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Abstract

A mathematical treatment has been developed to describe the activity levels of 129I as a function of time in the

primary heat transport system during constant power operation and for a reactor shutdown situation. The model

accounts for a release of fission-product iodine from defective fuel rods and tramp uranium contamination on in-core

surfaces. The physical transport constants of the model are derived from a coolant activity analysis of the short-lived

radioiodine species. An estimate of 3� 10�9 has been determined for the coolant activity ratio of 129I/131I in a CANDU
Nuclear Generating Station (NGS), which is in reasonable agreement with that observed in the primary coolant and for

plant test resin columns from pressurized and boiling water reactor plants. The model has been further applied to a

CANDU NGS, by fitting it to the observed short-lived iodine and long-lived cesium data, to yield a coolant activity

ratio of �2� 10�8 for 129I/137Cs. This ratio can be used to estimate the levels of 129I in reactor waste based on a

measurement of the activity of 137Cs.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Scaling factors are generally employed to estimate the

concentrations of difficult-to-measure (DTM) radionuc-

lides. They relate the activity of DTM radionuclides to

the activity of easy-to-measure (ETM) gamma-emitting

marker radionuclides such as 60Co and 137Cs. Scaling

factors for several radionuclides of potential interest to

Ontario Power Generation (OPG), namely, 238Pu, 239Pu,
240Pu, 241Pu, 241Am, 242Cm, 244Cm, 55Fe, 63Ni, 14C and
90Sr have been under development since 1999 [1].

Due to the much lower concentrations of many of the

remaining DTM radionuclides of interest, such as 129I

and 99Tc, their experimental scaling factor development

poses a major challenge and theoretical treatments have

been proposed for their estimation [2–5]. Such treat-

ments implicitly assume that the scaling factor for ra-

dioactive waste can be estimated from coolant activities;

departure from this assumption can be empirically ac-

counted for using an experimentally derived correction

factor. The PROFIP code, for instance, has been de-

veloped to estimate coolant activity concentrations of

fission products and actinides in pressurized water re-

actors (PWRs) [3]. Similarly, the 3R-STAT code focuses

on an estimation of 129I and 99Tc coolant activities using

measured activities of 60Co, 137Cs and short-lived ra-

dioiodine species [5].

Long and short-lived fission products are released

into the primary heat transport system (PHTS) as a re-

sult of defective fuel operation and from tramp uranium

contamination on in-core surfaces [6]. CANDU nuclear

generating stations (NGS) routinely sample the short-

lived radioiodine and noble gas species in the PHTS

by employing online monitoring and/or grab sample
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analysis. Thus, these coolant activity measurements can

serve as a means for estimating the coolant activity of

long-lived a and b emitting nuclides, including that of
129I via a scaling factor analysis. The current work pre-

sents the development of a method for predicting the

coolant activity of the long-lived 129I, and its scaling

factor relative to that of 137Cs, based on the measured

activities of the short-lived iodines, namely, 131I, 132I,
133I, 134I and 135I. This prediction is based on a model

that considers the physical mechanisms of release for the

iodine species from defective CANDU fuel rods and

uranium contamination on in-core surfaces. Thus, the

application for this work is for the assessment of the 129I

activity in waste packages based on 137Cs gamma emis-

sion.

2. Model development

With the occurrence of defective fuel, volatile fission

products that are released from the solid fuel matrix into

the fuel-to-clad gap can migrate along the gap to the

defect site where they may be released into the PHTS.

Fission products are also generated by the fission of

tramp uranium on in-core piping and fuel bundle sur-

faces. For instance, in a defective rod, grain boundary

oxidation of the fuel matrix can occur under the defect

site, which in turn can result in particulate fuel loss into

the PHTS [6,7]. In addition, uranium contamination

may also be present on fuel bundle surfaces as a result of

the fuel manufacturing process. These surface fission

mechanisms will therefore result in a further burden of

fission products into the PHTS. Some of the fission

products released from either the defective fuel or tramp

uranium will be dissolved in the reactor coolant or re-

main as particulate fission products. Such material can

be removed from the PHTS with the operation of

coolant cleanup systems. For example, the radioiodine

species will accumulate on the resins of the ion-exchange

columns during coolant cleanup operations.

Models are presented in the following sections, de-

scribing the release behaviour of volatile fission products

from defective fuel rods (Section 2.1) and from uranium

contamination on in-core surfaces (Section 2.2).

2.1. Fission product release from defective fuel elements

Fission products can be released from the uranium

dioxide fuel into the free void space (fuel-to-clad gap)

within the fuel element via solid-state lattice diffusion.

Athermal release can also occur by surface fission pro-

cesses [8]. For instance, release from external surfaces

can occur by direct recoil when a fission fragment, with a

kinetic energy of �80 MeV, is produced within a surface
layer with a thickness less than or equal to its range in

the solid. Another temperature-independent process of

release is by knockout, when either a primary fragment

or energetic particle created in a collision cascade in-

teracts elastically with a fission product atom. Models

detailing these transport mechanisms from the solid fuel

into the fuel-to-clad gap are detailed below.

2.1.1. Diffusion

The mass balance equations for describing the con-

centration distribution Cðr; tÞ (atom m�3) in an �ideal-
ized� fuel grain sphere of radius a, which results at time t
from a production by fission b (atom m�3 s�1) with

losses by diffusion and radioactive decay, is [9,10]:

oC
ot

¼ D
r2

o

or
r2

oC
or

� �
� kC þ b; ð1Þ

where k is the radioactive decay constant (s�1) and D is

the diffusion coefficient for a given fission product spe-

cies in the fuel matrix (m2 s�1). Eq. (1) is subject to an

initial condition of a zero concentration throughout the

sphere, i.e.,

Cðr; 0Þ ¼ 0; 0 < r < a; t ¼ 0: ð2aÞ

For the boundary conditions, the fission product con-

centration must be finite at the centre of the sphere with

a zero concentration at its surface such that:

Cð0; tÞ ¼ finite; r ¼ 0; t > 0 ð2bÞ

and

Cða; tÞ ¼ 0; r ¼ a; t > 0: ð2cÞ

From the Fick�s law of diffusion, the release rate from

the fuel grain per unit volume, Rf (atom m�3 s�1), is

given by:

Rf ¼
4pa2

ð4pa3=3Þ

�
� D

oC
or

����
r¼a

�
¼ � 3D

a
oC
or

����
r¼a

; ð3Þ

which can be directly evaluated with a knowledge of the

concentration profile CðrÞ. The release rate in Eq. (3) is
evaluated as [11,12]:

RfðtÞ ¼ 3b
1ffiffiffi
l

p coth
ffiffiffi
l

p
�

� 1
l

�
� 6be�ls

X1
n¼1

e�n2p2s

n2p2 þ l

" #

) R
B

� �
dif

¼ 3
1ffiffiffi
l

p coth
ffiffiffi
l

p
�

� 1

l

�
� 6e�ls

X1
n¼1

e�n2p2s

n2p2 þ l

" #

ð4aÞ

or equivalently written as [11]:

Rf ¼ 3b
1ffiffiffi
l

p erfð ffiffiffiffiffi
ls

p Þ
�

� ð1� e�lsÞ
l

�
þ E ð4bÞ
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and

E ¼ 3bffiffiffi
l

p
X1
n¼1

e�2n
ffiffi
l

p
erfc

nffiffiffi
s

p
�

� ffiffiffiffiffi
ls

p
�

� e2n
ffiffi
l

p
erfc

nffiffiffi
s

p
�
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ls

p
�
;

where l ¼ k=D0, s ¼ D0t and D0 ¼ D=a2. Eq. (4b) permits
a more accurate solution for s6 0:1, where E can be

neglected. On defining R ¼ RfV (atom s�1) and B ¼
bV ¼ FVy (atom s�1) (in which F is the fission rate

density (fission m�3 s�1), y is the cumulative fission yield
(atom fission�1) and V is the volume of fuel), a con-

ventional release-to-birth rate (R=B) ratio for diffusion
follows in the second relation of Eq. (4a). As determined

in Section 3.1, the effect of fuel stoichiometry on the

diffusivity can be incorporated into the model by using

an empirical diffusion coefficient that is evaluated from

measured coolant activity data (which results from fis-

sion product release from defective fuel rods).

The short-lived radioactive species generally reach a

steady-state condition within about three half-lives. In

this case, Eq. (4a) reduces to the well known steady-state

result for �Booth diffusion� for the radioactive species of
interest [13]:

R
B

� �
dif

¼ 3
1ffiffiffi
l

p coth
ffiffiffi
l

p
�

� 1
l

�
� 3ffiffiffi

l
p ¼ 3

ffiffiffiffiffi
D0

k

r
: ð5Þ

Similarly, for the stable isotopes, where k ¼ 0 (or

l ! 0):

R
B

� �
dif

¼ 1

"
� 6

p2
X1
n¼1

e�n2p2s

n2

#
ð6aÞ

and the short-time approximation for Eq. (6a) is:

R
B

� �
dif

¼ 6

ffiffiffi
s
p

r�
� 3s

�
: ð6bÞ

2.1.2. Recoil

In the recoil process, primary fission fragments born

within a distance of their maximum range from the fuel

surface will be instantaneously released into the fuel-to-

clad gap of a fuel element. However, these particles

typically have sufficient energy to embed themselves in

the adjacent fuel cladding. The release of fission prod-

ucts by this process therefore depends on a release effi-

ciency, e, for these particles to stop in the gas-filled gap.
Thus, the release-to-birth rate (R=B) is given by [8]:

R
B

� �
rec

¼ e
Sg
V

� �
lf ; ð7Þ

where Sg=V is the geometrical surface area to volume of

the solid and lf is the fission fragment range in the solid

UO2. For instance, the primary iodine fragment, which

carries �67 MeV of the available fission energy, has a

range of 8.2 mg cm�2 so that for a solid UO2 fuel density

of 10.7 g cm�3, lf ¼ 7:7 lm [8]. Here the release effi-

ciency is defined as the fraction of those fragments, born

within a distance lf of a planar surface, which stop in
the gas-filled interspace, such that [8]:

e ¼ t
2lg

: ð8Þ

In Eq. (8), t is the thickness of the radial gap and lg is
the maximum range of the fission fragment in the gap.

With a defective fuel element under normal operating

conditions, the gap is filled with steam at a typical

temperature of �670 K and pressure of 10 MPa (i.e.,

steam density of 3:79� 10�2 g cm�3). Hence, given that

the iodine fragment has a range of 1.95 mg cm�2 in H2O

[8], lg ¼ 0:51 mm. The range of the fission fragment
does not significantly change if the primary coolant is

D2O as for a CANDU reactor [14]. For a typical gap

thickness of t ¼ 20 lm, the efficiency for a fission frag-
ment to stop in the gap is therefore evaluated as �2%.
This quantity is significantly smaller than for the case of

a planar surface without the presence of any encapsu-

lating surface where e ¼ 1=4 ¼ 25% [8,15]. Due to this

small efficiency, recoil is not an important process of

release in operating fuel rods, except for the very short-

lived fission products.

2.1.3. Knockout

When a fission fragment strikes a stationary atom of

the lattice, a primary knock-on may be created. In most

circumstances, the primary atom is likely to be a ura-

nium or oxygen atom of the fuel, although occasionally

a stationary fission product atom may be dislodged.

Similarly, the primary knock-on can also transfer kinetic

energy to other atoms of the lattice by elastic collision,

creating secondary and in turn, higher-order knock-ons.

To a first approximation, the fission products can be

considered to be knocked on in the same manner as the

uranium atoms of the lattice [15]. For the knock-on of

uranium atoms in the UO2 lattice, it is the higher-order

knock-ons which dominate the release since a much

larger number of them are created per fission fragment

despite their smaller range.

From Fig. 1, given that Pi is the rate of generation of
particles of species i per unit volume at the distance x
from the solid fuel surface, the rate of particle produc-

tion in a thin layer of unit area dx cm thick is Pi dx. Of
these particles, dI ð¼ Pi dx sin hdhd/=4pÞ are moving in
a solid angle increment dX. The total current It (particles
cm�2 s�1) for particle ejection from the solid surface is

therefore derived as [8,15]:

It ¼
Pi
4p

Z l

x¼0

Z 2p

/¼0

Z cos�1ðx=lpÞ

h¼0
sin hdhd/dx ¼

Pilp

4
; ð9Þ
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where lp is the maximum range of the particle p ð¼
fission fragment ðf Þ or knock-on ðkoÞÞ leaving the

solid. Here only those particles within the angle h ¼
cos�1ðx=lpÞ to the normal are capable of escape. For a
uniform fission density in the solid, the source term for

the fission recoil process is [8,15]

P reci ¼ Fydi ; ð10Þ

where F is the fission rate per unit volume and ydi is the
direct fission yield of species i. Moreover, on the premise
that the ejection of the uranium atoms result from a

cascade of higher-order knock-ons, the knock-on gen-

eration rate for a given fission product i is given by
[8,15]:

P koi ¼ P koU
Ci

NU
¼ ð2nkoU F Þ Ci

NU
; ð11Þ

where nkoU is the number of uranium knock-ons created

by a single fission fragment �2� 104 atoms, Ci is the

fission product concentration for species i, and NUð¼
qUO2NA=MUO2Þ is the number density of uranium atoms

in the solid (where qUO2 and MUO2 are the density and

molecular weight of the UO2, respectively, and NA is

Avogadro�s number) [8,15]. The factor of 2 in Eq. (11)
arises since two fragments are created per fission event.

Using Eqs. (9) and (10), and summing over all fission

products for a total fission yield of 2, the total recoil

surface current from fission fragments is:

I recff ¼
X

all fission products

1

4
P reci lf ¼

1

4
ð2F Þlf : ð12Þ

Similarly, the total surface current for the knockout of

uranium atoms is:

IkoU ¼ 1

4
P koU lkoU ¼ 1

4
ð2nkoU F ÞlkoU ; ð13Þ

where lkoU is the range of the higher-order uranium

knock-on in the UO2 (�50 �AA) [15]. Thus, the number of
uranium atoms emitted per escaping fission fragment aU
can be calculated by simply taking the ratio of the cor-

responding surface currents in Eqs. (12) and (13):

aU ¼ IkoU
I recff

¼ nkoU
lkoU
lf

� �
� 9: ð14Þ

In fact, the theoretical value for aU in Eq. (14) is in good
agreement with a value of �5 as measured for sintered
UO2 [16,17], which provides support for the current

theoretical treatment.

The knockout current of species i follows similarly
from Eqs. (11) and (13) as:

Ikoi ¼ IkoU
Ci

NU

� �
¼ 1

4
ð2nkoU F ÞlkoU

Ci

NU

� �
: ð15Þ

Eq. (15) is identical in form to that proposed for the

PROFIP Code, where a volume of fuel ejected per fis-

sion fragment is equivalently defined as v ¼ nkoU =NU [3].
However, a recoil zone thickness of lf (as defined by q in
the PROFIP code) is incorrectly proposed in the PRO-

FIP model in place of the knockout zone thickness of

lkoU as per Eq. (15).

The corresponding release-to-birth rate ratio for

knockout results from Eqs. (14) and (15):

R
B

� �
ko

¼ St
V

� �
aUlf
2yi

Ci

NU

� �
ð16Þ

using the definition of the birth rate, B ¼ yiFV . Here
St=V is the ratio of the total surface area to volume of

the solid. The total surface area of the solid arises since

the initial kinetic energy of the higher-order knock-on is

sufficiently low (�200 eV) that these particles can be
easily stopped within small cracks of the fuel so that a

release can also occur from these cracked surfaces.

The concentration of fission products Ci near the

surface of the solid fuel (i.e., within a knockout zone of

�50 �AA) can be evaluated from the mass balance equa-

tion for a source from the fission process and loss by

radioactive decay:

dCi

dt
¼ 1

2
yiF � kiCi: ð17Þ

The factor of 1=2 in Eq. (17) arises due to symmetry
arguments where the concentration near the surface is

only receiving one half of the fission product generation.

The solution of Eq. (17), assuming that Ci ¼ 0 at t ¼ 0,

is:

CiðtÞ ¼
Fyi
2ki

ð1� e�ki tÞ: ð18Þ

Thus, substituting Eq. (18) into (16) gives

R
B

� �
ko

¼ St
V

aUlf
4kiNU

� �
F ½1� e�ki t�: ð19Þ

In fact, in the steady state, where t ! 1, Eq. (19) re-
duces to

δθ

δφ
φ

µp
x

δ x

UO2

Fuel-to-clad gap

θ

Fig. 1. Schematic for calculating the surface current release

from the solid fuel for either a recoil or knockout process for a

particle p with a range lp.
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R
B

� �
ko

¼ St
V

aUlf
4kiNU

� �
F : ð20Þ

This expression is identical to that derived in Ref. [8],

based on a more complicated mass-balance treatment.

As depicted in Eq. (20), the release rate is inversely de-

pendent on the decay constant ki but proportional to the

square of the fission density F , as first suggested by
Carroll and Sisman [18]. For the short-lived species, as

follows from Eqs. (5) and (20), knockout is an inefficient

process for release as compared to diffusion for typical

CANDU fuel power ratings [8]. Moreover, the ratio of

Eq. (20) to (7) is typically much less than unity so that

knockout is also less important compared to that of

recoil.

Finally, for the stable species, on letting ki approach

zero in the limit, Eq. (19) becomes

R
B

� �
ko

¼ St
V

aUlf
4NU

� �
Ft: ð21Þ

Once again, Eq. (21) is negligible compared to Eq. (6)

for typical fuel rod burnups and power ratings [8].

Hence, the treatment proposed by Vance [4,5] to

account for the temperature-independent release con-

tributions from both recoil and knockout into the fuel-

to-clad gap of defective fuel rods is not required for a

physical scaling model. Moreover, the knockout model

used by Vance was based on the PROFIP code treat-

ment [3], which used a layer thickness of �10 lm (cor-

responding to a recoil thickness layer) in place of a much

smaller knockout layer distance of �50 �AA as previously

discussed. The use of the PROFIP model would there-

fore overemphasize the importance of the knockout

process.

2.1.4. Mass balance in the fuel-to-clad gap

As previously demonstrated, recoil and knockout are

not important release processes into the fuel-to-clad gap

as compared to diffusion in operating defective fuel rods.

Volatile fission products that are released into the gap

will migrate towards the defect site where they may be

eventually released into the reactor coolant. This trans-

port can be treated as a first-order rate process, as

characterized by a gap escape rate coefficient m [10]. A
mass balance equation can be written for the fission

product inventory (Ng) in the fuel-to-clad gap, where on
accounting for a source due to a diffusional release from

the fuel matrix (Rdif ) (i.e., as follows from Eq. (4)) and

losses due to radioactive decay and release from the

defective rod:

dNg
dt

¼ Rdif � ðk þ mÞNg: ð22Þ

The solution of Eq. (22) for the radioactive species is:

NgðtÞ ¼
3B

ðk þ mÞ
1ffiffiffi
l

p coth
ffiffiffi
l

p
�

� 1

l

�
ð1� e�ðlþwÞsÞ

� 6Be
�ls

D0

X1
n¼1

e�ws � e�n2p2s

ðn2p2 � wÞðn2p2 þ lÞ ; ð23Þ

where w ¼ m=D0.

The subsequent rate of fission product release from

the gap and into the coolant can be evaluated from:

RcðtÞ ¼ mNgðtÞ ð24Þ

so that

RcðtÞ ¼
3Bm

ðk þ mÞ
1ffiffiffi
l

p coth
ffiffiffi
l

p
�

� 1
l

�
ð1� e�ðlþwÞsÞ

� 6Bwe�ls
X1
n¼1

e�ws � e�n2p2s

ðn2p2 � wÞðn2p2 þ lÞ : ð25Þ

Moreover, since the short-lived radionuclides typically

reach an equilibrium situation quite rapidly, Eq. (25)

yields the well known release-to-birth rate ratio for fis-

sion product release into the coolant during steady-state

conditions [3,6,7,10,19–21]:

Rc

B
¼ 3

m
k þ m

� �
1ffiffiffi
l

p coth
ffiffiffi
l

p
�

� 1
l

�
� 3

m
k þ m

� � ffiffiffiffiffi
D0

k

r
:

ð26Þ

Similarly, for the stable isotopes, using Eq. (22) with

k ¼ 0, gives:

NgðtÞ ¼
B
D0

ð1� e�wsÞ
w

"
� 6

X1
n¼1

e�ws � e�n2p2s

n2p2ðn2p2 � wÞ

#
ð27Þ

and the release rate into the coolant is:

RcðtÞ ¼ B ð1
"

� e�wsÞ � 6w
X1
n¼1

e�ws � e�n2p2s

n2p2ðn2p2 � wÞ

#
: ð28Þ

In summary, Eqs. (25) or (28) account for the release of

radioactive or stable fission products from the defective

fuel rod into the primary coolant. In addition to this

source, there is also a release into the coolant from

uranium debris deposited on in-core surfaces (Section

2.2).

2.2. Fission product release from tramp uranium

As discussed, uranium contamination resulting from

a previous fuel loss from defective fuel rods or from the

fuel manufacturing process can lead to additional ac-

tivity in the PHTS when this contamination is deposited

on in-core surfaces. Generally, such contamination is in

the form of fine fuel debris. For instance, with defective
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rods, grain boundary oxidation results when the coolant

contacts the solid fuel pellet under the defect site, leading

to a washout of the individual fuel grains [6]. The pos-

sibility for dissolution of UO2 near the defect site is

expected to be extremely small in an alkaline coolant

(pH � 10) at a coolant temperature of �300 �C [22]. As
such, the fuel debris will be typically in the form of small

particles that are roughly spherical, with a diameter

comparable to that of the grain radius of �10 lm [6]. As
a result of a small particle size, the temperature gener-

ated by fission heating is generally too low for diffusion

to be an important transport process. As such, temper-

ature-independent processes, such as recoil or knockout,

now become the dominant release mechanisms.

For the geometry of a spherical fuel particle with a

diameter dp, and with no other solid surfaces in its vi-
cinity, the release efficiency e can be described as [8,23]:

e ¼ 1

2

d
3a3

�
þ 1
2
1

�
� 1

a2

�

; ð29Þ

where a ¼ maxð1; dÞ and d ¼ dp=lp. Thus, in the case of

a recoil process, the range of the fission fragment (where

lp ¼ lf ) is comparable to the diameter of the fuel par-
ticle so that a ¼ 1, and Eq. (29) becomes:

e ¼ d
6
¼ dp
6lf

: ð30Þ

Hence, given a surface-to-volume ratio for the spherical

particle of ðSg=V Þ ¼ 6=dp, the release-to-birth ratio in
Eq. (7) reduces to:

R
B

� �
rec

¼ 1: ð31Þ

This result is to be expected since any fission fragment

generated in the small fuel particle has a sufficiently long

range so that it is instantaneously released into the

coolant.

If the fuel particle is deposited on a piping surface,

the release into the coolant will be one half of that for a

particle suspended in the coolant from symmetry argu-

ments since the fission fragment has sufficient kinetic

energy to embed itself into the underlying piping surface

such that:

R
B

� �
rec

¼ 1

2
: ð32Þ

In the case of knockout, the range of the knockout

particle (i.e., lkoU � 50 �AA) is very small compared to the
size of the fuel particle (dp � 10 lm) so that a ¼
d ¼ dp=lp � 1 in Eq. (29) and the release efficiency is

therefore evaluated as:

e ¼ 1

2

1

3d2

�
þ 1
2
1

�
� 1

d2

�

� 1

4
: ð33Þ

This result is to be expected as it is also the limiting form

for the planar surface calculation of Fig. 1 and Eq. (13).

Hence, Eq. (16) further applies to this situation, and on

assuming that the total surface area equals roughly three

times the geometric one [24], and noting that dp � lf , the
R=B ratio for knockout is:

R
B

� �
ko

� 9aU
yi

Ci

NU

� �
: ð34Þ

In the case of fuel loss from defective fuel rods, the fis-

sion product concentration Ci in Eq. (34) will depend on

that previously generated in the fuel rod, as well as that

generated later in the fuel debris on the piping surfaces.

However, in the latter situation for fuel particles de-

posited on a surface, very few of the isotropically re-

leased fission fragments will actually be directed towards

adjacent fuel particles (as a result of the limited solid

angle), where they could possibly come to rest. Instead,

the majority of fragments will be released directly and

instantaneously into the coolant during the primary re-

coil event. In fact, for the original uranium contamina-

tion found on outer surfaces of the fuel bundle, the latter

argument specifically applies where Ci � 0 in Eq. (34).

Moreover, for typical fuel burnups it can also be shown

that Eq. (34) is much less than 1=2 (i.e., the ratio in Eq.
(32)), so that recoil predominates as the low-temperature

release process. (Recall that knockout is also negligible

for fuel with dimensions much greater than the recoil

range.) For instance, experimental ratios of release rates

of 88Kr/138Xe were between 0.4 and 0.7 in a pressurized-

water loop containing fuel debris on the piping surface

[25]. This range is in excellent agreement with the theory

of recoil, where by Eq. (32):

RKr�88=RXe�138 ¼ yKr�88=yXe�138 ¼ 0:55:

(The cumulative fission yield has been used above to

account for the decay of precursor products, which are

also emitted into the recirculating coolant.) Moreover,

Eq. (32) has been successfully used to distinguish fission

product release from fuel failures from that of uranium

contamination in fuel-failure monitoring analyses [6–

8,20,21].

3. Model application: scaling factor analysis

The fission product release models developed for

defective fuel and tramp uranium contamination in

Section 2, can be used to provide a scaling factor for the

estimation of the coolant activity of the long-lived iso-

tope, 129I. In particular, by fitting the release model to

the measured coolant activity data for the short-lived

iodine isotopes (Section 3.1), the fitted model parameters

can then be used for the prediction of 129I (Section 3.2).
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3.1. Short-lived iodine analysis (steady-state)

The fission product inventory in the reactor coolant

(Nc) can be determined by a mass balance of the source

release from both defective fuel rod(s) and uranium

contamination and losses due to radioactive decay and

coolant purification:

dNc

dt
¼ Rt

c � ðk þ bpÞNc: ð35Þ

Here bp is a coolant purification rate constant (s�1)

(¼ fpep=M , where fp is the cleanup system flow rate (kg/

s), ep is the cleanup system efficiency and M is the mass

of water in the PHTS (kg)). The total release rate into

the coolant,

Rt
cðtÞ ¼ RcðtÞ þ Rrec; ð36Þ

is derived from a summation of that from defective fuel

rod(s), RcðtÞ in Eqs. (25) or (26), and uranium contam-

ination, Rrec in Eq. (32).
As mentioned, the short-lived species generally reach

an equilibrium activity quite rapidly. Thus, for the

steady-state situation, Eqs. (26), (32) and (36) yield the

combined result

R
y

� �
c

¼ m
k þ m

� �
Affiffiffi
k

p H þ c; ð37Þ

where A ¼ xð3
ffiffiffiffiffi
D0

p
FfÞ and c ¼ ð1=2ÞFt. Here x is the

number of defective fuel rods, Ft is the fission rate in the
tramp uranium (fission s�1) and Ff is the average fission
rate per defective rod ð¼ FV Þ (fission s�1). For a typical

CANDU-size fuel rod, assuming �200 MeV fission�1,

Ff ¼ 1:489� 1013 � P , where P is the linear heat rating
(in kWm�1). The parameter H is a dimensionless factor

to be applied for correction of the simple Booth diffu-

sion model of Eq. (5) to account for precursor-diffusion

effects. In fact, an enhanced diffusional release only re-

sults for those isotopes that have a relatively long-lived

precursor (see Table 1), i.e., except for I-132 (where

H � 6), this factor is the order of unity and can be

ignored [26].

The model in Eq. (37) can be subsequently equated to

a measured ðR=yÞmeas ratio, as derived from steady-state

coolant activity measurements via Eq. (35):

Rmeas ¼ ðk þ bpÞNc )
R
y

� �
meas

¼
k þ bp

k

� �
Ac

y
; ð38Þ

where Ac ¼ kNc is the measured coolant activity (in Bq)

of a given isotope. Cumulative fission yields and decay

constants for the iodine and noble gas isotopes are listed

in Table 1. The cumulative fission yields y are dependent
on the fuel burnup as a result of a changing fissile

content of the naturally enriched UO2 fuel as the
235U is

consumed and 239Pu is produced:

y ¼ ðyowrfÞU-235 þ ðyowrfÞPu-239
ðwrfÞU-235 þ ðwrfÞPu-239

; ð39Þ

where yo is the cumulative fission product yield for 235U
and 239Pu in Table 1 from the Evaluated Nuclear Data

File/Brookhaven (ENDF/B-V) [27], and rf is the mi-
croscopic thermal fission cross section (5:80� 10�22 cm2

for 235U and 7:42� 10�22 cm2 for 239Pu at 293.61 K). For

Table 1

Isotopic fission product data for iodine and noble gases

Isotope Decay constant k (s�1) Fission product yield, yo (�10�2 atom/fission)a Precursor correction

factor, H235U 239Pu

129I 1:40� 10�15 0.744 1.49 1.0
131I 9:98� 10�7 2.88 3.85 1.0
132I 8:37� 10�5 4.30 5.39 6.0
133I 9:26� 10�6 6.70 6.93 1.0
134I 2:20� 10�4 7.71 7.27 1.4
135I 2:91� 10�5 6.30 6.45 1.0
85mKr 4:30� 10�5 1.30 0.566 1.3
87Kr 1:52� 10�4 2.52 0.987 1.3
88Kr 6:78� 10�5 3.55 1.32 1.0
133Xe 1:53� 10�6 6.70 6.98 1.1
133mXe 3:66� 10�6 0.190 0.233 1.2
135Xe 2:12� 10�5 6.54 7.60 �1b
138Xe 8:18� 10�4 6.42 5.12 1.0
137Cs 7:29� 10�10 6.22 6.69 1.0

a Taken from Ref. [27].
b In the R/y analysis for this isotope, one normally applies an H factor which is dependent on the neutron flux u and uses an effective

decay constant k þ rau where ra is the microscopic absorption cross section for 135Xe. However, as a reasonable approximation, one
can plot the R=y data point versus k and apply an H � 1.
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naturally enriched fuel, the initial 235U specific fissile

content is 7.116 g/kgU. The specific fissile content w (in
g/kgU) is dependent on the fuel burnup B (in MWh/

kgU), as shown in the following correlation based on

reactor physics code calculations [26,28]:

w ¼ 10ð0:85095�0:0027604BÞ; for 235U ð40aÞ

and

w ¼ 4:20353� 10�3 þ 4:0752� 10�2B
� 2:9702� 10�4B2 þ 1:3035� 10�6B3

� 3:18147� 10�9B4 þ 3:22097� 10�12B5;
for 239Pu: ð40bÞ

Thus, a fitting of the model in Eq. (37) to at least

three measured activities of the short-lived iodine species

yields the model fitting parameters of m, A and c. To
evaluate D0 explicitly from the fitted value of A requires

a knowledge of the number of failures (x) and the av-
erage power of the defective rods (i.e., in order to eval-

uate Ff ).
A typical fitting of the model is shown in Fig. 2,

where the different sources of release can be separated

[29,30]. On a logarithmic plot if the R=y curve is inde-
pendent of the decay constant, then the source of release

is derived solely from uranium contamination. If there

exists a linear relationship (with a slope lying between

)0.5 and )1.5) then fuel failures are present. This latter
dependence follows from Eq. (26) where if there is a

large-sized failure with little holdup in the fuel-to-clad

gap, i.e., m � k, and a k�1=2 dependence results. On the

other hand, for a small failure where m � k, a k�3=2 de-

pendence results. Fig. 2 shows a situation where in fact

both fuel failures and uranium contamination are pre-

sent so that a composite curve results.

A precise scaling factor analysis requires that the

independent model parameters D0, m and c are known.
Both the average fission rate of the defective rods, Ff ,
and the number of fuel failures, x, must be known a
priori so that a specific determination of D0 can be ob-

tained from the fitted parameter A. If such information
is unavailable, then D0 (in s�1) can be estimated from the

experimentally derived correlations (for CANDU fuel)

[26]:

D0
Iodine ¼ 109:857 log P�25:1314; ð41aÞ

D0
Noble Gas ¼ 108:632 log P�23:4091 ð41bÞ

by assuming the average-core linear heat rating P (in

kW/m). The quantity xFf can be ascertained in a reverse
fashion from an independent noble gas analysis using

the fitted value of A for the measured noble gas coolant
activities and the estimated value of D0 from Eq. (41b).

In summary, the current steady-state treatment for

the short-lived iodine species provides for a character-

ization of the defective fuel rods(s) and the amount of

uranium contamination. This information is contained

in the fitted escape rate coefficient m and average em-
pirical diffusivity D0 (relevant for x defective fuel rods
operating at an average fission rate per defective rod of

Ff ). The amount of uranium contamination is contained

in the parameter c which implicitly distinguishes the

fission rate in the tramp uranium from that in the de-

fective fuel rod(s). These parameters can then be em-

ployed in a scaling model to predict the coolant activity

of the long-lived 129I as detailed in Section 3.2.

3.2. I-129 coolant activity behaviour

In contrast to the short-lived isotopes, the long-lived

ones do not necessarily reach an equilibrium in the re-

actor coolant. Consequently, the mass balance equation

in Eq. (35), for the fission product inventory in the

coolant, must be directly integrated (i.e., where k � 0).

Here the source release into the coolant from x defective
fuel rods and uranium contamination is described by

Eqs. (28), (32) and (36):

Rt
cðtÞ ¼ xFfy ð1

"
� e�mtÞ þ 6m

p2
X1
n¼1

e�n2p2D0t � e�mt

n2ðn2p2D0 � mÞ

#
þ cy;

ð42aÞ

where c ¼ Ft=2. Eqs. (35) and (42a) can be numeri-

cally solved using a Runge-Kutta technique for a time-

variable purification constant [29]. For short times, i.e.,

s ¼ D0t6 0:1, Eq. (42a) does not converge very quickly

Fig. 2. Release versus decay constant plot for iodine. Data for

the Douglas Point NGS, March 1982 (courtesy of Ontario

Hydro). The defected fuel operated at an average linear heat

rating of about 40 kW/m with an average burnup of 110 MWh

(kgU)�1. For the given fitting of the model in Eq. (37), a ¼
mA ¼ 1:155� 106, m ¼ 1:378� 10�6 and c ¼ 5:220� 1013. The
132I data point has been corrected for precursor effects by di-

viding it by H .
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and can be alternatively replaced by the short-time ap-

proximation

Rt
cðtÞ ¼ x3Ffy

ð1� e�wsÞ
w

"
� erf

ffiffiffiffiffiffiffiffiffi
�ws

p
ffiffiffiffiffiffiffi
�w

p e�ws � s þ 2
ffiffiffi
s
p

r #
þ cy:

ð42bÞ

Using Eq. (42a), the mass balance equation can be

directly integrated, where assuming Acð0Þ ¼ 0, and a

time-averaged coolant purification constant bp,

�bbp ¼
R t
0
bpðt0Þdt0

t
;

the coolant activity is given by:

AcðtÞ ¼ lxFfy
1� e�/s

/

(
þ e�ws � e�/s

ðw � /Þ

� �

� 3

w

h
1�

ffiffiffiffi
w

p
cot

ffiffiffiffi
w

p i

þ 6w
X1
n¼1

e�/s � e�n2p2s

n2p2ðn2p2 � wÞðn2p2 � /Þ

 !)

þ kcy
1� e�/s

�bbp

 !
; ð43Þ

where l ¼ k=D0, w ¼ m=D0 and / ¼ �bbp=D
0.

Thus, using the results of the short-lived analysis in

Section 3.1, the resultant fitting parameters (m, D0 and c)
can be used in either Eqs. (35) (with k � 0) and (42), or

Eq. (43), to provide an estimate of the long-lived 129I

coolant activity as a function of time while the reactor is

operating (i.e., prior to a reactor shutdown event). An

expression for the coolant activity after reactor shut-

down is detailed in Section 3.3.

3.3. Effect of reactor shutdown

When the reactor is shutdown, there is generally a

greater burden of iodine activity in the PHT system due

to the process of iodine spiking [31–34]. In this process,

iodine deposited on internal fuel and clad surfaces sur-

rounding the fuel-to-clad gap will be dissolved by liquid

water following reactor shutdown and therefore free to

migrate into the coolant. Hence, one must also consider

this shutdown release.

The mechanism for iodine release from the gap is via

ionic diffusion in liquid water, with possible convective

assistance, which is generally quite rapid (i.e., within

several hours), and hence it can be modelled as an in-

stantaneous release process. Thus, for an impulsive

source of release following shutdown, the rate of release

of iodine into the coolant, RS=D
c , can be described as an

impulse function (or Dirac delta function) such that

RS=D
c ðtÞ ¼ NgdþðtÞ; ð44Þ

where Ng is the remaining stable iodine gap inventory at
time t when the reactor is shutdown in accordance with
Eq. (27), and dþ is the asymmetrical impulse function

[35] with the property thatZ t

0

f ðt0Þdþðt0Þdt0 ¼
0; if t6 0;
f ð0Þ; if t > 0:

�
ð45Þ

Again, the mass balance equation for the fission product

inventory in the coolant for the stable isotopes is:

dNc

dt
¼ RS=D

c � bpNc: ð46Þ

Thus, substituting Eq. (44) into (46), and integrating

with the property of Eq. (45), yields:

NcðtÞ ¼ ½Nco þ Ng�e�bp t ) AcðtÞ ¼ ½Aco þ Ago�e�bp t; ð47Þ

where NcðtÞ and AcðtÞ are the (long-lived) coolant in-
ventory and activity at time t following a shutdown
event, which is assumed to occur at t ¼ 0, and Nco and
Aco are the corresponding initial quantities at the time of
shutdown. These latter quantities can be evaluated nu-

merically from Eqs. (35) and (42), or from the analytic

expression of Eq. (43). The quantity Ago is the initial gap
activity when the reactor is shutdown which can be de-

termined with Eq. (27), such that:

Ago ¼
ð1� e�wsÞ

w

"
� 6

X1
n¼1

e�ws � e�n2p2s

n2p2ðn2p2 � wÞ

#
lxFfy: ð48Þ

The steady-state quantities Aco and Ago for short-lived
species can be further determined. Rearranging Eqs. (37)

and (38), the steady-state coolant activity is

Aco ¼
m

k þ m

� �
3

ffiffiffiffiffi
D0

k

r
k

k þ bp

 !" #
xFfy þ c

k
k þ bp

 !
y:

ð49Þ

Similarly, using Eqs. (24) and (26), the available gap

activity on shutdown is

Ago ¼
k

k þ m

� �
3

ffiffiffiffiffi
D0

k

r" #
xFfy: ð50Þ

Eqs. (48) and (50), however, will slightly under-predict

the iodine release on shutdown since they do not take

into account iodine release from newly exposed fuel

surfaces that result from fuel cracking during the shut-

down event [33].

4. Discussion

Based on the steady-state analysis in Fig. 2, a coolant

activity can be estimated for 129I in the Douglas Point

reactor. As discussed in Refs. [8,26], �18 defective fuel
rods operated in the Douglas Point reactor at a linear
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heat rating of about 40 kW/m to an average fuel burnup

of 110 MWh/kgU. The steady-state analysis yields the

model fitting parameters of: D0 ¼ 6:8� 10�10 s�1, m ¼
1:4� 10�6 s�1 and c ¼ 5:2� 1013 fission s�1. The fuel
residence time, t, can be estimated from the average

burnup and linear power, considering that the Douglas

Point fuel rod was manufactured with 0.710 kgU of

heavy element and had a fuel length of 0.477 m. Thus,

t ¼ 110 MWh=kgU � 0:710 kgU=ð40 kW=m � 0:477
m� 10�3 MW=kW� 24 h=dÞ � 170 d. In addition, the

data in Table 1 can be used where k ¼ 1:40� 10�15 s�1
and y ¼ 1:08� 10�2 atom fission�1. A heat rating of

P ¼ 40 kWm�1 will produce an average fission rate of

Ff ¼ 5:96� 1014 fission s�1 per rod in the x ¼ 18 defec-

tive rods. Further, assuming a purification flow rate

through the I–X columns of 8.65 L s�1, a column effi-

ciency of 99%, and a PHTS volume of 67 000 L, a

constant purification rate parameter of bp ¼ 1:28� 10�4
s�1 is assumed in the analysis [28].

These various parameters in Eq. (43) yield the pre-

dicted coolant activity as shown in Fig. 3. Similarly, the

coolant activity can be evaluated via a Runge-Kutta

numerical integration of Eqs. (35) and (42a) using a time

step of h ¼ 6 h. In addition, the short-time approxima-

tion for the release rate in Eq. (42b) can be alternatively

used (i.e., for s ¼ 0:0106 0:1). All three approaches
typically deviate by less than �1%. As expected, the
coolant activity after �170 d for 129I, i.e., 390 Bq, is

many orders of magnitude smaller than that observed

for 131I, where from Fig. 2 and Eq. (38), the 131I activity

is 1:3� 1011 Bq. This result is in fact consistent with that
seen in PWRs (see Section 4.1). As further shown in Fig.

3, most of the coolant activity in this particular case is

derived from defective fuel operation with a smaller

contribution resulting from the tramp uranium. The

tramp uranium activity reaches an equilibrium in the

coolant quite quickly for the given purification constant

of bp ¼ 1:28� 10�4 s�1 (i.e., this value corresponds to a
short half-life of only 1.5 h for coolant cleanup with ion

exchange).

As discussed in Section 3.3, any iodine remaining in

the gap from the previous constant period of operation,

will be rapidly released with water entry into the fuel-to-

clad gap on reactor shutdown. This release will result in

an additional burden of iodine activity in the coolant.

Thus, if a shutdown were to occur after �170 d of op-
eration (as for the given example), the initial coolant

activity for 129I at the start of the shutdown would be

Aco � 387 Bq as seen in Fig. 3. The amount of iodine that

would be quickly released from the gap is evaluated from

Eq. (48) for t ¼ 170 d as Ago � 34770 Bq. This �iodine
spike� release is several orders of magnitude greater than
that determined while the reactor is operating. A similar

�iodine-spiking� phenomenon will also occur for the

shorter-lived 131I in accordance with Eqs. (47), (49) and

(50) [31]. As described by Eq. (47), this combined activity

will decay exponentially due to coolant purification with

a half-life for the given case of 1.5 h.

4.1. Comparison to other measured and predicted 129I

coolant activities

As depicted in Table 2(panel A and B), routine data

for both the radioiodines and other key radionuclides

are available from CANDU power stations operated by

Ontario Power Generation (Darlington Nuclear Gen-

erating Station (DNGS) and Pickering Nuclear Gener-

ating Station (PNGS)). In particular, a full complement

of the short-lived iodine species are monitored. The 60Co

is the principal activation product.

On the other hand, the Electricit�ee de France (EdF)
have obtained actual measured coolant activity data for
129I in several PWR plants (see Table 3) [36]. These ac-

tivities can also be compared to those derived with a

scaling from gamma measurements of 133Xe and 137Cs

using the PROFIP code. Other measured coolant ac-

tivities for 133Xe, 131I, 134I and 137Cs are also shown in

Table 3. Indeed, the ratio of the measured PWR activ-

ities of 129I/131I, shown in Table 3, do indeed corroborate

the previous analysis. For instance, a predicted ratio

based on the measured short-lived 131I data for the

Douglas Point reactor, and the corresponding model

estimation for the long-lived 129I species, yield a com-

parable value of 390 Bq/1:3� 1011 Bq � 3� 10�9 to
that observed in Table 3 (last column). This agreement

provides further confidence in the model. However, it

can also be seen in Table 3 that predictions of the long-

lived 129I activity, based on a given scaling, may vary by

an order of magnitude or so from the corresponding

measured value. It is worth pointing out that the mea-

sured 129I/137Cs ratio is essentially constant for several

plants (i.e., within a factor of �50).
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Fig. 3. Calculation of the coolant activity for 129I as a function

of time based on an analytical solution and using a numerical

treatment.
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The Battelle Pacific Northwest Laboratories designed

a mixed-bed test resin sampling program to simulate a

scaled-down version of the purification demineralizer

system for a nuclear power plant [4]. Test resin columns

were installed at 10 PWR and seven boiling water re-

actors (BWRs). The columns were operated with scaled-

down flow rates to simulate the cleanup of the reactor

coolant. Radioanalytical techniques were used to mea-

sure the concentrations of 129I, 99Tc, 90Sr, 238Pu, 239Pu,
240Pu and 14C. Thermal emission mass spectrometry was

used for the measurement of 129I. Also, gamma-emitting

radionuclides were measured by gamma spectrometry.

The available concentration measurements of 137Cs, 131I

and 129I, and their respective ratios, for various plant test

resin columns are shown in Table 4 [4]. Once again,

these ratios are comparable with those depicted in Table

3, and are further supportive of the current analysis for

CANDU fuel.

From a waste characterization perspective, the ratio

of 129I/137Cs is of greater interest because this ratio can

be readily applied with gamma scanning 137Cs data to

estimate 129I levels in waste packages. As a first step,

however, one can test the model against actual radi-

onuclide activities of other iodine and cesium isotopes as

readily measured in the PHTS of CANDU reactors. For

instance, as depicted in Table 2B for the Darlington

Nuclear Generating Station (DNGS), one can bench-

mark the model against the measured data of 137Cs, 131I,
133I and 135I, and then use the model to subsequently

predict the ratio of 129I/137Cs.

For this analysis, it can be assumed that the diffu-

sivity of cesium is approximately equal to that of iodine,

Table 2

Comparison between radioiodine and other key radionuclide PHTS concentrations

Radionu-

clide con-

centration

(lCi/kg)

DNGS Unit 2 PHTS

coolant

PNGS Units 1, 3-8

PHTS coolant

LMa LDb LM LD

Panel A: DNGS and PNGS
131I 1.3 3.1 1.4 4.0
132I 24.5 5.7 26.6 2.1
133I 10.6 4.4 6.1 7.4
134I 47.8 5.3 48.8 1.6
135I 24.2 4.4 88.8 1.9
137Cs 0.73 2.5 0.55 1.3
60Co 0.30 2.3 1.96 2.9

Ratio of key radionuiclides
60Co/137Cs 0.41 1.9 1.8 –
60Co/134I 6.30E)03 4.0 – –
132I/131I 19.0 2.7 12.6 2.4
133I/131I 8.2 2.1 4.6 3.7
134I/131I 37.1 2.7 22.9 1.9
135I/131I 18.8 2.2 2.3 2.1

Unit 1 Unit 2 Unit 3 Unit 3

LMa LDb LM LD LM LD LM LD

Panel B: DNGS
60Co 0.11 2.1 0.15 2.3 0.12 2.2 0.096 2.2
137Cs 0.12 2.2 0.22 3.2 0.16 2.4 0.12 3.1
131I 0.16 2.0 0.48 4.4 0.18 3.0 0.23 2.6
133I 0.96 3.6 4.5 9.6 1.3 5.7 2.1 4.3
134I 6.6 3.8 18 16.3 5.9 10.8 9.4 7.7

Ratio of key radionuiclides
60Co/137Cs 0.86 2.1 0.67 2.0 0.79 2.0 0.79 2.4
60Co/134I 0.017 4.1 0.0082 10.0 0.02 8.0 0.011 7.6
133I/131I 7.1 1.9 9.3 2.9 7.2 2.6 9.1 2.3
134I/131I 41 3.1 37 4.7 34 4.7 41 4.2

a LM ¼ Log mean.
b LD ¼ Log deviation.
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i.e., D0
Cesium � DIodine as observed in high-temperature

annealing tests [37]. The coolant purification constant

bp in Eq. (35) will depend on the respective removal

efficiency (ep) for these species via bp ¼ fpep=M (see

Section 3.1). Moreover, the removal efficiency for ce-

sium is particularly dependent on the operational age of

the resin, in which the retention capability is reduced

with time due to exchange with other ions such as Li.

For instance, in the Battelle study, the fresh resin sam-

ples prepared by Battelle had a comparable efficiency for

cesium and iodine ðepÞCesium � 0:9ðepÞIodine; however, this
relative efficiency is significantly reduced for the reactor

coolant purification resins in PWRs where ðepÞCesium �
0:2ðepÞIodine [4].
The coolant activity data for the short-lived isotopes

of 131I, 133I and 134I in Table 2(panel B) can be fitted to

the model of Eqs. (37) and (38), and the coolant activity

data for 137Cs can be modeled using Eq. (43), the rele-

vant radionuclide data in Table 1 and appropriate

parametric model values. Previously, Fig. 2 corre-

sponded to a significant defect excursion in the Douglas

Point NGS. Recent bundle defect rates for CANDU fuel

are typically less than 0.1%, and thus it can be assumed

that only a single failure exists (x ¼ 1) [7]. Also, under

normal circumstances, there would be much less tramp

uranium in the PHTS (i.e., �a few grams), as compared
to the �0.6 to 1 kg of UO2 for the Douglas Point NGS

excursion of Fig. 2 [26].

Thus, a steady-state analysis can be performed for

the average of the short-lived iodine data in Table

2(panel B) for the Darlington NGS, based on a coolant

mass of 280 Mg and nominal purification rate constant

of bp � 4� 10�5 s�1 (i.e., �10 kg s�1). The fitted gap
escape rate coefficient (mI � 4:4� 10�8 s�1) suggests that
the failed rod has a tight defect and the fitted value of

A further implies an empirical diffusion coefficient of

D0 ¼ 4:0� 10�10 s�1, which is consistent with a fuel rod
power of �40 kW/m as per Eq. (41a). Unfortunately, it

was not known when the defect had actually occurred in

reactor. For instance, an element containing a small

manufacturing defect will typically hydride within �20 d
while a fretting defect, which is caused by debris in the

coolant, could occur at any time during its operation [7].

It is also not clear when the defect was identified as well

as its post defect residence time (i.e., if it was prema-

turely discharged). As such, in the current analysis it can

be assumed that the defective bundle was discharged at

its nominal discharge burnup of �180 MWh/kgU. At a

power level of 40 kW/m, the fuel would have to reside in

core for a time of t � 200 d in order to achieve this

burnup. As expected, the fitted parameter c � 1:8� 1012
fission s�1 for the tramp contribution is a factor of �30
smaller than that observed in Fig. 2.

Finally, using the fitted model parameters, a 137Cs

concentration of 0.14 lCi/kg is predicted with Eq.

(43) (i.e., in agreement with the measured values inT
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Table 2(panel B)) if it is assumed that D0
Cesium � D0

Iodine,

mCesium � 3mIodine and ðepÞCesium � 0:1ðepÞIodine (in accor-
dance with the PWR experience [4].) Using the same

chemical-specific parameters, and relevant isotopic data

in Table 1, the model predicts the ratio of 129I/137Cs to be

ð2:6� 10�9 lCi=kgÞ=ð0:14 lCi=kgÞ � 2� 10�8.
This predicted 129I/137Cs ratio is once again compa-

rable to measured activity ratios of these radionuclides

in the primary coolant of PWRs as shown in Tables 3

and 4 (second last columns). This result follows some-

what since the coolant-activity ratio is independent of

the number of fuel failures, and is relatively insensitive

to the fuel rod power, gap escape rate coefficient and

coolant purification constant. The time dependence of

the coolant activities for 137Cs, 129I and their ratio are

also shown in Table 5 for the assumed values of the gap

escape rate coefficient and purification constants (i.e.,

Case I). The sensitivity of the model to the values of

these two parameters is further shown in Table 5, for the

case when both species have identical chemical behav-

iour such that mCesium ¼ mIodine and ðepÞCesium ¼ ðepÞIodine
(i.e., Case II).

Interestingly, in both cases, the 129I/137Cs ratios are

relatively constant with time; these values are also con-

sistent with the observed range of values in Tables 3 and

4 for PWR fuel. The isotopic ratio for these cases de-

pends on the relative values for the purification efficiency

(which depends on the resin operational lifetime) and

gap escape rates for the two nuclides. Moreover, there is

little or no difference between the isotopic ratios for the

tramp uranium contribution and for the total activity

(i.e., resulting from both tramp uranium and defective

fuel) for each case. In fact, when the diffusivities, gap

escape rate coefficients and purification constants for

cesium and iodine are identical (so that wCesium � wIodine,

/Cesium � /Iodine and ðbpÞCesium � ðbpÞIodineÞ, as in Case II,
then Eq. (43) and Table 5 indicate that these ratios

should simply be equal to the ratio of the fission product

activities in the fuel rod (as predicted, for example, with

the ORIGEN code) [38]. A similar statement also holds

for the spike release. If the coolant activity is derived

solely from tramp uranium then the coolant activity

ratios will similarly scale with the fission yield and decay

constant. In fact, the slight variation in the isotopic ratio

with time in Case II is simply due to a changing yield

with burnup in accordance with Eqs. (39) and (40).

The corresponding 129I/137Cs ratio for Case I due to

the spiking of the iodine and cesium on shutdown, can

be further evaluated with Eq. (48), as �6� 10�7. This
latter ratio is larger by a factor of �30 than that ob-
tained during constant power operation.

Hence, these results suggest that it may be possible to

correlate the coolant activity ratios of isotopes of dif-

ferent species and varying half-lives with those long-

lived ones existing in the waste resins.

4.2. Limitations of the model

The current theoretical analysis is specifically appli-

cable to the case of an average fuel failure and becomes

less accurate in the case that there are several defective

fuel rods operating at different linear heat ratings. The

analysis may be further complicated by a range of defect

sizes due to various states of fuel rod deterioration as

a result of the clad hydriding process, and a varying

coolant cleanup history. Moreover, the current treat-

ment is an approximation at best since it implicitly as-

sumes a constant power generation in the derivation of

the fission product transport equations. In reality, the

rods may have experienced a variable reactor history

during several cycles of reactor operation (i.e., at dif-

ferent power levels), with the possible occurrence of a

number of reactor shutdowns. In addition, on reactor

shutdown and subsequent startup, fuel cracking may

also result, exposing new fuel surfaces to the free void

space.

The model also assumes that both the short and long-

lived iodine isotopes have the same diffusivity consid-

ering their same physiochemical behavior. However, the

diffusion coefficient that is utilized in the analysis is

an empirical one, which accounts for many combined

effects of atomic migration, bubble nucleation and

resolution, bubble migration and coalescence, channel

formation on grain faces, tunnel interlinkage on grain

Table 4

Cesium and iodine isotopic data for US Plant test resin columns

Name Type Date Concentration (lCi/g resin) Ratio

137Cs 131I 129I 129I/137Cs 129I/131I

Indian Point Unit 2a PWR 2/13/90 0.378 53.9 0:697� 10�7 1:8� 10�7 1:3� 10�9
Indian Point Unit 3 PWR 1/21/90 6.93 6.86 2:95� 10�7 4:3� 10�8 4:3� 10�8
Ginna PWR 8/19/90 0.901 42.4 4:85� 10�7 5:4� 10�7 1:1� 10�8
Braidwood Unit 1 PWR 11/29/90 0.245 30.3 9:52� 10�8 3:9� 10�7 3:1� 10�9
Beaver Valley PWR 11/9/90 1.84 2.89 2:11� 10�8 1:1� 10�8 7:3� 10�9
Vermont Yankee BWR 4/12/90 1.78 64.4 3:5� 10�7 2:0� 10�7 5:4� 10�9
WNP-2 BWR 3/21/90 4.72 144 9:83� 10�7 2:1� 10�7 6:8� 10�9
aAverage of samples IP-2-1, IP-2-3, IP-2-4, IP-2-5.
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edges, microcracking and physical trapping [39]. Con-

sidering that the long-lived isotopes have a much greater

half-life for survival (and hence a greater path length in

the fuel pellet), these various processes may affect these

isotopes differently. For instance, a slightly different

diffusion coefficient has been proposed for the short-

versus long-lived noble gas isotopes based on the ap-

plication of the simple Booth diffusion representation

to the analysis of sweep gas experiments at Halden

[40,41].

5. Conclusions

1. A model has been developed to estimate the long-

lived 129I coolant activity as a function time during

constant reactor operation. The model accounts for fis-

sion product release from both defective fuel rods and

uranium contamination that may be present on in-core

reactor surfaces. The current model is derived from a

consideration of the physical release mechanisms. In

particular, it is shown that diffusion is the dominant

process for release from the fuel matrix to the fuel-to-

clad gap in defective fuel at typical CANDU fuel power

ratings. Low-temperature surface fission processes of

recoil and knockout do not contribute significantly to

the gap inventory. The subsequent release of volatile

products from the gap to the primary coolant has been

modelled as a first-order rate process. In comparison,

due to lower temperatures that arise from fission heating

in fuel debris, only direct recoil is an important mech-

anism of release into the primary coolant from uranium

contamination deposited on in-core surfaces. Thus, the

resulting activity in the primary heat transport system

can be evaluated from a mass balance, considering these

various sources, and a loss due to coolant cleanup op-

erations.

A model has been further developed to predict the
129I activity spike that occurs following reactor shut-

down from the release of the available gap inventory

(stored as a water-soluble deposit) in the defective fuel

rods. This additional activity results in a further iodine

burden in the PHTS.

2. A coolant activity analysis of the short-lived iodine

species can be used to provide the relevant transport

parameters needed for the long-lived 129I predictive

Table 5

Time dependence of the total and tramp activities in the coolanta

Time t (d) Coolant activity (lCi/kg) 129I/137Cs ratio

Cs-137 I-129 Tramp U Total activity

(defective fuel

þTramp U)Tramp U Total

(defective fuel

þTramp U)

Tramp U Total (defective Fuel

þTramp U)

Case I: mCesium ¼ 3mIodine and ðepÞCesium ¼ 0:1ðepÞIodine
10 0.00195 0.00390 4:91� 10�11 7:35� 10�11 2:5� 10�8 1:9� 10�8
20 0.00203 0.00866 5:15� 10�11 1:24� 10�10 2:5� 10�8 1:4� 10�8
40 0.00204 0.0214 5:56� 10�11 2:72� 10�10 2:7� 10�8 1:3� 10�8
60 0.00205 0.0361 5:90� 10�11 4:67� 10�10 2:9� 10�8 1:3� 10�8
80 0.00206 0.0513 6:18� 10�11 7:00� 10�10 3:0� 10�8 1:4� 10�8
100 0.00207 0.0665 6:42� 10�11 9:62� 10�10 3:1� 10�8 1:5� 10�8
120 0.00208 0.0813 6:64� 10�11 1:25� 10�9 3:2� 10�8 1:5� 10�8
140 0.00208 0.0955 6:84� 10�11 1:55� 10�9 3:3� 10�8 1:6� 10�8
160 0.00209 0.109 7:02� 10�11 1:88� 10�9 3:4� 10�8 1:7� 10�8
180 0.00210 0.122 7:19� 10�11 2:21� 10�9 3:4� 10�8 1:8� 10�8
200 0.00210 0.134 7:35� 10�11 2:56� 10�9 3:5� 10�8 1:9� 10�8

Case II: mCesium ¼ mIodine and ðepÞCesium ¼ ðepÞIodine
10 0.000202 0.000303 4:91� 10�11 7:35� 10�11 2:4� 10�7 2:4� 10�7
20 0.000203 0.000489 5:15� 10�11 1:24� 10�10 2:5� 10�7 2:5� 10�7
40 0.000204 0.000999 5:56� 10�11 2:72� 10�10 2:7� 10�7 2:7� 10�7
60 0.000205 0.00163 5:90� 10�11 4:67� 10�10 2:9� 10�7 2:9� 10�7
80 0.000206 0.00234 6:18� 10�11 7:00� 10�10 3:0� 10�7 3:0� 10�7
100 0.000207 0.00310 6:42� 10�11 9:62� 10�10 3:1� 10�7 3:1� 10�7
120 0.000208 0.00391 6:64� 10�11 1:25� 10�9 3:2� 10�7 3:2� 10�7
140 0.000208 0.00474 6:84� 10�11 1:55� 10�9 3:3� 10�7 3:3� 10�7
160 0.000209 0.00559 7:02� 10�11 1:88� 10�9 3:4� 10�7 3:4� 10�7
180 0.000210 0.00646 7:19� 10�11 2:21� 10�9 3:4� 10�7 3:4� 10�7
200 0.000210 0.00733 7:35� 10�11 2:56� 10�9 3:5� 10�7 3:5� 10�7
a For both of these cases, mI ¼ 4:4� 10�8 s�1 and bI ¼ 3:83� 10�5 s�1 (as detailed in the text).
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model (because both the short and long-lived iodine

species have the same physiochemical properties). Based

on a steady-state analysis, this approach yields the em-

pirical diffusion coefficient and gap escape rate coeffi-

cient for defective fuel, and the tramp uranium fission

rate. A calculation was performed for the Douglas Point

NGS, in which there were �18 defective fuel rods op-
erating at �40 kW/m, with a corresponding fuel loss of
about �0.6 to 1 kg of UO2 in the primary heat transport

system. The resulting ratio between the measured 131I

coolant activity and the 129I prediction after �170 d of
reactor operation with defective fuel was 3� 10�9. This
value is in good agreement with observed coolant ac-

tivity ratios for 129I/131I in French PWRs (i.e., 4� 10�10
to 8� 10�9), and for US BWRs and PWRs (i.e., 1� 10�9
to 4� 10�8) obtained from test resin column samples in

a study by the Battelle Pacific Northwest Laboratories.

Moreover, model parameters can be derived for cesium,

by matching the model predictions to measured coolant

activity concentrations of 137Cs and short-lived radio-

iodines. In fact, using these speciation-specific parame-

ters in the current model, a predicted coolant activity

ratio for 129I/137Cs of �3� 10�8 was obtained for the
Darlington NGS. Once again, this value is in good

agreement with that observed in French and US PWRs

for the given isotopic ratio.

For the Douglas Point NGS analysis, with reactor

shutdown, the stored gap inventory that is released from

the fuel rod results in a �100-fold iodine spike in the
coolant activity level.

3. The application of the current model in Eq. (43)

suggests that when cesium and iodine have identical

parameter values, the ratio between 129I and 137Cs can be

calculated directly from radionuclide inventories in used

fuel.
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