCON predictions to match the Saxton data when the NRC

high-burnup fission gas correction was applied was not a failure of the

correction function. The exercise indicated that (a) the unpressurized,

small-plenum (s30". smaller than commercial rods per unit of fuel)

Saxton rod temperatures are very sensitive to small changes in the fuel

behavior models (including gas release) and therefore provide a poor

example for this comparison, and (b) that GAPCON is not well verified

for high-burnup work. This latter point is illustrated by the large

(s8C0 F) changes in fuel temperature that result frem small model changes0

at moderate burnups (17,000 mwd /t) . The Saxton data have also been

criticiva<t roepntiv hv Ritzman (81.
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VII. SUMMARY

A high burnup enhancement of fission gas release has been recog-
'

nized in the range of LWR fuel burnups, and licensing actions have
,

been taken to include this effec.t in plant safety analyses. These

actions included the development by NRC of a method for correcting
,

t2 .

existing models, which do not describe releases adequately at high [

burnup. ;

i

The NRC correction method was developed because no other method ;

was available and a safety assessment was required. The method was |

derived in an apprcximate manner from LMFBR data. No claim was made

.. for great accuracy in the correction method and several specific !
t

,

shortcomings are noted; however the correction method produces surpris- !
. .

1

ingly good agreement with most of the available high burnup gas release i
'

data. Derivation of the correction method, its application, and evidence

that supports its validity have been discussed in detail. |

'

Further refinements in gas release modeling are indicated and that
;.

burden of development lies with the commercial segment of the industry.

To assist in this effort, several sources of unpublished data, which i

:

were made available to the NRC during its safety assessment, have been

included as appendicies to this report.
i
!

j

i

~

|
.

W
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LMFBR GAS RELEASE DATA .
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TRANSMITTAL OF FISSION GAS RELEASE DATA FOR LMFSR MIXED OXIDE FUEL
PINS IRRADIATED IN ESR-II

References (1) Telecon, D. 5. Dutt (HEDL) with M. Mendonca (US/NRC),
" Request for Fission Gas Release Data Used in SIEX
Correlation," February 28, 1977.~

(2) Personal Communication, C. M. Cox.(HEDL) with E. C.~'

Norman (ERDA/RDD-HQ), May 9, 1977. .
.

-

By copy of this letter, we are transmitting a tabulation of the sub-
ject information and comparison to SIEX predictions (Table 1). Fig-
ures 1 and 2 and Table 2 are included to assist in the evaluation of
the " quality of fit" as requested in Reference 1 and concurred with
in Reference 2. This table contains information on fuel conditions
(restructuring etc.) necessary for interpretation of the results.

4

C. M. Cox, Manager
*
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Enclosures:
Table 1 - Data Used for the Correlation of SIEX
Table 2 - Summary of the Analysis of Variance for the SIEX Fission

Gas Release Correlation
Figure 1 - Power-Burnup Range of Data Used in the Fission Gas Release

Correlation
Figure 2 - Predicted vs Measured Fission Gas Release
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TABLE 2
-

~

ANALYSIS OF VARIANCE TABLE FOR FISSION GAS RELEASE RESIDUALS
i

.

SUM OF DEGREES OF MEAN EXPECTED MEAN
SOUARE

SOURCE _
500 ARES _ FREEDOM SOUARE

_

Between Assanblies 3345 18 185.8 e2 + 3.76 e2

2
Within Assemblies 5345 55 97.2 a

TOTAL 8680 73 119.0

* -
.,.,

*

.

From the Expected Mean Squares:

Within Assembly Standard Deviation, e , is . 9.865l

,

Between Assembly Standard Deviation, a ,.is. - 4.865C

Total Standard Deviation . . . . - . - . . . 10.915

n

.

_ _ _.-_-___.- _ __._ - - - - -_ - - - - - -
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CdRRECTIONSFORLNFBRGASRELEASEDATA
'

.

.

The following corrections should be made to the gas release data
'

given in Table 1 of the Appendix A:

PNL-3-23, 27 and 33 should have predicted percent
'

releases of 6.74, 6.4 and 5.92, respectively;'

-
.

~

PNL-3-27 should have a burnup ,of 27.6 mwd /KG instead of

42.93 mwd /KG.
.
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Su==ary:

This paper presents fission gas release data men.sured on fuel

rods from the Obri heim pressurized water reactor. These rods5-

include:

(1) standani fuel rods (one to four reactor cycles), . *

(2) high-power test rods,
J(3) fuel rods of a cyclin 5 experiment.
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This report describes the results of fission 5as release

measurements performed by Kraftwerk Union. The

results presented have been obtained from the Obrigheim -

pressurized water reactor and refer to standard fuel rods,
'

hi h-power expeirinental rods and fuel rods from a cycling5
experiment. All fuel rods had Zin:aloy claddings.

.

The fuel rods with standard fuel have been irradiated during

cne to four reactor cycles. Fuel rods from the first core

were unpressurised (fuel assembly 83,104 and 120) whereas
all reload pins were prepressurized.

The prepressurized hi h-power' rods from the fuel assembly 2475,

had non-standard fuel (experimental fuel with m 11er Erain
size, hi her porosity and higher enrichment).E .

Also the fuel rods of the cyclin 5 experiment (see table) had

non-standard fuel with a higher enrichment, With the excep-

tion of the fuel rods 7-22 and 8-22 all rods were prepressu-

rized.

Description of the measuring method: The fuel rods were

pierced at a point within the upper gas plenum inside an

evacuated container. The overflowinE Eas was pu= ped out and
the quantity of gas at N.T.P. was calculated from the system

pressure rise. Subsequently a Eas sample was taken for mass

spectrometric analysis. The detection efficiencies of the

=casuring device are:

Er 0.01 % vol. He 0.03 % vol.
Ie 0.02 % vol. H 0.06 % vol.2

N 0.09 % vol.2
0 0.03 % vol.2
CO 03 % vol.2
00 02 % vol.
i n na v .,
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Measured Ficcion Gas R21 caco Data C,"~',

hm,Anwa-

from L.aftwerk Union Fuel Roda'

j

-

.

In the .following table the measured fission Eas re.!. ease ,

data is shown including data characterizing the power
history. q' is the EGR averaged over the pin length and
the irradiation, time. qf% is the marhumlocalEGR having
occurred at the specified averaSe burnup of the fuel rod. The

has not been calculated for all fuel rods.value q d

The data characterizing the power history is based on
in-core instrunentation measurenents and neutron-physics
ealculations. Forthe ealculation of the fractional fission
gas release the fission Eas produced is calculated on the
basis of an enerE75eneration of 200 MeV per fission and a

,

.. yield of 30 noble Sas atems per 100 fissions.

*
-

.
.

* . e

b
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Fuel Rod Bu m p N11 Linear Roet Power Pission Gas

Acaembly (red av.: Power P qMg at 3wnup r tenL Lnon Total 2elease
3 5

INd/t(U) Oays V/cm V/cs (%%* cm (II2P) cm (NTP) em (:trP) %

P,5 022S 38 520 13B1 162 33 56 7 Sa.o 3 11

02C6 36 630 iti3 250 21 200 34 49 4 52.8 2.33

c392 33 600 141 23 31.2 33 5 2.ca

caa? 3*. 5 20 162 24 11 coo 39 56.3 60.2 3 24

104 7307 25 160 1o91 15o 258 7 900 1.9 23.7 25 6 1.sa

7321 33 8'o 180 244 14 500 " 2.2 29 3 31 5 1.92

6025 25 120 | 150 15 19.0 20 5 1.51

5747 2S 160 150 1.s 22.4 24.2 1 7s
1 21 a3c2 27 110 1o74 147 15 19 2 20 7 1.59

c610 30 o':0 163 ::48 22 000 23 31.6 '33 9 2 34

6ssi 27 110 147 277 6 400 13 14.1 15.4 1.1a =

53c3 3e oao 163 247 21 soo 2.4 28.2 30.6 2.11 3

3513 30 oso 163 244 22 oco o.9 11 5 12.4 0.85 q
S*92 30 0E0 163 6.4 77.6 e4.0 5 77 2

1 27 1293 31 550 c69 210 29 2 0 50Q 3.9 53.1 57.0 3 91 7,

1240 30 530 E3 291 8 500 65 es.4 92.9 6.47 y
2B7c 31 550 210 274 10 000 3.5 45.7 49.2 3 37 a,

*
133 2736 20 500 562 211 267 o 0.5 6.4 6.9 o.73

.
2724 19 700 | 20 2 274 S 400 1.1 12.9 14.0 1.53

afa 4176 39 540 1169 195 39 43 3 47.2 2.59 -

4 13 39 563 1c5 4.6 50.7 55 3 3 03.

47c8 3a.890 192 4.4 47 3 51 7 2.a7

21 2 11159 11 ceo 290 221 279 o 0.4 0.7 1.1 0.21'

247 1M 19 350 307 364 4a 19 eco 18.4 1e6.9 205 4 25 86 .e

45 != 140 60" 353 459 27 600 70.8 721.5 e60.3 55 48 [, 3
79 ao coo 370 61.1 497.0 558.1 34.80- gq
CA 31 350 2co 365 15 600 .% .o 369.5 414.5 33 20 32

1 322 fo 100 Irradiation ti=e 600 days, o.4 2.11 2.57 1.66 ,

2 D 22 50 100 #10 cycles, o.33 1.74 2.07 1.34

! D ia 33 600 lower potter level o.27 1.04 1 31 0.83 i.

4 314 30 600 150.. 300 V/cm (srsdient 0 38 1.64 2.02 1.27 E
dl

3 205 31 Goo a:.or.s the rod), 1.12 5 97 7.09 4.67 u
4 DCS 31 600 upper power level 0.87 4.48 , 5.35 3 55 .!! ,

7 - 22 30 ico about 400 V/ca. 1.66 9.30 ' 10.96 6.94 O

2 - 22 30 100 1.68 a.92 10.60 6.75 0
|
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.

Robert Tedesco, Assistant Director for Containment Safety, L
TdRU: . V. Benaraya, Chief, Effluent Treatment Systems Branch, L

,

NOBLE GA3 RELEASE FRCM MIXED OXIDE FUEL

on March 22, 1974, I attended a meeting held at East-West Towers to
discuss the ETSB input to the draft Generic Environmental Statement
on the Use of Mixed Oxide Fuels (GESMO). A list of attendees is

! enclosed.

Max Freshley of BNUL expressed concern that the gaseous source term
for GESMO was too icw with respect to our calculated releases of

*

noble gases. According to information frem Combustion Engineering,
mixed oxide fuels release substantially more noble gases than are
released from uranium oxide fuels because of increased tempera,ture
related diffusion of gases held in the fuel matrix. Mr. Freshley

-
;

made reference to experi= ental work performed by Carroll and Sisman.

at Oak -Ridge National Laboratory, showing increased release rates for
mixed oxide fuels. Based 'on this work, the noble gas release rate from
mixed oxide fuel speci= ens would be approximately an order of magnitude

i higher than that expected frem ccmparable uranium oxide fuels.

Mr. Freshley also stated that his cwn earlier work in this area showed
essentially no difference in noble gas releases.between uranium oxide
and mixed oxide fuels, but that he was no longer convinced of the validity
of his own werk.

We reviewed the report by Carroll and Sisman, ORNL, published in Nuclear
Technology, Vol. II, August 1971, and find that the data contained in
this report have no direct relevance to Mr. Freshley's position in that

. the burnup parameters and gaseous fractional releases are substantially
lower than those used in our calculations of the GESMO source term.
However, the temperatures of the fuel were in the same general range
(800 to 1100 C) as anticipated for GESMO. Carroll and Sisman reportedI

Kr-88 fractional release rates on the order of 10-4 at 0.237. burnup
and "about one order of magnitude" greater at higher burnups; these

i

..

'-
''. .' . . . . -

' '- --
.

_. . _ - _ .-. - - _- _. . . . - - - __.
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correspond to fractional release rates on the order of 0.017. and
.

0.1% (" Fractional release rate" is the ratio of release rate to
birth rate). As expected, releases were largely temperature dependent.
Carroll and Sisman also stated that the observed rates were about an
order of magnitude higher than those expected frem ecmparable speci-
mens of uranium oxide.

.

We calculated the release of noble gases for the GESMO source term
on the assumption that the escape rates for noble gases would be
essentially the same for mixed oxide fuels as have been observed for
uranium oxide fuels. This assumption was based on operating dats from
plants using mixed oxide fuels. It is expected that the temperatures
.of mixed oxide fuels will essentially be the same as present gecera: ion
uranium oxide fuels. A review of the literature concerning noble gas
releases confirms this assemption.

A. Olsen, in ORNL-4901, Part 5 (Fast Breeder Reactor oxide Fuels
Development, 1973) presented data on the percentage of Kr-85 released
for a wide range of burnups for uranium oxide and mixed oxide . fuels.
In the range of burnups and linear heat rates which are anticipated
for GESMO, integrated fractional releases were as follcus:.

,

% Burnup Peak Linear Heat Fission cas
* Fuel Tvoe (Av2. % FIHA)* Race (kw/ft) Release % Kr-85

*

0xide 3.8 16.4 30
0xide 4.4 25.9 47
Oxide 4.9 21.6 44
0xide 4.0 17.9 41
Mixed Oxide 6.2 18 31
0xide 5.8 17.0 47
Mixed Oxide 5.0 20.6 44
Mixed 4.1 13.4 38

*FIMA: . Fissions per Initial Actinide Metal atem

J. Hoff=an and D. Coplin, in GEAP-4596, "The Release of Fission Gases
frem Uranica Dioxide Pellet Fuel Operated at High Temperatures", General
Electric Co. , Atomic Power Equipment Departnent, San Jose,.(1964), report-
ing on uranium oxide fission gas release studies, report that in the range
of 8000 to 14000C (volumetric average temperature), most of the observed
fractional releases were in the range of 27. to 307., with no data shewing
releases greater than 507.. Furthermore , the level of burnup appeared
to have no effect on the fractional noble gas release.

.
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J. Rallin and D. McClintock, reporting in " Interim Postirradiation
Examination of SAXTCN Pu0 -UO2 Fuel Rods", Trans. Am. Nucl, Soc. , i2Vol.10, No.1 (1967), showed that approximately 2% of the available
Kr and Xe gas was released fran pelletized mixed oxide fuel at a
peak burnup of 6,100 MND/ Tonne.

Mr. Freshley, in BNWL-366, "The Irradiation Behavior of UO -PuC2 Fuels2 ,

'

in FRIR" (1967), reports on the fractional noble gas release, in per-
centage of Xe+Kr release versus volumetric average fuel temperature,
for mixed oxide fuel with burnups ranging from 100 to 5,000 MWD / tonne.
In the temperature range fran 8000 to 14000C, the data were within
a range of 15% to 30%. M. Freshley also reported data in the range
frem 1400 to 22000C, with fractional releases increasing to 90% at
22000C.

The Carroll and Sisman data show fractional release rates for Kr-88,-
while the =easurements reported in the other cited references are
given in terms of integrated fractional releases of eitb-r Kr-85

,

or total noble gases. The assumption of Carroll and Sisman, i e. ,
noble gas fractional release rates for mixed oxide fuels will be

. on the order of a factor of ten higher than for utanium oxide fuels,
if valid, should show a corresponding increase in the integrated
fractional release of noble gases from mixed oxide fuels. The cited
data denonstrate that this is not the case. .|

The Olsen data show no significant difference in the quantity of noble
gas released in either uranium oxide or mixed oxide fuels at burnups
and temperatures applicable to'GESMO. Statistically, Olsen's data
shew that slightly more noble gas is released frem uranium fuel than
from mixed oxide fuel; this corresponds to the slightly higher fission
product yield for noble gases calculated for uranium oxide fuel.

A comparison of Hoff=an and Coplin's data for uranium oxide fuels ;

with d2at of Freshley for mixed oxide fuels shows close correlation
;

in the 800 to 1400 C temperature range. The data of Rollin and
McClintock for mixed oxide fuel is within the same order of magnitude '

,

but the fuel tesperatures were not specified. |

In sc=sary, all of the cited data, with the exception of that of Carroll
and Sisman, show that the observed fractional release of noble gases,
within the range of anticipated operating temperatures for GESMO, will !

be on the order of 2% to 30% for both uranium oxide fuels and mixed
oxide fuels and that the fraction released is temperature dependent.
We have found no infor=ation in the literature to substantiate any
difference in noble gas fractional releases between =ixed oxide fuels
and uranium oxide fuels, i

,
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Based on our evaluation of available data, we conclude that there
'

are no information available at present that warrants a change in
our gaseous , source teen as presented in our memorandum of 1/28/74.~

We will continue our review of ongoing programs and literature
publications in dais area.

'
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P. Stoddart
Effluent Treatment Systems Branch
Directorate of Licensing

.
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