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Produits de corrosion dans les centrales thermiques

par

D.H. Lister

Resume

On passe en revue les importants mecanismes du mouvement et de
1'encrassement de la corrosion et des produits de corrosion dans les
systemes de caloportage des centrales thermiques. On examine les
chaudieres alimentees au mazout et au charbon ainsi que les chaudieres
nucleaires en cycle direct et indirect. On fait des commentaires au
sujet des systemes de chauffage et de caloportage des centrales
thermiques classiques et au sujet du caloporteur primaire et des
circuits de production de vapeur des reacteurs refroidis par eau. Les
produits de corrosion des reacteurs refroidis par un fluide organique
ou un metal liquide peuvent egalement donner lieu a des problemes
s'ils ne sont pas controles. U s ont, cependant, des effets
benefiques du cote de l'eau de refroid'.ssement dans les condenseurs.
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ABSTRACT

The important mechanisms of corrosion and corrosion product
movement and fouling in the heat transport systems of thermal
electric generating stations are reviewed. Oil- and coal-fired
boilers are considered, along with nuclear power systems - both
direct and indirect cycle. Thus, the fireside and waterside in
conventional plants, and the primary coolant and steam-raising
circuits in water-cooled reactors, are discussed. Corrosion
products in organic- and liquid-metal-cooled reactors also are
shown to cause problems if not controlled, while their
beneficial effects on the cooling water side of condensers are
described.
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1. INTRODUCTION

Corrosion is expensive. Each year, huge sums of money are
spent in trying to slow down the relentless trend of metals to
return to a more stable state. In industrial nations those sums
amount to three or four percent of the gross national product -
a staggering $70 billion in the United States.

The power industry is particularly vulnerable to corrosion
and contributes about 9% to the total expenditure. In fact,
about half of all maintenance costs in the actual generation of
electricity are attributable to corrosion [1]. The proportion
in thermal generating stations should be considerably higher,
for the extreme conditions of temperature, pressure and environ-
ment can lead to frequent failure of components and to costly
repairs and revenue lost through lack of production.

Often corrosion has consequences that are more subtle than
the direct failure of components, yet in the long run can be
just as disastrous. They are the formation and behaviour of
corrosion products. Again, thermal power stations are seriously
affected. Generally, we expect corrosion products that form on
surfaces in heat transport systems to act as thermal barriers,
while corrosion products released to the fluid can deposit
on other surfaces and impede heat transfer. Also, corrosion
products can accelerate corrosion in localized areas by concen-
trating aggressive chemicals. Further problems can arise in
nuclear reactor coolants where corrosion products are irradiated
in the core and then move on to contaminate surfaces with
radioactivity.

Of course, not all corrosion products are undesirable.
Under the right conditions corrosion films reduce the corrosion
rates of metals and can actually improve heat transfer, while
corrosion products or even the corrosion process itself can
change the way in which extraneous scales or fouling films build
up on heat transfer surfaces - sometimes for the better.

Most of the various processes by which corrosion products
move around heat transport systems and build up on surfaces
occur in thermal generating stations, so this paper has drawn
extensively on the experience of the electricity generating
industry. A brief review of the relevant corrosion mechanisms
in heat transport systems leads to a discussion of how corrosion
products are formed. From the point of view of a surface's
building up a corrosion product film there are two sources to
consider - the surface itself, and elsewhere in the circuit.
Corrosion products born elsewhere have to be carried by the
fluid, so mechanisms of the transport and deposition of both
particles and ions are described. The mechanisms depend on the
physical and chemical properties of the fluid, of which tempera-
ture, heat flux, flow rate, oxidizing potential and alkalinity
are probably the most important.



2. THERMAL GENERATING CYCLES

Steam turbine cycles are the most extensively used to
generate electricity the world over. The major heat sources are
the combustion of coal or oil (the fossil fuels) and nuclear
fission.

2.1 Fossil-Fired Plants

A typical 200 MW(e) coal-fired unit in service with Ontario
Hydro is illustrated in Figure 1. The boiler delivers 170 kg/s
(1.4 x 106 lb/h) of steam at 540°C (1000°F) and 12 MPa
(1800 psig) to the turbine.

Around the combustion zone of the boiler, heat is
transferred mostly by radiation to the water walls (vertical
arrays of tubes containing the boiling water which line the
furnace walls). The combustion gases pass on heat to the super-
heaters and reheaters mostly by convection and leave for the
stack via the economizer and air heater. The air heater
improves the overall efficiency by extracting otherwise wasted
heat from the stack gases and transferring it to the air
required for combustion.

Feedwater, preheated by bled steam, enters the boiler
through the economizer and is turned into steam in the water
wall section. Steam is separated in the steam drum and leaves
for the turbine via the superheater. After the high pressure
stage of the turbine, steam is returned to the boiler and
reheated before being led to the lower pressure stages.

When the useful energy has been extracted from the steam in
the turbine it is condensed and pumped back to the boiler
through an ion-exchange purification stage ("condensate polisher")
and the preheaters. Purified water from the water treatment
plant is injected into the cycle as required to make up for
losses and blowdown (purging to limit the accumulation of
impurities).

Note that higher thermodynamic efficiencies can be obtained
from units running at higher temperatures. Thus, high-capacity
boilers have been designed to produce steam at temperatures up
to 650°C and pressures i.i the region of 26 MPa. Such conditions
are in the supercritical region, and boilers that employ them do
not have phase separation in a steam drum with recirculation of
the separated water. Rather, they are once-through units.
Although supercritical boilers have a high running efficiency,
this can be offset by startup and shutdown inefficiencies,
higher capital cost, and the potential for more severe corrosion
problems at the more aggressive operating conditions.

There are three main heat transfer areas where corrosion
and corrosion product fouling might be a problem - on the
fireside of the boiler, on the waterside of the boiler, and in
the condenser. Each area has its own peculiar problems that
will be discussed later.
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FIG. 1. 200MW CONTROLLED CIRCULATION STEAM GENERATOR (COAL-FIRED)
(R.L. HEARN G.S. UNITS 6 & 7)



2.2 Nuclear Plants

The steam turbine/feedwater sections of nuclear plants are
similar to those of fossil-fired plants; only the steam-raising
sections are different. There are two types of nuclear steam
supply system (NSSS) to consider - direct cycle and indirect
cycle. Boiling water reactors (BWRs) constitute the first type;
they boil water in the reactor core and pass the saturated steam
at about 287°C directly to the turbine. Indirect cycle reactors
have an intermediate primary fluid to transfer heat from the
core to steam generators where the secondary water is boiled to
produce steam for the turbine. The most common intermediate
fluid is water - heavy water in the CANDU system, light water in
pressurized water reactors (PWRs). CANDUs produce steam at
about 2 55°C, PWRs at about 285°C.

Figures 2 and 3 illustrate a typical BWR of 715 MW(e)
output, and a typical CANDU of 600 MW(e) output. PWRs are
different from CANDUs in that their cores are pressure vessels,
Vather than calandrias that have horizontal pressure tubes to
contain the fuel and coolant. The pressure tube design keeps
the heavy-water coolant separate from the heavy-water moderator
in the CANDU; in the PWRs and BWRs the light-water coolant also
serves as moderator, but necessitates having enriched fuel to
counteract neutron losses in the core that arise from parasitic
absorption by H2O. D2O, although not such a good moderator
as H2O, has a much lower parasitic absorption of neutrons and
allows CANDUs to run on natural uranium as fuel.

The other indirect cycle reactors with coolant systems that
exhibit potentially serious phenomena of corrosion product
transport and fouling are the liquid-metal-cooled fast breeder
reactor (LMPBR) and the organic-cooled reactor (OCR). The LMFBR
uses liquid sodium or an alloy of sodium and potassium as the
primary coolant to remove heat from the core; the CANDU version
of the OCR is moderated with heavy water (to conserve neutrons
and allow natural uranium to be used as fuel) and cooled with a
partially hydrogenated mixture of polyphenyls.

3. MATERIALS AND CORROSION

3.1 Fossil-Fired Boilers

Fireside. The water wall tubes of oil-fired or coal-fired
boilers are usually made of carbon steel, as are the economizer
tubes and air heater sections that are exposed to the cooler
flue gases leaving the stack. The superheaters and reheaters,
which have to withstand more aggressive conditions, are made of
low alloy ferritic steels. The lower superheater tubes, which
are exposed directly to the hot gases and to the radiant heat
above the combustion zone, are made of higher alloy steels, for
example, 2*5 Cr-1 Mo. For temperatures greater than 600°C or so,
higher levels of chromium are required for satisfactory resis-
tance to oxidation; for hottest service austenitic alloys are
recommended.
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In oxidizing atmospheres both iron and carbon steel form
protective films of oxide, the composition of which varies from
the reduced iron form FeO (wustite) at the metal/oxide interface
to the ferric form Fe2O3 (hematite) at the oxide/gas interface,
the intermediate phase Fe3C>4 (magnetite) in between [2].

The compactness of the oxide film determines the degree of
protection it will afford, for it inhibits oxidation by imposing
a barrier to the diffusion of reacting species. This leads to
the parabolic growth law ....

m(t) = Kt — (1)

where the amount of oxide on the surface as a function of time,
m(t), is proportional to the square root of time. If the film
spalls off at a certain thickness, however, a succession of
periods of parabolic growth can lead to an overall quasi-linear
growth (see Figure 4).

FILM
THICKNESS

TIME

FIG. 4. APPARENT LINEAR GROWTH OF SPALLING OXIDE FILM

On alloy steels the inclusion of alloying elements -
particularly chromium - in the oxide film results in spinel
phases such as those based on 0:203, and a greater degree of
protection is conferred. Thinner, more adherent films than
those on carbon steel result.



Normally, on the fireside of boilers, gas-phase corrosion
is not a serious problem on materials that are not subjected to
temperatures above the recommended range, although chlorides can
accelerate metal attack - particularly on stainless steels where
the protective spinel oxide can be broken down by reaction with
chloride. Conversely, most of the severe corrosion seems to
require the presence of a liquid phase. The trouble is caused
by impurities in the fuel, the corrosive elements being chiefly
alkali metals and sulphur, with vanadium in many fuel oils
compounding the problems in oil-fired boilers.

In coal-fired boilers deposits of ash or slag are
troublesome. They originate in the fuel as minerals based
mostly on silica, and are a principal cause of loss of heat
transfer. Experiments have shown [3] that under typical boiler
conditions heat fluxes to a water wall tube can decline to 30%
of the clean tube value in less than a day because of fouling.
When tube corrosion occurs under deposits at high temperature,
alkali sulphates are generally to blame.

Sulphates such as Na2SC>4 or K2SO4, or the corresponding
pyrosulphates such as Na2S2O7, form ionic melts on the metal
surfaces. These melts can support electrochemical corrosion of
metal. Thus, at anodic sites, dissolution occurs

Fe° •+ Fe 3 + + 3e~ (2)

while at cathodic sites the released electrons are consumed by
reactions such as ....

O2 + 4e~ -* 2O2~ (3)

or SO4
2" + 8e~ •* S2~ + 4O2~ (4)

The melt serves as an ionic conduction path to complete the
galvanic circuit. The influence of deposits on the mechanism is
illustrated in Figure 5. The front of the tube in line with the
gas stream collects the deposit; consequently, the areas of high
heat transfer are around the sides, and that is where liquid
sulphates will be in contact with the metal and where corrosion
is heaviest. The cathodic region is underneath the deposit.

The foregoing is a much simplified explanation of a complex
phenomenon. For example, it has been postulated [2] that
trlsulphates can be formed by the reaction of alkali sulphates
and sulphur trioxide with iron oxides. This amounts to a
dissolution of the protective oxide film, promoting further
corrosion ....

Fe2O3 + 3 K2SO4 + 3 S03 -»• 2 K3Fe( 804)3 ....(5)

The SO3 is present to some extent in the flue gas, but a more
important source is probably the catalytic oxidation of SO2
within the deposits themselves [4]

S02 + \02 + SO3 (6)
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FIG, 5. CORROSION AND DEPOSITS ON A BOILER TUBE
(AFTER REF. 4)

High temperature corrosion in oil-fired boilers proceeds by
similar mechanisms to those in coal-fired boilers, with
differences created mainly by the much lower ash content of fuel
oils and by the presence of vanadium.

Sulphate attack is again important, and vanadium probably
plays a similar role by creating ionic liquids on tube surfaces.
The number of possible phases containing vanadium is large. The
most probable range from a eutectic of 5Na2O.V2O4.IIV2O5
and Na2O*V2C>5 melting at 532°C to vanadium tetroxide, V2O4
melting at 1971°C. Three mechanisms of corrosion attack by
molten vanadium phases have been postulated (see Reference 4 for
a critical review): the phases supply oxygen to the corroding
metal; vanadates alter the defect structure of the metal oxide
scale and make it less of a barrier to diffusion of reacting
species (this mechanism can also apply to solid vanadates below
the melting point); and molten vanadates dissolve the normally
protective oxide film on the metal.

At the cold end of the boiler, the mineral acids HC1 and
H2SO4 can condense and attack metal surfaces. Air heaters
are particularly prone to acid attack, for they often reach
temperatures below the acid dew points. Then rapid attack can
lead to catastrophic failure. Various types of protective
coating, such as enamel, have been proposed to protect air
heaters, while inert materials such as glass have even been used
in tubular air heaters. Increased capital costs, however, have
not made such developments popular.
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Although the potential for severe problems from deposition
and corrosion in fossil-fired boilers is large, satisfactory
control is possible. An effective method is the use of low
excess air, whereby the air supply to the furnace is controlled
to give a maximum of about 0.2% oxygen in the flue gases. Such
control is difficult with coal-fired boilers, but in oil-fired
units reductions in all the major modes of corrosion mentioned
above have been achieved, chiefly by the resulting lowering of
SO3 levels in the combustion gases and by limiting the oxida-
tion state of vanadium to. the lower oxides such as V2O3 or
V2O4 which have higher melting points. Another effective
method is the use of fuel additives that counteract catalytic
SO3 formation, modify deposits to make them more friable and
easier to remove, and neutralize acids that tend to condense on
cool surfaces. Some additives, like magnesia, MgO, reputedly
react with vanadium oxides to produce higher-melting magnesium
vanadates which are less corrosive. However, additives can
actually increase deposits, so the benefits have to be weighed
against costs of decreased heat transfer.

It seems clear that corrosion and deposition can create
serious problems on the fireside of fossil boilers. Although
corrosion products grown in situ impair heat transfer, their
effect should be small in comparison with the effects of
extraneous deposits. The contribution of corrosion products
from elsewhere in the boiler to those extraneous deposits on a
surface is difficult to assess with any certainty; most iron
oxides in coal-fired units, for example, seem to originate with
minerals such as pyrite in the fuel [5]. Although the spalling
of scales and vapour phase transport [6] undoubtedly move
corrosion products through the boiler, they probably contribute
little to the impairment of heat transfer.

Waterside. The corrosion of steels in high temperature
water and steam depends very much on the quality of the feed-
water. That in turn depends upon the quantity and quality of
the makeup water and the presence of leaks into the system at
the condenser. Makeup water quality can be controlled to within
tight limits and should not pose problems unless the filters and
ion exchange units in the water treatment plant are faulty. On
the othsr hand, condenser leaks can prove to be disastrous,
depending on the water used for cooling. At sea-water-cooled
plants, for instance, relatively small leaks can produce high
concentrations of damaging salts in the steam condensate. Under
such conditions the condensate polisher can become saturated
rapidly and introduce aggressive impurities directly into the
feedwater.

Modern plants like the one described earlier treat the
boiler feedwater with volatile chemicals. Hydrazine scavenges
oxygen and thereby reduces attack on carbon steel; volatile
amines such as morpholine, cyclohexylamine or ammonia maintain
some alkalinity in the boiler water and reduce corrosion rates.
Figure 6, taken from Uhlig's book [7], is the classic illustra-
tion of how the corrosion rate of carbon steel in water at 310°C
is a minimum at a room temperature pH of 11 to 12. In practice,
a pH of about 9 is maintained, depending on the presence in the
feed train of materials such as copper-bearing alloys that
cannot withstand higher alkalinity.
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FIG. 6. CORROSION RATE OF STEEL AT 310C IN ACIDS AND
ALKALIS (REF. 7)

Alkalinity may also be maintained in recirculating boilers
by additions of chemicals such as caustic soda or sodium
phosphate. Because solutes can concentrate in crevices in the
boilei with concentration factors of the order of 104, the
presence of free caustic in the boiler may produce locally
aggressive conditions, so coordinated phosphate treatment is
often used. This ensures that no free caustic is present by
maintaining the appropriate ratio of sodium to phosphate ions in
the water. Note that under the right conditions phosphate
solutions can form acids; coordinated phosphate treatment should
avoid those conditions, too. Besides acting as a chemical
buffer, phosphates can modify the way in which deposits form
from hardness salts; they promote deposition as an easily
removed sludge rather than as an adherent scale that impedes
heat transfer.

Under alkaline conditions in high temperature water, carbon
steel forms a protective corrosion product film of magnetite.
The film is made up of two layers (i.e. it is "duplex"); there
is an inner, fine-grained layer that grows at the metal-oxide
interface, and an outer layer of crystals of about 1 ym size
grown from solution. This constitutes the classic "Potter-Mann"
corrosion film [8].

The growth kinetics of protective magnetite under similar
conditions have been reported as parabolic [9,10] but data
following cubic [11 to 13] and logarithmic [14] kinetics have
been obtained. As mentioned earlier in the discussion of
Equation 1, a parabolic corrosion expression can be derived
theoretically by considering the controlling mechanism to be
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diffusion through the film. Castle and Masterson [9] assumed
that control was by the soluble iron species diffusing out
through pores. Logarithmic kinetics arise from considering the
mutual blocking of pores in the film [15] or the increasing
protection afforded by precipitated crystals [14]. A cubic
expression is difficult to justify theoretically on the basis of
a diffusion mechanism [15],- but it is suggested that, because of
the random nature of second-layer nucleation, corrosion of a
particular carbon steel specimen could be under mixed control so
that the overall kinetic expression is somewhere between
parabolic and logarithmic - possibly cubic.

Whatever the kinetics of corrosion in high temperature
water, the solubility of the corrosion products - magnetite on
carbon steel - obviously plays a large part in the mechanism
[16]. For the magnetite to exist at all it must be bathed in
coolant that is at least saturated in Fe; for the corrosion
product layer to grow there must be some supersaturation.
Furthermore, diffusion of dissolved Fe outward through pores
Implies that there is a concentration gradient across the film.
Why, then, does magnetite not crystallize in the pores and block
them? One explanation [10] postulates that the stoichiometry of
the magnetite varies across the film and creates a corresponding
solubility differential. Another [17] relates the solubility of
magnetite to the concentration, of dissolved hydrogen arising
from the corrosion process itself....

3 Fe + 4 H2O -+ Fe3C>4 + H2 .... (7)

with the solubility equilibrium being....

Fe3O4 + 30H- + H 2 + 2 H 2 O ^ 3 Fe(OH)3- (8)

i.e. the concentration of Fe(II) in solution should be
proportional to the one-third power of the hydrogen concentra-
tion; the gradient of dissolved hydrogen across the film
provides the solubility differential to prohibit crystallization
within the pores.

On alloy steels too, double-layer films of corrosion
product are formed [18]. The compositions of the films,
however, depend on the alloying constituents. Thus, on
austenitic steels, the inner layer is a chromium-rich spinel,
while the outer layer is a ferrite containing some nickel [19].
The corrosion mechanisms in high temperature water are similar
to those for carbon steel [20,21] and similar time dependences
are expected (for example, cubic corrosion kinetics have been
reported [22] for type 304 stainless steel). Corrosion rates,
however, are more than an order of magnitude less than those of
carbon steel because of the protective nature of the inner,
chromium-rich layer. The protective films which give similarly
low corrosion rates on high nickel alloys are also spinels. For
example, on Inconel-600 NiCr2C>4 is formed [23], although
other metals such as Fe might be incorporated if ferrous alloys
form a significant part of the circuit.
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High temperature steam also leads to the formation of
duplex corrosion films on steels. Parabolic kinetics are
common, consistent with a diffusion-controlled mechanism.
Apparently, metal ions diffuse outwards - probably along the
grain boundaries of the film - while oxide ions diffuse inwards
[24,25]. The outer oxide crystals are generally more tightly
packed than those formed in the water phase, and at very high
temperatures (greater than 500°C) haematite Fe2C>3 rather
than magnetite may form in the outermost layers. Under
supercritical conditions, when no distinct phase change occurs,
the magnetite crystals can form "ripples" - undulations of
periodicity up to approximately 300 jam - which have a large
effect on pressure drop. Such undulations have also been noted
under subcritical boiling conditions [26].

Many of the corrosion and heat transfer problems arising on
the waterside of boilers are caused by the influx of corrosion
products originating in the condenser and feedtrain [27,28]. As
will be discussed later, those corrosion products foul surfaces
and cause local overheating which can promote failure of boiler
tubes. In particular, copper can plate out as metal and
severely impede boiling heat transfer on porous magnetite films,
as well as provide cathodic sites and thereby aggravate the
corrosion of carbon steel.

The sources of the corrosion products in the feedwater are
the condenser itself and the feedwater heaters. Brasses and
copper-nickel alloys have become standard for use as condenser
tubes. Condensing steam does not generally corrode the tubes to
the extent that the integrity of the condenser is threatened;
rather, the biggest difficulty to overcome is corrosion by the
cooling water. If highly polluted fresh water or sea water is
used foi cooling, a more corrosion-resistant material such as
titanium might be specified, though fouling by microorganisms
might then become a problem (copper-containing alloys resist
such organic fouling).

If the condensate is treated by ion-exchange in a conden-
sate polisher, the remaining principal sources of corrosion
products in the feedtrain are the feedwater heaters. Clearly,
the quality of condensate fed to the low pressure heaters
depends upon the efficiency and throughput of the polisher.

Copper-containing alloys are frequently used for the
low pressure heaters, but stainless steel might be employed if
the release of copper is to be avoided. Note that stainless
steel is more prone to stress corrosion cracking than non-
ferrous alloys, and this disadvantage may offset the benefit of
reduced corrosion product release. For the high pressure
heaters carbon steel is generally adequate.

Iron and copper oxides, the predominant corrosion products,
are usually present in the feedwater to the extent of a few
ug/kg. On startup, however, "bursts" to concentrations of the
order of mg/kg generally occur. Figure 7, reproduced from
Reference 29, shows how corrosion products in boiler feedwater
increase in concentration as the unit is started up. The burst
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FIG. 7. Fe AND Cu IN FEEDWATER AT TYPICAL
BOILER START UP (REF. 29)
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peaking an hour or so after startup is apparently caused by the
spalling of scale off surfaces as components expand, as steam is
directed to the shell sides of the heaters and as the normal
temperature differences develop. At about three hours after
startup, when the boiler is at about half its rated load, a
second, smaller peak occurs. This could be due to the startup
of the second condensate pumps and feed pumps, coupled with the
effect of changing the mode of steam supply to the heaters.
Corrosion products of nickel and zinc behave similarly to those
of iron and copper, but the amounts are much less.

3.2 Boiling Water Reactors

As mentioned earlier, the steam turbine and feedw^ter
sections of nuclear reactors are similar to those of fossil-
fired plants. Thus, in the first BWRs, copper-containing alloys
were used for the condenser and the feedwater heaters. Full
flow condensate polishing reduced the influx of corrosion
products coming directly from the condenser, but downstream of
the heaters a few tens of ug/kg of iron, copper and nickel were
measured [30]. These were the major source of impurities in the
recirculating loop of the reactor; the stainless steel of the
reactor vessel contributed little to the hundreds of \i g/kg of
corrosion products present in the reactor water itself. At such
concentrations in the core - bordering on the mg/kg range - with
a large proportion of copper, deposition on fuel can impair heat
transfer and aggravate rad'-~ctive contamination of out-core
components. Consequently, stainless steel has become the
preferred material for the feedwater components of BWRs.

With circuits constructed mostly of stainless steels with
some carbon steel, general corrosion and corrosion product
release have not caused serious problems in the later BWRs. The
trouble with stainless steel, however, is that it is prone to
stress corrosion cracking if oxygen or ions such as Cl~ are
present. The purification bypass on the recirculating coolant
helps to reduce such ionic impurities (as well as corrosion
products), but oxygen is troublesome. Because radiolysis in the
core is difficult to suppress in BWRs, oxygen levels in the
primary coolant are generally of the order of 100 to 200 yg/kg.
This range is high enough to have caused cracking of stainless
steel components in some plants.

It is interesting to contrast the different roles oxygen
plays. Thus, while giving problems in the reactor circuit,
oxygen has actually been added to reduce the release of corro-
sion products from ferritic steels in the feedwater circuit.
Maintaining about 30 pg/kg of oxygen can reduce'corrosion
products by an order of magnitude below the value experienced
without oxygen addition. Note that such a concentration of
oxygen in the feedwater has little effect on the concentration
of oxygen in the coolant recirculating through the core.
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The fuel - as in all modern, water-cooled reactors - is
sheathed in Zircaloy, an alloy of zirconium. This alloy is
transparent to neutrons and develops a protective film of
zirconium oxide, ZrC>2, in high temperature water [31]. The
corrosion rate of Zircaloy is unaffected by oxygen in the
absence of radiation [32]. Both oxygen and radiation together,
however, greatly increase the corrosion rate. Thus BWR fuel
sheaths corrode to a greater extent than, say, fuel sheaths in
CANDU reactors where oxygen concentrations are much lower.
Nevertheless, BWR fuel does operate successfully, and has not
shown damaging corrosion or related impairment of heat transfer
by the buildup of zirconium oxides.

3.3 CANDUs and Pressurized Water Reactors

Cohen's book [33] deals in detail with the chemistry and
corrosion aspects of water-cooled reactors, and concentrates on
the light-water-cooled PWRs. Briefly, those reactors have the
"pressure vessel and piping made of stainless steel, and all but
the earliest ones have the steam generators tubed with high
nickel alloys such as Inconel-600. Losses of reactivity as the
fuel in the core gets depleted are compensated for with a
soluble poison - boric acid. Thus, at the start of an operating
cycle the primary coolant contains about 1.8 g/kg of boron, and
has about 2.5 mg/kg of LiOH added to adjust the alkalinity.
About 3 to 5 mg/kg of hydrogen are maintained in the coolant to
suppress the production of oxygen by radiolysis in the core. At
the end of a reactor cycle the boron concentration has fallen to
about 10 mg/kg, and the pH has risen to about 10. Although
conditions are chemically reducing, and corrosion rates remain
low throughout a reactor cycle, the gradually changing chemistry
has a profound effect on corrosion product movement within the
primary circuit. Such movement has significant consequences
even at the yg/kg range of corrosion product concentrations
generally found in PWRs.

In CANDU reactors the moderator circuit with its facilities
for reactivity control by soluble poisons is separate, so the
chemistry of the heavy water in the primary coolant circuit can
be controlled within tight limits. LiOH maintains the pH at 10
to 10.5, and radiolysis is suppressed by 0.5 to 1 mg/kg of
dissolved hydrogen. Chemistry control is vital for CANDUs, for
the circuit contains large quantities of carbon steel piping
connecting the Zircaloy pressure tubes in the core with the
boilers. Also, early CANDUs used Monel for the boiler tubing,
and this necessitates strict maintenance of chemically reducing
conditions to minimize corrosion and corrosion product r'iease.
For example, during the early operation of the prototype CANDU
reactor at Douglas Point radiolysis was not adequately
suppressed; the resulting oxidizing conditions in the coolant
released lots of corrosion product from the Monel boiler tubing
to the heavy water. Their subsequent transport around the
system and deposition in the core led to severe contamination
problems that were only rectified after a concentrated program
of study and chemical control [34].
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Later CANDUs will have some in-core boiling. Under these
conditions radiolysis is not so easy to control with the recom-
mended range of dissolved hydrogen because gases are stripped to
the steam phase. The possibility of slight oxidizing conditions
then means that oxygen-resistant materials such as Inconel or
Incoloy have to be used in the boilers.

Apart from the boilers, the secondary coolant circuits of
CANDUs and PWRs resemble the steam and feedwater circuits of
fossil plants. The potential for in-leakage of impurities into
the steam condensate is therefore present in nuclear systems,
too. The consequences can be severe. Also, as in fossil
plants, the transport of corrosion products into the boiler
should be restricted. The reason is not so much the loss of
heat transfer, for nuclear boilers have excess capacity and do
not have the tube overheating problems that occur in fossil
boilers with a loss of heat transfer; rather, corrosion products
depositing in crevices and on tube sheets can provide areas
where local corrosion can occur - particularly if copper is
present.

Modern nuclear steam generators are mostly of the recircu-
lating, vertical U-tube design (see Figure 8 for a picture of a
CANDU steam generator), though Babcock and Wilcox boilers are
vertical, once-through units. Primary coolant passes through
the tubes, and steam is produced on the shell side. Components
of the steam generators - apart from the tubes - are usually
made of carbon steel. Thus, aggrossive impurities concentrating
in crevices can have disastrous consequences. For example, if
dissolved salts get into the feedwater from condenser leaks,
acidic conditions can develop in crevices where boiling occurs -
particularly at a sea-water-cooled station. Then, carbon steel
can exhibit fast, linear corrosion [35]. The magnetite corro-
sion film that results is non-protective, and allows continuing
access of the corroding solution to the metal. In some PWR
boilers [36], such magnetite growth in the crevices between the
nickel alloy tubes and the carbon steel tube support plates
created enough force to "dent" the tubes and deform the plates.
The damage has led to costly outages and repairs [37], and
resulted in changes in boiler design and reassessments of the
control of feedwater chemistry.

3.4 Liquid-Metal-Cooled Reactors

LMFBRs have an intermediate coolant circuit that transfers
heat from the primary circuit and raises steam in the secondary
circuit. Both the primary and intermediate circuits use sodium
as the coolant; the intermediate circuit adds a degree of safety
by separating the secondary coolant water from the core circuit,
and reduces radiation problems by isolating the highly radio-
active primary circuit (Na-23 transmutes to radioactive Na-24 in
the core).
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Primary-loop components are made of stainless steel. Thus,
the fuel sheaths and core structure are type 316 stainless
steel, while the intermediate heat exchanger is type 304.
Corrosion in the liquid sodium is apparently governed by the
oxygen content of the sodium, and proceeds by a chiefly inter-
granular mechanism [38]. Corrosion products are transported
from the hot to the cold regions of the circuit, and surfaces
depleted in austenite stabilizers such as nickel and manganese
to the extent of becoming ferritic are left behind. The radio-
activity associated with the corrosion products may lead to
significant radiation fields around components at shutdown.

The materials of the intermediate loop also have to
withstand corrosion in liquid sodium, while the boiler has the
added difficulties posed by boiling water and the steam cycle
generally as discussed earlier. As mentioned above, the inter-
mediate, sodium-sodium heat exchanger is austenitic stainless
steel, while the steam generator is usually a ferritic steel
that will resist local corrosion under the rigorous steam-
raising conditions of the secondary side (steam at 482°C and
10 MPa from the separate evaporators and superheaters is
proposed for the Clinch River reactor). Control of feedwater
chemistry is clearly of prime importance if leaks between the
secondary water circuit and the intermediate sodium loop are to
be avoided.

Again, the oxygen content of the sodium is critical from
the point of view of corrosion of the components of the
intermediate loop, while transport of carbon in the circuit
governs decarburization of ferritic components and carburization
of low-carbon alloys.

3.5 Organic-Cooled Reactors

The proposed design for a prototype CANDU OCR draws heavily
on the experience gained in the WR-1, organic-cooled research
reactor. The basic concept resembles a standard CANDU in that
the reactor is a pressure-tube type moderated with heavy water
[39]. The core, however, is arranged vertically, so that on-
power refuelling is done from the top. The organic coolant
leaves the reactor at 400°C and raises steam in standard CANDU
boilers of the vzitical U-tube design. The proposed materials
are the ones already in use in standard CANDUs.

The corrosion rates of materials of construction in hot
polyphenyls are very low - about an order of magnitude less than
in high temperature water. On out-core components of carbon
steel, for example, a thin, carbonaceous film quickly builds up
to a thickness of a few \im. Some protection for the underlying
metal is afforded, and subsequent corrosion proceeds slowly,
probably under the control of diffusion of reactive species such
as O2 or H2O through the film, to produce an inner film of
magnetite.
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The main problem to guard against is hydriding of zirconium
components in the core. During operation, a steady state
concentration of dissolved hydrogen of about 4 mg/kg is produced
in the coolant by radiolysis. Hydrogen sinks in the system
lessen the effects of hydriding of components, while the main-
tenance of at least 50 mg/kg of H2O in the coolant ensures the
integrity of the protective oxide film on surfaces and impedes
hydrogen uptake. Chlorine impurity in the coolant enhances the
hydriding rate, so it must be kept at concentrations below 100
yg/kg. As shown later on, the measures to guard against
hydriding are also important from the point of view of fouling.

4. MECHANISMS OF TRANSPORT

The physical differences between the systems of interest
are large, for we are considering combustion gases, pressurized
and boiling water, liquid metals and organics. The fundamental
processes of fouling by corrosion products in those systems,
"however, are largely common. Thus, the mechanisms proposed for
the transport and deposition of particles in turbulent fluids
will be reviewed first; afterwards, molecules or ions will be
considered.

4.1 Particles in Fluids

The particle sizes of interest range from a fraction of a
pm - aerosol or colloid size - to several pm. The processes to
be considered include transport in the bulk fluid stream, trans-
port across the fluid boundary layer and interaction with the
surface: in detail these processes embody effects such as eddy
diffusion, molecular and Brownian diffusion, gravity, thermal
and electromagnetic forces and Van der Waals attraction. Note
that an earlier review [40] has already discussed the implica-
tions that some of these processes have for the formation of
deposits in coal-fired boilers, while a later review [41] drew
some general conclusions about the deposition of aerosols. Some
of the latter"s conclusions of interest here are

gravity is important in relatively static systems for
particles above about 1 pra;

Brownian diffusion is negligible for sizes over 0.01 pm;

thermophoresis is important for particles below 5 ym, and
becomes dominant at about 0.1 |im;

diffusiophoresis might be important during the condensation
of water on cold surfaces

electrical forces become increasingly important on charged
surfaces as particle size decreases below about O.lpra;
for larger particles, very strong electrical fields are
required to influence deposition.
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Fluid dynamic effects. If particles are small enough - of the
order of 0.01 to 0.1 ym - they behave as large molecules and
their motion can be described in terms of the diffusion
equation

dc
B = D ^ (9)

where the mass flux, N, is proportional to the concentration
gradient, dc/dy. D is the particle diffusivity. In a turbulent
fluid, Equation 9 is modified to account for the extra transport
provided by the fluid eddies:

dc

N = (D +e ) ̂  ....(10)

where E is the eddy diffusivity.

At the larger end of the size range, a particle develops a
certain sluggishness with respect to the surrounding fluid. If
it is larger than the mean free path of the surrounding
molecules the fluid can be treated as a continuous medium and
the diffusivity, now referred to as the Brownian diffusion
coefficient DB, can be derived by considering the Stokes drag
on the particle. Thus

KRT
DB = 3^3 ....(11)

where Kg is the Boltzraann constant, T is the absolute
temperature, p is the dynamic viscosity and d is the particle
diameter.

As the particle approaches a surface, however, boundary
layer effects have to be accounted for, since according to
classical theory the turbulent diffusivity vanishes. For
particles less than about 0.1 Um, straightforward molecular
diffusion across the boundary layer explains experimental
results adequately [42,43]. For larger particles, however,
diffusivities become so low that alternative theories have to be
developed to explain the larger than predicted rates of
deposition.

Friedlander and Johnstone C44] got around the problem by
invoking the concept of particle stopping distance, which is the
distance required to bring a spherical particle to rest in a
stagnant fluid by Stokes drag after it has been given an initial
impetus. Thus, particles moving radially in a pipe need only be
carried to within the stopping distance from the wall and they
will coast the remaining distance across the boundary layer
under their own inertia. Turbulent eddies were assumed to carry
the particles from the bulk stream to the point where they could
coast to the wall. A finite value for eddy diffusivity in the
fluid flow laminar sublayer allows the stopping distance to be
less than the sublayer thickness.
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Beal [45], recognizing that Brownian diffusion is
important for small particles, applied this inertial coasting
idea of Friedlander and Johnstone to a wide range of particle
sizes. Briefly, the stopping distance of a particle of given
size (called S + in dimensionless terms) is computed from a
force balance of inertia and Stokes drag. This distance is then
compared with the thicknesses of the fluid flow boundary layer
regimes, i.e., the laminar sublayer and the buffer layer. These
regimes are defined in terms of a dimensionless distance from
the v.all, y+, as follows: the laminar sublayer is 0<y+<5,
the buffer layer is 5<y+£30 and the turbulent core is y+>30.
For S + less than 5, the particles are injected within the
laminar sublayer, and the particle flux across the turbulent
core, the buffer layer and the sublayer to the injection point
is computed in terms of the concentration difference CaVg-Cg+.
The concentration in the bulk stream is assumed equal to the
average concentration, CaVg, and the concentration at the
injection point is Cg+.

The model assumes that, within eddies, particles move with
the fluid, so that accepted values of eddy diffusivity e for the
fluid are used for the particles. eis a function of distance
from t.ie wall, and a different eddy diffusivity correlation is
used for each flow regime. If the injection point lies within
the buffer layer (5<S*£30) then the flux across the turbulent
core and the buffer layer to S + is computed. For S+>30,
only transport within the turbulent core need be considered.

Beal's model has been applied to several systems; of
interest here are those models for corrosion product transport
in water-cooled reactors [46,47].

In spite of the various applications of the free-flight
concept, difficulties arise when particle stopping distances
fall within the boundary layer, for particle eddy diffusivities
cannot, generally, be equated to those of the fluid, and other
forces might be important close to the wall. Sehmel [48] lumped
those forces into an effective eddy diffusivity determined from
existing measurements of particle deposition velocity. Cleaver
and Yates [49] developed an overall deposition model in which
account is taken of turbulent "downsweeps" of fluid which
penetrate the boundary layer and actually reach the wall.
Spontaneous bursts of turbulence erupting at the wall also serve
to remove deposited particles [50].

It is clear that the forces acting on a particle traversing
the fluid boundary layer are complex and any model of deposition
that considers the detailed trajectory should take account of
the predominant ones. Rouhiainen and Stachiewicz [51] discussed
the importance of particle lift force. This is sometimes called
the Magnus Effect, and is the force experienced by a rotating
object in a shear flow. For it to be directed towards the wall,
the particle must travel faster than the surrounding fluid
parallel to the wall; conversely, for it to be directed away
from the wall, the particle must travel more slowly than the
surrounding fluid paralled to the wall. For a spherical
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particle of radius "a" in a low velocity flow, the lift force is
given by the Saffman equation [52] ....

F L I F T = 81.2 va2 (jj.pf 6V/6y)h ....(12)

where v is the relative velocity between particle and fluid
parallel to the wall, pf is the fluid density and du/dy is the
fluid velocity gradient. If the particle is moving freely
towards the wall within the laminar sublayer, du/dy will remain
constant (if the velocity profile U + = y+ holds true) but v
will change. This is because of the drag parallel to the wall,
and the slower moving fluid which the particle encounters as it
moves down the velocity gradient.

Another force that becomes important close to the wall,
particularly for particles in liquids, is the fluid drainage
force. Thus, as a particle approaches a wall, there is a
resistance caused by the pressure in the draining fluid film
between the two approaching surfaces. This resistance, called
the drainage force, can be approximated [53] for a spherical
particle of radius "a" (which is large compared with the film
thickness "y"), by ....

FDRAINAGE = 6 v&2 V ̂  (13)

where v is the approach velocity normal to the wall.

The lift and drainage forces have been compared in Table 1
with drag forces computed from Stokes' equation

FDRAG = Snavp ....(14)

for the following simple system. The properties of the system
are chosen to be those of magnetite particles in 300°C water, so
that the comparison is relevant to corrosion products in a
pressurized water reactor or experimental loop system.

Spheres of diameter 0.5 pm are injected into the laminar
sublayer of a flow of Reynolds number 105. The tube diameter
is 0.32 cm (as might be used in a coolant sample system), and the
particles are assumed to be released from eddies with an injec-
tion velocity normal to the wall of 0.9 U* (U* is the friction
velocity) at the Stokes stopping distance from the wall. These
last two postulates are basic to Beal's model. The calculation
of the lift force requires that the particle move parallel to the
wall with respect to the surrounding fluid. The injection
velocity, 0.9 U*, is therefore postulated to be the component of
velocity both normal and parallel to the wall, the actual
velocity relative to the fluid now being 1.27 U* at 45° to the
wall. F Li F T, F D R A I N A G E and F D R A G, calculated from
Equations 12, 13 and 14, for a particle at the instant of
injection, are presented in the following table. To compare the
force acting in a solid/gas system, the same analysis has been
done for the conditions of Friedlander and Johnstone's experiment
with iron particles in air [44]; the results of these
calculations are also presented in the table.
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TABLE 1

FLUID DYNAMIC FORCES ACTING ON SPHERICAL PARTICLES

Magnetite Iron in
in Water Air
at 300°C (See Ref. 44)

Particle diameter (pm) 0.5 0.8

Tube diameter (mm) 3.2 5.4

Fluid flow Reynolds number 105 7.3 x 103

Laminar sublayer thickness (pm) 3.0 53

Stokes stopping distance (put
equal to injection distance from
wall) (pin) 0.4 18.8

injection velocity (put equal to
0.9 x friction velocity, normal and
parallel to tube wall) (m/s) 0.15 1.25

Particle weight (pN) 2.9 x 10~3 21 x 10~3

Stokes drag force (pN) 51 179

Lift force (pN) 92 29

Drainage force (pN) 85 4

For the small particle sizes considered, the particle
weight in both systems is very small compared with the fluid
dynamic forces, though at low Reynolds numbers in the turbulent
regime and for particle sizes of a few pm, gravity settling can
be important for aerosols [54]. For the magnetite/water system,
all the hydrodynamic forces are of the same order of magnitude,
with the lift force and drainage actually greater than the drag
force. For the iron/air system, however, the drag force predomi-
nates and the drainage force is small. Clearly, lift and
drainage forces should be included in any general model for
particle deposition in fluids, but their neglect is likely to be
less serious in particle/gas systems. Also, the roughness of the
collecting surface can, apparently, have a profound effect on
deposition and should be considered, too, Browne [55] found that
particle deposition from gases was very sensitive to roughnesses
too small to affect the fluid flow pattern appreciably. The
implications for modelling and predicting are wide, for small
relative roughnesses of flow channels are difficult to measure
accurately. Slight differences in roughness may well be the
cause of the discrepancies in results from apparently similar
equipment.
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Thermophoretic effects. The thermophoretic velocity, vT, of a
particle due to a temperature gradient, VT, in a gas is given by

vT = 0 ^ VT .... (15)

The coefficient 6 depends on the dimensions of the particle and
the thermal conductivities of gas and particle (k and kp,
respectively). Epstein [56] derived the expression

<16)

for the case where the particle diameter is much greater than
the mean free path of the gas molecules. If the wall is cooler
than the fluid, deposition will be enhanced; a temperature
gradient in the opposite direction will impede deposition.

Thermophoresis can be important for particles suspended in
both laminar and turbulent gas streams [57,58]; of interest here
are theories developed to explain the fouling of heat exchanger
tubes in the high temperature, gas-cooled reactor [59] and the
patterns of soot deposition on heated and cooled surfaces [60].
In addition, predictions made earlier for the conditions of high
temperature combustion gases have indicated [40] that
thermophoresis should be a significant factor in particle
transport in fossil-fired boilers.

In applying theories for thermophoretic deposition to
practical situations, care must be taken to account for the
variations in physical properties of the fluid which must occur
when temperature gradients develop. Thus, for heating or
cooling in tubes, the boundary layer properties become dependent
on the rates of heat transfer, and the patterns of particle
deposition can be altered drastically; changes in both the fluid
velocity profile [61] and the viscosity [62] are the important
factors to be considered.

Thermophoresis in particle/liquid systems has never been
fully investigated. That it does exist, however, has been
demonstrated by McNab and Meisen [63]. In a study of approxi-
mately l p m latex spheres in water and n-hexane, they related
the thermophoretic velocity to particle and liquid properties by
an equation similar to the one for gas systems - i.e..
Equation 15. The coefficient g, however, was deduced to be

• • • • ( 1 7 )

In other words, Epstein's gas equation predicted thermophoretic
velocities to be a factor of approximately 6 too high. A later
study [64] developed expressions for both thermo- and diffusio-
phoresis in liquids and concluded that phoretic effects can
result in significant deposition of particles onto cooled
surfaces and be an important cause of heat exchanger fouling.
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Electromagnetic forces. If a particle suspended in a fluid has
an electrostatic charge, e, and is free to move in an electric
field of strength E, its terminal velocity, Vrp, according to
Stokes' law, is ....

VT = e E/3TT)jd .... (18)

where y is the fluid viscosity and d the particle diameter.

In gases, particles can become charged by collision, the
resulting forces being important for particle movement (for
example, they can be used to advantage in electrostatic
precipitators). The detailed theory has been discussed by Soo
[52]. In combustion gases in particular, high temperatures can
cause ionization with subsequent charging of particles, the
overall effect in a boiler being the buildup of electric fields
at certain locations.

In the absence of an imposed electric field, a charged
particle approaching a surface can induce an image charge equal
and opposite to its own. The resulting force for a particle of
charge e at a distance y from the surface is given by....

F = i£2 *s ~ *f (19)
4y ks + kf

where ks and kf are the dielectric constants of the surface
material and the fluid, respectively.

In spite of the likelihood that electrical fields are
strong in combustion gases, there is no direct evidence that
they are significant in promoting fouling on the fireside of
fossil boilers [40].

On the other hand, in particle/liquid systems pertinent to
power generation, electromagnetic effects seem to be important.
This is because oxide particles suspended in a polar liquid such
as water acquire a surface charge by virtue of the electrical
double layer. Thus, a clean metal oxide immersed in a solution
adsorbs ions of opposite charge to that of its own surface.
These ions form what is called the "inner Helmholtz layer".
Outside this compact layer, other counterions of the same charge
are attracted to form a more diffuse layer. The zeta potential
of the particle is defined as the electrical potential, relative
to the solution, at the shear plane between the diffuse and
compact layers.

If the conductivity of the solution is high there will be a
large supply of counterions, and the electric field will extend
only a short distance away from the surface. By contrast, in
pure water where only H + and 0H~ ions are available from water
dissociation, the electric field extends further from the surface
but is less intense. Note that the diffuse layer can be swept
away by relative motion between the fluid and the surface, in
which case the electric field extends further from the surface.
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Metal oxides immersed in aqueous solutions tend to have
hydrated surfaces, and therefore to exhibit acidic or basic
properties depending on the dissociation of the surface groups.
Thus, as the solution pH changes, the surface charge changes as
the balance between H + and OH~ ions on the surface changes.
At the isolectric point of surface, IEPS, equal numbers of posi-
tive and negative ions are adsorbed and the surface has no net
charge; the pH at which this occurs is called the point of zero
charge, PZC, and is a characteristic of the type of oxide.
Clearly, in a coolant system made of different materials of
construction that have different PZCs, and in which there are
suspended particles of corrosion products, again having
different PZCs, the differences in charge between particles and
surfaces will promote or hinder deposition. Such electrokinetic
effects are also important for the agglomeration of colloids [65],
but as yet few fundamental studies have been done on the
detailed surface chemistry of corrosion product particles in
high temperature coolants; in fact only a few of the many low
temperature values of PZC reported by Parks [66] have been
extended to higher temperatures [67,68,69].

In a flowing system, abrupt changes in fluid shear - such
as occur around obstacles - can induce large components of
streaming potential that are normal to the flow direction [70].
As Cohen has pointed out [71] these potentials can provide the
driving force for particles to deposit on obstructions such as
flow orifices where fluid shear rates are high.

A related effect that should be mentioned here is the
possibility of deposition induced by thermoelectric potentials.
A surface subjected to a heat flux will induce a
"thermoelectric" EMF in the adjacent coolant stream if that
stream has a sufficient concentration of charge carriers. The
EMF will induce transport of charged particles according to the
equation....

FLUX = eucq / \ ....(20)

where e is the thermally induced EMF, u is the electrophoretic
mobility of the particles, q is the heat flux, c is the particle
concentration and X is the thermal conductivity of the fluid.
Equation 20 has formed the basis of some reasonable predictions
of corrosion product deposits in various high temperature water
systems [72].

Adhesion between particles and surfaces. In theories of the
deposition of particles, the concept of a sticking probability
is often introduced to account for that fraction of the
particles that stick to the surface when they reach it. Beal
[73] defined the sticking probability p as ....

p = kx/[k + v(l-x)] (21)

where k is the transport coefficient of the particles to the
region of the surface, x is the ratio of observed deposition
coefficient to predicted deposition coefficient with p = 1, and
v is the particle velocity normal to the surface. A good
correlation was obtained between p and the dimensionless
stopping distance S+.
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A more fundamental approach to describing the sticking
probability, based on fluid-dynamic and chemical-kinetic
arguments, was used in the fouling model of Watkinson and
Epstein [74]. Thus, adhesive forces are assumed to be
physico-chemical in nature and to follow an Arrhenius
relationship with temperature, while removal forces are
proportional to shear stress at the wall and therefore to the
product f.v2 where f is the friction factor and v the bulk
fluid velocity. Since p is directly proportional to adhesive
forces, and inversely proportional to removal forces ....

-E/RT

P = ^ 2 ••••(22)

Epstein [75] has interpreted the proportionality constant A in
terms of the minimum friction velocity that will inhibit the
deposition of particles in the first place.

The actual adhesion of a particle to a surface depends on
the London or Van der Waals interaction, and is influenced by
physical parameters of the system. Thus, in a review of
particle adhesion. Corn [76] mentions the importance of relative
humidity and adsorbed gas molecules on the collecting surface in
predicting the adhesion of particles to surfaces in air. Corn's
measurements [77] of adhesion forces in air also showed the
importance of particle and surface material, and of particle
size arid surface roughness.

Krupp [78] has reviewed in detail the interactions between
particles and surfaces and presented methods of calculating the
various forces involved. The principal steps in developing a
theory of adhesion between a sphere and a surface ("half-space")
are:

(1) calculation of London-Van der Waals forces and
electrostatic forces between the adherents, and

(2) calculation of the interfacial deformation occurring
during adhesion.

Van der Waals and electrostatic forces are the most important
factors in particle adhesion. The latter force may be of
comparable magnitude to, or may greatly exceed, the former,
depending upon the materials and chemistry of the system, while
its range is several orders of magnitude greater. In gases,
particles having surface asperities tend to have large electro-
static adherent forces compared with Van der Waals forces. In
liquids, on the other hand, electrostatic forces tend to be
negligible because the high dielectric constants shield the
charges of the adherents - unless charge is increased by adsorp-
tion of ions from solution; as we have seen such adsorption can
be significant in typical coolants.

The Van der Waals force F between a sphere of radius r and
a flat surface is given by....
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F= i o2 ....(23)

where Z o is the adhesion distance or equilibrium —sning
between the sphere and the surface, and H is the Hamaker
constant. Using a typical value of 0.4 nm for Zo, Krupp
calculated F for a range of particle sizes for different
materials in gases. For particles of diameter 1 urn, F ranges
from lO^ to 18 x 10^ pN - clearly orders of magnitude
greater than the fluid dynamic forces calculated in Table 1-
Immersion of the adherents in a liquid generally reduces the Van
der Waals force because of partial shielding.

Theories for particle deposition, taking into account
London-Van der Waals forces, have been developed by Ruckenstein
and Prieve. The systems considered are limited to having creep-
ing flow conditions, but they cover situations where double
layer repulsion is significant [79] and where it can be
neglected [80].

As well as particle-surface interactions, particle-particle
interactions should be considered. In fact, the agglomeration
of corrosion product particles in the fluid boundary layer above
& corroding surface formed the basis of the theory of Kabele and
Bartlett [81,82] for the transport and deposition of corrosion
products. For application to a low temperature system of iron
in water, their equations describe the homogeneous precipita-
tion, coagulation and subsequent deposition of corrosion product
particles; the profiles of deposits of iron corrosion products,
obtained experimentally by using radiotracers, were predicted
quite well. It was shown that, at least for the system studied,
freshly formed corrosion products are not very mobile and
deposit rapidly.

On the other hand, Means [83] concluded, as a result of a
theoretical study, that agglomeration has little effect on the
size distribution of corrosion product particles in water
reactor coolants. He considered mechanisms of aggregation in
Brownian motion, in shear flow, and in turbulent flow. The Van
der Waals attraction between particles governs the cohesion of
the aggregate, while the shear stresses in turbulent or laminar
flow govern its break up. Estimates of the rate constants
indicate that disintegration should be rapid (by comparison with
the circulation rate of the coolant), and that the resulting
small perturbation of the particle size distribution should not
affect deposition rates.

4.2 Molecular and Ionic Transport

In the systems of interest here, corrosion products exist
as molecules or ions as well as particles. Even in the flue
gases of fossil-fired boilers metals and metal oxides exist in
the molecular state, though at low levels. For example [6] iron
oxides tend to dissociate in the gas phase, depending on the
partial pressure of oxygen....

FeO + Fe3C>4 + Fe2(>3 ^=^Fe(g) + O2 ....(24)
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while chromium oxides form a range of species in an oxidizing
environment....

Cr2O3 •+ CrO + CrO2 + CrO3 + 0 + 0 2 •••• (25)

In liquid systems, corrosion products dissolve. Of prime
interest here are the systems metal oxide/water at high
temperature. The pioneering work of Sweeton and Baes [84]
established the solubility of magnetite in high temperature
water at a range of alkalinities under chemically reducing
conditions. At 300°C and at an alkalinity provided by a strong
base having a room temperature pH of about 10, iron dissolves in
water to the extent of a few yg/kg. Later loop studies have
contributed measurements of magnetite solubilities under
different oxidizing conditions [85,86] and oxide dissolution
kinetics [87]. Such measurements are of value for interpreting
corrosion product movement in the coolants of water reactors -
particularly CANDUs. In PWRs, the materials of construction
produce a different corrosion product because of the large
contribution from nickel-bearing alloys. The resulting nickel
ferrite, NixFe3_xC>4 with x in the region 0.5 to 0.8
[88], has similar iron solubilities under a range of conditions
to those determined by Sweeton and Baes for magnetite.

If turbulent transport in the fluid controls the deposition
of molecular or ionic corrosion products, standard mass
transport correlations can be used to determine rates. Such
correlations may be based on the eddy diffusion concept
(Equation 10), and derived from dimensional analysis and the
analogy between mass transfer and heat transfer. Thus, for a
turbulent fluid of constant properties in a pipe of diameter d,

Sh = A Rea Scb (26)

where the Sherwood number, Sh, is defined as hd/D (h is the mass
transfer coefficient, D the diffusivity), the Reynolds number,
Re, is dup/y (u is the fluid velocity, p its density and y its
viscosity), and the Schmidt number, Sc, is y/pD. Note that
Equation 26, traditionally with A = 0.023, a = 0.8 and b = 0.4,
is adequate for Sc of the order of unity. Deissler [89] has
analyzed the situation for high values of Sc (and of Pr, the
Prandtl number, in the heat transfer analogue), and his curves
of Sh versus Re have been used to derive mass transfer
coefficients for corrosion products in high temperature water
[90]. Later estimates [91] at high temperature of deposition
rates for corrosion product ions in potentiostatic experiments,
however, led to values of overall deposition coefficients that
were greater than the predicted mass transfer coefficients - an
impossible situation since material cannot be deposited faster
than it can be transported across the boundary layer. The fault
probibly lies with the estimated value of the diffusivity. A
valu« of 4.1 x 10~8 m^'s"^ was calculated, but it is
probably too low? actual measurements at high temperature are
required. Note that, at least for cobalt ions, corrosion
product deposition in high temperature water appears to be
controlled by surface mechanisms, with mass transfer in the
fluid having only a small effect [90,92].
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In organic coolants, corrosion and corrosion product
transport seems to be governed by the presence of impurities.
Thus, in the CANDU OCR, chlorine in the coolant attacks the
piping and forms an Fe-Cl complex in solution [93].

In liquid metals, the relative importances of dissolved and
particulate corrosion products have not yet been fully sorted
out [94]; however it is interesting to learn that the fission
products which are present in the LMFBR coolant and which form
oxides are mostly in the form of suspended fine particles [95].

5. EXPERIMENTS AND DEPOSITION MODELS

As implied throughout this paper so far, studies of the
fouling in power systems by corrosion products have concentrated
on the steam-raising cycle and on the primary coolants of
nuclear reactors. In the following summary of that work, some
overlap with earlier reviews is inevitable. In particular, the
recent comprehensive paper by Epstein [75] on fouling studies in
general will be mentioned at the outset, for it covers several
of the models that are to be discussed later.

5.1 Deposition in Boiling Water

It is well established that corrosion products on boiler
surfaces have a profound effect on heat transfer; in fact,
chemical cleaning of boilers is often practised on a routine
basis to avoid problems of tube overheating or corrosion
aggravated by deposits. Corrosion products originating else-
where in the system are usually to blame [96], though there is
some evidence that in situ corrosion products can be equally
damaging [97].

Deposits are mainly of magnetite, though in BWRs haematite
predominates in fuel deposits. In situ layers have a porosity
of about 10 to 15%, extraneous deposits are generally much more
porous. Under non-boiling conditions, when the pores are full
of water, the effective thermal conductivity of the deposit, k,
is given by Maxwell's equation [98]:

(1 - [1 - a 1^] b)

(1 - [1 - a3 b)

kw is the thermal conductivity of the water, km is the
thermal conductivity of magnetite, b is the volume fraction of
magnetite (= 1 - porosity), and a = 3kw/(2kw + k m ) . Cohen
and Efferding [99] have obtained good agreement between the
equation and thermal conductivity measurements of 60 to 70%
porous deposits, 50 to 75 pm thick, on the waterside of a
sodium-heated test loop of ferritic steel.

If boiling occurs at the surface, the filling of some, if
not all, of the voids with steam affects the heat transfer. The
corresponding thermal conductivity appears to vary widely from
system to system. For example, as pointed out by Cohen [100] the
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data for magnetite obtained by Macbeth [101] and Kelen and
Arvesen [102] were quite different, the former's being an order
of magnitude greater than the latter's. The main difference was
in the amount of evaporation and related heat transfer occurring
within the deposit. Thus, Macbeth's system was such as to
promote wick boiling [103] in which chimneys form within the
deposit and vent steam produced from the inward-seeping water.
While steam chimneys have been observed in boiler deposits by
other workers [104], they are clearly not always formed.
Supercritical systems, as expected, do not have them [105].

Note that, as mentioned earlier, high concentrations of Cu
in the corrosion product inventory can modify deposits and
increase their resistance to heat transfer. This occurred
during the early operation of the Steam Generating Heavy Water
Reactor in England [106]. Then, high levels of Fe and Cu in the
coolant (several hundred yg/kg) resulted in thick (about 0.1 mm)
deposits on fuel - particularly in regions of high heat flux.
The copper made the deposits brittle and impervious, so that the
vick-boiling mechanism described above could not operate. Water
percolated through cracks in the deposit to the fuel element
surface, but the steam could not escape easily and caused over-
heating and subsequent deterioration and failure of the sheath.

One of the earliest studies to link corrosion product
deposition during boiling with heat flux was that of Man'kina
[107]. After demonstrating that a concentration of 0.5 mg/kg of
Fe in boiler water at a heat flux of 0.35 MW/m2 could foul
tubes to the extent of 0.5 kg/m2 in 15 to 20 months, Man'kina
went on to study deposition in an electrically heated tube. It
was found that deposit weight, W, was proportional to the square
of the heat flux:

W = k CFeq
2 (28)

where Cpe is the Fe content of the water. The value of k
depends on the chemistry of the water, i.e., on the type of
water treatment, alkalinity, etc. For values of pH between 6
and 12, deposition was independent of alkalinity, but decreased
rapidly at pH above 12. Temperature had no effect but
deposition ceased when boiling ceased at the same heat flux.
Experiments with Cu under conditions similar to those for the Fe
experiments produced deposition rates 6 to 10% of the Fe
deposition rates.

The apparent dependence of deposition on the square of the
heat flux has attracted some attention. Man'kina herself deve-
loped a mathematical model to explain Fe deposition in terms of
electrical charge effects [108], while Ahrnbom [109] developed a
theoretical relation between Fe deposition and the square of
heat flux by considering crystallization in two stages - a
deposition step (i.e., the Schikorr reaction Fe(OH)+ •+ 3
followed by a step involving incorporation into the crystal
lattice. Charlesworth [110] did a series of boiling water
experiments relevant to the CANDU development program in high
temperature water loops. Fe2C>3 in boiling water dosed with
ammonia was deposited on simulated reactor fuel sheaths. In
in-reactor loops, Charlesworth found:
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- the deposition was reversible,

- under constant conditions the amount of deposit reached
a steady value,

- the steady state was reached within a few days,

- the data was quite scattered, but the amount of deposit
was proportional to the total iron concentration in the
coolant when the concentration was low and to the square
of the heat flux,

- the amount of deposit was not greatly influenced by the
chemistry of the coolant or the mode of heat transfer
(i.e., subcooled boiling or bulk boiling).

Additional experiments were done in an out-reactor loop in
which fuel sheath surfaces were simulated by electrically heated
test sections.

The accumulated data were incorporated in a mathematical
model of deposition in NH3~dosed boiling water based on the
processes illustrated in Figure 9.

In the model the weight of deposited iron oxide, W, as a
function of time is given by

W = -1C (1 - e"k2fc) kg.cnr2 (29)
k2

where C is the concentration of corrosion products in the
coolant, and the deposition rate constant, k^, is a function
of heat flux (Q/A W.cm"2) as follows

k]_ = 0.00025(Q/A)2 kg.cm-2.h-1 (30)

The value of the release rate constant, k2, was deduced from
an in-reactor loop experiment to be about 0.01 h"1.

Note that there is evidence that the deposition of hardness
salts also depends on the square of the heat flux. In experi-
ments on the pool boiling of CaSC>4 solutions, Palen and
Westwater [111] found that the amount of scale deposited was
linear with time - over short times - and proportional to the
square of the heat flux.

During subcooled nucleate boiling, the heat flux supplying
latent heat has an important effect on deposition [112]r in
fact, this was pointed out by Man'kina [107], but neither she
nor Charlesworth included the effect in their equations.

Kot [113] has examined the deposition of various salts and
corrosion products (of Ca, Cu, Fe, etc.) onto stainless steel
and Zircaloy surfaces under both bulk and subcooled boiling
conditions. Heat fluxes were of the order of 1 to 1.5 MW/m2,
and solids concentrations in the coolant ranged from 2.2 to 25
mg/kg. In the subcooled boiling regime, deposits were heavier
on Zircaloy than on stainless steel, and deposition was
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inversely related to the amount of subcooling for all depositing
species except Fe which showed no clear trend with subcooling.
Ca and Cr concentrated at the inside of the deposits, while Mn
and Cu concentrated at the outside; the other constituents were
fairly evenly distributed.

Picone and Fletcher [114] attempted to correlate the depo-
sition, W, with the corrosion product concentration, C, and the
subcooling, Tgat-Tbui^, by the following equation:

q.C.t
* + C p (T s a t-T b u l k) ....(31)

where X is the latent heat and Cp the specific heat.
Unfortunately, Equation 31 did not explain measurements of crud
deposits on fuel elements in the Saxton reactor - probably
because of large changes in coolant chemistry during operation
and shutdown. Kabanov [112] suggested that Equation 31 could be
improved by taking account of just the heat transferred as
latent heat, rather than the total heat flux.

Kot's experiments in the bulk boiling regime [113] showed
that deposition rates increased dramatically at the places on
the test sections where the liquid film left the surface and
dispersed as drops; the drops apparently contacted the wall and
evaporated completely. Deposition rates increased with increas-
ing concentrations of corrosion products in the coolant. Copper
was found to plate out as metal in areas of high heat flux -
largely in the outermost parts of the deposits, as mentioned
before. A threshold heat flux for Cu deposition was found; this
was postulated to be the minimum required to break down the
copper complex in solution. Above the minimum, the deposition
rate, R, had a parabolic relationship with the heat flux:

R = k C^n q(q - qQ) ....(32)

in which qo is the minimum heat flux for Cu deposition and in
the exponent of the coolant concentration, CQU, n can be
positive or negative.

More recently, Thomas and Grigull [115] have reported the
conclusions of a comprehensive study of magnetite deposition.
Under non-boiling conditions, heat flux had very little effect
on deposition, but turbulence was all-important. In nucleate
boiling, the extra turbulence at the wall induced by bubble
formation increased deposition, so that there was an inverse
relationship between subcooling and deposition. At saturated
conditions, deposition was linear with heat flux - not parabolic
as reported elsewhere. In film boiling, transport of particles
to the wall was impeded and deposition rates were low. The
explanation for measured decreasing rates of deposition with
time was that deposits smooth out roughnesses at the wall, and
turbulence in the fluid-flow boundary layer decreases
accordingly. This behaviour can be contrasted with that in a
study [2 5] in which iron corrosion products depositing during
boiling on stainless steel tubes caused an initial rapid
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increase in pressure drop that subsequently levelled off at a
constant value,- the initial deposit apparently created a surface
roughness that was not affected by later deposition.

Thomas and Grigull developed an empirical expression for
deposition based on the mass transport Stanton number, St' (St1

is the deposition velocity divided by the mean fluid velocity in
the channel). Semi-logarithmic plots of St' against the amount
of deposit, W, gave a straight line; thus:

St1 = St'o exp(-W.b) (33)

which leads to a logarithmic equation for film growth. The
initial deposition rate dW I was correlated with the

dt ' 0
fluid flow as follows:

dW I 1.073

i.e., there is virtually a linear dependence of deposition rate
on Reynolds number.

A more recent study on the depositon of iron corrosion
products on heated Zircaloy was done by Asakura et al. [116] who
used electrically heated test sections at atmospheric pressure.
They found a linear dependence of deposition rate on heat flux,
q-

dW _ k.q.C
dt ~ X (35)

where C is the concentration of iron oxide suspended in the
water and X is the latent heat. The deposition constant, k,
decreased as flow rate increased. By invoking a model of
evaporation and dryout of the microlayer of liquid beneath a
nucleating and growing bubble (as suggested by Hospeti and
Mesler [1173), they were able to evaluate k from first
principles and get good agreement with experimental values.

As the foregoing discussion implies, there have been many
studies of corrosion product deposition during boiling, yet the
detailed mechanisms are still not fully understood - especially
at high temperature and pressure. The apparent dependence on
heat flux - whatever the exponent - must be a secondary effect;
bubble formation and the resulting fluid shear stresses at
nuclei [118], evaporation, surface tension [119], particle-
particle interactions, particle-surface interactions, and
crystallization are the principal effects that should be
considered in developing a mechanistic model.

5.2 Deposition in Nuclear I.aactors - Activity Transport

It was realized quite early on in water reactor development
programs that out-core radiation fields would increase with
operating time. Corrosion products, released to the coolant by
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components of the primary circuit and made radioactive in the
core, were soon identified [120,121] as the major culprits. By
1961 tiere was sufficient concern to warrant an international
tripartite conference [122] (Canada, the UK and the US) to
discuss the possible mechanisms of material transport in water
reactors.

By the end of the 1960s up to about 4 equivalent full-power
years of operating time had been accumulated on BWRs and PWRs,
and the rising trend of radiation fields was confirmed. For
example, as illustrated in Figure 10, up to about 300 mR/h were
being measured in contact with the insulation on primary coolant
piping, and up to about 100 R/h in contact with the tube sheets
inside the water boxes of steam generators in both PWRs and
dual-cycle BWRs [123]. The predominant nuclide was Co-60, but
Co-58, Mn-54, Fe-59 and Cr-51 also contributed to fields.

A recent compilation [124] of radiation-field measurements
in PWRs and BWRs has added little to Bartlett's earlier survey
[123]. Fields are still increasing and are mostly due to Co-60
and Co-58. This is clearly generating renewed interest in
activity transport, for several reviews dealing specifically
with corrosion products in reactor systems have appeared
recently [125,126,127].

It is interesting to learn that fusion reactors, too, will
have their problems with radioactivity. In fact, an assessment
[128] of the production and transport of corrosion products in
the lithium coolant of a 5000 MW(th) toroidal fusion reactor
(based on the UWMAK-1 at the University of Wisconsin) suggests
that at least 2500 kg, having a radioactivity of 4 x 106 Ci
(ICi = 37 GBq), will be produced per year. Such radioactivity
will give rise to high radiation fields around components.

5.3 Boiling Cores

Charlesworth1s studies [110], mentioned earlier, of
corrosion product deposition on Zircaloy fuel sheaths during
boiling of water dosed with ammonia, led to the suggestion that
the initial deposit at conditions of low subcooling is suffi-
cient to raise the surface temperature enough to cause boiling;
thereafter, boiling accelerates the deposition by drawing water
into the deposit to replace that leaving as steam. The release
processes - erosion and spalling - are affected by anything that
modifies the porous, friable nature of a pure iron oxide
deposit; thus Cu, Ni and Zn can form well-bonded deposits, and
high concentrations of f?2 in the coolant could enhance depo-
sition by decreasing the solubility of iron as the gas is
stripped from solution in the boiling region (the resulting
crystal growth bonds the deposit together and resists release).

It should be noted that reactor operation in closed-cycle
boiling with NH3 will result in high concentrations of
dissolved Hj in the coolant because of radiolysis; under these
conditions the H2 stripping mechanism just described should
apply and heavy fuel deposits should be observed. Indeed, heavy
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fuel deposits have been generally obtained during closed-cycle
boiling with NH3. Quite recently, however, Burrill added both
LiOH and NH3 to the coolant in the X-3 loop of the NRX reactor
during a boiling experiment and found only thin deposits [129].
This indicates that H2 stripping is not responsible and that
alkalinity is; in fact, the explanation is based on solubility
differences induced by alkalinity gradients. Thus, particles of
crud (corrosion product) are deposited on fuel sheaths by hydro-
dynamic and electrostatic effects and are irradiated. In
NH3~dosed water at reactor conditions, where the solubility of
crud (assumed to behave like magnetite) decreases with alka-
linity, evaporation at the heated surface raises the pH locally
and enhances the deposition by the precipitation of magnetite;
there is no driving force for release other than a slight amount
of erosion and deposits are consequently thick. As the H2
concentration increases the crud solubility gradient becomes
steeper and even thicker deposits are obtained in closed-cycle
boiling water with NH3. With the added LiOH the solubility of
crud at reactor temperature increases with alkalinity, so disso-
lution enhances release and ieads to thin deposits [129,130].

Later tests [131D with high concentrations of ammonia also
produced thin deposits on fuel, leading to the suggestion that
NH4OH can be concentrated in water at a boiling surface,
though not so readily as a solid hydroxide such as LiOH. In
addition to concluding that alkalinity is the principal variable
affecting fuel deposits in boiling water, Burrill summarizes
[131] his findings as follows:

- crud concentration in the coolant has little effect on
deposition,

- apart from its effect in closed-cycle boiling with
ammonia, hydrogen has little influence on the formation
of fuel deposits,

- deposit weight increases with heat flux, but is affected
little by reactor irradiation.

In brief, the mechanism by which deposits form on reactor
fuel are postulated [132] to be as follows. Crud particles
deposit initia]_y, then deposition is enhanced by the filtration
of particles f om the water percolating through the deposit to
steam nucleation sites. Release occurs by dissolution if the
alkalinity is high enough, and by spalling if it is not.
Spalling may be brought on when the deposit thickness and
porosity restrict water flow to active nucleation sites and
cause bubbles to form elsewhere in the deposit. Those bubbles
break away pieces of the deposit above them. Measurements of
deposits on fuel from a CANDU reactor operating with boiling
light water as the coolant can be explained by these mechanisms
[132].
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5.4 Non-Boiling Cores

In the early days of nuclear reactor development it was
recognized that in pressurized water operation crud concentra-
tions and deposits on fuel are kept low if the coolant pH (as
measured at room temperature) is maintained above 10 or so
[33,133]. Loop experiments in experimental reactors demonstra-
ted the effect quite clearly [134]. Not only is alkalinity the
dominant variable in determining fuel deposits - as in boiling
water operation - but also the actual pH additive appears to
have little effect [131]. Again, as he did for boiling water
operation, Burrill [131] concluded that neither dissolved
hydrogen nor crud concentration in the coolant affects deposit
weights. When deposits are thick (greater than 1 g Fe/m^),
they seem to increase with increasing heat flux; thin deposits
have no clear dependence on heat flux.

Burrill's mathematical model [135] for deposition on fuel
sheaths assumes that the crud behaves as magnetite, that its
deposition rate, r, is proportional to its concentration in the
coolant (i.e., r = kC where k is the deposition rate constant of
particles), and that its dissolution release rate after
deposition is proportional to the undersaturation in the coolant
S-c. Here S is the solubility at the sheath temperature and c
is the dissolved iron concentration. The deposit weight, W, is
then given by:

W =

where a is the specific surface area of the deposit and 6 is the
dissolution rate constant. The form of Equation 36 is the
asymptotic approach to equilibrium which is by now quite common
in the fouling literature. It is identical with the form of
Charlesworth's [110] equation (Equation 29) for deposits in
boiling; only the concepts behind the deposition and release
terms are different.

Note that the residence time, T, is a measure of how long
an atom of crud remains in the core. It is given by:

T =
a(3(S-c) (37)

Residence times can be estimated from measurements of the
specific radioactivity (activity per unit mass) of crud removed
from irradiated fuel. They usually fall within the range of a
few days to a few weeks. Experimental fuel is generally
irradiated for periods of a few weeks to months; commercial fuel
stays in the reactor for a year or so. Thus, measured fuel
deposits are at the steady state, and kinetic information is not
available. Given that limitation. Equation 36 agrees reasonably
well with measurements of deposits on experimental fuel
irradiated in loops in an experimental reactor and with
measurements of deposits on CANDU fuel bundles [135].
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The model has also been made the basis of a theory for
radiation field growth in PWRs [136]. In this case, changing
chemistry throughout a reactor cycle has to be accounted for.
At the beginning, the coolant alkalinity is low because of the
boric acid poison in the coolant, and corrosion product solubi-
lity is such as to cause precipitation on the fuel; at the end,
the poison has been consumed and the high alkalinity promotes
dissolution off the fuel. The final fuel deposits are therefore
functions of the boric acid and lithium hydroxide concentrations
throughout the cycle, as well as of operating parameters such as
temperature, heat flux, and the number of shutdowns. Solomon
and Roesmer [137] have attempted to factor such parameters into
an explanation of observed amounts of fuel deposits and radia-
tion fields at eight operating PWRs. Though the agreement of
their theory with observation was encouraging, it was concluded
that more detailed measurements of concentrations of corrosion
products as particles, colloids and solubles are required from
operating plants, as well as more fundamental information on
crud solubilities and dissolution rates from researchers, before
a comprehensive model can be formulated.

One way of obtaining kinetic data is to simulate a fuel
element surface in a laboratory and to measure corrosion
products as they deposit. This has been done in a loop
operating with lithiated pressurized water at very low crud
levels (approximately 0.1 yg/kg). The deposition of Co-60 from
solution was measured continuously with a gamma spectrometer.
The main conclusion of the study [138] is that at low crud
levels in power reactors, adsorption of dissolved cobalt onto
fuel sheaths could be a significant source of Co-60. Concomi-
tant desorption supplies radioactivity to be distributed around
the system and gives rise to radiation fields. The presence or
absence of heat flux has no measurable effect on the process.

In organic-cooled reactors fouling films can have serious
consequences for in-core heat transfer. For example, permitting
an annual increase in fuel sheath temperature of 25°C means
restricting the fouling rate to 2 mg/(m2.h). This corresponds,
for a typical fouling film, to an increase in thickness of about
10 um in a year.

Experiments done by Campbell et al. [93] on the fouling of
surfaces cooled with organics have led to postulates of two
types of mechanism that operate in the core of the CANDU-OCR.

The first mechanism involves the transport and deposition
of organic particles. It is apparently controlled by a surface
reaction; the fouling rate doubles for a surface temperature
increas of 30°C, and deposition is unaffected by impurities
such ai> CI2, H2O or 03 in the coolant.
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The second mechanism is mass transfer controlled and
involves a reaction between CI2 impurity in the coolant and
iron of system surfaces. An Fe-Cl complex is formed; this is
transported to the core where it breaks down on the hot fuel
sheaths depositing iron and iron oxides, the CI2 thereby being
released to carry on the process. The deposition rate doubles
with a sheath temperature increase of 25 to 70"C and is propor-
tional to the coolant velocity to the power 0.5 to 1.0. Other
impurities such as O2 and H2O do not promote fouling and can
be added as needed to maintain protective films on component
surfaces. The acceptable fouling rate quoted above can be
achieved by keeping the CI2 concentration below about 3 mg/kg
- a level which will not promote excessive hydriding of
zirconium alloys in the core.

Bogdanov [139] postulated that the same two mechanisms
occur in the Russian Arbus reactor, but added a third.
Radiation and thermal degradation of the coolant apparently led
to a buildup of low boiling fractions, and boiling at the sheath
surfaces was promoted. The evaporation led to a concentration
of particles in the coolant next to the surface, and deposition
was enhanced.

Nijsing [140] has developed equations to describe these
molecular and particulate mechanisms in organic fouling. They
are based on the concept of transport with chemical reaction.
For the conditions of Campbell's experiments, his prediction of
a fouling rate of 1.8 g/(m2.h) is in reasonable accord with
the measured value of 1.1 g/(m2.h).

5.5 Out-Core Components

The out-core piping and steam generators are contaminated
by the radioactivity transported out of the core by the coolant.
Note that, as mentioned earlier, a particularly troublesome
radionuclide in reactor circuits is Co-60. It is formed by the
irradiaton in-core of its parent, Co-59, which has a high cross
section for neutron capture and is the only natural isotope of
cobalt. Furthermore, Co-60 has a long half-life (5.2 years) and
emits very penetrating gamma rays as it decays; therefore, even
small quantities of cobalt in a reactor circuit can cause high
radiation fields. Generally, materials containing a lot of
cobalt are excluded as much as possible from reactor circuits,
though the hardness of some cobalt alloys makes them essential
for some applications where wear resistance is required. Steels
and nickel alloys contain cobalt as an impurity, but the extent
to which the cobalt content can be reduced will depend on the
cost; the savings in radiation dose gained by specifying
low cobalt materials may not always be worth the extra price.
In PWRs, Co-58 also can give problems. It is formed by a fast-
neutron reaction with naturally occurring Ni-58, and has a half-
life of 70.8 days - long enough to be a nuisance.
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As the oxide films grow on system surfaces because of
corrosion, corrosion product ions from elsewhere in the circuit
can become incorporated in the crystal lattices of those oxides.
If some of the ions are radioactive, then incorporation will
contaminate the whole oxide layer and therefore the surface.
The rate of contamination will be governed by the growth of the
film which, in turn, is governed by the corrosion of the base
metal. On heat transfer surfaces, of course, film growth also
depends on the temperature gradient in the coolant and the
solubility of the dissolved corrosion products; for example, in
CANDU boilers where the high pH coolant is cooled from about
290°C to about 250°C, magnetite can precipitate and incorporate
radioactivity in its crystal structure as it does so. Cobalt
ions in particular should be incorporated easily in surface
films. Note that the surface radioactivity is effectively fixed
in the oxide layer. This means that decontamination by inactive
coolant proceeds via solid-state diffusion out of the oxide
crystals (except for a slight amount of erosion); in fact, such
decontamination has been found to occur at a rate apparently
controlled by solid-state diffusion [141].

Experiments [91,92] have established such a link between
surface fouling by radioactive corrosion products and the
corrosion of the underlying metal, and a mathematical
description of the mechanisms applicable to carbon steel and
stainless steel has been developed [141].

For a radioactively decaying concentration of dissolved
radioactive corrosion product (C-̂ ° e~'lt) at the entrance
to a pipe (as frequently occurs in laboratory experiments [92]),
the contamination of the pipe surface corrected for decay
(C*w(x,t)) can be expressed [90] as

t

J o

t - 1* (t)
n(t)e

 d u ' n .at ....(38)

where n(t) is the surface activation coefficient which reflects
the material's affinity for radioactivity, d is the pipe
diameter and u is the coolant velocity.

Several terms incorporating corrosion parameters and the
properties of the oxide film are contained in n (t) . Thus:

n(t) =
l 1

'39)
1
h 1

DIFFn +

1
+

CRYSTi
1

CRYSTO

where DIFFi is the diffusional resistance to transport through
the inner layer of oxide and CRYSTi and CRYSTO are the
crystallization or incorporation resistances of the inner and
outer layers respectively. As mentioned earlier, the surface
processes generally control, so the mass transfer resistance in
the liquid film, l/h where h is the mass transfer coefficient,
can be neglected. When the various surface transport
resistances are related to corrosion rate and oxide properties,
the model agrees well with experimental data.
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If, as in the steam generators, the corroding surface is
cooled, there will be an extra driving force at high pH for the
precipitation of an outer oxide layer. On boiler tubes of
nickel alloys (which generally form just a single layer
corrosion film under isothermal conditions) this will be the
only mechanism of formation of an outer layer; on stainless
steel tubes it will add to the outer layer formed by normal
local corrosion.

The inner layer will incorporate radioactivity by the same
mechanism as the inner layer on isothermal steels; the outer
layer incorporation will be via a crystallization mechanism -
again analogous to that on isothermal steels but with a
different primary driving force. The mathematical description,
developed from out-reactor loop studies on simulated boiler
tubes of Inconel [142] and Incoloy [143], reflects the simila-
rity of the isothermal and the cooled processes. The difference
appears mainly in the CRYSTO term in Equation 39; that term
now has to account for oxide precipitation by the solubility
decrease due to cooling.

An interesting extension of the incorporation theory has
considered [144] the possibility that the coolant leaving the
core of a CANDU reactor might be undersaturated with respect to
Fe. That would mean that the magnetite film on the steel
surfaces of the reactor outlet pipes is thinner than that on the
inlet pipes. The resulting differences in corrosion rates and
contamination levels, however, are predicted to be small.

A similar concept for the incorporation of radioactive
corrosion products in growing oxide films has recently been
devised by DeHollander [145]. The main difference is that a
fixed number of sites for incorporation of radioactive ions in a
given amount of oxide film are postulated. In other words, for
contamination by Co-60 or Co-58, the Co/Fe ratio is fixed in the
spinel oxide, and radioactive cobalt is taken up by sites in
proportion to its concentration in the coolant. The model has
been proposed for application to BWR piping.

5.6 Whole System

The traditional method of extrapolating measured trends in
activity transport in water-cooled reactors has employed
mathematical models containing first order empirical coeffi-
cients. The coolant circuit to be modelled is divided into
appropriate components (in-core surfaces, out-core surfaces,
bulk coolant, crud, and so on) and the exchange rates of
radionuclides between the components are represented by the
products of the coefficients (assumed constant) and the
appropriate concentrations.
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A simple illustration is the two-component model comprising
exchange between a coolant and a pipe wall. If the bulk coolant
concentration of radionuclide is constant, Cj-,, the concentra-
tion on the wall, Cw, as a function of time, t, is given by:

ad . Cb . (1 - e -(b+A)t) ....(40)

where a and b are the deposition and release coefficient
respectively, d is the pipe diameter, and A is the radioactive
decay constant. Equation 40 is the familiar exponential
approach to equilibrium, when:

C w <-> = 4 7 ^ - * C b ....(41)

More complicated solutions are available [92] for the case
where the bulk concentration, Cj,, is a variable and concentra-
tions vary with distance along the pipe.

One of the most comprehensive applications of first-order
exchange or transport coefficients to a full system was that of
Yerazunis et al. [146]. They divided a reactor circuit into nine
nodes - solubles in coolant, particles in coolant, transient
out-core crud, permanent out-core crud, transient in-core crud,
permanent in-core crud, crud traps, purification system and core
structural components. The possible exchange mechanisms between
nodes are particle and molecular transport, recoil and
"particulation" (precipitation of solubles), each being described
by a differential equation. The resulting set of equations is
large, so fitting them to data from an operating system is a
considerable task - even with a computer.

Walton [147,148] has described exchange mechanisms by
similar equations involving first-order coefficients. The fit
of the model to data from experimental loops was good, and
furnished deposition and release coefficients for various
radionuclides at surfaces.

Walton's coefficients have since been used in a system
model to determine the effectiveness of a purification circuit
in controlling the concentrations of radioactive corrosion
products in a PWR [149]. It was concluded that even with a
purification half-life of about 2 hours there would be a
significant effect on the resulting asymptotic activity level
reached after about 3 years. Nowadays, keeping crud levels low
and the core clean, rather than removing already-produced
radioactivity, is considered to be the best way of controlling
activity transport. To that end, the latest CANDU reactors have
either high temperature filters or high capacity purification
circuits to remove crud with a minimum clean-up half-life of 20
minutes [150].
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Epstein and Evans [151] developed analytical equations in
which the coefficients described processes such as adsorption
and desorption, and in which mass transfer and fluid flow are
accounted for. Bonalumi and Olivi [152] wrote general equations
for describing activity transport in idealized coolant channels
in terms of coefficients that were functions of the physical and
chemical parameters of the system and that would have to be
determined in any application of the model to an operating
system. Their approach was similar to the later one of Clement
[153] whose equations specifically took account of mechanisms
such as molecular diffusion and mass transport, and particle
growth and dissolution, in describing a non-isothermal circuit.

Recent theoretical treatments using first-order transport
coefficients have examined the effects on surface activity of
removing the source term from the bulk coolant [154] and have
gone a stage beyond surface activation by employing shielding
calculations to predict resulting radiation fields [155]. The
empirical approach of Cunnane et al. [156] optimized phenomeno-
'logical coefficients by fitting equations to data from PWRs ;
agreement with a similar formulation, in which the coefficients
were replaced with constants that described the mechanisms, was
good.

A mechanistic model, of course, can be applied with
confidence to different systems; an empirical model, though
useful for characterizing or extrapolating trends, is usually
restricted to the system for which it was devised. Hence, there
have been efforts to describe whole system contamination on the
basis of experimentally established mechanisms.

As Bartlett has pointed out [157], the number of mechanisms
that might have to be considered in describing a reactor is
large. Generally, however, only a few - or perhaps even one -
can be considered as controlling, as we found in the discussions
of separate in-core and out-core mechanisms.

That oxide solubility is one such controlling mechanism is
clear; it is important both in the core and out. The PACTOLE
code of Frejaville and co-workers [47] for describing activity
transport throughout PWR systems considers temperature changes
around the coolant circuit and allows oxide films to dissolve or
particles to precipitate homogeneously as the corresponding
solubility change dictates. The particles deposit according to
the mechanism formulated by Beal [45]. Although the concept of
homogeneous nucleation in a system that must abound with crystal
nuclei on the walls seems unrealistic, the code has predicted
activity transport in a PWR very well [158].

Particle transport and deposition are obviously important
too, even though the way crud is formed is still not fully
understood. In a BWR, much of the iron oxide enters the core
system with the feedwater, though erosion and spalling off
system surfaces must play a part. The contamination model of
Uchida et al. [159] considers crud to deposit on BWR fuel
according to the microlayer evaporation and dry out model of
Asakura et al. [116]. Cobalt ions adsorb on the crud deposits,
and Co-60 is released as crud is released from the fuel. The
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model has been simplified and made empirical to evaluate the
effects on activity transport of several proposed modifications
to an operating BWR [160].

One aspect of the transport of corrosion product particles,
which Gasparini et al. [161] considered important for the whole
system activation, is the electrokinetic effect - the charge
acquired by particles in the reactor coolant. It was postulated
that the electrostatic forces between crud particles and
surfaces are the principal factors affecting deposition and that
alternate layers of positively and negatively charged particles
could be laid down (by contrast, Burrill [162] found from
laboratory experiments below about 90°C that pH - and therefore
electrokinetic effects - had only a small influence on the
deposition of magnetite onto various surfaces). Since nickel
ferrite is at its point of zero charge in the neutral water of a
BWR - in contrast to the normal iron-rich corrosion product - it
was argued that promoting nickel ferrite formation in BWRs would
hinder particle deposition and control activity transport. The
effect was demonstrated by injecting nickel hydroxide in the
feedwater of a BWR, when a net removal of crud - mainly as
nickel ferrite - occurred.

However, although Nicholson [163] demonstrated a similar
effect in a laboratory loop, it was small and indicated that
increased deposits might result from the general addition of
nickel hydroxide to BWRs.

The first studies of corrosion products relevant to the
LMFBR reported on small-scale experiments and on attempts to
extrapolate results to larger systems such as the FFTF (Fast
Flux Test Facility) [164] or the full-scale reactor. Thus up to
1969, the effects of intensive system variables such as tempera-
ture, temperature difference, flow rate, levels of oxygen
impurity and materials had been looked at, but little was known
about the effects of extensive variables such as surface/volume
ratios or recycle time [165].

An early mathematical model [166] considered two alterna-
tive controlling mechanisms for liquid metals - transport in the
liquid and dissolution rate. Both particulate and dissolved
material, however, seem to be important. Temperature diffe-
rences lead to rapid transport of Mn-54, Co-58 and Co-60 to cool
surfaces in systems containing radioactive corrosion products
[167]. Deposits in the cold leg of the Harwell loop were porous
and spongy and composed mostly of the pure metals Fe and Cr,
particles rich in Fe-Cr and Si-Ca, and mixed carbides and oxides
such as sodium ferrate or chromite. Particle sizes were
generally less than 10 jjm [167]. Also, loop tests have
indicated [168] that in 40 years a reactor system could accumu-
late deposits amounting to several tons in the intermediate heat
exchanger. The heat transfer coefficient would be reduced by
about 15% - necessitating extra capacity or the ability to raise
the primary coolant temperature - and high fields would cause
problems of radiation exposure during cleaning and maintenance.
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On hot surfaces, particles of sodium chromite and whiskers
of alpha-Fe have been found [168,169], the former particularly
on Cr-containing alloys. Observations such as these indicate
that there must be some contribution from dissolved species to
the overall transport, but often it is difficult to tell whether
corrosion products have been transported as particles or as
dissolved species [94].

In predicting the activity produced in a large-scale
system, Merkel and Menken [170] assumed a uniform corrosion rate
of component alloys and a release of elements proportional to
their concentration in the metal. The release rate depends on
the oxygen level in the sodium; below a linear velocity of 3 m/s
it is proportional to velocity, above that velocity it is
constant. An equilibrium inventory of Co-58, Co-60 and Mn-54 of
2000 Ci was predicted, giving rise to fields of about 1 R/h on
the main pipes and several R/h near the pumps and heat
exchangers.

Polley [171] presented a mathematical analysis of the
detailed corrosion processes of alloy surfaces in contact with
flowing sodium. The equations describe the concentrations of
metallic components in the alloy and in the sodium around the
circuit; because the outer layers of the alloy are progressively
affected, the mathematical solutions involve moving boundaries.
Final expressions then give the asymptotic concentration
profiles of species in austenitic stainless steel with a ferrite
surface layer.

Recently, reference has been made [172] to a computer code,
CORONA, which predicts corrosion product transport in a LMFBR.
Considering Mn-54 as the predominant radionuclide (it will
comprise 90% of circuit activity after 20 years) and using data
from the Rapsodie and Phenix reactors, the code predicts an
equilibrium inventory of 1120 Ci for a 1200 MW reactor.

5.7 Deposition in Condensers

The principal cause of loss of heat transfer in condensers
is fouling on the cooling-water side. Four types of fouling
film can occur [173] - precipitation of hardness salts such as
sulphates or carbonates from fresh water, deposition of
suspended solids such as silt or sand, growth of organisms such
as barnacles in sea water, and development of corrosion product
films. Note that the first three affect heat transfer and can
promote local corrosion such as pitting in stainless steel and
copper alloys. Corrosion products, on the other hand, have
little effect on heat transfer; they can, however, protect
against corrosion and inhibit biological fouling, depending on
the metal of the condenser tube.

In a recent survey [174] of condenser performance in sea
water service, 70/30 cupronickel was identified as the copper
alloy having the best corrosion resistance, 90/10 cupronickel
was next, Al brass was next, and Admiralty brass was the worst -
chiefly because of its susceptibility to impingement corrosion.
Titanium has excellent corrosion resistance in sea water, though
it is expensive and can be prone to vibration failure.
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Stainless steel performs well in fresh water, but in brackish or
sea water it tends to pit under deposits or under low flow or
stagnant conditions.

The performance of copper alloys can be improved by
inducing a corrosion product layer rich in Fe to form on the
tube surfaces. Fe in Al bronzes or in Cu-Ni alloys will help
protective films to form if it is in solid solution. The
protection seems to be given by a thin, crystalline film of
CU2O incorporating hydrated ferric oxide. If enough Fe is
present to form a separate phase in the alloy, a non-protective
film of Fe3C>4 and CU2O is formed [175].

The corrosion of brasses is not affected by the incorpo-
ration of Fe in the alloy. Then, Fe is introduced into the
cooling water itself - either by using sacrificial metal blocks
or by periodic or continuous injections of FeSO.4.

The nature of the resulting protective film depends on the
alloy, but lepidocrocite (gamma-FeOOH) seems to be an important
constituent [176]. Castle et al. [177] believe that protection
is conferred by a corrosion product having the formula
NaCuFejOj^o- They found that the compound covered about 20% of
the surfaces of Al-brass condenser tubes that had been in sea
water service for up to 20,000 hours with concentrations of
FeSC>4 of 1 mg/kg maintained for two periods of 1 hour every
week.

A mechanism for the formation of protective lepidocrocite
films was propounded by Gasparini et al. [178]. The hydrolysis
and oxidation of FeSC>4 in demineralized aqueous solution
causes Fe{OH)3 to precipitate and the pH to fall. In natural
cooling waters, oxidation should be faster, and the pH higher,
than in a laboratory environment because of buffering by
bicarbonates. It was postulated that the colloid formed is
actually lepidocrocite, because it has the correct point of zero
charge and because it has been seen on surfaces.

At concentrations of FeSC>4 in the mg/kg range, the
lepidocrocite particles are negatively charged at the resulting
solution pH. The CU2O corrosion product film on the condenser
tubes, however, is positively charged, and the electric field
extends well into the bulk of the solution because counterions
are swept away by the high velocity coolant. FeOOH particles,
therefore, are attracted to the surface and stick there.

The study also indicated that concentrations of FeSC>4
below 0.5 mg/kg might be sufficient to maintain satisfactory
protection.

And, finally, corrosion product films have an important
influence on biological fouling. Such fouling is critical in
sea water, and seems to bear a relationship to the type of
corrosion film on the underlying metals [179]. Marine organisms
grow readily on corrodible metals such as steel, though the
fouling can be removed easily, and often spalls off itself with
the loose corrosion product. Passive materials such as Al or Ti
foul readily to give a tightly adherent layer. Pressure drop
and heat transfer are affected and localized corrosion can occur
if the metal is sensitive to O2 concentration cells.
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Alloys based on Cu, however, are resistant to such fouling.
Apparently, the corrosion product film of CU2O is toxic to
most organisms. That it is not Cu in solution at the surface
that inhibits fouling is demonstrated by the fact that different
materials immediately adjacent are unaffected. Rather
surprisingly, other metals such as Be or Pb that might be
expected to form toxic corrosion product films do not do so, and
foul readily.

6. SUMMARY AND CONCLUSIONS

The important mechanisms of corrosion and fouling in
fossil-fired and nuclear power stations have been reviewed; it
is clear that even when not causing fouling problems directly
corrosion interacts with most of the other fouling mechanisms.

On the fireside of fossil-fuelled boilers, where deposits
can impede heat transfer and diminish performance and can
aggravate tube corrosion, the overall processes of fouling are
affected little by corrosion products or by the corrosion
process itself.

On the waterside, however, corrosion films can have serious
consequences, for impairment of heat transfer can lead to tube
overheating and eventually to catastrophic failure. Sometimes,
indigenous corrosion films are important; for example, they can
seriously impede heat transfer in superheater or reheater tubes,
and can cause excessive pressure drop and flow distribution
problems in once-through boilers. Corrosion products carried
into the boiler by the feedwater and deposited as particles
contribute to the general fouling - particularly if they contain
elements such as copper which destroy the porous structure of
deposits and thereby interfere with boiling heat transfer.

In the cores of water-cooled reactors, thick deposits of
corrosion products can lead to fuel overheating and sheath
rupture; deposition may be by particulate or precipitation
mechanisms. Even thin deposits that do not affect heat transfer
adversely (they can even enhance it by comparison with the
behaviour of smooth surfaces) cause problems of radioactive
contamination of out-core components.

Such radioactive "fouling" is itself intimately linked with
the corrosion of the primary-side surfaces of the components.
On isothermal piping, for example, local corrosion controls the
deposition of radioactive corrosion products that must originate
in the core. On the other hand, in the boilers of
indirect-cycle reactors, local corrosion plays a secondary role
to that of solubility gradients - corrosion products originating
elsewhere are precipitated by cooling if the alkalinity is
high.
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On the secondary side of nuclear boilers loss of heat
transfer is not a serious problem, for extra capacity is
available and the tube wall temperature cannot rise above the
primary-coolant temperature. Rather, fouling by corrosion
products and other materials entering with the feedwater can
create areas where aggressive chemicals can concentrate and
where local corrosion can result.

In organic-cooled reactors, corrosion mechanisms interact
with chemical reaction mechanisms to foul fuel sheaths. Thus,
complexes of corrosion products and impurities such as chlorine
are broken down at the hot surfaces; corrosion products deposit
and can cause sheath overheating, while the impurities are
recycled to complex more corrosion products.

In liquid-metal-cooled reactors, corrosion product
distribution can lead to fouling of surfaces and to radioactive
contamination of components. Both particles and dissolved
material are transported and deposited, v/ith the composition of
the underlying metal having some influence on the structure of
the deposit.

In condensers, the corrosion films on the cooling water
side of the tubes have important influences on corrosion
mechanisms and fouling. In brass condensers, iron corrosion
products may be introduced into the cooling water stream and
induced to deposit on the tubes as a protective film. Also, the
growth of the indigenous corrosion film interacts strongly with
biological fouling. Thus, the copper oxide film on copper-
bearing alloys inhibits fouling by marine organisms, presumably
because of the toxicity of the solid oxide itself.
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