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a b s t r a c t

The importance of developing a source-term assessment technology has been emphasized

owing to the decommissioning of Kori nuclear power plant (NPP) Unit 1 and the increase of

deteriorated NPPs. We analyzed the behavioral mechanism of corrosion products in the

primary system of a pressurized heavy-water reactor-type NPP. In addition, to check the

possibility of applying the CRUDTRAN code to a Canadian Deuterium Uranium Reactor

(CANDU)-type NPP, the type was assessed using collected domestic onsite data. With the

assessment results, it was possible to predict trends according to operating cycles. Values

estimated using the code were similar to the measured values. The results of this study are

expected to be used to manage the radiation exposures of operators in high-radiation areas

and to predict decommissioning processes in the primary system.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Water has diverse applications in a nuclear power plant

(NPP), e,g., as a moderator of neutrons, a coolant for nuclear

reactors, and auxiliary feed water. Corrosion of metals in the

primary coolant system of a nuclear reactor generates

precipitated particles, which are converted into radioactive

materials in the reactor core by neutron activation and then

moved by water. These precipitated radioactive particles are

deposited on the surfaces of the reactor core of the system.

Although the inventory of surface contaminants is smaller

than that of activated materials, it plays an important role in

deciding the decommissioning method for an NPP. It also

provides information required to plan decommissioning

processes, and exerts a direct influence on operational

scheduling, manpower requirements, and exposure of op-

erators in high-radiation zones.

A previous study involved the selection and analysis of a

code for the assessment of corrosion products generated in a

pressurized water reactor (PWR)-type NPP. The present study

involved researching a computing code that could be used to

assess the behaviors of radioactive corrosion products
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generated in a pressurized heavy-water reactor (PHWR)-type

NPP. In addition, the applicability of the CRUDTRAN code, an

assessment code for corrosion products from PWR-type NPPs,

was assessed. The assessment results were compared with

data measured onsite, revealing a similarity. These results

contribute to research for predicting the decommissioning

source terms of PHWR-type NPPs.

2. Deposition and radioactivation of
corrosion products in PHWR-type NPPs

The coolant system in a PHWR-type NPP comprises coolant

pumps, header pipes, and feeder pipes connected to each fuel

channel, the primary side of the steam generator, and pres-

surizers. A coolant system is composed of two independent

loops, each taking charge of a half function; both of these are

commonly connected to pressurizers, the emergency reactor

core system, and the purification system. A coolant pump is a

centrifugal pump with a multistage sealed shaft, driven by an

electricmotor. A steam generator has a vertical U-shaped tube

with a complete suite for preheating. The tube ismade of Alloy

800.

Both the coolant system and the moderator system are

primary sources of radioactive materials. Major causes of the

generation of radioactive materials include nuclear fission of

fuel, activation of equipment in the primary system, and

radioactivation of corrosion products, heavy water, and ad-

ditives that accumulate in the system. Some radioactive ma-

terials are transported or leaked into other systems, such as

steam generators, water-feeder systems, and spent fuel pools,

and become secondary radiation sources of radioactive ma-

terials. Concentrations of radioactive materials change ac-

cording to the performance of the fuel and the purification

flux. In the case of a PHWR-type NPP, there are frequent

fluctuations in the concentrations of radioactive materials

owing to the daily changing of the nuclear fuel.

Metals contacting the coolant in the coolant system

corrode slowly. Some corrosion products may be dissolved or

suspended in the coolant, or may pass through the neutron

flux in the reactor core. Therefore, neutron activation of

corrosion products is limited to the period during which the

coolant passes though the reactor core. As the corrosion

products are continually exchanged between the coolant and

the surfaces of the system, radioactive materials accumulate

on the surfaces, ultimately forming a radiation field. Some

radioactive materials may leak from the coolant system and

become secondary radiation sources [1].

Major sources of radioactive materials in the primary

system of a PHWR-type NPP are the corrosion of the heat

transfer pipe in the steam generator and the flow-

accelerated corrosion (FAC) in feeder pipes. Heat transfer

pipes of steam generators in domestic PHWR-type NPPs in

operation are made of Alloy 800. Unlike Alloy 600 and Alloy

690, the chemical composition of Alloy 800 is 30e35.0% Ni,

19e23% Cr, and 39.5% Fe. Such a chemical composition can

cause corrosion reactions in the steam generator and

generate a chalk river unidentified deposit (CRUD) such as Ni,

Cr, or Fe. In addition, the CRUD may be converted into radi-

oactivated products such as Co-58, Co-60, Mn-54, Cr-51, and

Fe-59 owing to a high temperature and reactions, as shown in

Table 1.

Unlike those of a PWR-type NPP, feeder pipes of a PHWR-

type NPP are connected to nuclear fuel channels. Thus, the

feeder pipes are another major source of radioactive mate-

rials. Thematerial used tomake the feeder pipes is low carbon

steel (SA 106 Gr. B) made of iron and carbon containing under

0.3 weight% (wt%) C, 0.29e1.06 wt%Mn, and less than 0.4 wt%

Cr. The composition can be a cause of generation of CRUD,

such as Fe, Mn, and Cr, owing to the FAC reaction in the feeder

pipes [2].

2.1. Deposition of corrosion products

Even though the CRUD concentration in nuclear reactor

coolants is low, because the nuclear reactor coolant flows at a

high speed, a considerable quantity of CRUD may move into

the core in a relatively short period of time. The CRUD is un-

stable at all times and tends to be deposited on any part of the

coolant system while moving. Such a CRUD has the following

characteristics:

- Deposited at parts with high heat flux

- Increased deposition in radiation flux

- Increased deposition at parts with low fluid velocity

- Heavily deposited on the surface of Zircaloy rather than on

stainless-steel surface

- Less deposition in high pH operating conditions than in

neutral pH conditions

The quantity of CRUD generated increases following the

operations in NPPs. If it is deposited on nuclear fuel cladding,

it may curtail the capacity of heat transfer. Moreover, as it

contains a considerable quantity of boron, it may unbalance

the output. If CRUD occurs in tubes of a steam generator, it will

reduce the capacity of heat transfer and increase the radiation

level in the steam generator, thus complicating the mainte-

nance. In addition, if CRUD occurs in some low-fluid-velocity

parts of mechanical components such as control rod actua-

tors or valves, it may cause mechanical damage [3].

2.2. Radioactivation of corrosion products

A considerable quantity of CRUD in the coolant of a primary

system occurs on the reactor core surface through continuous

circulation. When such materials are activated, they are

converted into materials with high radioactivity. Through

sequential substitution of these materials with CRUD in the

coolant, the CRUD becomes highly radioactive. Such

Table 1 e Corrosion product and generation source in
pressurized heavy-water reactor.

Nuclide Half-life Generation unit Source

51Cr 27.8 d 50Cr(n,g)51Cr System material
54Mn 312 d 54Fe(n,p)54Mn System material
59Fe 45 d 59Fe(n,g)59Fe System material
58Co 71 d 58Ni(n,p)58Co Steam generator tube
60Co 5.24 yr 59Co(n,g)60Co Stellite and nickel alloy
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generation of radioactive corrosion products is affected by

factors such as the neutron flux, number of atoms of the target

isotope, cross section of the reaction, and duration of irradi-

ation. Table 2 lists the typical radioactive nuclides in the pri-

mary coolant system mainly considered for light and heavy-

water reactors.

3. Behavioral mechanism of radioactivated
products in a PHWR-type NPP

Fig. 1 shows the behaviors of corrosion products and radio-

activated materials in the primary coolant system of a PHWR.

FAC at the outlet of the feeder pipe made of carbon steel

causes dissolved iron to be discharged into the coolant of the

primary coolant system, and the iron dissolved into the

coolant is precipitated on the low-temperature tube of the

steam generator. At this point, if the temperature of the

coolant is reduced in the low-temperature tube, the solubility

of magnetite (Fe3O4), an iron oxide, decreases, and the rate of

FAC is reduced. As the same phenomenon occurs at the inlet

of the feeder pipe and that of the nuclear fuel loading tube,

oxides are precipitated. Among these materials, some corro-

sion products are precipitated, and others are dissolved in the

coolant passing through the reactor core and then precipi-

tated on its surface. The precipitated materials are activated

by high temperatures and neutron fluxes, yielding radioactive

materials. The generated radioactive materials are dissolved

again into the coolant owing to the erosion and exfoliation

caused by the difference in the solubility depending on the

coolant temperature and pressure. These dissolved materials

are circulated and contaminate the entire primary coolant

system [4].

3.1. FAC

FAC is an important mechanism of corrosion that is caused

by electrochemical processes and accelerated by flowing

fluid in materials, such as carbon steel and copper alloys,

which cannot form a passive and durable layer of coating

when they are placed in a flowing-fluid environment. FAC is

a major cause of thinning of feeder pipe walls in PHWRs, and

a major mechanism of damage to carbon-steel pipes in the

secondary system and internal structural members, such as

the carbon steel supports of the steam generator. FAC is

affected by the pH, temperature, electrochemical potential,

water quality, and properties of materials such as the com-

ponents of an alloy, flowing speed, and turbulence. The oxide

protective film on the surface of carbon steel and low-alloy

steel, which are widely used to make pipes, becomes

thinner via dissolution into the flowing fluid. This results in a

reduced capability for inhibiting the corrosion of materials;

thus, the corrosion rate of the metal increases compared

with the case in which the fluid is motionless. If a steady-

state condition is reached at which the dissolution rate of

the oxide film equals the corrosion rate of the metal, a fixed

corrosion rate is maintained. Consequently, corrosion in

base materials placed under the oxide film continues and

causes the wall thinning phenomenon.

Fig. 2 diagrammatically shows the FAC on the surface of

carbon steel or low-alloy steel in a flowing hot water envi-

ronment. When the external and internal oxide layers on the

surface of a material are exposed to a flowing high-

temperature fluid, the FAC phenomenon can be divided into

two processes that occur on the magnetite (porous iron oxide)

layers on the metallic surface.

Table 2 e Major source terms of primary system.

PWR PHWR

Nuclide Half-life Nuclide Half-life

Cr-51 27.8 d Cr-51 27.8 d

Mn-54 312 d Mn-54 312 d

Fe-59 45 d Ar-41 1.83 h

Co-58 71 d Sb-124 60.2 d

Co-60 5.24 yr Co-60 5.24 yr

PHWR, pressurized heavy-water reactor; PWR, pressurized water

reactor.

Fig. 1 e Processes involved in pressurized heavy-water

reactor activity transport. SG, steam generator.

Fig. 2 e Process of flow-accelerated corrosion in carbon

steel.
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The first process is a reaction of generating soluble iron

ions on the oxide film/solution interface. In the reaction,

under steady-state conditions, the thickness and porosity of

the oxide film are constant. The dissolution rate of magnetite

on the oxide film/solution interface should be equal to the

generation rate of magnetite on the metal/oxide film inter-

face. The second process is the transfer of generated iron ions

to the solution through the diffusion boundary layer. Iron ions

diffuse very fast through the diffusion boundary layer into the

solution; thus, the concentration of iron ions in the entire

solution is far lower than that on the oxide film/solution

interface. Under these conditions, the corrosion rate increases

with the speed at which the solution flows through the oxide

film/solution interface. In general, the diffusion reaction

passing through the oxide film of iron ions determines the

FAC rate [5].

3.2. Feeder pipe

A feeder pipe is a pipe connected to the nuclear fuel

channels of a PHWR and a flowing coolant (heavy water) at

a temperature of 310�C. The domestic Wolsong NPP has 380

feeder pipes at the inlet side and 380 at the outlet side.

Heavy water flows through the nuclear reactor core, and

high-temperature heavy water is transported to the steam

generator through outlet-side feeder pipes. Inlet-side feeder

pipes retransfer the coolant that returned after transferring

heat from the steam generator to the reactor core. That is,

the feeder pipe is a component of the main heat transport

system of a PHWR-type NPP, and it transports the pres-

surized heavy water passing through nuclear fuel channels

(pressure tubes) to remove the heat generated from nuclear

fission. The feeder pipes are made of SA 106 Gr. B low-

carbon steel and manufactured as seamless tubes. The

chemical composition (wt%) of SA 106 Gr. B, CeMn general-

purpose carbon steel, is as follows: less than 0.3 wt% C,

0.29e1.06 wt% Mn, P, less than 0.035 wt% S, less than 0.1 wt

% Si, less than 0.4 wt% Cr, Cu, less than 0.4 wt% Ni, less

than 0.15 wt% Mo, and less than 0.08 wt% V. Feeder pipes

are subject to diverse corrosion and degradation phenom-

ena (such as FAC, wear corrosion, and stress corrosion

cracking) [5].

4. Study of a model used to assess corrosion
products in a PHWR

4.1. ANUCRUD

The ANUCRUD code was developed at the Bhabha Atomic

Research Center in India to predict the behaviors of corrosion

products and radioactive materials in the primary heat

transport (PHT) system of a PHWR. A thermalehydraulic

module of the ANUCRUD code is calculated using diverse

parameters (such as the mass of coolant, flux, speed, and

pipe temperature) in a transient state, and not only in the

steady-state condition of the PHT system. In the ANUCRUD

code, the water treatment system is not modeled, although

the volume of treated water and the treatment rate are

entered in the code to estimate the nuclide concentration in

the coolant circulated in the system. In the ANUCRUD code,

corrosion products and activation materials are assessed

according to the release of the coolant containing particu-

lates and soluble materials generated by the corrosion of

other structural materials in the PHT system. When passing

through a reactor core, coolant containing corrosion prod-

ucts generates radioactive materials because of the high

temperature and neutron flux the precipitation of CRUD on

the in-core surfaces. The radioactivematerials on the in-core

surface are released into the coolant, circulated across the

entire PHT system, and precipitated again on the out-core

surfaces [1].

4.2. RADTRAN 98

The RADTRAN 98 codewas developed by Villamosenergiaipari

Kutato Intezet (VEIKI) in Hungary in 1980. This code is used to

compute the behaviors of corrosion products and radioactive

materials in the primary coolant system of a nuclear reactor,

and to predict the generation and behaviors of major radio-

activematerials such as Cr-51, Mn-54, Co-58, Fe-59, and Co-60.

It comprises two nodes and is used to assess themajor in- and

out-core radiation source terms. RADTRAN 98 is currently

used by one PHWR in operation in India.

In the RADTRAN 98 code, metallic oxides on the corroded

surface are assessed as discharge in a particle form, and these

particles are precipitated on all the surfaces in the reactor

core, including the surface of the nuclear fuel. If the pH of the

coolant is sufficiently high, solubility of magnetite increases

with temperature. Precipitated particles in the reactor core are

dissolved into the heated coolant, and iron particles are

precipitated in the tubes of the steam generator. If the pH of

the coolant is relatively low, solubility of magnetite decreases

as temperature increases. Thus, precipitates are formed in the

core, while they are dissolved in the coolant outside of the

core. Precipitated particles are dissolved into the coolant,

which increases the corrosion rate of the corroded surface. At

this time, generation and discharge of particles on the corro-

sion surface occur continuously.

Radioactivematerials that are generated in the reactor core

as precipitated corrosion products are affected by high tem-

perature and neutron fluxes, and are precipitated as particles

or released into the coolant.

Dissolved radioactive materials are mixed into the internal

oxide layer on the corroded out-core surface, and the pre-

cipitates formed on the in- or out-core surfaces aremixed into

the external layer. As the coolant circulates in the primary

system, changes in the concentrations of water-soluble ma-

terials result in the mixing of water-soluble and radioactive

materials into the external layer, and these radioactive ma-

terials are precipitated on all the surfaces in the primary

system [1].

4.3. CRUDTRAN

The CRUDTRAN code was developed by the Korea Atomic

Energy Research Institute by revising the CRUDSIM code

developed by the Electric Power Research Institute and the

CRUDMIT code improved by the Massachusetts Institute of

Technology to predict the behaviors of corrosion products and
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activated materials in the primary system of PWR-type NPPs.

The CRUDTRAN code is capable of assessing three parts

(reactor core, coolant, and steam generator) in the primary

system. The major driving force of the behaviors of the

corrosion products is changes of solubility caused by the

temperature change of the coolant. The CRUDTRAN code is a

model that can predict the change in the radioactivity of Co-58

and Co-60 over time, and can be used to predict the behaviors

of corrosion products based on differences of solubility,

locomotive force, and other experimental variables, as well as

to assess behaviors of corrosion products caused by chemical

changes in the coolant [6].

5. Application of CRUDTRAN to domestic
PHWR-type NPPs and assessment

5.1. Analysis of applicability to PHWR-type NPPs

The CRUDTRAN code was developed to predict and analyze

the correlation between the behaviors and radioactivity of

soluble and particulate corrosion products in the primary

coolant system of PWR-type nuclear reactors. Regarding the

factors used in the CRUDTRAN code, there is a similarity be-

tween a PWR and a PHWR. It was determined that the code

can run when the operating conditions of an NPP (such as the

temperature at the inlet/outlet of the core, flux, viscosity, and

density of the coolant in the primary system) and its geo-

metric conditions (such as the hydraulic diameter and surface

area of the core and the steam generator, and the area of their

surfaces in contact with the coolant) are applied as a type of

PHWR. By contrast, a PHWR-type NPP has a separate primary

coolant circulation system and a moderator circulation sys-

tem, as well as pressure tubes filled with the nuclear fuel

bundle, which lie horizontally in the calandria and differ from

those of a PWR-type NPP [7]. In this study, we determined that

an assessment of parts other than those in the calandria can

be performed; behaviors of radioactive materials in the cal-

andria will be complemented after additional data are ac-

quired in the future. Additionally, because the PWR and PHWR

use different coolants, it appears that the prediction of

radioactive materials with respect to the temperature change

of the coolant must be done cautiously [7].

5.2. Selection of cycle and assessment results

The assessment wasmade for the entire operating cycle of the

Wolsong NPP Unit 1, which began commercial operations in

1983. In addition, the radioactivematerial inventory over time

was assessed (in days). To verify the similarity of the code, the

level of confidence was assessed by comparing and verifying

the average measured values of Co-58 and Co-60 by year be-

tween 1998 and 2004 (for 2,555 days) and the average esti-

mated values obtained using the CRUDTRAN code. The

number of factors required for the CRUDTRAN code is ~50;

these were collected from various reports including actual

measurement data ofWolsongNPPUnit 1 offered by the Korea

Hydro & Nuclear Power Co., Ltd.

Figs. 3e8 show the behavioral changes of Co-58 and Co-60

in cores, steam generator, and coolant obtained from the

Fig. 3 e Variation of Co60 concentration in the primary

system during a life-cycle (S/G).

Fig. 4 e Variation of Co58 concentration in the primary

system during a life-cycle (S/G).

Fig. 5 e Variation of Co60 concentration in the primary

system during a life-cycle (core).
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analysis of radioactive nuclide inventory in each sector for a

whole cycle of the Wolsong NPP Unit 1.

Figs. 9 and 10 show graphs indicating the similarity ob-

tained by comparing and verifying the average estimated

values computed using the CRUDTRAN code with the average

measured values of 58-Co and 60-Co in the primary system by

year, as presented in the in-house data of the Korea Hydro &

Nuclear Power Co., Ltd (measured between 1998 and 2006).

Results of the modeling show similar trends between the

measured and the estimated values. In addition, because

there has been no preliminary research on the scaling factor

for a PHWR-type NPP, we estimated the nuclide concentration

ratio against Co-60 according to the valuesmeasured onsite to

determine the major nuclide concentration in a PHWR not yet

assessed by the code. The estimated nuclide concentration

ratiowas applied to the Co-60 values calculated using the code

to compute the levels of the major radioactive materials (Mn-

Fig. 6 e Variation of Co58 concentration in the primary

system during a life-cycle (core).

Fig. 7 e Variation of Co60 concentration in the primary

system during a life-cycle (coolant).

Fig. 8 e Variation of Co58 concentration in the primary

system during a life-cycle (coolant).

Fig. 9 e Comparison between the measured and calculated

values at Wolsong Unit 1 over 7 years (Co60).

Fig. 10 e Comparison between the measured and

calculated values at Wolsong Unit 1 over 7 years (Co58).
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54 and Cr-51). Figs. 11 and 12 show comparisons between the

measured and the estimated values.

6. Conclusions

We aimed to analyze the relationships and behavioral mech-

anisms between FAC and feeder pipes, which are sources of

corrosion products in a PHWR. In addition, codes used to

assess the source terms of a PHWR were studied. To analyze

the applicability of the CRUDTRAN code to a PHWR, the

radioactive nuclide inventory in the primary system was

assessed. The results of the analysis indicate a source term

that fluctuates with the operating cycle. Although there were

some differences between the measured and the estimated

values, the values were within the error range. In the future,

we believe that additional research on scaling factors for nu-

clides other than Co-60 will be needed to obtain reliable

results.

In conducting this study, there were difficulties in

acquiring the codes and onsite data required to assess the

source terms of a PHWR; there were, however, many re-

sources on the codes for the assessment of the source terms of

a PWR. In future work, additional access to onsite data and

measured values will enable reliable research on the assess-

ment of decommissioning source terms.
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