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Abstract

CRUDTRAN code is to predict transport of the corrosion products and their radio-activated nuclides such as
cobalt-58 and cobalt-60 in the PWR primary coolant system. In CRUDTRAN code the PWR primary circuit is
divided into three principal sections such as the core, the coolant and the steam generator. The main driving
force for corrosion product transport in the PWR primary coolant comes from coolant temperature change
throughout the system and a subsequent change in corrosion product solubility. As the coolant temperature
changes around the PWR primary circuit, saturation status of the corrosion products in the coolant also changes
such that under-saturation in steam generator and super-saturation in the core. CRUDTRAN code was
evaluated by comparison with the results of the in-reactor loop tests simulating the PWR primary coolant system
and PWR plant data. It showed that CRUDTRAN could predict variations of cobalt-58 and cobalt-60 radioactivity
with time, plant cycle and coolant chemistry in the PWR plant.

1. Introduction

Corrosion products(crud) are released from the materials of the primary coolant system and are circulating in
the primary coolant of the pressurized water reactor(PWR). After deposition on the surfaces inside the core,
corrosion products become radioactive by irradiation. Then, radioactive elements may be re-released into the
coolant and re-deposit on the out of core surfaces. By these processes, corrosion products have become the
major sources of the radioactivity in the plant and are of the primary concern to the radiation exposure of the
plant maintenance personnel.

Corrosion products deposited on the fuel cladding may also have influence on the fuel performance. They can
act as an obstacle to the transfer of the heat generated inside the fuel, so that it may increase the cladding
temperature to enhance the cladding corrosion. Another effect is the increase of the coolant pressure drop. Crud
buildup in the cladding may retard the coolant flow so that the pressure drop is increased in the core. Fuel
failures due to the crud buildup on the cladding by the abnormal water chemistry control have been reported by
the excessive cladding corrosion[l] and by rod-to-spacer grid fretting due to the excessive pressure drop[2].

CRUDTRAN is a code to predict the transport of the corrosion products and the radioactivity originated from the
crud such as cobalt-58 and cobalt-60 in the PWR primary coolant system[3]. Prediction capability of
CRUDTRAN code will be evaluated by comparison with the results of the in-reactor loop tests simulating the
PWR primary coolant system and the operation data of the actual PWR plant.

2. Models of Corrosion Product Transport in CRUDTRAN Code

The PWR primary circuit is divided into three principal sections such as the core, the coolant and the steam
generator(S/G) in the CRUIDTRAN code. The driving force for crud transport in the PWR primary coolant comes
from coolant temperature changes throughout the system and the resulting changes in corrosion product
solubility. As the coolant temperature changes around the PWR primary circuit, the saturation status of the
corrosion products in the coolant also changes, as shown in Figure 1. Figure 2 shows the schematic sequence
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of crud movement in a PWR primary circuit. In the core, where the coolant temperature increases, the soluble
species exist in a super-saturated state, so that there is a driving force for the soluble species to deposit on the
core surface, or precipitate as particulates. On the other hand, in the S/G, as the coolant temperature decreases,
the soluble species become under-saturated, so that there is a driving force for the corrosion products on the
S/G surfaces and the particulates in the coolant to dissolve into the coolant to restore a saturation concentration
of corrosion products in the coolant.
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Fig. 2 Movement of corrosion products in a PWR primary circuit

Table lists a variety of mechanisms for crud and activity transport. Water chemistry has a strong effect on the
crud and activity transport. The soluble species of the corrosion products are the dominant form in the crud and
activity transport. The particulate form of crud in the coolant can also contribute to crud and activity transport.
However, the extent of its existence in the coolant and its contribution to net crud and activity transport are not
fully confirmed due in part to the technical difficulties in its measurement in hot primary coolant.
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Among the many possible mechanisms in Table 1, several mechanisms such as erosion of surface oxide films
under PWR operating flow conditions, electrophoresis, sedimentation of particles in low velocity regions and
some irradiation effects such as magnetic/electrostatic field effects and direct photo-reduction are probably
minor net contributors to crud and activity transport. In experiment by Lister[4] of corrosion product release,
increase of flow velocity by a factor of 3 had no effect on release rates even though the shear stress which the
erosion directly depends upon must have increased by a factor of 9.

Table 1. Potential corrosion product transport mechanisms in a PWR primary circuit

Core and S/G surfaces Boundary Layer in Core and S/G Bulk Coolant
Dissolution of metal ions into Conventional mass transfer of Convection of ions and
coolant ions and particulates particulates
Erosion of surface metal oxide Thermal diffusion Precipitation and dissolution of
to release particulates Electrophoresis particulates
Deposition of ions and Removal by purification in CVCS
particulates on surfaces by Sedimentation in low velocity
crystal growth, adsorption and regions
ion exchange Introduction of makeup water

And in core only:
Recoil release of ionic nuclei
Removal by refuelling
Other radiation effects
.Magnetic/electrostatic field
effects
Direct photoreduction

The effect of thermal diffusion on the mass transfer across the core and S/G boundary layer, where large
temperature gradients exist due to the high heat flux at the core and S/G surfaces, seems not to be significant,
since the computed Soret coefficient of the soluble species becomes insignificant at the high temperature of the
PWR primary coolant 300 'C)[3]. Evaluation of direct recoil release of C58 by N j58 (n, P C58 reaction
showed that probability of direct recoil release of C58 approaches, at maximum, 50 for initial operation at
zero crud thickness and decreases as the crud thickness increases such that it is estimated to be about at
the crud thickness of 0.1 Mg/CM2 [3].

Crud and activity transport as solubles and particulates can be modeled as follows.

Soluble Transport

Crud transport processes as soluble species from the S/G to the core in the PWR primary circuit are dissolution
at the S/G tubing surface, mass transfer across the boundary layer in the S/G, mass transfer across the
boundary layer in the core, and crystallization on the core fuel surface.

Recirculation of the highly turbulent coolant through the PWR primary circuit transfers the corrosion products
from the S/G to the core without any significant intervening resistance. On the other hand, the activity produced
in the core is transported from the core to the S/G, driven by its concentration gradients, and its paths are
dissolution at the core fuel surface, mass transfer across the boundary layer in the core, mass transfer across
the boundary layer in the S/G, and crystallization on the S/G surface.

Since the crud and activity inventories in the coolant may quickly reach quasi- steady-state values the bulk
primary coolant can be removed in the nodalization of the primary circuit. The balance equations of crud and
activity transport as soluble species which show that crud transport from the S/G to the core is proportional to the
solubility difference of corrosion products between the S/G and core surfaces are

d1i - ki k _ (S3 - SI)
dt ki + k3



dl3=CR_ kk3 (S3 - SI)
dt ki + k3 (2)
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Since the most important corrosion product for which reliable solubility data is available is iron, only iron is
considered. Nickel and cobalt are assumed to follow the iron in fixed proportions.

From the equations (1)-(4), crud and activity transport factors, P and P. can be defined as follows.

ki k3 PH20
ki + 6 F

kai k3a PH20Pa a
l(�ki+ M F

Mass transfer factor, ki can be calculated from the mass transfer coefficients in both the core and the SIG, and
dissolution or crystallization coefficient, multiplied by the core or the SG surface area. Since the kinetics of
dissolution and crystallization are not yet fully understood and can not be estimated from basic principles, these
coefficients can only be deduced from the experimental results.

The crud and activity transport factors, P, and0a, control the relative magnitude of the crud and activity
transport. Crud transport from the SG to the core is proportional to the difference of the corrosion products
solubility at the SG and the core surfaces. The solubility of the corrosion products depends upon the coolant pH,
temperature and dissolved hydrogen concentration. Thus, coolant chemistry conditions such as high pH, high
temperature and small hydrogen concentrations give smaller solubility differences between the SG and core
surfaces, and hence less crud transport from the SG to the core, and less activity buildup in the SG. The
corrosion rate of the SG tubing, and initial crud inventory in the SG has little effect on the crud and activity
transport in this model.

Particulate Transport

Dissolved corrosion products in the coolant may precipitate as particles in super-saturated regions of the PWR
primary loop as illustrated in Figure 2 However, due to the difficulty in measuring particulates in hot and high
pressure primary coolant, the amount and size distribution of such particles has not yet been fully confirmed.
Particle existence in the primary coolant can be evaluated by examining the relative behavior of particles and
solubles in primary coolant.

There are four possible paths for such corrosion products as solubles and particles in PWR primary coolant.:
soluble species deposition on surfaces, solubles diffusion to particles in the coolant, particle deposition on
surfaces, and particle agglomeration in the coolant. By comparing the transfer rates for the above four ways of
corrosion product behavior, the relative importance of particle formation in the coolant can be evaluated. When
the particulates are assumed neutral so that electrostatic effect is not considered, more solubles tend to diffuse
to coolant-borne particles than to deposit on surfaces, as the particle radius decreases[3]. Therefore, it may be
assumed that small particles nucleate in the super-saturated region, grow until they reach a radius of about 0.01
gm by both soluble diffusion and particle agglomeration, and deposit on the surfaces still as a small particle
before growing into larger ones, since a particle has a stronger tendency to deposit on a wall than to grow.
However it must be noted that there is some uncertainty on how and at what rate particles nucleate in the
super-saturated coolant, even though the soluble species collide with each other about 20,000 times per second
due to thermal motion under the saturated conditions so that there is some possibility for fast nucleation of
particles under super-saturated conditions.
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Then, when the corrosion product transport as a particulate is taken into account, the crud transport equations
become

A k I k3 ki kp3S - SI + S2 I
dt kp + kp kip k3 ki (5)

d1l k3 kip k k kI_kjpCR - S - SI a+ 2
dt kp + kp k P k3 k 3 kip (6)

dI2 d1 = 

dt dt (7)

Activity transport may also be affected by particulate precipitation. It can be assumed that when the solubles
precipitate in the coolant, the same fraction of radioactive elements is also incorporated into the particulates
along with the iron. Then, the activity transport equations with particulate precipitation are

dA = XAi +cc Pli - Al SI - A3 3 �M , AZ S, �M _ I
13 a adt k + kp 11 k kp '2 k kp1 3 1 3 1 3 (8)

dA = XA3 + Al SI A3 S3�M"2 S2

dt kp +kp 11 13 kakp 12
1 3 1 3 (9)

dA = dA = 

dt dt ( 0)

k a AL SI k a Al S3
1 3

A, 11 13

a a SI kI SI
S2 ki -ki -k3 +k3 +k3 S7 S? ( 1)

Equations (5)-(l 1) show that the dependence of corrosion product and activity transport upon the solubility
difference is unchanged with particulate precipitation in the coolant. Particulates may precipitate in the bulk
coolant and agglomerate to form very small particles (less than 0.01 gm radius), and then deposit on the core
and S/G surfaces before growing into larger particles, due to the much stronger tendency of particulates to
deposit on the surfaces than to grow. However, particulate precipitation from the super-saturated soluble species
in the coolant does not change the basic dependence of the crud transport from the S/G to the core upon the
solubility difference. It only decreases the amount of net crud transport from the S/G to the core due to
re-deposition of the particulates on the S/G since particulate can deposit any surfaces regardless of the crud
saturation status in the coolant.

Solubility of Iron

The corrosion products formed on the surfaces of the S/G Inconel tubing and stainless steel under nominal
PWR coolant chemistry - very low oxygen content < 0 ppb) and high hydrogen partial pressure (- 25 cc
H2/kg-H20 - are measured to be mainly nickel-ferrite (NixFe3-xO4) or nickel-cobalt-ferrite (NixCoyFe3-x-yO4),
with the x value (or xy in the NixcoyFe3-x-yO4) ranging from 045 to 075 [5].

Based upon the composition ratio of nickel-ferrite, the solubility of the iron can be calculated by using chemical
dissociation reactions of the nickel-ferrite. The dissolved iron consists of the four dominant ionic forms such as
Fe++, Fe(OH)-, Fe(OH)2, and Fe(OH)3+, and the solubility of the iron(S) is the sum of the saturation (or
equilibrium) concentrations of these ions such that
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S = [Fe++] + [Fe(OH)+] + [Fe(OH)21 + [Fe(OH)- ]3 (12)

Lindsay 6] derived the following model equation for the solubility of the iron by fitting measurements of
nickel-ferrite solubility, which is used in the CRUDTRAN code.

= 106 A PH21/(3-x) K Z2 + K, z + K2 3YO y22 Z
Y1 (13)

3. Validation of CRUDTRAN Code

Comparison with the In-Reactor Loop Test Results

PWR Coolant Chemistry Loop(PCCL) were designed and operated in the MIT reactor to simulate the PWR
primary circuit in terms of coolant temperature and flow conditions, heat and mass transfer characteristics, heat
flux, neutron flux and surface area ratios of materials of construction, considering the possible mechanisms of
the corrosion product and activity transport[3,7,8,9]. Its schematic is shown in Figure 3 and the comparison of
its operating characteristics with a representative PWR is shown in Table 2.

Table 3 shows the summary of the results of the PCCL loop test[7,8,9]. From the test results, crud and activity
transport factor was derived, showing that fitted crud and activity transport factor is closer to 002 and 0002,
respectively. Since there have occurred many transients during the operation, more detailed analysis on the
transients and the effect of the makeup water to the corrosion product inventories of the coolant needs to be
further evaluated. Analysis of the loop test results can be summarized as follows.

Crud transport factor of 002 suggests that crud transport in the PWR primary coolant system is rate-controlled
by the dissolution from the nconel of the S/G and/or the crystallization in the core rather than the mass transfer
in both the core and S/G surfaces. If the dissolution and the crystallization coefficients are assumed equal, they
are estimated as 6 x 10,5 m/sec while the mass transfer coefficients in the core and the S/G surfaces is 2 x
10-3 m/sec. Under the condition of same water chemistry and coolant flow condition but different steam
generator
materials, difference in the dissolution kinetics of the materials result in the difference of the crud release rates
while deposition rate in the core are same. For the case of same material and same coolant flow condition but
different coolant pH, difference in the dissolution and crystallization kinetics due to the difference in the extent of
the saturation of the corrosion products in the coolant results in the difference in the crud release and deposition
rates.

The reason why the activity transport factor is far lower than the crud transport factor seems that activity
transport is occurring through the element exchange process by the diffusion while there exists a clear driving
force of the solubility difference for the crud transport.

Analysis of ratio of C511 to C60 in both the core and the S/G indicates that 20 or more of C0511 were directly
released into the coolant in the core by N i58 (n, P C58 reaction.

There was large deviation in the prediction of the high pH test run where the amount of the activity buildup is
relatively lower than low pH test run, and for the low pH test run the activities in the core and the S/G were
under-predicted. It indicates that there may be other contributions to the crud and activity transport in the loop
such as crud introduction by the makeup water and transients occurred during the test runs. Uncertainties in the
prediction of the iron corrosion product solubility could also results in the difference between prediction and test
results.

Comparison with the PWR Plant Operation D ta

CRUDTRAN code is applied to and compared with the CRUAS-11 PWR Plant operation data which were
obtained through the IAEA Coordinate Research Program on modeling of transport of radioactive substances in
primary circuit of water cooled reactors, managed by P. Menut of IAEA. CRUAS-1 plant is a 900 MWe PWR
where 264 fuel assemblies of 17 x 17 fuel rod array are loaded in the core. Boron and lithium are dissolved in the

6



primary coolant as a neutron absorber and a pH controller, respectively. Figures 4 and show the operation
histories of the CRUAS-1 plant from cycle to cycle 7.
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Fig. 3 Schematic of MIT PWR Coolant Chemistry Loop

Table 2 Comparison of Operating Characteristics of MIT PCCL with a representative PWR[3]

CORE S/G

PWR PCCL PWR PCCL

Coolant Inlet Temperature ( C) 285 273.9 285 273.9

Coolant Outlet Temperature C) 320 315.6 320 315.6

Coolant Flow Rate (kg-H 2 O/sec) 1.70xl 04 0.0684 1.70x'104 0.0684

Hydraulic Diameter (cm) 1.19 0.652 2.1 0.6159

Flow Area (M2) 4.75 3.34xl 0-5 4.67 2.98xl 0-5

2Heat Transfer Area (M 5550 0.026 19138 0.097

Thermal Power (MWth) 3411 15.04xl 0-3 3411 15.04xl 0-3

2Avg. Heat Flux (kW/M 614.6 578.5 178.23 155.1

Temperature Difference in 17.6 23.23 - 568 - 557

Boundary Layer, AT,-, 0c)

Flow Velocity (m/sec) 5.1 2.83 5.2 3.18

Reynolds number(Re) 4.7xl 05 1.4x105 8.5x 1 05 1 .5X 05

Schmidt number(Sc) 11.9 11.9 11.9 11.9

Sherwood number(Sh) 2846 1028 4707 1080

Mass transfer coefficient (cm/see) 0.26 0.17 0.24 0.19



In the prediction of CRUAS-1 plant, the crud and activity transport factor derived from the test results of MIT
in-reactor simulation loop as described above are used, while all other parameters were derived from the
CRUAS-1 plant data. Figure 6 compares the first CRUDTRAN prediction results with the measured plant data.
Then, the neutron activation factors of cobalt-58 and cobalt-60, as shown in Equations 3) and (8), which are the
plant specific parameters and depend upon both the neutron reaction rates in the core and the ratios of nickel-58
and cobalt-59 to iron in the corrosion products were corrected. Figure 7 compares the CRLIDTRAN prediction
with the measured plant data after correction. It shows that CRUDTRAN code can predict the variation of
cobalt-58 and cobalt-60 activities in steam generator tubes from cycle to cycle 7 It is quite notable that for the
cobalt-58 activity in the steam generator, up and down of the measured data from cycle to cycle 7 due to the
variations of reactor power and coolant chemistry histories in each cycle can be successfully predicted by the
CRUDTRAN code.
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4. Conclusion

CRUDTRAN is a code to predict the corrosion product and radioactivity transport in the primary coolant system
of PWR. The main mechanism of the corrosion product transport is dissolution, mass transfer and crystallization
of the crud induced by the difference of the crud solubility in the coolant with temperature and the water
chemistry conditions. Analysis of simulated loop test results with CRUDTRAN code showed that dissolution
and/or crystallization processes would be rate-controlling steps in the corrosion product transport in PWR
primary coolant system and activity transport factor is far less than the crud transport factor. Application of
CRUDTRAN code to PWR plant and simulated loop test results indicates that CRUDTRAN code could reliably
predict the corrosion product and radioactivity transport in PWR primary coolant system.
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Nomenclature

A stoichiometric factor for the solid j_X)(1-x)/(3-x) with x = the value of x for nickel-ferrite, or
x = the sum xy for nickel-cobalt-ferrite

Al activity in the i-th node (Ci)
CR corrosion rate of S/G tubing (kg/sec)
F coolant flow rate (kg/day)
Ii corrosion product inventory in the i-th node (kg-Fe) (M3/
ki mass transfer factor of soluble species between core fuel element surface and bulk colant sec)
k3 mass transfer factor of soluble species between S/G tubing surface and bulk coolant (m3/sec)
Ki constant
P core percent power
PH2 hydrogen partial pressure (atm)
Si iron solubility in the i-th node (kg.Fe/M3)
Z hydrogen ion concentration 110'p)
a neutron activation factor (Ci/kg-Fe. % power. sec)
Y1 generic activity coefficient for univalent ions

YO activity coefficient for neutral species

X decay constant (sec-1)
PH20 coolant density (kg/M3)

Subscripts

1 core fuel element surfaces
2 bulk coolant
3 S/G tubing surfaces
4 particles in bulk coolant

Superscrip

a activity
p particulates

1 0


