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Abstract

A mathematical treatment has been developed to describe the activity levels of I 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 x 10~ has been determined for the coolant activity ratio of '*1/3'T 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 x 1078 for '21/"37Cs. This ratio can be used to estimate the levels of '*1 in reactor waste based on a

measurement of the activity of '37Cs.
© 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 ®Co and '*’Cs. Scaling
factors for several radionuclides of potential interest to
Ontario Power Generation (OPG), namely, >*¥Pu, >*Pu,
24°Pu, 241Pu, 2‘“Am, 242Cm, 244Cm, SSFC, 63Ni, 14C and
08r have been under development since 1999 [1].

Due to the much lower concentrations of many of the
remaining DTM radionuclides of interest, such as '*I
and ®Tc, their experimental scaling factor development

*Corresponding author. Tel.: +1-613 541 6611; fax: +1-613
542 9489.
E-mail address: lewis-b@rmc.ca (B.J. Lewis).

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 '*I and *Tc coolant activities using
measured activities of ®°Co, '¥’Cs 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 o and f emitting nuclides, including that of
1297 via a scaling factor analysis. The current work pre-
sents the development of a method for predicting the
coolant activity of the long-lived 1, and its scaling
factor relative to that of *’Cs, based on the measured
activities of the short-lived iodines, namely, 3'I, 1321,
1331, 1] and '1. 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 '°T
activity in waste packages based on '*’Cs 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 C(r,¢) (atom m~3) in an ‘ideal-
ized’ fuel grain sphere of radius a, which results at time ¢
from a production by fission f (atom m—>s™') with
losses by diffusion and radioactive decay, is [9,10]:

oC DO oC ,

where / is the radioactive decay constant (s~!) and D is
the diffusion coefficient for a given fission product spe-
cies in the fuel matrix (m?s~!). Eq. (1) is subject to an
initial condition of a zero concentration throughout the
sphere, i.e.,

C(r0)=0, 0<r<a, t=0. (2a)

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:

C(0,¢) = finite, r=0, >0 (2b)
and
C(a,t)=0, r=a, t>0. (2¢)

From the Fick’s law of diffusion, the release rate from
the fuel grain per unit volume, R; (atom m~—3s7!), is
given by:

4na® ( ocC 3)
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which can be directly evaluated with a knowledge of the
concentration profile C(r). The release rate in Eq. (3) is
evaluated as [11,12]:
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Re(t) =3f| —=coth\/u——| — 6B —-—
@ ﬁ[ﬁco Vi | - ope e
R 1 1 X, [ e
== =3|—coth/u——| —6e™* —-—
(B)dif {\//7 vH ﬂ} ; nm 4
(4a)
or equivalently written as [11]:
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i 7 (Vi) . (4b)
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and
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where u = A/D', 1 = D't and D' = D/a?. Eq. (4b) permits
a more accurate solution for 7<0.1, where £ can be
neglected. On defining R = R;V (atom s') and B =
BV = FV» (atom s~') (in which F is the fission rate
density (fission m~s7!), y is the cumulative fission yield
(atom fission™') 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]:

(). [memai] =Gz o

Similarly, for the stable isotopes, where A =0 (or
uw— 0):

R [ 6 e
=) =2y
(B)dif s n } (6

n=1

and the short-time approximation for Eq. (6a) is:
R P
(E)dit‘ = _6\/; - 37} . (6b)

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

(). =¥ e ”

where S,/V is the geometrical surface area to volume of
the solid and g is the fission fragment range in the solid

UO.. For instance, the primary iodine fragment, which
carries ~67 MeV of the available fission energy, has a
range of 8.2 mgem~2 so that for a solid UO, fuel density
of 10.7 gem™3, y; = 7.7 um [8]. Here the release effi-
ciency is defined as the fraction of those fragments, born
within a distance y; of a planar surface, which stop in
the gas-filled interspace, such that [§]:

t

£=—1. 8
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In Eq. (8), ¢ is the thickness of the radial gap and g, 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 x 1072 gcm™?). Hence, given that
the iodine fragment has a range of 1.95 mgem~2 in H,O
[8], 4, =0.51 mm. The range of the fission fragment
does not significantly change if the primary coolant is
D,O as for a CANDU reactor [14]. For a typical gap
thickness of ¢ = 20 um, 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 ¢ = 1/4 = 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 UO, 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 P, 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 6x cm thick is P dx. Of
these particles, 8/ (= P, dx sin 0508¢/4n) are moving in
a solid angle increment 8Q. The total current /; (particles
cm~2s7!) for particle ejection from the solid surface is
therefore derived as [8,15]:

cos’l(x/pp) i,up

P " 2n P
I =-—+- sinfdfd¢dx = , 9
" 4n /x:O /4):0 0=0 ¢ 4 ®)
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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 p,.

where g, is the maximum range of the particle p (=
fission fragment (f) or knock-on (ko)) leaving the
solid. Here only those particles within the angle 0 =
cosfl(x/yp) 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 = B, (10)

where F is the fission rate per unit volume and y¢ 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]:

G

P = P{° — = (2n}F)

G
i U NU_

- (1)

where n¥° is the number of uranium knock-ons created
by a single fission fragment ~2 x 10* atoms, C; is the
fission product concentration for species i, and Ny(=
Puo,Na/Myo,) is the number density of uranium atoms
in the solid (where Puo, and Myo, are the density and
molecular weight of the UO,, respectively, and N, is
Avogadro’s number) [8,15]. The factor of 2 in Eq. (11)
arises since two fragments are created per fission event.
Using Egs. (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:
D DRV T Te T (12)
all fission products

Similarly, the total surface current for the knockout of
uranium atoms is:

ko 1 ko , ko 1 ko ko
I :ZPU iy =Z(2nUF),uU, (13)
where (£ is the range of the higher-order uranium
knock-on in the UO, (~50 A) [15]. Thus, the number of
uranium atoms emitted per escaping fission fragment oy
can be calculated by simply taking the ratio of the cor-
responding surface currents in Egs. (12) and (13):

Iko ko
MU:I;%:nEO(#—U) ~ 0. (14)

In fact, the theoretical value for oy in Eq. (14) is in good
agreement with a value of ~5 as measured for sintered
UQO; [16,17], which provides support for the current
theoretical treatment.

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

o o Ci 1 o o Ci
I = I (ATU) = 5 (2P F)u (N—U) (15)

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 = n¥?/Ny [3].
However, a recoil zone thickness of g (as defined by p in
the PROFIP code) is incorrectly proposed in the PRO-
FIP model in place of the knockout zone thickness of
W as per Eq. (15).

The corresponding release-to-birth rate ratio for
knockout results from Egs. (14) and (15):

(5).- ()5 () 1
ko Vi u

using the definition of the birth rate, B = y,FV. Here
S,/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 C; near the
surface of the solid fuel (i.e., within a knockout zone of
~50 A) can be evaluated from the mass balance equa-
tion for a source from the fission process and loss by
radioactive decay:

dc 1
e~ 2V

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 C; =0 at r = 0,
is:

_

G0 =3,

(1—en. (18)
Thus, substituting Eq. (18) into (16) gives

E _& oy He it
(5) (2 )ue "

In fact, in the steady state, where ¢ — oo, Eq. (19) re-
duces to
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R St [ oy
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This expression is identical to that derived in Ref. [§],
based on a more complicated mass-balance treatment.
As depicted in Eq. (20), the release rate is inversely de-
pendent on the decay constant /; 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 Egs. (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 4; approach
zero in the limit, Eq. (19) becomes

BY 5 (e g, (21)
B). V\4Ny

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 pm (cor-
responding to a recoil thickness layer) in place of a much
smaller knockout layer distance of ~50 A 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 v [10]. A
mass balance equation can be written for the fission
product inventory (N,) in the fuel-to-clad gap, where on
accounting for a source due to a diffusional release from
the fuel matrix (R4y) (i.e., as follows from Eq. (4)) and
losses due to radioactive decay and release from the
defective rod:

dN,
dité = Rdif — (j. + V)Ng. (22)

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

3B 1 1 e
Ny(1) = v {ﬁ cothf—ﬂ (1 — ety
6BeH* o eflllr _ e*)lznz’[
- 2
o e 2
where = v/D'.

The subsequent rate of fission product release from
the gap and into the coolant can be evaluated from:

R.(t) = vNg(1) (24)
so that
_ 3By |1 L PP
R"(t)_(/1+v){\/ﬁ00th‘/— H}(l e )
e ) efljn _ efnznzr
— 6Bye ; (e s (25)

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]:

w2 () [ (VT
(26)

Similarly, for the stable isotopes, using Eq. (22) with
A =0, gives:

B

(1 _ e—l//r) o e—WI _ e—nznzr
D/

o ] @

Ng(t) =

and the release rate into the coolant is:

2.2
-yt —n"m°T
Ve

R(f)=B|(l —e¥) - 6‘//§: m] (28)

In summary, Eqgs. (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 UQO, 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 pm [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 d,, and with no other solid surfaces in its vi-
cinity, the release efficiency ¢ can be described as [8,23]:

-0}

where o = max(1,d) and d = d,/,. Thus, in the case of
a recoil process, the range of the fission fragment (where
I, = fi¢) is comparable to the diameter of the fuel par-
ticle so that « = 1, and Eq. (29) becomes:

- (30)

Hence, given a surface-to-volume ratio for the spherical
particle of (S,/V) = 6/d,, the release-to-birth ratio in
Eq. (7) reduces to:

().

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:

().

In the case of knockout, the range of the knockout
particle (i.e., 1 ~ 50 A) is very small compared to the
size of the fuel particle (d, ~ 10 pm) so that o=
d=d,/u,> 1 in Eq. (29) and the release efficiency is
therefore evaluated as:

1 1 1 1 1
“5{@*5(“@)%1 (33)

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 d, ~ ., the
R/B ratio for knockout is:

(5.5 (%) o

In the case of fuel loss from defective fuel rods, the fis-
sion product concentration C; 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 C; ~ 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 3Kr/'*®¥Xe 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):

Ry:—88/Rxe-138 = Vkr—s88/Vxe—138 = 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, '¥I. 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 '°T (Section 3.2).
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3.1. Short-lived iodine analysis (steady-state)

The fission product inventory in the reactor coolant
(N,) 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:

N,
dr

R, — (A + B,)N.. (35)

Here 8, is a coolant purification rate constant )
(= foep/M, where f, is the cleanup system flow rate (kg/
s), &, is the cleanup system efficiency and M is the mass
of water in the PHTS (kg)). The total release rate into
the coolant,

R(1) = Re(t) + Reee, (36)

is derived from a summation of that from defective fuel
rod(s), R.(¢) in Egs. (25) or (26), and uranium contam-
ination, R.. in Eq. (32).

As mentioned, the short-lived species generally reach
an equilibrium activity quite rapidly. Thus, for the
steady-state situation, Egs. (26), (32) and (36) yield the
combined result

R v A

—) =(——)—=H+c, 37
(5).~ () 77+ &
where 4 = x(3v/D'F;) and ¢ = (1/2)F. Here x is the
number of defective fuel rods, F; is the fission rate in the
tramp uranium (fission s~!) and F; is the average fission
rate per defective rod (= FV) (fission s™!). For a typical

Table 1
Isotopic fission product data for iodine and noble gases

CANDUE-size fuel rod, assuming ~200 MeV fission™!,
F; = 1.489 x 103 x P, where P is the linear heat rating
(in kW m™!). 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 1-132 (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 (R/y),..,, ratio, as derived from steady-state
coolant activity measurements via Eq. (35):

, R At By Ae
Rt (5) = (55)5 o

where 4. = AN, 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 UO, fuel as the *¥U is
consumed and ?*Pu is produced:

_ (oW0r)yass + (eWOt)pyaze (39)
(Wat)yass + (WOT)pyazo ’

where y, is the cumulative fission product yield for U
and **Pu in Table 1 from the Evaluated Nuclear Data
File/Brookhaven (ENDF/B-V) [27], and o; is the mi-
croscopic thermal fission cross section (5.80 x 10722 cm?
for 2°U and 7.42 x 10~2? cm? for **Pu at 293.61 K). For

Isotope Decay constant A (s”!)  Fission product yield, y, (x 1072 atom/fission)? Precursor correction
By 29py factor, H

1297 1.40 x 1071 0.744 1.49 1.0

BT 9.98 x 1077 2.88 3.85 1.0

1321 8.37 x 1073 4.30 5.39 6.0

1331 9.26 x 10-¢ 6.70 6.93 1.0

1341 2.20 x 107# 7.71 7.27 1.4

1351 291 x 1073 6.30 6.45 1.0
SmKr 430 x 1073 1.30 0.566 1.3

$7Kr 1.52 x 107* 2.52 0.987 1.3

8Kr 6.78 x 1073 3.55 1.32 1.0

13Xe 1.53 x 10°¢ 6.70 6.98 1.1
133mye 3.66 x 107° 0.190 0.233 1.2

135Xe 2.12 x 1073 6.54 7.60 ~1b
38Xe 8.18 x 1074 6.42 5.12 1.0

137Cs 7.29 x 10~1° 6.22 6.69 1.0

#Taken from Ref. [27].

®In the R/y analysis for this isotope, one normally applies an H factor which is dependent on the neutron flux ¢ and uses an effective
decay constant 4 + a,¢ where ¢, is the microscopic absorption cross section for 1**Xe. However, as a reasonable approximation, one

can plot the R/y data point versus / and apply an H ~ 1.
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naturally enriched fuel, the initial U specific fissile
content is 7.116 g/kg U. The specific fissile content w (in
g/kgU) is dependent on the fuel burnup B (in MW h/
kgU), as shown in the following correlation based on
reactor physics code calculations [26,28]:

Ww = 10(0-85095-0.00276048) g0 23577 (40a)
and

w=4.20353 x 107% 4+ 4.0752 x 1072B
—2.9702 x 107*B* 4+ 1.3035 x 10-°B*
—3.18147 x 107°B* 4 3.22097 x 1072B°,
for 2Pu. (40b)

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 v, 4 and c¢. To
evaluate D' 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 Fp).

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., v>> A, and a 2 dependence results. On the

1018

R ( a ] L,
by D ¢
—
y M URANIUM
DEFECTED FUEL ~CONTAMINATON

10144

Release Rate / Yield

131| ISBI 135| 132| 134|
L

1013 L
106 10 104 10

Decay Constant A (s")

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 MW h
(kg U)~!. For the given fitting of the model in Eq. (37), « =
vA4 = 1.155x 10%, v =1.378 x 10~® and ¢ = 5.220 x 10'*. The
1321 data point has been corrected for precursor effects by di-
viding it by H.

other hand, for a small failure where v < A, a A7° 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 D', v and ¢ are known.
Both the average fission rate of the defective rods, Fi,
and the number of fuel failures, x, must be known a
priori so that a specific determination of D' can be ob-
tained from the fitted parameter 4. If such information
is unavailable, then D’ (in s~') can be estimated from the
experimentally derived correlations (for CANDU fuel)
[26]:

D/

_ 109-857logP25.1314
lodine = 10 ) (41a)

/
DNoble Gas

— 108.63210g1’723.4091 (41b)

by assuming the average-core linear heat rating P (in
kW/m). The quantity xF; 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 D' 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 v and average em-
pirical diffusivity D’ (relevant for x defective fuel rods
operating at an average fission rate per defective rod of
F;). The amount of uranium contamination is contained
in the parameter ¢ 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 '°T 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 1 ~ 0).
Here the source release into the coolant from x defective
fuel rods and uranium contamination is described by
Eqgs. (28), (32) and (36):

6V & efnznzD’t —e

R()=xFy|(l-e")+= > 57—
() = xFiy| ( ¢ )+n2 — n*(n’m*D' —v)

+oy,

(42a)

where ¢ = F; /2. Egs. (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.,
t=D't<0.1, Eq. (42a) does not converge very quickly
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and can be alternatively replaced by the short-time ap-
proximation

R(t) = x3Fy a 7;71“) - erf\/_“__l//l/” eV -1+ 2\/;

+cy.

(42b)

Using Eq. (42a), the mass balance equation can be
directly integrated, where assuming A4.(0) =0, and a
time-averaged coolant purification constant f8,,

. I ﬁp(tt’) dr

)

the coolant activity is given by:

_ a9t -yt __ AT
A*”Wﬂ%l i (e )

x%[l - \/Ecot\/ﬂ

o0 e—([)t _ e*nzﬂz‘[
+ 6%; <nznz(n2n2 — )P — ¢) ) }

+ xcy< : ﬁ‘;’_m ) , (43)

where u=//D',  =v/D' and ¢ = B,/D'.

Thus, using the results of the short-lived analysis in
Section 3.1, the resultant fitting parameters (v, D’ and c¢)
can be used in either Eqgs. (35) (with 4 ~ 0) and (42), or
Eq. (43), to provide an estimate of the long-lived 1
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/P, can be described as an
impulse function (or Dirac delta function) such that

RYIP(1) = Neb. (1), (44)

where N, is the remaining stable iodine gap inventory at
time ¢ when the reactor is shutdown in accordance with
Eq. (27), and ¢, is the asymmetrical impulse function
[35] with the property that

if 1<0,

[resar={F, H5h (43)

Again, the mass balance equation for the fission product
inventory in the coolant for the stable isotopes is:

dn,

—S=RSP_BN.. 46
dt c ﬁp ( )
Thus, substituting Eq. (44) into (46), and integrating
with the property of Eq. (45), yields:

N.(t) = [Neo + Nele " = A.(t) = [Aeo + Agole ™', (47)

where N,(¢) and A4.(¢) are the (long-lived) coolant in-
ventory and activity at time ¢ following a shutdown
event, which is assumed to occur at t = 0, and N, and
A, are the corresponding initial quantities at the time of
shutdown. These latter quantities can be evaluated nu-
merically from Egs. (35) and (42), or from the analytic
expression of Eq. (43). The quantity A4,, is the initial gap
activity when the reactor is shutdown which can be de-
termined with Eq. (27), such that:

2.2

4 (1 _ e—:[/f) x e—l//r _e T
S 2w (i — )

The steady-state quantities 4., and A4, for short-lived
species can be further determined. Rearranging Eqs. (37)
and (38), the steady-state coolant activity is

v D A A
(m)3\/;<—/1+ﬁ,,) xFry+c<—/l+ﬁp>y~

(49)
Similarly, using Egs. (24) and (26), the available gap
activity on shutdown is

(iiv)3\/§

Egs. (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].

pxFry.  (48)

Ao =

xFry. (50)

g0 —

4. Discussion

Based on the steady-state analysis in Fig. 2, a coolant
activity can be estimated for '?I 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 MW h/kg U. The steady-state analysis yields the
model fitting parameters of: D' = 6.8 x 10710 s, v =
1.4x107% s7! and ¢ = 5.2 x 10" fission s~!. The fuel
residence time, ¢, 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 =110 MWh/kgU x 0.710 kgU/(40 kW/m x 0.477
m x 107> MW /kW x 24 h/d) ~ 170 d. In addition, the
data in Table 1 can be used where A = 1.40 x 10715 7!
and y =1.08 x 1072 atom fission~!. A heat rating of
P =40 kWm™' will produce an average fission rate of
F; = 5.96 x 10' fission s~! per rod in the x = 18 defec-
tive rods. Further, assuming a purification flow rate
through the I-X columns of 8.65 Ls~!, a column effi-
ciency of 99%, and a PHTS volume of 67000 L, a
constant purification rate parameter of f§, = 1.28 x 104
s~! 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 Egs. (35) and (42a) using a time
step of 2 = 6 h. In addition, the short-time approxima-
tion for the release rate in Eq. (42b) can be alternatively
used (i.e., for 1 =0.010<0.1). All three approaches
typically deviate by less than ~1%. As expected, the
coolant activity after ~170 d for I, i.e., 390 Bq, is
many orders of magnitude smaller than that observed
for 31, where from Fig. 2 and Eq. (38), the 3'T activity
is 1.3 x 10" 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 f,=1.28x10"*s™! (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 '*°I at the start of the shutdown would be
A ~ 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 =170 d as Ay, ~ 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 *'T in accordance with Egs. (47), (49) and
(50) [31]. As described by Eq. (47), this combined activity

500
—— Analytic (Eq. 43)
— Tramp U
=3 Defective Fuel
8 400 1| —— Numerical (Egs. 35 and 42a)
~ —a— Numerical (Short-time Approximation)
2 (Egs. (35 and 42b))
>
= 300 4
[&]
<
—
c
8 200
o
o]
(&)
& 100 A
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Fig. 3. Calculation of the coolant activity for '*I as a function
of time based on an analytical solution and using a numerical
treatment.

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 '*°I
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 *°Co
is the principal activation product.

On the other hand, the Electricité de France (EdF)
have obtained actual measured coolant activity data for
12T 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 '3Xe and *’Cs
using the PROFIP code. Other measured coolant ac-
tivities for **Xe, *'I, **I and '’Cs are also shown in
Table 3. Indeed, the ratio of the measured PWR activ-
ities of '21/"3'1, shown in Table 3, do indeed corroborate
the previous analysis. For instance, a predicted ratio
based on the measured short-lived '*'I data for the
Douglas Point reactor, and the corresponding model
estimation for the long-lived '®I species, yield a com-
parable value of 390 Bq/1.3 x 10" Bq~3x 107° 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 '®1I 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 '"?1/'¥Cs ratio is essentially constant for several
plants (i.e., within a factor of ~50).
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Table 2

Comparison between radioiodine and other key radionuclide PHTS concentrations

Radionu- DNGS Unit 2 PHTS PNGS Units 1, 3-8
clide con- coolant PHTS coolant
centration . b
(uCilkg) LM LD LM LD
Panel A: DNGS and PNGS
B3I 1.3 3.1 14 4.0
1321 24.5 5.7 26.6 2.1
1331 10.6 44 6.1 7.4
1341 47.8 5.3 48.8 1.6
1351 24.2 44 88.8 1.9
37Cs 0.73 2.5 0.55 1.3
0Co 0.30 2.3 1.96 2.9
Ratio of key radionuiclides
0Co/"¥Cs 0.41 1.9 1.8 -
OCo/'31 6.30E-03 4.0 - -
13211317 19.0 2.7 12.6 2.4
13/18317 8.2 2.1 4.6 3.7
134/1311 37.1 2.7 22.9 1.9
135/ 18.8 2.2 2.3 2.1

Unit 1 Unit 2 Unit 3 Unit 3

LM? LDP LM LD LM LD LM LD
Panel B: DNGS
“Co 0.11 2.1 0.15 2.3 0.12 2.2 0.096 2.2
37Cs 0.12 2.2 0.22 3.2 0.16 2.4 0.12 3.1
BT 0.16 2.0 0.48 4.4 0.18 3.0 0.23 2.6
131 0.96 3.6 4.5 9.6 1.3 5.7 2.1 43
1341 6.6 38 18 16.3 5.9 10.8 9.4 7.7
Ratio of key radionuiclides
0Co/"¥Cs 0.86 2.1 0.67 2.0 0.79 2.0 0.79 24
OCo/131 0.017 4.1 0.0082 10.0 0.02 8.0 0.011 7.6
133/1311 7.1 1.9 9.3 2.9 7.2 2.6 9.1 23
1341/1317 41 3.1 37 4.7 34 4.7 41 4.2

LM = Log mean.
®LD = Log deviation.

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 '?°I, Tc, *Sr, 2Py, **°Pu,
240py and '“C. Thermal emission mass spectrometry was
used for the measurement of 1. Also, gamma-emitting
radionuclides were measured by gamma spectrometry.
The available concentration measurements of '*’Cs, 13'1
and '?1, 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 '2I/'¥Cs is of greater interest because this ratio can
be readily applied with gamma scanning '’Cs data to
estimate '*I 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 *’Cs, *'1,
131 and I, and then use the model to subsequently
predict the ratio of '»I/'¥7Cs.

For this analysis, it can be assumed that the diffu-
sivity of cesium is approximately equal to that of iodine,
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Table 3

Calculated and measured '*1 primary activities and measured '*’I/'*'T ratios?

Measured '°1/13'T

Measured

1291/137CS

Primary activities (MBq/t)

Cycle

Plant

1341 137CS 129I

1311

133Xe

Measured

Calculated from

133Xe

137CS

8 x 10710
4 x 10710
5% 107
8 x 107
4x107°
2x 107

1x107°
3x 1078
5% 1078
4x107°
4 %1078
9x 107

6.1 x 10°%

1.4 x10°¢

3.6 x 1078

45

2500
3000
5000

700
1300
4000

75

1500
1500
80000

9
5
8
7
9
9
13

GRA3

29 x 1078

3.6 x 1078

4.4 %1078

0.85
100
45

8

70
1000

GRA6

B.J. Lewis, A.

5.0x10°¢

3.1x10°¢

6.5x107¢

CHBI

4.0 x 1077

1.4 x10°°

7.2 x 1077

50
80
600
100
200

9000
7000

50000

CHB2

3.0x 1077

2.4 x 1077

5.1 %1077

BLA3
BLA4
BUG2
GRA2

1.3x107°
<1.5x10°¢

3.2 x 1077

4.7 x 107°

4.0 x 107°

150

1

<2x1078
2x 107

<2x10°¢
4x107°

58 x 1078 3.1x 1078

4000

1000
4000
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2.5x10°°

1.2 x 1077

80

8000

#Taken from Ref. [36].

i.e., Diegum ~ Diodgine as observed in high-temperature
annealing tests [37]. The coolant purification constant
B, in Eq. (35) will depend on the respective removal
efficiency (e,) for these species via f, = f,e,/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 (&,)cegum ~ 0-9(€p)10dine; hOWever, this
relative efficiency is significantly reduced for the reactor
coolant purification resins in PWRs where (¢,)
0‘2(8P)Iodine [4]

The coolant activity data for the short-lived isotopes
of B, 3T and "*I in Table 2(panel B) can be fitted to
the model of Egs. (37) and (38), and the coolant activity
data for '37Cs 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 = 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 UO, 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 f,~4x107 s7! (i.e., ~10 kgs™'). The fitted gap
escape rate coefficient (v; ~ 4.4 x 1078 s71) suggests that
the failed rod has a tight defect and the fitted value of
A further implies an empirical diffusion coefficient of
D' =4.0 x 1079 s~ 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 MW h/kg U. At a
power level of 40 kW/m, the fuel would have to reside in
core for a time of ¢ ~ 200 d in order to achieve this
burnup. As expected, the fitted parameter ¢ ~ 1.8 x 10'?
fission s~! for the tramp contribution is a factor of ~30
smaller than that observed in Fig. 2.

Finally, using the fitted model parameters, a '*’Cs
concentration of 0.14 pCi/kg is predicted with Eq.
(43) (i.e., in agreement with the measured values in

. ~
Cesium
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Table 4

Cesium and iodine isotopic data for US Plant test resin columns
Name Type Date Concentration (uCi/g resin) Ratio

137CS ]311 ]291 ]291/137CS 1291/1311

Indian Point Unit 2° PWR 2/13/90 0.378 53.9 0.697 x 1077 1.8 x 1077 1.3x107°
Indian Point Unit 3 PWR 1/21/90 6.93 6.86 2.95 x 1077 43 x 1078 43 %1078
Ginna PWR 8/19/90 0.901 42.4 4.85x 1077 54 %1077 1.1x10°8
Braidwood Unit 1 PWR 11/29/90 0.245 30.3 9.52 x 1078 3.9 x 1077 3.1x107°
Beaver Valley PWR 11/9/90 1.84 2.89 211 x 1078 1.1x107% 7.3 x 107°
Vermont Yankee BWR 4/12/90 1.78 64.4 3.5%x 1077 2.0 x 1077 54 x107°
WNP-2 BWR 3/21/90 4.72 144 9.83 x 1077 2.1 %1077 6.8 x 107°
@ Average of samples IP-2-1, IP-2-3, IP-2-4, IP-2-5.

Table 2(panel B)) if it is assumed that D g ~ Dlodines ratios will similarly scale with the fission yield and decay

Veesium ~ 3Viodine ANd (&) cogium ~ 0-1(8p)joqine (I 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 '*1/'3Cs to be
(2.6 x 10~ uCi/kg)/(0.14 puCi/kg) ~ 2 x 1078,

This predicted '*1/'37Cs 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 ¥7Cs, '°T 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 veesium = Viodine a0d (&) cesium = (€0)1odine
(i.e., Case II).

Interestingly, in both cases, the '*’I/'*’Cs 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 ¥cegum ~ Yiodines
d)Cesium ~ d)lodine and (ﬁp)(‘,esium ~ (ﬁp)lodine)’ 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

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 Egs. (39) and (40).

The corresponding '?1/'*’Cs ratio for Case I due to
the spiking of the iodine and cesium on shutdown, can
be further evaluated with Eq. (48), as ~6 x 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
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Table 5

Time dependence of the total and tramp activities in the coolant®

Time ¢ (d) Coolant activity (uCi/kg) 1291/137Cs ratio

Cs-137 I-129 Tramp U Total activity

Tramp U Total Tramp U Total (defective Fuel (defective fuel

(defective fuel + Tramp U) +Tramp U)
+ Tramp U)

Case I Veesium = 3Viodine a1 (&p) coginm = 0-1(€p),, 1
10 0.00195 0.00390 491 x 1071 7.35 x 1071 2.5x 1078 1.9 x 1078
20 0.00203 0.00866 5.15 x 1071 1.24 x 10710 2.5x% 1078 1.4 %1078
40 0.00204 0.0214 5.56 x 10711 2.72 x 10710 2.7 x 1078 1.3x 1078
60 0.00205 0.0361 5.90 x 10~ 4.67 x 10710 2.9 %1078 1.3x 1078
80 0.00206 0.0513 6.18 x 107 7.00 x 10710 3.0 x 1078 1.4 x 1078
100 0.00207 0.0665 6.42 x 10711 9.62 x 10710 3.1x10°8 1.5x 1078
120 0.00208 0.0813 6.64 x 10711 1.25 x 107° 3.2x 1078 1.5x 1078
140 0.00208 0.0955 6.84 x 10711 1.55x107° 33x 1078 1.6 x 10-%
160 0.00209 0.109 7.02 x 1071 1.88 x 107° 34 %1078 1.7 x 1078
180 0.00210 0.122 7.19 x 10~ 2.21 x107° 3.4x10°8 1.8 x 10-%
200 0.00210 0.134 7.35 x 1071 2.56 x 107 3.5%x 1078 1.9 x 1078
Case II: Veesium = Viodine and (SP)('esium = (SP)[()dine
10 0.000202 0.000303 491 x 1071 7.35 x 1071 2.4 x 1077 2.4 x 1077
20 0.000203 0.000489 5.15 x 1071 1.24 x 10710 2.5x 1077 2.5%x 1077
40 0.000204 0.000999 5.56 x 10711 2.72 x 10710 2.7 x 1077 2.7 x 1077
60 0.000205 0.00163 5.90 x 10~ 4.67 x 10710 2.9 x 1077 2.9 x 1077
80 0.000206 0.00234 6.18 x 10711 7.00 x 10710 3.0x 1077 3.0 x 1077
100 0.000207 0.00310 6.42 x 10711 9.62 x 10710 3.1 x 1077 3.1 x 1077
120 0.000208 0.00391 6.64 x 10711 1.25 x 107° 3.2 x 1077 3.2 x 1077
140 0.000208 0.00474 6.84 x 10711 1.55x 107° 3.3 x 1077 3.3 x 1077
160 0.000209 0.00559 7.02 x 10711 1.88 x 107° 3.4 x 1077 3.4 x 1077
180 0.000210 0.00646 7.19 x 10~ 2.21 x 107° 3.4 %1077 3.4 x 1077
200 0.000210 0.00733 7.35 x 1071 2.56 x 107 3.5%x 1077 3.5x 1077

2 For both of these cases, v, = 4.4 x 107 s7! and 8, = 3.83 x 10> 57! (as detailed in the text).

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 '*I 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
12T 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 '®1 predictive
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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 UO, in the primary heat transport
system. The resulting ratio between the measured '3'I
coolant activity and the '®I prediction after ~170 d of
reactor operation with defective fuel was 3 x 10~°. This
value is in good agreement with observed coolant ac-
tivity ratios for 'I/**'T in French PWRs (i.e., 4 x 10710
to 8 x 10~%), and for US BWRs and PWRs (i.e., 1 x 10~°
to 4 x 10~%) 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 '*’Cs and short-lived radio-
iodines. In fact, using these speciation-specific parame-
ters in the current model, a predicted coolant activity
ratio for ®I/'7Cs of ~3 x 10~® 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 I and '3’Cs can be
calculated directly from radionuclide inventories in used
fuel.
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