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BACKGROUND

Reliability of nuclear fuel and radiation fields surrounding primary systems are important
aspects of overall nuclear reactor safety. Corrosion product (crud) deposition on fuel
surfaces has implications for fuel performance through heat transfer and local chemistry
modifications. Crud is currently one of the key industry issues and has been implicated in
several recent cases of crud-related fuel failures and core plugging. Activated crud is
deposited on out-of-core surfaces, mainly steam generators, resulting in high radiation
fields and high doses of plant staff. Due to radiation build-up in primary circuit systems,
decontamination of primary systems components and steam generators is used. Several
issues involving decontamination were observed in some cases. After decontamination
higher corrosion product release occurs followed by subsequent crud deposition on fuel
surfaces.

The paper summarizes experience with water chemistry and decontamination that can
influence crud deposition on fuel surfaces.

 The following areas are discussed:
• Experience with crud deposition, primary water chemistry and decontamination

under operating conditions.
• The behaviour of organic compounds in primary coolant and on fuel surfaces
• A proposed experimental programme to study crud deposition

OBJECTIVES

Water chemistries play an important role in the operation of nuclear reactors, especially
from the standpoint of ensuring reliable operation. Extensive experience exists in the area
of water chemistries and the behaviour of crud in the primary circuit, gained from the
operation of water-cooled (PWR and BWR) reactors. In recent years, the management of
water chemistries has been faced with new challenges that stem from two basic
requirements. The first is the extension of nuclear reactor lifetimes beyond their initial
design values. The second requirement consists of efforts to achieve a higher level of fuel
utilization, primarily through higher fuel burn-up, extension of fuel cycles and load
changes. Along with these two main requirements, other circumstances that impose
increased demands on chemistry management are also taken into account. Among these
are, for example, new changes and design modifications of fuel elements, including grids.
The stated requirements increase the need to address certain technical issues to which so
much attention was not paid before. Efforts to increase lifetime and efforts to increase
fuel burn-up utilization are faced with real technical problems with facilities and



components such as facility aging, fuel cladding corrosion, crud deposition and fuel
fretting, the transport of activated crud from the active zone to other parts of the primary
circuit, and the subsequent need for frequent decontamination.

Chemistry in nuclear reactors is a special field that has an effect on prevention of
operational problems and breakdowns. Activities performed by chemistry teams in
nuclear reactors do not usually show directly observable benefits precisely because of the
preventive nature of their activities; nevertheless, power plant chemistry is important for
the smooth operation of the facility as a whole.

CRUD DEPOSITION EXPERIENCE
1. Plant Experience

The goal of this paper is to summarize experience in the area of crud deposition on
pressurized water reactor fuel, in both VVERs and PWRs. Experiences gained from
comparison of PWRs and VVERs point to a completely different mechanism causing
crud deposition and subsequent operational problems. While in the case of PWRs, the
main problem is deposition in the area of subcooled boiling, causing an effect termed
AOA (Axial Offset Anomaly), where irreversible deposition of boric acid on rod surfaces
occurs, causing a reduction in the reactivity of the upper part of the active zone. In the
case of VVERs, experiences (those that are verifiable) are related to crud deposition that
followed steam generator decontamination. These are thus different mechanisms and also
different areas of the active zone – in PWRs, the phenomenon takes place in the top part
of the active zone, while in VVERs it is mostly in the lower portion of the active zone on
the first spacer grids [1]. As far as the mechanism and understanding of events is
concerned, for PWRs the main question is the behaviour, solubility and events in thick
oxide layers (>100 µm) during the creation of bubbles in pores of the corrosion layer. For
VVERs the deposition mechanism is most likely influenced the content of organic
substances (left over from decontamination), whose behaviour in the active zone and role
in the management mechanism is unknown.

All phenomena taking place on the fuel surface connected with crud deposition are of a
complex nature. They are influenced by a number of factors and two barriers to their
comprehension exist. The first is the fact that there is only very limited knowledge of the
composition and structure of crud on fuel surfaces. This is given by the difficulty and
technical complexity of taking fuel samples and the ability to analyze and evaluate them.
There is currently a very limited database of such measurements which would permit the
comparison of results from individual power stations and would be of assistance in the
comprehension of the phenomena taking place. The second barrier consists of limited
experience in the interpretation of measured crud values in primary circuit coolant. While
this data does give us a picture of its levels in coolant, it does not permit the extrapolation
of the level of potential deposit formation on fuel. In a number of cases, we observe
comparable data for nuclear reactors related to crud content in water, whereas some
reactors exhibit deposition on fuel reaching unwanted levels, and other reactors don't. In
no known instance did the measurement of the crud content and concentration signal its



deposition on fuel and subsequent operational problems. The aforementioned facts then
greatly limit the options of active intervention during power station operation.

For these reasons, a number of research facilities also perform tests that could help
understand phenomena leading to crud deposition. These facilities include Halden, ÚJV
Řež a.s. and Studsvik. The loops at Halden and Studsvik are used to observe water
chemistry issues related to AOA, and the ÚJV Řež loop is used to perform tests in the
area of VVERs.

2.Loop Tests

Halden tests:
During last year several crud depositions tests were carried out at the HRP research
reactor.
IFA-638 studies the effect of fluence and burn-up on the corrosion behaviour of different
zirconium-based cladding materials under PWR conditions. IFA-638 contains three fuel
rods, each with four cladding segments prepared from two fresh and two pre-irradiated
materials, together with 51 un-fuelled coupons, located both above the fuel segments and
axially in the centre of the rig. The test materials have been exposed to water chemistry,
fluence and thermal hydraulic conditions similar to those found in commercial PWRs.
Corrosion behaviour is being assessed by means of interim inspections (weight gain and
oxide thickness measurements and photography). The assembly has accumulated a burn-
up of 46 MWd/kg UO2 and 1257 FPD from the start of irradiation (July 1998) to October
2006. Oxide thicknesses of up to 80 µm have been measured on pre-irradiated clad
segments, and weight gains on coupons of more than 150 mg/dm2 have been observed.
The final inspection will be carried out in 2007.
The objective of IFA-665, which was loaded during August 2002, was to demonstrate the
symptoms of the PWR axial offset anomaly (AOA): i.e. to deposit crud on fuel rods and
measure the resulting flux depression due to boron hideout. The tests included eight fuel
rods, one of witch could be hydraulically withdrawn into upper part of the pressure flask
and scanned by a diameter gauge to detect crud deposition. In the second cycle of
experiment, elevated concentrations of Fe and Ni in the coolant together with more
severe thermal-hydraulic condition. Crud samples will be analyzed by optical
microscopy, scanning electron microscopy with energy dispersive x-ray analysis,
chemical analysis by x-ray fluorescence, and determination of the crystalline compounds
present by x-ray diffraction.
IFA-698, under preparation, will measure in-situ thermal conductivity of a tenacious crud
layer on fuel cladding retrieved from a commercial BWR [2].

NRI Tests
NRI Řež has two pressurized water loops (RVS-3 and RVS-4) in operation, which are
used to study water chemistries and crud deposition. In the case of loop RVS-3, used for
corrosion tests of new cladding material, two types of crud were observed. In the case of
tests with surface subcooled boiling, deposits with a characteristic surface containing
steam chimneys where boiling occurs and thus also higher crud deposition were found; in



cases without surface boiling, the deposits characterized by low adhesion occurred, and
were easily removed with ultrasonic cleaning .
In loop RVS-4, tests on the influence of decontamination were commenced in 2006, and
initial results are expected at the end of 2007 and in 2008.

CRUD DEPOSITION MODELS

There are many various models of overall coolant and materials behaviour. Activity
transport models have not yet been developed from first principles and so contain
empirical coefficients that must be derived from experimental data or from plants.
Different plant designs require models with different emphases on the various physical
and chemical processes. Such models can become very elaborate with a number of
empirical influence coefficients. Early models resulted in analytical approaches that were
complex and largely empirical, but were limited as predictive tools. Because of the
complex mathematical derivations, computer programs have been developed to use a
more mechanistic approach, and are now used now to evaluate the mass balances where
the rate equations in these balances arise from models of mechanisms hypothesized to be
important in radioactivity transport.
Many mechanisms are involved in the process of primary circuit contamination by
radioactive corrosion products. The generalized corrosion of primary circuit materials
leads to radioactive corrosion product contamination. When exposed to the thermal and
chemical conditions in the primary circuit, the corrosion of zirconium alloy leads to the
formation of a stable oxide, which suppresses mass transport between material and
coolant. In contrast, the corrosion of the second alloy type leads to the formation of a
double oxide layer (one layer enriched with chromium, the second one mostly composed
of nickel ferrite) and to the release of metallic ions of iron, nickel and cobalt into the
primary fluid; these alloys are thus mainly responsible for corrosion product
contamination. These metallic species are transported by the coolant to different parts of
the primary circuit and are subject to various mechanisms: precipitation, particle
deposition, erosion, and dissolution for example. When deposited on in-core surfaces,
some of the corrosion product atoms are made radioactive by the neutron flux. The now-
radioactive corrosion products are then transported to the out-of-core regions of the
primary circuit where they can be deposited.
The Japanese ACE-II model analyzes the behaviour of corrosion products, activated or
not, in order to determine the activity in the fluid and the deposited activity of out-of-flux
surfaces. ACE has been used to predict the effects of reactor design (steam generator
material, fuel assembly grids…) and the effects of reactor operating conditions (water
pH, dissolved hydrogen concentration, fuel cycle duration …) on PWR contamination.
At present, ACE is able to treat Fe, Ni, Co as elements and 58Co, 60Co as activity
nuclides, and these are calculated under mass balance conditions.
The CRUDTRAN model was developed in South Korea. CRUDTRAN is a program to
predict corrosion products and radioactivity transport in the primary coolant system of
PWR. The main mechanisms of corrosion product transport are 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. CRUDTRAN is mainly



intended to predict the effects of coolant chemistry on crud and activity transport.
CRUDTRAN can be used for a PWR with Inconel steam generators.
Czech computer program DISER was developed by Nuclear Research Institute Rez plc
for  prediction of corrosion product behaviour and radioactivity build-up on VVER and
PWR primary system surfaces. DISER analyzes the effect of various parameters and
characteristics (e.g. water chemistry, structural materials) on corrosion product transport
and contamination of the out-of-core surfaces. DISER has been used to predict
contamination of the primary circuit inner surfaces by corrosion product radionuclides in
VVER and PWR units. Also, the effects of reactor design (steam generators material, fuel
assembly grids, purification system parameters, etc.) and the effect of reactor operating
conditions (water pH, dissolved hydrogen concentration, fuel cycle duration, coolant flow
rate etc.) on VVER and PWR contamination has been analyzed. An accumulation of
radioactivity in VVER units coolant purification systems (high-temperature Ti filters and
ion exchange resins) has been evaluated [3].
The Bulgarian program MIGA-RT was developed to calculate time-based activity of the
main corrosion products radionuclidies 60Co and 58Co on different parts of the primary
system of a NPP of VVER type. MIGA-RT was applied for the NPPs EBO-1 (Slovakia),
LOVIISA-1 and LOVIISA-2 (Finland). The MIGA-RT program was also used for
calculation of the radioactivity build-up in the primary circuit of French the NPP
CRUAS-1. The domain of use for MIGA-RT is VVERs and PWRs.
The PACTOLE model has been under development in France during the last 20 years for
the prediction of contamination in the primary circuit of Pressurized Water Reactors
(PWRs). The goal of PACTOLE is to analyze the behaviour of corrosion products,
activated or not, in order to determine the activity in the fluid and the deposited activity
of out-of-flux surfaces. PACTOLE has been used extensively to predict the effects of
reactor design (steam generator material, fuel assembly grids…) and the effects of reactor
operating conditions (water pH, Li content, fuel cycle duration…) on PWR
contamination.
Corrosion product activation, and its out-of-core deposition as one of the major sources
of occupational radiation doses for operating and maintenance personnel in nuclear
power plants are the focus of the Hungarian program RADTRAN 98. The Paks Nuclear
Power Plant, Hungarian Electric Utilities and VEIKI initiated research projects to find the
main principles of the driving physical-chemical processes. Several years of research and
plant data collection resulted in better understanding and process control. This resulted in
a very favourable radiation situation at the Paks plant and the capability to perform
calculations aimed at predicting radiation fields using computer programs RADTRAN98
has been designed primarily for a VVER-440 type of reactor (all stainless steel) but using
appropriate input data it can also be applied to other power plants as well. Previous
versions of RADTRAN were applied to the VVER-440 at the Paks site. New versions are
being applied to PHWR in India [4].

VVER CRUD PROBLEMS

Three cases of corrosion product deposition on fuel surfaces in VVERs are known. These
were always a 440 MW VVER: NPP Loviisa, Paks and old Russian units. [5,6 ].



After comparing available data from these NPPs, we can draw the following conclusions:
 In all cases, pressure losses in the active zone increased during the fuel cycle
 The dependence of the deposition rate, inferred from the pressure loss trend, does

not exhibit influence by pH (if the influence of pH was observed, the results were
not reproducible). The influence of pH on the formation of deposits does not
correspond to transport activity models heretofore developed.

 Up to now, observations based on post-irradiation evaluation of fuel elements
have confirmed crud deposition on grids as well as on fuel. In the case of grids,
the deposition takes place on both stainless-steel as well as zirconium ones. The
crud on the grids has a crystalline appearance – crystals growing out of the inner
surface of the grid against the surface of the fuel, thus against the direction of high
coolant flow, causing increasing pressure losses. The crystals' appearance
confirms the possible substance transport mechanism, which is crystallization.

 There are differences in the incidence of leaky fuel elements as a result of crud
deposition. In the case of the Paks NPP, leaky elements weren't observed.

 Corrosion layers in all NPPs are unique in their character and reflect they history
of each block's chemistry (memory effect).

 Pressure loss during a campaign is the only parameter that can provide
information regarding deposition on fuel surfaces during operation. This cannot
be determined from measurements of the concentration of iron and other
corrosion products. The value of the pressure loss, however, only gives
information about a certain point when corrosion layers reach a critical value.
Pressure loss won't give us information about deposition that exists below this
point.

 In the case of the Loviisa and Paks NPPs, problems with increased pressure loss
were eliminated after the removal of fuel elements from the AZ. This was not the
case with old Russian units, where the increase in pressure loss took place even
after the removal of fouled fuel elements.

Steam generators surface chemistry after decontamination

In the 1990s, chemical decontaminations of steam generators (in Paks, Hungary)
and/or an entire primary circuit (in Loviisa, Finland), have led to clogging of fuel
assemblies by deposits of corrosion products during subsequent operation, and eventually
resulted in reactor shut-down and replacement of the clogged assemblies. Extensive
investigations have been carried out in order to find out the chemical composition and
structure of the corrosion layers on decontaminated steam generator tubes as well as the
deposits on fuel assemblies.

Analyses performed on steam generator surfaces in NPP Paks revealed
remarkable differences between non-decontaminated and decontaminated tubes. While
the oxide layers on non-decontaminated surfaces showed satisfactory morphology and
composition, i.e. a relatively thin (1-2 µm) compact protective inner layer of mixed spinel
oxides and an outer layer of loose crud composed mainly of magnetite and/or hematite,
samples from decontaminated steam generators after several years of operation contain



considerably thicker non-protective deposits of crud, which exhibited greater mobility in
the circuit. Besides that, high concentrations of carbon were found at certain places,
whose presence could not be satisfactorily explained.

Chemical decontamination procedures using organic acids such as oxalic and
citric acids performed on steam generators, which constitute most of the surface of the
primary circuit, is therefore the most probable cause for increased corrosion product
formation. As mentioned by the Hungarian authors and others [7-11], precipitates of
organic salts with metal cations form during decontamination on the steel surfaces, and
are not fully eliminated during the cleaning and passivation steps at the end of the
decontamination procedure. Moreover, the steam generators are open to air-saturated
aqueous solutions during a certain period of time prior to subsequent operation.
Consequently, amorphous corrosion products, such as hydroxides, remain on the steel
surfaces. Insufficient passivation of these surfaces and secondary deposition of existing
corrosion products can create additional amounts of corrosion products, which are then
redistributed in the entire primary circuit.

Influence of organic substances (TOC) on deposition of corrosion products

From operating results of VVER primary circuits, cases of coolant contamination with
higher amounts of organic substances are known. Organic substance content is usually
expressed as the value of TOC (total organic carbon). In a number of power stations,
however, TOC is neither monitored nor standardized. This means very limited
information regarding the behaviour of organic substances in the primary circuit, and thus
also the utilization of experience. The described cases of occurrence can be divided into
three areas. The first area is remnants of organic substances that remain in the primary
circuit after decontaminations, where organic acids are used. The second area is related to
the infiltration of ion exchange resins into the circuit, and to their capture on grids and
subsequent temperature degradation. The third area includes a wide variety of organic
substances, which can get into the circuit as contaminants, or other substances. These are,
for example, graphite, glycerine, etc. Russian standards for primary circuit water
chemistry place TOC values < 0.5 mg/l, which also applies to a cool state during
shutdown.

Certain conclusions could be drawn from measurements done on samples of corrosion
products on fuel, where organic substances were found. Unfortunately, very few of these
measurements have been performed, and thus do not provide a complete picture of the
problem. Some measurements showed that carbon is present in the corrosion layer in
elementary form, which makes it more difficult to explain the likelihood of its appearance
and origin.

The most comprehensive measurement and study of the behaviour of organic substances
in the circuit to date is being performed within the scope of programs on the influence of
decontamination on water chemistry and primary circuit operation.



Presently an IAEA project entitled "Crud Deposition on Fuel Cladding in VVER
Reactors" is taking place on the RVS-4 experimental water loop of the LVR-15 research
reactor at UJV Řež. This experimental project should, among other things, ascertain and
recommend TOC limits on the basis of evaluation of layers on PG pipes, fuel rod
imitators, and Zr spacer grids (from six tests) under normal VVER operating conditions,
but under varied concentrations of TOC left over in the circuit after decontamination (by
the AP-CITROX method). On the basis of measurements taken, it will be then be
possible to set limits for TOC (acids utilized) for flushing after decontamination has been
performed. From the proposed tests it will at the same time be possible to ascertain the
effect of passivation after decontamination on the development of layers during operation
under the stated conditions.

CONCLUSIONS

• Reliability of nuclear fuel and radiation fields surrounding primary systems is an
important aspect of overall nuclear reactor safety. Corrosion product (crud)
deposition on fuel surface has implications for fuel performance through heat
transfer and local chemistry modifications.

• The extension of NPP lifetimes above their design values and an effort to make
greater use of fuel are the main interests of operators, while power plant chemistry
is important for smooth operation of the facility as a whole.

• While in the case of PWRs the main problem is deposition in the subcooled
boiling region, and the creation of the phenomenon termed AOA, in the case of
VVERs, experiences are related to the deposition of corrosion products following
the the decontamination of steam generators.

• Computer programs now used to evaluate the mass balances, where the rate
equations in these balances arise from models of mechanisms, are important for
crud deposition phenomena understanding

• It is important to pay attention to studies of organic substance behaviour in the
circuit, especiall in light of the influence of decontamination on the corrosive
behaviour of materials and on crud deposition on fuel.

• Presently an IAEA project entitled "Crud Deposition on Fuel Cladding in VVER
Reactors" is taking place on the RVS-4 experimental water loop of the LVR-15
research reactor at UJV Řež.

• Further research should concentrate on the areas of analysis of corrosion product
deposits on VVER fuel surfaces in operational nuclear power plants, and on the
understanding of the mechanism of deposition on grids and fuel
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