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INTRODUCTION

There are several obvious areas in which chemical
engineers contribute to the nuclear industry:

— in heat transfer and fluid dynamics ;

— in fuel reprocessing and heavy-water production ;

— in the refining of uranium ores and the manu-
facture of nuclear fuel.

This paper concentrates on the chemical engi-
neer's role in the field of nuclear-power reactors.

To appreciate the need for chemical engineering
practice, it must first be recognized that many
chemical reactions occur in the high temperatures and
radiation fields of a nuclear reactor; nuclear reactors
are, in fact, large chemical plants. The principal
chemical problems in the primary heat transport
systems of power reactors are

— decomposition of the coolant;

— corrosion of system materials;

— deposition of material on fuel heat-transport
surfaces;

— generation and transport of radioactive nuclides.

These problems are of concern with all reactor
systems, whether the coolant is water, organic, gas or
liquid metal, though their relative importance varies
greatly with the type of coolant used. Canadian
reactors use pressurized heavy water (CANDU-PHW),
boiling light water (CANDU-BLW) or organic liquid
(CANDU-OCR) as coolant. The chemical engineering
problems encountered with these coolants are
discussed below.

CANDU-PHW

In the first generation of CANDU (Canadian
Deuterium Uranium) power plants at Douglas Point,
Pickering and Bruce, the reactors use pressurized
heavy water as coolant {CANDU-PHW) Chemical
decomposition by irradiation of the coolant is not a
direct economic problem, since the products are
hydrogen and oxygen, which reach a steady-state
concentration by recombination in the reactor core

Discussed in Dr McPherson's paper to this Symposium.
Discussed in Dr Rae's paper to this Symposium.

to regenerate water. However, the presence of free
oxygen in the water would give unacceptablp corro-
sion rates for the carbon-steel piping in the primary
heat-transport system. Oxygen formation must be
suppressed, which is easily accomplished in PHW by
operating the system with an over-pressure of
hydrogen. The radiolytic recombination of hydrogen
and oxygen is favoured by the hydrogen over-
pressure, and the oxygen concentration can be held at
5 parts per billion or less.

The corrosion of system materials is important,
not only because of the loss of metal by corrosion
penetration, but also in the deposition of films on
heat-transfer surfaces and the generation and trans-
port of radioactive nuclides.

The corrosion of steel by water produces an
iron-oxide corrosion product on the surface. A stable
protective film, such as magnetite, Fe3O4, is required
to prevent further attack. However, the oxide has a
certain solubility in the water, and, in a high-velocity
system with large temperature gradients, as in a
primary heat-transport system, this can give rise to
mass transfer of the oxide from the steel surfaces. In
its subsequent transport round the system, the oxide
can cause deposition and activity problems. To
minimize this transport, both low solubility of the
iron oxide in water and a low temperature-coefficient
are necessary.

Given that oxygen is excluded from the water,
the other chemical variab1" in carbon-steel corrosion
is the pH, and its effect is shown in Figure 1. The
maximum and minimum temperatures around the
primary system of the PHW are 300°C and 250°C.
The solubilities of magnetite in neutral water, i.e., pH
7 at room temperature, at these two temperatures are
15 and 40 ppb. Although these concentrations seem
very low, they are by no means insignificant.
Assuming the worst possible case, where the rates of
dissolution and deposition are high enough always to
achieve saturation, four tons of iron would be trans-
ported from the lowest to the highest temperature
regions of a Pickering reactor each year. Fortunately,
the rates are not so high as this, but chemical control
is needed to minimize the solubilities and temper-
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ature coefficients. In practice, at pH 10, the
solubilities at these two temperatures are 7 and 5
ppm, respectively.
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Figure 1 — Magnetite solubility (F.H. Sweeton et al, trans-
actions of the American Nuclear Society)

Without oxygen and pH control, concentrations
of corrosion products (or crud) in the water can reach
several thousand parts per billion. Under these
conditions, there is a significant deposition on the
fuel surface forming a barrier to the heat transfer.
This deposit can raise the fuel temperature and limit
the life of the fuel. By excluding oxygen, maintaining
the high system pH, and adequate purification using
filters and ion-exchange columns, the fuel-deposition
problem can be eliminated.

The other problem of radioactivity transport is
more difficult to control and is common to all
water-cooled reactors, whether they are CANDU-
PHW's, BLW's, or American PVVR's or BWR's. The
small concentrations of corrosion products which
circulate in the water deposit in the reactor core, and
undergo neutron activation to produce highly radio-
active nuclides such as cobalt-60. These active
nuclides are carried out of the reactor and deposit on
the piping and boiler surfaces in the heat-transport
system. Only a few hundred grams of cobalt in the
system can cause high radiation fields that result in
difficult and costly maintenance. This is by far the
most important chemical problem in water-cooled
reactors, and is the subject of intensive study in
Canada, the United States, and around the world.

Several nuclides, 6 0Co, 5 8Co, 5 9Fe, and s ' Cr,
contribute to the activity transport problem, of
which 6 0Co is the most important. It is produced
from the naturally occurring 9Co which can get into
the water from two sources: the cobalt-based alloys
used for hard-facing materials on valve seats, seals and
bearings; and from cobalt impurities in other system
materials. Prospective solutions to the problem are
being studied. In the short term, simple and effective
methods of decontamination are needed; in the
longer term, the development of hard facing alloys
without cobalt, the development of better purifi-
cation systems, and basic mass-transport studies on
the mechanisms of activity transport. It is also
essential that chemical control be improved to
minimize mass transport and activity transport in the
system.

The basic chemical control for the primary
system of the CANDU-PHW is shown in Figure 2. The
principal features are a degasser to remove oxygen on
startup of the system, provision for the injection of
deuterium gas to prevent oxygen formation by radio-
lytic decomposition, the use of filters to remove
corrosion product particles, and the use of ion
exchangers to remove dissolved corrosion products
and to provide a supply of lithium hydroxide to
control the pH at about 10. This is all accomplished
continuously on a side stream from the main system.
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Figure 2 — Chemistry Control in CANDU-PHW

CANDU-BLW

In the CANDU-BLW, the basic requirements for
chemical control are the same as in the PHW, but
there are differences in detail because the coolant is
light water and used in a direct cycle with the
turbine. It is still necessary to maintain a very low
oxygen concentration and a high pH. However, using
hydrogen to control the formation of oxygen is not
practical since the hydrogen would be stripped
immediately out of the water into the steam phase of
the reactor. The use of lithium hydroxide for pH
control is undesirable because of the possibility of
concentrating the caustic on the fuel bundles by the
evaporation of water, which could lead to caustic
embrittlement of the cladding material. By injecting
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ammonia into the system both problems are over-
come. The ammonia provides the higher pH and also
suppresses oxygen formation, either by its own
reaction or by the reaction of its initial radioiysis
products. At low ammonia concentrations, there is
significant decomposition to produce nitrate and
nitrite in the water, but as the ammonia concentra-
tion is increased to the order of 10 to 30 ppm, the
decomposition rate is acceptably low.

The chemistry control system for the CANDU-
BLW is shown in Figure 3. Again a side stream system
is used, comprising a cooler to reduce the coolant to
an acceptable temperature for the ion exchangers, a
pressure-reducing valve, filters, ion exchangers, and
recycle back to the main sys'.em with ammonia
injection. Because light water is being used, anionic
impurities, which could enter the system through
leaks in the main condenser, can be controlled by
conventional blowdown of the system.
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Figure 3 — Chemistry Control in CANDU-BLW

Deposition on the fuel is a potentially greater
problem in the BLW because of the concentrating
effect of evaporation. The steam leaving the separator
is essentially free of corrosion products, but as it is
condensed and reheated in the feedwater heaters, it
picks up fresh corrosion products by contact with the
large heat-exchanger surfaces. Copper alloys must be
avoided in these exchangers, since dissolved copper in
the primary system leads to thick non-porous
deposits on the fuel-element heat-transfer surfaces,
and to subsequent fuel failures.

In general, the performance of the water-cooled
reactors depends on good chemistry control of the
primary system, i.e., chemistry control at trace-
impurity levels in the parts-per-billion range.

CANDU-OCR

The other CANDU system being developed by
AECL is the organic-cooled reactor. CANDU-OCR.
The same four areas of system chemistry apply, but
the relative importance changes.

Chemical decomposition of the coolant is a
significant economic factor, and the system design
and operating condi.ions must be optimized to H\VP
the best balance between station efficiency and
coolant make-up costs. The coolant feed for a
CANDU-OCR is a commercially available material
known as HB-403, a partially hydrogenaied terphenyl
mixture which looks like a light lubricating oil. It was
selected because of its acceptable decomposition
characteristics, commercial availability and price, and
it̂> altractive physical properties.

All organic materials decompose under the
influence of radiation and high temperatures, and an
enormous spectrum of decomposition products are
produced. For simplicity, we classify these into:

— gases;
— volatiles;
— intermediates;
— high boilers.

The intermediates are in the desired physical
property range and present no problem. The high
boilers or higher polymers increase the viscosity of
the coolant. After they have built up to a certain
cocentration, they must be separated and removed.
The volatiles are recycled and the gases are rejected in
a degasser.
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Figure 4 — Organic coolant decomposition

Figure 4 shows the decomposition rates observed
in the WR-1 research reactor at Whiteshell Nuclear
Research Establishment. Up to about 350 C, thp
decomposition is constant with temperature since it is
caused by radiolysis and is independent of temper-
ature. Aoove 350 C, thermal decomposition becomes
the dominant factor. The relative contributions of

''Trade name of Monsanto Chemical Company, St.
Louis, Mo.
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radiolytic and thermal damage depend on the detailed
design of the reactor; the design of a power reactor is
likely to optimize at a coolant outlet temperature of
about 400 C or 750°F.

Corrosion of system materials by the organic
coolant is insignificant. Carbon steel can be used and
conventional refinery pumps and valves are accept-
able. The only materials compatibility problem is in
the hydriding of zirconium alloys. In the absence of
chemical control, hydriding will severely limit the life
of zirconium components.

The effect of chlorine on hydriding is shown in
Table 1. The results in Table 1 are taken from
experiments in which a few parts per million of
various chlorine compounds were added to organic
coolant. The immediate effect is a function of
chemical reactivity of the chlorine compound, with
HC having a greater effect than trichloroethylene,
which in turn is more reactive than chlorobiphenyl.
Even with these small additions, there is an enormous
increase in hydriding rate over coolant with no
chlorine added. However, chemical control is effected
simply and cheaply by rigorously excluding any
compounds containing chlorine and maintaining at
least 100 ppm water in the coolant to provide a
protective oxide film on the alloy.

Good coolant chemistry control is essential to
prevent deposits from forming on the fuel. The
chemistry requirements include those for hydriding
control, that is the exclusion of chlorine and the
presence of water. In addition, side stream adsorption
and filtration remove particles from the coolant.

Because corrosion is insignificant in organic
coolant, radioactivity transport is also negligible.
There has been no build-up of radiation fields round
the WR-1 reactor during its five years of full power
operation. This feature permits easy inspection and
maintenance of the system, and is one of the strong
points in favour of the concept.

The chemistry control system for an OCR is
shown in Figure 5.
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TABLE 1: EFFECT OF CHLORINE CONTAMINATION
ON HYDRIDING OF LOW NICKEL Zffi.CALOY-2
IN ORGANIC COOLANT AT 480°C

Additivea
Hydriding Rate

<60 ppm H2O ppm H2O

HC1

c2.ic3

< C 6 H 5> C 6 H 4 C 1

None

103

39

1.4

0.076

0.6

0.19

0.076

Figure 5 — Chemistry control in CANDU-OCR

anominal 10 ppm.

THE CHEMICAL ENGINEER'S ROLE

The preceding descriptions of some reactor
systems show how important chemistry and chemical
engineering are in nuclear-reactor technology. The
cost of shutting down a single 500-MW unit, such as
one of the Pickering units, is $150 000 per day. To
avoid severe cost penalties from shutdowns due to
chemical problems, the systems must be controlled
within what are known to be good chemical specifi-
cations, and must be made more tolerant to
off-specification chemistry. Clearly, the chemical
engineer has a vital role to play throughout the whole
chain of development, design and operation.

Development

The development chemical engineer has the
obvious function of defining the chemical problems,
generating the basic data, exploring the chemical
mechanisms involved, and establishing the chemical
control required and methods of achieving it.

In water-cooled reactors, the principal develop-
ment problem remaining is activity transport.
Chemical control to inhibit or minimize mass and
activity transport round the system, and improved
purification methods to remove the activity are
needed. A better understanding of the basic physical
chemistry of high-temperature aqueous solutions is
essential.

Although the technical feasibility is already
established, the organic-cooled reactors of the future
still require much chemical engineering development
to optimize the feed material, the coolant processing,
and the purification systems.

A particular responsibility of the development
chemical engineer that can be easily overlooked is
that of communication. It is not enough that he
writes reports on his work and draws conclusions; he
must also make sure that the designer and the
operator are aware of the importance of his results.
He must convince them that an inadequate system
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with lack of chemical control will cause operating and
maintenance problems in the future.

Design

Many features of large new plants such as nuclear
power stations are "out-of-date" before the plant is
commissioned. This is one of the problems confront-
ing the design engineer, but obviously the design has
to be frozen at some point. The design engineer thus
requires a keen sense of judgment; he must digest
information from both development and operations
staff, he must take the initiative in deciding when and
how his design needs to be developed to ensure
adequate chemical control in the station; he must
incorporate reliability in his system; and finally he
must recognize that the station operators will make
some operating errors. Perhaps most important, when
the station is operating he should be checking where
the weak points are in his design so that these can be
corrected in future systems.

Operation

Chemical engineers have traditionally been
employed in power-station operation because of their
broad technical background. In nuclear stations they
have a vital role to play because of their ability to
appreciate the chemical mechanisms involved in the
various systems.

The pressure of work during the commissioning
of a power station is enormous. Because of the need
to get the station on-line there is a great temptation
to postpone those jobs which are not important
today. Too often chemical control seems to fall into
this category. However, in the case of activity control
this approach can produce a major problem in the
long term. While high oxygen concentration or high
crud levels will not prevent the station sending out
megawatts today they will surely lower the capacity
factor over the next few years as maintenance
becomes more and more difficult in high radiation
fields. The operating chemical engineer can and must
recognize these problems and ensure that the
chemical control systems are kept fully operational
and efficient all the time He also has a responsibility
to feed back information on operating problems to
the designer, together with suggestions from his
experience for overcoming the problems.

There is another distinct position in station
operation for a chemical engineer, that of the
chemical systems engineer. The day-to-day pressures
on the analytical chemists and shift engineers are such
that they are unab'e to assess long-term performance
from daily analysis figures. The chemical systems
engineer is responsible for these assessments and for
the correlation of system chemistry with operating
parameters. In this way, he can recognize when an
undesirable chemical condition is developing and
define the modifications in system design or opera-
tion to rectify or improve it.

OPPORTUNITIES FOR CHEMICAL ENGINEERS IN
NUCLEAR POWER

Atomic Energy of Canada Limited (AECL) at
present employs 86 chemical 'ngineers: the distri-
bution of these is shown in T ibles 2 and 3. These
figures include all positions at all AECL sites.
Approximately 70% of the chemical engineers ure
directly or indirectly involved with the chemistry of
reactors.

Canadian utilities, particularly the Hydro-Electric
Commission of Ontario (Ontario Hydro), will he
expanding their nuclear operations significantly over
the next few years. Their operations engineers arc-
made up principally of chemical, mechanical and
electrical engineers. Over the next decade, another
200 to 300 positions will become available, and it is
important to the industry that competent chemical
engineers are available to take their share of the work.

Chemical engineers are often surprised to learn of
the opportunities available to them in the nuclear
power industry, but clearly they have a vital role to
play in nuclear-power generation, and there are
challenging opportunities in development, design and
operations.

TABLE 2: AECL ENGINEERING STAFF, 1971

BSc Mac PhD Total

All engineers 438

Chemical engineers 65

<Z 15

88

10

11

32

11

34

558

86

15

TABLE 3: AECL CHEMICAL ENGINEERS, 1971

R & D

Design

Operations

Other

BSc

6

15

37

7

MSc

7

1

2

PhD

10

1

-

—

Total

23

17

39

7

•7,

27

20

45

8

45


