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1.0 INTROOUCTION AND PURPOSE

In March 1982 ‘the NRC issued a "Post Accident Sampling Guide for Preparation
of a Procedure to Estimate Core Damage® as a supplement to the post accident
sampling criteria, of NUREG-0737(1). The stated purpose of this guide was

to aid ytilities in preparation of a methodology for relating post accident
core damage with measurements of radionuclide concentrations and other plant
indicators. The primary interest of the NRC was, in the event of an accident,
to have some means of realistically differentiating between four major fuel
conditions: no damage, cladding fallure, fuel overheating, and core melt. The
methodology developed is intended to enable qualified personnel to provide an
estimate of this damage. In order to comply with the NRC request for such a
methodology, Westinghouse, under contract to the Westinghouse Owners Group
(W0G), prepared the following generic technical report.

This report is cognizant of NRC's in‘tial intention. Additionally, the report
reflects input by NRC and various representatives of the WOG provided during
several meetings held on this subject during the past year.

This report has been arranged to present the technical basis for the
methodology (Section 1 through 5), and to provide a step-by-step example,
which can be made applicadble to various sizes and types of Westinghouse
pressurized water reactors (Section §).

1.1 METHODOLOGY

The approach utilized in this methodology of core damage assessment is
measurement of fission product concentrations in the primary coolant system,
and containment when applicable, obtained with the post accident sampling
system. Greater release of fission products into the primary coolant can
occur 1f insufficient cooling is supplied to the fuel elements. Those fission
products contained in the fuel pellet - fuel cladding interstices are presumed
to be completely released upon failure of cladding. Additional fission
products from the fuel pellet are assumed to be released during
overtemperature and fuel melt conditions. These radionuc)ide measurements,



together with auxiliary readings of core exit thermocouple temperatures, water
level within the pressure vessel, containment radiation monitors, and hydrogen
production are used to develop an estimate of the kind and extent of fuel
damage.



2.0 TECHNICAL BASIS FOR CORE DAMAGE ASSESSMENT METHODOLOGY

2.1 CHARACTERISTIC FISSION PRODUCTS

Depending on the extent of core damage, characteristic fission products are
expected to be released from the core. An evaluation was conducted to select
the fission product isotopes which characterize a mechanism of release
relative to the extent of core damage. Nuclides were selected to be
associated with the core damage states of clad damage, fuel overheat, and fuel
melt. The selection of nuclides for this methodology was based on half-1ife,
energy, yield, release characteristics, quantity present in the core, and
practicality of measurement using standard gamma spectrometry technigues.

The nuclides selected for this methodology have sufficient core inventories
and radioactive half-lives to ensure that there will be sufficient activity
for detection and analysis of the nuclides for some time following an
accident. Most of the nuclides selected have half-1ives which enable them to
reach equilibrium quickly within the fuel cycle. The 1ist of selected
nuclides contains nuclides with half-1ives of 1 day or less which are assumed
to reach equilibrium in approximately 4 days. These.nuclides are used to
assess core damage for cores that have been operational in a given cycle for
less than a month. For cores that have been operating for more than a month,
the 11st contains nuc)lides with half-1ives greater than 1 day which reach
equilibrium at some time during the first month of operation depending on the
half 1ife of the nuclide. Both groups of nuclides are used to assess core
damage for cores that have been cperational in a given cycle for more than a
month. Other factors considered during the selection process were the energy
and yield of the nuclides along with the practicality of detecting and
analyzing the nuclides.

Nuclides were chosen based on their release characteristics to be
representative of the specific states of core damage. The Rogovin Report(z)
noted that as the core progressed through the damage states certain nuclides
associated with each damage state would be released. The volatility of the
nuclides is the basis for the relationship between certain nuclides and a
particular core damage state.



A list of the selected nuclides for this core damage assessment methodology fis
shown in Table 2-1.

2.2 CORE INVENTORIES

Implementation of the core damage assessment methodology requires an
estimation of the fission product source inventory available for release. The
fission product socurce inventory of the fuel pellet was calculated using the
ORIGEN(s) computer code, based on a three-region equilibrium cycle core at
end-of-11fe. The three regions were assumed to have operated for 300, 600,
and 900 effective full power days, respectively. For use in this methodology
the fission product inventory is assumed to be evenly distributed throughout
the core. As such, the fission product inventory can be applicable to other
equilibrium cores with different regional characteristics. The fuel pellet
inventory of the selected fission products and some additional fission
products of interest is shown in Table 2-2.

2.3 POWER CORRECTION FOR CORE INVENTORIES

The source inventory shown in Table 2-2 presents inventories for an
equilibrium, end-of-1ife core that has been operated at 100 percent power.

For this methodology a source inventory at the time of an accident that
accounts for the power history is needed. For those cases where the core has
reached equilibrium, a ratio of the steady state power level to the rated
power level is applied. Within the accuracy of this methodology, a period of'
four half-1ives of a nuclide 1s sufficient to assume equilibrium for that
nuclide. For nuclides with half-1ives less than one day the power ratio based
on the steady-state power level of the prior four days to reactor shutdown can
be used to determine the inventory. To use a simple power ratio to determine
the inventories of the isotopes with half-1ives greater than 1 day, the core
should have operated at a constant power for at least 30 days prior to reactor
shutdown. The assumption is made that constant power exists when the power
level does not vary more than +10 percent of the rated power level from the
time averaged value. For transient power histories where a steady state power
condition has not been obtained, a power correction factor has been developed
to calculate the source inventory at the time of the accident.



TABLE 2-1

T N FOR COR AMAGE A MENT
Core Damage
State Nuclide Half-Life* r inan v) Yield ol
Clad Fallure Kr-85m** 4.4 n 150(74), 305(13)
Kr-87 76 m 403(84), 2570(35)
Kr-88** 2.8 h % 191(35), 850(23), 2400(35)
Xe-131m 1N8d 164(2)
Xe-133 5.2714d 81(37)
Xe-133m** 2.26 d 233 (14)
Xe-135** 9.14 h 250(91)
I-1N 8.05d 364(82)
1-132 2.26 h 773(89), 955(22), 1400(14)
[-133 20.3 h 530(90)
I-135 6.68 h 1140(37), 1280(34), 1460(12), 1720(19)
Rb-88 17.8 m 898(13), 1863(21)
Fuel Overheat (Cs-134 2 yr 605(98), 796(99)
Cs-137 30 yr 662(85)
Te-129 68.7 m 455(15)
Te-132 717.7 h 230(90)
Fuel Melt Sr-89 52.74d (beta emitter)
Sr-90** 28 yr (beta emitter)
Ba-140 12.84d 537(34)
La-140 40.22 h 487(40), B815(19), 1596(96)
La-142 92.5 m 650(48), 1910(9), 2410(15), 2550(11)
Pr-144 17.27T m 695(1.5)
* Vvalues obtained from Table of Isotopes, Lederer, Hollander, and Perliman,

Sixth Edition.
** These nuclides are marginal with respect to selection criteria for

candidate nuclides; they have been included on the possibility that they

may be detected and thus utilized in a manner analogous to the candidate

nuclides.



TABLE 2-2

P T_INVENTORY FOR WESTINGHOUSE PLANTS*

r ri

2-Loop 3-Loop 4-Loop 4-Loop
Nuclide (1961 Mwt) (2900 Mwt) (3565 Mwt) (4100 Mwt)
Kr 85m 1.2(7)"* 1.8(7) 2.2(7) 2.6(7)
Kr 87 2.2(7) 3.3(7) 4.0(7) 4.7(5)
Kr 88 3.2(7) 4.6(7) 5.71(7) 65.6(7)
Xe 131m 3.5(5) 5.1(5) 6.3(5) 7.4(5)
Xe 133 1.1(8) 1.6(8) 2.0(8) 2.3(8)
Xe 133m 1.6(7) 2.3(7) 2.8(7) 3.3(1N)
Xe 135 2.1(7) 3.0(7) 3.7(7) 4.4(7)
I 5.4(7) 8.0(7) 9.8(7) 1.1(8)
1132 7.9(7) 1.2(8) 1.4(8) 1.7(8)
I133 1.1(8) 1.6(8) 2.0(8) 2.3(8)
I 135 9.9(7) 1.4(8) 1.8(8) 2.1(8)
Rb 88 3.2(7) 4.7(7) 5.8(7) 6.7(7)
Cs 134 1.3(7) 1.9(7) 2. %) 2.7(7)
Cs 137 5.9(6) 8.7(6) 1.307) 1.2(7)
Te 129 1.8(7) 2.U(7) 3.3(7) 3.8(7)
Te 132 7.9(7) 1.2(8) 1.4(8) 1.7(8)
Sr 89 4.4(7) 6.4(7) 71.9(7} 9.2(7)
Sr 90 4.0(6) 5.9(6) 7.2(6) 8.4(6)
Ba 140 9.4(7) 1.4(8) 1.7(8) 2.0(8)
La 140 9.9(7) 1.4(8) 1.8(8) 2.1(8)
La 142 8.4(7) 1.2(8) 1.5(8) 1.8(8)
Pr 144 6.9(7) 1.0(8) 1.2(8) 1.5(8)

Inventory based on ORIGEN run fcr equilibrium, end-of-1ife core.
-  1.2(7) =1.2 x 107.  This notation is used throughout this report.



There are a few selected nuclides with half-lives around one year or longer
which in most instances do not reach equilibrium during the 1ife of the core.

For these few nuc)lides and within the accuracy of the methodology, a power
correction factor which compares the effective full power days of the core to
the tota) number of calendar days of cycle operation of the core is applied.

Due to the production characteristics of cesium-134, special consideration
must be used to determine the power correction factor for Cs-134. This power
correction factor can be obtained from Figure 2-1.

2.3.1 POWER CORRECTION FACTOR

A) Steady state power prior to shutdown.

1) Half-1ife of nuclide < 1 day

Power Level for prior 4

Power Correction Factor = Rated Power Level (Mwt)

2) Half-1ife of nuclide > 1 day

Aver r Level for prior

Power Correction Factor = Rated Power Leve] (Mwt)

3) Half life ¢f nuclide = 1 year

ver r Level r r

Power Correction Factor = Rated Power Level (Mwt)

Steady state power condition is assumed where the power does not vary by
more than +10 percent of rated power level from time averaged value. .

B) Transient power history in which the power has not remained constant prior
to reactor shutdown.

For the majority of the selected nuclides, the 30-day power history prior
to shutdown is sufficient to calculate a power correction factor.
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-, t -\, t°
I, PJ (1-e ' J) 3 L
Power Correction Factor = —=
-\' ttJ
RP (1-e )
where:
’3 = average power level (Mwt) during operating period tJ
RP = rate power level of the core (Mwt)
tj = operating period In days at power Pj where power does not vary

more than +10 percent power of rated power level from time
averaged value (PJ)

l‘ = decay constant of nuclide 1 in inverse days.

t‘J = time between end of period j and time of reactor shutdown in days.

If the total period of operation is greater than four half-1ives of the
nuclide being considered, the power correction is as follows. This is within
the accuracy of this methodology.

zjtjgaxg-i-f-n

-t -, t*
(1-e ‘ J) e i

RP

i, P

Power Correction Factor =

For the few nuclides with half-1ives around one year or longer, a power

correction factor which ratiss effective full power days to total calendar
days of cycle operation 1s applied.

Power Correction Factor = TN atendar days of cycle operation

C) For Cs-134 Figure 2-1 is used to determine the power correction factor.
To use Figure 2-1, the average power during the entire cperating period is
required.



2.4 RELATIONSHIP OF CLAD DAMAGE WITH ACTIVITY
2.4.1 GAP INVENTORY

During operation, volatile fission products collect in the gap. These fission
products are isotopes of the nobdle gases, lodine, and cesium.

To determine the fission product inventory of the gap, the ANS 5.4(‘)
Standard formulae were used with the average temperature and burnup of the
fuel rod. The average gap inventory for the entire core for this methodology
was estimated by assuming the core is divided into three regions - a low
burnup region, a middle burnup region, and a high burnup region. Using the
ANS 5.4 Standard, the gap fraction and subsequent gap inventory were
calculated for each region. Each reglon 1s assumed to represent one-third of
the core. The tota) gap inventory was then calculated by summing the gap
inventory of each region. For the purposes of this core damage assessment
methodology, this gap inventory is assumed to be evenly distributed throughout
the core. Table 2-3 shows the calculated gap inventories of the noble gases
and lodines. Table 2-3-1 shows the minimum and max mum gap inventories. The
minimum and maximum gap inventory were determined by assuming the entire core
was operating at the low burnup condition and the high burnup conditions,
respectively.

2.4.2 SPIKING PHENOMENA

Reactor coolant system pressure, temperature, and power transients may result
in fodine spiking. (Cesium spiking may also occur but is not considered in
this methodology.) Spiking is noted by an increase in reactor coolant fodine
concentrations during some time period after the transient. In most cases,
the fodine concentration would return to normal operating activity at a rate
based on the system purification half-1ife. Spiking s a characteristic of
the condition where an increase in the normal primary coolant activity is
noted but no damage to the cladding has occurred.

10



TABLE 2-2

GAP INVENTORY®

2-Loop 3-Loop 4-Loop 4-Loop
Nuclide (1961 Mwt) (2900 Mwt) = (3565 Mwt) (4100 Mwt)
Kr 85m** 2.10(3) 3.08(3) 3.78(3) 4.40(3)
Kr 87 2.00(3) 2.93(3) 3.61(3) 4.20(3)
Kr 88** 4.44(3) 6.49(3) 7.98(3) 9.28(3)
Xe 13Im 4.92(2) 7.20(2) 6.85(2) 1.03(3)
Xe 133 9.80(4) 1.43(5) 1.76(5) 2.05(5)
Xe 133m** 9.35(3) 1.37(4) 1.68(4) 1.96(4)
Xe 135** 4.99(3) 7.30(3) 8.98(3) 1.04(4)
-1 1.58(5) 2.31(5) 2.84(5) 3.30(5)
I-132 2.54(4) 3.71(9) 4.56(4) 5.30(4)
1-133 1.07(S) 1.56(5) 1.92(5) 2.23(5)
1-135 5.44(4) 7.97(8) 9.80(4) 1.14(5)

*  Tota) core inventory based on 3 region cquilibrium core at end-of-1ife.
Gap inventory based on ANS 5.4 Standard.
** Additional nuclides; no graphs provided.

n



TABLE 2-3-)

MAX M

Gap Inventory, Curies

4-Loop

2~-Loop 3-Loop 4-Loop

Nuclide (196) Mwt) (2900 Mwt) (3565 Mwt) = (4100 Mwi)

Kr 85a* 3.84(2)-5.32(3) 5.62(2)-7.79(3) 6.90(2)-9.57(3) 8.03(2)-1.11(4)
Kr 87 3.79(2)-5.13(3) 5.54(2)-7.50(3) 6.81(2)-9.22(3) 7.93(2)-1.07(4)
Kr 88* 7.92(2)=1.11(4)  1.16(3)-1.62(4) 1.42(3)-1.99(4) 1.66(3)-2.32(4)
Xe 131m  8.79(1)=1.23(3) 1.29(2)-1.80(3) 1.58(2)-2.21(3) 1.84(2)-2.57(3)
Xe 133 ) 1.85(4)=2.51(5) 2.71(4)-3.67(5) 3.33(4)-4.51(5) 3.88(4)-5.24(5)
Xe 133m* 7.13(2)-9.82(3) 1.04(3)-1.44(4) 1.28(3)-1.77(4) 1.49(3)-2.06(4)
Xe 135%  2.29(3)-3.12(4) 3.35(3)-4.56(4) 4.11(3)-5.61(4) 4.79(3)-6.53(4)
I 3.00(4)-4.09(5) 4.38(4)-5.98(5) 5.39(4)-7.35(5) 6.27(4)-8.55(5)
1132 4.75(3)-6.50(4) 6.96(3)-9.51(4) 8.55(3)-1.17(5) 9.55(3)-1.36(5)
1133 1.96(4)-2.72(5) 2.87(4)-3.99(5) 3.53(4)-4.90(5) 4.10(4)-5.70(5)
I 135 9.90(3)=1.39(5) 1.45(4)-2.03(5) 1.78(4)-2.49(5) 2.07(4)-2.90(5)

* Additiona) nuclides; no graphs provided.
** Minimum values are based on the low burnup region (5,000 MWD/MTU).
Maximum values are based on the high burnup region (25,000 MWD/MTU).
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For this methodology consideration of the spiking phenomena into the
radionuclide analysis is Yimited to the I-131 information found in

HCAP-QOGQ(S). WCAP 9964 presents releases in Curies of [-131 due to a
transient which results in spiking based on the normal primary coolant
activity of the nuclides. The WCAP gives an average release and 90 percent
confidence interval. These values are presented 'n Table 2-4. The use of
this data is demonstrates in Section 2.4.3.2.

2.4.3 ACTIVITY ASSOCIATED WITH CLAD DAMAGE

Clad damage is characterized by the release of the fiss’ n products which have
accumulated in the gap during the osperation of the plant. The cladding may
rupture during an accident when heat transfer from the cladding to the primary
coolant has been hindered and the cladding temperature increases. Cladding
fallure 1s anticipated in the temperature range of 1300 to 2000°F depending
upon the conditions of the fission product gas and the primary system
pressure. C(lad damage can begin to occur in regions of high fuel rod peak
c¢lad temperature based on the radial and axial power distribution. As the
accident progresses and is not mitigated, other regions of the core are
expected to experience high temperatures and possibly clad failure. when the
cladding ruptures, it is assumed that the fission product gap inventory of the
damaged fuel rods is instantaneously released to the primary system. For this
methodology it is assumed that the noble gases will escape through the break
of the primary system boundary to the containment atmosphere and the iodines
will stay in solution and travel with the primary system water during the
accident.

To determine an approximation of the extent of clad damage, the tota) activity
of a fission product released s compared to the total source inventory of the
fission product at reactor shutdown. Included in the measured quantity of the
total activity released 1s a contribution from the normal operating activity
of the nuclide. An adjustment should be made to the measured gquantity of
release to account for the normal operating activity. Direct correlations can
then be developed which describe the relationship between the percentage of
total source inventory released and the extent of clad damage for each
nuclide. Figures 2-2 through 2-9 present the direct correlations for each
nuclide in graphical form. The contribution of the normal operating activity
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TABLE 2-4

p PIK
Average, uCi/gm =131 1R r

0.5 <SA*< 1.0 3400
0.1 < SA < 0.5 380
0.05 < SA < 0.1 200
0.01 < SA < 0.05 200
0.005 < SA < 0.0 100
0.001 < SA < 0.005 100

SA < 0.000 2

90/90 upper Confidence Level, wCi/gm

0.5 < SA<1.0 6500
0.1 < SA < 0.5 950
0.05 < SA < 0. 650
0.01 < SA < 0.5 650
0.005 < SA < 0.001 . 300
0.001 < SA < 0.005 300

SA < 0.001 10

* SA is the normal operating I1-131 specific activity (uCi/gm) in the
primary coolant.
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Core Inventory Released (%)

Clad Damage (%)

FIGURE 2-2 RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF XE-]133

15



R

P W N e .

"
Ty

= 9 O N - - -
000 O O o 1
00 O O 0O oo

~wn

(x) pasealay Aiojuanu]

001
04

4°0
$'0

£°0

20

1o

Clad Damage (%)

FIGURE 2-3 RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF 1-131

16



Core Inventory Released (%)

0.3
0.2

Q7
.08
.03
.02

.01
-007
-00S
-003
.002

-001
7.0-4
S.0-4
J3.0-4
2.0-4

1.0-4

0.3

0.5

0.7

!
100.

Clad Damage (%)

FIGURE 2-4 RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF I-131 WITH SPIKING



Core Inventory Released (%)

N -

nNoow

-
.007]
. 004

.00y
.00

-00U
-

d b i bl
L EE dm G5

o
P
v o e Aus el a4 o

.01,

oY T YT YYYY

(&}
'
e

e
LA
\

A
.
\
\

?
+

P 3 b
PP

]

0.2}
]

2

J
4
5. +
r- 3
L
10. 1

0.5}
0.7

Clad Damage (%)

FIGURE 2-5 RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF KR-87

18



Core Inventory Released (%)

.00

.003,

. 2024

-00

PP s
\ ana en e o

R

0.3
o'zw

4

4
4

e . . S 4 3 e
L v v 4

hsilaldh -
s s 2B ag 2

3
) daieng

0.2 1

+

0.3

FIGURE 2-6

0.5}
0.7]1
|

Clad Damage (%)

RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF XE-131M

19



Core Inventory Released (%)

007,
.00

.00y
.002

o o
kLPAAiA

.02,

0L

4

*

v

Ao hop e " P

y—
o o am m o g ™ S e oo o

70
100. 1

- N~ m v N © e 2 @
- N W

0‘2 KR

Clad Damage (%) !

FIGURE 2-7 RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF I-132

20



Core Inventory Released (%)

LU & R ¢

LU ) W 9 -

o O oo
P oA

o

o
i
LN S S S o 8 4

o
.0y
.02

~011

007t

o o
o o
Fi A

©
o
)

e oy

&%
%
\

\

b

YT ™

]
0-2*;

0.5 +

0.3
o" :r

Clad Damage (%)

FIGURE 2-8 RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF I-133

21



" .
1 ¥ 00!
t 4
{ - &
Af 1 Qh
+ 1 .ow
| +
I 1 -of
| 1 o2
v E 3 P
4. ¥ ot
£ §
4 i
+ A” k
4 1
g
+ I
| + 2y
| 12
1 4 .
t ) SR |
+ i
Jv - .
1 0
+ 1 e
+ ﬁ
.? +
£'0

1 4+ z0
ot -
N 5

() pasea|ay Ai0juaau] a40)

Clad Damage (%)

FIGURE 2-9 RELATIONSHIP OF % CLAD DAMAGE WITH % CORE INVENTORY
RELEASED OF I-135

22



has been factored into the correlations shown in Figures 2-2 through 2-9.
Examples of how to construct the correlations shown in Figures 2-2 through 2-4
are presented in the next two sections. Figures 2-5 through 2-9 were
determined in the same fashion as described in the examples. It should be
noted that not all of the fission products listed in Table 2-3 need to be
analyzed but as many as possible should be analyzed to determine a reasonable
approximation of clad damage. '

2.4.3.7 Xe-133

A graphical representation can be developed which describes the linear
relationship of the measured release percentage of Xe-133 to the extent of
clad damage. Since the linear relationship is based on percentage of
inventory released, the linear relationship applies to all Westinghouse
standard plants. The Westinghouse 3-Loop plant is used as the base plant for
developing the relation. The total source inventory of Xe-133 for a
Westinghouse 3-Loop plant is 1.6 x 10' Curies (Table 2-2). For 100 percent
c¢lad damage, all of the gap inventory, which corresponds to 1.43 x 105

Curies (Table 2-3) would be released. For 0.1 percent clad damage, 1.43 x
102 Curies would be released. These two values can be used to represent two
points of the linear relationship between percentage of total inventory
released and the extent of clad damage. However, the normal operating
activity needs to be accounted into the relation. From Table 2-5 the norma)l
operating activity of Xe-133 s 18 uC!/gu(a). The average primary coolant
mass of a 3-Loop plant is 1.78 x 10e grams. The total normal operating
contribution to the total release of Xe-133 is 3200 Curfes. Thus the adjusted
releases are 3340 Curies and 1.46 x 105 Curies for 0.1 percent clad damage
and 100 percent clad damage, respectively. This corresponds to 2.2 x 10'3
percent for 0.1 percent clad damage and 9.1 x l()'2 for 100 percent clad
damage. This relation is shown in Figure 2-2.

Figure 2-2 also shows a minimum and a maximum relation which bound the best
estimate 1ine. The minimum and maximum 1ines were determined by bounding the
fisston product gap inventory. The minimum gap inventory was determined by
assuming the entire core was operating at the low burnup condition used to
calculate the average gap inventory as described in Section 2.4.1. The
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TABLE 2-5

NORMAL OPERATING ACTIVITY™

Specific Activity
in Reactor Coolant

Nuclide —fuCi/gm)
Kr 85m 1.1 (-1)
Kr 87 6.0 (-2)
Kr 88 2.0 (1)
Xe 131m 1.1 (=)
Xe 133 1.8 (#1)
Xe 133m 2.2 (=)
Xe 135 3.5 (-1)
113 2.1 (=)
1132 1.0 (-1)
1133 3.8 (-1)
1135 1.9 (-1)

* Vvalues obtained trom ANS 18.1
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maximum gap inventory was determined by assuming the entire core was operating
at the high burnup condition of Section 2.4.1. For the 3-Loop plant, the
minimum gap inventory for Xe-133 is 2.71 x 10‘ Ci, and the maximum value is
3.67 x 105 Ci. Table 2-3-1 shows the maximum and minimum values for the gap
inventories. The normal operating activity is bounded by assuming a water
mass of 1.23 x 10a grams (2-Loop plant) for the minimum value and 2.6 x

10a grams (4-Loop plan*) for the maximum value. The points of the minimum

and maximum 1inear relations are calculated in the same manner as discussed

above.
2.4.3.2 I-1

The gap inventory for a Westinghouse 3-Loop plant from Table 2-3 for [-131 is
2.31!')5 Curies. The minimum and maximum gap inventory for a 3-Loop plant
for 1-131 is 4.38:10‘ C{ and 5.98:105 Ci, respectively. The source

inventory of I-131 for a 3-Loop plant is 8.0 x 107 Curies (Table 2-2). The
normal operating specific activity for I-131 from Table 2-5 is 0.27 uCi/gm.
With a primary coolant mass of 1.78 x 1o° gm for a standard 3-Loop plant,

the normal operating activity of I-131 {s 48 Curies. 'The points of the
average, minimum, and maximum relations are calculated in the same manner as
described in Section 2.4.3.1. Figure 2-3 shows the percentage of I-131
activity as a function of clad damage. The percentage release of I-131

calculated from the radionuclide analysis would be compared to Figure 2-3 to
estimate the extent of clad damage.

For I-131, the possibility of fodine spiking should be considered when
distinguishing between no clad damage and minor clad damage. The contribution
of fodine spiking 1s discussed in Section 2.4.2 and is estimated to be as much
as 950 Curies of [-131 released to primary system with an average release of
350 Curies based on a normal operating I-131 activity of 0.27 uCi per

graa(s). The linear relationships of Figure 2-3 are adjusted to account for
the release due to fodine spiking by adding 950 Curies of I-131 to the maximum
release and by adding 350 Curies of I-13]1 to the minimum and average release.
Figure 2-4 shows the percentage of I-131 released with fodine spiking versus
clad damage. Iodine spiking was not considered during the calculations of the
correlations for the remaining fodines, I-132, 1-133, and 1-135, Figures 2-7
through 2-9, respectively.
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2.4.4 GAP ACTIVITY RATIOS

Once equilibrium conditions are reached for the nuclides during operation, a
fixed inventory of the nuclides exists within the fuel rod. For these |
nuclides which reach equilibrium, their relative ratios within the fuel pellet
can be considered a constant.

Equilibrium conditions can also be considered to exist in the fuel rod gap.
Under this condition the gap inventory of the nuclides is fixed. The
distribution of the nuclides in the gap are not in the same proportion as the
fue) pellet inventory since the migration of each nuclide into the gap is
dependent on its particular diffusion rate. Since the relative diffusion
rates of these nuclides under various operating conditions are approximately
constant the relative ratios of the nuclides in the gap are known.

In the presence of other indicators of a major release, the relative ratios of
the nuclides can be compared with the relative ratios of the nuclides analyzed
(corrected to shutdown) during an accident to determine the source of the
fission product release. Table 2-6 presents the relative activity ratios for
both the fuel pellet and the gap. The relative ratios for gap activities are
significantly lower than the fuel pellet activity ratios. Measured relative
ratios greater than gap activity ratios are indicative of more severe
fatlures, e.g., fuel overheat.

2.4.5 ADJUSTMENTS TO DETERMINE ACTIVITY RELEASED .

when analyzing a sample for the presence of nuclides, the isotopic
concentration of the sample medium is expressed as the specific activity of
the sample in either Curies per gram of 1iquid or Curies per cubic centimeter
of atmosphere. The specific activity of the sample should then be adjusted to
determine the total activity of that medium. The measured activity of the
sample needs to be adjusted to account for the decay from the time the sample
was analyzed to the time of reactor shutdown and adjusted to account for
pressure and temperature difference of the sample relative to temperature and
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TABLE 2-6

PIC ACTIVITY RAT F F P T_AND GAP

Nuclide Fuel Pellet Activity Ratio fvity Rati
Kr-85m 0.1 0.022
Kr-87 0.22 0.022
Kr-88 0.29 0.045
Xe-131m 0.004 0.004
Xe-133 1.0 1.0
Xe-133m 0.14 0.096
Xe-135 0.19 0.0%)
I-13 1.0 1.0
1-132 1.5 0.17
1-133 2.1 0.N
1-135 1.9 0.39
Noble Gas Ratio = Moble Gas Isotope Inventory

Xe-133 Inventory

n

lodine Ratio = [-131 Inventory

* The measured ratios of various nuclides found in reactor coolant during
normal operation is a function of the amount of "tramp® uranium on fuel rod
cladding, the number and size of "defects® (1.e. *pin holes®), and the
location of the fuel rods containing the defects in the core. The ratios
derived in this report are based on calculated values of relative
concentrations in the fuel or in the gap. The use of these present ratios
for post accident damage assessment is restricted to an attempt to
differentiate between fuel overtemperature conditions and fuel cladding
fallyre conditions. Thus the ratios deived here are not related to fue)
defect levels incurred during normal operation.
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pressure conditions of the medium. Also the mass (1iquid) or volume (gas) of
the sample medium 1s required to calculate the isotopic activity of that
medium. The follow'ing sections discuss the required adjustments.

2.4.5.1 DILUTION OF SAMPLE MEDIUM

The distribution of the total water inventory should be known to determine the
water amount that is associated with each sample medium. If a sample 15 taken
from the primary system, an approximation of the amount of water in the
primary system is needed and a similar approximation s required for a sump
sample. For the purposes of this methodology the water s assumed to be
distributed within the primary system and the sump. HNowever, consideration
should be taken if a significant primary system to secondary system leak rate
is noted as in the case of a steam generator tube rupture. The amount of
water that is avallable for distribution is the initial amount of primary
system water and the amount of water that has been discharged from the
Refueling water Storage Tank (RWST). Also, an adjustment must be made for
water added via the containment spray systems, accumulators, chemical addition
tanks, and ice condensers. To approximate the distribution of water, the
monitoring systems of the reactor vessel, pressurizer, sump, and RWST can be
employed. If not al) of the monitoring systems are available, the monitoring
systems which are working can be used by assuming that the tota)l water
inventory is distributed In the sump and the primary system with consideration
given 1f a significant primary system to secondary system leak rate is noted.
The approximate total activity of the 1iquid samples can then be calculated.

RCS activity (Curies) = Specific Activity (Ci/cc or Ci/gm) x
RCS water volume or mass (cc or gm).

Sump activity (Curies) = Specific Activity (Ci/cc or Ci/gm) x
Sump water volume or mass (cc or gm).

Total water activity = RCS activity + Sump activity +
Activity leaked to Secondary System + Activities from other
sources (accumulators, ice condensers, spray additive tanks, etc.).
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Note: The specific activities should be decay corrected to reactor shutdown,
and the RCS amount should be corrected to account for temperature and

pressure differences between sample and RCS.

The containment atmosphere activity can then be added to approximate the tota)
activity released at time of accident.

Tota) Activity Released = Tota) Water Activity +
Containment Atmosphere Activity

2.4.5.2 PRESSURE AND TEMPERATURE ADJUSTMENT

The measurements for the containment atmosphere samples need to be adjusted if
the pressure and temperature of the samples at the time of analysis are
different than the conditions of containment atmosphere. The adjustments to
the specific activity and the containment volume are as follows.

:Z T, + 460
Specific Activity (Atmosphere) = Specific Activity (Sample) x X (f -~ 060)
] 2
where:
T‘. " = measured sample temperature (*F) and pressure (psia)
Tz. '2 = containment atmosphere temperature (°*F) and pressure (psia).
P, T. + 480 °

Corrected Containment Yolume = Containment Free Volume (SCF) x 3 ( )
'2 73 + 480

where:
Tz. '2 = containment atmosphere temperature (*F) and pressure (psia)
T,. '3 = standard temperature (32°F) and pressure (14.7 psia).

For those plants with ice condensers, consideration should be given to account
for a decrease in free volume due to the ice melting occupying a portion of
the containment volume.
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The total activity released to the containment atmosphere is

Total Containment Activity = Specific Activity (Atmosphere) x
Corrected Containment Volume

where the specific activity (atmosphere) has been decay corrected to time of
reactor shutdown, '

The specific activity of the 1iquid samples requires no adjustment if the
specific activity 1s reported on a per-gram basis (uCi/gm). If the specific
activity is reported on a per-volume basis (uCi/cc), an adjustment fis
performed to convert the per-volume specific activity to a per-gram specific
activity. The conversion is performed for consistency with later
calculations. [If the temperature of the sample is above 200°F, an adjustment
is required to the conversion. In most cases the sample temperature will be
below 200°F and no adjustment i1s necessary. Figure 2-10 shows a relation of
water density at some temperature relative to the water density at standard
temperature and pressure.

The mass of the 1iguid medium (RCS or sump) can be calculated from the volume
of the medium. If the medium (RCS or sump) temperature at time of sample is
above 200°F, an adjustment is required to the conversion.

A. RCS or Sump temperature > 200°*F

RCS or sump mass (gm) = RCS or Sump Volume (ft°)

3
ol
Pste i f

t

where:

"—(2) = water density ratio at medium (RCS or sump) temperature,

P
TP Figure 2-10

Psrp = water density at STP = 1,00 gm/cc.
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B. RCS or sump temperature < 200°F

RCS or Sump Mass (gm) = RCS of Sump Volume (ft°) x Psrp X
3

28.3 x 10" cc
feo
where:
Psp ® water density at STP = 1.00 gm/cc.

The tota) activity of the RCS or sump is as follows.

RCS or Sump Activity = RCS or Sump Specific Activity (uCi/gm) x RCS or
Sump Mass (gm)

where the specific activity has been decay corrected to time of shutdown.

2.4.5.3 DECAY CORRECTION

The specific activity of a sample s decay adjusted to time of reactor
shutdown using the following equation.

Specific activity at shutdown = Specific activity (measyred)

where:

\‘ = radioactive decay constant, 1/sec
= time period from reactor shutdown to time of sample analysis,
sec.

Since this correction may also be performed by some analytical equipment, care
must be taken to avoid duplicate correcticn. Also, consideration must be
given to account for precursor effect during the decay of the nuclide. For
this methodology, only the parent-daughter relationships are considered.

Table 2-7 1ists the significant parent-daughter relationships associated with
the methodology. The decay scheme of the parent-daughter relationship is
described by the follow'ng eguation.
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Parent
Kr-88
I-131
1-133
1-133
Xe-133m
1-135
Xe-135m
I-135%
Te-132
Sb-129
Te-129m
Sb-129
Ba-140

Ba-142

Ce-144

Parent

Half Life*
2.8 h
8.05d
20.3 h
20.3 h
2.26 d
6.68 h
15.6 m
6.68 h
717.7 h
4.3 h
4.1 4d
4.3 h
12.84d

MMm

284 d

* Table of Isotopes, Lederer, Hollander, and Periman, Sixth Editisr
** Branching decay factor

TABLE 2-7

PARENT-DAUGHTER RELATIONSHIPS

Rb-88
Xe-131m
Xe-133m
Xe-133
Xe-133
Xe-135
Xe-135
Xe-135m
1-132
Te-129
Te-129
Te-129m
La-140

La-142

Pr-144

33

Daughter
Half Life*

17.8 m
1n.8d
2.26

5.27
5.27

a o o

9.4
9.14
15.6m

g ¥

2.26 h

68.7 m
68.7 m
34

40.22 h

92.5m

17.27T m

.008

.024

.976

.10

.30

.827
.680
13



A “A,t “Aqt “Apt
R e LTI RY T

B A
where:

0: = activity (C1) or specific activity (uCi/gm or wCi/cc)
of the parent at shutdown

0 « activity (C1) or specific activity (uCi/gm or uCi/cc)
of the daughter at shutdown

0a = activity (C1) or specific activity (uCi/gm or wCi/cc)
¢f the daughter at time of sample

A = decay constant of the parent, sec”!

Ag = decay constant of the daughter, sec”!

t = time period from reactor shutdown io time of sample

analysis, sec.

Since the activity of the daughter at sample time 15 due to the decay of the
parent and the decay of the daughter initially released at shutdown, an
estimation of the fraction of the measured activity at sample time due to only
the decay of daughter is required. To use the above equation to determine ’
this fraction, an assumption is made that the percentages of the source
inventories of the parent and the daughter released at time of shutdown are
equal (for the nuclides used here within a factor of 2). The foliowing steps
should be followed to calculate the fraction of the measured activity due to
the decay of the daughter that was released and then to calculate the activity
of the daughter released at shutdown.

1. Calculate the hypothetical daughter concentration (0') at the time of

the sample analysis assuming 100 percent release of the parent and
daughter source inventory.
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A -\, t -At -Aqt

o(t) =k G (e M- ®yeqge ®
where:
0: = 100% source inventory (Ci) of parent, Table 2-2 or 2-8
0: = 100% source inventory (Ci) of daughter, Table 2-2 or 2-8
Qa(t) = hypothetical daughter activity (Ci) at sample time
K = {f parent has 2 daughters, K is the branching factor,
Table 2-7
A = parent decay constant, sec”!
\g = daughter decay constant, sec”
t = time period from shutdown to time of sample, sec.

2. Determine the contribution of only the decay of the initial inventory of
the daughter to the hypothetical daughter activity at sample time

0 =~ At
fFr = 9!-:—-:!—
0. (t)

3. Calculate the amount of the measured sample specific activity associated
with the decay of the daughter that was released.

n‘ = Fr x measured specific activity (uCi/gm or wCi/cc)

4. Decay correct the specific activity (I') to reactor shutdown.
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TABLE 2-8

SOURCE INVENTORY OF RELATED PARENT NUCLIDES

2-Loop 3-Loop 4-Loop 4-Loop
Nuclide (1962 Mwt) (2900 Mwt) (3565 Mwt) (4100 Mwt)
Xe-135m 2.3(7) 3.4(7) 4.2(7) 4.9(7)
Sb-129 1.8(7) 2.6(7) 3.2(7) 3.UT)
Te-129m 4.5(6) 6.5(6) 8.0(6) 9.3(6)
Ba-142 8.9(7) 1.3(8) 1.6(8) 1.9(8)
Ce-144 5.9(7) 8.7(7) 1.1(8) 1.2(8)



2.5 RELATIONSHIP OF FISSION PRODUCT RELEASE WITH OVERTEMPERATURE CONDITIONS

The current concept of the mechanisms for fission product release from U02
fuel under accident conditions has been summarized in 2 documents, draft

NUREG-0956¢7) and 1DCOR Task 11.1¢%).
principal release mechanisms; burst release, diffusional release of the

These documents describe five

pellet-to-cladding gap inventory, grain boundary release, diffusion from the
002 grains, and release from molten material. The release which occurs when
the cladding fails, i.e., gap release, is utilized to quantify the extent of
clad failure as discussed in Section 2.24. Table 2-9 presents the expected
fue! damage state associated with fuel rod temperatures.

Fission product release associated with overtemperature fue)l conditions arises
initially from that portion of the noble gas, cesium and fodine inventories
that was previously accumulated in grain boundaries. For high burnup rods, it
s estimated that approximately 20 percent of the initial fuel rod inventory
of noble gases, cesium, and halogens would be released. Release from lower
burnup fuel would no doubt be less. Following the grain boundary release,
additiona) diffusional release from Uo2 grains occurs. Estimates of the

total release, including 002 diffusional release, vary from 20 to 40 percent
of the noble gas, fodine and cesium inventories.

Additional information on the release of fission products during
overtemperature conditions was obtained from the TMI accidont(g). In this
instance current opinfon is that although the core had been overheated, fuel .
melt had not occurred. Values of core inventory fraction of varfous fission
products released during the accident are given in Table 2-10. These values,
derived from radiochemical analysis of primary coolant, sump, and containment
gas samples, provide much greater releases of the noble gases, halides, and
cesiums, than s expected to be released solely from cladding fallures. In
add'tion, small amounts of the more refractory elements, barium-lanthanum, and
strontium were released. In the particular case of TMI, the release
mechanism, in addition to diffusional release from grain boundaries and UO2
grains, is believed to arise from UO2 grain growth in steam.
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TABLE 2-9

EXPECTED FUEL DAMAGE CORRFLATION WITH FUEL ROD TeMperATuRg(®)

Eyel Damage Temperatyre °F*
No Damage < 1300
Clad Damage 1300 - 2000
Ballooning of zircaloy cladding > 1300
Burst of zircaloy cladding 1300 - 2000
Oxidation of cladding and hydrogen generation > 1600
Fuel Overtemperature 2000 - 3450
Fission product fuel lattice mobility 2000 ~ 2550
arain boundary diffusion release of fission 2450 - 3450
products
Fuel Melt > 3450
Dissolution and liquefaction of UOz in > 3450
the Zircaloy - Zro2 eutectic
Melting of remaining uo2 5100

*  These temperatures are materia) property characteristics and are
non-specific with respect to locations within the fuel and/or fue)
cladding.



TABLE 2-10

1 PERAT )
Nuclide Hin.® Max.* Nominal®*  Min.**® Max owe
Kr-85 40 10
Xe-133 42 66 52. 40 70
I-13 4) 1]
Cs-137 45 60
Sr-90 0.08%*=
Ba-140 0. 0.2 . 0.15 0.08 0.2

* Release values based on TMI-2 measurements.

** HNominal value 1s simple average of al) Kr, Xe, I, and Cs measurements.

w** Minimum and maximum values of all Kr, Xe, I and Cs measurements.

www* Only value avallable.
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The relationship between extent of fuel damage and fission product release for
several radioisotopes during overtemperature condition is depicted graphically

in Figures 2-11 and 2-12. To construct the figures, the extent of fyel
damaje, expressed as a percentage of the core, is plotted as a linear function
of the percentage of the source inventory released for various nuclides. The
values used in constructing the graphs were obtained from Table 2-10. For
example, 1f 100 percent of the core experienced overtemperatures, 52 percent
of Xe-133 core inventory would be released. If | percent of the core
experienced overtemperature, 0.52 percent of Xe-133 core Inventory would be
released. The assumption is also made that nuclides of any element, e.g.,
1131 and 1-133, have the samc magnitude of release. In order to apply these
figures to a particular plant, power, decay, and dilution corrections
described earlier in this report must be applied to the concentrations of
nuclides determined from analysis of radionuc)ide samples. The maximum and
minimum estimates of release percentages are those given in Table 2-10 as the
range of values: nominal values of release are simple averages of the miminum
and maximum values.

2.6 RELATIONSHIP OF NUCLIDE RELEASE WITH CORE MELT CONDITIONS

Fuel pellet meiting leads to rapid release of many noble gases, halides, and
cesiums remaining in the fue) after overheat conditions. Significant release
of the strontium, ba-fum-lanthanum chemical groups 1s perhaps the most
distinguishing feature of melt release conditions.

Values of the release of fission products during fuel melt conditions are
derived from ex-pile experiments performed by various Investigators.

These release measurements have been expressed as release rat. coefficients
for various temperature regimes. These release rate coefficients have been
represented by a simple exponential equation in draft NUREG-0956. This
equation has the form:

k(1) o« Ae® vhere

K(T) = release rate coefficient
AGB = constants

T = temperature.
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FIGURE 2-11 RELATIONSHIP OF % FUEL OVERTEMPERATURE WITH %
CORE INVENTORY RELEASED OF XE, KR, I, OR CS
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FIGURE 2-12 RELATIONSHIP OF % FUEL OVERTEMPERATURE WITH %
CORE INVENTORY RELEASED OF BA UR SR




These release rate coefficients were utilized with core temperature profiles
to develop fission product release estimates for various accident sequences
for which core melt is postulated in draf* NUREG-0956.

Fission product release percentages for three accident sequences which lead to
100 percent core melt are given in Table 2-11.' The xenon, krypton, cesium,
fodine, and tellurium elements have been arranged into a single group because
of similarity in the expected magnitude of overtemperature release. The
assumption is also made that nuclides of any element e.g., lodine 131 and
Iodine 133, have the same magnitude of release. The differences in the
calculated releases of the various elements for the different accident
sequences were used to determine minimum and maximum values of expected
release; nominal values of release are simple averages of all release values
within a group.

The percentage release of various nuclides has been correlated to percentage
of core melt with the linear extrapolations shown in Figur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>