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Reactor Boiler and Auxiliaries - Course 133

THE FUNCTION OF A REACTOR

In a nuclear electric generating station heat energy is pro-
duced by the fissioning of nuclei, such as those of uranium, in a
reactor. Thus the source of heat energy is the reactor which is,
therefore, equivalent to the furnace in a fossil fired plant. As
in thermal electric generating station, it is necessary to trans-
port this energy from where it is produced to the turbine where
it is changed to mechanical energy of rotation.

Consideration will be given, in this series of lessons, to
the principles involved in the design of the reactor itself and
the systems, such as the moderator and heat transport systems,
which are associated with the reactor. Separate consideration
will be given to reactor fuel, fuel handling, fuel changing, fuel
storage and fuel transfer.

Review of Reactor Theory

Energy is produced in a reactor as the result of the fis-
sioning of the nucleus of a fissile material such as Uranium-235,
Uranium-238, Uranium-233 or Plutonium-239. The neutrons produced
at fission are used to cause further fission and a chain reaction
is thus sustained. When the chain reaction is just being main-
tained, as in Figure 1, the reactor is just critical, the neutron
multiplication factor, k = 1.0 and the reactivity, ¢k = 0. Under
these conditions the reactor power is steady.

To raise reactor power the neutron losses by leakage or radi-
ative capture are reduced and more than one fission neutron is
used to produce further fissions so that neutron multiplication
occurs. Kk is, therefore, greater than 1.0 and the reactivity is
positive. To reduce power k is reduced below 1.0 by increasing
neutron losses so that §k is negative. %k is only greater or
less than 1.0 while the power is being increased or decreased res-
pectively. When the desired power level is reached, k is then
maintained equal to 1.0 to keep the power steady.

Fissioning of U~238 will only occur with neutron energies

greater than 1.2 Mev and so U-238 is not considered as a nuclear
fuel, although U-238 fissions do contribute to the power produced.

November 1966 (R-0)
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However, radiative capture of neutrons of U-238 forms U-239 which
decays to Pu-239, a nuclear fuel. The nuclear fuel U-233 is
formed by neutron capture in Thorium-232 and the subsequent decay
of the Th-233 formed. U-238 and Th-232 are fertile materials.

Fissioning of U-233, U-235 and Pu-239 will occur with neu-
trons of all energies but the probability of fission occuring
increases as the neutron energy decreases. This increase of
fission cross-section with decrease in neutron energy occurs
because the slower neutron remains in the vicinity of the nuc-
leus for a longer period of time, Neutrons released at fission
have an average energy of 2 Mev whereas the neutrons most likely
to cause fission would be thermal neutrons with energies com-
parable to those of molecules (approximately 0.025 ev). It
would, therefore, be more efficient if the fission neutrons were
slowed down or moderated before being allowed to cause further

fissions.
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As shown in Pig. 2, when fission occurs the nucleus divides
into two new muclei called fission products. These are usually
unstable and decay into other mucleil, also classiflied as fission
products. If not controlled these fission products could bhecome
a radioactive hazard to station personnel. They also absorb neu-
trens to a greater or lesser degree and are, therefore, known as
peisons. The worst peisons that have to be considered are Xenon-
135 and Samarium-149.

The Four Factor Formula

A clearer understanding of reactor design requirements and
reactor classifications is possible if' the factors on which k
depends are considered.

k, the neutron multiplication factor is defined by:-

k = Number of neutrons causing ifission in any one g neration

Number of neutrons causing fission in the previous generation

and the reactivity §k = k-1.
Now
k = n¢pf - neutron leakage

this relationship being known as the four factor formula.

The neutron leakage depends on the reactor size ana shape.
The other terms are defined as follows:-

(a} 7 represents the number of fast neutrons produced by
fission from each, neutron captured in the fuel.
/\\AEFM\
It must be refembered that every neutron captured in the fuel
does not cause fission since radiative capture is also possible.
So v is not the number of neutrons per fission.

If'vis the number of neutrons per fission, then:-

1{:

v x (neutron captures causing fission)
(total neutron captures in the fuel)

In pure U-235 for example Y= 2,48 for thermal neutrons and
the fission cross section = 577 barns whereas the radiative cap-
ture cross section is 106 barns i.e 577 out of (577+106) neutrons
captured in U-235 cause fission.

Hence m = 2.4L8 x g%% = 2,1 for thermal neutrons

n = 2.46 for fast neutrons
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For natural uranium, containing only 0.72% U-235, n = 1.32 for
thermal neutrons.

(b) € , the Fast Fission Factor, is the ratio by which the
fast neutron production is increased because of fast fissions in
U-238. The value of € is not normally more than 1.02 or 1.03 and
it will, therefore, be assumed to be 1.0.

(c) p, the Resonance Escape Probability, is the fraction of
neutrons which avoid resonance capture in U-238 while they are
being slowed down or thermaligzed. If the neutrons are not ther-
malized p=1. -

(d) The Thermal Utilization Factor, f, is defined as the
ratio of neutrons absorbed in the fuel to the total neutrons ab-
sorbed in the reactor (i.e in fuel, sheath, structural material,
heat transport fiuid and moderator if present]). o

Basic R Desien Considerati

The fundamental purpose of a reactor is to continually pro-
duce heat energy by fission. It must, therefore, contaln fission-
ablé material or fuel, oulficient fuel must be present so that a
chain reaction is sustained or that the reactor is critical. The
minimum requirement for this criticality is that k=1,0 or that:-

népf - neutron leakage = 1.0

A further objective is to obtain as much energy as possible
from the fuel i.e to obtain as high a burn-up as possible. If
Just sufficient fuel is provided to make k=1.0, then as soon as
a little fissile material is used k would become less than 1.0
and the reactor would become subcritical. Thus excess reactivity
must be built into the reactor, by providing more fissile material
in order to allow for depletion of fuel as it is used up.

As fuel is fissioned, fission product poisons accumulate
which absorb neutrons. This decreases either n or f or both and
thls again reduces k. Hence enough excess reactivity must be
available, in the reactor, to compensate for the poison build-up.
Some mthod of reactor control must be available to maintain k=1.0
during steady power operation, despite the excess reactivity built
into the reactor and to make k greater or less than 1.0 when in-
crease or decrease in power 1s required.

Suitable choice of reactor material can reduce non-fission
neutron captures, increase the value of f and decreases the amount
of fuel required.
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A third objective which requires consideration, is the
necessity of transporting the heat out of the reactor in a use-
ful form, and therefore, at as high a temperature as possible,

A heat transport system must be associated with the reactor whnich
will transport the heat, produced in the fuel, to the boiler or
turbine. As will be seen later, there are limitations on the
temperature of the heat transport system. '

If it is decided to thermalize the fission neutrons in order
to increase the fission cross-section, a moderator must be pro-
vided, in the reactor, for this purpose. Finally the value of k
could be increased by decreasing neutron leakage out of the re-
actor, A reflector may be used in order to decrease this leakage
by reflecting neutrons back into the reactor.

Conversion and Breeding

It has been estimated that roughly 8 x 1019 Btu of energy are
available from the known coal, oil and gas reserves in the world
which can be extracted at no more than twice the present cost. At
the estimated rate of consumption, these reserves woula be exhausted
in about 100 years.

If the U=235 fuel alone is utilized in natural uranium to pro-
duce energy an estimated 1.2 x 1019 Btu are available. However
if all the U-238 fissile material could be used to produce Pu-239
and the Pu-239 used to produce energy by fission, then the avail-
able energy resources are estimated at 170 x 101§ Btu. A further
7 x 1019 Btu would be available if all the Th-232 could be used to
produce fissile U=-233.

Even if these estimates are only accurate within a factor
of 2, there appears to be no immediate urgency to produce a re-
actor system that could utilize U-238 and Th-232 for energy pro-
duction. The present requirement is the production of economic
power by nuclear fission. However, unless other sources of energy
are discovered, serious consideration will have to be given, in
the forseeable future, to better utilization of availabie resources.

In nuclear physics, a reactor, in which the fissile material
produced from the fertile materigl is the same as the Iissile
material consumed, 15 defined as a breeder reactor. For example
if U-233 1s used as a fuel and U-233 is also producea from Th-232,
then we have a breeder. In a natural uranium reactor, U-235 is
used as a fuel and Pu-239 is produced Irom U-Z238. This is a con-
verter system. Frequently the term breeder is used loosely to
describe both systems.
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The effectiveness of a reactor as a breeder or converter 1s
measured by the CONVERSION FACTOR, c. This 1is defined as the pnet
production of fissile atoms per fissile atom consumed. For there
to be a net gain of fissile material which could be extracted and
used in another reactor, the conversion factor must be at least
equal to 1.0.

An alternative definition of breeder and converter systems
can be made on the basis of thils conversion factor: -

A converter is a reactor system in which ¢ is less than 1.0

A breeder 1is a reactor system in which ¢ is greater than or
equal to 1.0

Now v is the number of neutrons produced per neutron absor-
bed in the fuel and 1.0 of these neutrons must be available to
cause further fissions and maintain the chain reaction. So, the
maximum possible number of neutrons available for breeding or
convaersion is m - 1 and this disregards neutron losses by leakage
and absorption in reactor material., If w is the number of neutrons
lost from the system, per fission, by leakzge or absorption,

cC=7MN-w-1
For good conversion m must be as large as possible and w kept as

small as possible. The following table lists the value of n for
fast and thermal neutrons for the three fissile materials.

U-235 | U=233 | Pu-239
n for fast neutrons 2.46 2.54 2.88
n for thermal neutrons 2.08 2.31 2.03

It may be seen that, in thermal reactors using U=-235 or
Pu-239 as fuel, m - 1 is only just greater tnan 1.0 and, there-

" fore, net breeding or conversion cannot be achieved. It is how-

ever theoretically possible in a thermal reactor using U-233 fuel
and Th-232 as the fertile material.

In a fast reactor, on the other hand, breeding or conversion
is possible with all three fissile materials and is particularly
attractive with Pu-239.

Other quantities of interest when considering breeding pos-
sibilities are:-

The BREEDING RATICO defined as the ratico of the number of fissile
atoms produced to the number of the same kind consumed.

The BREEDING GAIN, G, whichis the number of fissile atoms gained for
each one consumed, ie, the eXcess of the breeding ratio over unity.

The DOUBLING TIME defined as the time taken for the surplus fissile
material produced to equal the total quantity in the fuel cycle.
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A short doubling time means a rapid increase in the produc-
tion of surplus fissile material, which is achieved by having a
high breeding gain.

The conversion factor or breeding ratio alsc affects the fuel
burnup. If the factor ¢ is high many fissile atoms are produced
while fissile stoms are consumed. These new fissile atoms could,
in turn, be fissioned to produce energy and, thus, extend the life
of the fuel, The higher the value of ¢ the greater the utiliza-
tion of fertile atoms.

The maximum or ultimate burnup which can be achieved in the
fuel is given by:-

U.B. = }99 % original fissile atoms
~c
If ¢ = 0.8 U.B., = 500% original fissile atoms = 35,700 MWD/ton

which means that the number of fertile atoms utiliged is four
times the number of fissile atoms present.

If ¢ = 1.0 all the fertile atoms will be used up. However,
there are other factors which limit the fuel burnup and, so, any
net fissile material produced would be extracted if ¢ was high
enough to make this worth while.

ASSIGNMENT

1. What is the minimam condition for reactor criticality and what
are the values of k and § k under this condition?

2. (a) Define the quantities 7 p and f in the four factor formula.
(b) Express the minimum condition of reactor criticality in
terms of the four factor formula.

3. Give two reasons for the fact that excess reactivity must be
built into a reactor.

4, What non-nuclear objective requires consideration during the
design of the reactor-boiler system?

5. What factor will necessitate the use of breeder and converter
reactors in the future?

6. BExplain the difference between a breeder and a converter.

7. Which reactor systems offer the best possibility of net conver-
sion and breeding? Explain your answer.

8. How does the conversion factor or breeding ratioc affect the
fuel burnup?

A, Willianms -7 -
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Reactor Boller and Auxiliaries - Course 133

REACTOR CLASSIFICATIONS - FAST & THEHMAL REACTORS

Development of nuclear power in various countries has de-
pended on a variety of factors not the least of which is the
availability of either water resources or fossil fuel for the pro-
duction of power economically. No country has unlimited water
resources that can be developed and the transmission cost of hydro
electric power from the point of generation to the load centre
will continue to increase and become a major factor in the over=
all cost of power, Fossil fuel resources are also limited and
the costs of production and transportation of such fuel are con-
tinually increasing as the availability decreases., There seems
little doubt that nuclear sources of energy will have to be ex-
tensively utilized for power production. More engineering design
and development is required to demonstrate that nuclear electric
generation is really competetive with fossil electric generation,

It would be ideal if a number of reactor concepts could be
developed ahead of time so that the most suitable or most econo-
mic concept could be chosen when the need arises, However the
cost of experimental facilities, and the cost of scientific, te-
chnological and industrial development prohibit development on
a broad front except in such countries as the United States. Most
countries have concentrated on developing one, or perhaps two,
reactor concepts,

It was seen, in the previous lesson, that there are many
variables involved and, consequently, many types of reactors have
been or are being deveioped. They may be classified in a number
of ways and the following classifications will be considered in
these lessons:-

(a) Classification on the basis of the energy of
the neutrons causing fission.

(b) Classification according to core structure,ie,
homogeneous or heterogeneous.

(c¢) Classification on the basis of the moderator
used,

(d) Classification on the basis of the heat transport
fluid used.

November 1966 (R-0) ‘ -
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The classifications are by no means as clear cut as the
list above would suggest, since there are some factors common to
some or all of the classifications. The discussion will be con-
fined to power reactors as distinct from experimental facilities,

Classification of Power Reactors on the Basis of Neutron Energy

Each fission process produces 2% new neutrons and, for a
chain reaction to be maintained, at least one of these must pro-
duce a further fission, 8o for every 100 neutrons, produced in
one neutron generation, at least 40 must cause further fissions
so as to produce 40 x 2% or 100 neutrons in the next generation,

Now the neutrons produced at fission are fast neutrons with
an average energy of 2 Mev, If the fissions occur in natural.
uranium fuel, 99,3% of the nuclei are U-238 which will only fis-
sion with neutrons having energies greater than 1,2 Mev. Therefore
only half the fission neutrons can cause U-238 fissions, So of
100 neutrons produced at fission, only 50 can cause U-238 fissions,
The inelastic scattering cross-section of U-238, at these neutron
energies, is 10 times greater than the fission cross-section,

So, of the 50 neutrons that could cause fission in U-238, only

5 will do so and 45 will be scattered and lose so much energy that
they can no longer cause U-238 fission, The fast fission cross-
section in U-235 is only 1l.44 barns and, with so little U=235 in
natural uranium, U-235 fast fissions can be ignored.

Therefore, of 100 fast neutrons, produced at fission, only
5 will cause further fissions and produce 5 x 2.5 or 12.5 new
neutrons., Thus, even if leakage and radiative capture are ignored
the chain reaction can not be maintained by fast neutrons in
natural uranium., One of two alternatives are avasilable which
lead to a power reactor classgification as follows:-

(a} Fast Reactors

The U-235 content of the fuel can be increased, ie, the fuel
is highly enriched in U-23%5 with a substantial decrease in U=238,
The U-235 fast fissions are thus, considerably increased and a
fast reac¢tor results such as the Enrico-Fermi reactor. Some re-
duction in neutron energy does occur due to inelastic collisions
of neutrons with nuclel of the fuel and structural material but
most of the fissions are caused by neutrons of energies greater
than 0,1 Mev, The curves in Figure 1 show how the mass of U-235
required for the reactor to be critical varies with amount of
U=-235 enrichment, Curve A refers to a core with fuel only where-
as curves B and C apply to cores with the following compositions
by volume:- : :
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B - 50% fuel, 33.33% sodium, 16,67% stainless steel
C - 25% fuel, 504 sodium. 25% steel

In each case the core is surrounded by a depleted uranium blanket.

_ In all cases the critical mass of fissile material required
increases rapidly below 15% to 20% U-235 enrichment. To avoid
large fuel inventories a practical fast reactor, such as case C
above, would require fuel containing at least 204 U-235 by volume,
The Enrico~-Fermi fuel is an alloy of 28% U~235 with 10% by weight
of molybdenum. Incidentally the critical mass of U-235 in a fast
reactor is considerable greater than in a fast—reacter-is-consider-

. in a thermal reactor with the same fuel com-
position.
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The highly enriched fuel and absence of moderator results in
a small core, the size of the Enrico-Fermi core, for instance,
being 31 inch in diameter and 31 inch high with a thermal power
production of about 200 MW, Therefore, fast reactors have high
power density cores.,, The average heat flux in the Fesmi reactor
is 650,000 Btu/hr/ft“ compared with 100,000 Btu/hr/ft“ for a pres-
surized water reactor of similar thermai output, It is therefore
essential that a heat transport fluid with good thermal properties
be used. The choice is alsc limited to a non-moderating fluid
and liquid metals seem to satisfy both requirements,
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The capture cross-sections of most elements for fast neutrons
are small and since there is a relatively large mass of U=-235 in
the reactor, the macroscopic capture cross-sections of structural
material and fission products are small compared with the macro-
scopic fission cross~section of the U-235,

Consequently there is more flexibility in the choice of
materials and stainless steel can be used instead of aluminum or
zi¥conium. Fission product poisoning is not significant and for
this reason, (and the fact that temperature coefficient of reac-
tivity is low), the excess reactivity required in a fast reactor
is small. '

A large amount of fuel subdivision is required to provide a
large heat transfer area and this increases fabrication problems
and manufacturing costs. The core of the Fermi reactor is made
up of subassemblies of fuel pins each 0.158 in outer diameter,
However the liquid metal heat transport fluid and the use of stain-
less steel allows for high outlet temperatures and good steam
conditions. The heat transport outlet temperature in the Fermi
reactor is BOOCF giving steam conditions at the turbine of
740°F and 600 psi. This compares with NPD steam conditions of
4L509F and 400 psi.

-3 The prompt neutron lifetime is only 10'7 secs, compared with
10 © secs. in a thermal reactor but fast reactors can be con-
trolled satisfactorily on delayed neutrons in the same way as
thermal reactors. It is true that, if the reactivity becomes
equal to the delayed: neutron fraction and the reactor becomes
prompt critical, the power excusion would be severe, However
serious damage would result if a thermsal reactor went prompt
critical and this is less likely to happen in a fast reactor since
the excess reactivity that has to be built into the core is much
less than in a thermal reactor.

The chief advantage of the fast reactor concept lies in the
possibility of using it for breeding or conversion, ie, for
obtaining Pu-239 from U-238 or U-233 from Th-232, As shown in
the previous lesson, the values of v -l (which could be called
the BREEDING POTENTIAL) is generally higher, for all three fissile
materials, with fast neutrons than with thermal neutrons. The

variation of this breeding potential with neutron energy is shown
in the following table,
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Breeding Potential
{n - 1) for neutrons in energy range

Nuclide ‘ ‘
Thermal | 1 to 3000 3 to .10 0.1 to 0.4 0.4 to 1,0
ev Kevy Mev Mev
U-235 1008 0-68 0!90 1012 lc‘l'é
U-233 1.31 0.88 1.29 1.30 1.54

It may be seen, from the table, that it is desirable to have
as little moderation of the neutrons as possible in order to maine
tain as high a value of 1 - 1 as possible. Since the initial
breeder must use U-235 as fissile material, it is even more im-
portant to keep the neutron energy as high as possible., Therefore
a non-moderating heat transport fluid is essential, Even the
use of carbide or oxide fuel can cause some moderation.

Fast reactorshave another important advantage as far as
breeding potential is concerned, Radiative capture in reactor
material is lower with fast neutrons than with thermal neutrons,
This decreases the value of w in the equation

c = n - w -1

w isdecreased still further by surrounding the core with a
blanket of fertile material as shown in the Enrico-Fermi reactor
in Figure 2, The blanket then serves as a neutron reflector to
decrease leakage and those neutrons that do escape are captured in
the fertile material to produce fissile material.
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In order to maintain steady-state conditions in a breeder
operating at constant power, the blanket must be processed at such
a rate as to provide fissile atoms to compensate for those con-
sumed in the core. It should not be necessary to obtain fissile
material from an outside source after the initial loading.

Fast breeder reactors can only be utilized if enrichment and
fuel processing facilities are available, Such facilities, on
the other hand are only economic if enough reactors can be serviced
by them, The cost of fuel and the cost of nuclear power must allow
for the capital cost of such facilities,

(b) Thermal Reactors

Since a chain reaction can not be maintained with fast neu-
trons without considerable enrichment, the alternative is to re-
duce the neutron energy until the fission cross-section of U-235
is sufficiently increased., If the neutrons are reduced to thermal
energies ( ie, thermalized}, the U-235 fission cross-section is
580 barns whereas the radiative capture cross-section is 106 barns.
Thus, even allowing for the low percentage of U-235 in natural
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uranium, the thermal neutron fission cross-section in natural
uranium is 4.2 barns whereas the radiative capture cross-section
is 3.5 barns.

Thus, for every 77 neutrons captured in natural uranium
about 40 will cause fission and produce 40 x 24 or 100 new neu-
trons, For 77 neutrons out of every 100 to be captured, fewer
than 23 neutrons can be lost by escape or radiative capture in
other reactor material. Under these conditions a chain reaction
could be sustained, In thermal reactors the fission neutrons are
thermalized by slowing them down in a moderator. Most of the
power reactors in existence are thermal reactors,

Thermal reactors have several advantages over the fast
reactorsi-

(1) They can use any form of fuel from natural ursnium to pure
fissionable material. This permits a wide range of reactor
sizes depending on fuel and enrichment availability.

(2) Since the fuel used is normally natural or slightly en-
. riched uranium, the reactor is relatively large and this
simplifies the design of the calandria and associated in-
strumentation,

(3) Fuel changing is very much simplified because the fuel
diameter is greater and the fuel channels are further apart.

(4) The power density is lower in a larger reactor with lower
U~235 concentration so that heat removal is less of a
problem, This allows for a wider choice of heat trans-
port fluids especially as the fluid can have moderating pro-
perties,

However, thermal reactors have the following disadvantages
compared with the fast reactor:-

(1) The larger reactor size increases the shielding costs.

(2) The choice of reactor structural material is more limited
because of the higher capture cross-section of thermal
neutrons. This may limit the temperature of the heat
transport fluid and result in poorer steam quality,

(3) There is a high Xenon and Samarium poison load during
normal operation which necessitates having enough excess
reactivity in the reactor to overcome this,
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On reactor shutdown the Xenon load builds up above its
normal equilibrium level, resulting in the so called Xenon
transient. It is impractical and uneconomical to have
sufficient excess reactivity to overcome this transient.
Thus! unles§ the reactor is started up again within 10 or
15 minutes it will be incapable of starting up for several
hours, this delay being known as the poison-out time. The
poison-override time, during which the reactor can start
up after a shutdown, can be extended by booster fuel rods
but this necessitates a higher fuel inventory.

ASSIGNMENT

Explain why fission neutrons can not maintain a chain reac-
ticn in natural uranium, ‘

How is the chain reaction maintained in a fast reactor?

What are the two requirements for the heat transport fluid
in a fast reactor?

Give two advantages of fast reactors over thermal reactors.

Explain why a fast reactor concept offers breeding or con=-
version possibillities.

Why is a chain reaction maintained in natural uranium by
thermal neutrons?

List two advantages and two disadvantages of a thermal reactor
as compared with a fast reactor.

A, Williams
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Reactor Boiler and Auxillarles - Course 133
REACTOR CLASSIFICATIONS - TYPES OF THERMAL REACTORS

In the previous lesson reactors were classified on the basis
of neutron energy and the various advantages and disadvantages of
fast and thermal systems were enumerated. It was mentioned that
most of the reactor systems, at present in operation, are thermal
reactors.

Thermal reactors will now be classified further on the basis
of core structure, the moderator used and the heat transport sys-
tem used, Some referernce will be made to the advantages and dis-
advantages of each type, but some of these considerations will
be discussed later when moderator and heat transport system
properties are discussed.

Homogeneous and Heterogepneous Thermal Reactors

If neutron leakage from a reactor is ignored the condition
for criticality is that:

k = yépf = 1
Once the choice of a thermal, as distinct from a fast,
reactor has been made, the choice and arrangement of fuel, modera-
ter, heat transport fluid and structural material must be such
that this criticality condition is satisfied,

There are two possible arrangements of fuel and moderator:

(a) Homogeneous Svstem

In this type of reactor the fuel and moderator are intimately
mixed together., The uranium can be in solution in the moderator
or in fine suspension called a slurry. Other possibilities, which
have been considered, are uranium tetrafluoride dissolved in a
mclten salt such as beryllium fluoride or dissolved or suspended
in a liquid metal,

In a homogeneous system the fission neutron is immediately
in contact with moderator nuclei and would not have enough energy
to cause fast fission in U-238, Hence € =1,

The value of m depends only an the fuel composition. For
natural uranium fuel =7 = 1,32.

November 1966 (R-0) -1
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Therefore, ignoring leakage, the condition for criticalitv
1s that

pf = j:l?E = 0,77

*

i.e,, pf = 0.77 1is the minimum condition for a chain reaction
to be sustained in a homogeneous system,

Both p and f depend on the proportion of fuel to moderator
in the homogeneous mixture. The table below shows how p, T and
the product pf vary with this ratio of moderator to fuel atoms
in a homogeneous mixture of graphite and natural uranium.

Mod. atoms

Fuel atoms P r pf
200 0.579 0.889 0.515
300 0.643 0.842 0.541
400 0.682 0,800 0.546
500 0.693 0,762 0,528

From the table, it may be seen that the problem is that as
the moderator/fuel ratio is increased, p increases, because there
is better thermalization of neutrons, but f decreases, because
there is more neutron capture in the moderator and less neutron
capture in the fuel. The maximum value pf can have is only 0,55
whereas the value must be 0,77 to sustain a chain reaction. So a
chain reaction can not be maintained with a homogeneous mixture
of graphite and natural uranium.

A similar situation exists with homogeneous systems of
natural uranium and either light water or beryllium, With heavy
water as moderator the optimum ratio of moderator to fuel gives
a maximum value of pi of 0.78, which corresponds to a maximum
value of k = 1,03, This does not allow for neutron leakage nor
does it allow for build-up of fission preoduct poison, This means
that the size of reactor required, with a natural uranium - heavy
water homogeneous mixture, would be too large to be practical.

What could be done to make such a system practical? The
answer lies in increasing the value of 7, For a practical reactor,
in which fuel consumption and poison accumulation are allowed for,
K would have to be around 1,1 to 1.2. Therefore the value of Ul
required is given by
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= = 1 ] \ N -
1 of 558 1.54 for D,0 moderator

-~ = 2, 18 f4r graphite moderator

The oniy wav to increase v is to increase the L-235 concentration
(R) in the fuel, i.e., enrich the fuel., Figure 1 shows how the
value of 7 varies with
the U-235 concentration
AN ' in the fuel. The U-235
1- concentration in natural

.O uranium is 0,00715
" (0.715%). TFor a Dp0
9. moderated homogeneous

system to be practical,
the U-235 concentration
would have to be in-
creased to about 0,02.

It can be seen from
Figure 2 that a value
of 7 of 2.18 could not
be obtained. However,
0 -ﬂwmvw~?6 0 "MWHﬂw“Mrz??fﬁ' R as the enrichment in-
» 05 ' creases, the U-238 con-
tent decreases and the
_ value of p consequently
Fig. 1 increases. This re-
duces the value of -
required for the graphite homogeneous system below the 2.1 value
shown above. The decrease in the required value of 1 is such
that, with a graphite moderator, the enrichment required is
about a factor of 10 higher than with a Dp0 moderator.

N T = i T R AV A

The graph shows that there is very little to be galned, in
the value of 7 , by making R greater than 0.1 but, as mentioned
above, the value of p increases with larger values of R because
the U-238 concentration decreases.

Homogeneous experimental reactors have been operated success-
fully. HRE-1, containing a solution of highly enriched uranyl
sulphate in ordinary water, operated at 1.6 Mwt at Oak Ridge
National Laboratory and produced electricity in 1953, HRE-II

used a dilute solution of U-235 in heavy water and operated at
5 Mwt until 1961,

What advantages would such a system have? Since the fuel is
a fluid, some of the factors that limit burnup are avpided. As
shown in Figure 2, the reactor vessel is a simple container with
little or no structure to capture neutrons.
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The HRE~II reactor vessel, shown in Figure 2, is surrounded
by a pressure vessel, which was intended to contain a blanket for
breeding. It actually carried heavy water, Figure 3 shows the
type of circulation arrangement that would be used for a core and

’

blanket system,

Dimensional changes due to irradiation and fission product
gas pressure build-up do not occur. Also, the fuel-moderator mix~
ture is circulated from the reactor through the external boiler
and back to the reactor, It is therefore relatively simple to
continuously remove fission product poisons., Fabrication costs,
which are significant for solid fuel, are of little or no im-
portance in liquid fuel reactors, All these factors offer the
possibility of reducing fuel costs, In addition reactor control
may be very much simplified since the reactor can be made critical
or sub-critical by changing the fuel concentration. Such systems
are inherently safe because thev have a large negative tempera-
ture coefficient of reactivity and are, therefore, self-regulating,

There are, however, several disadvantages and several prob-
lems that still have to be solved. Because of the circulation of
the fuel outside the reactor, many of the delayed neutrons are
born outside the core, It is, therefore, necessary to rely on
the large negative temperature coefficient of reactivity in order
to have a stable system. There are drawbacks in circulating high-
ly corrosive solutions such as uranyl sulphate and there are still
unsolved problems in this area, Another disadvantage is the
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circulation, outside the reacter, of highly radicactive fission
products and the shielding problems associated with this. Radio-~
lvtic decomposition of water and the high vapour pressure of
agueous solutions necessitates pressurization to 1000 psig or _
2000 psig. The maximum practical temperatures are low (4820F for
HRE-II) and so the thermodynamic efficiency of the system is
limited.

(b) Heterogeneous Systems

The alternative to using a homogeneous system with enriched
~fuel, is to use a heterogeneous system. In such a system, shown
in Figure 4, the fuel is in the form of lumps or rods arranged

in a regular pattern or lattice in the moderator,
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Fig. 4

The rod arrangement, inside fuel channel, is preferred since
it fixes the fuel location, makes fuel changing easier and enables
the heat to be removed from the fuel. This type of arrangement
increases the value of € because the fast neutrons are now re-
leased in the fuel and are more likely to cause fast fissions in

U-238 before escaping into the moderator. € will now be 1.02 to
1.03,

The value of p is increased because the neutrons, after _
leaving the fuel, are slowed down in the moderator before entering
the next fuel rod. With correct rod separation, {or lattice

-5 -
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pitch), most of the neutrons are thermalized before entering the
next rod. '

The thermal utilization factor, f, is decreased in a hetero-
geneous system because relatively fewer neutrons are captured in
the fuel, However, unless the moderator has a large neutron cap-
ture cross section, the decrease in f is small and can still be
0.9 or greater.

Thus pf = 0.85 or more compared with 0.55 with a graphite
homogeneous system and 0.78 with a Do0 homogeneous system, Hence,
with natural uranium fuel and n = .32,

k = 0,8 x1,02 x 1,32 = 1.14 without leakage.

This wvalue of k makes a chain reaction possible provided the
moderator absorption does not decrease I too far, This will be
discussed further when moderator properties are considered,

Tvpes of Heterogeneous Reactors

The classification of heterogeneous reactors may be based on
the type of moderator used or on the heat transport system em-
ployed, The basic requirements and properties of moderators and
heat transport systems will be discussed at length later, It is
sufficient, for the moment, to list the moderators and heat trans-
port fluids in general use.

The moderator may be:
1. Light water, 2, Heavy water, 3. Graphite, or 4, Organic liquids.

The heat transport system may be:

1, Pressurigzed light water 2. Pressurized heavy water
3. Boiling light water 4, Beiling heavy water

5. Gases such as COp or helium 6. Liquid metals

7. Steam or fog 8. Organic liquids

There are many possible arrangements or combinations of
moderator and heat transport systems but only the combinations
actually in use or to be in use will be discussed briefly. A
brief reference will be made to their advantages and disadvantages.

{a) Light Water Moderated Reactors

The pressurized - light water reactor and the boiling - light
water reactor are the principal types in this category. HRecent
developments have tended to bring the two concepts closer together,



Some local boiling is now tolerated in the pressurized-water
systems and boiling-water reactors operate at elevated pressures,
in any case. It is therefore better to designate them as reac-
tors using the indirect cycle and requiring a heat exchanger or
boiler to produce steam and reactors using the direct cycle, the
steam being produced in the reactor and transported directly to
the turbine.

The PWR and BWR types have a heat transport fluid which also
acts as the moderator., Hence both moderator and heat transport
fluid are pressurized and must be contained in a pressure vessel
as shown in Figures 5 and 6, S PN
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Figure 5 shows the Belgian BR-3 pressurized water reactor as a
typical example of a PWR type, The boiling water reactor, shown
in Figure 6, is the Big Rock Point reactor in the U,S. The
figures illustrate how very similar the BWR and PWR types actu-
ally are,

The use of light water moderator makes it impossivple to main-
tain a chain reaction with natursl uranium fuel, Slightly en-
riched fuel must therefore be used which necessitates an enrich-
ment plant. Typical enrichment used is from 2% to 5% U-235, The
critical mass required in such a reactor is around 50 or 60 kgm
U~-235 compared with 600 or 700 kgm U-235 or more in a fast reacton
Since enriched fuel has to be used it is possible that it might
be advantageous to increase the enrichment in order, say, that
stainless steel fuel sheaths and fuel channels can be used. This
would give better fuel integrity, reduce corrosion and reduce the
material and fabrication costs associated with zircalloy.

Because the same fluid is used for both moderator and heat
transport medium, only thin tubes are required, as fuel channels,
to guide the fluid over the fuel, This tends to decrease the
neutron absorption in the reactor structure,

In the case of pressurized water reactors, the heat trans-
port temperature must be kKept as high as possible for good thermo-
dynamic efficiency., To prevent boiling, even at modest operating
temperatures, the heat transport pressure must be as high as 1000
psi to 2000 psi, The whole reactor vessel must withstand these
high pressures. It is estimated that for a 500 Mwe reactor the
vessel would have an internal diameter of 12 feet and a wall
thickness of 11 inches, It is difficult to fabricate large vessel:
of this sort with wall thicknesses greater than 9 to 10 inches.
This limits the maximum temperatures at which the heat transport
systems can operate. It is also difficult te transport such ves-
sel and 350 tons is an accepted maximum weight., This tends to
restrict the maximum power. Field fabrication technigues have re-
duced the severity of the problems.

In the boiling water type the pressure is built up as the
Steam is produced in the core and the pressure is generally lower,
The pressure vessel thicknesses are, therefore, smaller being
around 5 inches to 6 inches. Even so, there are limitations on
both operating temperatures and reactor power.

Because the pressure vegsels are so thick, severe thermal
stresses could be set up by radiation absorption. It is, there-
fore, necessary to place a thermal shield between the reactor
and its containing vessel to reduce the radiation absorption in
the vessel,

Finally, refueling at power is impractical with this type of
reactor because of the large number of penetrations required
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through the vessel head. The reactor is sized so that it can
operate for six months or so without refueling, The refueling is
then carried out with the reactor shut down and depressurized.
This means that the dome or head of the reactor vessel must be
removable to permit this refueling.

e B

Although no reactor has, as M) —_n  na

vet, been constructed which uses | o

fog or steam as the heat transport o e, s
fluid, there are two reactors

which have a nuclear superheating
section in the core through which
steam is passed, These are the
Pathf'inder and Boiling-Nuclear
Superheat (Bonus) reactors, the
former in South Dakota and the
latter in Puerto Rico. The
Pathfinder reactor is illus-
trated in Figure 7. It may be
seen that light water is boiled
in the outer core region where
the light water acts as moderator
and heat transport fluid. The
saturated steam passes through
steam separators and dryers and
the dry steam then passes down
through the centre superheater
region of the core., In this way
steam at 8259F is obtained which
leads to savings on turbine size
and cost,

(b) Heavy Water Moderated Reactors

Heavy water has a much lower neutron capture cross section
than light water., The principal advantage of using heavy water as
a moderator is, therefore, the neutron economy that can be
achieved with it. The thermal utilization factor, f, in the four
factor formula, is increased because of lower neutron capture in
the moderator, Neutron economy is so much improved that, not only
can natural uranium fuel be used, but that this fuel can be used
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in oxide or carbide form.

an enrichment plant.

Thus, there is no longer any need for

In addition oxide or carbide fuel improve

the fuel integrity and the fuel is less susceptible to distortion

Higher conversion factors and breeding ratios are possible

because the factor w 1is

amaller, This, combined with the im-

proved fuel integrity, enables high fuel burnups to be obtained.
There are promising breeding prospects using the U-233:Th-232
system because the value of " for thermal neutrons is 2.31.

A variety of heat transport fluids can and have been used

with heavy water as a moderator,.

ted reactors which have

a heavv water heat transpert fluid.

Most of the heavy water modera-
been constructed or are being designed us
This maintains the good neu-

tron economy and retains the good handling and thermal character-

istics of light water,
Figure 8, is a pressure

The Swedish R-3/Adam Reactor, shown in
vessel type of reactor with the moderator

and heat transport fluid being intimately mixed and at the same
temperature,

The Halden Boiling
similar arrangement but
only advantages offered
equivalents, are use of

economy., However, they
and restrictions of the
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Thermalization of neutrons requires far fewer elastic col-
lisions in light water than in heavy water, Thus, in heavv water
the separation of fuel channels (i.e., the lattice pitch) must be
greater than in light water, if the resonance escape prcbability,
p, is to remain high., This larger fuel channel separation require-
ment has been utilized to advantage in the "pressure tube" reactor
concept which avoids the problems inherent in the pressure vessel
type of design.

HORIZONTAL SECTION REACTOR. GVIR . .., -
r an

- 11
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In the Carolinas Virginia Tube Reactor (CVTR), shown in
Figure 9, the moderator is contained in a cylindrical tank sur-
rounding U-shaped pressure tubes containing the fuel and heavy
water heat transport fluid. The pressure tubes are vertical and
are suspended from a support structure resting on top of the
moderator tank. Slightly enriched U0 fuel is used, the eritical
mass required being 11,2 kgm U-235, JFour fuel assemblies are re-
placed every 6 ~ # weeks with the reactor shut down.

The Nuclear Power Demonstration Reactor (NPD), shown in
Figure 10, is fairly typical of the Canadian power reactor de-
signs. The moderator is contained in a cylindrical drum or
calandria the axis of which is horizontal, Horizontal pressure
tubes, containing natural UO, fuel and heavy water heat transport
fiuid, pass through this calandria,

In beth these pressure tube reactors, the heat transport
fluid only is pressurized. The moderator, being separated from
the heat transport fluid, is also at a much lower temperature.
The NPD type of reactor has the added advantage that it permits
bi-directional refueling at full power., This maintains symmetri-
cal thermal neutron flux distribution throughout the reactor and
permits efficient fuel utilization without the expense of shut-
downs,

The main economic disadvantage of heavy water reactors has
been the high capital cost resulting from the larger size core
and the high cost of heavy water. Lower costs of heavy water in
the future will decrease the heavy water capital costs involved
and decrease the operating costs due to heavy water losses. Some
disadvantages remain, however, primarily because of the use of
pressurized heavy water as a heat transport fluid. Heavy water
leakage is difficult to eliminate altogether although improved
engineering design and fabrication in the future will minimize
such losses., In the meantime heavy water collection and re-
covery systems add to the capital cost of the stations. The
leaking heavy water contains tritium which presents an added
health hazard requiring careful control. Radiolytic deccmposi-
tion of heavy water is another source of heavy water losses and
presents a possible hazard because of deuterium build-up, Recom-
bination units are used to recover the losses and keep the deu-
terium concentration within acceptable limits.

Other reactor concepts, using heavy water as moderator, have
been and are belng given consideration. The CANDU-BLW station,
to be built near Gentilly, Quebec, is a vertical pressure tube
reactor using boiling light water as the heat transport medium.
This statlion 1s expected to be producing power in 1971. This
may well lead to a future concept in which the steam produced
in one region of the reactor is superheated in another region.
The problem involved is to increase the fuel heat rating without

- 12 =
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using sheathing and pressure tube material which will necessi-
tate fuel enrichment. Organic liquids have also been proposed
as heat transport fluids and the WR-1 reactor at Whiteshell,
Manitoba, 1s designed specifically for engineering studies and
development of organlic heat transport flulds. Organic liquids
would allow much higher temperatures to be =zchieved with little
or no pressurization.

Figure 11 shows a heavy
water moderated reactor, using
carbon dioxide as heat trans-
port fluid. This HWGCR (Heavy
Water Moderated Gas Cooled
Reactor) is being constructed
in Czechoslovakia and has a
heat output of 590 Mwt., It
uses natural uranium fuel and
has a designed outlet gas tem-
perature of 425°9C {797°F),
This will enable better steam
conditions to be obtained
than would be possible with
pressurized or boiling water
systems,

(c) Graphite Moderated Heactors

The major portion of the nuclear power being produced today
is generated in graphite moderated reactors with gas as the heat
transport fluid, The Hinkley Point reactor, shown in Figure 12,
is a typical example. The fuel used is natural uranium metal
clad with Magnox, a magnesium alloy. The heat transport fluid is
carbon dioxide gas at a pressure of 150 to 250 psia, A chain re-
action could not be sustained using oxide fuel and a graphite
moderator., Even with uranium metal, very high grade graphite
must be used and 2000 tons of this are required., This introduces
structural problems of locating and constraining the graphite and
controliing differential expansion between it and the pressure
vessel in which it is contained., The Hinkley Point vessel is 67
feet in diameter and this factor alone limits the vessel thick-
ness and consequently the operating pressure. In comparison, the
Douglas Point calandria is less than 20 feet in diameter and the
Dresden boiling light water reactor vessel is around 12 feet in

- 13 -
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diameter, The resulting
high capital cost is compen-
cated for to some extent by
the lower fuel costs,

The temperature of the
fuel, and therefore of the
COp, is also limited because
of the alpha to beta phase
change that occurs in the
uranium metal fuel and be-
cause of the temperature
limitation on Magnox., Steam
temperatures are, therefore,
limited to about 740°F, A
chemical reaction also occurs
between the COp and the
graphite at higher tempera-
tures, Gases have poor heat
transfer characteristics and
have high pumping power re-
quirements, so0 that up to
20% of gross plant power may
be needed for gas circulation.

There is considerable incentive to develop satisfactory
methods for using carbon dioxide at higher temperatures since
this also reduces the pumping power requirements. The Advanced
Gas-Cooled Reactor (AGR) in the U.K. used slightly enriched UO,
fuel in stainless steel cladding with graphite moderator. The
CO, temperature is 10700F at the outlet, giving 850°F steam at
650 psi. The use of enriched fuel reduces the diameter of the
pressure vessel to 21 feet. Chemical reaction between the COs
and the graphite is inhibited by adding methane to the CO5.

The fuel channels also have removable liners.

It would still appear that there are better prospects of
higher heat transport temperatures and, therefore, better steam
conditions if a fluid other than CO; is used as the heat trans-
port medium. The Peach Bottom High Temperature Gas-Cooled Reactor
uses an Uranium-Thorium fuel combination and helium as the heat
transport fluid. The fuel is in the form of carbides dispersed
in graphite and clad in a dense, impervious graphite, The reactor
is also graphite moderated. It is hoped to obtain a heat trans-
port temperature of 1380°F, providing 1000°F steam at 1450 psia
and a net thermal cycle efficiency of 35%, 1t is also hoped to
have fuel burnups approaching 75,000 Mwd/tonne by Th-232 conver-
sion,

An alternative heat transport fluid has been used in the
Hallam Nuclear Power Facility shown in Figure 13.

-y o
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The core is composed of hexagonal graphite "logs"™ canned in
stainless steel. The fuel channels, containing slightly enriched
uranjum, are located at the corners of the hexagons., Sodium is
used as the heat transport fluid and an intermediate heat ex-
changer is used to transfer the heat to a secondary sodium cir-
cuit which is connected to the boiler, A core outlet temperature
of 9459F is achieved and superheated steam at 833°F and 850 psig
produced,

{d} Organic Moderated Reactors

The advantages of organic liquids as heat transport fluids
have been mentioned already, The moderating properties of an
organic, such as diphenyl (CypHyg) are not very different from
those of light water. Both require some fuel enrichment to make
a self-sustained chain reaction possible. There seems to be no
advantage, then, in using an organic moderator unless both the
moderator and the heat transport fluid are of the same material
and the pressure vessel concept is used,

The Pigua Nuclear Power Facility, shown in Figure 14, uses
this concept. The fuel used is an alloy of 1,94% enriched uranium
metal with 3,5% bv weight of molybdenum and about 0,1% by weight
of aluminum. The combined moderator and heat transport fluid is

- 15 -



a mixture of terphenyls. An
outlet temperature of 575°F
can be obtained with a pres-
sure of only 120 psia. The
use of inexvensive materials
and the fairiv low pressurs
requirements lead to compara-
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Explain why fuel enrichment is required in a homogeneous
reactor system and indicate the degree of enrichment re-
quired with heavy water and graphite moderators.

Briefly enumerate the advantages and disadvantages of a
homogeneous reactor system.

What factors are affected and in what way are they affected
by using a heterogeneous, as distinct from a homogeneous,
arrangement of fuel and moderator?

What similarities exist between pressurized and boiling
light water reactor and in what principal ways do they diffe

(a} How are some’ of the basic disadvantages of the boiling
water reactors overcome by using a system such as that
used in the Pathfinder reactor?

(b) What basic problem is involved in applying the same
principle in a reactor using natural uranium fuel?

Briefly state the principal advantages of using heavy water
moderated reactors and the principal disadvantages if heavy
water is also used as a heat transport fluid.

What advantages are inherent in the horizontal pressure
tube concept?
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Specify the problems inherent in the Hinkley Point type
of reactor and the reasons for the temperature limitations
imposed in such a system,

What are the alternative heat transport fluids that could

be used in a graphite moderated reactor and what effect
would they have on the above limitations?

A, Williams

- 17 -



Reactor Boller and Auxiliaries - Course 133

REACTOR CONSTRUCTION

As was seen, in the previous lesson, there are many different
concepts for power reactors involving different combinatlons of
fuel arrangements, core arrangements, moderators and heat trans-
port flulds, Consequently there are many possible variations in
design and construction of power reactors, Some of the associated
problems may be common to more than one concept. Other problems
may be specific to a particular type of reactor. The major pro-
blems will be dlscussed 1In this lesson, particularly those in-
volving the cholce of reactor structural materials,

Reactor Components

It has already been sald that the basic function of a reactor
is toreontain the required combination of fissile material. (or
fuel) and moderator to sustain a chain reactlion, A further -ebs...
jective is to obtaln the maximum burn-up possible from tie-fuel
and a third objective is to transport the heat from the fuel in
ag useful a form as possible, (1.e. at as high a temperature
as possible, }

The principal components that may be required to fuifill
these functions or obJjectlives are:-

a, Puel which includes the fissile material and fertile or
alloying materials that may cause dilution of the fissile
material,

b. TPFuel cladding or sheaths 1f the fuel is solld, the main
purposes of which are to prevent dispersion of fuel throughout
the heat transport system, to prevent release of fisslon
products which would contaminate the system and to prevent
a possible chemical reaction between the heat transport fluid

and the fuel materlal.

c. Heat transport fluld to transport the heat from the fuel.

d., Fuel channels or tubes to position the fuel in the reactor,
and so simplify fuel changing, and to direct the heat trans-
port fluid over the fuel,

November 1966 (R-0) | -1 -
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e. The mederator, in a thermal reactor, to thermalize the
fission neutron.

f. The reactor vessel to contaln or position any or all of the
above components.

g. Reactivity mechanisms used to vary the excess reactivity in
the reactor eifther for power regulation, to compensate
for reactivity changes or to shutdown the reactor,.

h. A reflector to reduce neutron leakage which may also be a
blanket used for breeding.

It may be necessary to provide some means of thermally
insulating the moderator from the heat transport fluld., The
reactor vessel may also contalin structural material to strenghthen
the vessel 1tselfl, to support the moderator and reflector or to
gulde the reactivity mechanism. A thermal shleld may be located
inside the reactor vessel to reduce heat generatlon in the vessel.

The components such as the fuel, fuel cladding, heat trans-
port fluld, moderator, reactivity mechanisms and reflector will
be dlscussed In later lessons, In this lesson the discusslons wlll
be confined to reactor and reactor vessel structural components,

Struetural Material Regulrements.

The requirements of a reactor structural material will vary
to some extent, wilth the type of reactor and with 1ts specifilc
purpcse in the reactor. In particular 1t wlll depend on whether
or not the material is inside the reactor core, The reactor core
may be defined as the reglon, wlthin the reactor vessel which
contributes directly to the production of energy and the removal
of the energy from the fuel, It will, therefore, lnclude all
materials or components, such as fuel, cladding, heat transport
fluld, fuel channels and moderator, up to the outer boundaries
of the moderator or within the reflector, i.e. in the reglon
where neutron conservation or economy 1s a2 primary conslderation.

Structural material requilrements may, however, be stated
as follows:

(a) They must have small neutron capture cross-sections, parti-
cularly in the core region. This reduces neutron capture
in materials other than fuel and increases the thermal utlli-
zation factor, f. It also reduces the factor w and, thereby,
increases the conversion factor or breeding ratioc. The fol=-
lowing table lists the thermal neutron absorption cross-
sections, ¢, in structural materials or elements to be found
in structural materials,
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Material o, (barns) Material o, (barns)
Magnesium 0.069 Inconnel ~ 4.1
Zirconium 0.185 Monel ~ 4.2
Aluminum 0.24 Nickel 4.6
Aluminum (23) ~ 0.26 Vanadium 5.0
Aluminum {38) .. 0.36 | __ Titandum _ __ _ 5.8 ___

L Tin . _ 0,6 Manganese 13.2
Niobium 1.2 Tungsten 19.2
Molybdenum 2.7 Tantalum 21.3
Iron 2.6 Cobalt 37.0
Chromium 3.1 Hafnium 105
Stalnless Steel ~ 3.1
Copper 3.8

The materials above the [lrst dotted line have absorptlion
cross-sections below 1 barn and they, or their alloys, could be
considered for use in a thermal natural uranium reactor. The
group below the second dotted line have cross-sections 1n excess
of' 10 barns and could not, in general, be considered as core
structural materials in a thermal reactor. The materlials with
intermediate cross-sectlions might be used in a thermal reactor
using enriched fuel.

The absorptlion c¢ross-sections for fast neutrons are substan-
tially smaller than for thermal neutrons e,g. 95 = 0,006 for iron
at 1 Mev, Also the quantity of flsslle material, relative to
structural material, in a fast reactor ls much greater than in a
thermal reactor. Therefore, the neutron utllization factor tends
to be higher, As a result, structural materlal, which could not
be considered 1n a thermal system, can be used in a fast reactor.
Other material properties are then more important and stainlesas
steels, niobium, molybdenum, tantalum and tungsten would appear
attractive, the latter two because of their high melting points.

There is, of course, a much wider choice of materials for
structural components outside the reactor core, since neutron
absorption crogs-section 1is no longer important.

(v) They must be able to resist radiation damage effects,
Absorptlon of radlatlion and scattering of neutrons in mate-
rlals causes changes 1n the physleal propertles of the mate-
rial. Changes in strength, ductility and thermal conductlvity
occeur inmetals. Organic materials may have their essentlal
properties drastically changed.

This resistance to radlation damage 1s particularly
important in the reactor core because of the higher radiation
intensities but radlation damage, particularly decrease in
strength, may be serious in the reactor vessel itselfl,
Because of the adverse effects of intense nuclear radlation
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on most organlc materials, reactor structural components are
predominantly metallie in construction.

(¢) They should not become radiocactive as a result of neutron
capture or, 1f they do become radicactive, the radicactive
nucleus should have a short half-life and, preferably,
emlt no gamma radlation, Corroslion or erosion causes small
guantities of structural material to be cireulated around
the moderator and heat transport systems, If these corrosion
products become radloactive as they circulate through the
reactor and gamma ray emitters result, then the equipment
assoclated with these systems will not be accesslible during
reactor operation, Shielding will be required to protect
personnel from the radiation emitted., The radicactive
corrosion products may well plate out on plpeg, pumps and
other equipment and the presence of long half-life nuclei
would cause serious maintenance problems, The radiocactive
nuclel that would present the most serlous problems are
those given in the followlng table:-

Nucleus [Cr-51| Mn-56 | Fe-59 [Co~-60 | Zn-65 | Zr-95| Mo-99| Ta-182

t3 284 2.6h | 454 5.3y | 250d 63d 67h 1124

(Mev)
¥ energy | 0.32} 2,1 1.3 1.3 (1.1 0.75] ©0.78| 1.1

(d) Thelir mechanical properties, such as tensile strength, impact
strength and rupture stress, must be adequate for the opera-
ting conditions. The reactor vessel and its internal compo-
nents constitute a mechanical structure which must support
1tself under elevated temperature and possibly under elevated
pressures,

(e) They must be able to maintain stabllity under severe thermal
stress, Conslderable internal heating of reactor components
may occur as a result of radlation absorption or slowing
down of fast neutrona. The removal of heat from the exterior
of such components results in high temperature gradlents
within the material. Thermal stresses may be particularly
severe during reactor startup, power changes or reactor shut-
down,

(f) They should have high thermal conductivity so that there is
efflelent transfer of the heat generated in the components,

(g) They must have good corrosion resistance so that they¥ are
not chemically atfacked by the moderator or heat transport
fluid.

(n) The coefficient of thermal expansion must be low or well
matched to that of other materilals.
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(1) They should have good fabrication characteristics.

(J) They should be readily avallable in pure form. Small
amounts of Impurlities could cause large increases in the
neutron absorption cross-section and impair the ductility.

(k) The cost should be reasonable.

Properties of Possible Structural Materials

From a consideration of absorption cross~gection only
Magnesgium, Aluminum, Tin and Zirconium are attractive as possible
materials In a thermal natural uranium reactor. Tin must be re-
Jected, as a structural material, because of other considerations,
Magneslum 1s too reactive chemically although its alloy, Magnox,
1s used as cladding material in reactors using CO, as heat
transport fluld,

If enrichment can be tolerated then the most attractive mate-
rials are the lron and steel alloys, mainly because of cost.
Many other materlals can be considered for high temperatures
particularly in fast reactors.

The most common materlals, Aluminum, Zirconium and steel,
willl be consldered in detalls and brief reference will be made
to some of the other possibilitiles.

(a) Aluminum and its Alloys

Aluminum has a low thermal neutron capture cross-section.
In addition 1t is relatively cheap and easily produced and fa-
bricated. It 1s relatively easily rivetted, welded, forged and
machined and cast shapes can be produced if proper care is taken
to prevent porosity. It has good corrosion resistance at low
temperatures but thls resistance decreases even at moderately
elevated temperatures., It 1s particularly susceptible to galvanic
corrosion and pittinglf small particles of foreign material are
present, 8So care must be taken to keep aluminum surfaces free
from other metals, partlcularly copper.

The pH of water 1n contact with the metal must be carefully
controlled between 5.5 and 7.0, since 1t 1s subject to acidic and
basle corrosion.

The thermal conductivity of aluminum is particularly good
faround 121 Bgu/hr-ft-OF). Its coefficient o? linear exgaﬁsion
is 14.8 x 107° per °F between 20°C and 400°C. It has moderate
mechanical strength (13000 psi with 30 - 35% elongation} and
igzéanot subject to appreciable radiation damage. It melts at
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Both the mechanlcal strength and the corrosion resilstance
can be substantially improved by alloying with sllicon, lron
manganese ete, The addition of copper, however, reduces the
corrosion resistance. Most aluminum alloys suffer severe reduc-
tion in tensile strength at temperatures as low as 400°F. There
is therefore a temperature limitation on the use of aluminum or
its alloys.

(b) Zirconium and its Alloys

Zirconium has a unigue combination of properties which
makes 1t a useful metal in reactor constructlion. In the pure
state it has a thermal neutron absorption cross-gection of only
0.185 barns which 18 even lower than that of aluminum. It
occurs with hafnlum in nature and 1t has similar properties to
hafnium. This makes the removal of the hafnlum difficult and
expensive and it is imperative that it be removed slnce it has
an absorptlon cross-section of 105 barns.

The melting point of Zirconium is 3355°F.its thermal conduc-
tivity is around 12 Btu/hr-ft<-°F (about one-tenth of that of
aluminum )} and 1ts coefficient of linear expansion about 3 x 10~
per °F. It has good structural properties compared with aluminum
(50,000 - 60,000 psi tensile strength with 24 - 30% elongation}).
As a pure metal it is ductile and easlly fabricated,

Annealed Zirconlum 1is significantly affected by neutron
irradiation the yield and tenslle strengths belng increased about
10,000 psi. Cold-worked zirconlum, however, 1s not signiflicantly
affected. The strength of zirconium decreases rapldly with tempera-
ture but it 1s still greater than that of aluminum,

Alloys of zirconlum are generally used in reactors but the
alloying elements have to be carefully chosen so as not to in-
erease the neutron absorption cross-section., Thus, the addltion
of nlekel, iron or chromium would greatly diminish the usefulness
of zirconlum as a reactor material, Tin, which has a small
absorption cross-section, could be used as an alloying element,
Alloys of zirconium, such as zircalloy-2, 3Z1 and zircalloy-4,
have better room-temperature and eilevated-temperature strength
than pure zirconium. These alloys are much superlor to aluminum
in the intermediate temperature range but do not have sufficient
strength for operation at high temperatures. For lnstance, at
900°F, the creep strength of zirconium alloys is only one-fifth
of that of stalnless steels,

Pure zirconium has outstanding corrosion resistance to high
temperature water and steam. Zirconlum suffers less attack in wa-
ter at LOO°F than stainless steel. It also has good resistance
to liquid sodium up to 1100°F. Small amounts of Impurities can
seriously impair its corrosion resistance to hlgh temperature water,
nitrogen, oxygen and carbon being partlcularly harmful, Fortunate-
1y, alloying elements such as tantalum, nloblum and tin, offset
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the detrimental etfects of nitrogen, carbon and oxygen and im-
prove the corrosion resistance.

Although Zircalloy-2, has excellent corrosion resistance,
one problem, associated with it, occurs as a result of its re-
tention of hydrogen, The hydrogen forms a brittle hydride which
precipitates, during cooling from 600°F, in the form of thin
plates, The plates cause brittleness and the whole efrfect is
known as hydrogen embrittlement. Thus the effect of the hydro-
gen absorption is not noticed except at lower temperatures,
Consequently there are restrictions on fuel changing at low
temperatures. Another alloy, Zircalloy-4, has been developed
in which nickel has been eliminated in an attempt to prevent
hydrogen embrittlement,

Another problem recently encountered with the zircalloys
is the accelerated creep rate velieved to occur in high fast
neutron fluxes. A new zirconium-niobium alloy has now been
developed which, it is hoped, will not be subject to this accel-
erated creep. The pressure tubes of the Gentilly reactor will
be made of this material.

The main disadvantages of using zirconium alloys are the
high costs invelved and the temperature limitations., These
materials cannot be used above 750°F (400°C),.

(c) Carbon Steels

Carbon steel is an important reactor material for use in
pregsure vessels and other components where corroslon resistance
and low neutron absorption are not important, but where an abllity
to withstand thermal stresses 1s deslrable, Where some corroslion
reslistance may be redqulred, the vessel may be clad on the inside with
a protective layer such as of stainless steel,

Steels for thick-walled pressure vessels could be more accu-
rately described as high strength, low-allioy steels rather than
as carbon steels., Small amounts of alloying materials, such as
manganese, sllicon or molybdenum, may be present to improve mecha-
nical properties, Tenslle strengths up to 100,000 psi and yield
strengths up to 50,000 psi, with 20% or so elongation, may then
be obtained.

Prolonged exposure of low-alloy steels to high fast neutron
fluxes (the equivalent of 1 year's exposure to a flux of 1013
neutrons/cm=/sec) can cause an apprecilable increase in the tensile
strength and an appreciable decrease in the ductility., Wwhat 1s,
perhaps, more important is the lncrease in the brittle-to-ductile
transltion temperature., Although loss of ductility reduces the
abllity of the steel toaccommodate thermal stresses, the increase in
fthe transition temperature could be much more serlous, After
prolonged exposure to fast neutron irradlation, a drop in tempera-
ture might cause the vessel to suffer brittle fracture because of

-7 =
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this increase in the transition temperature, The eftfects of
radiation damage may be annealed out at higher temperatures but
too little is really known about this to rule out a brittle
fracture possibility.

(d) Stainless Steels

Stalnless steels are a famlliar group of materials, being
known for thelr excellent corrosion resistance and their strength
retention at high temperatures. Since the thermal efficiency
of the system increases wlth heat transport temperature, the use
of stainless steel 1s an attractive possibility. However, a
neutron absorption cross-section of 3 barns, limits the use of
stainless steel 1n thermal reactors to reactors using enriched
uranium fuel, They are partilicularly sulted for use in fast reactors.

Stainless steel melting polnts are in the ranpge 2500 - 2750°F.
Their thermal conductlvities vary from about 7 to about 21 Btu/hr
ft2-°F and are generally rather low. This poor heat conductivity
tends to give rise to high thermal stresses and indicates the
unsuitability of stailnless steels for thick structural components.
They have excellent mechanlcal propertles at high temperatures,
the tensile strength of 1200°F being 50,000 psl. Thus, they are
far superior in this respect to aluminum and 7ircon1um and thelir
alloys. They show substantlial Increase 1ln hardness due to fast
neutron irradlation.

Stainless steels are readlly fabricated into a varlety of
shapes and they can also be cast, As has been said they are very
corrosion resistant at room temperature and wlll maintain this
resistance to 1600°F or 1800°F depending on the chromium content,
They are not generally desirable for containing liquld metals but
they are particularly resistant to liquld sodium or Socdlum-potas-
gium alloy.

The nilckel used in stainless steel manufacture should have a
low cobalt content because of the high absorptlon cross-section
of cobalt and the formation of radloactive Co-60. This, however,
tends to inerease the price of the resulting steel,

Chlorine causes stress-corrosion cracking of stalnless steel,
partlcularly under stagnant conditions. The corrosion resistance
of the steel 1s adversely affected. It 1s, therefore, imperative
that stalnless gteel be kept free of any chlorine. It should be
noted that chlorine can be introduced from chlorides 1n solvents
sponges, organic gaskets and packings and insome types of insulations,

(e) High-temperature Materials

From the standpoint of neutron economy, most high-temperature
materials would find use mainly in fast reactors. Titanilum,
vanadium, inconnel and the Hastelloys (nickel-molybdenum alloys)
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are examples of such materials. There is a special interest in
titanium because of its high strength-to-weight ratio up to 842CF,
It makes it attractive for use where weight-saving is important.
Many of the alloys in this group, such as vitallium (chromium-
cobalt - nickel - molybdenum), are much superior to stainless
steel at high temperature. However, they are generally expen-
sive and may also present fabrication problems,

Design and Construction Considerations

The design and constructional considerations required and
the choice of materials for a reactor will be largely determined
by the type of reactor being built. OSuch considerations will,
therefore, be discussed as they pertain to each general type of
reactor,

(a) Fast Reactors

No moderator is used in fast reactors and the only neutron
slowing down process is the inelastic scattering in fuel, struc-
tural material and heat transport fluid, Highly enriched fuel
is required and the core is basically fuel subassemblies with
heat transport fluid flowing between them, The structural
material in the core forms a relatively small percentage of the
total core material, eg, a typical core composition would be
25% fuel, 50% heat transport fluid and 25% structural material
and cladding. Neutron losses, in a fast reactor, are rather
insensitive to the amount of heat transport fluid and structural
material used., For instance in the Enrico-Fermi reactor less than
0,1% of the neutrons are absorbed in the sodium and only about
1% are absorbed in structural material. So choice of core
material is limited more by their neutron slowing down capabil-
ities than by neutron absorption considerations,

Because of the absence of moderator the core is small and
the power density in the core is high. To permit operation at
high temperatures without high pressures, and also in order to
avoid slowing down of neutrons, liquid metals appear to be the
most practical heat transport fluids. The amount of fuel sub-
division and the size of heat transport passages involved is
illustrated in Fig. 1, The heat transport passage may well be
as small as 1/8 inch in diameter or less and plugging of these
passages could easily occur by material deposition. Such plug-
ging does not seem to be a problem with liquid metal heat trans-
port fiuid, since any dissolved metal from structural components
deposits preferentially on cold rather than hot surfaces., This
is another factor in favour of liquid metals.

The structural material used must have corrosion resistance

to liquid metals. With sodium, many materials have good corro-
sion resistance at the temperature involved, provided the oxygen

-9 -
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content is low. Low-carbon
iron, chromium iron, stain-
less steel, nickel and In-
‘connel and zirconium are alil
vompatible with sodium and
the final choice would be
made on the basis of cost
and mechanical properties

at elevated temperatures.

In this type of core the
problem of mechanical
strength is more important
for the core-supporting
components, In the Enrico- ;
Fermi reactor core the _ ﬁ |
structural materials are AN
either zirconium or, where

greater strength is re-
quired, stainless steel.
The reactor vessel, which
is only pressurized to

110 psig, is made from
stainless steel. Thermal
stresses in the vessel

are prevented by surround-
ing the core with a stain-
less steel thermal shield.

UPPER AXIAL
BLANKET ROD

7_;i
|

ft
i

{(b) Homogeneous Reactors

In thermal homogeneous reactors, the reactor is essentially a
large pot which is just an enlargement in the circulating system.
There are no fuel elements and, consequently, no superfluous
structural materials are required. If the reactor is a one region
system, with a reactor core but no blanket, then choice of material
is only required for the reactor vessel, which is entirely outside
the neutron conservation region. 2000 psig pressurization is
required and the most suitable material for the vessel would be
a low-alloy steel particularly in view of the thermal stresses
involved. However, the major problem involved is corrosion.

If a uranyl sulphate solution in heavy water is used, the reactor
vessel would have to be lined with stainless steel. Where phos-
phoric acid is used, as the solvent, gold or platinum lining
would be required.

If the core is surrounded by a blanket which is also pressu-
rized, the core and blanket would be separated by the core vessel.
Since both regions are more or less edqually pressurized, the core
vessel would not be required to withstand a pressure differential
of any si%?ificance and corrosion resistance and thermal neutron
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economy would be the major considerations, Under such circum-

atances an alloy of zirconium such as Zircalloy-2 would be the

most sultable materlal. For highly corrosive fuel and blanket,
such as solutlons in phosphoriec acid, gold or platinum cladding
or lining would be required. The blanket would be contained in
an outer pressure vessel the materlial for which would be chosen
on the same bhasis as for a one reglon system.

(¢) Thermal Heterogeneous Reactors

Heterogeneous reactors can be divided, structurally, into
two main types, the pressure vessel type and the pressure tube

type.
In the pressure vessel arrangement, illustrated in Figure 2

2

the reactor core and associated equipment are enclosed in a large

vessel, The heat transport fluid enters the vessel, passes thro
the core to remove the heat produced 1n the fuel and then passes
out of the vessel to a boller or directly to the turbine.

If' the heat transport fluld is light water, as in the
pressurized or bolling light water reactors in Figures 5 and 6
of the previous lesson, light water 1s also the moderator. Fuel
enrichment is required and if
uranlum oxide 1s used as fuel,
the enrichment will be higher,
The fuel channels are only
required to gulde the heat
transport fluld over the
fuel and do not have to
withstand any pressuriza-
tion. The tubes can, there-
fore, be thin and this helps
to conserve neutrons. Since
the operating temperatures
are not excessive, the core
structural material can be
made of a Zirconium alloy
for further neutron
economy. Many reactors
of' this type have stain-
leas steel structural
components. 'The thickness-
es required are then smal-
ler but the enrichment
required increases.

ST

Thermal

" Shield

If the reactor has a
nuclear superheat sectlon,
like the Pathfinder reactor,
the structural material in
the superheat region
of the core would be made of stainless steel,

ugh
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In the Swedish R-3/ADAM reactor which 1is a pressure vessel
type using heavy water, all core structural components are made
of zirconlum alloys. Stalnless steel could be used but fuel
enrlichment would then be required., Thilis would negate the main
advantage of using heavy water ,ie, that of conserving neutrons
and being able to use natural uranium and in the oxide form.

In graphite moderated reactors, using gas as the heat trans-
port fluld, the graphite forms its own core structure and little
other structural components are required except to support the
core. Where such components are requlred, they would be made
of magnesium or aluminum alloys. If higher temperatures are
attalned as in the Advanced Gas-~Cooled Reactor or in the ENPF
reactor, which uses sodlum as the heat transfer filuld, stalnless
steel structural components are used for more reliable high
temperature strength.

In all cases the best materlal for the pressure vesselis
low-alloy steel. In some cases the inside wall of the wvessel
1s lined with stalnless steel to reduce corrosion., The core
may also be surrounded by a thermal shield to reduce thermal
stresses in the vessel., The thermal shileld may be of carbon
steel, stalnless steel clad carbon steel, or stainless steel de-
pending on the amount of corroslion to be expected.

In the pressure tube design only the heat transport fluid
is pressurized, the moderator being separated from it, The
reactor vessel, or calandria, is then merely a low pressure con-
talner for the moderator, as shown in Figure 3.

TI> - - le——Reactor Vessel
SRR | or Calandria

T L. Pressure
o = e Tube

Zjﬁr;‘k Reactor of
Calandria Tube

The fuel 1s contained in channels which run horilzontally or ver-
tically through the vessel. These channels, which contain the
heat transport fluld under pressure, are known as pressure tubes,
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Heat 1s generated in the moderator by radiatlon absorption
and neutron scattering but, because the moderator i1s not pressu-
rized, 1f must be kept cool., The moderator can also recelve heat,
by convectlon, radiation and conductlon, from the heat transport
fluild and this increases the moderator cooling requirements,
Transfer of heat from the pressure tubes is minimized by placing
the pressure tubes lnslde calandria or reactor tubes. The space
between them is elther Insulated or cooled by flow of gas,

The arrangement 1s shown enlarged in Flgure 4
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Fig, 4

The thickness of the fuel channels must now be sufficlent
to withstand the heat transport pressure and thls introduces addi-~
tlonal neutron absorbing material into the core, Stlll more such
material is to be found in the reactor tubes. The cholce of
material for these tubes ls, therefore, even more important than
in the pressure vessel design, This is particularly so in the
case of the reactors of this type which have been or are being
deslgned at the present time, since they all use the natural

uranium~-heavy water concept 1In which neutron economy is of prime
importance.

- 13 -
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The reactor tube material will depend on the material used for
the calandrla since they are welded or rolled to the calandria wall.
In a small power reactor, such as NPD, the core is surrounded by
a light water reflector, which is separated from the moderator by
the Inner wall of a double-walled calandria. The inner wall is,
therefore, part of the core and is made of aluminum alloy rather
than the more expensive zlrconium. Thus, the whole calandria is
made of aluminum and so are the reactor tubes, The pressure
tubes, beling at a much higher temperature and pressurized, must
be made out of zircalloy. All other core penetrations, required
for reactivity control etc, are made of aluminum,

The Douglas Point and Pickering reactors are bigger and use
only the outer region of the D,0 moderator as a reflector,
The calandria then becomes a slngle-walled structure entirely
ocutslde the core, It can, therefore be made of stalnless steel
for added strength and corrosion resistance, The reactor tubes
then have to be made of zirecalloy but they would not be required
to be as thick as the pressure tubes.. Aluminum and stainless
steel are not compatible, - All core penetration must also be of
zircalloy.

ASSIGNMENT

1., Why may material requirements for core structural components
differ from those for structural components external to the
core?

2. (a) On the basis of neutron capture cross-sections, what
structural materials are suitable for a thermal reactor?

(b) What other common material could be considered if the
fuel was enriched?

(c) Why is there a wider choice of structural material for
a fast reactor?

3. State two nuclear requirements, other than low neutron cap-
ture, for reactor structural materials, and, briefly, explain
their signifigance.

4, Explain why aluminum appears, initially, to be attractive as
a structural material and why it is not, in fact, that attrac-
tive.

5. Enumerate the factors that make zirconium, or its alloys,
useful as reactor materials, What disadvantage does it have?

6. (a) What material would be used for a reactor pressure
vessel and why?
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6. (b) Whg would the same material not be used for pressure
tube

7.

57

What is the most likely material to be used for core struc-

tural components in a fast reactor and what factors would
decide this?

Briefly compare the core structural material requirement for
a pressure vessel and a pressure tube type of reactor.

A, Williams
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Reactor Boiler -and Auxillaries - Course 133

MODERATCR REQUIREMENTS

The advantages of slowing down and thermalizing neutrons be=-
fore allowing them to cause fission, were considered during the
discussions of reactor classifications. It was seen that the fis-
sion cross~section for thermal neutrons is so much greater than the
radiative capture cross-section that the high fuel enrichment, re-
quired in fast reactors, is no longer necessary. In heterogeneous
thermal reactor systems, little or no enrichment is required,

The slowing down of fission neutrons to thermal energies takes
place in two stages:-

(a) Inelastic scattering by the heavier nuclei, such
as U-238, which are already present in the fuel,
During this stage the neutron energy is only re-
duced to about 0,1 Mev and so, further slowing
down of the neutrons is required.

(b} Further slowing down of neutrons, below 0.1 Mev,
occurs by elastic scattering of the neutrons by
the lighter nuclei of the moderator,

The basic requirements of moderators will now be discussed at'
greater length and the suitability of substances, as moderators,
will be considered.

Nuclear Considerations

The first requirement of a moderator is that it should slow
down neutrons, to thermal energies, quickly. The energy loss at
each collision, between the neutron and moderator nuclei, should be
as large as possible. This decreases the resonance capture and in-
creases the probability of fission. It also decreases the chances
of radiative capture generally. It has already been established
that the lighter nuclei are the most effegtive in slowing down
neutrons rapidly. As may be seen, from Table 1, which follows
later in the lesson, a neutron would be slowed down to thermal
energies after 18 collisions with hydrogen nuclei whereas it would
require 25 collisions with deuterium nuclei, 43 with helium, 105
with boron and 114 with carbon,

November 1966 (R-0) -
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The effectiveness of a material in slowing down neutrons, by
elastic scattering, is measured by the Average Logarithmic Energy
Decrement (& ). This quantity, & , is the average decrease in the
natural logarithm of the neutron energy per collision,

The number of collisicns (N} required to thermalize a fission
neutron is then given by N = 4182

£

This is not the only factor that determines the suitability of
a material as a moderator., Consideration must also be given to the
following:=-

(a) A nucleus may be very effective in slowing down a
neutron when a neutron collides with it, but this
is of no value at all unless these scattering
collisions take place. This leads to two further
requirements, which are:-

(1) The moderator cannot be a gas since the
density of the nuclei in a gas is much too
small for frequent scattering collisions to
take place. This means that the two best
substances, hydrogen and deuterium gases,
cannot be used as moderators., They are avail-
able, in liquid form, combined with oxygen,
in water (H30) and heavy water (D20). So
the moderator must be a solid or a liquid,

{ii) The moderator substance must have a large
scattering cross-section to ensure frequent
scattering collisions.

The overall efficiency of a substance, for slowing down neu-
trons, is measured by the SLOWING DOWN POWER, (§ X.). This slowing
down power takes the frequency of the scattering collisions into
consideration as well as the energy loss at each collision. From
the table, it is clear that light water (Hp0) is the most effective
slowing down medium followed by beryllium, heavy water (D20), car-
bon and boron. The slowing down power of the gas, helium, is shown
for comparison,

(b} Not only must the moderator be effective as a
slowing down medium but it must, also, have a
small capture cross-section, Neutrons are
slowed down to decrease radiative captures
compared to fission captures and, therefore,
the whole object of moderation would be de-
feated if the moderator nuclei themselves,
capture neutrons.



The MODERATING RATIO,
down power to the absorption Za.

E 2

133.20-1

is the ratio of the slowing

cross-section. This quantity

is, therefore, a better indication of the overall suitability of
a material as a moderator.

TABLE 1

Material Sione to Thermalize | down Pawer| Racio. ¢
Hydrogen 18
Deuterium 25
Beryllium 86 0.176 159
Boron 105 0.06 0.0009
Carbon 114 0,064 170
Helium 43 1.6 x 1077 83
H20 19 1.53 72
D20 35 0,170 {21,000
Zinconium Hydride 0.8 56
Terphenyl 0.73 80

The above table shows that, although H,0 has the highest slow-
ing down power, its moderating ratio is lower than that of carbon

and beryllium,

The moderating ratio of Hp0 is so low that it can

not be used as a moderator to sustain a chain reaction unless it is

used with enriched fuel.

The superiority of D50, however, is very

apparent and it can be seen why D50 is the only moderator which
could be used in a natural uranium homogeneous system.

(c)

The substance used as a moderator must be very
It is usually used, in a reactor, in larger

amounts than any other material e.g. the volume
of carbon, in a graphite moderated reactor, is
A very small

70 - 80 times that of the fuel.
amount of impurity in a moderator can substan-

tially increase its capture cross-section. The
addition of 1 boron atom to every million graphite
atoms would increase the capture cross-section

of graphite by 25%,
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For the same reason the isotopic purity of
D20 must be kept high., The addition of 0.25%
H20 to pure D,0 more than doubles the capture
cross-section. The isotopic purity of D,0 is,
therefore, kept at between 99.75% and 99, 8%
D50 by weight, A 1% decrease in the isotopic
purity of the NPD heavy water would cause a 25mk
decrease in the reactivity. This would result
in a loss of fuel burnup estimated to be worth
$175,000 per year.

Two other quantities that are closely connected with the modera-
tor properties are the SLOWING DOWN LENGTH and the DIFFUSION LENGTH
of the neutrons. As shown in Figure 1 a neutron travels an erratic
zlg-zag path from A to B while it is being thermalized. The slowing

Neutron Thermalized

Q O o 0 o olo o 9 o ¢ o2 o O g «
Fission © ° 0
Neutron\qi ) o o
Born o o o o Thermal
A CJNeutron
Moderator® 0 /0.0 O o Captured
Nuclel sii*o 0 A . 5 o
' o 0 O 0 o © o ¢
0 o O O 0 O 0o © o0 0o o O o 0O 0 0 0
Fig., 1

down length, L, is a measure of the "crow flight" or direct
distance AB travelled by the neutron while being thermalized,

L 2

s = % (average value of ABz)

After being thermalized at B, the thermal neutron continues to
move or diffuse through the reactor before being captured., It
follows the zig-zag path BC., The diffusion length, L, of a ther-
mal neutron is a measure of the "crow flight" distance BC travelled
by the thermalized neutron before being captured.

1% - %- (average value of BCz)
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The slowing down length determines the extent to which fast
neutrons escape from the reactor and it is, thérefore, a factor in
determining the critical size of the reactor. It also determines
how much moderator is required between fuel channels to thermalize
the neutrons and keep p, the resonance escape probability, as high
as possible, i.,e, it determines the reactor pitch., Ideally, then,
Lg should be as small as possible,

The diffusion length determines how fast the thermal neutrons
are lost by capture. It also determines the extent to which ther-
mal neutrons escape or leak out of the reactor but since the ma-
Jority of thermal neutrons are captured in the fuel, or in core
material the former factor is the more important of the two, There-
fore, L, should be as large as possible in order to have a high
value of f, the thermal utilization factor.

The slowing down lengths and the diffusion lengths for possible
moderator materials are given in the following table.

TABLE 2
Material L{cm) Lg{cm)
Water (H30) 2,8 5.6
Heavy Water (99.84% D50) 100 11
Beryllium (£ = 1,85) 21 9.2
Beryllium Oxide (£ = 3,0) 29 10
Graphite (2 = 1,6} 64 19

The temperature of the moderator may well affect the values of
L, Ly and other nuclear parameters. An increase in temperature
causes a decrease in density which,in turn, causes an increase in
both L and L,. This tends to increase neutron leakage and to in-
crease the value of f, An increase in temperature also causes an
increase in the molecular energy so that the thermal energy of the
neutrons will be increased. Thus the energy of the neutrons enter-
ing the fuel will be higher. In uranium fuel this would decrease
the U-235 fission captures and increase the U-238 resonance cap-
tures i.e. decrease p. As plutonium builds up in the fuel the in-
crease in neutron energy increase plutonium fission captures.
Neutron economy is therefore, improved by keeping the moderator at
a moderate temperature, particularly with fresh fuel. This is of
particular significance in heavy water moderated reactors where
neutron economy is of such importance.
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Non-nuclear Considerations

Numerous chemical and physical properties of possible modera-
tor materials must be considered in addition to the nuclear pro-
perties considered above., The following are some of the more im-
portant considerations:-

(a)

(b)

(e)

{d)

(e)

(f)

The material should be chemically inert to its
environment, In the case of a liquid it should
not cause corrosion of the containing system
nor cause scale formation, Corrosion products
can cause flow reductions and they also become
radiocactive and may lead to contamination,

S50lid moderators should not oxidize, even
at elevated temperatures, nor should they
react with the heat transport fluid.

Liquid moderators should have as high a boiling
point as possible particularly if a common
moderator -~ heat transport fluid is being used.
Little or no pressurization is then required.

Sclid moderators must have high melting
points.

Where solid moderators are also used as struc-
tural materials they should have good, thermal
conductivities, low thermal expansion, high
tensile and compressive strengths and have good
resistance to thermal shock and creep.

These desirable characteristics must be
maintained at elevated temperatures,

Materials used as moderators should be non-toxic
since additional costs are involved in the pro=-
duction, fabrication and containment of toxic
materials,

The material should be resistant to radiation
damage. In particular, solids should not dis-
tort or expand under irradiation nor should
their desirable physical and mechanical pro-~
perties be affected.

Radiation should not cause dissociation,
cross~linking, tar or coke formation or any ex-
cessive changes in the desirable physical pro-
perties of liquids.

It must be readily available at a reasonable cost,



(a)

(b)

(e)

(a)

(b)

(a)
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ASS IGNMENT

Of what significance are the "Average Logarithmic Energy
Decrement"”, the "Slowing Down Power' and the '"Moderating
Ratio" in determining the suitability of a material as a
moderator?

Helium gas requires only 43 collisions to thermalize a
neutron compared with 11% with carbon. Why is helium
gas not considered as a moderator?

The slowing down power of boron is 0.06 whereas that of
carbon is 0.06%. Which would be considered the better
moderator and why?

Why is the purity of a moderator material such an impor-
tant factor?

Of what significance is this factor in the choice of the
graphite used in a reactor?

Of what significance are the "Slowing Down Length" and

the "Diffusion Length" in reactor design and, ideally,
what values should they have?

A. Williams
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Reactor Boiler and Auxiliaries - Course 133

MODERATOR PROPERTIES AND COMPARISON

The only substances which could be considered as possible mod-
erators are light water (H,0), heavy water (D20}, carbon (as gra-
phite), beryllium, beryllium oxide, beryllium carbide, and hydrogen
compounds such as the hydrocarbons or zirconium hydride. The pro-
perties of these materials will now be considered and their suit-
abilities as moderators discussed.

Carbon (Gr ite

The first reactor bullt used carbon in the form of graphlte,

- as the moderator. It has been used extensively since as both mod-
erator and reflector, particularly in the United Kingdom. Graphite
oceurs In considerable guantity in nature but the impurities con-
tained in natural graphite affect neutron economy to such an extent
that it is unsuitable as a moderator. Reactor-grade graphite is,
therefore, produced artificially by mixing petroleum coke with a
filler (ccal-tar pitch), extruding the mixture into bars and baking
the bars in gas or electric furnaces at temperatures up to 1500°C,
This carbonizes the pitch and sets the binder and produces what is
known as industrial carbon. The bulk density is then increased by
impregnating with piteh under vacuum and re-baking. This is fol-
lowed by a reheating treatment in an electric furnace at 2700°C to
graphitize the product. Careful elimination of all neutron absor-
bers, in the raw material, is required if reactor-grade graphite is
required. Even so the presence of such materials as boron is still
likely and the extruded pieces have to be graded according to im-
purity content. The highest quality graphite is then used in the
centre of the reactor and the lowest quality graphite on the out-
side.

The density of artificially produced graphite 1s much lower
than that of natural graphite, its specific gravity being 1.6 com-
pared with a theoretically attainable value of 2.25. This in-
creases the volume of graphite moderator required. Table 1 below
lists some important properties of artificial reactor-grade gra-
phite at ordinary temperatures. These are typical values only and
can vary considerably depending on the method of production and
the raw materials used.

November 1966 (R-0O) -
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ZABLE 1

Parallel to Perpendicular
Property extrusion to extrusion

axis axis
Coefficient of thermal ex- -6 o _6 o
pansion, 0.7 x 10 " per'F | 1.5 x 10"~ per F
Thermal conductivity L 4
(Btu/hr-ft -OF) loh x 10 1.1 x 10
Tensile strength 2000 psi 700 psi
Compressive strength 6000 psi 6000 psi
Sublimation temperature 6600 °F

The advantages of using graphite as a moderator are:=-

(1)

Its moderating ratio is second only to heavy water

and it can, therefore, be used as a moderator in a
heterogeneous system using natural uranium metal

However the moderating ratio is not large

enough to enable it to be used with oxide or car-

as fuel,

bide fuel,
(2)

reasonable cost,
(3)

Graphite, of reactor grade,is readily available at

It has good mechanical properties and can be used

as a reactor structural material without having to

be contained.

The fuel channels themselves can be

holes in the graphite structure or can be supported

by the graphite.

Its use as a structural material

is enhanced by the fact that it is easily machined

to close tolerances.

(%)

It has a high thermal conductivity so that heat

produced in the graphite, by radiation absorption,
is easily dissipated and removed.

(5)

Graphite has excellent resistance to thermal shock.



(6)

(7)
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It has excellent high-temperature properties, its
tenslle strength, for instance, increasing up to
4500°F, This factor combined with its thermal
shock resistance, makes it potentially valuable in
a high temperature reactor.

Little oxidation occurs below 750°F or so and no
chemical reaction occurs at such temperatures bet-
ween graphite and carbon dioxide, used as a heat
transport fluid.

The use of graphite as a moderator has the following disadvantages:

(1)

(2)

(3)

(L)

It has a relatively long slowing down length so that
fuel channels must be fairly widely separated for
effective moderation. This factor combined with its
relatively small moderating ratio results in & large
size core compared with cores using light or heavy
water as moderator. The United Kingdom reactors have
cores 40 to 50 ft in diameter and up to 25 ft in
height. BSuch massive graphite structures pose prob-
lems of support and containment and the large steel
pressure vessel required sets limits on the possible
vessel thickness and, consequently, on heat transport
fluid pressure. The replacement of steel by pre-
stressed conecrete has, to some extent, eliminated
these problems.

The small moderating ratio precludes the use of
uranium dioxide fuel unless the fuel 1s enriched.
Severe limitations are also placed on the materials
that can be used in the core for such things as
fuel sheaths. These factors result in moderate
heat transport temperatures and low fuel burnups.

The coefficlent of thermal expansion of graphite
parallel to the extrusion axis differs from that
perpendicular to it. Care must therefore be exer-
cised in allowing for this differential expansion
when the graphite blocks are assembled.

There is not decrease in strength of graphite
under irradiation. However, dimensional changes
occur. These dimensional changes also differ
parallel to and perpendicular to the extrusion
axlis. The graphite expands perpendicular to this
axls but it may expand or contract, in a direc-
tion parallel to the axlis, depending on the irrad-
iation exposure. These effects must be allowed
for in the design of the reactor to prevent dis-
tortion of the fuel channels during operation.
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The thermal conductivity decreases under ir-
radiation and can become a factor of 40 or more
lower than it was before reactor startup. This
could have a2 marked effect on heat dissipation
and removal.

Irradiation of graphite causes an accumu-
lation of stored energy in the graphite lattice,
which is sometimes called Wigner energy. If this
was allowed to go unchecked, it would continue to
accumulate until a very unstable condition is
reached. At this point all the energy is suddenly
released causing the graphite temperature to rise
to perhaps 18009F or more,

These radiation effects are less marked at
temperatures above 660°F or so. However, it is
the practice in graphite moderated reactors to
operate at fairly low temperatures. This permits
the temperature to be raised, at predetermined
intervals, to anneal the radiation damage and re-
lease the stored energy. The temperature rise
resulting from this energy release is controlled
by adjusting the heat transport flow. The Wind-
scale reactor was seriously damaged by local over-
heating which occurred during such a periodic
energy release,

(5} Even carbon dioxide reacts with graphite at higher
temperatures which again tends to limit the heat
transport temperature. The addition of methane to
the carbon dioxide helps to inhibit the reaction
and raise the temperature limitation.

Graphite 1s also attacked by liquid metals so
that unclad graphite cannot be used with liquid
metal heat transport fluids.

Berylli

Beryllium is the only light metal with a high melting point,
The specific gravity varies from 1.8l to 1.86, the higher valves
being due to the presence of beryllium oxide, which has a specific
gravity of 3.0, The mineral beryl is not found in large deposits
and its occurrence is erratic and difficult to predict. Beryllium
billets or slabs can be made by melting the metal in a beryllium
oxide crucible and pouring into a graphite mold. However, cracks
develop very easily and the cast material is not easily fabricated.

-4 -
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It is difficult to machine without causing surface damage. Hence
the principle form of beryllium suitable for commercial fabrication
is that made by vacuum pressing the hot powder at around 2000°F,
The resulting material can be machined guite easily and this is,
frequently, all the treatment it receives, However it can be fa-
bricated by extruding, rolling or forging at about 2000°F,

Some of the properties of beryllium, produced by hot-pressing,
are listed in Table 2 below.

TABLE 2
Tensile strength 45,000 psi
Melting point 2,340 °F
Coeff, of expansion 9.5 x J.O"6 per °p
Thermal conductivity 2.85 x 10% Btu/hr-ft-°F)

Beryllium has a slightly smaller moderating ratio than carbon
and, like graphite, it could only be used with natural uranium
metal fuel. However, it has a much better slowing down power and
a shorter slowing down length. It would therefore lend itself to
the design of smaller reactors with slightly enriched fuel. It is
particularly attractive as a moderator because it is a metal and it
would appear particularly suitable as a moderator in a space ve~
hicle power unit,

It does not suffer serious attack in air below 1100°F but could
not be recommended, in air, above this temperature. The corrosion
rate of pure beryllium in deaerated, deionized water at 600°F is
relatively small and decreases with time due to the formation of a
protective oxide film. It has good resistance to molten sodium in
the absence of oxygen. In addition it has a high thermal conduc-
tivity.

The use of beryllium in reactor construction has been limited
for the following reasons:-

(1) It is an expensive material,

(2) It is brittle and its ductility may be zeroc under
certain conditions,

(3) It is extremely toxic and this complicates. its fa-
" brication procedures.

(4) Helium gas is formed in the material by the following
reactions:=-
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LBeg + on1 - 2H36 + 2Heh (X )
hBeg + onl = hBis + 2onl
2,He* (2 «)

This gas may collect as bubbles and cause local swelling.

An alternative material to beryllium metal is beryllium oxide
(Be0). Apart from its good moderating properties bergllium oxide
has the advantages of having a high melting point (4620 F), low
vapour pressure in a dry atmosphere and excellent thermal shock
registance for a ceramic material. OEt also has a very high thermal
conductivity for a ceramic (2,1 x 104 Btu/hr-ft-°F) and is stable
and inert to most materials. Its tensile strength {15,000 psi)
and its compressive strength (114,000 psi) at ordinary temperatures
are far superior to graphite.

However, one reason why it has not been more widely employed
is that, when hot, it vapourizes in moist air due to the formation
of the hydroxide. Like beryllium metal it is toxic. 1Its strength
and thermal conductivity decrease with increase in temperature,
The change in thermal conductivity is so drastic that, at 1800°F,
it is only one-tenth of the value quoted above., It has question-
able resistance to thermal stresses, Unlike the metal, it is
dimensionally unstable under irradiation, the dimensional changes

noted being of the order of 1%,

Beryllium carbide (BesC) is another potential moderating ma-
terial, having a specific gravity of 2.44. It 1s quite stable under
irradiation, However, it is also toxic and is very reactive with
water and water vapour even at ordinary temperatures, It also
reacts with oxygen and nitrogen at elevated temperatures and it
would, therefore, have to be clad to overcome this problem. It

has poor resistance to thermal shock.

Light Water (H,0)

Many reactors, currently in operation, use light water as the
moderator. In most cases the water alsoc serves as the heat tran-
sport fluid and even as shielding material. However, only its
properties pertinent to its use as a moderator will be discussed
here, The additional requirements of water as a heat transport
fluid or as a shielding material are discussed elsewhere,
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Light water is attractive as a moderator because of its low
cost, its excellent slowing down power and its small slowing down
length. However its moderating ratio is too low to permit it to
be used with natural uranium fuel even in metal form. Some slight
enrichment of the fuel is required. However, if enrichment fa-
cilities are available, the small slowing down length makes it
possible to design a reactor of relatively small size. The fact
that water can be used as both moderator and heat transport fluid
may be considered an added advantage. A single fluid system only
is then required and the fuel channels in the reactor need only be
thin tubes required to guide the water over the fuel. This helps
to decrease neutron capture in the core material, However, it also
means that a pressure vessel concept has to be used with all its
inherent disadvantages.

Water melts at 32°F and will not, therefore, solidify during
reactor shutdown, It boils at 212°F and requires pressurizing at
elevated temperatures if boiling is to be prevented. This is not
a disadvantage if the moderator is separated from the heat trans-
port fluid and, consequently kept at a low temperature. Water has
a relatively poor thermal conductivity (0.32 Btu/hr-ft-°F} but
resonable heat transfer rates can be obtained with water.

The water must be free from impurities since these not only
capture neutrons but they also become radicactive as a result of
neutron capture. This may result in high radiation fields near
the moderator system and may also cause permanent contamination of
the system. It 1is relatively easy to circulate water through
filters and demineralizers to remove such impurities, However ra-
diocactive nuclei (0-19 and N-16) are still produced as a result of
neutron capture in oxygen nuclei. This prevents access to the
moderator system during reactor operation but, because of the short
half-lives of these radiocactive nuclei, access to the moderator
system is possible shortly after reactor shutdown. Water treatment
is also important to minimize corrosion and scale formation, Care-
ful control of pH is required if aluminum or carbon steel is used
in the moderator system, otherwise the choice of material would
be limited to stainless steel or zirconium., Chemical or heat treat-
ment of the system may also be required in order to form a pro-
tective oxide layer on the pipe surfaces and this is normally done
during commissioning.

Water does not decompose at elevated temperature but it does
however, decompose when irradiated according toc the equation:-

HZO = H + OH

The H and OH may recombine thus:-

H + OH = H20
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in which case there is no net decomposition, or they may combine
as follows:=-

H + H = H,

OH + OH = H2O2

The hydrogen peroxide can theh decompose according to:i-

H202 = H20 + 1/2 02

The overall result is the formation of hydrogen, oxygen and
hydrogen peroxide. Dissolved impurities in the water increases
the severity of the radiolytic damage.

There are several consequences of this radiolytic decomposi=-
tion, The oxygen formed may dissolve in the water and cause in-
creased corrosion, If the hydrogen concentration is allowed to in-
crease, it could become an explosion hazard in the presence of
oxygen., If the gases produced are allowed to accumulate, a steady
state is eventually reached when the rate of recombination is
equal to the rate of dissociation, Should the gas concentrations,
at this point, be tolerable no further action is required. How-
ever, if the concentrations are excessive, recombination units
must be provided to recombine the hydrogen and oxygen to form
water,

Heavy Water (D20)

Heavy water has an exceptionally high moderating ratio and a
long diffusion length, Its slowing down length is shorter than
that of graphite and about twice that of light water. Therefore,
the fuel channel separation with heavy water should be larger than
with light water and smaller than with graphite, However, in D,0
moderated reactors, advantage is frequently taken of the low nefll-
tron capture in heavy water. The fuel channel separation is made
larger than the minimum required for the neutron of average energy.
This ensures that most of the neutrons become thermalized before
entering the fuel and this increases the resonance escape pro-
bability (p). The reactor is then said to be overmoderated and
the reactor pitch may then be equal to or greater than the pitch
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in a graphite moderated reactor, However, the size of the D20

reactor is still considerably less than the graphite reactor,

main advantage of using heavy water as the moderator is that it
enables natural uranium oxide fuel to be used in a reactor the size
of which is still considerably smaller than the graphite moderated

natural uranium reactor.

and enables high fuel burnups to be achieved without enrichment,

The

The oxide fuel improves the fuel integrity

Heavy water, as a moderator, has similar physical characteris-

tics to light water.

composition and it is even more important to ensure that the D20
is free from impurities. The same corrosion problems can also

occur,

to heavy water, These are:-

(1)

(2)

(3)

(4)

The high cost of heavy water which increases the
initial capital cost of the reactor.

The limitation that is placed on core material in
order to maintain neutron economy and to ensure that
natural U0z fuel can be used and high burnups achieved.
Core structural material must be aluminum, zirconium
or their alloys.

The necessity of keeping heavy water losses to a
minimum. Since radiolytic decomposition involves

a loss of heavy water, recombination units are re-
quired to recover it. The heavy water system should,
wherever possible, be of welded construction, D30
leak detection systems are required. Since leakage
can not be entirely avoided, (e.g. valve stems, pump
seals etc), heavy water collection systems are re-
quired to recover the water with a minimum of down-
grading. Heavy water recovery systems are necessary
in heavy water areas where leakages are possible and
the ventilation systems for these areas are closed
circulation systems with dryers to remove D30 va-
pour from the air, All these requirements tend to
increase the initial capital cost of the station.

Tritium is produced in heavy water by neutron cap-
ture in deuterium:-

The tritium, (B> or ,T7), has a 12 year half-life
and, therefore, accumilateés in the water, It is a
beta particle emitter and is absorbed into body
tissue like hydrogen, in the form of water (TDO},

It is, therefore, a total body emitter, with a 12
day biological half-life and presentsa serious health
hazard.

The same problems occur with radiolytic de-

However, there are some factors involved which are peculiar
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Yeavy waller Ledkape MOST bR REPT TtO a minimum
because or the tritium hazard as well as for econo-
wie reasqus. Gare must bHe Lakan L0 avoid leskage of
tritiated vapour into accessible areas of the station.
Harndling of tritiated heavy water requires special
techniques and precautions to avoid tritium intake
into the body. Before entry can be allowed into
areas containing heavy water vapour, the area must be
purged, and the heavy water loss accepted, or special
protective equipment must be worn to prevent tritium
intake. Over a long period of time the tritium con-
centration may become prohibitive necessitating re-
placing the tritiated water,

{5) Heavy water freezes at 38,9°F and there is a possi-
bility that the heavy water would freeze, during a
reactor shutdown, in, say, a heat exchanger where it
is cooled by river water or lake water in the winter.

Organic Materials

Organic compounds, such as the polephenyls have moderating
properties very similar to light water, The moderating ratio of
the terphenyls is 80 compared with 72 for H50, whereas the slowing
down power is Q.73 compared with 1,53 for B 0. Like water, they
can be used in reactors of relatively small size, although fuel
enrichment is required. The following table lists some of the
physical properties of organic compounds.

TABLE 3
Isopropyl Santo- | Santo-
Diphenyl Diphenyl | wax wax
R O-M

Melting point (°F) -40 to +28 157 140-293 | 100
Boiling point (°F) 552 491 700 650
Vapour pressure at 800°F
(pgia) P 190 220 38 57
Specific gravity at 600°F 0.78 0.87 0.86 0.75
Specific _heat at 600°F
(§§3/1b3°F7 0.6 0.61 0.60 0.60
Thermal conductivit
(Btu/hr-ft,=°F) d 0.066 0.066 0.066 0.066

- 10 -




As may be seen, from this table, the santowaxes, which are
mixtures of terphenyls, havehigh boiling points and low vapour
pressures at temperatures above their boilin
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g points, They would
F

require very little pressurization up to 800YF, However this pro-
perty really enhances their suitability as a heat transport fluid,
unless they were used as a combined heat transport and moderator

fluid in a pressure vessel type of reactor.

In fact there seems

little advantage in using organic liquids as moderators unless this

type of arrangement is used, particularly as they have a fairl
high melting point and could not, therefore, be cooled too much.

Used in this way, they have the following additional advantages:=-

(1)

(2)

(3)
(4)

{5)
(6)

No chemical reactions between organics and fuel,
fuel cladding or water,

Negligible corrosion rates permitting the use of
standard materials for fuel channels and cladding
provided that they are suitable otherwise,

Require only conventional "™hot oil™ pumps and cir-
cuit equipment,

No radioactivity induced by neutron capture in the
organic liquids themselves but only in impurities.

Fair high temperature stability up to 800°F.
They are fairly cheap (17 - 20¢ per 1b).

Organic liquids do, on the other hand, have the following
limitations:=-

(1)

(2)

Most are solid at room temperature and, so, trace-
heating or preheating is required in the systen.

Organic compounds suffer radiation damage at all
temperatures but the damage is greater at elevated
temperatures. The effect of radiation is to pro-
duce gases, such as hydrogen, and cause polymeriza-
tion of the molecules which results in the forma-
tion of tars or coke or varnish and cause increases
in the viscosity. Continual purification, by dis=-
tillation, is, therefore, required. The concen~
tration of the higher polymers is kept at around
30%. This decreases the rate of radiolytic damage.
A degassing system is also required.

-1
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From the point of view of radiation damage, the
terphenyls are more stable than the diphenyls. Even
S0, it has been estimated that, for a 24,0 Mwt reactor
with organic moderator and heat transport fluid, the
rate of radiolytic damage would be more than 1 1b
per Mw Hr at 675°F and that 260 lb/hr of organic
make -up would be required to replace the damaged
material,

(3) Organic liquids have much lower heat-transfer coef-
ficients than such liquids as water and liquid so-
dium. The heat transfer properties can be improved
by placing lateral fins on the fuel elements but
this is really a heat transport problem.

Zirconium Hydride (Zr Hs)

This compound offers interesting and unusual moderator pos-
sibilities., It is prepared by heating zirconium metal in hvdrogen
gas at about 660°F, When fully hydrided, the hydrogen atom density
in it approaches that in water. Consequently, the hydride has good
moderatgng properties, particularly as the zirconium has a small
neutron capture cross-section, Its moderating ratio is somewhat
lower than light water but its slowing down power is second only
to light water. The use of zirconium hydride as a moderator with
enriched fuel would, therefore, result in a relatively small reactor,

The material is stable at temperatures below 1000°F. 1In pow=
der form it has poor thermal conductivity and would require special
cooling, in reactors operating at moderate or high power levels,
to keep its temperature down. In the TR I G A (Training, Re-
search, Isotope, General Atomics) reactor the hydride is incor-
porated with the uranium in the fuel elements. The thermal con-
ductivity of the materisl then approaches that of zirconium metal.

ASS IGNMENT,

1. (a) By congidering any of the appropriate nuclear parameters
compare the sultability of H~0, D,0, beryllium, graphite
and terphenyls for use of mogerat rs with natural uranium
metal and natural uranium oxide.

(b) Alsc compare the sizes and fuel channel separation that
can be obtained with these moderating materials.

(¢) Why does the actual pitch in a D50 moderated reactor fre-
gquently not correspond to what would be expected under 1b?

- 12 -



(a)

(b)

(a)

(b)

(c)

How
(a)
(b)
(c)
(d)

and
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Why, in the case of a liquid moderator, would corrosion
be undesirable and how might 1t l1imit the choice of core
structural material?

How is corrosion controlled in water moderated reactors?

What advantages does a solid moderator have over a liquid
moderator?

What additional physical propertles must they have under
these circumstances?

How do graphite, beryllium oxlde and beryllium metal com-
pare as far as these properties are concerned?
does nuclear radiation affect the properties of

Graphite

Beryllium

Water

Organics

how are the effects of the property changes reduced or

minimized?

Name three factors, that are peculiar to the use of heavy
water as a moderator and indicate, briefly, their effects on
station design, capital cost or operating costs.

A. Williams

- 13 -



133.20-3

Reactor Boiler and Auxiliaries - Course 133

MODERATCOR SYSTEM & EQUIPMENT CONSIDERATIONS

With solid moderators, such as graphite or beryllium, no
circulation of the moderator is possible, Furthermore, any heat
removal, from the moderator, that may be required is accomplished
by conduction through to the heat transport system, Therefore,
no system, as such, is associated with solid moderators,

In reactors using light water or organic liquids as the
moderator, the same material is also used as the heat transport
fluid, and the two systems are common., In such cases the perti-
nent considerations are those appropriate to the heat transport
system. JSome heavy water moderated reactors, such as the Halden
reactor in Norway and the R3/ADAM reactor in Sweden, are also
pressure vessel reactors which are in the same category.

It is only when the moderator system is separated from the
heat transport system that the moderator system and equipment
requires particular consideration., Such a separation only exists
in the pressure tube type of reactor using heavy water as the
moderator and the discussions in this lesson will be confined to
this type of system. Many of the principles involved would apply
equally well to other fluids if they were used, as moderators,
in a pressure tube reactor.

Basic Requirements

The main purpose of the heavy water moderator system is to
maintain the reactor critical by thermalizing the neutrons re-
leased at fission, In order that it continues to do this effec-
tively, the desirable neutron properties of the moderator must
be maintained. This will involve treatment of the moderator in
such a way that:

(a) The corrosion product concentration is kept to a
minimum.

(b) The temperature is prevented from rising.

Removal of impurities, in the form of corrosion products or
other dissolved or suspended solids, is also desirable to avoid
them becoming radioactive and preventing access to the system
components, especially during reactor shutdown, It is also easier
to maintain low ccrrosion product concentration if correosion in
the system is prevented as far as possible. This means that:

November 1966 (R-0) -1



133.20-3

(a) The materials used in the system must be compatible with
heavy water,

{(b} The pH of the water must be carefully controlled to suit
the materials used,

For the reactor to remain critical, it may be necessary to be
able to vary the moderator level in the reactor, particularly if
the reactor is to be partially or completely regulated by varying
the moderator level. A protective system will operate to shutdown
or trip the reactor quickly, should certain variables, such as
reactor neutron power, exceed some predetermined level, Reactor
shutdown is conveniently accomplished by removing the moderating
material or by inserting neutron abseorbers into the core. It may,
therefore, be necessary to empty the moderator from the reactor
into a storage tank, as the primary and only method of shutting
down the reactor or as a backup to some other means of reactor
shutdown.

Since the moderator is contained in the reactor vessel, or
calandria, thermal stresses in the vessel can only be avoided or
controlled by keeping the moderator temperature within certain
limits. It is also necessary to prevent the moderator from
boiling and this must be done without applying much pressure to
the system so as to avoid having to use a pressure vessel and high
pressure piping and components.

The moderator is very likely to be used for other purposes as
well, It may well be used to cool absorber rods, booster rods,
and even calandria support rods. It is likely to be used for
spray cooling in the calandria or dump tank when this is required.
Provisions may be necessary for heavy water exchange between the
moderator and the heat transport systems either on a normal
operational basis or under emergency conditions. The moderator
system would also be the source of water for dousing sprays in
such areas as the reactor vault and fuelling machine rooms. Heavy
water is also supplied to the blower seals or jet exhausters that
would be required if a cover gas system is used.

The basic requirements of the moderator system can, therefore,
by summarized as follows:

(a} Means must be provided to remove heat from the heavy
water moderator so that its temperature may be controlled.

(o) Some method is required to maintain the purity and/or
pH of the heavy water.

(¢c) A storage tank is required with provisions for trans-
ferring heavy water from the calandria to the storage
tank and from the storage tank to the calandria. The
same equipment would enable the moderator level in the
calandria to be raised or lowered.



{d)

(e)

(£)

(g)

{(h)

(1)

133020"3

The necessary piping and valves must be installed so
that heavy water can be transferred from the moderator
system to the auxiliary systems such as spray cooling,
absorber and booster rod cooling and the dousing sprays.
Exchange of heavy water between the moderator and heat
transport systems must be arranged and the necessary
piping, valves and connections installed.

Provisions are required for removal and addition of heavy
water from or to the system and for the addition of
liquid neutron poisons.,.

The piping and equipment in the system must be made of a
material compatible with heavy water and the calandria
material. Alternatively the surfaces in contact with
the heavy water must be compatible,

Heavy water leakage must be kept to a minimum. Pipe
and fitting joints, valve stem packing and seals must be
such as to ensure this. Not only does reduction of
heavy water losses result in lower operating costs, but
it also reduces the tritium hazard to station personnel,

The arrangement of equipment and pipes in the system must
be such as to minimize heavy water holdup. This reduces
the capital cost of the heavy water required. However,
this should not result in such a congested layout that
maintenance of equipment and heavy water handling becomes
very difficult. Accidental losses of heavy water are
then more likely and the savings on heavy water holdup
might be partly offset by increased operating costs,

Choice of equipment must be such as to ensure maximum’
reliability of the system at all times.

Moderator Heat Removal

Heat is generated in the moderator by neutron scattering and
radiation absorption. Additional heat is transferred, to the
moderator, from the heat transport system. The moderator may also
be used to cool booster and control rods. The total heat pro-
duced in or transferred to the moderator is about 7% of the total
heat produced in the reactor., Thus, in a 20 Mwe station, such as
NPD G.S., requiring 82 Mw of thermal generation, the total heat
produced in or transferred to the moderator is 5.6 Mw. In a
200 Mwe station, such es Douglas Point G.S., this increases to
50 Mw of heat. If this heat was allowed to sccumulate in the
moderator it would soon boil. It is, therefore, necessary to
remove this heat and keep the moderator at a temperature below its
boiling point, The moderator can not, therefore, be allowed to be
stagnant in the reactor vessel but must be circulated through a
¢ircuit externzl to the reactor in which the heat is removed.
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The simplest type of heat removal circuit, shown in Figure 1,
consists of a pump, a heat exchanger or cooler and the connecting
pipes. A considerable amount of heat must be removed from the
moderator, particularly in a 500 Mwe unit. It seems uneconomical,
therefore, to transfer this heat to cooling water, which is later
discharged to a lake or river.

Unfortunately the moderator

temgerature is only 120°F to Heat
180

to use heat energy, at such a
low temperature, for, say,
building heating. However,
serious consideration has been
given to using this moderator Reactor Caoling
heat for turbine condensate ater
reheat. The heat exchanger —mﬂb—jza___‘___
would then replace a low pressure .
feedwater heater normally Pump
heated by steam extracted from

the turbine. However, the

moderator heat has, to date,

been merely removed in a con- Fig. 1
ventional heat exchanger.

The basic circuit is rarely as simple as thet shown in Fig. 1.
Greater reliability is normally ensured by having more than one
pump, operating in parallel, as shown in Fig. 2. Multiple heat
exchangers may alsoc be used as in Fig, 3.

Heat } )
< —{ _Exchanger
'd
Valves
Reactor
Reactor
Pumps
Y ¥
A
F
Fig, 2 -

F and it is not practical <«—LZxchanger
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In Fig. 2, two of the three pumps may be required for normal
operation with the third acting as a standby pump in case one
pump becomes defective. In Fig. 3, two pairs of pumps may be
normally operating with the centre pump acting as a standby for
either pair. On reactor shutdown, the moderator sprays are still
cooling the calandria walls and tubes and the booster and control
rod cooling is still required. For example, in a 200 Mwe unit,

4 Mw of heat must still be removed from the moderator when the
reactor is shut down and 5 Mw must be removed if the booster rod
has been recently used. So, in Fig. 3, only two of the five pumps
may be required and only one heat exchanger. In Fig., 2 the dif-
ferent heat removal requirements would be allowed for by changing
the cooling water flow.

It may now be seen that valves are required in the circuit
for pump isolation and interconnection and, possibly for heat
exchanger isolation.

The requirements for the various pieces of equipment in the
circuit are as follows:

fa! Pumps

Parallel pump operation is required in this type of system,
To reduce the number of pumps which are required, large flow,
medium discharge pressure, centrifugal pumps are used, These are
located at a point low enough in the system to provide the re-
quired net positive suction head. They must not be placed at a
point where the suction static head is so high that special pump
casings would be needed to withstand the pressure, Pumps with
drooping head:flow characteristic curves should not be used for
parallel operation. The pump curve should rise continually from
full capacity to zero flow.
As shown in Fig. 4, a drooping
pump curve intersects a given ¥ Totol head, 1.
head at two different points. '
The pump with the continually
rising curve will operate
steadily at the one point but
the pump with the drooping
curve will tend to "hunt" be-
tween the two points at the

Copacity, gpm.

same head. This is likely to Fig, 4
cause serious damage to the
system.

The hydrostatic pressure in the moderator system is low
compared with that in the heat transport system. However, it is
high enough to cause heavy water leakage problems. Heavy water
leakage in the pumps can be minimized by the use of one of two
types of pumps. Canned rotor pumps as shown in Fig, 5, are
pumps in which the motor is inside the pressure boundary of the
system, A thin layer of metal separates the o0il immersed stator
windings from the system fluid. The leakage problems, in such

-5 =



133,20-3

a pump are similar to those encountered with flanges and are much
less severe than with the alternative shaft-sealed pumps.

Carned - Moter Pamp -

ROTATING
CLEMENT

/M A\\ M:&in:mc

N A%__&

internal assemily . ssal
ROTATING ELEMENT

L1 A

However, canned rotor pumps are alsc much more expensive. The
mechanical shaft seal pump uses a sealing device which forms a
running seal between flat, precision-finished surfaces. The
seal is made between a hard face made of stellite and a carbon
face as shown in Fig. 6. The rotating sealing surface is
carried on the pump shaft and this bears against the other
stationary face. Double seals may be used, the space between the
seals being bled off to a collection system. However in a
moderator pump it may be sufficient to back up the seal with a
labyrinth restriction and a bleed-off to the collection system,
or simply allow any leakage through the seal to pass to the -
collection system., Such a collection system recovers the heavy
water with little or no downgrading and also prevents the spread
of radiocactive contamination.

The parts of the pumps which are in contact with the heavy
water should be of stainless steel.

(b) Heat Exchangers

Tube-and-shell type heat exchangers are suitable in this
type of system. The U-tube type heat exchanger, shown in Fig. 7,
simplifies expansion problems and reduce the number of tube sheet
joints.

-6 -
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_ Heavy water holdup is
: reduced by passing the
4:;;:; heavy water through the
tubes and the cooling water
on the shell side. Double
tube sheets are used to
reduce leakage and the
space between the tube

sheets is drained to the
collection system.

The moderator pumps
maintain the heavy water
at a higher pressure than
To —~= Cooling the cooling water. This
Collectiones n =1 Water ensures that any leakage
System that does occur will be
from the heavy water to
the cooling water. The
T l loss of D,0 incurred while
. a leakage“point was located
D,0 in D50 out would perhaps cost a few
thousand dollars whereas
the downgrading of the whole
Flg, 7 of the moderator as a result
of cooling water inleakage
would involve hundreds of thousands of dollars in upgrading costs and
unit down time. A system for detecting radioactive nuclei, in the
cooling water leaving the heat exchanger, would indicate D20 leakage
into the cooling water.

The tube material would probably be inconnel or some copper-
nickel alloy, whereas the shell would be made of carbon steel,

In order to maintain moderator cooling at all times the
cooling water supply has to be very reliable. Should the normal
process water supply fail an alternative source of cocoling water
must be available,

(¢c) Valves

Moderator system operating conditions are generally below 200°F
and 100 psig. The radiation levels, around the equipment, are
probably only moderate. The valve sizes required may be as large as
10" or 12" or as small as %". The choice of valve will depend partly
on the function of the valve, ie, a globe valve might be used where
flow control is required whereas a gate valve might be preferred
where it is used for isolation. Other factors, such as prices, heavy
water holdup and friction losses, are also considered before a
particular type of valve is chosen.
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In NPD G.S. all the large isolating valves are gate valves but
for Douglas Point G.S5. a calculation, based on the above factors,
was made to compare gate and globe valves with butterfly valves.
The comparison indicated a significant economic advantage of the
wafer type butterfly valves in the larger sizes. Consequently,
rubber-lined wafer type butterfly valves were chosen for valves
6 inches and larger. Development tests showed that the leakage
past the vane was acceptable and that the operation of the valve
was satisfactory. The shorter length also made them more suitable
for use in a congested layout.

Saunders rubber or neoprene dlaphragm seat valves are generally
used, in smaller pipelines, where the radiation damage to the
diaphragm does not prohibit their use. If the radiation damage to
the diaphragm is likely to be severe all metal diaphragm or glohe
valves would be used.

Consideration must be given to heavy water leakage along the
valve stem. Metal bellows, of the type shown in Fig. g can be used
to seal the valve stem but these are not really required in low
pressure systems. A more
likely approach is the use

of double stem packing seals
with an inter-seal drain to

& closed collection system.

It may not even be necessary

to have a stem leakage con-
nection. In Douglas Point
G.S., for instance the

smaller diaphragm valves have
V-notches bonnets with a stem
O-ring outer seal. The bonnets
have vent plugs through which
periodic leakage checks can be
made in the inerspace between
the diaphragm and the stem
O-ring seal.

The material, in the
valve, in contact with the
heavy water must either be
stainless steel or a com-
patible materisl like rubber,
Teflon has very poor radia-
tion resistance and should only be used as a stem packing material
in areas where the radiation fields are low or when the packing can
be periodically checked and changed.

(d) Piping

In order to limit heavy water losses pipe joints must be welded
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wherever possible., Where two different mzterizls meet at the joint
or where the connection requires rapid or repeated breaking, flange
connections are used, Weldneck flanges are preferred in larger
pipe sizes, but slip-on flanges are used in locations of restricted
clearance, The flange gasket material must not deteriorate due to
contact with water or due to thermal cycling. The gasket material
must also be radiation resistant. Natural rubber or Buna N rubber
gaskets are generally suitable in the moderator system. Screwed or
threaded connections have been known to loosen up because of vibra-
tion or thermal cycling. They should, therefore, be avoided if at
all possible and should not be used unless they are sealed by back
welding.

The piping and equipment must be arranged so as to reduce
heavy water holdup as much as possible. The model of the Douglas
Point moderator system layout, Fig. 9, shows how congested such a
layout can become, It is clear from the figure that suchcongestion

3281-
MYT 3211
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could result in serious maintenance difficulties and would in-
crease the possibility of equipment damage and accidental heavy
water spillage. Such congestion at Douglas Point has already
caused many problems resulting in high maintenance costs. It is
estimated that, fairly early in the commissioning of Douglas
Point, the increase in maintenance costs had already equalled
the saving in the cost of heavy water., It may also be seen that
there are likely to be many flange connections in the system.

A leak detection system should therefore be installed. The gen-
eral floor area below the equipment could be enclosed in a weir
and moisture detectors placed inside the weir,

It is possible that the valves supplied in the system may
not be sufficient to provide the isclation required for all
maintenance work. Alternative isolation would, then, have to
be provided. Ice plugs can be used for this purpose on small
pipe or pipes in which the fluid velocity is low. For larger
pipes or where the fluid velocity will not allow an ice plug to
form, a gas bag inflated in the pipe can be used, provided the
system is at low pressure. Such a gas bag might well be pre-
ferred to an ice plug because of the inherent hazards with ice
plug formation and the effect of low pipe temperatures on welds,
Isolation needs must therefore be anticipated and means provided
of inserting the deflated gas bag into the pipes. Connections
are also required for draining and venting equipment or various
sections of piping.

If the calandria material is stainless steel, the pipes will
also be of stainless steel. Aluminum pipe will generally be
used with an aluminum calandria although stainless steel pipes
can be used if flanged connections are used, Mild steel and
aluminum would not be used in the same system since mild steel
can only be used in a system where the pH is around 9 to 11
whereas aluminum corrodes rapidly under these conditions, Al-
uminum has good corrosion resistance at a pH of 6 or 7 but mild
steel corrodes under such conditions. In any case it is de-
sirable to keep the pH around 7 since this tends to reduce radio-
lytic decomposition of the heavy water, Therefore mild steel
would not be a suitable material in the system.

Moderator Storage, Drainage and Level Control

There is no reason why the calandria cannot remain full of
heavy water, as in Fig. 1, 2 and 3. The reacter would then have
to be regulated and shutdown by neutron absorber rods which are
inserted into or withdrawn out of the reactor. There are, how-
ever, a number of reasons for supplying a second tank into which
the moderator can be drained:

(a) It may be necessary to drain the reactor, in order to
carry out maintenance or repairs,
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(b} A very large decrease in reactivity is obtained when
the moderator is drained from the calandria. It is,
therefore, very convenient to be able to shut down
the reactor by partially or completely draining the

moderator from the calandria,

(¢) A reactor trip or rapid shutdown is required if cer-
tain variables, such as reactor neutron power, exceed

some predetermined values.

Fast moderator drain pro-

vides a convenient method of quickly reducing the
reactivity following a reactor trip., The tank into
which the moderator is "dumped" is known as the dump
tank., Moderator dump may be used as the only method
of shutdown or as a backup to some other method, such
as the insertion of absorber rods.

(d) Small variations in moderator level may be used as a
very versatile method of reactor regulation. Such a means
of reactor regulation requires a stable, accurate level
control with a very fast response.

If a dump tank is to be incorporated into the system, addi-
tional equipment will be required to permit fast draining into the
dump tank, transfer of water back into the calandria and variation
in calandria moderator level, One of two methods can be used.

Fig. 10 shows how the moderator system, shown in Fig. 1, is changed

to accommodate the first of the

two possibilities. Water is
constantly pumped from the dump
tank, through the heat exchanger,

to the calandria. The large

valve B is completely closed. A

is a smaller control valve and,

if it is also closed the level
continues to rise in the reactor
until it is full. If A is partially
opened, the calandria level rises
until the amount of leakage through
A is equal to the flow into the
calandria from the pump. To raise
the calandria level, A is closed
further. The level then rises

until the flows again balance. The
line CDE allows for free gas exchange
between the two tanks as the water
flows from one to the other, On a
reactor trip, the large valve B opens
to allow fast draining or dumping of
the moderator into the dump tank.

To simplify the figure no pump
or heat exchanger duplication is
shown and the valves in Fig, 2 and 3
have been left out. There may also
be more than one valve A and there
will undoubtedly be several of type
B in large drain lines.

TLEATIT

*ry Haripet iy

Dump
Tank

-

i

'y
"
{1

Fig, 10
- 1] -
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In Fig, 11, there is,
again, constant addition of
water from the dump tank to
the calandria. The water re- Y
turns to the dump tank through Y
the device W. This device,
normally in the reactor ves-
sel, is a welr arrangement Iy
over which the water spills,

Such a weir arrangement is
shown, diagrammatically, in
Fig. 12. Because the water
spills over the weir, a
liquid-gas interface is

b — - - - -~ - .- A
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formed at XY, The moderator
is then kept in the calandria
by establishing a Pressure
differential between this
liquid-gas interface and the
top of the calandria, A
pressure differential must,
therefore, be established
between the dump tank and

the top of the calandria.

The higher this pressure
differential, the higher the
moderator level in the calan-
dria.

The pressure differential, between the
dump tank and calandria, is established by
the cover gas system designated > , Gas
blowers or water-jet exhausters, D, maintain
the pressure at C below that at E. If valve
A and valve B were both closed, the pressure
at C would become very low and the calandria
would fiil completely. However, a con-
trolled gas leak rate can be established
through the controcl valve A to give the
pressure differential, between E and C,
necessary to establish a specific moderator
level in the calandria, Variation in the
control valve leak rate can then be used to
vary the cover gas pressure differential
and, hence, the moderator level., A reactor
trip will cause the large "dump" valve B to
open. This equalizes the pressure at C and
E allowing the moderator to empty rapidly
into the dump tank,

The same considerations apply, to the valves in Fig, 10, as
The following equipment re-

for the valves previously discussed,
quirements also apply:




(a)

(b)

(c}
(d)
(e}

(f)

{g)

(h)

(1)
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The dump tank must be large enough to contain the
moderator and mechanically strong encugh to withstand
the shock of a moderator dump.

The dump tank must be so shaped that it minimizes
heavy water holdup while still providing adequate net
pump suction head. An arrangement such as the sump S,
(Fig, 10 and 11), could be used. '

The dump tank and piping materials will generally be
the same as that of the calandria.

Blowers, control valves and dump valves can be duplicated
or triplicated to increase reliability.

The maximum moderator pump-up rate must be such that the
rate of reactivity increase can not exceed some set value
The number and capacity of the blowers or water-jet
exhauster, in Fig. 11, are based on this requirement.

In Fig. 10, the pump capacity would be limited by this
requirement and would result in more cooling capacity
being required.,

The fast drain and gas pressure equalization lines, in
Fig. 10, or the weir arrangement and gas pressure
equalization lines, in Fig. 11, must be large enough

to empty the reactor fast enough on a trip. This tends
to favour the arrangement in Fig, 11, since the water
lines must be bigger than the gas lines i.e. dump valves
B, in Fig. 10, would have to be substantially larger than
dump valves B, in Fig, 11.

Flow diversion valves, F, may be incorporated in the
moderator system, On a reactor trip, such a valve would
divert the flow of water to the dump tank instead of the
reactor. This would help to increase the dumping rate.

All dump valves must be quick acting to ensure a rapid
dump, This will likely mean that they zre butterfly
valves of the Mair to close-spring to open" types.

Interconnections between calandria and dump tank must
have expansion joints in them to allow for changes in
temperature in the two tanks.

A gas, called the cover gas, is required, particularly
in the system in Fig, 1l. fhe requirements of the cover
gas system are considered separately later in the lesson.

Moderator Purification System

A moderator purification system may be provided for several

reasons:

(a)

To remove corrosion products from the moderator, This
corrosion product remcval:

- 13 -
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(a) (i) Reduces the corrosion product radicactivey in the
system due to neutron absorption.

(ii) Reduces neutron capture in the reactor and so
maintains the desirable neutron properties of the
moderator,

(1ii) Reduces radiolytic decomposition of the water since
impurities encourage radiolytic decomposition.

(b) To control the pD of the water at a value which will
reduce corrosion of calandria, dump tank, equipment and
piping, The desirable pD in an aluminum system, for
instance is about 6,

(¢} To remove liquid poisons, such as boric acid, which have
been added to the moderator to counterbalance excess
reactivity in the reactor. Such poisons are added to
maintain a full calandria with new fuel or when the Xenon
poison has decayed during a shutdown.

Purification, or demineralizer, systems may be full flow or
by-pass systems. In the full flow system the total moderator pump
output would pass through the purification system, which would be
in series with the pump., However, the moderator flow is too high,
(about 6,000 Igpm at Douglas Point), to permit a full flow system
to be used, Consequently, a by-pass purification system is used,
The purification system is connected across the moderator pumps,
the discharge head of the pumps providing the pressure necessary
for the flow. An orifice, in the line, restricts the maximum flow
through the purification system to 4O igpm or 50 Igpm. There may
also be a flow control valve, H, provided. Fig. 13 and 14 show
two possible arrangements.

In Fig. 13, the inlet to the purification system is taken
from the outlet of the heat exchangers. This takes advantage
of the cooling provided by the heat exchaggers but, since the
moderator temperature is always below 180°F, this is not an
important advantage. As will be seen later some types of inter-
connections with the heat transport system may make it necessary
to adopt the arrangement in Fig. 14, with the system connected
directly across the moderator pumps,

The low particulate materials concentration, or crud level,
in the moderator system makes it unnecessary to have more than
one filter, G, in the purification circuit and it may be considered
unnecessary to have a filter at all, once the station is in normal
operation. If a filter is used, it may be a disposable, cartridge
type fllter or a screen type filter which can be scraped and
backwashed.

Soluble corrosion products are removed with ion exchange
columns IX1 and IX2., There will be at least two of these in parallel
so that one can be on line while the exhausted one is being changed.
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Valves are then required for isolation. The ion exchange units
themselves must be of stainless steel or must be lined with some
compatible material such as PVC, The resin in normal use will be
a mixed bed resin. If there is o0il leakage into the moderator
system or air inleakage into the cover gas, carbonates and nitrates
will be formed., It may then be necessary to use a predominently
anion bed in parallel. A predominently anion bed is also used to
remove boron poison in the form of boric acid, The units may be
entirely disposable, i.e. both container and resin being thrown
away when the resin is exhausted. Alternatively provisions can
be made to remove the resin only and to fill the unit with fresh
resin, Heavy water conductivity measurements, at the inlet and
outlet of the columns, indicate when the resin is exhausted.
Facilities are also provided for taking samples at the inlet and
outlet points, as shown in Fig. 1i.

Before the resins are used they must be deuterated. Heavy
water is passed through the resin beds until the Hand OH ions,
normally in the resin, are entirely replaced by D and OD ions.
This prevents the hydrogen and CH ions from entering the moderator
system and downgrading the moderator. When the resins are
exhausted, the deuterium and OD ions must be recovered, by de-
deuteration, to avoid loss of D20.

- 15 =



- 16 =

133,20-3

Aluminum systems are normally operated at a pD of 5.5 to 7
whereas the pD in stainless steel systems should be 7 or & little
higher. However, more efficient boron poison removal occurs with
a pD of 5 to 6 and, under these conditions, evidence of corrosion
in stainless system should be carefully checked. The chloride
ion must be eliminated from stainless steel systems because severe
stress corrosion occurs with oxygen in combination with a chloride
ion concentration of only 0.1 ppm.

Since activated corrosion products accumulate on the filters
and columns and since radioactive N-16 and 0-19 normally circulate
through the columns, the filter and columns will be contained in a
shielded cavity or pit. Removable shielding blocks allow access
to valves and enable filters, columns or resins to be changed. A4
moisture detector must be located in the pit to indicate heavy
water leakage,

Connections to Auxiliary Systems

(a) Spray Cooling -~ When the reactor is shut down, with the moderator
rained from the calandria, the calandria tubes and reactor
structure still receive some heat from the fuel, Heat is also
being produced in the tubes and walls because of absorption of
radiation emitted by decaying fission products. When the
calandria is empty, or when all the fuel channels are not
covered with moderater, auxiliary cooling is supplied from
spray headers located at the top of the calandria, in the dump
ports and elsewhere. The cooling water is supplied from the
moderator system. Some advantage is gained by taking this
water supply from the point J, at the heat exchanger outlet,
as shown in Fig. 15. However, it could well be taken from
the inlet to the heat exchanger, K, as shown in Fig. 16,

(b} Booster and Absorber Rod and Reactor Support Cooling - Heat is
produced in booster rods and absorber rods both during reactor
operation and at shutdown. The required cooling water can
again be taken from the points J or K. The same arrangement
is suitable to provide heavy water for calandria supporting
rods. Any return flow to the moderator system will be to the
pump suction, as shown in Fig. 16.

{c) Dousing Sprays - Dousing sprays are located above areas where
pressure suppression is required in the event of line rupture,
Heavy water dousing may be used initially in such areas, to
avoid downgrading and light water dousing may be used only if
the heavy water dousing is insufficient, Again the dousing
supply may be taken from points J or K, but some advantage is
gained if the supply water has been cooled in the heat exchanger

(d) Heavy Water Exchange Between the Moderator and Heat Transport
sttems -~ Heavy water exchange between the moderator and heat
transport systems may be required for one of two reasons. The
moderator water may be used for emergency supply or injection




to the heat trans-
port system in the
event that the heat
transport system
becomes depressurized
as a result of a
rupture. This ensures
that heat is removed
from the fuel during
emergency conditions,
If this is the only
requirement, then

the necessary con-
nection can be made
at the points J or K,
as shown in Fig. 15.

The moderator
system may, alterna-
tively or in addition,
be required to receive
the swell from and
make up the shrinkage
in the heat transport
system as it expands
or contracts with
changes in tempera-
ture, Since the heat
transport system is
at a higher pH than
the moderator system,
the flow of water to
the moderator system,
during a swell, must
be fed through the
moderator purifica-
tion system. The
interconnection is then
made at the point L
in Fig. 16. A check
valve prevents the
swell passing directly
into the main moderator
system. The second
check valve prevents
drainage of the puri-
fication system due to
the fact that the ion
exchange column are at
a high point in the
systen,
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The connection to the heat transport system is made at a
point, such as at the outlet of the heat transport purifica-
tion system, where the pressure is low.

(e) Heavy Water for Water-Jet Exhausters or Cover Gas Blowers -
Water-jet exhausters or cover gas blowers maintain the pressure
differential between the dump tank and calandrias. The
exhausters require a continuous water supply and so do the
blowers if they are of the water seal type. To avoid down-
grading, this water is supplied directly from the moderator
system., The water must be as cool as possible and so it is
always supplied from the outlet of the heat exchangers at J.

(f) Additions to the System - Provisions must be made for the
addition of heavy water to the moderator system to make up for
losses from the system by leakage or sampling. If the heavy
water being added can be guaranteed to be free of impurities
then the most convenient addition point is at the moderator
pump suction. If there is any possibility of impurities being
present, which would encourage radiolytic decomposition of the
heavy water, heavy water should be added to the system through
the ion exchange columns, as shown in Fig. 16. The second
check valve, referred to above, now prevents the heavy water,
being added, from entering the "heat transport system and
lowering the pH value,

Liquid poison addition to the system is made at the
moderator pump suction so that it is dispersed through the
system as rapidly as possible.

In all the above discussions, it is assumed that all the
lines considered will have the appropriate wvalves fitted, even
though these have not been shown. The connecting lines to the
heat transport or dousing systems will have valves which open
on a signal indicating an emergency condition. The D,0 addi-
tion line will have a manual isclating valve whereas “the
poison addition line is more likely to be fitted with a re-
motely operated isolating valve., All other lines will have
provisions for isolation and may possibly have flow control
valves. Note that in all cases, connections are made upstrean,
of any diversion valve, F, that may be in the system, since
these auxiliary supplies are required during reactor shutdown.

The Cover Gas System

It has slready been mentioned that water can be held in the
calandria by establishing a pressure differential between the dump
tank and calandria using water-jet exhausters or gas blowers. The
level of water in the calandria can be varied by varying the cover
gas leak rate through the control valve A (Fig. 11 and 17) and,
thereby, varying the pressure differential between dump tank and
calandria. en a reactor trip occurs, the dump valve B cpens to
quickly equalize the pressure between the dump tank and calandria.
Further requirements of this cover gas system will now be discussed,
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Choice of Cover Gas

The cover gas is required primarily to provide a medium
for establishing the pressure differential required to hold the
water in the calandria. The essential properties of a cover
gas may be stated as follows:

1. It should be chemically inert even in high radiation fields.
This avoids the formation of compounds which would enter
the moderator as impurities and increase the radiolytic
decomposition of the water,

2, Its cost must not be excessive.

3. It should have a low neutron capture cross section. This
is not so important from the point of view of neutroneconomy
since the density is low. It is, however, important
because of the resulting radicactivity induced., If neutron
absorption does occur, the resulting nucleus should either
not be radiocactive or not be a gamma ray emitter,

4o Its chemical purity should be readily maintained.

There are many gases from which the choice ecould be made
but all of them would be rejected on the basis of one or more
of the above considerations. Air would be ideal because of
its low cost and availasbility. However, it contains nitrogen
and argon. These constituents capture neutrons to form radio-
active carbon-l4 and argon-41 respectively, Nitrogen, in a
radiation field, combines with oxygen to form oxides which
dissolve in the moderator to form nitric acid. This is most
undesirable and is the main objection to using nitrogen as the
cover gas, Hydrogen is unsuitable because of the explosion
hazard associated with it.

All the gases, including the noble gases, can be eliminated
in this way, except helium. Helium is chemically inert and does
not acquire induced radiocactivity. It is fairly expensive
initially but once in the system its purity is easily maintained
because it is inert. It is more expensive than nitrogen but the
cost of ion exchange columns to remove nitric acid, when nitro-
gen is used, greatly offsets the difference in the cost of the
two gases,

The main problem with helium as a cover gas is air
inleakage in systems at pressures below atmospheric as it
increases the nitrogen content. To avoid nitric acid forma-
tion and its consequences the system has to be purged and fresh
helium added, It is imperative, therefore, that air inleakage
be reduced to a minimum by using welded joints or flanged
connections with reliable gaskets., It is an advantage, as in
the Douglas Point system, to have the whole system at or above
atmospheric pressure., Joints and connections must still, of
course, be reliable to avoid loss of helium,

- 19 -
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(b)

Recombination Circuit

As was explained in a previous lesson, heavy water
dissociates into deuterium and oxygen on being irradiated.
This represents a loss of heavy water unless it is reclaimed,
Furthermore an explosive concentration of deuterium would
soon result. The deuterium and oxygen are combined by
passing the helium, containing them, through a recombination
unit. This recombination unit contains a catalyst such as
palladium. The helium, therefore, also serves as a "carrier"
or "sweep" gas, providing the means of transporting the
dissociation products through the recombination units.
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The recombination units, of which there may be several
in parallel, may be in-line units, as shown at R in Fig. 17,
They are then in series with the blowers or exhausters, D,
and process the total helium flow. Alternatively, they may
be, as at R, in a by-pass circuit shown in dotted line. The
flow through the by-pass circuit is limited by the flow
orifice 0, Such a by-pass circuit can be used to pass the
clean helium into the top of the calandria to keep it con-
tinually purged of deuterium. Flame arrestors must be placed
before and after the units to prevent the propagation of the
flame resulting from the deuterium-oxygen recombination. The
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helium gas at the inlet and outlet of the recombination
unit can be periodically sampled or continuously sampled in
a chromatograph.

(c) Fast Pump Up

Provisions may be made for raising the moderator level
more rapidly, immediately following a trip, to avoid a
polson out. Such a facility would be in the form of a larger
blower or additional exhausters, M, which would normally be
isolated. The valve, S, would be automatically opened only
when fast pump up was required and permitted,

(d) Helium Storage Tank

A helium storage tank or gas holder, P, is required to
provide a helium feed or bleed to the system when necessary.
Such a tank may be a gas holder riding on the system or it
may be a storage tank connected to the system when a dump
tank pressure signal opens the valve N,

(e) Pressure Relief

Valves, such as T and V, must be provided to prevent over-
pressure of either the system or the storage tank, These
valves would vent into the reactor vault or some other area
where the heavy water vapour in the helium would be recoverable,

(f) Gas Addition

Provision must be made so that helium gas can be added from
pressurized bottles to either the system or the storage tank.

The system might also become depleted in oxygen i.e. the
deuterium:oxygen ratio in D,0 might not be maintained because
of oxygen combining with otﬁer substances, e.g. corrosion., This
will result in a deuterium build-up despite the recombination
units. There is, therefore, an oxygen addition line, (not shown),
upstream of the recombination units.

{g) Miscellaneous Connections

Helium may be used as a cover %as for other systems such
as heavy water collection system. t may also be used to pre-
vent air inleakage through the dump valve stems or the pump
seals, Connections must be provided, from the storage tanks
for these purposes.

- 2] -
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10,

11.

12,
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ASSTGNMENT

Briefly swmmarize the basic requirement of the moderator system,

(
{
(

Qoo
N S St

(a)

(b)

Why is it necessary to cool the moderator?

Why can the heat removed not be put to some practical use?
Why are the pumps and, sometimes, the heat exchanger
duplicated?

What type of pumps are used in the main moderator cooling
system and how are heavy water losses from these pumps
minimized?

What reasons are there for minimizing such losses?

Explain how the design and method of operation of a moderator

heat

exchanger may differ from a conventional heat exchanger

and explain why these differences are necessary.

(a)
(b)
{a)
(e)
(a)
(b)

{a)
(b)

(a)
(v)

(a)
(b}
List

What considerations govern the choice of valves in the
moderator system?
What types of valves are used and for what purposes?

What two major considerations govern the piping connections
and layout and in what principles do these considerations
result?

What other provisions may have to be considered?

Explain how the pipe material is determined.

What reasons exist for supplying a dump tank in the
moderator system?

Enumerate the basic requirements of the dump tank and
dump pipes.

Explain why a moderator purification system is required
and why a by-pass system is used,

What types of resin beds are used for what purpose and
how is it known that the beds are exhausted?

Why are spray cooling and booster and absorber rod cooling
connections required?

Give two reasons why heavy water exchange should be possible
between the moderator and heat transport systems,

What is the primary reason for having a cover gas system
and how is it fulfilled?
What are the other possible uses of the cover gas?

the essential properties of the cover gas and explain

why the only choice is helium.

EBxplain why a recombination circuit is necessary.

A, Williams
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Reactor Boiler and Auxiliarles - Course 133
HEAT TRANSPORT FLUID REQUIREMENTS

Thermal energy is produced in a reactor as a result of the
fissioning of a fissile material, The heat transport fluid is used
to transport this heat either to a boiler, where it is used to pro=-
duce steam, or it is used as a thermodynamic heat engine fluid which
passes directly to the turbine. There are two objectives of reactor
design which are significant when the heat transport fluid is being
considered., These objectives are: =

(a) That the heat be transported out of the reactor
in a useful form and, therefore, at as high a
temperature as possible,

(b) That the maximum amount of energy is obtained

from the fuel (i.e. as high a fuel burn-up as
possible).

The higher the heat transport temperature the higher the ‘ther-
mal cycle efficiency, In the boiler of a coal or oil fired station
the source of heat (i.,e. the combustion gases) is at the highest
temperature of the system. The structural material, is at a lower
temperature, which is essentially the steam temperature, In a nu-
clear station, the fuel elements are the heat sources and they must
operate at 300°F to 500°F higher than the steam temperatures, in
order to obtain reasonable heat transfer, The materials in the re-
actor must also withstand these higher temperatures. However, if
materials were nsed, which could withstand these higher temperatures
the capital cost of the station would be increased. Such materials
might also capture more neutrons and, thus, lower the fuel burnup.
Because of these conflicting factors a lower thermal efficiency is
usually acceptable but this is offset by other compensating factors.

There is no theoretical upper limit to the power that car be
produced by a reactor through fission. The maximum power is fre-
quently determined only by the rate at which the heat can be trans-
ported from the reactor. The transfer of heat from the fuel elements
can be improved ejther by further subdivision of the fuel, so as to
increase the contact area, or by increasing the volume of fluid in
the fuel channel, Both result in a decrease of the neutron multi-
plication factor, k, which means an increase in reactor critical
ﬂizeo

November 1966 (R-0) -1 -
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The discussion above shows that the heat transfer and nuclear
requirements may conflict, It also illustrates that the heat trans-
fer and heat transport characteristics of a particular fluid may
substantially affect both reactor core and fuel element design. This

lesson will consider both nuclear and non-nuclear requirements of
heat transport fluids.

Nuclear Considerations

(a) Neutron Absorption Cross=Section

The heat transport fluid passes through the reactor core. One
important requirement, therefore, is that this fluid have a small
neutron absorption (or caputre) cross-section. The neutron economy
of a reactor system has an important influence on the size and on
the over-all cost of a reactor. There is a substantial volume of
heat transport fluid in the reactor and so it is imperitive that the
absorption cross-section per atom or molecule be small, Table 1
lists the thermal neutron absorption cross-section, ¢, for some
possible heat transfer fluids.

TABLE 1
Material d, {(barns) | Material g, (barns)
Lithium - 7 0,033 Light Water 0.66
Bismuth 0,032 Heavy Water 0.0003
Sodium 0.5 Polyphenyls 0.33
56% Sodium-44% Potassium | 1,1
Mercury 380

|

The cross-sections for gases are not listed since the absorp-
tion cross-section per atom is not the important factor. The low
density of a gas, (i.e. the small member of atoms or molecules per

unit volume), is of greater significance when neutron absorption is
being considered.

The cross-sections listed are those for thermal neutrons and
are pertinent only for thermal reactors. The absorption cross-sec-
tions for fast neutrons are substantially smaller and other factors
are more important when deciding on a heat transport fluid for fast
reactors,

-2 -
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It may be seen, from Table 1, that the most attractive fluid,
from the point of view of neutron economy, are heavy water, lithium,
bismuth and the gases. These can be used in thermal reactors using
natural uranium fuel. The cross-section for the polyphenyls is also
low enough to allow it to be used as a heat transport fluid in a
natural uranium fuelled, heavy water moderated reactor. The use of
any other heat transport fluid would necessitate enrichment of the
fuel. However, if the light water is allowed to boil, with boiling
occurring, say, half way along the fuel channels, then it can be
used without fuel enrichment in a heavy water moderated reactor.

{b) Moderating Ratio

A good moderating ratio is desirable but not essential for a
heat transport fluid in a thermal reactor. If the heat transport
fluid has a high moderating ratic the amount of moderator used can
be reduced, the fuel channel separation can be smaller and, hence,
the reactor size is smaller. Furthermore, if the reactor is not
overmoderated, (i.e, the fuel channel separation is only just suf-
ficient to thermalize the average neutron), then loss of heat trans-
port fluid leads to a reduction in reactivity. The resulting de-
crease in neutron absorption, however, causes an increase in reac-
tivity, If the two effects cancel or the overall void coefficient
is zero or slightly negative, then a high moderating ratio is de-
sirable. It is not desirable if the void coefficient is positive
(as in an overmoderated reactor such as NPD} or if it has a large
negative value. Both conditions would result in power transients
or power swings if voids occur due to boiling.

Good slowing down materials (i.e., of low atomic weights) are

to be avoided in a fast reactor where the neutron energy must be as
high as possible.

(¢) Induced Radioactivity

If the neutron absorption cross-section of the heat transport
fluid was zero radioactive nuclei would not be produced in the fluid
by neutron capture, i.e. there would be no induced radicactivity.
However, since this is rarely the case, the heat transport fluid
activity becomes a factor requiring the following considerations:-

1. The radiocactive nuclei produced should not emit
gama rays or, if they are gamma emitters, the
gamma ray energies must be as low as possible.

If gamma ray emitters are produced, the system,
external to the reactor, is not accessible dur-
ing reactor operation and requires shielding to
avoid exposure of station persomnel to the radia-
tion, This precludes maintenance to the equip-
ment during operation at power. The higher the
gamma ray energy the thicker the shield required.
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2,

3.

An example of such induced activity is the
production of N-16 in water by absorption of fast
neutrons in oxygen.,

The Nitrogen-16 nuclei emit & Mev and 7 Mev
gamma rays. At NPD this resulted in a 4ft thick
concrete shield being placed around the heat trans-
port systent.

The induced activity in organic fluids, (con-
taining only hydrogen and carbon), on the other
hand, only occurs as a result of neutron absorption
in impurities.

The half-lives of the radiocactive nuclei produced
should be as short as possible, This allows the
equipment in the heat transport system to be ap=-
proached by station personnel soom after reactor
shutdown, The half-life of the N-16 above is only
7.35 secs, However, the half-life of Sodium-24,
produced in sodium, is 1l4.5 hours. This would delay
maintenance on heat transport equipment until the
activity decayed to an acceptible level,

The neutron activation should not result in the for-
mation of a substance which could be an internal
hazard if it leaked out of the system. There are
two excellent, but entirely different, examples of
the production of such a substance.

Tritium (H’), a beta emitter, is formed by neu-
tron capture in deuterium (HR2 + nl = H3 + K.)
Being a hydrogen isotope it is absorbed by the body
in tritiated water. This together with its long
half-life, makes it an internal hazard.

Bismuth-209 captures a neutron to form
Bi-210, which is a beta emitter with a 5 day
half-life. Bi-210 decays to Polonium-210,

a high energy alpha emitter with a half-life
of 138 days. Polonium is highly toxic and is
one of the most powerful physiclogical poisons
kn()wn. :



133.30-1

(d) Radiation Stability

Radiation should not cause dissociation or damage to fluids
used in the heat transport system. There must be a minimum of cross-
linking, tar or coke formation and a minimum change in desirable
physical properties resulting from such effects,

Heat Transfer Considerstions

The temperature in a conventional fossil fired station is
limited to that resulting from the combustion of the fuel, In nu-
clear fuel heat energy is being continuously produced by fission.

If the rate of heat removal was less than the rate of heat generation,
the temperature in the reactor would steadily rise until the reactor
was destroyed. Therefore, the rates of heat generation and heat re-
moval must be properly balanced. For any reactor the maximum opera-
ting power is limited by some temperature in the system, For in-
stance the temperature at the centre of the fuel may be limited to
reduce fission product gas diffusion to the sheath so that the fis-
sion product gas pressure does not cause sheath failure. Alterna-
tively the fuel temperature may be limitedin order to avoid a phase
change which would cause distortion., The fue. surface temperature
may be limited to avoid the sheath melting or to avoid local boiling
and the resulting change in reactivity. The heat transport tempera-
ture may be limited to minimize corrosion or to avoid pump cavita-
tion, During the design stage these maximum permissible temperatures
must be established, the magnitude and distribution of the heat
sources estimated and the temperature differences along the various
paths of heat flow determined. The analysis involves considerations
of heat conduction through solid components such as the fuel ele-
ment and sheath and transfer of heat by convection from the solid
surface toc the heat transport fluid. The heat is then transported,
by flow of fluid, along the reactor channel to a heat exchanger or
some other heat sink. The heat transport fluid will therefore be
chosen on the basis of its conduction, convection, heat transfer and
heat transport characteristics.

For a heat path of length L, and constant cross-sectional area
A, (e.g. slab), shown in Figure 1, the flow of heat by conduction,

q, is given by: -
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where k is the thermal conductivity in Btu/hr-ft—oF L*-At-—*
and At is the temperature decrease along the heat
path. Because of the analogy to Ohm's Law, the
quantity L/kA is often called the termal resistance L
of the heat path. -

Convective heat transfer between a solid and a
fluid is governed by Newton's Law of cooling: -

Fig. 1
q = hAAt = Tdﬁl-x -------- (2)

where q is the rate of heat transfer from a surface of area A which
is at a temperature At above its surroundings, h is the heat-transfer
coefficient in Btu/hr-ft2-OF. The quantity 1/hA is the thermal
resistance to the heat transfer. These thermal resistances are
additive,

Suppose, for instance, that heat is transferred, by convection,
to face A of the slab, in fig. 2, The heat is then conducted
through the slab and transferred, by convection, from face B. Let
the temperatures on each side of the slab be ty and tys as shown,
and the heat transfer coefficients are ha and hb'

The thermal resistance, Rl, at interface A t t
is 1/h A, that in the slab, R,; is L/kA and that & b
at int8rface B, R,, is 1/h, A.“ These three can
be considered as three res?stances in series, as —p
shown in Fig. 3. The total thermal resistance, R,
is then given by: -

1 L 1 1 A B
LA % SR SR v Sl L
Fig, 2

q = B2 = UAlt, - ty) - - - - -(4)

U is known as the overall coefficlent of heat transfer.

The values of such gquantities as h and U determine the suit-
abllity of a fluld as a heat transport medium. The wvalue of h
depends not only on the physical properties of the fluld but also
on the shape and dimensions of the interface and the nature, di-
rection and velocity of the fluid flow.

-6 -



The value of h 1s larger, for
instance, with turbulent flow
than with laminar flow and in
most cases, where forced con-
vection 1s used for heat re-
moval, the flow is turbulent.
The wire wraps on the NPD fuel
elements encourage turbulence.
Heat transfer coefficlents for
turbulent flow of ordinary
fluids can be expressed in
terms of the Nusselt number
(Nu) and the Prandtl number
(Pr) for the fluid.

Nu = T and

133.30-1

Fr = Eﬁff—

where D is the pipe diameter cg the specific heat at constant pres-

sure andp is the coefficient

f viscosity.

For fluld flowing in a long straight channel

Nu =

where Re = %EF

of the fluid and

Therefore:-

0.023 Re0.3 Pr0-33 ______ {5)

is Reynolds number, v is the average velocity

P is its density.

hD - (DV )0-8 (C ]0-33
-k—- 0-023 (_}.—lﬁ) _ﬁ'# - - - "(6)

If the physical properties of the fluid, such as density, vis-
cosity specific heat and thermal conductivity, are known the value
of the heat tranafer coefficient, for turbulent flow, can be cal-
culated. Equation (6){ however, does not hold for liquid metals.

c

The values of the phys

al quantities in equation(6}, particularly

the viscosity, vary with temperature,

With liquid metals the most important heat transport mechanism
is molecular conduction rather than by fluid movement as in gases
and non-metallic liquids, For liquid metals an equation of the

type: -
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D

0.8
hD vee S e e -
T - 7 + 0,025 {—T—E - - (7)

is used. Equation {(7) gives values of h which are too high and,
so, some modification of (7) is used in practice.

The following table gives the values of o u, k and ¢, at 400°F
for (a) carbon dioxide at 10 atm. pressure an& a velocity of 100
ft/sec, (b) water at 20 ft/sec and {(c} liquid sodium at 20 ft/sec,
flowing through a long straight tube of 0.1 ft diameter,

TABLE 2
CO, Water Liquid Na
P (1b/ft3) 0.656 53,7 53,2
M (1b/hr-ft) 0.0504 0.148
k (Btu/hr-ft-°F) 0,018, 0.380 L7.1
¢, {(Btu/1b=-"F) 0.265 1.0 0.320

Usin% these values in equation {6), for CO, and water, and in
7

equation {7) for liquid sodium: =~
h (for CO,) = 124 Btu/hr-£t2-CF
h (for water) = 8150 Btu/hr-ft°-°F
h (for Na) = 9650 Btu/hr-rt2-°F

The value of m for water in the above table appears to be too
low, However, the calculated values of h still serve to compare
the heat transfer coefficients of the three fluids.

Table 3, below, lists the values of p, u, k and p at the tem=-
peratures indicated. The values for the gases are all at atmospheric
pressure.
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TABLE 3
Fluid Temp. Densitg Specific| Thermal Viscosity
(oF {(1b/ft3) Heat Conduc- | (1b/{hr)(ft)
(BTU/1b) | tivity
(OF)
Water (H§O)
m.p. 320F 212 60 1.006 0.395 0.70
b.p.2120F L8R 50 1.21 0.35 0.45
Water (D20)
m.p. 39°F 215 66 0.993 0,372 0.79
b.p.2150F 504 54 1,18 0,305 0.28
Terphenyl
m.p.2500F 600 53 0.60 0.066 0.77
b.p.7500F
Sodium
m.p.208°F 752 53 0.306 4L1l.1 0.65
b.p.1621°F 1022 51 0.301 37.4 0.54
Sodium-~-Potassium |
(56 Na-4LK)
m.p. 66°F 752 51 0.252 16.0 0.56
b.p.1518°F 1022 49 0.248 16.4 0.47
Molten Salts{5ONaF-
46ZrF; -LUF, }
m.p.970°F 1300 240 0.47 2.6 20.5
Air {dry) 1160 0.0246 0.268 0.0359 0.0946
1700 0.0184 0.280 0.0434 C.1123
Carbon Dioxide 440 0.0670 0.241 0.0194 0.0463
1160 0.0372 0.287 0.0359 0.0875
Helium 1160 0.00339] 1.248 0.1570 0.1003
Hydrogen 1160 0,00171| 3.54 0.2560 0.0451
Nitrogen 1160 0.0237 0.274 0.0350 0.0925
1700 0.0178 0,288 0.0415 0.1115
Steam 440 0.027 0,48 0.018 0.044
1160 0.017 0.52 0.038 0,072
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Pumping Power Consideration

The power utilized in pumping the heat transport fluid through
a reactor is given by: =

Pumping power =  Pressure drop x Volume flow rate

= (Ap) (Ap¥) - m = o m - (8)

where Ap is the total pressure drop due to all causes, Ap is the
total cross-section, or flow, area of all fuel channels and v is
the flow velocity. For turbulent flow, the pressure drop due to
fluid friction is given by: -

Ap, = 4Lf § AL oo -. (9)

where f is the friction factor, which depends on the Reynold's num-
ber, L is the length and D the diameter of the pipe.

The entrance and exit effects and the effects of fittings must
be added to Ap, to give Ap, gowever if these are ignored or
assumed to be p;oportional to pv</2g (which they are for abrupt
contractions or expansions}, equation (8) now becomes,

3
Pumping power = k Af %

where k is a constant which depend on pipe length and diameter,
The mass flow rate M = p Af v

K M
Hence pumping power = —5—>

2g p Af

It may, therefore, be seen that the pumping power required is,
roughly, proportional to the cube of the mass flow rate and inver-
sely proportional to the square of the fluid density,

For a given fluid of constant mean density, the mass flow
rate required depends on the volumetric heat capacity pcp. The
higher the volumetric heat capacity the lower the mass flow rate
required to remove a specific quantity of heat. Thus, the higher
the density and specific heat, the lower the pumping power re-
quired. Specific heats do not differ by more than a factor of
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around 15, eg, ¢, for Sodium-potassium = 0.25, ¢, for hydrogen
= 3.54, HoweveB, densitlies of gases are generallg about 100
times or more lower than those of liquids, and therefore gases
require much larger pumping powers. Water has one of the most
favourable pumping power characteristics, as may be seen from
Table 3, followed by terphenyl and then by the ligquid metals.

O Non-nucle Congsiderations

In general, a heat transfer fluid should possess the following
additional characteristics: =

{a)} Low Melting Point - It is desirable that the fluid have a
melting point below room temperature to avoid the necessity
of traceheating or preheating the system and to avoid freez-
ing of the fluid during shutdown. Where the heat transport
fluid passes through a heat exchanger cooled by lake or river
water, as it would before passing through ion-exchange co-
lumns, it is desirable that its melting point be below 32°F,

(b) High Boiling Point - The most efficient conversion of ther-
mal into electrical energy occurs with high heat transport
temperatures., The high boiling point of a liquid permits
operation of the heat transport system with little or no pres-
surization. This means that a strong pressurized system is
not necessary which is an advantage from the operational
safety point of view and alsc helps to reduce the capital cost
of the station.

(c) Thermal Stability - The heat transport fluid must be stable
at high temperatures.

{d) Non-corrosive Properties - It is necessary that the fluid
should not attack materials, inside or outside the reactor
with which it comes into contact, even at elevated tempera-
tures, Corrosion causes damage to components which may mean
that they have to be replaced. Their replacement after pro-
longed reactor operation may be difficult and expensive and
is likely to lead to operating lossesdue to a lengthy unit
down time. Corrosion products may also cause flow reductions
in fuel channels and cause system contamination when they
become radioactive,

Because of the fluid flow in the heat transport system mass
transfer due to temperature gradlents can be significant.
For example, carbon from steel will dissolve in hot molten

- 11
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sodium and the carbon 1s then deposited at a cooler spot in
the system.

Non-toxic - Since there may be some leakage out of the heat
transport system, it is essentlal that the heat transport
fluid not be toxic nor result in a toxic substance when ex-
posed to radiation.

Low Cost - The volume of the heat transport system is second
only to that of the moderator system. High cost of the heat
transport fluld would, therefore, substantially increase the
capital cost of the unit. Operational cost, due to fluid
logses, would also be higher.

SST T
(a) Why are neutron capture cross-sections of heat transport
fluids important in thermal but not in fast reactors?

(b) When is a good moderating ratio desirable and when is it
not desirable, for a heat transport fluid?

What 1nduced radicactivity considerations are important when
choosing a heat transport fluid?

(a) What physical properties of a fluid determine 1its heat
transfer coefficient?

(b) Briefly compare the heat transfer coefficients of carbon
dioxide, water and liquid sodium indlcating the primary
reasons for the different values.

(a) What factors determine the pumping power required to
circulate a fluld?

(b) Why are the pumping powers required for gases so much
greater than for liquids?

A. Williams
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Reactor Boiler and Auxiliaries - Course 133

HEAT TRANSPORT FLUID COMPARISONS

No single substance, or mixture, can be found which satis-
fies all the heat transport fluid requirements which have been
discussed. It is for this reason that several possible fluids
have been and are being tried in reactor systems. The general
characteristics of the most likely fluids will now be reviewed.

Light Water

Ordinary or light water is attractive, as a heat transport
fluid, because it is readily available at low cost., It has a
high specific heat and fair thermal conductivity. Its thermal
conductivity is about 100 times lower than that of liquid metals
but its value is well above those of organic liquids or gases.
Hence the heat transfer characteristics of water are far superior
to those of gases and organic liquids and are not much poorer
than those of liquid metals and molten salts. Because of its
good heat transfer coefficient, it is possible to decrease the
flow rate of water and, since its density is relatively high,
the pumping power required is low. The pumping power with
water, for equivalent heat removal, is roughly in the order of
one-tenth of that required with a gas at 10 atmospheres pres-
sure,

Another basis for the comparison of heat transport fluids
is the volumetric heat capacity, which is defined as the product
Pey (in Btu/ft3 - OF). Water has one of the highest volumetric

heat capacity and this enables a high rate of heat removal to

be attained without an excessive rise in the heat transport fluid
temperature., This helps to reduce thermal stresses in the sys-
tem.,

A further advantage of using light water as a heat trans-
port fluid is that it can be used simultaneously as a moderator,
which results in a fairly compact core. It melts at 32°F and,
so, will not solidify during reactor shutdown.

The use of light water, however, has man{ drawbacks. The
thermal neutron capture cross-section is too large to allow

light water to be used as a heat transport fluid with any modera-
tor unless some fuel enrichment is used. Water boils at 212°F
under normal atmospheric pressure. Therefore, in order to ex-
tract the heat from the reactor at a high enough temperature,

the heat transport system requires pressurization to prevent

November 1966 (R-0) -1
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the water boiling. If the water is used simultaneously as modera-
tor and heat transport fluid, the reactor can be enclosed in a
pressure vessel., This does not involve additional material in
the reactor core which increase neutron absorption but it does
introduce the disadvantages, discussed previously, which are
inherent in a pressure vessel design, If the moderator and heat
transport fluids are to be kept separate, as in the pressure
tube reactor concept, the additional strength required, because
of pressurization, may result in more neutron absorption in the
core. Either the pressure tubes must be made of zirconium alloy
which has a low neutron capture cross-section but is expensive,
or low alloy steel must be used for the pressure tubes thereby
increasing neutron capture and necessitating the enrichment of
the fuel,

Water at high temperature, even when pure and free from oxy-
gen, becomes quite corrosive. With a pH of 5.5 to 7 the corrosion
rates with zircalloy and stainless steel are quite acceptable but
the corrosion rates with carbon steel or low alloy steel are not
acceptable unless the pH is raised to between 9 and 11. This
corrosion problem is more severe because of the presence of oxy-
gen due to radiolytic decomposition of the water, This radioly-
tic decomposition can be reduced by removing ionic impurities,
The decomposition of water is also discouraged by pressurizing
and is not, therefore, as severe a problem in the heat transport
system as it is in a low pressure moderator system. The cover
gas space above the moderator allows the gas to escape from the
water and encourages more decomposition. Experience at NPD G.S.
has shown that it is better to allow the hydrogen concentration
to reach an equilibrium value rather than use a degassifier to
remove the decomposition products., The disadvantages with this
is that it makes hydrogen available for absorption in zircalloy
and this may result in hydrogen embrittlement of the zircalloy.

Radicactive 0-19 and N-16 are produced in water as a re-
sult of neutron capture., Both these nuclei are gamma ray emit-
ters and the N-16 gamma rays have very high energies, Extensive
shielding is, therefore, required around the heat transport
system equipment and piping external to the reactor. It also
means that the heat transport system is not accessible for main-
tenance during reactor operation.

Although light water is relatively inexpensive, some cost
is involved in maintaining it free of impurities. It is also
undesirable to have the containing room and other equipment con-
taminated by radiocactive fluid which could contain fission pro-
ducts from failed fuel elements. Leakage of water out of the
system should, therefore, be aveided but the equipment would
probably be more conventional than would be possible with heavy
water,
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Boiling Light Water

There are many advantages to be gained by permitting the heat
transport system fluid to boil. If boiling water is used as a heat
transfer fluid the large latent heat of vapourization can be used
to increase the hest transport coefficient by a substantlal amount .,
Fig. 1 shows how the heat flux, . e L
transferred to a fluid, varies & T o~
with the temperature difference
between the heated surface and
the fluid. The shape of the
graph should be regarded as
being generally representative
although actual values differ

o
F
.
b

Bulk

Heat Flux (BTUM R
o
in
E

in different cases. ”ﬁﬁu

The graph can be divided a A
into a number of regions, in o] A ek -
each of which the mechanism of 0 100 } 000
heat transfer is different. ' Temperuiure Difference (¥ Betwean Woll ond Ligeo
While the heated surface tempera- Fig. 1

ture is below the water saturation

temperature, (shown as the non-

boiling section, AB), heat is

transferred by single phase convection, i.e, ordinary convection in
water. This is the method of heat transfer already considered.

In the local or nucleate boiling region, BC, the heated surface
temperature exceeds the saturation temperature by a few degrees,
Bubbles are formed on nuclei, such as solid particles or gas absorb-
ed on the surface. As the bubbles break away, they collapse or con-
tinue to grow, depending on whether the bulk of the fluid is below
or at the saturation temperature., The large increase in the heat
flux in this region occurs as a result of the mixing of the liguid
caused by the agitation of the bubbles. This greatly improves the
heat transfer characteristics.

The heat flux continues to increase until the heated surface
becomes blanketed by an unstable, irregular film in violent mo-
tion, with little direct contact between the water and the heated
surface. Heat transfer is then by conduction and radiation
through the film. The heat flux, consequently, decreases appreci-
ably along CD. At D the film is stable and the heat transfer
then improves as the surface gets hotter. However, such high
temperatures are required, in the region DE, to attain comparable
heat flux to those along BC, that they result in the destruction
of the fuel or sheath., This is known as BURNOUT and must, of
course, be avoided,

Care must be taken, when operating in the nucleate boilin%
region, that the operating point is not too near the maximum o
the curve, A slight increase in heat flux would then cause a
sudden change to film boiling, which usuaily results in burnout,
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It would appear, therefore, that high heat fluxes can be obtain-
ed in the nucleate boiling region. This would enable the pumping
power to be reduced. Nucleate boiling with the bubbles growing
would lead to a net generation of steam in the reactor if the bulk
fluid temperature is a little above the saturation temperature, This
would allow a direct cycle to be used with the steam being fed
directly into the turbine. This, in turn, e¢liminates the heat loss
in the boiler of an indirect cycle. Fig. 2 illustrates two further
advantages resulting from the direct cycle., The fuel element tem-
perature, with the
direct cycle, is 35 TUBINE
lower for the same EFFICIENCY 27 % vor warer | 00uB/N°
steam conditions,

Alternatively the ﬁ“ﬁ

steam temperature
is higher for the

1§ powinG warer
500 LB/ IN
FUEL ECEMENT BOILER

L TEMPERATURE

same fuel tempera- S00% EFRIENCY 27%
ture, Secondly , 500 MW HEAT -
the direct cycle CONDENSER 20, BOIL MG, FUEL

ELEMENT TEMPERATURE

can be operated at CONDENSATE

BO0F 500 MW

. 00,000 GPM
a much lower pres- 5000 GPM . TEAT PUMPING FOWER 5000 GPM
sure than that re- OF TURBINE QUTPUT 5% of TURBINE OUTPUT
quired to prevent . 2
boiling in the in- Fig, <

direct cycle using
water as a heat transport fluid, This reduces thickness of pressure

vessels or tubes and results in lower capital costs,

The overall effect of volid formation through boiling in a reac-
tor using light water moderation and cooling is a decrease in reac-
tivity. A reactor using boiling light water would, therefore be
self regulating. The reduction in the high enthalpy water content
of the heat transport system would also ease the containment problem
should a rupture occur in the heat transport system.

There is one final advantage of using boiling light water which
is of particular significance to the CANDU concept, If boiling oc-
curs about half way along a fuel channel in a pressure tube reactor,
the decrease in neutron capture, by the light water, is sufficient
to allow boiling light water to be used in a natural uranium-heavy
water moderated system. This would result in reduction in heavy
water capital cost and in operational costs resulting from heavy
water losses from the heat transport system.

The following are some disadvantages of using boiling light
water as the heat transport fluid: -

(1) Because of carry over of radioactive nuclei with the steam,
the turbine and associated equipment may have to be shielded
to avoid personnel exposure, This also restricts access to
the equipment during operation,
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(2} The carry over of radiocactive nuclei also necessitates the
reduction of leakage from the turbine and auxiliaries to avoid
general contamination of the building., This is particularly
necessary because of the possibility of fission products being
present, This leak tightness requirement would lead to higher
capital costs for the turbine and auxiliary equipment.

{3) 1If voiling takes place half way along a fuel channel the latter
portion of the fuel channel would be cooled by steam., Further
subdivision of the fuel would then be required, to increase the
heat transfer area, or the thermal rating of the fuel would
have to be raised and this would probably require thicker fuel
sheaths. The channel diameter would also have to be increased,
The net result would inevitably be poorer neutron economy.

(4) 1In reactors using a heavy water moderator and light water as
the heat transport fluid, there would probably be an overall
positive vold coefficient especially if the reactor is over-
moderated. Formation and collapse of steam bubbles would,
therefore cause the regulating system to "hunt™ in trying to
keep the power steady and a more sophisticated regulating sys-
tem might be required,

During start up, a large increase in reactivity occurs as
more and more fluid boils. Measures, such as peison injection
or use of control rods, would be required to balance this
reactivity increase and enable the reactor to operate with a
full calandria and, therefore, at full power,

(5} If a high pH is required in the heat transport system, pH con-
trol may be by ammonia addition rather than by ion exchange re-
sins. This will result in more induced radioactivity.

(6) There is a likelyhood of non-symmetric flux and power distri-

bution axially because of the density variation along the fuel
channels,

Fog and Steam

Steam, as a heat transport fluid, suffers from all the dis-
advantages of a gas. It has low density, low thermal conductivity
and poor heat transfer and heat transport properties generally. The
fuel elements would therefore require high surface-to-volume ratios
such as could be obtained with fins., However, stainless steel would
seem to be the only structural and cladding material that could beo
used with steam since it has adequate corrosion resistance at 1000™F
Stainless steel has a low thermal conductivity and little advantage
would be gained from using stainless steel fines., Thus, extensive
subdivision of the fuel elements would be required. There seems no
advantage to be gained, therefore, in producing steam outside the
reactor just so that it could be used, in the reactor, as the heat
transport fluid,
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However, if steam produced in a boiling water reactor could be
superheated in a superheating section of the same reactor or in a
separate superheat reactor, then the advantages are numerous, Boil-
ing water reactor, even under ideal conditions, produce saturated
steam at about S00°F, Only 30% of the heat added to produce this
steam can be recovered in the turbine, The poor gquality of the steam
results in large turbines and low thermodynamics efficiency. Ero-
gion occurs in the turbine unless the blades and diaphragms are made
of a material that can withstand this erosion. Superheating of the
steam would provide a higher utilization of reactor heat because 60%
of the superheat energy added is recoverable, It would also permit
the use of standard modern steam turbines,

However, many problems remain unsolved, particularly those aris-
ing from material and fuel performances., The use of stainless steel
as structural and cladding material and the extensive fuel subdivi-
sion that would be required lessen the possibility of superheating
in a natural uranium-fuelled reactor. Recent developments indicate
that zirconium alloys could be used as sheath material but not as
fggi channel material at the higher temperatures that would be pos-
sible,

The use of H,0 fog as a heat transport fluid is being seriously
considered. Fog gs somewhat different from saturated steam. It
could be considered to be very wet steam or steam containing suspend-
ed water particles. The main advantages of using light water fog
are:=-

(1) The density of the fog is much lower than that of liquid water.
The resulting improvement in neutron economy permits the use
of fog, as a heat transport fluid, in a natural uranium - heavy
water moderated reactor.,

{2) The mean density along a fuel channel, with fog, is less than
with boiling water. A smaller reactor core is, therefore pos-
sible if fog is used instead of boiling water.

(3) The heat transfer coefficients, with fog, are very high, being
of the same order of magnitude as for liquid metals.

(4) The heat transport properties are excellent since evaporation

of the droplets takes Flace and advantage is taken of the energy
absorbed in the form of latent heat.

(5) The direct cycle is used as with boiling water.

(6) The fog, behaves as a homogenous medium compared with boiling
water, which is in two distinct phases. This would probably
eliminate some of the nuclear instabilities associated with
the boiling water reactor. The power distribution will also
be symmetrical,

(7) Zircalloy appears likely to be acceptable as a structural and
fuel sheath material which may mean that UOp could be used as
fuel in a CANDU type reactor.
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The radiation problems, associated with boiling water reactors,
will also occur when fog is used as a heat transport fluid,

Heavy Water

The significant differences between ordinary water and heavy
water are: -

(1) The appreciably smaller thermal neutron absorption
cross-section of heavy water,

{2) The production of tritium (HB) by neutron capture
in deuterium.

(3} The high cost of heavy water.

The low thermal neutron cross-section would permit the use of
heavy water, boiling heavy water or heavy water feog as the heat
transport fluid in thermal reactors using heavy water as moderator
and UOp as fuel. High burnups are attainable with low fuel costs,

The tritium produced in heavy water is a serious internal ra-
diation hazard. Leakage must be kept to a minimum to avoid per-
sonnel exposure. The leakage problem is particularly severe with
the high pressures and temperatures used in the heat transport system
and even more so in the direct boiling D20 or D,0 fog cycles.

The high cost of heavy water increases the capital cost of the
station and the operating costs due to leakage., This offsets to
some degree the low fuel costs. There is, therefore, an economic
reason for reducing leakages as well, Heavy water which has leaked
from the system must be recovered and the recovery systems, collec-
tion systems and closed ventillation systems required,further add
to the capital cost.

One Sther problem can arise with heavvy water. It freezes at
around 39YF and it is likely to freeze, in winter, in heat exchangers
cooled with river water.

. In most othe? respects heavy water and light water have very
similar characteristics with similar advantages and disadvantages,

Organic Liquids

Many of the advantages and disadvantages of organic substances
as moderators.apply equally well, or more so, t¢ their uses as heat
transport fluids., The advantages may be summarized as follows: -

(1} High boiling points and low vapour pressures, Terphenyl boils
at 750%F and its vapour pressure is low even at temperatures
well above this. Therefore very little pressurization of the

-7 -
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heat transport system is required, to prevent boiling, even
when reasonably high temperatures are attained to increase the
thermodynamic efficiency.

(2} Low corrosion rates permit the use of standard materials for
fuel channel and sheath materials, provided they are otherwise
suitable,

(3} Little or no induced activity through neutron capture, since
carbon and hydrogen are the only components of the pure
material, Radiocactive nuclei are only produced if impurities
are present,

(4) Fir high temperature stability up to 800°F,
(5) Low cost (l5¢ = 20¢ per 1lb).

The organic material under consideration is a mixture of ter-
phenyls, The probable operating condition are 8009F and 290 psia.
This relatively high operating temperature permits the use of a
steam cycle with an estimated efficiency of 37.9%. Turbine erosion,
due to moisture in the steam, is also greatly reduced. Both the
low heat transport pressure and high station efficiency lead to
lower capital and fuel costs.

There are, however, some limitations on the use of organics in
the heat transport system and there are problems which require so-
lutions., The main disadvantages with organics are: =~

(1) High melting point. The melting point of terphenyl is about
250°F and it is, therefore, solid at room temperature, Trace=-
heating of the system is therefore required.

(2) Low heat transfer coefficients, primarily because of the poor
thermal conductivity. Lateral fins may be required, on the

fuel elements, to increase the heat transfer area.

(3) Organic compounds suffer radiolytic damage which increases at
elevated temperatures., The effect of the radiation is to cause
polymerization to longer-chain compounds, This results in the
formation of tars, coke or varnish which increase the viscosity.
Gases, such as hydrogen, are produced. Continual purification,
by distillation under reduced pressure, is required,

It has been found that radiolytic damage is somewhat re-
duced if the concentration of the higher polymers is kept at
around 30%. However, this high concentration tends to cause
fouling on fuel element surfaces, but it drops the melting
point to such an extent that freezing does not take place even
at room temperature,
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The major problem asscciated with organic materials is the
development of fuel channel and sheath materials that will enable
full advantage to be taken of the higher operating temperatures.

The thermal conductivity of stainless steel is too low for it to be
used with the poor heat transfer properties of organics. In any
case the use of stainless steel also requires fuel enrichment. Zir-
conium is unsuitable because the hydriding effect of organics leads
to hydrogen embrittlement.

A sintered aluminium product (S.A.P.) has been under develop-
ment. This material consists of 6% to 10% aluminum oxide in an
aluminum matrix. A zirconium-Niobium alloy has also been developed
which looks promising.

Uranium carbide is being developed as a fuel material since
higher temperatures are acceptable with this material than with the
oxide.,

Liquid Metals

Liquid metals have excellent thermal properties. They have
high boiling points, low vapour pressures, high thermal conductivi-
ties, Metals of low atomic weights, such as sodium and lithium,
also have fairly high specific heats and volumetric heat capacities,
In addition, liquid metals are stable at high temperatures and in
high radiation fields.

The heat transfer characteristics of several liquid metals are
superior to those of water and the same rate of heat removal would,
therefore, be possible with smaller heat transfer areas. However,
liquid metal volumetric heat capacities are lower than that of water
and so the liquid metals requireahigherflow rate to remove the same
amount of heat., The pumping power required is not too different to
that required for water,

These thermal properties of liquid metals make them an excel-
lent choice as heat transport fluids in reactors operating at high
temperatures or with high power densities, No pressurization of the
system is required. The main disadvantage with liquid metals is
their high chemical reactivity at high temperatures. They must be
protected from oxidation and must be kept oxygen free to minimize
corrosion,

Table 1 lists a number of liquid metals which might be consider-
ed as heat transport fluids. Their absorption cross-sections for
thermal neutrons are given.,

The cross-section for Lithium-7 is very low but Li-7 is only
92.5% of lithium metal. The balance is made up with Li-6 which has
a much higher cross-section, Thus, lithium would not be suitable
in a thermal reactor unless the lithium-6 were removed by physical
separation. The cost of such a seaparation would be excessive.
Natural lithium could, however, be considered for fast reactors al-
though it is not attractive because of serious corrosion problems.

-9 -
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IABLE L

Material 0z (barns)

w— S— A——
Lithium - 7 0,033
Bismuth 0.032
Sodium 0.5
56% Sodium - 44% Potassium 1.1
Mercury 380

Corrosion problems are not serious with Bismuth and it has an
attractively low_thermal neutron capture cross-section. Its melt=~
ing point of 520°F is much too high but _alloying with lead produces
an. eutectic whose melting point is 257 F. Lead alsc has a low
thermal neutron absorption cross-section. A significant draw-back
in the use of bismuth and its alloys is the fact that it captures
neutrons to form Bismuth - 210, This is a beta emitter, with a 5
day half-life, which decays to Polonium - 210. Po - 210 is an ex-
ceptionally insiduous toxic substance which is difficult to contain.
The fact that bismuth expands on freezing is an additional compli=~
cation so that precautions have to be taken to prevent the liquid
metal from solidifying at any time.

On the basis of neutron cross-section and heat transfer charac-
terisitcs, sodium appears the most suitable liquid metal heat trans-
fer fluid. It is particularly suitable in fast reactors where its
lack of mederating qualities make it attractive, If free from oxy-
gen , it does not attack stainless steelg, nickel, many nickel alloys
or beryllium, at temperatures below 1100°F., Mass transfer does occur
at higher temperatures. It melts at 208°F and may, therefore, soli-
dify during shutdown and requires traceheating of the system, This
problem can be overcome by alloying the sodium with potassium to
produce an alloy which is liquid at room temperature, However, this
Na-K alloy is inferior to sodium as a heat transfer medium,

The major disadvantages with liquid sodium are as follows:-

(1) The formation of sodium - 24 by neutron capture, This is a
gamma emitter with a half-life of nearly 15 hours. Conse-
guently shielding is necessary around pipes, pumps and heat
exchangers and maintenance problems are increased.

(2) The chemically reactive nature of sodium., It is easily oxi-
dized by oxygen in air and reacts violently with water, Care

- 10 =



133.30-2

must therefore be exercised, particularly at elevated tempera-
tures, to avoid contact of the sodium with air or water. Con-
sideration must be given to providing a secondary sodium or
mercury system between the primary sodium loop and the water
system., The intermediate mercury loop prevents leakage of
sodium into the water system, A secondary mercury or sodium
loop prevents transfer of Na - 24 to the steam cycle in the
event of a leak occuring and reduces shielding requirements,

The necessity for avoiding water also imposes problems in
cooling control or booster rods. Organic coolants may well
have to be used.

(3) The problem of sodium leaks., Because of the combination of
viscosity, specific gravity, surface tension and wetting charac-
teristics, sodium can leak through very small openings. A
system known to be leak- tight at low temperatures may not be
80 at elevated temperatures. It is very difficult to provide
the leak-tightness which is so necessary because of the chemi~
cal reactivity of sodium,

It is thought that sodium can percolate through the inter-
face between carbide inclusions in stainless steel and this
makes the design of a containing system difficult.

Gases

There is much to recommend the use of a gas as a heat trans-
port fluid., They are generally easy to handle and they have good
radiation and thermal stability., However their heat-transfer charac=-
teristics are inferior to those of water and liquid metals. With
gases the heat transfer area has to be increased by the use of fins
and this introduces more neutron absorbing material into the core.
The pumping power requirement with gases, are much higher than with
other fluid, mainly because of the small densities,

In order to be able to compare gases as to their suitability
as heat transport fluids,a merit index is calculated based on the
ratio of the heat removed to the pump work expended. The results
at 1 atmosphere pressure and a temperature of 212°F are shown in

Table 2,

Air is an obvious choice as a heat transport fluid, because of
its availability, However, as may be seen from the table, a large
proportion of the power produced would be required to pump the air
around the system. Furthermore, at high temperatures, both the
oxygen and nitrogen in the air will react chemically with core material,

- 1] -
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TABLE 2
Gas Index Gas Index
Hydrogen 100 Helium 18
Methane 29 Carbon Dioxide 11
Ammonia 22 Air Te5

-12 -

Radioactive Argon-41 is formed by neutron capture in Argon-40
which is found in nitrogen. This is undesirable in a closed
system, The thermal properties of nitrogen are similar to those
of air and it is, therefore, equally unsuitable as a heat trans-
port fluid.

Hydrogen is the most attractive gas on the basis of the merit
index and low neutron absorption cross-section. Unfortunately, it
would constitute a serious explosion hazard if it escaped into the
air, The containment of hydrogen at elevated temperature and pres-
sure is a difficult problem which requires the use of special material
not subject to hydrogen embrittlement.

Helium is less attractive from the heat-transfer standpoint.
However, it has a negligible neutron capture cross-section and is
chemically inert. It is also stable at high temperatures and in in-
tense radiation fields, 1It, therefore,has much to recommend it es-
pecially in high temperature applications and as the fluid in a closed
cycle gas-turbine system. It is in use in the EGCR at Oak Ridge, in
Peach Bottom and in the DRAGON reactor in the U.K. High gas pressures
are required to reduce pumping power (e.g, 294 psig in DRAGON) and to
reduce core size, A closed system would have to be used with special
grecautions taken to reduce losses, because of the high cost of he-

umm,

Carbon dioxide is inferior to helium as regards heat trans-
fer, pumping power and neutron absorption cross-sections. It
is, however, readily available and is relatively inexpensive.
The absorption cross-section is small and the gas is free from
the dangers of toxicity and explosion., It does not readily at-
tack metals and the reaction rate with graphite appears insig-
nificant below 930°F if an inhibitor is added, It is probably
the most practical gaseous heat transport fluid below about o
1100°F. It is used, with methane as an inhibitor, up to 1067°F
in the Advanced Gas Cooled Reactor in the U.K., with enriched
U0z fuel sheathed in stainless steel.
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Comparison of D»0 Moderated Plants Using Various Heat Transport Fluids

It is not intended that the figures quoted here should be ac-
cepted as an indication or a predication of what reactor systems are
likely to be adopted in the future., The figures are presented to
give some idea of relative costs as they have been estimated by var-
ious groups or individuals,

Unit energy costs for D,0 moderated reactors, with various heat
transfer fluids, were compared in the 1964 Geneva Paper P-1Q (Pon
Lewis, Haywood, Primeau, Phillips, Merloc). Their estimated costs
are given in Table 3 below:

TABLE 3
Liquid | Boiling {Boiling| Organic
D20 D,0 H,0

{Indirect| {Direct
Cycle) Cycle)

Unit Energy Cost (mills/Kwh)| 3.829) 3.714 3.689 3,580

It is assumed that the water cooled reactors use rod-bundle
U0z fuel while the organic cooled reactor use a nested annular ura-
nium carbide fuel,

The water cooled reactors have since been reassessed using
Tube-in-shell (T18) UO, fuel., The results of this assessment for
station outputs of 250, 500 and 750 Mwe are shown in Table 4, which
is taken from 1965 CNA Conference Paper 65-CNA-203 (Brooks & Pon)
entitled "Conceptual Design of a Nautral Uranium Boiling Light Water
Reactor™,

Another AECL Report, AECL 1730 published in May 1963, compares
unit energy costs with liquid D20, boiling H20, H20 fog and organic
liquids as heat transport fluids. This comparison is shown in Table

*

The tables seem to indicate the possibilities of lower unit
energy costs with organic liquids or boiling light water .

- 13 -
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JTABLE L
250 MW(e) 500 MW{e) 750 MW(e)
Liq,] Boil), Boil, Boil, Liq.|] Boil,| Boil,
b O D D0 H O D o gg__,,ﬂg:
s e ——— =P e p—
D.0 Cost = $20/1b, 2 2 “ 2 2 2 2
2 ‘
Specific Capital Cost $/kWe 361 344 236 225 216 200 190
Burnup (Idealized Core) MWd/tell 9967 | 10382 11465 | 10343 11365 1 11997 | 10829
Fuelling Cost (@ $40,84/kgl) mill/kWhr 0.5711 0.503 0.454 | 0,495 0.499 1 0.433 ] 0.472
Capital Cost mill/kWhr 3.539] 3.375 2,315} 2,212 2.117 1 1.965 ] 1.859
Operation & Maint. Cost mill/kWhr 1,039 1,031 0,690 0.643 0.572] 0.564 | 0,531
Unit Enengy Cost (UEC) mill/kWhr 5.149 | 4,909 3.459 | 3,350 3.188 | 2,962 | 2.862
Difference in UEC from
Liquid D20 mill/kWhr 0 -0, 240 -0.230 -0,339 0 -0,226 |-0,326
D_O0 Cost = 510/1b,
&
Difference in UEC from
Liquid D,0 mill/kWhr -0,297 -0.264 -0.258
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TABLE 5
Coolant Liquid Boiling H20 Organic
D20 H20 Fog

Net Elect., Output (Mwe) 457 457 L5l 457
Plant Direct Costs ($) 59,020,000 | 62,080,000 | 60,921,000 54,953,000
D20 Inventory (@$20/1b) | 14,300,000 | 12,408,000 | 10,790,000{ 10,034,000
1/2 Fuel Charge ($) 2,320,000 3,320,000 3,230,000 3,400,000
Indirect Costs ($) 16,100,000} 16,100,000 | 16,100,000| 16,100,000
Contingency ($) 12,000,000 | 12,000,000 | 12,000,000 | 12,000,000
Interest during
Constn., ($) 11,400,000 11,600,000 | 11,300,000 | 10,600,000
Total Plant Cost ($) 115,140,000 | 117,508,000 114,341,000 |107,087,000
Specific Capital
Cost ($/Kwe 252 257 251.9 234.3
Burnup (Mwd/Tonne U) 8680 8985 7600 11,360
Unit Fuel Cost ($/KgU) 52,00 L9.64 52,37 38.50
Fuelling Cost (mills/Kwh) 0.80 0.69 0.86 0.42
Unit Power Cost
(mills/Rwh) 3.86 3.77 3.89 3445
Steam Cycle Eff'cy % 34.6 36.7 36.7 38.0
Net Station Eff'cy % 31.3 33.5 33.5 34.2

- 15 -
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ASSIGNMENT

List the advantages and disadvantages of using light water
as the heat transport fluid,

What additional advantages are to be gained by allowing the
water to boil?

Under what circumstances would steam be used as a heat trans-
port fluid and what advantages would result?

Explain why fog is superior to boiling water as a heat trans-
port fluid.

What are the significant differences between using ordinary
and heavy water as a heat transport fluid?

(a) Summarize the advantages and disadvantages of
terphenyl as a heat transport fluid.

(b) Why is it not in use in natural uranium - heavy water
moderated reactors?

(a) Why would sodium appear to be more suitable than
lithium or bismuth as a liquid metal heat transport
fluid?

{b) What are the major disadvantages with liquid sodium?

Briefly compare air, hydrogen, helium and carbon dioxide as
heat transport fluids,

A. Williams
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Reactor Boller and Auxiliaries - Course 133

MAIN CIRCUIT CONSIDERATIONS

The propertles of many possible heat transport flulds have
been considered and there are an even larger number of heat trans-
port systems that can be used with them. However, there are many
principles that apply equally well to several systems. All heat
transport systems can be classified as elther indirect or direct
cycles. In the indirect cycles, heat from the reactor is used to
produce steam in a hoiler or heat exchanger outside the reactor.
The heat may be transported from the reactor by water, organic 1li-
quids, gases or liquid metals but the heat transport systems have
many similarities.

In the direct cycle steam is produced in the reactor and boil-
ing water, steam or fog would be the heat transport fluid.

Indirect Cycle Systems __ .

Steam to

The baslic heat transport 4 Turbine

system used with an indirect
cycle 1s shown in Fig. 1. The
primary loop is a closed loop
consisting of a steam generator, 1 Steam
or boiler, a circulating pump Reactor Generator
and assocliated pipes and valves.

The heat transport fluid is
circulated through the reactor
to the steam generator and back

to the reactor. The fluid trans- Y ——
ports the heat from the reactor Boiler Feed
to the steam generator where it Pump Water

is used to boil ordinary water

to produce steam. The suction

of the circulating pump is at

the ocutlet of the steam gener-

ator because the heat transport Fle. 1

fluid 1s coolest at this point.

This decreases the probability

of cavitation occurring in the

pump due to the lower suction pressure. Although this is the
basic heat transport system used with an indirect cyecle, additions
or modifications may be required depending on the heat transport
fluild used. These will be discussed under the following headings.

November 1966 (R-0) -1 -
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(a) Pressurized Water Systems

Pressurized light water systems generally use the pressure
vessel concept, in which the water, as both moderator and heat
transport fluld, is in one common system. Many use the simple
type of loop, shown in Fig. 1, with perhaps two or more such loops
associated with
each reactor as
shown in Fig. 2. To Turbine

Two or more steam - FT R J..}.. et
lines from separ- Pressuri- : From loops
ate steam drums zing A 2,3,4

feed into one tur- System : Boiler

bine. The number - Feed Water
of loops will be >
determined by the ] To loops
reactor power and

the possible capa- Steam Generator 2,3,4
city of pumps and
steam generators.

Loop 2 i Loop 1

A pressuri-
zing system is re- p
quired to maintain - ump
the loop pressures (j}___,
at 1500 to 2000 Reactor
psig. Normally
only one such sy-
stem is required
for all the loops.

Loop Loop 3
In a pres-

surized heavy water

reactor, such as the

Swedish R-3/ADAM re- ,

actor, using the Fig. 2

pressure vessel con-

cept, the heat

transport - moderator system arrangement is the same as that des-
¢ribed above.

This type of multiloop system permits the station to operate
with one loop out of service. It 1is likely, therefore, that val~
ves will be installed 1n each loop so that the steam generator and
the circulating pump can be 1sclated for maintenance. BSuch valves,
if remotely controlled, could also be used to isolate one loop if
leaks developed in it. If each loop 1s separately shielded, as in
the Shippingport reactor, maintenance can be carried out on the
isolated loop while the reactor is operating.
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There are two types of pressure tube reactors. In both
types the moderator used 1s heavy water, which 1s kept separate
from the heavy water heat transport fluid. The pressure tubes
or fuel channels can be vertical, as in the Carolinas Virginia
Tube Reactor, or they may be horizontal as in the CANDU type.
The vertical pressure tube system would use the primary loop sy-
stem discussed above because 1t 1s a simple system and nothing
more complicated is required.

In the CANDU system, advantage is taken of the fact that the
fuel channels are horlzontal, to use bi-directional fuelling.
Since fuel moving is carrled out against the direction of flow,
the heavy water heat transport fluid is arranged to fiow in oppo-
site directions in adjacent channels. One of two arrangements are
now possible as shown in Figs. 3 and 4. In the system shown in
Pig. 3, the fuel channels, in which the flow is from right to
left, feed through
feeder pipes to a
common header. The To Turbine
flow from left to T
right, through the ieing - - _
reactor channels, griizerZl i Steam Drum
passes into another e
outlet header. The
flow from both hea- o s
ders pass through a ‘ ** Steam
common line, to the Generator
steam generator and
thence, to the cir- - ~ A
culating pumps. The ' :
outlet of the pumps Reactor
is fed to two inlet > '
headers. One inlet Pumps
header feeds the 1 '
fuel channels in ft 1
which flow is from )
right to left, and
the other inlet hea-
der feeds the chan- Fig. 3
nels in which flow
is from left to right.
In effect the left-
to-right and right-
to-left reactor flows are in parallel and one loop only is re-
quired if it can cope with the required heat removal rate. If
the heat removal rate is toc high, then several steam generators
can be placed in parallel and several pumps used 1in parallel.
However, if the flow rates require prohibitively large pipe lines,
two or more such loops would be necessary.

- P =y

o

{79
|
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To Turbine

------------- B T A e
Steam Pressurizing v -
Drums Systen i
.
. Steam
;. Generators
I
i .‘
Reactor
| &) Pumps e
by 4
il
Fig, &

Figure 4 shows an alternative arrangement. Here the right-to-
left heavy water flow passes through feeders to outlet headers to
the left of the reactor. These outlet headers feed one or more steam
generators in parallel. The water from the outlet of these steam
generators returns through pumps to the left side inlet headers of
the reactor, Feeder pipes then carry the water to the fuel chan-
nels in which the flow is from left-to-right. The water is re-
heated as it passes through the reactor and feeds through the right
side outlet headers, through one or more steam generators in parallel,
through the pumps and back to the right side inlet headers. The
cycle is then repeated. In effect the left-to-right and right-to-
left reactor flows are in series in the one loop., There are, essen-
tially, two heat sources and two heat sinks in the loop., Additional
heat removal capacity can be installed by multiplication of steam
generators and circulating pumps in the same loop, However if the
heat removal rate required results in flow rates which require pro-
hibitively large pipes, more loops would bhe necessary.

If multiple steam generators, pumps or loops are used, valves

would probably be installed for isolation of steam generators, pumps
or loops.

There are several principles and equipment considerations which
apply to all pressurized water systems :-



1.

20

133.30-3

The most important principle that must be applied is that IT
MUST BE POSSIBLE TO REMOVE HEAT FROM THE FUEL AT ALL TIMES.

Heat is produced in the fuel by fission of fissile material
and by decay of fission products. Over 6% of the total heat
production is by decay of fission product, as shown on the ex-
treme left of the graph in Figure 5. Figure 5 also shows how
the total reactor thermal power decreases, followin% a reactor
trip. There is an initial rapid decrease to about 6% or 7% of
full power in 10 or 20 seconds, Thereafter the decrease is
slow because most or all of the heat is produced by fission pro-
duct decay. If this heat is not removed, even during reactor
shutdown, the temperature rise in the fuel would cause fuel
sheath rupture or, possibly, melting of the fuel, sheath and
fuel channels.

There are many consequences of this heat removal require-
ment, some of which apply directly to the main heat transport
circuit. The reactor is placed at a lower peoint in the system
than the steam generator so that in the event of loss of cir=-
culating pumps, heat will be transported from the fuel to the
heat sink by natural convection or thermosyphoning. This method
of heat removal should be sufficient to remove a maximum of
about 6% of full reactor power. To ensure that thermosyphoning
is available at all times when an alternative heat removal sy=-
stem is not in use, an interlock would prevent isolation of all
the steam generators or interruption of main circuit flow, un-
less an alternative system was first made available, It must
be realized that thermosyphoning can only lower the heat trans-
port fluid temperature to about 250°F because the water in the
steam generators require a temperature of 212°0F or higher to
boil and, thus, provide a heat sink, An alternative method of
heat removal is required for temperatures below this value.

If there is insufficient flow through the heat transport
system due to loss of one or more pumps, a reactor trip normally
occurs, However thermosyphoning cannot cope with the required
heat removal for perhaps 20 seconds or more, It is, therefore
necessary to fit the pumps with flywheels so that a sufficientiy
long pump run-down time is ensured to provide the forced con-
vection required to remove the heat generated during this period
of time,

Further consequences of the heat removal requirement will
be considered as they apply to the auxiliary systems.

The use of multiple loops, steam generators or pumps increases
the reliability of the system, . The heat removal rate or flow
requirements may dictate the use of multiple loops or multiple

-5 -
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components hecause large enough steam generators and pumps are
either unavailable or only available at a prohibhitive price.
Nevertheless the system reliability is increased by using more
than one loop, more than one steam generator or more than one
pump, in parallel and this may well be a major consideration.
If one loop or one steam generator becomes defective it can be
isolated and sufficient excess capacity built into the remain-
ing loops or steam generators to allow operation at full or
slightly reduced power,

One or more pumps would be installed as standby pumps so
that they can be used to repiace defective pumps. Such a change-
over of pumps could possibly be made while the reactor continued
to operate and it would have to he possible during the poison
override time following a reactor trip. With such an arrange-
ment, check valves are required in the pump outlet lines to
prevent backward rotation of the stationary pumps. A limited
flow of system water might be required, through the stationary
pumps, to keep them at or near system temperature. This would
avoid stresses in the pump casing on pump changeover,

The circulating pump suctions are connected to the outlet of
the steam generators which will he at the lowest temperature in
the system. This decreases the probability of the water flash-
ing to steam, at the lower pressure, and causing vapour locking
of the pumps.

Decomposition of the water is suppressed by addition of hydrogen
(or deuterium). It is not then necessary to provide degassing
and recombination facilities.

Equipment considerations, in pressurized water systems, are

follows:~

Pumps

Parallel pump operation is again required and pump require-
ments will, therefore be similar to those for the moderator
system, Large flow centrifugal pumps with medium discharge
pressures and non-drooping head-flow characteristic curves,
would be used. Because of the high pressures and temperatures
in the heat transport system the leakage problem is much more
severe than in a separate low pressure--low temperature moderator
system. Leakage in the punps, in the U.S. pressurized light
water reactors, is minimized by using the canned rotor pumps
previously discussed. However, because of the high capital cost
of canned rotor pumps, leakage in the CANDU heavy water systems,
have been minimized by using shaft sealed pumps, When such
pumps are used, double high-pressure shaft seals must be used,

-7 =
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the space between the seals being bled off to a collection
system. The alternative is to seal the shaft with throttle
bushings backed up by low~pressure mechanical seals to retrict

LABYRINTH SEAL

’)/&ﬂ/_/ = S ORY AR FEED

] TO LEAKAGE COLLECYION SYSTEM

e .z GAS VENT (TRAPPED)
| Se— TO STACK

i '
MECHANICAL
SEAL ASSEMBLY
&

N o
11.
o i ;
71 THROTILE BUSHING

#k: SHAFT SUEEVE
L

‘l '

‘I |

THROTTLE BUSHING P
] STATIONAI\' PART

TAKE.OFF CAVITY

GLAND DUTHLOW
(6.7 IGPM, 50 PSI, 100°F)

PUMPE GLAND INJECTION
{18.4 IGPM, 1230 PSIG BI°F)

)1)“ ) L |
[ | [11]) | [SHAFT SEARING :
i H SLEEVE - | '
B H | i X
: I ] 1) WATER LUBRICATE i
o BEARING ‘ &
[
e ' ‘ i ]
0 S bl‘ ’ l \ J' * PROCESS WATER
(’ u_ SEARING HOU NI HF IN PUMP COVER
_ SN 8/

THERMAL BARRLER

FUMP |MPELLER

leakage, Such an arrangement is used in the pump shown in Fig,
6, which is the type of pump used at Douglas Point G.S,
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It may be seen, from Figure 6, that cooling of the seal
chamber is required. Because of the lower pressure at the
pump suction, it is possible that dissolved gas may come out
of solution inside the pump casing. Provisions are, therefore,
required for effective venting of the pumps particularly prior
to starting them. Such a venting system would feed into the
collection system.

The pump bowl and casing would probably be made of cast
stainless or chrome steel to reduce erosion problems,

Steam Generators

In the steam generators or bollers heat is transferred
from the heat transport fluid to ordinary water, which is boiled
to produce steam for the turbine. The most common type of steam
generator is the U-type tube-and-shell heat exchanger with steam

STEAM
DRUM

EXCHANGER

SHEL.L
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drum. The heat exchanger may be of the horizontal type shown in
Fig. 7 or the vertical types in Figs. 8 & 9. The steam drum may
be separate from the heat exchanger and there may be several heat
exchangers associated with one steam drum. One steam generator
in Douglas Point G.S., has ten heat exchangers, of the type shown
in Fig. 8 with one
steam drum.

HEAT EXCHANGER
STEAM DRUM

DOWNCOMER

RISER

SVEAM CUTLET

FEEDWATER INLET MAMIFOLD
0,0 INLET MANIFOLD

D;0 OUTLET MANIFOLD

Water at satura-
tion temperature flows
from the steam drum,
through the downcomers
and into the bottom of
the heat exchanger. It
boils in the heat ex-
changer and the steanm
enters the drum through
the risers. The steam
and water are separated
in the steam separators
and dry saturated steam
passes to the turbine.

T Ne kLR —

TUBE SHEET
- 10 TUBES
N CHANNEL
12 PREHEATING LEG BAFFLES
13 BOILING LEG BAFFLES
v STEAM SEPARATORS
17 BLOWDOWN HEADERS

On the other hand
an integral heat ex-
changer and steam drum
may be used. Such a
unit, 12 of which are
used in Plckering G.S.,
is shown in Fig. 9. This
integral arrangement 1s
consldered more economic
and easler to transport
and install.

Recirculation takes
place inside the shell
in an annulus formed by
the outer shell and an
inner shell which pre-
vents the downcoming
water from flowing di- .
rectly onto the tubes. Fg. 8
The lower part of the
boiler is a preheater section and the baffles are used to prevent
unacceptable thermal stresses in the tube sheet at the preheater.

AT DO INLET

In all three types the heat transport fluid, which is at a
higher pressure than the light water, will pass through the tubes.
The tubes will be made of a material, such as Monel or Inconnel,
which is free of stress corrosion. The tube to tube-sheet joints
are rolled or expanded and back-welded helium tight to reduce leak-

- 10 -



age to a minimum, par-
ticularly in a heavy
water system. The tube
sheets would also be of
Monel or Inconnel or
carbon steel clad with
such metals. The shell
side and the steam drum,
with thelr asscciated
risers and downcomers
would be of carbon steel.
The unit would be of wel-
ded construction in ac-
cordance with the ASME
Boiler Construction Code,
Section VIII for Unfired
Pressure Vessels, and the
requirements of the Tubu-

lar BExchanger Manufacturer's

Assoclation and the appro-~
priate Provincial or State
regulations.

The steam generator
will have welded blowdown
and blowoff connections
and either the steam drum
or the main steam line
from the drum will have
rellef wvalves to avoid
overpressurization.

3. essurizing S em
One of three methods
can be used to pressurize
the heat transport system.
The simplest method is
that illustrated in Flg.
10. A pressurlzing tank
is connect to the system
so that the tank is about
half full of system water.
The tank 1s also connected

to a pressurized gas supply

through a valve A. This
valve, A, opens when the

system pressure drops below

a predetermined set point.

133.30-3
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Heat Transport System
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If the system pressure increases above a preset value, the valve
B opens to vent the tank. A relief valve, C, prevents over-
pressurization if B fails closed or if the pressure rise 1s too
rapild.

A more commonly used
method of pressurization Sprays
is that shown in Fig. 11.

Again a pressurizing tank A

is used and connected to Pressurizing ['F?F"*'
the system so that 1t is Tank B

about half full of water. ="

Electric heaters are im- Electric

mersed in the water and Heaters
are used to heat the water
untll the vapour pressure
in the upper part of the
tank is equal to the de-~
sired system pressure.
The heaters are then con- Fig. 11

trolled with heat trans-

port pressure signals so that they maintaln this pressure within
narrow predetermined limits. It is possible that a spray system
may be incorporated in such a tank for rapid depressurization of
the system, if required, by condensation of the vapour. The
water supply for the sprays would be taken from a point, in the
heat transport system, at the highest pressure, such as at the
discharge of the circulating pumps. The supply to the sprays
would be controlled by valve A, which would be remotely operated.
It is possible to continuously control the pressure in the tank,
by using the sprays, if valve A is controlled by the system pres-
sure. However, this tends to degas the water in the system which
would lead to hydrogen removal from solution. The relief wvalve,
B, prevents overpressurization of the system.

In both the above methods of pressurization, the pressuri-
zing tank will be at the highest point in the system. The pres-
surizing tank would be of carbon steel and manufactured according
to the appropriate ASME code for unfired pressure vessels.

In the third method of pressurization the system is "solid"
ie, there is no gas or vapour space above the system fluid. Use
is made, instead, of the natural compressibility of the water
and a bleed and feed system 1s used as shown in Fig. 12.

Changes 1in pressure will occur in the system particularly
during warming up (swell) or cooling down (shrinkage) of the sy-
stem. If the pressure increases above a predetermined set point,
valve A opens allowing bleed-off of water from the system, through
the cooler, to the storage tank. The rise in level, in the stor-
age tank displaces the cover gas into a suitable contalner. Valve

- 12 -
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A closes as soon as the
correct pressure is at- Cover Gas
tained. If the pressure
in the system falls be-
low a predetermined set
point, valve B opens, al- water Storage
lowing inflow or feed of Bleed
water from the storage & Cooler
tank into the system. The
feed pump, which produces *
this inflow, must have a Feed Pump
discharge pressure in ex- B

cess of the system pres~
sure. The compressibility > -
of water, at about 1250 Steam G€nerator
psig and 560°F, is such
that the net addition of
1 cu. ft. of water to the Reactor
heat transport system ' -
raises the pressure by
about 50 psi.

»

)

It may be considered
necessary to keep the Fig.
feed pump operating con-
tinuously, in which case a small steady bleed from the system may
be allowed which is balanced by an equal steady feed into the sy-
stem. As may be seen later such an arrangement could be used as
a purification circuit as well.

Pipving and Valves

Since the heat transport system transfers heat from the
fuel to the steam generator, it could contain fission products
should a fuel sheath fail. The fuel sheath may be regarded
as the primary fission product containment. It is imperative,
therefore, that the heat transport system, which is the secon-
dary containment, be reliable with a minimum of leakage out of
it. With heavy water as the heat transport fluid, there is an
additional economic reason for maintaining minimum leakage and
a further reason is that of preventing the escape of tritium,
Because of the high pressures and temperatures involved, re-
duction of leaks becomes a major prohlem,

Pipes would likely be manufactured from carbon stesl such
as ASTM A-106 grade B standard. The system must be of welded
construction complying with either the requirements of the ASA
B31.1, Code for Pressure Piping or, as in the case of large
headers, with Section V111 of the ASME Boiler and Pressure Vessel
Code for Unfired Pressure Vessels, Conditioning of the system
will be required, by circulating water at 300°F through the
system, in order to cover the pipe inner walls with a protective
oxide and, thus, reduce corrosion.

- 13 =
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(b)

into

1.

- 14 -

Types of valves will be determined in the same way as for
the moderator system. The valve bodies will, however, be made
from carbon steel, Large valves will be provided with double
stem seals and the inter-seal space drained to a closed collec-
tion system. A minimum number of small valves should be used
and they should either be glandless types or double stem seals
should be used,

Again the piping and equipment arrangement should be such
as to minimize heavy water holdup but the congestion should not
be such as to make maintenance so difficult that accidental
spillage becomes more likely, Means must be provided for in-
serting isolating gas bags in the lines and for draining equip-
ment or pipe sections,

Gaseous System

Reactors using gas as the heat transport fluid can be divided
two groups:-

The "low" temperature systems which operate at temperatures
below 1000CF because they generally use natural uranium metal
and carbon dioxide gas. The alpha to beta transition in uranium
restricts the fuel temperature to below 1220°F {660°C) and the
gas temperature is kept below 1000°F because of the occurrence
of a GO, = graphite reaction above this temperature.

The gas pressure used in the heat transport system is gene-
rally around 100 psig to 400 psig. Pressurization of the system
is not, therefore, a major problem except in so far as it alfects
the fabrication of the very large pressure vessels which are
used. Multiple heat transport loops are used and the only signi-
ficant difference between pressurized gas and pressurized water
systems 1s in the design of the heat exchangers. The heat trans-
port outlet temperature is around €50°F to 750°F and these tem-
peratures permit some degree of superheating of the steam, The
heat exchangers are usually of the tube and shell type with
finned tubes to improve the heat transfer characteristics. Each
heat exchanger is fitted with economizer, evaporator and super-
heater stages for both high pressure and low pressure steam.
Typical heat exchanger arrangements are shown in Figures 13 and

1.
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The high temperature reactors which operate above 1000°F,

These all use enriched uranium, generally as UO,
sheaths are made from stainless steel,
inconnel or graphite.

and the fuel
zirconium, hastalloy,
The best heat transport fluid is helium

since the COs - graphite reaction still restricts the allowable

CO2 temperature,

Sy‘st ems .,

The higher temperatures permit a greater de=~
gree of steam superheating but the heat exchanger arrangement
would probably be similar to those used with "low" temperature

- 15 -
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. ;s To ré&ne
{¢) Organic Liquid Systems

The major advantages of using SUPERMEATER
organic liquids as heat transport
fluids are the low pressures re=
quired in the system, even at tem-
peratures up to 8009F, and the de-
gree of steam superheating that can
be obtained with these higher heat
transport temperatures, Because of
the low pressures involved (less
than 200 psig) pressurization of the BONLER
heat transport system may be achieved
by simply applying gas pressure to
the free surface of the ligquid in
the reactor itself or in an external
surge tank., Alternatively pressuri-
zing pumps can be used.

Ly

’
A

o‘-‘ﬁ_ﬁﬂ

RS Y

Feed Water

No hazardous chemical reaction
occurs between organic liquids and
water, and, therefore, the heat can
be transferred directly from the pri-
mary organic circuit to boil the
feedwater. An arrangement similar
to that shown in Figure 15 would be
used, with an evaporator, or boiler,
and superheater. Both evaporator
and superheater would be constructed
of carbon steel and both would pro- L’“‘\
bably be of the shell-and-tube type. \—/

REACTOR

Figure 1§

In the boiler the organic liquid would be on the tube side whereas,
in the superheater, the steam would flow in the tubes and the or-

ganic liquid would be on the shell side., The boiler would have an
internal steam separator to minimize water carry-over to the super-

heater,

Conventional "hot o0il™ pumps can be used to circulate the or-
ganic liquid round the heat transport systenm.

(d) Liguid Metal Systems

The extraordinary heat transfer properties of liquid metals
make them attractive as heat transport fluids, particularly in fast
reactors where the poor moderating properties of sodium, for example,
make it particularly suitable. No pressurization of the system 1s

- 16 -
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required and the only pressurization which is likely to occur would
be due to the circuilating pump discharge pressure or any static
heads in the system. Liquid metals are capable of operating at the
high temperatures required to generate superheated steam for modern
turbines. The two most extensively used liquid metals are sodium
and a sodium-potassium .eutectic, The former is probably the better
heat transport fluid but the latter is liquid at room temperature
whereas traceheating would be required with sodium. There are two
major problems when using either of these hot liquid metals to pro-
duce steam from water:-

1. The liguid metal systems are highly radiocactive because of
the formation of sodium - 24.

2. These liquid metals react violently with water,

Because of
these problems,
two circuits are
used, as shown
in, Figure 16.
The primary 1li-
quid metal cir-

Cuj.t, which is Reactor )
radioactive,

transports heat

from the fuel to
an intermediate  {
heat exchanger

where it is used
to heat a secon-
dary fluid which

To Turbine

Expansion
Tank

Superheater

Intermediate
Heat Exch.

Evaporator

Feed Water

i i Primary Secondary
égtg%so a_llquid | cireull Siponit
Fig. 16

The secondary circuit, normally not radiocactive, has an evaporator
and superheater to produce superheated steam, Both evaportator and
superheater may be incorporated in the same steam generator, If
mercury is used as the secondary fluid, there will he no reaction
between it and the water in the steam generator. The evaporator
and superheater could then be conventional tuhe-and-shell type ex-
changers with water or steam on the tube side,

If liquid sodium or sodium-potassium eutectic is used in the
secondary loop, reaction between the secondary fluid and the water

- 17 -
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must still be pre-
vented in the event

of a tube failure,

This is accomplish-

ed, as shown in Fi-
gure 17, by using
double-walled tubes

and double tube sheets,
The liquid metal will
then be on the shell
side with water and
steam in the inner
tubes. The annular
space between the Figure 17

double walls and the

space between the tube sheets is filled with mercury or helium,., This
intermediate fluid prevents contact between the liquid metal and the
water in the event of a tube failure and alsc acts as a monitoring
fluid for detecting tube failures,

The intermediate heat exchanger, the evaporator and the super-
heater would probably be made of stainless steel,

~COPPER BAR o
| CONDUGTOR

The circula-
ting pumps used ELECTROMAGNET

with liquid metals POLE

may be centrifugal

mechanical pumps

similar to conven- N

tional pumps of
this type. Leak-
ages along the
shaft can be re-
duced by having a
liquid free sur-
face inside the
pump with a cover
gas, Leakage of
the cover gas 1is
prevented with o
0il-filled, double-

face shaft seals,

COPPER BAR
CONDUCTOR

ELECTROMAGNET COIL

Alternatively a freeze-seal 1s formed on the shaft by freezing the
sodium leaking along the shaft.

- 18 -
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Advantage can be taken of the electrical conductivity of liquid
metals to force it to flow along a pipe under the influenze of a
magnetic field, The "electromagnetic™ pump, shown schematically in
Figure 18, results, A current is passed, through the liquid metal,
in a direction perpendicular to a magnetic field. The 1liquid metal,
being a current-carrying conductor, is exerted upon by a force which
moves it along the pipe. The advantage of such an arrangement is
that there are no moving parts except the fluid being circulated.
However such pumps have low efficiencies and are, usually, only used
on small lines where flow is occasional.

Direct Cycle Systems

In direct cycle systems the heat transport fluid is also the
thermodynamic heat engine fluid which passes into the turbine. This
fluid can be steam produced in the reactor and used to drive a steam
turbine or it can be a gas which is heated up in the reactor and
then passes tc a gas turbine., Such heat engine fluids can be pro-
duced by a number of different heat transport systems:=-

(a) Boiling Water Systems

Boiling water systems can, of course, be used in an indirect
cycle in the same way as the pressurized water systems., The direct
cycle however offers some advantages, which have already been dis-
cussed, and most boiling water reactors use the direct cycle., The
simplest bolling water system is the "single™ cycle system shown in
Figure 19, Steam, produced
in the reactor, passes to
a steam drum which con-
tains separators to re-
move entrained water from
the steam, Dry saturated
steam then passes t0 the
turbine and the separated
water is circulated back ‘
to the reactor. The feed
water return is passed 1 Feed Water
directly to the reactor,
or flows to the steam
drun where it mixes with
the water in the drum
and is returned to the
reactor.

Reacton

Several such loops
may be required depending Figure 19

- 19 -
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on the reactor power, In a pressure tube boiling water reactor,
the steam from several fuel channels would feed intoone steam drum
and again several such steam drums mav be required depending on the
rating of the reactor,

No pressurizing equivment is reguired. The steam pressure pro-
duced depends on the rate at which steam 1s produced and the rate at
which it is passed into the turbine., The steam pressure will rise
until the two balance. Steam pressure can he increased further by
increasing the rate of production, (i.e. increasing reactor power),
or decreasing rate of flow into the turbine, The normal operating
pressures are ahout 500 psia to
1000 psia and are, generally

lower than in the pressurized ,____15,-__-__31322_“‘
water systems, :
' e —

Piping and equipment require- i i I.P. stean
ments will be similar to those in
pressurized water systems. Over=
pressurization is prevented by Reactor |Seconlary
means of safety valves such as A, Steam

GeneratorV
In the "dual" cycle system,

shown in Figure 20, the reactor

heat is carried off partly as steam

and partly as hot water. The hot

water is used to produce steam in f

a secondary steam generator either

by flashing or by boiling feed

water. The steam produced in the Figure 20

secondary steam generator is at a

lower pressure than the primar

steam and goes to intermgdiatey H.P, Steam
. . grrvern -

stages of the turbine. This h

cycle improves the control Pris
characteristics of the reac- L [ \Primary

Fe;d Water

tor and results in a more sta- '
ble system, f
§

Figure 21 shows a modi-
fication of this "dual™" cycle
system which is used in the
Dresden Station, Secondary
steam, at a lower pressure
than the primary steam genera-
tor. The heat required to
boil the water is obtained
from the water separated from -
the primary steam in the pri-
mary steam drum, The tur-
bine governor is set to con- Ficure 21
trol the output of this inter-

I.P. Steanm
Reactor e

- 20 -
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mediate pressure steam so that primary steam pressure does not vary
with change in load.

The boiling superheat reactors use a M"single™ cycle system
which is even simpler than that shown in Fig. 19. Superheated steam
is obtained by passing steam, generated in the outer section of the
reactor, through a central superheating region of the same reactor.
No separators or steam drums are, therefore, required and the steam
is passed directly into the turbine, The feedwater return from the
Turnine 1s pumped 4lrectiy 1nto Tne reactor.

(b} Fog Systems

The heat transport system, using fog as a heat transport fluid,
is very similar to that using the
boiling water system. Figure 22 - -
illustrates such a system, The
fog is produced hy mixing some of
the steam from the separator oute SEPARATOR
let with water, which was separated
from this steam. The fog, as it
passes through the reactor, is con-
verted into steam. Entrained water
is removed in the separator and sa-
turated steam passed to the turbine,
The steam content at the inlet to )
the reactor is about 15% to 25%, STEAM

1
As heat is added to it, in the re- COMPRESSOR
actor, the steam content increase . iCB

to 50% to 60% stean. .t

SATURATED STEAM

SATURATED STEAM
WATER
s i v WET  STEAM

{c) Gas Turbine Systems

If high temperatures can be
attained in a gaseous heat trans- Figure 22
port fluid, the gas can be passed
directly into a gas turbine, This gives a similar advantage to that
obtained with superheated steam. A direct cycle is used which does
not require steam separators or steam generators,

ASSIGNMENT

1. Explairn (a) Why, in a pressurized water system, the reactor
is placed at a lower pcint in the system than
the steam generator,

- 21
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(b) Why the circulating pumps in such a system are fitted
with flywheels.

What are the advantages of using multiple loop systems or
multiple steam generators and pumps in a single loop?

Explain two methods of pressurizing water systems that are
in common use.

What is the basic difference between a pressurized water and
a pressurized gas heat transport system?

Explain the similarities and the differences between heat
transport systems using organic liquids and liquid metals.

Describe one special design feature of steam generators or
superheaters used with liguid metals.

Explain the essential difference between the '"single" and
"dual®™ direct cycles and the advantages of using the latter.

A. Williams
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Reactor Boller and Auxiliarles - Course 133

AUXILIARY CIRCUITS

The main types of heat transport systems have been discussed
but considerations were only given to the circuit necessary to
transport the heat from the fuel to the steam generator or tur-
bine. Several auxiliary circuits are also associated with the
main heat transport system. These may differ, in detail, accor=-
ding to what heat transport fluid is used but the function they
serve is usually the same in most cases,’

Standby Cooling

The main heat transport circuit is regarded as a highly re-
liable system for removing heat from the fuel under most circum-
stances., In a pressurized water system, for instance, there are
spare pumps to improve reliability and, if all the pumps failed,
natural convection or thermosyphoning would be adequate to re-~
move fission product decay heat, provided that a heat sink in
the form of a steam generator is available, Such a heat sink
must, of course, be supplied with feedwater. However, even if
the feedwater flow ceases, there is usually enough water in the
steam generator to provide the required heat sink for 3 or &4
hours.

Since it is imperative that heat be removed from the fuel
at all times, there are possible circumstances which make it
necessary to provide an alternative heat removal system. These
possible circumstances are:-

(1) The necessity of interrupting flow in the main heat
transport circuit in order to isolate equipment for
maintenance or because of leakage. Such isolation
prevents forced or natural convection from occurring
in an indirect cycle and an auxiliary heat removal
system would be required.

(2) The loss of feedwater for a period long enough to ex-
haust the water already in the steam generator of an
indirect cycle. A heat sink is no longer provided
and natural convection can no longer continue.

(3) The necessity of having to cool the heat transport
fluid, of an indirect cycle, below about 2500F,
Since the water in the steam generator boils at 212°F,
it cannot be used to cool the heat transport fluid
below about 250°F, If lower temperatures are required

(eg, for maintenance), then an alternative system is
necessary.

November 1966 (R-0) -1 -
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{4) On turbine shutdown in a direct cycle. Steam flow
and return feedwater flow are then interrupted and
an alternative method of heat removal, from the fuel,
is required.

Such alternative heat removal is possible by means of the
purification system, which is considered later. Cooling of the
heat transport fluid is usually necessary, in any case, before
it is passed through ion-exchange columns and, so, the purifi-
cation system could be designed as a standby cooling system as
well, This arrangement, however, cannot be used with a direct
cycle with an in-line purification system., In any case a
separate standby or shutdown cooling system is simpler and pro-
vides greater reliability,

Figure 1 shows how reactor power decreases with time,
following a reactor trip, It may be seen that, after about 80
seconds, power is produced almost entirely by fission product
decay. This fission product power has decreased to about 1%
of normal full power after about 3 hours, Further decrease of
power is very slow and, therefore, the standby system should be
capable of removing 1% of full reactor power over an indefinite
pericd of time.

In the event that rapid isolation of the main circuit is
required because of leakage, such isolation would probably be
carried out immediately following the circulating pump rundown
time. The reactor thermal power is still likely to be about
5% of full power, or higher, at this time and the standby sys-
tem must be able to cope with this emergency condition. When
the standby system is normally put into operation, the heat
transport fluid temperatures will be between 2000F and 300°F
but, under the emergency conditions outlined above, these tem-
peratures are likely to be in excess of 5009F, Stresses resul-
ting from these high temperatures make it undesirable to use the
system, in this manner, too frequently.

A typical standby circuit is shown in Figure 2. It con-
sists simply of a circulating pump, a heat exchanger, isolating
valves and associated piping. The requirements of equipment
and piping are similar to those for the main system, The heat
exchanger would probably be of the U-tube, tube-and-shell type
with monel or inconnel tubes and carbon steel shell. If heavy
water is used in the heat transport system, double tube sheets
would likely be used and the tubes welded to the tube sheets.

When the main system is in operation the standby circuit
must be isolated., Conversely, when the standby system is in
operation flow must be prevented through the main circuis,
otherwise flow through the reactor is by-passed. The power
supply to the pumps and the cooling water supply to the heat
exchanger must be the most reliable available. The pumps would
therefore, be supplied from Class III power (ie, Diesel generator
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Steam to
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back-up). The cooling water would normally be supplied from the
process water system, but in the event of failure of this supply,
cooling water would be provided from a gasoline pump.

Figure 3 shows a dual arrangement of standby circuits that
could be used with a horizontal pressure tube reactor of the
CANDU type.

To Turbine

Steam Pressurizing
Drums System

Steam
Generators

‘h_rIT}

-

Reactor

Standby Circuit Standby Circult
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Again flow through the main system must be prevented when the
standby circuits are in operation.

Purification and Degassing Systems

These systems are being considered together because one common
system is occasionally used for both purposes. As in the case of
moderator purification, the heat transport purification is used to
remove corrosion products and to control the pH or pD of the heat
transport fluid.

In pressurized water systems the purification system is frequently
a separate by-pass system, as shown in Figure 4. The requirements
of the system and the design features which meet these requirements
are as follows:=-

(1) The heat transport system is at a temperature of
approximately 500°F whereas the Bemperature at the
ion exchange units should be 120“F or lower. Also
the purified water leaving the ion exchange columns
should have its temperature raised before being re-
turned to the heat transport system., Both of these
requirements are, at least partially, met by using
the regenerative heat exchanger in the circuit.
Water, from the heat transport system, enters the
purification system through the tube side of this
heat exchanger. Water returning to the heat trans-
port system, from the purification system, passes
through the shell side of this regenerator. Some
of the heat from the heat transport fluid is,
thereby, transferred to the returning fluid, the
temperature of which is, therefore raised before
it is returned to the main system. Further cool-
ing of the system water may well be necessary, in
a second heat exchanger, C, before it can be pas-
sed through the ion exchange columns, IX. The
specifications for both heat exchangers would be
similar to those for the heat exchanger in the
standby circuit.

(2) The heat transport fluid pressure will be in ex«
cess of 1000 psig., whereas the ion exchange co-
lumns can withstand around 100 psig if standard
units are used, A pressure reducing valve, V, is,
therefore, required in the purification system.
Excessive flashing would occur at this valve if
the regenerative heat exchanger was not used to
cool the water., The valve V may also be used to
regulate the flow,
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(3)

(&)

The crud level or particulate material concentration
is likely to be higher in the heat transport system

than in the moderator system, described previously,

particularly when the system is initially operated.

A filter, F, would therefore, be required either as

a temporary arrangement, during initial operation of
the heat transport system, or as a permanent fixture
if the particulate concentration causes blocking of

the ion exchange columns, A permanent filter could

be of the backwashable or disposable type.

A mixed bed resin would be used in the ion exchange
column, Since the heat transport system would be
predominently of carbon steel comstruction, a pH of
9.5 to 11 is required in the system, The cation
resin would, therefore, be in the lithium form, the
lithium exchange maintaining the desired pH. éupple-
mentary addition of lithium hydroxide to the main
system may also be required. Two such ion exchange
columns, installed in parallel, would facilitate re-
sin changing.
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{5) The circulating pump, F, is sized to provide a
flow of 4O Igpm to 56 Igpm., The pump discharge
pressure must be greater than the main system
pressure,

(6) Overpressurization of the filter and resin beds
is prevented by means of the relief valve R,

When a system, such as this, is used for purification, some gas
is likely to come out of solution because of the large drop in pres-
sure that occurs. Some arrangement must be provided for venting at
the highest points in the system. These gasses could, normally, be
vented into the ventillation system exhaust. However with heavy
water heat transport fluid, the gasses would be vented into the col=-
lection system so that the heavy water vapour can be recovered. It
is also possible that fission product gasses may be present because
of fuel sheath failures. Therefore, consideration must be given to
venting into a delay tank, where the fission product gas activity
can be allowed to decay, even with a light water system.

Water, under irradiation, dissocates into hydrogen and oxygen.
However, as was mentioned earlier in the course, this dissociation
is inhibited if there is an excess of hydrogen dissolved in the
water, Such a condition can be achieved by removing the oxygen
from solution or by adding hydrogen. Some oxygen will be removed
through corrosion but a degassing system may be considered to re-
move the remainder. The same degassing system may be required to
remove fission product gasses released during fuel sheath failures
or to remove helium which may find its way into a heavy water heat
transport system from the moderator. It is also possible that the
hydrogen may be absorbed in zircalloy and cause embrittlement and
that the hydrogen concentration may have to be controlled. These
gasses can be removed in a
degassing tank located in
the purification system Sprays
after thg iﬁn exchange go- A qiif
lumns. uch a tank would To De
be vented to a delay tank Pressuﬁizing__*. B OTaniay
and, if a heavy water heat Ta =]
transport fluid is involved,
provisions would be made to
recover the heavy water
vapour {see Relief System
consideration). An alterna-
tive method of degassing is
available when pressuriza-
tion of the main circuit is Fig. 2
by means of a pressurizing
tank containing electric heaters, as shown in Figure 5., The sprays
in the tank can be used for continuous pressure control and degass-
ing. As gas accumulates in the tank it can be released to the delay
tank through the valve C,

Flectric
Heaters

Heat Transpor

-7 =
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Any degassing arrangement will, inevitably, take the deuterium
out of solution, if the heat transport fluid is heavy water. This
not only, encourages further radiolytic decomposition of the water,
but also represents a loss of heavy water., A recombination unit
might, therefore, be required to recover the deuterium and more
deuterium or nydrogen may have to be injected into the heat trans-
port fluid to inhibit further decomposition. Practical experience
at NPD G.S. has indicated that a minimum of degassing has been re-
quired because little or no fission product gasses have been re-
leased and the oxygen has been removed without degassing. The deu-
terium has also been removed from solution and more deuterium has
had to be added from time to time,

The feed and bleed system of pressurization can be design to
incorporate both a purification and a degassing system, as shown in
Figure 6. A continuous bleed and feed flow is passed through the
ion exchange column and the degasser, If a feed flow, in excess
of the normal flow, is required because of contraction in the main
circuit, due to cooling, the feed pump cobtains additional suction
supply from the water stor-
age tank, If faster bleed :
flow than the normal flow is Cover Gas
required, because of swell,
in the main heat transport
circuit, the relief valve
opens, at a predetermined Water Storage
pressure, to allow direct
flow to the storage tank,
Facilities are provided to
valve out and by-pass elther

the ion exchange column or

the degasser, ‘_1—%>% ™
The degasser is usually I

a packed column in which the Degaéber Ion Excﬁ;nge

pressure is kept as low as Column

possible, The water to be
degassed enters the top of
the column and is stripped
of gas by a small flow of
heavy water vapour which
enters the column at the
bottom, The vapour and off-
gasses, from the top of the
column pass into the off- _ -y
gasses system, Here the
off-gasses are separated
from the vapour and are
passed through a recombina-

Bleed Cooler

{

has to be recovered), and



133.30-4

into a delay tank, before being bled off into the ventillation ex~
haust system.

_ Most of the U.S. boiling water reactors, using the direct cycle,
have the same type of purification and degassing systemas that shown

in Figure 4. The water enteringthe system is taken from the lowest
part of the reactor vessel where the water is coolest., The purified
water 1is then fed into the feedwater inlet to the reactor. Alter-
natively, the purified water can be returned to the turbine con-
denser or to the suction of the condensate pumps., The direct cycle
system permits an in-line purification system to be used, whereby
the ion exchange columns are placed in the condensate lines from
the turbine condenser. It is possible that the pH may be controlled
by ammonia injection into the feedwater rather than by lithium ion
exchange.

When gas is used as the heat transport fluid, it is purified in
a simply by-pass circuit which takes about 2% of the main system
flow, The most troublesome impurities are dust and moisture. The
dust is removed with filters and the moisture removed with driers,
If gaseous impurities are present in carbon dioxide they can be re-
moved by distillation at reduced temperatures, Gaseous impurities
in helium are removed by molecular sieve CO; adsorbers, and cata-
lytic CO - H; converters,

When organic liquids are used as the heat transport fluid, ra-
diolytic damage causes formation of gasses and high molecular weight
compounds, which are called HIGH BOILERS. The high boiler concen-
tration is allowed to reach about 30% in order to reduce radiolytic
damage. However a purification system is required to maintain this
high boiler concentration, A degassing system is also required to
remove the

gasses,
Figure 7 —t
shows a PURIFIED P
typical de- ORGANKC L ¢
gassing and ‘ ‘ DEGASIFIER '
purification A CoNDENSER/ ¥

g TO WASTE
arrangement. y o1 wastt
As seen from , DEGASIFIER
the figure TANK
both dggass- REACTOR PRELSUR’E 1
ing and puri-- CONTROL PRESSURIZING - "PURIFICATION
fication VALVES BUMPS J SYSTEM
systems are I i
by-pass sy- __‘53_____. -—
stems, S—

MaxE uP T HiGH 80iLER
The gasaes Fig. 7 BURNER
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vapour are removed in the degassifier tank, into which the hot or-
ganlc fluild is sprayed under vacuum, Organic vapours are condensed
in the condenser and returned to the system. The gasses are vented
to the ventillation exhaust system through the waste gas system,
The organic is returned to the main system through the pressurizing
pumps, which also produce whatever pressure is required in the sy-
stem, This pressure is controlled by the pressure control valves,

A small fraction, (about 0.5 gpm}, of the pressurizing pump dis-
charge is fed to the purification system, This is a continuous
distillation column in which the organic fluid is distilled under
reduced pressure. The purified ccolant is taken from the top of
the column and returned to the degassified tank, and thence, to the
main system, The residue from the bottom is ma{nly high boilers
and activated products. These are stored until the radioactivity
has decayed sufficiently and then burned in a hydrocarbon burner,

The organic fiuid make-up is also processed through the purifi-
cation system, to remove impurities, before being added to the main
system,

EXPAMNSION  TAMK

In order to pre-

vent corrosion and - - - -
the plugging Of pi pe s Colil trup . :
in a liquid sodium _

system, due to de- SUPERMEATER
position of sodium }
oxide, the oxygen )
content in sodium
must be kept below
10 ppm. The con-
trol of the oxygen
content is accom-
plished by cold
trapping or by
high temperature FEED WATER
"gettering™ pro- '
cesses, The cold
or hot traps are
arranged in by-
pass circuits, as
shown in Figure 8.

REACTOR

EVAPCRATOR

Hot trap

:

Ecomomurrs Econamizer

Fig, 8

Cold-trapping
involves a reduction in the temperature of the sodium to the point
where sodium oxide precipitates and can be filtered out. Figure 9
shows design details of a cold trap in which boiling toluene is used
to lower the temperature of the sodium. The sodium oxide precipi-
tates out on the steel mesh screens, Hot-trapping involves the use
of a material, such as zirconium, which has a marked affinity for
oxygen at very high temperatures., Such a hot trap is shown in
Figure 10,
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Constant Volume Control and Emergency Injection

Since it is imperitive that heat must be removed from the fuel
at all times, under no circumstances can the fuel be allowed to
become uncovered., There are three possible conditions which could
result in the fuel becoming uncovered and thereby prevent effective
heat removal from the fuel:-

(a) Contraction of the main heat transport system due
to a decrease in the system temperature on reactor
shutdown.

(b) Small losses of fluid from the system through sam-
pling, purification or monitoring systems or through
leakage.

(c) Gross loss of fluid from the system because of a
rupture in the heat transport system,

The first two sets of circumstances occur as a result of normal
operaticn of the system, whereas the third may be considered an
emergency situation,

In reactors using the pressure vessel concept enough fluid is
present, above the core in the reactor vessel, to accomodate changes
in volume that occur as a result of changes in temperature. With
organic or liquid metal heat transport fluid a big enough pool of
the fluid exists above the core to fill the core in an emergency.

- 1]
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When light water is used as a heat transport fluid small losses of
liquid are easily made up through the valve, A, in Figure 11, The
valve A would open on change in level either in the pressurizing
tank or in the reactor, The supply to valve A must, of course be

pressurized,

If a rupture

in the heat . Emergency
transport Injection
system re- [4<} <

sults in = - méik

large los-

é Steam to

ses of sy- s Turbine

stem water,

emergency

igjection Cooll st

ol water eam

would occur water in Out | Reactor Generator

through

check valves

into either Standby

or both in- Circult 7

%22 i#ddout- Y Beoiler Feed
eaders Water

or into the Pump

steam drum _

and the in-

let header Emergency A

of a direct Injection

cycle system, '

The emer- Fig. 11
gency water
supply would
come, initially from a storage tank. This supply would provide
tine for the system to be comnected to a more continuous source of
water, such as the process water system.

In a heavy water pressure tube system, pressurized on the feed
and bleed principle, the system is solid., S3Swell or contraction in
the system cause changes in pressure before changes in volume occur.
The feed and bleed pressurizing system correct these pressure changes
by addition or subtraction of water and no other separate system is
required. Small losses are made up from the heavy water storage
tank through the feed pumps,

When a pressurizing tank is used to pressurize the system, the
most sensitive indication of a volume change in the system is the
water level in the tank, A drop in level in the tank could cause a
valve, such as valve A in Figure 1ll, to open and allow make-up water
into the system. However,for such an arrangement to work at all, a

- 12 -



133.30-4

supply of pressurized heavy water has to be available. The most
convenient source of heavy water is the moderator system, and
valve A could be supplied from the moderator system through a high
discharge pressure pump.

Swell, in such a system would cause the pressurizing tank level
to rise and level signals could be used to open a second valve and
allow water intc the moderator system, However, there are dis-
advantages to using such valve arrangements:-

(a) The moderator is at a lower t emperature than the
heat transport system and would cool it down if
admitted directly into the system through valve
A.

{b) The heat transport system is hotter than the
moderator system and the gquantity of water trans-
ferred during a swell would substantially in-
crease the required cooling capacity of the modera-
tor heat exchanger,

(c) The heat transport system is at a higher pD than
the moderator and so water transferred to the
moderator system has to pass through the modera-
tor purification system. This last requirement
however, is inevitable whatever transfer method
is used, but it does mean that the water pressure
must be reduced before it enters the moderator
purification system,

All the above disadvantages can be overcome by transferring
water in either direction through the heat transport purification
system, as shown in Figure 12. Flow of water out of the heat trans-
port system is controlled by valve V] and return flow to the heat
transport system is controlled with V;. During normal operation of
the purification system Vy allows 40 Igpm flow through the ion ex-
change column. The pump il returns to the system 40 Igpm plus what-
ever water is required to make up the losses from the system and
valve V2 permits this flow into the system. The additional water
is obtained from the moderator system, through a check valve, at
the point L,

If the level in the pressurizing tank falls, due to contraction
or small leaks, the valve Vi closes and V; opens to permit make up
water to be pumped from the moderator system, This water will be
heated in the regenerative heat exchanger before entering the heat
transport system, If the drop in level is sharp or it continues to
fall a second pump, P,, may be used, with a higher capacity than Py,

-13 -
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to provide additional make-up volume, If the level in the tank
rises due to swell in the heat transport system, V3 closes to pre-~
vent return of water to the system and water flows to the modera-
tor system through the moderator ion exchange columns, This water
has already been depressurized, by Vi, and coocled in the heat ex-
changers,

To Turbine
o e

Pressurizing P
System i (::lﬁiteam Drum
' ,

eat ‘*“t;___
Exchanger 't t
G
Purification
System To Moderator
Purification
From D20 Moderator
Racoverr . Fig, 12
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Should a serious rupture occur in a heavy water heat transport
system, it is preferrable to provide emergency injection of heavy
water from the moderator system, to avoid serious downgrading of
the system. The arrangement in Figure 12 can be used for such a
purpose. A third high capacity pump, Pj, (e.g. 160 Igpm) starts on
abnormally low pressurizing tank level, to provide the additional
make-up volume required. This pump feeds directly into the inlet
headers to avoid flow restricition in V3, The heavy water leaking
out of the system is directed, through drain lines, to a recovery
system. It can then be pumped back into the moderator system to
complete the cycle, Alternatively it may be pumped directly from
the recovery system to the suction of P;, Py, and P3 at the point M
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in Figure 12. Once such a cycle has been established it can con-
tinue until the heavy water supply is exhausted because of losses
through seepage etc.

If the rupture is too severe for the above system to cope with,
a light water injection system, feeding directly into the inlet and
outlet headers as in Figure 11, may be required. Light water flow
would probably be initiated by low pressure in the heat transport
system while the system was still at high temperature,

If the system is pressurized with a feed and bleed system, there
are no facllities, such as those described above, for heavy water
emergency injection, Connections would therefore be required be-
tween the moderator system and either the headers or the charging
system for this purpose, Flow to the moderator system would be
prevented by check valves., Loss of pressure in the heat transport
system, due to a serious rupture, would allow flow of moderator
water into the heat transport system. Again a complete cycle would
be set up by collecting the water, leaking out of the system, in
a recovery sump and pumping it back into the moderator system, Heavy
water losses will still occur through seepage and evaporation and
provisions would therefore be made to have an alternative light water
supply available,

Pressure Relief

Overpressurization of the heat transport system can occur as a
result of :-

(a) Failure of the presaurizing system e.g. the heaters
are not turned off when the pressure set point is
reached.

(b) Failure of the injection, {or charging), pumps de-
scribed above to shut off.

(c) Overpressurization during pressure testing due to

failure of a pressure reducing valve on the pres-
surizing gas cylinder.

(d) Abnormal rise in reactor power,

It is considered that triplicated reactor regulating and pro-
tective systems provide sufficient safeguards against the occurrence
of {d}. It may also be argued that, under such conditions, the
reactor core, is safer without safetysy valves connected directly to
a pressurized heat transport system, since rapid ejection of fluid
through large capacity safety valves may result in lack of heat

- 15 -
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removal from and consequent melting of the fuel, There is, how-
ever, a link between the source of power and the atmosphere through
the steam generator, across to the steam side and out through the
steam safety valves. About 125% of normal full power can be re-
moved in this manner and this would be considered sufficient since
the protective system trips the reactor at 110% of normal full power.

A direct cycle system would of course, be protected from pos-
sible overpower by safety valves, but direct overpressure relief in
a pressurized indirect cycle system would only be provided incase of
overpressurization by causes (a), (b) or {(c).

In a solid system, connections can be made from the headers,
through pressure relief valves R and S, shown in Figure 13, to a
surge cooler A, Flashing steam and water passes into the surge

‘ To Turbine
R R T I —_—-------!--D-—--.--i-—

Steam Pressurizing
Drums Syst.em

A

»
’

Steam
Generators

o Surge Reactor

Pumps T >
ul

Standby Circult - Standby Cilrcuit

cooler and the steam is condensed, The liquid is collected in the
surge receiver B, which is drained when this becomes necessary.
Provisions would have to be made to dispose of non-condensible
gasses through the ventillation exhaust system. These non-conden-
sible gasses would pass through a delay tank incase they contained
flssion product gasses and through driers if it was necessary to
recover heavy water vapour.

If the heat transport system is pressurized by means of a vapour
space produced in a pressurizing tank, the pressure relief valve is
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most conveniently connected directly to the tank. Vapour relieving
through such a valve must be condensed in a cooler, particularly

if it is heavy water vapour, It has been mentioned that such a
pressurizing tank may also be used as a degassifier and vapour and
non-condensible gasses are discharged from it periodically. This
gaseous discharge should also go through the same cooler so that
the vapours are condensed. A typical arrangement is that shown in
Pigure 14. The gas

and vapour mixture

enter the condenser ___4}#___7““4”£L““
where the vapour is g% T g:; «
condensed., The con- o -}
densed liquid passes (ﬁélay Tank;)

into the collection )

system through the
s{eam traps, The Drier
non-condensible 1

gasses are periodi- B A
cally released
through the valve Iy

A, overpressuriza- DegaBsin
tion of the con- se £ t
denser being pre- Pressure Cooling
vented by the re- Relief ' Water
lief Valve B- On Pressure I
being released, Relief n
the non-conden- t NRelief Condenser
sible gasses pass
through a drier,
(probably con- Steam Traps
taining silica

gel), to the de-

lay tank where To Collection System
the radiocactive

gasses decay.

A continuous

bleed from the

delay tank to Fig. 1

the ventillation

exhaust can be arranged through the orifice 0. The orifice O can
be replaced with a remotely operated valve for periodic release of
gasses from the tank, Overpressurization of the delay tank is pre-
vented by means of the relief valve C, Condensation in the delay
tank or the ventillation exhaust suction could cause a vacuum to be
formed in the delay tank, which could cause the tank to collapse,
This is prevented by the vacuum breaker D,

Provisions can be made for relieving pressure at several loca-
tions into this system, e,g. pressure relief in the purification
system, immediately ahead of the filters and ion exchange columns,

-17 -
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ASSIGNMENT

{a) Under what possible circumstances may standby cooling
have to be provided?

(b) Why is a standby codling system not considered a back-
up to the heat transport system?

What are the heat removal requirements of a standby system:

(a) under normal conditions?

{b) under emergency conditions?

Explain your answers,

What conditions must exist in the main system before the stand-
by system can be put into operation and why?

What are the principal design requirements of a heat transport
purification system and how are these requirements met in a
by-pass system.

Explain why degassing facilities may be required with a pres-

surized water heat transport fluid and explain what disadvan-
tages such a degassing system may have.

How can a feed-and-bleed pressurizing system be also used for
purification and degassing?

What purification or degassing is required and why:=-
(a) in an organic system?

(b} in a liguid sodium system?

Under what circumstances could fuel in a reactor become un-
covered?

(a) Explain what principles must be applied to a system de-
gigned to maintain a constant volume in a pressure tube
reactor system and show how the purification system can
be modified for this purpose.
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What further modification is required to provide
emergency heavy water injection,

Pressure relief in the heat transport system is
provided to prevent overpressurization due to
three possible causes, What are these possible
causes?

Why is protection against overpressurization, due
to abnormal rise in reactor power, not provided
by direct relief? What alternative protection is
provided? :

11, What are the baslc principles incorporated into the design of
a pressure relief system for a D0 system?

A, Williams

- 19 -
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Reactor Boiler and Auxiliaries - Course 133

REFLECTOR SYSTEMS

Neutron leakage from a reactor can be decreased by surround-
ing the reactor core with a substance which scatters or reflects
neutrons back into the core. ©Such a substance is called a re-
flector.

The Function of a Reflector

The function of a reflector is shown diagrammatically in
Fig. 1. More
neutrons escape
from the "bare"
core, shown in =

Fig. 1(a), than ?5
from the f \ \ =z
"reflected” -

Reflector

core, shc))wn in -

Fig. 1 (b).

Therefore, with T

a reflector,

more neutrons "
-

"

T
bage

Reactor
Core

/T
&

AT

are avallable
for fission.

The effects / [ \| ;__ f

of placing a re-

flector around (a)
the core can bhe

summarized as

follows: Flg. 1

]

1. The neutron flux distribution 1s "flattened", ie, the ratio
of the average flux to the maximum flux is increased. This
effect 1s illustrated in Fig. 3 for a reactor using fast
neutrons for flssion, and in Fig. 2 for a reactor in which
thermal neutrons are used for fission. The hump 1in the re-
flected curve in Flg. 3 is due to the fact that fast neu-
trons also escape 1nto the refliector and become thermalized
in the reflector.

November 1966 (R-0)
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2. Because of the higher flux at the edge of the core, there is
much better utilization of fuel in the outer regions. This
fuel, in the outer reglions of the core, now contributes much
more to the total power production.

3. The neutrons reflected back into the core are now available
for fission. Thls means that the minimum critical size of
the reactor 1s reduced. Alternatively, if the core sigze is
maintained, the reflector makes additional reactivity availl-
able for higher fuel burnup.

4. The power, P, produced by a reactor (in megawatts) is given

by
v @, x U
P s 793 -~ -c )
3 x10

where @, is the average flux in neutrons/cme/sec and U is
the total welght of uranium fuel in tonnes.

Therefore, if @5 is increased the reactor power can be in-
creased without changing the size of the reactor. The only
way to increase P35 in a bare reactor is by increasing the
maximum flux. However, the maximum flux is usually limited
by the maximum fuel heat rating or by the severity of the
xenon transient. This increase in @,, and therefore in
power, is obtained, by using a reflector, without increasing
the maximum flux, because of hetter fuel utilization in the
outer core reglons.

RBeflector Properties and Comparisons

The neutrons are reflected back into the core by scattering
collisions between the neutrons and the reflector nuclei. The
efficiency of a substance as a reflector is measured by a quan-
tity known as the REFLECTOR COEFFICIENT (#8).

The reflector coefflcient may be defined as the fraction of
the neutrons entering the reflector which are reflected back in-
to the core.

For a reflector in the form of a slab, the reflector co-
efficient for thermal neutrons is connected with the diffusion
length, L, by the equation:

- LD
B = 1-+F --------- (2)

where D is a quantity known as the DIFFUSION COEFFICIENT which
depends on the scattering and absorptlon cross sections of the
material.
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Although Equation (2) only applies to slab geometry, it can
be used to illustrate that the greater the value of L and the
smaller the value of D, the closer B becomes to unity, ie, the
more efficient the material is as a reflector. The values of D
and L and the maximum value of 8 that could be obtalned with
an infinitely thick reflector are tabulated below for HpO, DpO,
graphite and beryllium.

TABLE 1
L D 8 for an B for a Slab
Material (em)| (em) |Infinite Slab [Thickness 2L
H20 2.761 0.17 0,780 0.772
‘DZO 100 | 0.88 0.966 0,965
Beryllium 21 | 0.54 0.901 0.900
Graphite 6‘1- 0.94 009‘&‘& chw

The deslrable properties of a thermal neutron reflector
material may be summarized as follows:

1. Thermal neutrons are reflected by elastic scattering be-
tween them and reflector nuclei. Therefore, the macro-
scopic elastic scattering cross section, Zg, should be
high. If this is the case, the value of D will be low.
Thus the density and the value of ¢, must be high.
Table 1 shows that HpO has the lowest value of D.

2. The capture or absorption cross section, 0, should be
low so that as few neutrons as possible are lost by cap-
ture. This requirement ensures a high value of L. How-
ever, since the escaping neutrons would have been lost,
in any case, without the reflector, a low value of 0,
is not quite as important as it is in a moderator.

Hence H20 1s qulte acceptable as a reflector for a
natural uranium-fuelled reactor, even though 1t is not
as efficient as Do0O. A light water reflector 1ls also
an excellent fast neutron shield and 1ts use might well
help to avoid the use of a thermal shield.

These deslirable properties are, of course, almost ldentical
with those expected in a moderator. The best thermal neutron re-
flectors are those materials that make the best moderators be-
cause they have small @,/ 0y ratios.
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In the case of fast neutrons, the most effective scattering
mechanism is inelastic scattering. Therefore, the best fast
reactor reflectors are the heavier materials such as uranium or
thorlium.

Selection of Reflector Material

The choice of reflector material iIs by no means based en-
tirely on the above considerations. For example, the reflector
used in a fast reactor is also used as a BLANKET, le, a region,
outside the core, in which fissile material 1s produced from
fertile material. Therefore the heavy material used wlll in-
evitably be confined to Uranium or Thorium. Which one is used
will depend on a number of factors such as:

1. The fissile material which is required to be produced,
ie, Pu-239 or U-233.

2. The availability of the fertile material. Depleted fuel,
containing mainly U-238, will accumulate as a result of
power production with natural uranium-fuelled reactors.,
Thorium, on the other hand, is in shorter supply and will
require mining and processing.

3. The fuel cycle which will give the best conversion factor
or breeding gain.

The variables with thermal reflectors are even more nu-
merous. From Table 1 it can be seen that D»0 1s the most effi-
cient reflector. However, this may not be the most important
criterion. The following are some of the factors that would
also have to be considered:

1. Desirable nonnuclear chemical and physical properties.
Such factors as chemical inertness, high boiling or
melting points, nontoxic properties, radiation resistance,
avallability and cost, apply to refiectors in much the
same way as they do to moderators.

2. Moderator material. Since the desirable reflector proper-
ties are so similar to those of the moderator, 1t would be
advantageous for the reflector to be merely an extension
of the moderator. Thus a Do0 reflector would be used
around a Dp0O moderated reactor but not around a graphite
or HoO moderated reactor.

If the reflector is merely an extension of the moderator,
they can both be enclosed in the same reactor vessel and
both can be cooled, purified, etc, by the same system.
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The reflector thickness required. The reflector coefficient,
B , increases, initially, as the reflector thickness in-
creases. However, as shown in Fig. 4, very little is to be
galned by in-
creasing the
thickness be-
yond a value
equal to 2L.
Table 1 also
shows that
the value of
B, for a
reflector
thickness of
2L, 1s within
1% or less of
the maximum
possible value.
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material would Fig. 4

be required
to equal 2 L.

For HpO, such a thickness is only 5.5 cm, whereas for D»0
it is 200 em. It would require a considerable amount o% ad-
ditional Do0 to extend the moderator by 200 cm especially as
this additional Ds0 1s being placed on the outside of the
core.

Factors (2) and (3) are conflicting factors only with Do0
because of the high cost. They could be conflicting factors
with graphlite because of the increase in size of a pressure
vessel which 1s already large. A compromise solution may be
required with D-O depending on factor (4), whiech follows.

The size of the reactor which, in turn, determines the rela-
tive neutron leakage. The larger the reactor the smaller
the neutron leakage. Thus the neutron leakage from the
Douglas Polnt reactor is smaller than from the NPD reactor.
The more leakage there 1s out of the reactor, the more im-
portant it is to have as high a value of 8 as possible.

In Douglas Point, a large reactor wilth D>0 moderator, the
leakage is relatively small. A value of 8 within about 3%
of the theoretical maximum was, therefore, considered ade-
quate. A DpO reflector 74-cm thick will give such a value
of B and, so, the moderator was extended by this amount.
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In NPD, a small reactor with a high leakage, a 200-cm thick-
ness of Do0 reflector is Jjustified on the grounds of neutron
economy. However, the cost of such a reflector would be out
of all proportion to the cost of the moderator in the 167-cm
radius core. Hence, a 55-cm thick DpO reflector was used
for a value of B within 5% or so of the maximum. A further
increase in 8 was then still required and such an increase
could be obtained by placing an HpO or graphite reflector
outside the D»0 reflector. The selectlion of H>C or graphite
was determined by technical and economic factors.

Hs0 requires a containment vessel and 1f the Hp0 1s con-
tained in the outer annulus of a double-walled vessel there
1s always a possibllity of Hp0 leakage into the D20, with
consequent downgrading of the Ds0. However, it was felt
that the vessel wall could be fabricated leak-tight and HpO
was then chosen on the basis of the followlng factors:

(a) HoO 1s such an excellent fast neutron shield that the
use of a thermal shield was avoided.

(b) A graphite reflector would have requlred a separate
CO, cooling system. The Hs0 can be cooled by merely
circulating it through a heat exchanger.

(¢) Technology of water handling 1s much better known in
Canada than that of graphite, which gives the design
group more confidence in its selection.

(d) The use of Hy0 in a double-walled vessel is more
economic than the use of graphite, which has to he
fabricated, stacked and supported around the reac-
tor vessel.

Reflector Systems

In fast reactors the blanket, which acts as a reflector, is
constructed in a similar manner to the core 1tself. It will con-
gist of elements, similar to fuel elements made from natural
uranium, depleted uranium or thorium. Such an arrangement will
require cooling and this cooling 1s most conveniently provided
by the heat transport fluid which removes heat from the core.
Hence, no separate system 1s required specifically for the re-
flector.

In thermal reactors, where the reflector 1s an extension of
the moderator, the moderator and reflector systems will, generally,
be common systems. However, when the reflector used differs
from the moderator materlal, a separate reflector system is re-
quired. ©Such a system would have the following general require-
ments:
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1. If the reflector is a liquld, a steady flow must be main-
tained to prevent stagnatlon corroslon of the containing
walls.

2. Heat is generated in the refliector by absorption of radila-
tion and through slowing down of fast neutrons. Therefore,
circulation of a liquid reflector through a heat exchanger
is required to remove this heat.

With a solid reflector, such as graphite, COp cooling
would likely be used and a heat exchanger used to remove
heat from the COo,

3. A purification system will be required. In a water system,
such a purification system must keep the pH in the system
at a value that will minimize corrosion. It must also re-
move corroslion products, particularly nitric acld, which
ig formed, under irradiation, from the nitrogen and oxygen
dissolved in the water.

A CO» cooling system would require the same purification
as a COp heat transport fluld.

L, Make-up facilities are required.

5. A head tank, in a liquid system, or a gasholder in a COs
cooling system would ensure that the system 1s full and
allow for thermal expansion and contraction 1in the system.

If the reflector is a ligquid, as at NPD, enclosed in the
outer annulus of the reactor vessel, there are addltional re-
guirements of the system. Any excesslve temperature differen-
tials between the reflector and the moderator, inside the inner
separating wall, will cause excessive thermal stressing of the
separating wall or of the calandria tubes. Thus, the tempera-
ture differential is maintained at zero or between narrow de-
fined 1limits. These limits must be maintained both under normal
steady temperature condltions and when the moderator temperature
1s rapidly changing during startup or following a trip.

A typical system for such an H»oO relector is shown in
Fig. 5.

The main circuit consists of circulating pumps, Pq, P2 and
P3, the assoclated isolating and check valves, a heat exchanger,
H and a head tank, T. Two out of the three pumps would be in
operation with the third on standby. This increases the relia-
bility of the system. Centrifugal pumps would be used to obtaln
the necessary flow. The heat exchanger should be overslzed in
order to ensure that the reflector is cooled or heated at the
same rate as the moderator under all conditions. It will, there-
fore, be sized on the basis of the maximum rate of cooling that
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would be required in the reflector to maintaln the correct tem-
perature differential between i1t and the moderator. A valve in
the cooling water line, such as V4, would be modulated by this
temperature differential. A steam or hot water line into the
heat exchanger may aiso be required to maintain the correct
temperature differential during reactor startup. Such a heating
arrangement has not been found toc be necessary at NPD. Some
flow of cold water may be required continuously through the heat
exchanger to prevent stagnant corrosion on the shell side.

Under certain conditions, steam or hot water may have to be
mixed with this minimum cold water flow. Thus, the valve V, is
also controlled by the moderator-reflector temperature differen-
tial,

T
V3
. jz Make-up
> 1 a Water
Reflector
=<
x \\ ' X
AR
Reactor o P P
Core ] } L 2 3
i
/// /
AN s TX 1 IX 2
. o "‘/
i
I:
0
Cold
Water
Hot Water
or Steam
Fig. 5

The head tank, T, provides a static head for the pump suc-
tion, aliows for thermal expansion and contraction, and ensures
that the system 1s full at all times.

The purification system, which is a bypass system, consists
of a filter, F, and two ion-exchange columns, IX 1 and IX 2,
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connected 1n parallel. The filter could be a dlsc type which
can be cleaned by scraping or a disposable type. One lon-
exchange column would be "on-line" and the other on standby to
facilitate column replacement. The column will contain a mixed
bed resin for reasons outllned below. The material of construc-
tion is also considered below. The flow rate through the cir-
cult 1s determined by the size of the orifice, O.

Make~up water is delivered, on demand, into the system
through the control valve V3. This make-up water will have been
treated in the same way as ~that used in the boller-fesdwater
gsystenm.

Water leakage out of the system is not, economically, as
important as 1t is from a heavy water system, although 1t does
represent a loss of water which has been treated. However, the
system will contain radicactive N-16, 0-19, and corrosion pro-
duct nuclei so that leakage out of the system should be kept to
a minimum. The system would, therefore, be of welded construc-
tlon wherever possible and leakage aliong pump shafts and wvalve
stems prevented by sultable seals or packings.

Since the reflector is in the neutron conservation region
of the reactor, the wall or walls geparating the light water
from the heavy water reflector would be made of a small capture
cross section material such as aluminum. The system piping
would, then, also be of aluminum. Pumps and valves would be of
stainless steel whereas the other components would be of
aluminum. The pH of the system must, therefore, be maintained
between 6 and 7.

Cooling of the reflector must be maintained even when the
reactor is tripped. If a unit outage resulted in a Class kb
power supply failure, circulation in the system must still be
maintalined. The required reliabllity is obtained by placing
one of the operating pumps on Class 3 power.

A gas cooling system, for a solid reflector, would look
very similar to that in Fig. 5 with the pumps replaced by
blowers and the head tank replaced by a gas holder. The puri-
fication system would, of course, be deslgned to meet the same
requlirements as for a gas heat transport fluid.

ASSTGNMENT

1. (a) What 1s the basic function of a reflector?

(b) Define the quantity used to determine the reflector
efficiency.

- 10 -
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(a) What are the essential properties of a material which
iz to be used as a thermal neutron reflector?

(b) What materials meke the begst fast neutron reflectors
and why?

(a) Explain the other factors which have to be considered
when a thermal neutron reflector is being selected.

{b) Discuss the choice of reflectors in the NPD and
Douglas Point reactors.

Briefly describe the general requlrements of a reflector
system.

What are the factors which determine the pump selection,
the pump arrangement and the pump power supplies in a
liquid reflector system?

What suppllies may be requlred on the shell side of the re-
flector heat exchanger and why?

What are the purposes of the head tank?

On what basis would the reflector system piping and compo-
nent materials be selected?

A. Williams

11
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SHIELD COOLING SYSTEMS

Shielding in a nuclear-electric generating station is re-
quired for gamma rays only, for fast neutrons only, or for gamma
rays and fast neutrons together.

For gamma rays alone, the main requirement is for high den-
sity material, the most effective gamma ray shields being those
made of dense material contalning atoms of high atomic number.
The most common gamma ray shilelding materials, in decreasing
order of effectiveness, are lead, steel and concrete.

The shielding requirements for fast neutrons are:

(a) The shield must contain material rich in hydrogen to slow
down the neutrons by elastic scattering (eg, water, poly-
ethylene or masonite).

(b) The shield must contain other elements to slow down the
neutrons by inelastic scattering (eg, iron or titanium).

(¢) The shield must contain materials that will readily cap-
ture thermal neutrons.

(d) Since thermal neutron capture usually results in the pro-
duction of gamma rays, sufficient high density material
must be present to reduce the capture gamma ray Iintensity
after the neutrons have been thermallzed. The elements
required for (b) would probably meet this requirement.

When both fast neutrons and gamma rays are belng emitted,
as from the reactor core, both the above requirements must be
simultaneously satisfied. There must, therefore, be an adequate
amount of dense material and material rich in hydrogen. If the
ratio of heavier element to hydrogen 1s too high, the low energy
neutrons are not effectively slowed down and stopped, resulting
in a buildup of low energy neutrons near the outside of the
shield. Thils effect will tend to increase the formation of cap-
ture gamma rays towards the outside of the shield.

On the other hand, an excess of hydrogenous material will
tend to cause a bulldup of high energy neutrons further into the
shield, due to the relative lack of inelastic scattering. Since
hydrogen 1s an effective gamma-scattering material, but a poor
gamma-removing materlal, excesslve hydrogen will cause a buildup
of gamma ray intensity further into the shleld.

November 1966 (R-0)
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The single most important source of radlation in a station
is the reactor itself and the shield around the reactor is,
therefore, known as the primary shield. There are two types of
primary shields:

(a) The operational shield which is the shield between the
reactor and areas that are continuously accessible during
full power operation. This shield must meet the require-
ments for both gamma rays and fast neutrons. The opera-
tional shleld is usually made from ilmenite concrete, for
economic and structural reasons, since 1t contains a
proper balance of hydrogenous and dense material. This
shield 1s sometimes known as the BIOLOGICAL shield, since
its main purpose is to protect station personnel against
the damaging effects of nuclear radiation.

(b) The shutdown shield which is the shield between the reac-
tor and areas accessible during shutdown only. This shield
is required for gamma ray attenuation only. This shield
can also be made of ilmenite concrete and 1s usually made
mainly of this material 1f the reactor is contained en-
tirely within the primary shield, such as is the case at
NPD. However, at Douglas Point and Pickering the reactors
are refuelied from outside the end shields and the fuel
channels have to penetrate these shlelds. Problems of
fabrication and alignment are, then, encountered which re-
sult in the central portions of these end shields being
made mainly from steel. In fact, in Pickering these cen-
tral end shlelds are integral with the calandria and are
suspended with it.

Cooling of Concrete Shields

The interaction between nuclear radiation and the nuclei of
materials results in a transfer of energy which heats the ma-
terlal. The lower energy gamma rays and neutrons contribute
more to the heat generation than the more penetrating radiation.
Consequently a high proportion of the total heat generation oc-
curs in the first few inches of the shield. Since the inner
face of the shield also recelves radiant heat from the reactor,
the problem 1s compounded. Fig. ' shows how the heat generated
varies with the distance intc the concrete from the inner face,
in the case of the NPFD primary shield.

Because of the poor conductivity of the concrete and the
large thicknesses 1nvolved, this heat is not easily removed. If
no cooling was provided there would be a substantial increase in
the shleld temperature. It was estimated that, without cooling
on the NPD shield, a maximum temperature of about 280°F would be
obtained.
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The effects of high concrete temperatures are twofold:

(a) ©Spalling and cracking
may occur in the con- 4
crete, resulting in
radiation streaming

through the shield. 5,04

Such cracking may oc- ,

cur as a result of HEAT  GENERATION
chemical changes in 4.0 1 DURING OPERATION

the material or as a
result of thermal

stresses set up by 3.0-
nenuniform tempera-
ture distributions 2o

in a thick wall.

MILLIWATTS /CC

(b) Water is driven out
of the shield by the hO 4
high temperatures and
the retained water

content in the shield 0 b—ry——r - : T '
decreases. This will 0 10 20 30 40 50 e
make the shield less . ‘ CM. INTO CONCRETE
effectlive as a neutron

shield. Fig. 1

The factor that limits the shleld temperatures is usually
the latter. The retained water content 1s a more critical fac-
tor than thermal stressing.

In view of these possible consequences of high shleld tem-
peratures, steps must be taken to keep the temperatures from be-
coming excessive. The maximum temperature specified for the NPD
and Douglas Point shields, for instance, is 130°F.

Heat generation in the shield on reactor shutdown must also
be considered. The fission product gamma rays, emitted when the
reactor is shut down, are of much lower energy than some of the
gamma rays produced during operation. This means, of course,
that the shutdown shield thickness required is substantially
less than the operational shield thickness. However, the per-
sistance of low energy gamma rays in the shield requires that
cooling be provided for some time after shutdown. TFig. 2 shows
the heat generation, at various distances Into the NPD shield,
immediately after shutdown and 5 minutes later. Fig. 3 shows
the variation of the heat generation with time.

If Figs. 1 and 2 are compared, it may be seen that the heat
generated, immediately on shutdown, is nearly three times higher
than during full power operation. It decreases to the opera-
tional value about 1 minute after shutdown. This transient
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increase in heat generation occurs because the moderator is
dumped from the calandria, on shutdown, which results in an
initlal increase in
the lower energy gamma : '8
ray intensity. The ]
cooling capacity of
the shield cooling ,2+
system must allow for

thls transilent.

HEAT GENERATION
AFTER SHUTDOWN

It may be seen,
from Fig. 3, that,
after an initial rapild
drop 1n heat genera-
tion, the heat genera~
ted, thereafter, de-
creases falrly slowly
with time. Cooling
must, therefore, be o
provided for some time o 10 30 30 40 50 60
after shutdown and un- CM. INTO CONCRETE
til the maximum shield
temperature remains Plg. 2
below 130°F without
cooling.

AT SHUTDOWN

MILLIWATTS/CC

»~— 5 MINUTES AFTER SHUTDOWN

150 1

Fig. 4 shows a
typical concrete cool~
ing system. The con-
crete is cooled by
pilpes embedded about
3" or 4" below the
inner concrete face.
The pipes, made of
carbon steel, would
be about 1" in diam-
eter. Where the
heat generation is
low, the pipes would
be widely separated,

erhaps being as much ™ T v 7 Y

gs 12" or more apart. 0 ! ¢ .3 4 5 6
In the areas opposite - MINUTES AFTER SHUTDOWN
the centreline of the
reactor, the pipe Fig,

spacing would be re-

duced to about 4". This represents about the minimum spacing
possible without serlous weakening of the concrete in this area
which would probably result 1n the concrete spalling and break-
Ing away. ©Should more cooling be requlred, a second row of
cooling pipes would be installed deeper into the concrete.

I20-l
90
604

30 4

MILLIWATYS / (:Mi2
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The cooling pipes are arranged in panels. All the panels
in one wall or in one layer of pipes are supplied from a common
header but each panel has a separate return flow through a flow
regulating valve and a flow indicator (not shown). The flow can
thus be balanced to obtain a uniform temperature throughout any
one area. The top of each loop in the vertical panels and each
high point in the system must be vented through bleed-off valves
to prevent air-locking of the tubes. A closed system 1s used in
preference to a continuous system to avoild admission of air
which, unless continuously vented, would cause air-locking and
corrosiomn. '

The return flow from the panels pass through a tube-in-
shell type heat exchanger, Ei. Greater reliability is obtained
by having a second, 100% duty, heat exchanger, E,, on standby.
The heat exchanger outlet temperature would be controlled by a
modulating valve in the cooling water line. It may be neces-
sary to avoid thermal shock to large heat exchanger by pre-
venting the system water from dropping below some predetermlned
temperature. A temperature controller would, then, be installed
in the return flow line, which would cicse the modulating valve
as the temperature dropped. If the temperature continues to
fall, after the valve has closed completely, a heater,H, would
be switched on to prevent further drop in temperature.

Two 100% duty centrifugal pumps would also be provided for
reliability, one pump operating and one on "auto" standby. A
flow meter in the main return line will cause the standby pump
to start on low flow. The pumps are provided with isoclating
valves and with check valves (not shown) to prevent backward ro-
tation of the standby pump.

The system would, preferably, be filled with deminerallzed
water, although process water is used at NPD. No lon-exchange
columns are considered necessary but part of the pump discharge
may be bypassed through either of two filters, Fy and Fp. These
filters may well be of the disposable paper cartridge type.

A vented expansion tank 1g connected to the high point in
the system. This tank maintains a constant pressure on the sys-
tem and allows for expansion and contraction in the system. Any
air in the piping tends to find its way into this tank and is
then released through the vent. Level switches in the tank ini-
tiate make-up water addition to the system, if the water level
drops. A further drop in level 1s annunciated.

Conl of Steel Shields

As was mentloned earlier in this lesson, 1f the reactor
pressure tubes penetrate the end shields, steel end shields
would be used to minimize fabrication and alignment problems.
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Such shields may form an integral extension of the reactor ves-
sel as at Pickering. A typlcal end shield arrangement is shown
in Fig. 5.

Each shield consists of a
tube and shell type structure |
containing a steel slab core Yairionnioy
about 3' thick. A 2" or 3" -
space separates this core from
two steel sheets, each 1-1/2"
or 2" thick. These steel
sheets act as tube sheets for
the lattice tubes through which Make-up
the reactor pressure tubes
pass. The holes in the core e -
are oversized to provide annu-
lar channels between the core
and the lattice tubes. These
annuli form horizontal cooling
channels which interconnect the
two vertlcal spaces between the
core and tube sheets.

Tub
such end shields can be @;

gas or liquid cooled. The maln
disadvantage wlth gas cooling
would be the high pumping _
powers required. There are P (ﬁ\F
also additional advantages to ' :
using a water cooling circult:
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(a) Photoneutrons may be pro-
duced during shutdown in
a heavy water moderated B
reactor. Some hydrogenous -
material may, therefore,
be required in the end Fig. 5
shields.

(b) Water 1s readilly available for make-up and is relatively
cheap.

The cooling system, shown in Fig. 5, 1s very similar to the
one used for the concrete cooling. Only one heat exchanger, I,
and one circulating pump, P, is shown for simplicity. There
would be duplication of these and the filter, F, in practice.

The main difference between this system and that in Fig. 4
is that the electric heater, H, is in parallel with the heat ex-
changer instead of in series with it. Thils arrangement enables
the temperature of the end shields to be kept above the predic-
ted notch ductility temperature of the steel (150°F) even during
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shutdown periods. A portion of the return flow from the shield
bypasses the heat exchangers and passes through the heater. The
amount of bypass flow 1s determined by the orifice, 0. Tempera-
ture signals from sensing elements in the pump suctlion line
modulate the coollng water supply to the heat exchangers. If
the refurn water temperature drops, the cooling water supply is
reduced. If the temperature continues to drop the cooling water
supply ceases and a further drop in temperature then causes
electrical power to be supplied to the heaters.

Loss of coollng to this system cannot be tolerated so that
the operating pumps would be on Class 3 power.

The Use of Thermal and Water Shields

It is possible that the heat generatlon in a concrete shield
may be so severe that too many cooling pipes would be required
too close together. The concrete strength and effectiveness
would then be seriously affected. In such cases, one of two ap-
proaches can be adopted:

(a) The space between the reactor vessel and the reactor vault
wall can be fllled with light water. Such a light water
shield is to be used by C.G.E. in the Karachi Nuclear
Power Project. It provides excellent fast neutron shield-
ing and some gamma ray attenuation and substantially re-
duces the heat generation in the biological concrete shield.
The light water shileld is easily cooled by a conventional
cooling circuit such as those described for reflector
cooling.

(b) A steel shield, known as a thermal shield, can be placed
between the reactor and the concrete shield. A high per-
centage of the heat generation then occurs in the steel
but, because of 1ts superior thermal conductivity, such a
steel shield 1s not difficult to cool with water or with
gas flow. The steel 1s also, structurally, able to with-
stand higher temperatures.

The thickness of a steel calandria vessel wall can be
increased, beyond that required structurally, in order
to provide, at least some, of the thermal shielding re-
quired. This has been done with the Douglas Point reac-
tor vessel. An alternative, which has been adopted in
the Pickering reactor, is to provide a peripheral thermal
shleld around the core, inside the calandria vessel.

The Pickering internal thermal shield is L4-1/2" thick
and elimlnates the need for a separate thermal shield
inside the wvault. With both these approaches, cooling
is provided by the moderator.
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If a steel thermal shield 1s used inside the vault wall,
the arrangement would be similar to that shown in Fig. 6.

Where only a thin
shield is required,
a single steel sheet
about 2~1/2" thick
would he used. If

a greater thickness
1s necessary, two
sheets would be

used to facllitate
cooling. The shield
can be cooled by gas
or water flow but,
in elther case, a
completely welded
vault liner would
prevent leakage of
the cocling fluid
intc the vault. The
cooling circuit would
be similar to those
already described.
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ASSTGNMENT

Thermal

Shield

1. What are the possible consequences of high temperatures in

a concrete shield?
shleld temperature?

Which 1s the factor that limits the

2. Explain why the heat generation immediately on shutdown
may be of greater importance than that during reactor opera-

tion.

3. What limits the heat removal capacity of a concrete cooling

system?

4. What advantage is to be gained by arranging the concrete
cooling pipes in panels with separate return flows?

5. Explain how the reliability of the system is increased and
how thermal shock to the heat exchangers is prevented.

6. Under what conditions would steel end shields be used and
in what way would they be constructed?

7. (a)

What are the advantages of using water cooling

rather than gas cooling on the end shields?
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7. (b) How and why would the end shield cooling system
differ from the concrete cooling system?

8. What possible approaches can be adopted if the heat genera-
tion 1in a concrete shield is too severe for a cooling system

to remove? :

A. Williams
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THE FUNCTIONS OF REACTIVITY MECHANISMS

The reactivity mechanisms, in a reactor, represent the
final control element which causes a change in the neutron mul-
tiplication factor, k, or the reactivity &%. There are three
general requirements of a control system:

1. It must keep k = 1 and §k = O during steady power operation,
so that 1t must compensate for changes in reactivity that
occur due to fuel burnup, poison buiidup and temperature
changes.

2. It must allow &k to become positive or negative in order
to change reactor power at the required rate.

3. It must decrease k sufficlently, or provide a large negative
6 k value, for rapid shutdown of the reactor when this 1s re-
quired.

It is nelither desirablie nor convenient for these three func-
tions to be executed by the same system. There are, therefore,
two systems which are, preferably, entirely independent:

(a) The regulating system which regulates the value of k as
required in (1) and (2) above.

(b) The protective system which provides the large negative
reactivity for a rapid reactor shutdown as in (3) above.

The reactivity mechanisms used as the final control element
in the two systems may also be entirely separate and independent,
However, some reactivity mechanisms may serve both purposes.

A reactivity mechanism, used for regulation, must always
be capable of providing a reactlivity change larger than the fol-
lowing:

1. The random and short-term reactivity variations due to re-
fuelling or temperature changes in the moderator, heat trans-
port fluid and fuel.

2. The long-term variation of reactivity due to fuel burnup.

3. The large excess reactivity in the reactor because of the

low fission-product poison level with fresh fuel or at
startup following a long shutdown.

November 1966 (R-C)
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4, The reactivity decrease during the first 30 to 45 minutes
of the xenon translient which fcllows a reactor shutdown or
power reduction.

The regulating system may also be required to control the
neutron flux distribution in the reactor. Heat transpert fluid
flow through each fuel channel i1s regulated to glve the same
exit temperature for all channels with the expected flux and
power distribution in the reactor. If the temperature is the
maximum achievable without overheating the fuel, such a condi-
tion represents the maximum efficiency of energy transportation
to the turbine. Under these conditionsg any distortion of the
flux and, therefore, of the power will cause some of the fuel to
be overrated unless the total power i1s reduced. BSuch total
power reductions can be avolded if reactivity mechanisms are
used to decrease the reactivity locally where excessive power is
being produced and, thus, reduce the power in that region. Such
flux and power distortions may well be caused, or at least ampli-~
fied, by xenon oscillations. Reglonal flux control by indepen-
dent reactivity mechanisms is essential if xenon oscillations
are likely to occur.

Protective reactivity mechanisms must provide a large reac-
tivity load (ie, negative reactivity) for rapid shutdown. The
rate at which this negative reactivity is introduced, as well as
its total value, must compensate for the total reactivity in-
creases possible as a result of malfunctlon of a process system
such as the regulating or heat transport systems.

Before the reactivity mechanisms are compared, further con-

sideration should be given the reactivity variations which have
to be controlled.

Posslble Reactivity Variations

The random and short-term reactivity variations are most
frequently caused or connected with on-power refuelling. Burnt
or depleted fuel must be replaced so that the fissile atom con-
centration is sufficient to maintain a chaln reaction. Liquid
fuel can be continuously replenished so that the correct fissile
atom concentration is maintained. ©Suech liguld fuel systems are
not yet practical. Solid fuel must be changed discontinuously.
After each refuelling operation the fissile atom concentration
is excessive and must be compensated for by increasing the re-
activity load, ie, by removing excess neutrons not required to
maintain the chain reaction. The fissile atom concentration
then returns to the required value Jjust before the next re-
fuelling and the reactivity load must be correspondingly re-
duced during this period.
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With on-power fuelling the normal reactivity change during
refuelling is small (less than 0.15 mk in Pickering) and the
rate of change of reactivity is also small (less than 0.1 mk per
second in Pickering). The replacement of all the fuel bundles
with new fuel in a central channel would result in a reactivity
increase of 0.5 mk in Douglas Point and 0.22 mk in Pickering.
The rate of reduction of reactivity, in either reactor, with no
refuelling is about O.4 mk per day. These reactlvity changes
and rates of change are compensated for without difficulty.

In reactors which cannot be refuelled on power, the re-
fuelling frequency will not be greater than once every six
months. Each refuelling then results in a large increass in re-
activity. The compensating reactivity load must be decreased
over a short period of time to allow for poison buildup and it
must be decreased over an extended period of time to allow for
fuel burnup.

Little change in moderator temperature should nermally be
expected unless there 1s a change in the efficiency of the heat
removal system. However, substantial changes occur in the fuel
and heat transport fluld temperatures due to changes in reactor
power. The power coefficient of reactivity is usually negative
for stability and because of safety requirements. Thus, an in-
crease in power causes a decrease in reactivity. In Douglas
Point an increase from zero to full power causes a 5.3 mk de~
crease In reactivity. A compensating reactivity load must,
therefore, be inserted, at low power, which can be removed as
reactor power increases.

With initial fuel in Douglas Point, at zero gower, an in-
crease of heat transport fluid temperature to 5040F causes a de-
crease of 7 mk in reactivity.

The long-term variations of reactivity with burnup are
generally much greater than those discussed above. For instance,
1n Douglas Point there 1s a decrease of 59 mk from the initial
fuel charge to the equilibrium fuel condition, assuming equi-
librium xenon in both cases. The equilibrium xenon load is also
large compared to the values above being about 28 mk in both
Pickering and Douglas Point. Thus a reactor with fresh clean
fuel would have an excess reactivity of 82 mk compared to an
equilibrium core with equilibrium genon load.

Since the maximum xenon transient load 1s more than double
the equilibrium locad, it is not practical to have enough excess
reactivity in the reactor to aveld a polson-out altogether.
Normally, enough excess reactivity 1s available to provide a
polson override time of about 45 minutes. The rate of growth of
the xenon load in Douglas Point and Pickering, following a reac-
tor shutdown from full power, is about 23 mk per hour. Thus, 1in
45 minutes the xenon load will have increased by about 16 mk.
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It may be seen from the above considerations that there are
three classes of reactivity variations which have to be con-
sldered:

(a) Small reactivity variations as a result of refuelling or
temperature changes.

(b} The xenon transient load increase during the poiscon over-
ride time.

(¢) The large decreases in reactivity due to such things as
equilibrium poison buildup and long-term fuel burnup.

There 1s one overriding consideration and that 1s the neces-
sity of regional control to prevent flux and power distortions
due to xenon oscillations.

Types of Reactivity Mechanisms

All reactivity mechanisms either increass neutron produc-
tion or decrease neutron losses in order to change the value
of x. DNeutron production can be increased by addition of fissile
material. Neutron losses can be changed by:

(a) Changing neutron abscrptiocon in materials other than the
fissile material. This can be done in a variety of ways:

1. By inserting or removing neutron absorbers into
or cut of the reactor core.

2. By changing the moderator density so that a change
occurs in the absorption by nonfissile fuel nucleil.

(b) Changing neutron leakage out of the reactor either by:
1. Changling core size or

2. Changing reflector thickness.

It is eclear that one ftype of reactivity mechanism, relying
on one of the above methods of reactivity variations, could not
meet all the regulation requirements discussed previously. It
would be even less likely to meet the protective system require-
ment as well. Thus, several types of reactivity mechanisms
would be used in the same reactor and these could be classified
as to types and functicns as follows:
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(b)

(e)

(d)
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BOOSTER MECHANISMS which would be used to increase re-
activity, during xenon transients, to provide the required
polson override time. Such booster mechanlisms could he:

1. Absorbers, such as Cobalt rods, which are in the re-
actor during normal opgration and are removed to re~
duce neutron leosses during a xenon translent.

2. Additional fuel rods which are inserted into the
reactor only wnen required for additional reactivity
during a xenon transient.

Variable REACTIVITY [LOADS to compensate for small varila-
tions in reactivity. Since such reactlvity loads must be
continuously variable during reactor operation, they must
depend on a continuously variable neutron removal system
such as:

1. Variable neutron leakage achleved by variable
moderator-reflector level which varies the core size
or the reflector thickness above the core.

2. Variable moderator temperature to vary neutron leak-
age and relative neutron absorption in nonfissile
fuel material.

3. Variable moderator density, such as obtained by bub-
bling a gas through it, to achieve the same results
as in (2).

4. Variable neutron absorbers in the core.

POISON SYSTHMS to simulate egquilibrium fuel conditions or
equilibrium xenon loads in a reactor in which sufficient
excess reactlvity has been provided to compensate for fuel
burnup and xencn bulldup to equilibrium. This is known as
SHIM control.

SHUTDOWN MECHANISMS to provide the large negative reac-
tivities reguired following a reactor trip. Such large
negative reactivities can be obtained bhy:

1. Dumping the moderater, if it is a liguid, and thus
greatly increase neutron leakage, or

2. Inserting abscrber, known as SAFETY or SHUT-CFF
RODS.
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ASSTGNMENT

Distinguish between the functions of the regulating and
protective systems.

What five requirements are demanded from reactivity mecha-
nisms used for regulation?

Why is 1t not possible for one type of reactivity mechanism
to meet all the requirements in (2)¢%

Explain the four types of reactivity mechanisms that can
be used to meet the regulating and protective system re-

quirements.

A. Williams
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Reactor Boller and Auxiliarfes - Course 133
COMPARISON OF REACTIVITY MECHANISMS

When a CANDU type reactor has reached the equilibrium core
condition, the most important method of controlling reactivity
is by on-power refuelling. However, in solid fuel systems con-
tinuous variations in reactivity cannot be obtained by such a
method. Other means of compensating for small variations in re-
activity must, therefore, be used. This is required even more
ln reactors where on-power refuelling 1s not used. Reactivity
mechanisms must also be used for controlling other types of re-
actlvity variations, as outlined in the previous lesson.

These reactivity mechanisms will now be discussed further
and the various types of mechanlsms available compared.

VARIABLE REACTIVITY LOADS

These are the continucusly variable reactivity loads which
are required to compensate for small variations in reactivity
caused by on-power refuelling, temperature changes. The charac-
teristics required for such a mechanism must satisfy the follow-
ing limitations:

1. The maximum reactivity worth must be larger than the maxi-
mum reactlvity increase for which 1t must compensate (eg,
the refuelling of one complete channel with fresh fuel).

2. The rate of reactivity load insertion must be greater than
the maximum rate of reactivity increase for which it must
compensate (eg, caused by refuelling).

3. The rate of reactivity load removal must be greater than
that of the fastest reactivity decrease for which 1t must
compensate (eg, due to moderator or other temperature
change).

. Where such a mechanism is also used to counterbalance flux
distortions, such as those caused by Xenon oscillations,
the distribution of reactivity load between the various re-
actor zones or reglons must be such that the system be
capable of counterbalancing the largest flux distortion
that can occur.

5. The rate of load removal must never be larger than the
rate of insertion of the protective reactivity mechanisms.

November 1966 (R-0)
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As was stated in the previous lesson, such variable reac-
tivity mechanlisms must depend on a continuously variable neutron
removal system. Such systems will now be considered further and
their advantages and disadvantages discussed.

Moderator Level Variation

Variation of
moderator level can
result ih one of two
further varistions.
If all the fuel chan-
nels are not covered,
it results in varla-
tions in core size.
Once all the fuel
channels are covered,
it results in wvarla-
tion in reflector
thickness, assuming
that the reflector 1s

merely an extension

of the moderator be-

yond the edge of the

core. In both cases, the end Dump

result is a variation in neu- Tank

tron leakage. #
The mechanism for moderator =T

level control is shown in Fig. 1. o

There 1s constant addition of _

water from the dump tank to the 7

reactor vessel through the pump . '

P. The water returns to the Fig. 1.

dump tank through the dump port

W, which is, in effect, a welr

over which the water spills. A liquid-gas interface is estab-
lished at the weir and the pressure differential between this
interface and the point C, at the top of the calandria, deter-
mines the helght of moderator in the reactor vessel. The neces-
sary pressure differential 1s established by the gas blowers or
water-Jjet exhausters at D. The regulating valves, A, permit the
controlled gas leak rate between E and C which 1s required to es-
tablish a specific moderator level.

The main advantages with such a system are:
1. A simple arrangement of valves and blower only are required

which can be located in accessible or partially accessible
areas.
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2. The use of valves for regulation permits the use of tripli-
cated control systems with virtually complete independence
of the three control channels.

3., The same system can also be used as the shutdown mechanism
by simply dumping the water out of the reactor into the
dump tank. Large dump valves, B, open, on a reactor trip,
to rapidly equalize the pressure between E and C. This
aspect will be considered further in the Ilesson.

One major disadvantage of moderator level control is that
the neutron leakage variations, which it initiates, cause a dis-

tortion of the flux distribution through the reactor core. The

Low moderator level that results with fresh fuel or because of
the absence of xenon polison would cause such a distortion in
flux that it forces a reduction in power. The low moderator
level could also result in some calandria tubes not belng im-
mersed. Spray cooling of these tubes would then be requlred to
prevent siresses due to differential expansion.

The second disadvantage 1s that moderator level control ap-
plles to the reactor as a whole and ls not suitable for regional
or zonal control of flux distribution.

Moderator Density Variation

The density of any moderator can be changed by varying its
temperature. The resulting variations in both density and neu-
tron temperature cause a change in neutron leakage, a change in
neutron capture in nonfissile nuclel and & change in the ratio
of fissions to absorptions in the fissile nuclei. However, the
moderator temperature coefficient changes with fuel burnup be-
cause of the different effect of neutron temperature changes on
Pu-239 and U-235. Thils 1s not, therefore, considered a useful
control mechanism.

The density of a ligquid moderator can also be varied by
bubbling a gas through it. ©Such a change in density changes the
neutron leakage out of the reactor. The main problem with such
a method is to maintain uniformity of bubble sizes, so that no
practical system has been developed although the method has been
considered. It has the advantage of not ecausing flux distortion
but it is not suitable for regional control.

Variable Neutron Absorbers

Neutron absorption in a reactor can be increased by intro-
duclng neutron absorbers into the core. Such absorbers must be
easlly removed to increase reactivity when necessary. In a
liquid-moderated reactor the simplest method of introducing such
an absorber 1ls in the form of a soluble poison. The soluble
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polseon can be injected into the suction of the moderator circu-
lating pump, P, in Fig. 1, le, outslde the core. It has several
advantages:

1. No complex driving mechanisms are required in high radia-
tion fields.

2. No permanent structures inside the core, such as guide
tubes, are requiread.

3. There 1s conservation of neutrons when the absorber i1s
not in use.

4. Because the absorber is uniformly distributed throughout
the moderator, there i1s negligible flux distortion.

Such a method is, however, unsultable for this type of fine
control because the removal of the polson from the moderator is
a slow and expensive operation, involving the use of ion-
exchange columns. In additiomn, such a poison system is unsuit-
able for regional control of flux distribution. However, 1t is
suitable to simulate the equilibrium xenon load and its applica-
tion, in this manner, will be discussed later.

The alternative 1s to introduce local neutron absorbers in
various regions or zones. The absorber can be of any shape and
either solid, liguid or gaseous, provided it has a large neutron
absorption cross section. A solid absorber is usually in the
form of a rod which 1s inserted intc the reactor along a gulde
tube or thimble. The rod is driven . . e
by a mechanlism which allows for its
insertion or removal at a definite
rate.

The Douglas Polnt reactor has
two such thimbles, like the one
shown in Fig. 2, in the reactor
axlal centre plane. Each tube con-
tains two absorber rods of stainless
steel which move in and out in oppo- Reactor
site directions. They are moved in
and out by lead-screw drives. One
advantage of the solid rod type of
absorber, over the liquid or gase-
ous ones, is that, in liquld modera-
ted reactors, 1t can be cooled by
circulating the moderator through
the gulde tube. Thus, in Fig. 2,
moderator fluld enters at A and
eventually spills into the reactor
at B.
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The following are the deslrable properties of neutron

absorbers:

1

Hlgh neutron absorption cross section at the right neutron
energies so that less absorber is required. This simpli-
fles the design problems associated with the introduction
of the absorber into the core and reduces the permanent re-
activity reduction caused by the guide tube.

The absorptilion cross sectlon should be highest for neutrons
of prevailing energy In the core. However, a cross section
which 1s falrly large over a wide energy range may be pre-
ferred to a larger cross sectlion at the prevailing energy
which becomes very small at other energies.

Low rate of depletion of the absorbing isotopes.

Low neutron scattering cross section by absorber or its
cladding. This condition is necessary to avoid reducing
the efficiency of the absorter by scattering neutrons out
of the absorber hefore they can be absorbed.

Low neutron activatlion which would increase the problem of
radlation protection for personnel and equipment.

Adequate mechanical strength for solid absorbers.
cmall welght to make 1t easier to move.

Negligible corroslon of solld absorber by coolant or of
container by fluld absorber.

Good chemical and physical stability under high temperature
and irradiation conditions.

Reasonable cost and availability and ease of fabrication
if a solid.

Good heat transfer properties for ease of cooling.
No deposition, by plating out, etc, of dissolved absorbers

on. container walls and connecting lines to avold a perma-
nent reactivity load.

The final choice of absorbing material will depend on a

compromise between these properties, some of which are con-
flicting. Possibly the foremost consideration will be the
economic feasibility of a particular absorber for the reactor
system under consideration.

The low rate of depletion requirement contradicts the high

absorption cross section requirement, because the rate of
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depletion is proportional to the cross section. It would appear,
then, that the low depletlon rate sets an upper limit on the
value of the cross section. However, the depletion rate can be
reduced by one of two methods: '

(a) The absorber can be made thick enough to cause the absorp-
tion on the surface of the absorber to depress the neutron
flux inside the absorber. The 1nner absorber nuclel then
become very inefficient, in terms of neutron absorption,
and they initlally become depleted very slowly. They act
as spares which are used after the surface nuclel have
been used up.

(b} Elements can be used, as neutron absorbers, which are trans-
formed into another absorbing isotope when they absorb a
neutron. The depletion of the original isotope 1s, there-
fore, compensated by the production of another absorber.

In some cases a chain of transformation into new absorbers
1s possible by successive neutron absorption.

Comparison of Possible Solid Absorbers

Table I shows the absorption cross sections, of the most
likely absorber materials, for thermal neutrons and for reso-
nance energy neutrons.

As may be seen from the tabile, Hafnlum has a relatively low
thermal cross section but is still considered a very efflcient
absorber because of its high cross section in the energy region
immediately above the thermal energies (the so-called EPITHERMAL
region). It is readily fabrlicated and has very good corrosion
resistance in high-temperature water. One majJor advantage of
using Hafnium is that each isotope on capturing a neutron changes
into a series of neutron capturing isotopes according to:

HF177 + nl = Hf‘l?B; arl78 « pnl = HP179; Hr179 + nl = 5r180

Hafnium is available as a by-product in the production of
Zirconium and its chemical properties are similar to those of
Zlrconium. It has adequate mechanical strength for use 1n rods.

Boron has a higher thermal c¢ross section than Hafanium and a
reasonable eplthermal cross sectiocn, since its cross section
varies inversely with the neutron veloeclty. It 1is, therefore,
more efficient than Hafnium for thermal reactors in whiceh the
epithermal flux is low. It is usually dispersed 1n other materi-
als, such as steel, to give 1t better corresion and other EhYSi_
cal properties. On neutron capture 1t transforms into He-% and
Li-7. This transformation may cause swelling and cracking of
the containing material. Because of this, Boron would be better
used as a liquld absorber.
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TABLE T
Major Resonances
Thermal Thermal |-
Abundance A z. Lnergy @,
Madterial (per cent) (barns) (em™t) (ev) (harns)
Boron............... ¥hh 107 - —
Boron-10........... 20 3800 — None
Silver. . ... L. 62 3.64 — —
Silver-107....... ... 51.3 31 — 16.6 630
Silver-109. ... .. ... 48.7 87 = a.l 12,500
Cadmium. . .......... 2450 113 - —
Cadmium-113. .. ., . 12.3 20,000 0.18 7200
Indium. .. ......... .. 190 7.3 -— —
Indium-113. ..., ... 4.2 58
Indium-115._. . ..... 95.8 197 - - 146 30,000
Samarium............ M) 155
Samarium-149. ... 13.8 41,000 — 0.006 16,000
Samarium-152,, .. .. 26.6 225 — 8.2 15,000
Furopium. ........ .. 4300 90
Europum-151. . .. .. 7.8 7700 — 0.46 11,000
Europium-153. . .. .. 52.2 450 — 2.46 3000
Gadolinium. . ... ..... 46,000 1400
Gadolinium-155. . ... 14,7 61,000 — 2.6 1400*
Gadolinium-157 . . ... 15.7 240,000 — 17 1000*
Hafnium, . ........... 105 471
Hafnium-177.. ... .. 184 380 - - 2.36 60001
Hafnium-178. . . .. .. 27.1 75 e 78 10,000
Hafnium-179. ... .. 13.8 65 - 5.69 11001
Hafnium-180. . . .. . 35.4 14 . It 130

* Gd® and Gd' have several important resonanees i the energy range from 2 to
17 ev.

t Hf'" and H™ have several important resonapees in the encrgy range from 1.1 to -
50 ev (and smaller ones up to about 100 ev).

Cadmium has a very high thermal cross section that drops
fast for higher energies. Thus, it 1s not efficient in reactors
wlith high epithermal fluxes. Moreover, its high cross section
increases 1ts burnup rate. PFinally,it has a low melting point
and poor corrosion resistance. To overcome these disadvantages,
it is usually alloyed with other absorbers (eg, Silver and
Indium).

Silver has too low a thermal cross section to be used alone
in thermal reactors but it can be used as a good base for alloys
containing such high thermal cross sectlon absorbers as Caduium,
since it contributes eplthermal absorption.

The rare earths, Buropium and Gadolinium, have very high
thermal cross sections and good epithermal cross sections.
Moreover, Europium under neutron irradiation goes through a
series of transformations similar to Hafnlum, from Eu-151 to
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Fu-156. They are not widely used as absorber materials because
their properties are not well establiished.

The introduction of any localizec absorber into a reactor
will cause some flux distortion. However, this factor may be
used to shape the neutron flux to some desired optimum. This
type of reactivity mechanism l1s also hettér sulted to the re-
gional control of flux disturbances, since the insertion of each
absorber is regulated by an independent mechanism which can be
controlled by independent local flux detectors.

Absorbers, particularly in the form of rods, are also suit-
able as shutdown mechanisms and this is discussed later.

The use of absorbers, in the form of rods, has one major
disadvantage. They require complex driving mechanisms which
must operate reliably in high radiation fields.

The Use of Fluid Absorbers

To avold the dlsadvantage of complex driving mechanisms,
the absorber can be introduced, as a gas or a liquid, into par-
titioned volumes or compart-
ments in tube or thimble pene- R
trating the core. Such an ar- Y
rangement, shown in Fig. 3, 1s /
used at Pickering. Light water
1s introduced intc each com-

{.’
|
partment through small diameter | </>>q

.,
y
l

| ST R W

tubing. ©Small dlameter tubing Zone

|
must be used to feed the com- |\\\E
partments in order to ensure | \d
that most of the absorber 1s !
in the compartment and not in -
the tubing. Even so, the neu- D o
tron absorption in the compart- i i
ment walls and in the inter- — -
connecting lines adds to the .
permanent reactivity load in Qa -0 B
the core. Therefore, there ' S
should be as few separate com-
partments as possible. The use
of liquid absorbers does not, Fig. 13
however, prevent the flux dis-
tortions associlated with localized
absorbers, but again thils system can be used to shape the neu-
tron flux and tc provlide regional or zonal control. Its use for
zonal contrel is clearly demonstrated in the Plckering system,
shown in Fig. 3.

The reactor 1s divided into 14 zones. First, the reactor
1ls divided intoc two axlal slices and each slice is then divided

Boundaries
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into one central and six outer zones. As may be seen, from

Fig. 3, there is a fluld absorber compartment in each zone. The
light water in each compartment is continuously circulated for
cooli&g and chemical control, A typical flowsheet is shown in
FMg. 4.

HEADER |
TANK
0-4 IGPM
+
FROM OTHER DELAY TANK
COMPARTMENTS
P 1
2 IGPM >
COOLER
TO OTHER
COMP ART=-
Hi BALANCE LINE S5DPSIA MENTS
He BUBBLER LINE e,
%
I
Y aT 4
i i DD - .
: | ! | 100 PSIA
| 7 v | p——— : :
y | FLOW
»*
o ; H reo : ;
s | CIRCULATING | i
PUMP | I
I e,
* He 70 PSIA CONTROL
WATER LEVEL SIGNALS
SIGNAL
TYPICAL ARRANGEMENT
OF ZONE CONTROL
COMPARTMENT
Fig. 4

The depth of water in each compartment is independently
controlled through electropneumatically operated control valves
which are accessible during operation. There is a constant out-
flow of 2 Igpm from the bottom of each compartment and a con-
trolled inflow, in the form of a jet from the top, from O to
Y Igpm. This arrangement ensures that the light water is always
circulated and cooled. If all compartments receive the same
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control signal, the reactivity rate would be about £0.2mk per
gecond.

A delay tank permits the induced 0-19 and N-16 activity to
decay so that the wvalves, pumps and blowers are accessible during
operation. The water level 1n each compartment is indicated by
the gas bubbler method. The head tank permits full control to
be retained during a fallure of both water pumps for a few
minutes. If the calandrla pressure rises, all connecting tubes
would be closed so that light water could not be elected from
the compartments even if the tube wall collapsed.

The estimated 1nternal dlameter of the compartments 1s 3.5"
and the connecting tube wlll be about 0.3" internsl dlameter.
About 450 1b of light water is needed to fill all the compart-
ments.

Any sultable liquld could be used instead of water, such as
a solutlon of any of the solid absorbers previously discussed.
Some method would have to be used to ensure that the dissolved
absorber did not become a permanent reasctivity load in the re-
actor by plating out on the compartment wall or the tubes.

One advantage of using a gaseous absorber is the further
regulation achlevable by varylng the pressure of the gas. How-
ever, thils advantage might be offset by 1lts large temperature
coefficlent, which is due to its large variation in density with
temperature. Hellum-3 suggests itself as a possible gaseous
absorber since 1t has a thermal absorption cross section of
5.3 % 103 barns. However, 1ts lsotoplc abundance is only 0.00013
and the only other naturally occurring Hellum isotope, Helium-U
has a very low absorption eross section.

SHUTDOWN MECHANTSMS

The conslderations that apply to shutdown mechanisms are
similar to those for variable reactivity loads. Such a protec-
tive mechanism must be capable of adding enough reactivity load
rapidly enough to shut down the reactor safely under any condi-
tion. This may be accompllished elther by rapidly absorbing neu-
trons wlth absorbers or by rapidly increasing neutron leakage.
Because of the magnitude of the reactivity lcad required and the
speed with which 1t must be 1lnserted, oniy two alternatives can
be considered:

(a) If the increased leakage method i1s to be chosen, it must
be achleved by a large and rapid decrease in core volume.
Thlis is possible only in liquid-moderated reactors, by
dumping the moderator out of the core.

- 10 -
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(b) Rapid increase of neutron absorption is best achleved by
the rapid insertion of absorber rods, known as safety or
shutoff rods, into the core. The solid rod mechanism can
be designed with greater simplicity to fail safe rapidly
enough under any condition including the failure of the
rod mechanism 1tself.

The choice between the two alternatives will depend omn
relative rellability, speed of response and cost. Moderator
dump has the advantage of simplicity with no mechanisms located
in 1naccessible, high radiation areas. The only moving mecha-
nisms required are the valves which open to equalilze the modera-
tor cover-gas pressure between the reactor and the dump tank,
and such valves can be located in accesslble areas. It is a
very satisfactory mechanism for a small reactor, such as NPD,
where it produces a 5 mk reactivity decrease in less than 1
second and 70 mk in 5 seconds.

However, in large reactors, such as those in Pickering,
such a dump requires the rapid movement of several tons of water
from the reactor vessel into the dump tank. This introduces en-
gineering problems in the design of dump ports which will allow
such a rapld dump and still support a calandria full of water.
Such large dump ports, which are placed on the core boundary,
represent a reactivity load, and they also imply more heavy
water holdup in Do0 lattices. Moreover, after a complete dump,
with the moderator pump-up rate limited by safety conslderations,
the time necessary to return the moderator to the calandria in-
creases the probability of poison-out with its consequent power
production loss. It is estimated that, in a Pickering unit, the
pump-up time is 50 minutes, whereas the poison override time
provided by booster mechanisms is only 45 minutes.

It could be argued that one big advantage of such a dumping
facility is that 1t uses the same mechanlsms as moderator level
regulation. However, in large reactors, the moderator level
mechanism can not be used as the only method of reactor regula-
tion because it does not permit zonal control against flux dis-
tortions caused by xenon oscillations. It could, thus, be
argued that 1t is not required and that varlable absorbers offer
more advantages. :

In a reactor which does not have moderator dump facilities
(eg, graphite-moderated reactors), safety rods must be used.
The main disadvantage with such a system 1s that 1t requires
mechanisms for rapid insertion which must operate reliably in
high radiation fields where maintenance is dlfficult because of
inaccessibility. The choice of material for safety rods is
based on similar requirements to that of regulating rods. How-
ever, the high neutron absorption requirement is now much more
important than a low rate of depletion since the rod is only in-
serted following a reactor trip. ©Since regulating rods are

11
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required for small reactivity varilatlons and safety rods for
large reactivity changes (24 mk in Pickering), the two mecha-
nisms are lilkely to be completely independent. This arrangement
is also preferable because of the desirabllity of having the pro-
tective system independent of the regulating system. Safety rods
are usually permitted to fall into the core under gravity to ob-
taln the required fast insertion without relying on moving mecha-
nisms. Regulating rods, on the other hand, must be moved in and
out of the core by some mechanism. However, the same rods have
been used in some reactors for both purposes. The regulating
mechanlsms move the rods in and out as reguired and magnetic
clutches aliow the rods to fall into the core when a reactor

trip occurs. Thils does mean, however, that the tip of the rod,
which 1s being used for regulation, 1s belng contlinuocusly de-
pleted.

The reliabllity of a safety rod system can be improved by
Increasing the number of rods., However, the main dlsadvantage
of the system is that it could be most unrellable at a time when
it was most required. Any condition, such as an earthquake or a
power excursion, which would initiate a reactor trip, could also
distort the safety rod guide tubes so as to prevent 1nsertion of
the safety rods. Thus, in the CANDU concept, moderator dump 1s
st11ll used as a backup method for reactivity reduction. The
initial dump requirements are not, then, as severe as when moder-~
ator dump only is used. Moreover, the dump can be stopped as
soon as the correct functioning of the safely rods has been es-
tablished. This reduces the time required to pump the moderator
back into the calandria.

BOOSTER MECHANISMS

- 12 -

Booster mechanisms are required to increase the reactivity,
during xenon transients following a power reduction, to provide
the required poison override time. Such a xenon transient is
illustrated 1n Fig. 5. A power reduction is assumed to occur at
B and the xenon load builds up along BDC. If "a" represents the
polison override tlme required, then the excess reactivity which
must be avallable 1s that which 1s shown at D. Thus, to provide
a tO-minute overricde time in a Pickering unit, the booster mecha-
nism must provide 16 mk of avallable reactivity. It must be re-
membered that a polson-out can only be avoided 1f the reactor is
returned to 65% or 70% of full power in order to burn out the
xenon faster than it is being produced. This means that the de-
crease in reactivity due to the power coefficient must be al-
lowed for in addlition to the increase in xenon load during the
poison override time. Therefore, the total increase in reac-
tivity required is that equal to BD plus that due to the power
coefficient. In order to assess the polson overrlde time re-
quired, an evaluation must be made of the probable frequency
and duration of power reductions and an estimate made of the
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savings, through extra power production, which can be obtained
by permitting such an override time. The cost of the booster
system must then be subtracted from these savings and the dif-
ference optimized wilth respect to the booster reactivity worth.
The rate of insertion of this excess reactivity is made as fast
as 1s permissible by safety considerations. Thus, its rate of
insertion must never exceed the rate of reactivity decrease that
can be achieved by the protective mechanisms.

Xenon
Reactlvitly Maximum Xenon Load : C
Load Tt T T T m s s T e T 2
Max. Avallable Reactivity
Equil. el Y
Xemon T T T T o2

|
lo

Fi L]

A Operatlon

$

A booster mechanism can increase reactivity by reducing
neutron removal or by increasing neutron production. The
former is achieved by designing the reactors to operate with
absorbers in the core and removing these absorbers during the
xenon transient. The alternative 1s to increase neutron produc-
tion by inserting additional fuel 1nto the core.

If removable abscrber rods are used, the reactor must be
made larger than required and the excess neutrons absorbed in
the bhooster mechanism instead of being used to produce power.
This is uneccnomlcal unless there is some other Justification
for using such a system. In heavy water moderated reactors,
neutron economy is of even greater importance, since this is the
Justification for using such an expensive moderator. The use of
absorbers as booster mechanisms 1s, therefore, contradictory to
the cholce of moderator. The fissile material, on the other
hand, is only inserted when required and i1t does not add f£o the
fuel inventory in the reactor.

- 13 -
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The additional fisslle material is inserted in the form of
a fuel rod, the mechanism being similar to that 1liustrated in
Fig. 2. Smaller quantities of fissile material are required
with solid fuel compared with liquid fuel because the latter
has to be circulated outside the core. It is also convenlent to
cool a rod by means of the moderator, 1f this is a liquid. The
disadvantage of using a rod i1s the need for complex driving
mechanisms in high radiation fields. The booster fuel is usually
highly enriched with fissile atoms in order to reduce the amount
of fuel to be added. This, in turn, minimizes the change in re-
actor structure required and reduces the reactivity load of the
guide tubes. The smaller volume of the booster fuel does, how-
ever, cause more flux distortion and increases the cooling prob-
lems. U-235 1s preferred to Pu~239 as the filssile material be-
cause of its hlgher delayed neutron emission which gilves a
longer reactor perlod for the same increase in reactivity.

As was stated earller, the use of removable absorber rods
as booster mechanisms can only be Justified on economical
grounds. For instance, if the neutrons lost for power produc-
tion could be used to produce some useful 1sotope then there may
be some Justification for using absorber rods. The absorber rod
could, for example, be made from Cobalt-59 from which Co-60
could be cbtained.

Cob% + n! = Cob0 + ¢

Alternatively, Thorium rods could be used to produce U-233.

Th232 + _n‘l = 'I‘h233 + 7/

‘1

Pa233

£
U233

Such absorber rods, known as ADJUSTER rods at Pickering,
gcould also be used to a&just the neutron flux to some optimum
shape. However, the use of such rods represents a loss of pro-
duction of useful power and, in a power reactor, their use can
only be justified by an acute demand for the particular isotope
which is produced.

POISON SYSTEMS

To maintaln constant power production from a reactor, the
production of neutrons must exactly balance their removal. Neu-
trons are produced from fission as follows:
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7239 +nl = X+ Y+ yn

where X and Y are fission products and J neutrons are pro-
duced per fissilon.

Neutrons are removed by capture 1n core material or by
leakage from the core.

Fach fission process represents a loss of one fissile nu-
cleus and the production of two new neutron absorbing nuclel.
Thus, unless the fuel in the reactor 1s continuously replenished,
the neutron production will decrease because of the depletion of
fissile nuclel and neutron removal wlll increase because of the
production of fission product absorbers or poisons. If the re-
actor is designed to be critical with new fuel, it would be
necessary to continuously add new flsslile material as the fis-
sile material is depleted and the fission product polsoning in-
creases. If the fissile material in the fuel 1s to be properly
utilized (ie, high fuel burnup achleved), new fuel must be
added, initially at least, withoul removing old fuel, since this
old fuel still contains a high proportion of the original fis-
sile atoms. Some new fissile atom contribution 1s obtained from
the conversicn of fertile atoms (such as U-238) into fissile
atoms. However, thls compensates only to a very limited extent
for the U-235 burnup.

The addition of new fuel without removal of old fuel poses
a core design problem and it involves overrating the fuel ini-
tially or underrating 1t later. On the other hand, to remove
fuel with low burnup 1s uneconomic. The only alternative 1s to
provide an excess of fuel initially in the core so that it can
be left in until its burnup value is economical. The excess re-
activity with new fuel must then be temporarily compensated for
by increased neutron removal.

The xenon polson load 1s initially zero in a reactor and
Increases to its equilibrium walue after about 60 hours of re-
actor operation. When the reactor is shut down the xenon tran-
sient causes the Xencn load to Increase for 10 hours or so and
it then decays, during a sufficiently long shutdown, to an essen-
tially zero value. Thus, following a long shutdown, some neu-
tron removal mechanism must be introduced to balance the lack of
poison load.

With a fresh core, the excess reactivity for which compen-
sation 1s required is the sum of the load due to fuel depletion
and due to equillbrium xXenon polson. Typical values for dif-
ferent types of reactors are shown in Table I1I.

The time necessary to bring the fuel charge tc equilibrium
burnup is of the order of months or years and the compensating
load must be removed over this period of time. The compensating

- 15 -
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load for the eguilibrium xenon must, however, vary much more
It may, therefore, be seen that large reactlvity loads

rapldly.

and relatively slow time constants are involved.

The reactivity

mechanisms used to compensate for these large reactivity varia-
tions are known as SHIM controls.

TABLE 1T
Douglas Light Water
Reactor Point |Crganic-DpC Gas—Graphite=r Belling |Pressurized
RBurnup Load 9 10 - 60 70
(mk
Poison Load 38 31 25 40 33
(mk )

In NPD this shim control, following a reactor shutdown, is
obtained by operating with low moderator level. For initial
startup, depleted fuel had to be used in addition. ©Such a low
moderator level produces serious flux distortions which would be
compounded, in a large reactor, by xenon oscillations. The con-
sequent power distortion causes a forced power reduction which
could not be tolerated in a large power reactor, since it re-
sults in a serious loss of revenue. Some other reactivity mech-
anism 1s, therefore, required which could be used, on initial
startup, with depleted fuel, since such fuel 1s useful in
shaping the initial flux distribution to as close to the equi-
librium distribution as posslble.

The Advantages of a Polson System

The most obvious method of neutron removal that can be used
for shim control is by insertion of neutron absorbers into the
core., In reactors using a solid moderator such absorbers would
have to be in the form of rods, since the polson cannot be dis-
solved in the moderator. However, fast removal of the absorbers
is no longer a requirement because of the long time constants
involved. There are other factors that are much more important:

1. There must be as little interference with the flux dis-
tribution as possible. The size of the reactivitiy load
involved increases the possibility of serious flux dis-
tortion and consequent overrating of fuel.

- 16 -
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The absorber cannot lnadvertently be removed. If it is in
soluble form, 1t can only be lost by loss of moderator.

These safety requirements preclude the use of liquid poison
in the heat transport system or a gag poison in the annuli
between the pressure tubes and calandrla tubss. The loss
of gas or the interruption of gas flow through malfunction
of the control system could leave the reactor prompt cri-
tical because of the large reactivities involved. Simi-
larly a loss of coolant accident would be worsened by the
loss of poison.

It must require a minimum of mechanical control since it
is difficult to develop sufflclently rellable mechanisms
which must operate 1n high radlation regions with low ac-
cessibllity.

When the absorber is removed, it must not leave a permanent
reactivity load in the core.

Conditions (1), (3) and (4) cannot be met with absorber rods

but they are satisfied with a liguid polson system. Condition
(2) 1s also satisfled if the liquid poison is dissolved in the
moderator.

Pojlson System Considerations

The following nuclear characteristics must be considered in

evaluating the poison to be used:

1.

The neutron absorption cross section. The cross section
at the neutron energy corresponding to the moderator tem-
perature to be expected must be such that the poison con-
centration required satisfies the chemical and metallurgi-
cal requirements of the moderator system. It must zlso
satlsfy the requlrement of ease and cost of control of the
polson concentration.

Rate of depletion by neutron capture. Again 1t is an ad-
vantage for one poilson nucleus to be transformed, by neu-
tron capture, to another poison nucleus. If this does not
happen, the depleted nuclel must be removed and replaced
continuously.

Type and intensity of activation due to neutron capture.
This will determine whether or not additional shielding
1s required around the moderator system and, 1f so, how
much. Maintenance of equipment and replacement of ion-
exchange columns could be seriously hindered if there is
high neutron activation of the poison which produces a
penetrating gamma ray emitter.

- 17 -
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The poison must also have the following nonnuclear charac-
teristics:

1. Low cost and good avallability.

2. Ease and economy of removal from the moderator. Since
such a polson 1s normally removed by lon-exchange resins,
this will be determined by the volume of resin requilred,
the cost of the resin, the range of concentrations which
can be processed with one bed and the rate of poison re-
moval.

3. Negligible effect on the radioclysls of heavy water. Any
excesslve Do concentratlon caused by increased radlolysis
results In an explosion hazard and excessive oxygen con-
centration causes increased corrosiom.

4. Chemical stability under core condltions.

5. Negligible effect on moderator system corrosion problems so
that there is no change in the pD or in the guantity of dis-
solved or suspended solids in the system.

6. Negligible deposition inside the calandria. This 1s not
too serlious a problem if the depletion rate i1s high.

The two most common poisons are Cadmium-113 and Boron-10.
Natural Cadmium and natural Boron are compared in Table III on
the basls of the criterla established above.

The comparison of Table III shows that the maln advantages
of Boron over Cadmium are the higher absorptlon rate per unit
concentration which results in a lower concentration being re-
gquired and in a lower rate of depletion.

The main advantage of using Cadmium is 1ts greater ease of
removal. The boric acid formed, when the Boron 1s 1ntroduced
into the moderator, i1s a very weak acld. Consequently, only
small concentrations of it can be held by the lon-exchange
resins for a given flow through the resins. Therefore, the
volume of resin required is much larger than for Cadmium, even
though the amount of resin loaded for each startup is of the
same order of magnitude.

One advantage that Boron has over any other polsons, except
Lithium, is that 1t does not contribute any additional activity
to the moderator system. The neutron 1s absorbed by an (n,« )
reaction and the o-particle 1s easily absorbed.

Theoretically, any of the neutron absorbers listed in
Table I can be used as a liguld polson if it has a water-socluble
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compound which meets the system requirements. If Lithium is
used, because of its (n,« ) reaction, 1t would still be inferior
to Boron because of the much greater concentrations required.
The only soluble inorganic compound of Hafnium listed is its
oxychloride which is too corrosive for use in a poison system.

IABLE TTI

Property

Natural Boron

Natural Cadmium

0y (Thermal)
z-a/C oncentration

Initlial Concentraticon
1n Reactorx*

Rate of Depletion*

Activation

Compound Used

Method of Removal

Resin Necessary for
Startup*

Mean Life in Core*

759 barns

Lo cm?/gm

10 ppm

0.05 ppm/day

None

BpOq

Ion-exchange
resins

10 cu ft com-
pletely loaded.
60 cu £t used.

23 days

2450 barns
12,9 em®/gm

24 ppm

0.4 ppm/day

800 mr/ppm in moder-
ator equlpment room

cd 804

fon-exchange resins

5 cu ft completely
loaded

It days

* Douglas Polnt reactor values.

There are no radlolytie, stability, corrosion or deposition
problem with elther material at these concentrations.

The abéorption of neutrons in a polson represents a waste

of neutrons unless the absorption produces a useful isotope. In
a llght water moderated system, the introduction of heavy water
meets this requirement. The addition of D,0 decreases the
slowing down power of the moderator. This results in a larger
number of neutrons entering the fuel at resonance energiles
which, in turn, results in higher conversion of U-238 to Pu-239.

- 19 -
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ASSIGNMENT

List the advantages and disadvantages of moderator level
as a variable reactivity load.

(a) List the desirable puclear properties of neutron ab-
sorbers and indicate how some of these conflict.

(b) How can such a conflict between two of these proper-
ties, 1n particular, be resolved?

Briefly compare the suitability of some posslible absorber
rod materials.

What particular dlsadvantage 1s avolded by using a fluid
absorber instead of a solid absorber?

Briefly compare the suitabilites, or otherwlse, of moderator
dump and safety rod insertion as shutdown mechanisms, ex-
plaining why moderator dump is still used as a backup to
safety rods in the CANDU system.

Explain why booster fuel rods are highly enriched and indi-
cate what problems might be caused by such enrichment.

Explain
cal and

Why are
but not

Compare

why booster absorber rods are considered uneconomi-
indicate how thelr use can be Justified.

liguid poisons considered sultable for shim control
for regulatlon?

the use of Boron and Cadmlum as soluble poisons.

A. Williams
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UPGRADING REQUIREMENTS AND PROCESSES

The following terms are in common usage in the heavy water
upgrading field:

Heavy Water - A mixture of ordinary water (H,0) and
heavy water (D»-0) in which the“deuterium
isotope predominates or is at least
present in considerably greater amounts
than found in ordinary water.

Isotopic Purity The weight % of D;0 in a D,0-H,0 mixture.

Upgrading - Any process which increases the fraction
of Dp0 in a quantity of heavy water,
"Upgrading” and "reconcentration" are
used interchangeably in the field.

Downgraded Heavy water in which the proportion of
heavy Water D,0 is lower than "reactor grade".

A term applied to heavy water in which
the fraction of Dy0 is equal to or
greater than an arbitrary value based
on an econcmic study of a given reactor
system,

Reactor Grade

Heavy water which has become downgraded by the addition of
H20 contains highly valuable D20. Restoring downgraded heavy

water to "reactor grade" (usually == 99.8 wt % D,0) may cost less
than the lost fuel burnup that would result if it were re-used
in its downgraded condition. In the operation of a CANDU-PHW
reactor, high purity Dy0 is essential if good neutron economy

is to be maintained. %he addition of 0.25% HRO to pure DZO more
than doubles the neutron capture cross sectioii of the matérial.
Consequently, the isotopic purity of the moderator should be -
kept at "reactor grade", In MPD, for example, a 1% decrease in
D20 isotopic purity would cost an estimated $175,000 annually

in loss of fuel burnup.

Downgrading of Heavy Water

While high purity heavy water is most desirable in a heavy
water moderated and cooled reactor system, it is very difficult
to maintain this purity because of the ease with which heavy

November 1966 (R-0) -1
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water downgrades when it contacts ordinary water. Although heavy
water systems are designed to avoid mixing of heavy and light
water, heavy water can become downgraded be several means, some
of which are:

1. Sampling heavy water for chemical control.

2. GCollecting heavy water in an open vessel when draining
a plece of equipment, such as a pump, for maintenance
work,

3. Opening a piece of equipment, allowing the light water
moisture in the air to contact (and downgrade) residual
heavy water on the exposed internal surfaces.

4, Spilling heavy water due to equipment failure. Down-
grading results due to contact of the heavy water with
light water moisture contained in the air or on surfaces.

5. Failure of a heavy water heat exchanger. Either out-
right loss of heavy water to the light water coolant or
downgrading of the heavy water may result,

6. Deuteration and dedeuteration of new and spent ion ex-
change resins,

The formation of tritium (lHBJ by neutron capture in D50

which has been irradiated complicates the problem of handling
downgraded D,0, and may be a factor in determining where the
upgrading will be done - either on-site or at a distant upgrading
unit. Ideally, on-site upgrading could eliminate the tritium
problem by the use of a closed "in-line™ upgrading unit., How-
ever, several factors must be considered, to determine whether
on-site upgrading is more economical than some alternate scheme,
Some of these factors are:

1. The cost of shipping and handling the downgraded D,0.

2. The savings in rem of lH3 uptake by the elimination of
handling, if an "in-line" unit is used.

3. The additional D,0 needed for station inventory,

L. The cost of modifications to an existing station to

install an on-site unit.

Upgrading Processes

The processes that are used for upgrading heavy water are
the same as those used for producing heavy water from natural
water, However, the selection of an upgrading process is easier
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than a production process because the downgraded water normally
has a much higher isctopic purity than ordinary water, the
starting point for a production process, An upgrading unit is
the final stage of a long, tapered production plant, and there-
fore the ecconomic prospects of a process depend on the capital
operating and maintenance costs, hydrogen-deuterium separation
ability and the ease with which the isotopic purity of the feed
may be changed., All these factors must be carefully weighed in
each case,

The separation factor (%) is the best single measure of the

ease or difficulty of a separation, and is the relative volatility
of the gas and liquid, as:

Y ) (atom fraction Hz)
3 =N - y/ gas . \atom fraction D7/ gas

(T*%TED liquid (atom fraction Hz)
atom fraction D/ liquid

at any point in the process. In gaseous diffusion separation,

it is equal to (Ml/MZJ , where M; and M, are the masses of the

isotopes undergoing separaticn.

The relative volatility (%) increases with falling pressure
and temperature; for constant pressure the size of the plant is
propertional to (¥ - 1)2, and the steam consumption, if using
distillation, proportional to (¥ - 1}). It therefore pays to
operate at as low a pressure as possible. On the other hand,
the volume of steam to be handled increases with falling pres-
sure, so that a compromise has to be made to obtain the optimum
operating point.

Several methods have been used for the separation of hydro-
gen and deuterium, and some of these have been listed in Table I,
The processes can be troadly put into three classifications:

(a) high energy,

(b) large volume,

(c) low energy coupled with low volume.

Although the value of ¥ is of great importance, since it
determines plant size (approximately proportional to 1/(¥ - 1}{n¢%,
flow rates, etc), there is no correlation between ¥ and the

economic prospects of a process. The energy consumption, plant
size and cost have to be carefully weighed in each case,
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TABLE 1

Hydrogen-Deuterium Separation Processes

¥ 1/(y - 1)ny

High Energy Requirement

gaseous diffusion 1.20 26.3

thermal diffusion 1.05 LOO

electrolysis of water 10 0.0485
Large Volume Requirement

water distillation 1.05 400

ammonia distillation -1.03 1110

freezing of water 1.02 2500

Low Volume, Low Energy

hydrogen distillation 1.4 7.35
chemical exchange
H,0/H, 3 Q.L54
HEO/HZS 2 1.43
NE4/H, 6 0.111

Of the chemical exchange processes, the H20/H2 reaction

appears to be the most attractive for H and D separation. It
offers a relatively high 7, good opportunities for heat recovery
and can utilize inexpensive equipment capable of high through-put
rates, such as conventional sieve-plate towers for gas-liquid
contacting. In comparison with distillation, the plant volume

is smaller because % is much larger. The reaction

HoO + HD =5 HDO + H,

however, requires a catalyst - Pt on colloidal charcoal, and
because of the low solubility of H, in Hp0, practical exchange
rates can only be obtained at high pressure. Efficient homo-
geneous catalysts for this exchange reaction have not yet been
found. Moreover, while the mass transfer aspects of the Hz/H,0
process have not been extensively studied, it is likely that the
catalyst problem will introduce complications, and more develop-
ment work is required before the process could be used for up-
grading.

Up to the present time, the GS (Girdler-Spevack) process
(HpO/H2S exchange) is mostly used for initial concentration to
about 10 - 20%. The H/NH3 process also appears promising.
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However, for D20 upgrading, where the feed Dy0 isctopic purity

is relatively high, the economic aspects and HpO-removal abil-
ity of what is in effect the final stage(s) of a production plant
are of prime importance; water distillation or electrolysis gen-
erally proves to be best suited to this application, for the
following reasons:

1. Distillation and electrolysis are less complicated, and
more reliable than, for example, the GS process. This
becomes particularly noticeable in the relatively small
units used in final enrichment since the cost of final
enrichment (capital and operating) accounts for only
2 to 4% of the total cost, if starting with natural
water., Costs are no longer proportional to plant size
in this application.

2. Processing can be performed under vacyum, preventing
losses due to leaks, outleakage of H and resulting in
an improved ¥ at decreased pressure,

3. The water can be used directly, in the case of distilla-
tion, and an easily removeable electrolyte (KOH) can be
added for electrolytic upgrading.

k. The required H,0 removal capability can be obtained
most economicafly without an excessively large installa-
tion,

ASSIGNMENT

1. Suggest ways by which reactor grade D,0 may become downgraded
during the day-to-day operation of a nuclear station.

2. O0f the many hydrogen-deuterium separation processes available,
which generally prove to be most suitable for D,0 upgrading
and why?

3. The presence of tritium complicates the handling of irradiated,
downgraded Dy0. Suggest ways in which this hazard may be
minimized when filling drums of downgraded water for shipment,
and how the hazard could be largely eliminated at a station.

R. Popple
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PRINCIPLES OF ISOCTOCPE SEr-ARATTON

The smallest element of an 1lsotope-separation unit which
cffects some separation of the process material is called a

separating unit.

The gsimplest type of separating unit or stage

is one which receives one feed stream and delivers two product
streams, one partially enriched in the deslred isotope, the other

partially depleted.

When the degree of separation by a single

stage is less than ths degree of separatlon desired between pro-
duct and waste, 1t is necessary to connsct several stages 1n

series,
cascade.
colummn.

Such a series-connected group of stages 1s called a
An example of a cascade is a complete distillaticn

A cascade in which no attempt 1s made to reprocess the par-
tially depleted product stream {(le, the talls) leaving each stage

is called a simple cascade.

In a simple cascade, the feed for

one stage 1s the partially enriched product stream (ie, the heads)

from the next lower stage in the cascade.

"enriched" and "depleted"
in DQO upgrading work
refer to the D0 content
of the DpC - H50 mixture.)
When partially depleted
stage talls have suffi-
clent value to warrant
reprocessing, a counter-
current recycle cascade

as shown in Fig. 1 may be
used. This cascade flow
scheme 1is by far the most
common. Such a counter-
current cascade separates
F 1/hr of feed of com-
position xp into P 1/hr
of product enriched in the
desired isotope (D2 in
this case) of composition
%py and W 1/hr of waste,
depleted in the desired
isotope of composition x.
The peortion of the cascade
between the feed point and
product end is called thz
enriching section; the por-
tion beiween the feed point

November 1966 (R-0)
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and waste end 1s called the stripping section, used to increase
the recovery of the desired isotope from the feed. ©Gtages of the
cascade are numbered consecutively from 1 at the waste end of the
plant to n at the product end. The highest stage of the stripping
section is numbered ny.

General Cascade Eguations

In a cascade such zs in Fig. 1, feed,product and waste quan-
tities and compositions (the external varlables) must satisfy the
material-balance equations

F = P + W
Fxp = PXP + Wxy

Since there are two equations and six variables, it 1is possible
to gpecify four external variables independently. For example,
these might be product rate and product, feed and waste composi-
tions. In such a case, the other two varilables would be given by

P(x - K
Feed rate: F = P L
X F - Xw
P(Xo - Xo)
Waste rate: W = £ r
XF - Xw‘

The number of theoretical stages (n) required to effect a
specified separation increases as the over~all separation increases
and the separation factor (% ) approaches unity. This nuumber of
stages {(or transfer units) is given by the equation

xp (1 - XF))
- 211’1(XFU_XP) o
1n ¥

twice the theoretical minimum at total reflux.

If G and LT are the quantities o¢f gas {(vapour) and liquid flow-
ing up and down a column respectively, then the reflux ratio 1is
given by
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When the column is operating on total reflux, v approaches
<y since the amount of vapour flowing up the column is equal to
the amount of liquid flcwing down. The guantity of liquid flowing
down, which at the high reflux ratios usually used, is about equal
to the quantity of gas, deftermines the cross-section of the column,
while the number of stages (n) determines its length. The product
nv is proporticnal to the volume of the column and has a minimum
value for which the column wiil usually be designed.

If 9 1is assumed to be constant for each stage (ie, if the
pressure drop through the column is assumed to be zero) and to be
equal to the average value in a distillation column, the actual
number of plates needed for a given enrichment may be calculated
from

nk

Enrichment = ?rAVG

where E is the average plate efficiency, and the enrichment 1s the
ratio of atom fractions of DQO in bottoms to tops product.

Examples

1. Calculate the feed and waste rates (in 1/hr) which would be
obtained at eguililbrium using a distillation column capable
of processing 90% D,0 feed into 3.9 L/hr of 99.8% D,0 product
and a waste composi%ion of 25% Ds0.

Solution: Using the materlal-balance relations, the feed
rate is given by:
o oo DG M)
XF—KW

3.9 (0.998 - 0.25)
0.90 -~ 0.25

Similarly, the waste rate is given by

P (xp - KF)

XF—XW
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3.9 (0.998 -~ 0.90)
0.90 - 0.25

0.6 1/hr

2. Estimate the number of stages reqguired in an electrolytic cags-
cade to upgrade a 50 wt. % D50 feed to 99.8 wt. % Dp0
(Assume: ¢ = 10).

colution: The number of stages requlred is given by

xp (1 - xp)
2ln \xp (1 - xp)/) - 1

in 7

0.998 {1 - 0.50)
2 1ln \g.50 (1 - 0.998)/ - 1

1n 10

n

= Lk

o~ 5 stages

NOTE: An integral number of stages must be used. Since 4 stages
would be inadequate, 5 stages would be reguired.

3. Bstimate the theoretilcal equivalent number of stages in the
Douglas Polnt Sulzer packed distlllation column, assuming:

¥y = 1,05
Xp = 0,90
Xp = 0.998
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Why are more stages thzn this required in practice?
Solution:
XP (1 - XF‘)
2 1n Xp (1 - xp)/ - 1
n iy
In ¥

0-998 (.‘l - 0096)
2 1n 0.90 (1 - 0.998)/ - 1

in 1.0%

il

164 stages

The above calculates the eguivalent theoretical number of
stages, assuming each stage to be 100% efflicient. In prac-
tice, stage efficiencles are less than 100% efficient, and
in the above example, about 280 equivalent stages would bhes
reguired, assuming typlcally 60% stage efficiency.

ASSIGNMENT

State what 1s meant by a stage, a simple cascade and a recycle
cascade as agpplied to ilsotope separation.

Write down ths general material-balance equations, and indicate
the meaning of each symbol used.

Whzt 1s the reflux ratio and what 1s meant by total reflux?
Estimate the number of plates requlred in a distillation column
to effect an H,0 - D0 separation into 1% D0 tops and 95% DoO

bottoms, if the plates are 50% efficient and the average stage
separation factor is 1.0%.

R. Pepple
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THE DISTILLATION UPGRADING PROCESS

Water distillation for Do0 upgrading is based on the differ-
ence in boiling points of D,0 and H,0. Generally, the magnitude
of this temperature difference is a measure of the difficulty of
separating the two components, and in this case the difference
(1.4°C) is small so that the difficulty of separation is appreci-
able.

Mechanism of QOperation

A D,G-Ho0 mixture contains D0 of boiling point 101.4°C and
H,0 of boiling point 100°C at atmospheric pressure., If suffici-
ent hest is added to such a mixture, the H,0-component will boil
first, and any vapor leaving the mixture will contain a slightly
increased proportion of Hp,0. The mixture left behind will then
contain a slightly increased proportion of D,0. In this case,
the mixture left behind will ultimately become "reactor grade'
D,0 {and will remain at the bottom of the column) and the mixture
léaving as vapor will ultimately become waste product {and will
be drawn off at the top of the column),

Several stages connected in series and assembled in a ver-
tical c¢ylinder form a cascade which is known as a distillation
column. Heating of the D,0-H;0 mixture takes place at the bottom
of the column in a reboiler, Vapor rises through the column,
is condensed at the top of the column, and descends through the
column as liquid while other vapor rises and comes in contact
with it. The descending liquid, already slightly depleted in
Do0, tends to pick up higher boiling point component (DZO) from
tﬁe vapour, while at the same time giving up lower boiling point
component {HQO) to the rising vapor. The internals of the column
are designed to promote thorough and efficient mixing of the
liquid and vapor phases,

The fluid obtained by condensing the overhead vapor (called
distillate) is depleted in D,0 content from that of the original
mixture, This distillate may be either partially or wholly
drawn off the top of the column or it may be allowed to descend
the column by gravity, to contact the vapor rising up the column.
The portion descending is called the reflux (Fig, 1). When all
the distillate is allowed to descend, the column is operating
on total reflux.

November 1966 {R-0) -
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The distillate
produced during D0
upgrading using a
distillation column
contains proportion-
ately more light
water than the original
D70-H,0 mixture.

Unless the D0 content
is 2% by weight or less,
it is uneconomical to
discard it; rather, it
is cheaper to store

the distillate and up-
grade it at some later
time. During operation
of the column, the por=-
tion of the distillate
not recycled as reflux
is "tapped" or "drawn"
off, and although of
lower grade D;0 than

the column feed, must

be saved for later re-
processing.

Since 9 increases
as the pressure at
which distillation is
done is reduced, a
vacuum distillation unit
is used for upgrading
heavy water. The vacuum,
usually about 0.25 atmos,
ijs limited due to the large
vapor volumes that would
result at pressures much
below this point.,

Types of Columns Used

The columns presently

in use for Dp0 upgrading

R
STE A ——

are of two types, classified

according to the internals

of the column:
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1. Sieve-plate columns.

2. Packed columns.
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Sieve-plate Columns

The internals of a sieve-plate column consist of a series
of horizontal perforated plates through which rising vapor can
pass, together with a

weir arrangement to LI T B S R I T

allow the 1liquid to R Db ?_'

descend in the column I R R
4 T ' |

{Fig. 2). Repeated P
contacting of liquid .
and vapor is thus , ulQUID‘ -]
promoted as the vapor \descendlng)ﬁﬁk—__;' A
rises and the liquid s T*i
descends in the column. 7 A
The vapor leaving a /r,f” roi
given plate is slightly

i

more enriched in H30; S}EXE ’/,/’4 ?74
the liquid, slightly LALE W 7.
more enriched in D,0. {”\“ﬁmr 41 P
The column at NRU 1s JAPOR *4{*4J4~L;;f;~H/
a sieve-plate type ) | Lt 7 T T T
designed and built by  (ascending) T
Canadian Badger Ltd. A L §

AN L

Generally speaking =/,'“':f”T”1. -

it is now usually pos- ’ ?flquxﬁﬂ%/%/'/}/ﬁcp 2

sible to obtain more

efficient vapor-ligquid .

mixing with a packed Fig. 2

column, resulting in

increased separating ability for a given size of column. Sieve-
plate columns on the other hand have a comparatively low first
cost. However, to accommodate the upgrading needs of present-
day nuclear installations, a sieve-plate column becomes imprac-
tical due to the large number of stages and hence size of column
required,

Packed Columns

The internals of a packed column are not arranged in a series-
connected cascade of stages like those of a sjeve-plate column;
rather the internals consist of a packing, usually in the form of
a metallic gauze throughout the length of the column. An equi-
valent number of stages is then calculated, based on the separ-
ating ability of the column, Fig. 3 shows the type of gauze
pellet used in the Douglas Point packed column. Provision must
be made along the column for the addition of feed, and uniform
spreading of the feed across the column at the particular eleva-
tion{s) chosen.

Depending on the particular application, the equivalent ot
between 150 and 500 stages are needed for an H 0-Do0 separation.
By comparison, columns employed in chemical plants seldom contain

-3 -
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Sulzer Packing

This "pellet" is a few centimetres in diameter,
These gauze "pellets" are packed into thin tubes,
which run the length of the column, with pro-
vision for the addition of feed. The tubes are
assembled into a cluster of about the same

inside diameter as the column, Each Douglas
Point cclumn is about 25 centimetres in diameter,

Fig, 3

more than 100 stages. Working at reduced pressures proves ad-
vantageous as with the sieve-plate column, since the single
stage 9% increases with falling pressure.

The following comparison serves to emphasize further ad-
vantages of the packed column:

Packed Column Plate Column

Stages/m 10 - 60 1 -10
Pressure loss (mm Hg/stage) 0.2 ~ 0.5 2 - 10
Hold-up (ﬁ/m2 of stage) 3 -8 10 - 50
Starting-up time (days) 3 -4 7 - 8
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In a packed column, the gauze "pellets" are arranged in long
thin-walled tubes as described under Fig. 3. An important fea-
ture of most packed columns is that they usually consist of two
or more towers, connected in parallel to the reboiler gt the
bottom only; each tower has its own condenser at the top., The
reason for doing this is to prevent the individual towers from
"competing™ with one another, and can best be appreciated by
considering the column during operation on total reflux (ie,
when no product is being withdrawn). In this instance, the
quantity of vapor ascending through any cross section is egual
to the quantity of liquid descending. This applies to towers
in parsllel at the bottom only, even though the quantities may
differ slightly from one tube to another, since phase reversal
takes place at the top of the tube. However, if the columns are
connected in parallel at the top also, the separation is quite
adversely affected, since a net flow up one tower and down another
can easily result, reducing the reflux ratio. Optimun operation
for an H,0-D50 separation will result at very high reflux ratios.

A simplified flow

diagram of a typical up- L o
grading unit showing the 3 Condenser

main components which S B et

would be used on-site at & Density con-

triziler

a nuclear station is

shown in Fig. 4. Most

of the auxiliary equip-
ment is labelled in the
diagram; note the use

of separate condensers

for each tower, connected
in parallel at the re-
boiler end only. Packing
in the towers is indicated
by double cross-hatching.
Top and bottom product
purities are measured by
a density controller,
coperating on the principle
of density difference be-
tween Hp0 and D,0.

Hz0-D50 distillation
columns are now being built
having a large diameter () HH

with as many as LO - 50

towers connected to a single
reboiler, each with its own
condenser; the over-all dia-

meter of the towers assembled suzen )
into a single column may C) C)L
measure as much as 2 - 3

metres. The design and sep- Fig, |

arating ability of a given

installation will depend on

the specified duties of the unit.
-5 -
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Method of Operation

There are two ways in which a heavy water upgrading distilla-
tion unit may be used, While a particular column may be designed
primarily for one mode of operation it is desirable, for upgrading
work, that it be flexible enough to work in both ways. The first
mode of operatiocn is called "stripping®™. This technique removes
or strips light water from the incoming feed without appreciably
raising the D0 concentration of the feed. In this type of op-
eration the column vapor flow or boiling rate is essentially the
same as the feed rate. The second method of operation is called
"enriching”. In this case downgraded heavy water is fed to the
distillation column at a much lower rate than the column vapor
flow or boil-up rate. The heavy water flows downward with the
column reflux while the light water is carried off in the vapor
rising up the column. The heavy water thus becomes enriched or
upgraded as it flows to the bottom of the column.

In both cases the high grade product is removed from the
bottom of the column while the light water is removed in a por-
tion of the condensed overhead vapor or distillate., In the
stripping operation the product is reactor grade heavy water
while in the enriching operation the product may either by re-
actor or may be a lower grade depending on D20 content of the
feed and on the characteristics of the column. In toth cases,
of course, the product flow rate is the feed flow rate less the
quantity of water that is collected as distillate.

The distillation column must coperate continuously in order
to achieve the best possible performance., The best separation
of components, in this case light and heavy water, is only ob-
tained if the column operates "at equilibrium®™. This is a
steady state condition where the values of D30 concentrations,
from the bottom of the column through the many stages to the
overhead vapor, remain steady. A period of 2 to 8 days is re-
quired for a heavy water distillation column to reach equilibrium
conditions after it has been started up. For the start-up
period, the column is operated on total reflux; once equilibrium
has been achieved, feed to the column is started. Most packed
columns require "flooding" before operation at total reflux
commences, to allow proper wetting of the gauze.

In order to increase the flexibility of the distillaticn
column for upgrading work, facilities can be provided tc permit
the column to work on what may be calleda "semi-batch" operation,
This uses fairly large batches of feed of a wide range of D,0
concentrations and requires the column to come toc a new equili-
brium condition for each batch, although the operation is con-
tinuous while working on a batch. The column may be operated
either as in stripping or as in enriching. The increased flex-
ibility is, of course, obtained at the expense of some capacity
since time is required to bring the column to equilibrium for
each batch of feed.
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ASSIGNMENT

Explain how an H,0-D,0 separation takes place in a distilla-
tion column, Is"it an easy separation? Why?

What is meant by total reflux and when is this mode of opera-~
tion used in practice?

How are distillation columns classified and what types are
currently in use for D,0 upgrading? Which is generally
better suited to D,0 upgrading and why?

How does an "enriching®" operation differ from a "“stripping"
operation?

R, Popple
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THE ELECTROLYTIC PROCESS

When water is decomposed electrolytically into hydrogen and
oxygen, the deuterium content of the hydrogen produced at the
cathode is substantially lower than that of the water remaining
in the cell. As electrolysis continues, the water becomes pro-
gressively enriched in deuterium. The gas produced in the latter
stages of electrolysils is richer in deuterium than the water ini-
tially fetl; thls gas may be burned and the resulting "combustion
water" condensed and returned to the cell. The high separation
factor (¢ = 10) attainable and the resulting small silze of the
plant are the main sdvantages of the electrolysis process when
applied to DZO upgrading.

Mechanism of Operation

Since the equilibrium constant for the reaction
H,0 + HD%& HDO + H,

is 3.88 at 25°C and 2.73 at 100°C, it is apparent thast the separa-
tion factor of 10 observed in electrolysis must be due to some
mechanism other than the establishment of equilibrium in thils re-
action at the cathode surface. One plausible explanation 1s that
the hydrogen ion 1s discharged more readily at the cathode than
the deuterium ion, thus accounting for the tendency of hydrogen to
concentrate in the gas. Laboratory findings give some support to
this theory. Another possible explanation is the decreased rela-
tive mobility of the D+ and HD+ ions in the liquid compared to the
H+ ions, so that H+ ions reach the cathode more quickly than the
D+ or HD+ ions.

In electrolysis process as applied to heavy water upgrading,
a chemical (KO0H) is added tc the downgraded heavy water to form a
current conducting electrolyte, through which a low voltage, high
de current (2000 amps or higher) i1s passed in an electrolytic cell.
As the electrolysis proceeds, ordinary water in the H,O - D50 mix-
ture is decomposed more readily than heavy water. The electrolyte
remaining behind becomes richer in deuterlum content as the process
procesds, until thz slectrolyte has the desired Do0 concentration.
The process is then stopped and the chemical (KCH) extracted to
leave reactor grade heavy water.

During the electrolysls, the electrolyte tends to heat up.
If the temperature of the electrolyte is not controlled, valusble

November 1966 (R-0) -
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D-0 vapour would be carried away from the cell, and thus adversely
a%fect the separation factor.

Description of Electrolvtic Cell

The present Dp0 electrolytic reconcentration facilities in
Canada operate using discarded cells previously used by Consolicated
Mining and Smelting, Trail,

B.C. in the final stage of o o
theilr heavy water produc- Lides )
tion plant. Each cell con- UFFT

slsts of a water-jacketed Y
cylindrical iron body which ;
serves as the cathode (Fig. : _
1). The anode in each cell |

is a heavily nickel-plated

iron sleeve, insulated from
the cover of the cathode, [ e A %
through which it passes, by r__2 f -

a gas-tight rubber insula- e )
tor. The anode 1s held in . : i
a position clear of the
cathode by hard rubber studs
placed symmetrically around “NNER
its outer and inner surfaces éATﬁBDE
near the bottom. An Inver- _ : ' ~
ted iron cylindrical dome 1s d @/) L

ralsed from the becttom of the _ 1
cathode forming an inner N ) .
cathode which is water-cocled. - e R
This reduces the Ineffective . L
cell volume and provides a Va2 INSULATION {7774 Vo7
more constant cathode surface ) T \\ - .
area (ie, current density). u : ;// =2 -
The piplng to each cell is i ;
insulated electrically by the 7 A

installation of sections of
rubber hose.

Fig. 1
Method of Operation

Electrolytic reconcentration sppears to be best suited to the
batch method of operation, although "semi-batch'" operation appears
feasible. Using this method, a given quantity of downgraded DO
is upgraded to reactor grade, with posslble further feed additions
at higher isotoples only when the cell isotoplc has reached the
new feed isotople. Fig. 2 shows a simplified flow scheme for a
typical upgrading unit. If the unit 1s connected on-line to th=
reactor system, cleaning of the feed would be done using the usual
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FLOW SHEET - ELECTROLYTIC UPGRADING PLANTY
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and CRNL 12~cell unit curves have the same slope, since they both
operate at 2000 amps; the H;0 removal capaclty of one 1s three
times the other, since 1t h&ds three times as many cells. Note
also that the H,0 removal capaclty of the 4-cell plant 1s greater
than that of th& Douglas Point column at isotopics above 95 wt. %
D20 (ie, 5% H,0 on graph); alternatively, at lower isotoplcs, the
Douglas Point“column has the edge. Thus, the choice of a facility
will depend to a large extent on the feed lsotopiec content elther
based on past experience, predictions or both.

The electrical consumption and hence power costs are easily
estimated for an electrolytic plant. For a Y4-cell plant, opera-
ting at 2000 amps, utilizing 4 series-connected cells at 2.5 volts
per cell and 85% efficiency of rectification, ths required power
would be

Lt x 2000 x 2.5

P =
0.85
= 2 L] kw

The operating costs are usually, however, about 90% labour, for
an electrolytlc reconcentration plant.

ASSIGNMENT

1. What are ths main advantages and dlsadvantages of the elee-
trolytic method of reconcentrating downgraded D,C?

2. What are the main pleces of equipment required to utilize the
electrolytic method for on-site Do0 upgrading?

3. On what quantity 1s the production of 'reactor grade' DQO by
electroylsis dependent?

L. How does the H,0 removal ability of a Y4-cell electrolytic
plant operating at 200C amps compare with that of the Douglas
Point columms? How does 1t compare 1f 6 cells are used at the
same amperage?

R. Popple
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COMMON PROBLEMS

Hesvy water upgrading is the end stage of the process of heavy
water production. Thsre are some auxiliary processing steps which,
if carried out, avoid some difficulties in upgrading. There are
also some problems assoclated with the handling of heavy water,
which must be considered nc matier what upgrading process 1s used.

Heavy Water Recovery

Heavy water recovery starts with the logs, whether deliberate
as in sampling or draining, or inadvertent, as in spills due tc
equipment failure, of reactor grade heavy water from a reactor sy-
stem. The system may be a moderafor, a heat transpert or a puri-
fication circult. Due tc the cost of heavy water, an attempt is
always made to recover water which has escaped from a reactor sy-
stem so that 1t can be returned to the system.

To asgist in achieving this, special facilities are provided
for heavy water reacter units. First, there 1s a "closed" collec-
tion system with gathering pipes to pilck up heavy water leakage
from such obvious pecints as valve stems and pump glands. Secondly,
if possible, the plant areas housing equipment containing heavy
water are ventilated by a clesed clrcuit system with condensing and
drying facillties to permit recovery of heavy water carried in the
air stream. Thirdly, the dralnage from areas containing heavy
water 1s collected in a sump with facilities provided to pump water
from the sump into drums or other containers in the event that 1%
turns out to be heavy water. In all cases the intent is to re-
cover the heavy water with a minimum of downgrading. Inevitably,
some of the heavy water 1s downgraded and, of course, some heavy
water i1s normally deliberately downgraded during the processes of
deuterizing and dedeuterizing ion exchange resins used for heavy
water purification. A4s a result, the final stage of the recovery
of heavy water is upgrading.

The upgrading unit, no matter what preocess 1s used, 1s itself
subject to loss of heavy water through leakage, sampling, etc.
Although it may not be possible to provide recovery systems for
the upgrading unit, 1ts deslgn, constructlion and operation must
always be such as to minimize heavy water loss. This means that,
in a unit where the deuterium I1s extracted from the heavy water
at some intermediate stage in the process, speclal precautions are
also necessary to avold loss of the deuterium. It is also
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important that the design and operatlon of the upgrading unit be
such as to minimize the possibility of further downgrading by
inadvertent contacting of the heavy water belng processed with
light water.

Inventory Control

Heavy water is an expensive material and is a prescribed sub-
stance under the Atomic Energy Control Act, which mesans that an
organization requires an Atomic Energy Control Board license to
possess large amounts of reactor grade heavy water. It is there-
fore necessary tc account for losses and somz form of inventory
control 1s required. Normally it is preferable tc record ths
inventory in terms of 100% Ds0. It is necessary to be able to
measure the welight and isotopic purity or D,0 content of the water
being processed, ths water held up in the unit and the water re-
moved from the process either as final product or as low grade
waste.

Where batch processing is done, either welgh scales or pre-
vicusly calibrated tanks are used to determine the amount of D0
being put in, collected from the process and remaining in the unit
at the end of the batch run.

If continuous processing is done, in-line measurements may be
possible so that a runnlng inventory can be kept. Such a unit
would also require facilities for draining thes unit to permit a
check on the contents by means of either a calibrated holding tank
or welgh scales.

#inally where heavy water 1s transported in 45 gallon drums
the normal procedure is to place a drum on a platform scale for
either emptying or filling. For proper inventory control it is
necessary that a consistant and careful weighing procedure be uzed.
For example when emptying drums the normal emptying device may
leave 2 or 3 1bs of heavy water, called a hs=el, in the drum. A
varlable procedure of removing the hzsel, sometimes, and leaving 1it,
at other times, may introduce an error unless s very careful han-
dling precedure is followed.

Frezezing Problem

Heavy water freezes at 39°F. Like ordinary water, heavy
water expands on freezing with the same danger of rupturing 1ts
centainer. Not only can this disable the upgrading unit but it
can lead toe direct loss of valuable heavy water when the 1lce
melts or to Indirect loss by downgrading if the ruptured container
happens to be a light water ccoled heat exchanger tube.
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In either the distillation or electrolytic method of heavy
water upgrading, there are temperature control requirements, re-
sulting in heavy water being cooled with some form of cooling
water usu=lly obtalned from a nearby river or lake. During the
winter and early spring months, it 1s guite probable that natural
surface water temperatures will be as low as 339F to 36°F. It is
therefore necessary to have sufficient control of cooling water
flows so that heat exchangers and condensers do not freeze. Al-
though the probability of freezing is perhaps greater during
periods of reduced cooling requirements such as during startup or
shut down of the upgradilng unit, the danger of freezing during a
period when the unit 1s shut down because a temperature control
valve does not completely shut off the flow of cooling water can
not be ilgnored. Consildering the value of heavy water and the
associated radloactivity hazard, 1t 1is not acceptable tc protect
equipment from damaging overpressures, due to heavy water freezing
by relieving the pressure to atmosphere.

The freezing problem must be consldered when transporting
heavy water. If the upgrading unit 1s located remotely from the
heavy water reactor being served, the heavy water must be trans-
ported in heated equipment during winter months. Alsc it 1s nec-
essary to provide suitable heated storage facllitles, for the in-
coming downgraded heavy water and outgoing reactor grade product,
at ths upgrading plant.

Radloactivity Prcblem

Heavy water that hss been in or passed through the core of a
nuclear reactor contains scme radiocactive material. There is
tritium, a low energy beta emitting 1sotope of hydrogen, which is
produced when s deuterium atom captures a neutron. In addition,
there are radicsctive corrosion preducts from the reactor's heavy
water system and, 1f the reactor heat transport fluld is heavy water,
there may be radloactive fission products due to fuel sheath imper-
fections. The radloactive corrosion and fission products can be
removed by preliminary purification before upgrading to a consid-
erable extent. However, these materlals are often emitters of
penetrating gamma rays and so heavy water contalning them can be a
serlous radiological hazard for personnel working nearby. Also
these materials, being normally non-volatile, tend to be concen-
trated with the reactor grade final product. Even though partially
removed before upgrading, the concentration may become high enough
to require shilelding for the portilons of the equipment containing
the concentrated product.

Tritium 1s a serious radiolcgical problem only if taken into
the body. The low energy of the emitted beta radiation 1s such
that tritium is not an external radiation hazard, but 1s hard to
detect in the presence of other radioactive materials which might
be present. Tritium, because it 1s a hydrogen isotope, cccurs in
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heavy water as a form of "extra heavy" water and cannot be readily
separated except by a process simllar tc the upgrading processes.
This means that In the heavy water upgrading unit, tritium concen-
trates in the final product. Unfortunately tritium in the "extra
heavy" water molecule is readily taken into the body either by
breathing air contalning the wapour or by direct contact with and
absorpticn through the skin. Once absorbed, the tritium containing
water readily exchanges wlth water in the body tissues and brings
the tritium into iIntimate contact with the tissues so that the low
energy beta radiation 1s quite capable of causing damage. To pro-
tect personnel against the tritium hazard, the following polnts
should be considered:

1. Minimize loss of tritiated hesavy water from containers and
equipment by leakage and evapcration.

2. Provide adequate ventllation for the area to protect against
the necessary minimum losses.

3+ Provide protective clothing and clean, fresh, breathing air
for people who may become exposed to tritiated heavy water
during operation and maintenance of the equlpment.

Ik, Provide washing and shower facilities so that a person, who
has contacted tritium bearing heavy water, can promptly wash
thoroughly to minimize the absorption.

Purification Requirements

The purification of heavy water is the removal of impurities
other than light water. These consist of dirt, oil, etec., appear-
ing 1In spllled heavy water after flowing on or over machinery,
floors, etc., or which may be present in an unclean container used
to collect the heavy water. Lubricating oil and concrete dust are
two examples of such contaminants. Radloactlve materials other
thzn tritium, are another scurce of Impurity. Since these impuri-
ties tend to concentrate in the product of the upgrading process
and Impalr the efficiency of the process, it is preferable to re-
move them by a preliminary purification step.

Standard c¢leaning techniquses are used including filtration,
evaporation, centrifugal separation and ion exchange purification.
Fach of these steps increases to some extent the loss of ths heavy
water which is belng recovered. It is diffiecult to reccver all the
heavy water contained in the filter medium carrying the impuritiles.
Centrifugal separation may not gilve an acceptable purification with-
out a small portion of the heavy water being discarded with the
impurities. Ton exchange purification requires use of deuterized
resin to aveld further downgrading of the water and so the spent
resin containing impurities must be dedeuterized to recover as
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much of the contalned heavy water as possible. In addition, the
extra handling itself tends to increase losses through evaporation
or spillage. Where radicactive Impurities are present, all of
these processes will require sultable shielding. Since tritiated
heavy water 1s involved, facllities must be avallable to protect
personnel from this hazard also.

R. Popple (R-0)
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GENERAL CONSIDERATICNS

The subject of nuclear fuels is an extremely broad one, since
the forms in which nuclear fuels can be produced are many and varied.
This lesson will deal mainly with the effects of irradiation on
metal fuel, U, and the ceramic fuel, U0z, from a general viewpoint.
No attempt will be made here to fully explain the phenomena des-
cribea.

Metallie Uranium

The effects of irradiation of metallic uranium on its mechan-
ical properties are a generally marked decrease in tensile strength
even after short exposure, changes in hardness (cold-worked uranium
irradiated to low exposure softens, whereas annealed uranium har-
dens), decreased impact strength of cast, heat-treated or hot-
rolled uranium by a factor of 3 or 4. Embrittlement of the metal
does occur, so that any bend tests done on slender specimens have
been found to faill by brittle fracture. The changes in properties
can be generally sald to depend directly on the integrated exposure
to neutrons, and the neutron flux level.

The physical properties of metallic uranium are markedly af-
fected by 1rradiation. Limited data from in-reactor measurements
indicate a decrease in thermal conductivity of 10 to 15%. This
property 1ls an important one because decreases in thermal conduc-
tivity on irradiation might result in an increase of uranium core
temperature to an unsafe level. Since the predicted accuraecy of
the methods used to obtaln these data is probably + 20% at best,
the validity of the results In an absolute sense is dubious. Qual-
itatively, however, the results are quite valusble, in that they
indicate there 1s no gross change in thermal conductivity of uran-
ium after irradiation. An apparant increase in the modulus of
elasticity of about 15% has, however, been reported.

The most significant effects of exposure to neutron flux cn
natural uranium metal are the pronounced loss in ductility, the
disintegration of the metal at nominal burn-ups, the inereases in
velume and the growth of preferably oriented specimens. The chan-
ges 1in tenslle properties are much tcoco great to be attributed to
vacancy-interstitial or thermal spike effects. The decrease in
room temperature ductlilty may be attributed tc tha presence of
fission products. It 1s gulte probable that the noble gases xenon
and krypton have a pronounced effect on the mechanical properties,

November 1966 (R-0D) | B



133.71-1

and they are belleved to be primarily respongible for the disinte-
gration of certain types of uranium after relatively short burn-
ups. Unalloyed enriched uranium disintegrates after low burn-up
and resembles coke, suggesting that the formation and expanslon of
gas bubbles may play a part in the disintegration.

The presence of fission products leads to certain highly un-
desirable effects both iIn the fuel and, if they escape, 1n the
coolant. At the instant of fission, the two fission products smash
through the uranium lattice, dislodging uranium atoms, generating
vacancies and interstitials, finally lodging as foreign atoms in
the lattice. At sufficiently high temperatures, the gaseous fission
products (Xe, Kr) diffuse and agglomerate, causing voids, gross local
decreases in uranium density and even pronounced swelling. Swelllng
and decreases in density are often accompanled by cracking snd even-
tual digintegration of the uraniumj owing to the radloactivity of
fission products, gross contamination of the reactor and/or reactor
site may occur if they are released into the coolant by a fuel ele-
ment failure or penetration of the sheathing.

Uranium metal offers a maximum conversion ratic, ie, a greater
yield of plutonium per gram of uranium. However, the sheath of a
solid fuel element must be capable of retaining all the fission pro-
ducts even though the fuel is distorted by irradiation and even
though the properties of the sheathing material change. Metallic
uranium hag an anisotropic crystal structure. The effect on 1t of
many fissions is to produce often dramatic changes in the shape of
the fuel, which could lead to blcckage of coolant flow in a channel.
While this problem can be overcome by suitable metallurgical treat-
ment, and does not exist at all in isotropic uranium dioxide, the
problem of the accumulation of gaseous fission products remains.

Ceramic Fuel

The ceramic fuel in most common use today is uranium dloxide
(U05). TUOp hass good corroslon resilstance at high temperaturesj this
has been desmonstrated in NPD where fuel elements have operated with
defected sheathing for periods of over 2 years and post-irradiation
examination of the U0y showed little or no difference between de-
fected and undefected elements. Its coefficient of thermal expan-
sion is low and it is dimensionally stable under long irradlation.
It is capable of withstanding high temperature operation (melting
point: 2800°C) and many thermal cycles.

UCs has, however, a low thermal conductivity, which limits the
power rating that can be attalned without melting. Power reactor
operation in Canada to date has however been well below the UOp
melting point. Fission preduct gases are largely retained by the
U02 at lower temperatures but can leak out at high temperatures.
Extensive irradiation tests to burn-ups as high as 100,000 Mwd/te U
showed that the U0y swelled by no more than 8% of the volume when at
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temperatures below about 700°C, and restrained by 80 to 170 atm.
While many unanswered questions stiil exist, recent studies on the
irradiation behaviour of U0s conclude thst the average fission
product atom does not travel far before being trapped in the lat-
tice of ths materlal. The fisslon precduct gases can agglomerate
and form observable bubbles; the ceramic UO, cracks under thermal
stresses and nmust be contained and supported by a sheath.

The »ulld-up of pressure inside the sheathing due to release
of fission products from the U0, does not appear tc be a problem
with the Canadian design. Although in-reactor measurements are
extremely difficult, the pressure within a fuel element at a burn-
up of =2 10,000 Mwd/te operating at maximum Pickering heat rating
is predicted to be == 80 atm. While operating, this is balanced
by the pressure in the coolant system and when removed or shut down,
should be decreased by a factor of about 10 due to the decreased
temperature of the UOz,well below the burst strength of the tube.
Less than 20% of the gases produced are released from the UO5.

The thermal conductivity of U0, changes very little on irrad-
iation; the factors affecting the conductivity of the TUOs are the
temperature, porosity, excess of oxygen and the impurities present.

The Meaning oflﬁKdQ

In conventional laboratory practice, one is accustomed to mea-
suring the temperature distribution in a system and thus having
knowledge of 1its condition. Altermatively, some other quantifies, eg,
heat generation, may be measured, and the temperatures deduced from
established physical properties of the materials. However, the
measurement of temperatures in operating fuel elements is extremely
difficult, largely because of the high temperature gradients exist-
ing in them. Consequently, many of the physical properties of the
constituent materiazls have not been determined under operating con-
ditions. Specifically, the thermal conductivities of many fuels
under irradiation have not been established. ©Some parameter which
can be measured experimentally is requlred tc define the condition
of the fuel, in a manner comparable to temperature, and this para-
meter is T

o

Tq Jk‘dgwwhere A is the thermal conductivity of the fuel

material, © is temperature, T. is the surface temperature, and T,
the central temperature. Usually, the symbol is gimply written as

[aae

The use of a definite integral as a single parameter, without
reference to its components, will be familiar to those who have used
"entropy". Although the parameter is most widely used in connection

_3_
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with UC, cylinders, the arguments leading to 1ts asscciation with
measuragle gquantities are general and not confined to a single
fuel. If the central fuel temperature were known, it would be a
useful criterion for comparing the severity of different irradla-~
tions. In ignorance of it,
J'R d9, obtained from the equation

Uﬂad@ = E%F qF

can be used for this purpose. In this equatlon, ¢ 1s the heat
generation per unit length of the pellet (W/em) and F is a factor
which accounts for the flux depression within the pellet. The
flux depression in the Douglas Point or Pickering outer elements
can be neglected, and F taken as unity. For larger diameter or
enriched pellets, F must be calculated, and has a value less than
unity.

As an example, thetfﬂ.dg for an average Douglas Point outer

element, producing 500 W/em would be gilven by

o (5000 (1)
fld@—uw

= 4O W/em

A graph, given as Fig. 1 has been included in this lesson toc
give some idea of the assocliated UC, temperatures. Reference to
Fig. 1 will show that the upper temperature corresponding to

fAde = L0 W/em is about 11009C; to

obtain the central U0o temperature, to this must be added the sur-
face temperature of the UOs, about %00°C in this case, giving the
U0n central temperature at nominally 1600°C, well below the melting
point of 28000C,

ASSTGNMENT

1. How does Ul, compare with metallic uranium as s high burn-up
fuszl, wlth fegard to dimensional stability, filssion product
retention and corrosion resistance?
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2

Are gaseous fission product‘pressures Inside operating U0,
fuel elements of the Canadian design consldered to be a pro-
blem? Why?

Why is‘fﬁkd@ used te indicate the severity of a fuel irradia-
tion, in preference to some other parameter, such as tempera-
ture?

R. Popple
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Reactor Boller and Auxiliaries - Course 133

PREPARATION AND MANUFACTURE

The production of uranium, in the form and purity needed
for fuel manufacture, entails a series of carefully designed
refining operations, In addition to the pure metal, alloys and
several chemical compounds of uranium are produced as basic fuel
materials. The bulk of the work done in Canada in this line
concerns natural uranium products, but enriched and depleted
materials are also being processed in increasing quantities.

Uranium concentrate from the mines is shipped to the re-
finery as "yellowcake™, a precipitate of di-uranates, and this
is the starting material for all the refinery processes.

The impurities in yellowcake vary according to the source
of the material, so that the preliminary refining operation is
the blending of batches of yellowcake from several sources.
Although the total concentration of impurities is unaffected by
the blending process, it has the advantage of providing a means
of control of individual impurities.

Chemical operations commence with the digestion of the
yellowcake with nitric acid to produce an acid slurry of uranyl
nitrate, This is purifiied in a series of extraction columns,
where the slurry is contacted with an organic solvent which dis-
solves the uranyl nitrate, leaving most of the impurities in the
aqueous phase. The organic solution is scrubbed with a small
amount of water which removes most of the remaining impurities,
and is then contacted with large amounts of pure water, causing
the uranyl nitrate to transfer vack to the aquecus phase and
leaving impurities in the organic solvent. The final aqueous
solution of uranyl nitrate has a purity which meets the high
standard required for nuclear fuel production, and after concen-
tration in a two-stage evaporator, contains about 1400 grams of
uranium per litre,

Having produced a uranium compound of the required purity,
it remains to convert this compound into a derivative which is
suitavle for nuclear fuel manufacture. In one series of opera-
tions, the uranyl nitrate is heated to give uranium trioxide by
thermal decomposition. The trioxide, also known as "orange
oxide", is cast into pellets which are treated by a moving bted
process in two stages. The pellets zre heated, and pass down
a reaction vessel where they are met by a stream of hydrogen,
causing reduction to the dioxide (brown oxide). In a second
heated vessel, the pellets are changed, oy a stream of hydrogen
fluoride, into uranium tetrafluoride or "green salt". Excess

Novemvuer 1966 (R-0)
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acid is removed by a scrubber and the green salt is collected
on filters.
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Uranium Metal

Uranium metal is made from the tetrafluoride by a thermite-
like process in which the salt is reduced by magnesium metal.
The reaction takes place in a vessel with a refractory lining
which is made from magnesium fluoride - a by~preduct slag re-
covered {rom previous production. Weighed guantities of powdered
uranium tetrafiuoride and granulated magnesium are blended and
packed uniformly in the reaction vessel which is then capped
with refractory slag. The vessel is placed in a furnace and
heated slowly over a 12 - 16 hour period to 550°C; the thermite
reaction starts spontaneously and is complete in two or three
minutes during which time the temperature rises to 1900°C, The
metal and slag are both molten when produced, and the uranium
collects at the bottom of the vessel, After two days of cooling,
the metal is removed from the vessel as a cylindrical ingot which
is about 50 cm in both diameter and height, and weighs about 2
tonnes.

The uranium ingots may be directly fashioned to the required

shape, by forging and rolling, or they may be remelted under
vacuum and precision cast to shape.

Uranium Dioxide

Uranium dioxide has already been descrited as one of the
stages in manufacturing green salt. The dioxide produced in this
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way, when pulverized or fused, can be labricated into fuel ele-
ments by swaging, vibratory compacting and other methods,

The high-stability tuel for power reactors, however, uses
a ditferent quality ol uranium dioxide (known as "ceramic grade"
dioxide) which is produced by a somewhat different process re-
sulting in a powder with a hign specific surface area. This
ceramic grade of dioxide can be sintered, without the addition
of oinding materials, to form high-density peilets. In this
process, high purity uranyl nitrate solution is mixed with am-
monia to precipitate ammonium di-uranate {ADU). The precipitate
is dried and pulverized and then placed in trays stacked in a
closed retort containing an atmosphere of inert gas, The retort
is heated, causing the ADU to decompose into uranium trioxide;
this is reduced to the dioxide by passing hydrogen into the re-
tort to displace the inert gas. After the process is completed,
the retort is allowed to cool and the dioxide is removed, The
product is pulverized to remove agglomerates and batches are
blended to insure consistency in the quality of the uranium
dioxide powder.

Uranium Carbide

Uranium carbide has a higher density and thermal conductivity
than uranium dioxide and is a fuel material with considerable
promise, particularly for use in organic-cooled reactors. To
produce the carbide, uranium dioxide and graphite are pulverized
and thorcughly blended. Sintering the mixture in an induction
furnace produces a low density uranium carbide, which is trans-
ferred tc a skull~arc furnace, Here, the carbide 1s melted and
is cast into high-density slugs of the required shape which,
after surface grinding, are ready for incorporation in fuel rods.

Manufacturing Technigue

The procedure for manufacturing a fuel bundle depends on
the type of bundle to be produced. The description which follows
relates to the production of Douglas Point fuel; although there
are many differences of detail, the manufacture of NPD and/or
Pickering fuel follows the same general pattern.

Fig. 2 shows details of a Douglas Point first charge fuel
tundle. The zircaloy tube for making the sheaths is received
in batches and samples from each batch are checked for straight-
ness, mean internal diameter, wall thickness and variation of
internal diameter. This inspection is followed by an ultrasonic
test for flaws which is applied to every tube. Acceptable tubes
are cut to length, degreased, and loaded intc the magazine of a
special type of welding machine for the attachment of end plugs.
Twenty tubes are loaded at one time, nineteen of them being a
batch of tubes which will be made into one fuel bundle, plus one
tube which is a dummy and is used for checking the welding op-
eration.

-3 -
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End plugs, machined from zircaloy bar stock are also loaded
intc the welding machine, which is a resistance welder using an
electro-magnetic follower to apply pressure to the end plug while
the weld is produced. Each weld is performed individually. The
welded sheaths are placed in a 19-element jig with open ends up-
ward. The UOp pellets are now loaded into the tubes by hand;
as each sheath is filled with 24 pellets, the space remaining
is checked to ensure that there will be sufficient clearance
for the second end plug.

The filled sheaths are returned to the welding-machine
magazine, which is evacuated and then filled with inert gas con-
sisting of argon with 10% helium. The second end-plugs are
welded into place to seal the sheaths and the elements are com-
pleted by a machine in which the flask from the welding opera-
tions is removed and the end plugs are profiled to their final
shape., The completed elements are tested for leakage by means
of a sensitive helium leak-detector,

The elements are cleaned by pickling and the appendages re-
quired for maintaining inter-element spacing attached (wire-
wrap spot-welded every inch in the case of the Douglas Point
firss charge). The welds on a test sample are given a shear
test to determine the weld strength. The elements which will
form the outer ring of the bundle now have bearing pads added.
These are alsc zircaloy wire of thicker diameter than the wire
wrap to ensure bundle-to-pressure tube spacing.
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The end-plate to end-plug welds are now eifected in a jig
which rigidly holds the completed elements in their "bundle"
positions. These welds and their structure are an improvement
over the original NPD design, and will likely be used for Douglas
Point replacement fuel, and Fickering. The end-plug has a
shallow, conical protrusion on it with a smail platform at the
base of the cone., When pressed against the end plate, a current
impulse is passed vetween the two. The high current density at
the tip of the cone causes the zircaloy to melt, and the end
plate settles down onto the platform, producing a strong, reli-
able weld.

Other Fuel Designs

There is an extremely broad variation of nuclear fuel in
use at the different research institutions and power stations
operating today., A few examples of these fuels are given in
Fig. 3. These sketches are each drawn to scale, but not all on

the same scale,
U0, - Pu o
0, - PuC, -. ._

stainless steel

U0,

stainless steel

liquid sodium

stainless steel /U0, (enriched) -
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In the upper row, left to right, the fuels are that of the
Advanced Gas Cooled Reactor (AGR); the Douglas Point Reactor
and the Prototype Fast Reactor (PFR) in the United Kingdom. In
the lower row, left to right, the fuels shown are that of the
Materials Test Reactor (MTR), similar in design to that at CRKL
in the Pool Test Reactor (PTR); the British Steam Generating
Heavy Water Reactor (SGHWR) and the Pathfinder Boiling Water
Reactor (BWR)}, utilizing the superheat element shown,

Ease and cheapness of reprocessing spent fuel in order to
recover any remaining fissile material must be kept in mind in
designing fuel elements, out cheap initial fabrication is usually
more important. In this context, because of the toxicity of
plutonium and the radicactivity usually associated with contam-
inants of U-233, the cost of fabricating fuel elements contain-
ing these fissile materials is greater than the cost for fuels
enriched in U-235, The standard of reliability of nuclear fuel
elements is extremely high, but manufacturing techniques have
been developed to meet this high standard at an acceptable cost,

Many of the requirements for solid fuel elements are con-
flicting - for example, greater reliability can be achieved by
making the sheath thicker but only at the expense of increased
parasitic neutron absorption - and the weight which must be
attached to each factor depends on the type of reactor. The
great majority of fuels for power reactors which have achieved
competitive performance or which are currently in an advanced
stage of development are in the form of metal, an oxide or a
carbide, arranged in either a tubular or cylindrical shape.

R. Popple
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THE CANADIAN DESIGNS AND THEIR PERFORMANCE

The success of the natural uranium heavy water reactor sys-
tem, which has reached the point where it can compete in cost
with conventional power stations, has demanded a high performance
from the fuel elements and a considerable amount of development
work has been concentrated on fuel element design. The fuel
must be in a form which is stable under irradiation for long
periods while immersed in heavy water at high temperature and
pressure. Also, because natural uranium contains only a small
proportion of fissile material, it is important to make the most
efficient use of all available neutrons, and therefore, the fuel
elements must contain a minimum of neutron-absorbing material,

The major step in satisfying these stringent requirements
has been the development and manufacture of fuel elements con-
sisting of sintered UO2 pellets enclosed in zirconium-alloy
sheaths., Processes for making the pellets, already described,
have been developed which give a product of great stability.
The problems of fabrication and quality contreol of zirconium-
alloy sheaths with wall thicknesses as low as 0,38 mm have been
solved. The complete fuel elements have been manufactured in
large guantities by two manufacturers and are capable of burnups
in excess of 10,000 Mwd/te U while operating at high heat ratings.

Performance of UO; Fuel Assemblies in Canada

Before summarizing the performance of the Canadian fuel
design to date, it would seem appropriate to give a brief des-
cription of the different fuel designs produced by Canadian manu-
facturers. The vast majority of power reactor fuel under de-
velopment and irradiation today in Canada consists of 50 cm long
bundles of either 7- or 19-element bundles, which fit inside an
8 em I.D., pressure tube., Pickering and Gentilly G.5.'s will
utilize 28-element and 18-element ocundles respectively, designed
to fit within 10 em I.D, pressure tubes. The 7-element bundles
in NPD are no longer considered to be a potential future fuel
design, but were an important intermediate step in the develop-
ment of smaller diametered elements, now in use at Douglas Point
and to be used at Pickering G.S. The 7-element bundles are held
together by either rivetted or fusion welded end plates, with
inter-element and bundle-pressure tube spacings maintained by
spiralled, spot-welded wire wrap. The NPD 19-element bundles,
initially conceived because early irradiation tests at CRhL in-
dicated that acore fuelled entirely with 7-element fuel would

November 1966 (R-0) -1
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lead to elements near the centre of the core being operated at
ratings which at that time were believed to be too high, are of
similar design, but the elements are of reduced diameter (1.5
cm vs 2.5 cm).

The Douglas Point fuel bundles, several of which are under-
geing irradiation in NPD, evolved from the NPD i9-element oundle,
and are remarkably similar except for different detailed design
of wire-wrap and the addition of bearing pads to improve the
wear properties vetween the bundle and the coolant tube. Other
changes involved manufacturing methods (described previously) to
reduce costs, The tungsten inert gas {(TIG) end cap and element-
to-end plate welds of NPD were replaced with resistance welding
for Douglas Point. (See Fig. 1, lesson 133.,71-2.)

The second generation of fuel for Douglas Point is still
under development, but will have no wire wrap, Instead, element
spacing is accomplished by
the use of small spacers at
the bundle mid-plane, and m;jj;
bundle-to-pressure tube 28T /J\\
spacing is accomplished by -
means of three planes of -f(/
straight bearing pads.

Fig, 1 shows the type of 2.5 i
brazed spacer in plan view \ ‘
being developed; note that jk/’
the spacers are at an angle ,
of 300 to each other to e Element
prevent inter-locking of N Axis
mating spacers. Fig. 2 i

shows an elevation and cross-

sectional view of a typical Fig., 1

straight bearing pad. The

reason for the elimination

of the wire-wrap from the

Douglas Point design was

that out-reactor flow en- + ’
durance tests on wire- -

wrapped bundles indicated l3rmf”‘ \\W
that at the high flow rates 1 A
needed for Douglas Point /f“’“ 2 mom

fuel, (12.6 kg/s maximum)

the elements would vibrate wqﬂ Fh;’,-Bﬁarwg Pad
enough that in the life of I:Eti

(called "inter-element" Yig. 2
fretting). The criss-crossed

the fuel, the wear on ad-
jacent sheathing by the /f

Sest A-A
spacers allow one to tolerate a higher fretting rate, and fret-
ting occurs on a raised surface,

‘:’DPB.C-er

e — 25 T H

wire-wrap may be sufficient
to penetrate the sheath

Fue] E ‘ﬁ‘_‘rne ?L‘t
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The Pickering reactors
will utilize 10 cm pressure
tubes. In order to take
advantare of the technology
developed for the 1.5 cm
elements in use at NPD and
Douglas Point, the size of
element will remain the
same, but the number of
elements increased from 19
to 28, Fig. 3 shows a
transverse cross-section
of such a bundle at the
axial mid-plane; note the
use of spacers the same as
those for the Douglas Point
replacement fuel, The
bearing pads have been
omitted from the sketch.

Extensive tests on the
19-element designs have
been carried out in the
loops of the NRKU reactor at
CENL. In addition, the
irradiation of statistically
significant numbers of
bundles of each of the 8 cm 0,D, designs is continuing in NPD
and commencing at Douglas Point, In WPD, the irradiation of the
first charge of fuel has reached equilibrium burnup (6400 Mwd/
te U); moreover, a large number of bundles have been replaced
with fresh fuel while attaining burnups in excess of 10,000
Mwd/te U on certain development bundles, at Douglas Point ratings
(SAd® = 36 w/cm). Post-irrzdiation examination of high burnup
elements has revealed them to be in excellent condition. While
the U0, generally was cracked and very brittle, there has been
no evigence of any inter-action between the fuel and sheathing.

Bundles of the 19-element CANDU-PHW design have been suc-
cessfully operated in the U-2 loop at CRhL in steam-water mix-
‘tures for prolonged periods, ie, in a beiling environment.
Post-irradiation examinations have revealed that the U0y - Zr-2
fuel design can be successfully operated in a two-phase coolant,
and tests are continuing. Dimensional stability of the bundles
tested has shown a maximum length increase of less than 1/4L% at
fkde = 55 w/cm, much higher than the maximum rated Pickering
elements and high burnup bundles have been shown to be struc-
turally sound enough to pass specified pre-irradiation strength
tests,
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The first test of Pickering fuel has been completed; the
test consisted of the irradiation of six 28-element bundles,
four of which were operating at average outer element, ratings
comparable to the highest rated Pickering e¢lements (/ Ad8 =
42 w/cm), Some bundles operated in a boiiing environment with
up to 6 wt b exit steam quelity. Examination of the bundles,
irradiated to a maximum burnup of 3000 Mwd/te U, showed them to
be in excelient condition, Further Pickering tests are continu-
ing.

Hvdrogen Pick-up in Zircaloy-2

The deuterium released in the dissociation of heavy water
can be picked up by the sheathing, to form ZrD,, and the oxygen
forms an oxide coating on the sheathing, accorging to the equa-
tions:

il

Zr + 2 D20 ZrO2 + 2 DéT

D, + Zr

o ZzrD

2

Excessive ZrOp thickness could adversely affect the heat trans-
fer properties of the sheathing. The ZrD, does not present a
pro%lem when the sheathing
is at high temperatures;
when cooled, however, the
ZrD, platelets precipitate
out, and appear as short
-~ dark lines when viewed at
- -~y - high magnification. As
. : . .y — long as the platelets are
oriented circumferentially,
o A they do not present a
: ' . problem; if theyv precipi-
e ‘~ tate preferentially in the
_ ‘ .~ . radial direction, the de-
— . D | crease in local density
R . could lead to cracking of
— I Jp the sheathing. Fig. 4
¢ - ST o shows a cross-section of
B ~ . sheathing, with ZrDo plate-
' ~ - lets predominately circum-
- DT I M ferentiel, magnified to
; - ’ ~ . 250X, The vertical dis-
‘ S \ - .. tance is 0.38 mm in the
~ A ) . : _ tigure. A criterion has
LA : ' been developed, called
' o the Fp number, which is
the proportion of plate~
lets oriented within 30°
of the radial direction,
for comparison of samples.

A
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Radial hydrides may develop in areas of stress concentration and
they tend to migrate down temperature gradients to the coldest
parts of the bundle (eg, end plates, end caps). Embrittlement

of the sheathing results., In view of the hydrogen pick-up in
Zircaloy-2, future Canadian fuels will be clad in Zircaloy-4
wnich is an alloy similar to Zircaloy-2, but has a slightly

lower nickel content, which evidently leads to a reduced tendency
to absorst hydrogen.

CANDU-ELW Fuel

The fuel for BLW is still under development, and is gener-
ally similar to that employed in the NPD and Douglas Point reac-
tors, It consists of natural uranium dioxide pellets sheathed
in Zircaloy tubes to form fuel elements, Eighteen of these ecle-
ments are assembled into a fuel bundle configuration., As shown
in Fig. 5, these eighteen elements are arranged in two concen-
tric rings, the inner ring containing six elements and the outer
ring twelve elements, The inner ring surrounds an unfuelled
central position which is occupied by a tubular gas-filled
Zircaloy tie-rod, This tie-rod is used to assemble ten bundles
into a fuel assembly, Each fuel channel in the reactor contains
one of these assemblies.

Zircaloy-4 is used to sheath the UOp pellets, which are
larger in diameter than the Douglas Point or Pickering elements
{2.0 em vs 1.5 cm}, The nominal maximum rating isé‘kde = L8
w/cm; but the nominal maximum specific power output is lower
than Douglas Point (24 w/gm U vs 34 w/gm U), due to the larger
element diameter, Like the CANDU-PHW pellets, the BLW pellets
have a shallow spherical dish at one end, the purpose of which
is two-fold:

1. To increase the void volume in the element to accommo-
date the fission product gases, and reduce the internal
pressure.,

2. To allow some expansion of the pellets.

Zircaloy-4 was chosen as a sheathing material because of
its lower rate of uptake of corrosion product hydrogen, as out-
lined previously. The table below gives a comparison of some
of the relevent properties of these two materials; the figures
are in weight %. The capture cross-sections of the two materials
are about the same, with that of Zircaloy-2 slightly lower.

Element Zircaloy-2 Zircalov-4
Sn 1.20 - 1.70 1.20 - 1,70
Fe 0.07 - 0,20 0.18 - 0,24
Cr 0.05 - 0.15 Q.07 - 0.13
Ni 0.03 - 0,08 0.007 maximum

Sum of Fe, Ni and Cr in Zr-2 must range vetween 0,18 and 0,38
oum of Fe, Ni and Cr in Zr-4 must be 0.28 minimum

-5 -
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Other Advanced Fuel Designs

Other designs which are in the process of development in-
volve fundamentals changes in the gecometry of the fuel bundle.
One of these is an annular fuel consisting of several concentric
cylinders of fuel material with spaces between them to allow
for the flow of coolant, surrounded by a tubular sheath. Another
form of fuel rod, known as the tube-in-shell assembly (Fig. 61},

consists of a large-diameter tubu-
lar sheath, filled with uranium
dioxide, through which pass sev-
eral small diameter coolant tubes,
o The ends of the sheath are closed
by end-plates with holes into
which the coolant tubes are sealed,.

1 St The main advantage of the tube-
in-shell bundle is the high fuel-
—uo, to-coolant ratio offered, meaning

that it could be used with a
light water coolant. Testing to
date has indicated that it does
not offer any advantage when op-
erated at high exit steam qualities; however, manufacture and
production costs could be reduced with further development,
since sintering, grinding, etc, of pellets would be eliminated.
Vibratory compaction is used to pack the U0, in the shell. Two
in-reactor tests have bpeen tried to date, both ending with
sheathing failures.,

ASSIGNMENT

1. Why must parasitic neutron absorption in the fuel be minimal
with the CANDU-PHW and CANDU~-BLW reactor designs?

2., Why was the wire-wrap eliminated from the design of the
Douglas Point reference fuel design? What replaces it?

3. Summarize the operation to date of the Canadian power reac-
tor fuel, to illustrate the compatibility of U0, and 4r-2.

4. How does corrosion hydrogen affect Zr-2 sheathing? What
alioy offers reduced hydrogen pick-up rates?

5., What is the main advantage of the tube-in-shell fuel?

R. Fopple



133.91-1

Reactor Boiler and Auxiliaries - Course 133

SAFETY STANDARDS AND SAFETY MEASURES

Two important factors make it imperative that safety measures
be given serious consideration in nuclear power stations:-

1. The extensive casualties that could theoretically result from
a nuclear accldent and

2. The sensitivity of the public to any risks associated with the
productlion of nuclear energy.

There was a tendency during the early development of nuclear
reactors to demand more and more safety measures desplte the ex-
tremely favourable safety record of the nuclear industry. To com-
bat this tendency an attempt has been made, in Canada, to set a
safety standard by which to judge the adequacy of safety measures.

This lesson discusses the development of this standard and
the basic safety measures taken to meet this standard in our nu-
clear power statlons.

Safety Standards in our Present Economy

All human activity involves some element of danger and the
possibility that persons may be injured or killed. However, the
probability of accidents are normally weighed agalnst the bene-
fits from the activity and if the risk appears small enough it 1is
accepted. If the risk appears too high, social and ecomomic pres-
sures result in safety measures being adopted to reduce the risk.

The accepted standard varies quite widely with different ac-
tivities due to these economic pressures. In the transportation
industry a much higher death risk is accepted for travel in pri-
vate cars than for travel in airplanes or ships. One reason for
this is that there is a much greater public reaction when there
are a relatively large number of casualties regardless of the low
frequency of airplane or ship accidents. ‘

Whenever a new industry 1is established new risks are intro-
duced. If greater risks are eliminated by the displacement of
existing industry our overall safety is improved and the new risks
are accepted, particularly if the new industry results in an im-
provement in our living standard and, hence, in life expectancy.

December 1966 (R-0) -
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In the nuclear power industry it is recognized that no abso-
lute guarantee can be given that accidents will not occur. How-
ever, a satisfactory safety standard is provided if the new risks
introduced are less than the risks eliminated by the displacement
of other industry.

Conventional Hazards at Nuclear Stations

Past experience with conventional hazards in other power sta-
tions and other industry has resulted in the adoptlion of wvarious
safety practices and safety measures. Thesemeasures imply an ac-
ceptable risk of conventional accidents and they are followed to
provide the same protection agalnst such conventional accidents
in nuclear power stations.

N e H rds at Nuclear Stations

The new risks introduced by the operation of nuclear power
stations result from the possibllity that there may be a nuclear
accident involving the escape of dangerous quantities of radio-
active fission products from the fuel to populated areas where it
could cause injuries or deaths. No nuclear accldents affecting
the general public have occurred. Nevertheless, past experience
with the behaviour of radiocactive materials is limited. If pes-
simistic assumptions are made of the results of the escape and
distribution of these materials it can be established that a nuc-
lear accident could result in extensive deaths.

A satisfactory safety standard for a nuclear power station
may be defined as one where the risk of loss of life due to nu-
clear accidents 1s no greater than the risks avoided by the elil-
mination of coal fired power stations. However, since the poten-
tial loss of life due to a single accident is much higher, the
potential frequency of nuclear accidents must be much lower.

During the early development of the CANDU type reactor sta-
tistics were gathered on the total accidental death frequency
experlenced in the preparatlon and transportation of coal, con-
struction and operation of a coal fired power station. A com-
parilson of this figure with that experlenced in the preparation
of fuel and the construction of a nuclear power station indicated
that the total risks for each type of station would be similar if
the annual fatality rate resulting from the operation of a 200
Mwe nuclear power station did not exceed 0.82 deaths per year. A
safety factor of 5 was applied, to provide improved performance
during early operatlon, resulting in a proposed allowable addident
risk of 0.17 deaths per year.



133.91-1

Nuclear Safety Standards

This general philosophy for setting an allowable accident
risk was used to calculate the required performance standard for
equipment provided at NPD. The allowable annual fatality risk
was reduced to 0.01 deaths per year since 1t was considered that
the safety standard for the nuclear industry should be higher than
that experienced in the replaced coal industry. The maximum po-
tential death toll per accident was estimate to be 1,000, which
results in a calculated maximum allowable nuclear accident fre-
quency of once in 100,000 years. Obviously this standard can
never be verified by actual accident experience. However, when
the standard is expressed as an allowable annual puclear accident
probability of 10-2 it provides a basis for judglng the effec-
tiveness of the varlous measures which protect against the acci-
dental escape of radiocactive fission products.

Similar annual accident probabilities are being used to judge
the effectiveness of safety measures provided at the Douglas Point
and Pickering generating stations.

otection A st N egr Accidents

Nuclear acclidents which affect the public can only occur if
the radicactive materials generated in the fuel escape and travel
to a location where they may cause injuries or deaths. Obviously
a single barrier cannot be depended upon to provide the required
safety standard so the fuel and station equipment are constructed
in a manner which provides many barriers against the escape of ra-
dicactive materials.

(a) Containment

The term containment, as used in these lessons, 1s intended
to include all barriers which prevent movement of fission products
from the fuel to occupied locations. The main containment bar-
riers provlided in the CANDU type reactors are:

1« Fuel - The fuel 1s designed to retain most fission products as
long as the fuel temperature remains within its normal range.

2. Iuel Sheath - The fuel sheath provides a protective cover over
the fuel and prevents escape of the small fraction of fission
products which arereleased from the fuel in the form of gases.

3. Primary BEnvelope - This includes the piping and equipment con-
taining the primary coolant. This envelope prevents escape
into the building of any flssion products which have escaped
past the fuel and the fuel sheath.
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4. DBuilding - Since the reactor and primary envelope are contained
in a normally unoccupied area of the statlon, the building en-
closure provides shielding and prevents the release from the
bullding of fission products, which have escaped past the fuel,
fuel sheath and primary envelope. Fquipment 1s provided to
control any pressure surge so that the isolation provisions re-
main intact.

5. Exclusion Area - This is a designated area surrounding a nuc-
lear station from which the public is normally excluded. Thus,
all persons may be quickly evacuated from the area if there is
any release of fission products from the station.

{(b) Protective Systems

The provision of many containment barriers results in a neg-
ligible probability of significant quantitles of radicactive ma-
terials escaping from the station except in clrcumstances where
some fault causes damage to more than one of the containment bar-
riers. Thus, if the fuel 1s extensively overheated, the fuel, the
fuel sheath and the primary envelope may all be damaged and the
resultant release of high energy coolant containing fission pro-
ducts may cause a pressure surge which could damage and penetrate
the bullding enclosure.

Since fuel overheating can result only from increased power
production or reduced heat removal the most important measure for
preventing escape of fission products 1s to provide reliable pro-
cess egquipment which will control reactor power within a specified
range and provide adequate cooling of the [fuel.

Since all equipment is subject to failure the process equip-
ment alone may not reduce the annual probability of a nuclear
accident to the required standard and, therefore, independent
protective systems are provided at each nuclear power station.
These protective systems, which are listed below, are designed to
prevent or reduce escape of fission products from the fuel into
the bullding, if there is a failure of essential process equlpment.

1. Reactor Boiler Protective System - This system independently
shuts down the reactor thereby reducing fuel power production
whenever various process variables exceed specified limits.
The protective system prevents fuel failures, and thus nuc-
lear accidents, following all process equipment failures ex-
cept those involving loss of cooling. The design and opera-
tion of Reactor Boiler Protective Systems is discussed in
another course.

2. Emergency Injection Water System - This system provides fuel
cooling if the normal heat transport fluld is lost. The
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injection water supply 1s obtained from an independent source
and may be elther light water or heavy water. Injection water
equipment 1s discussed in the following lesson.

Emergency Power Supplies such as that obtalned from a diesel
generator, in the event that normal power supplies are inter-
rupted by a simultaneous loss of line and loss of generator
production. Power is, thus, maintained for essential process
systems such as calandria spray cooling.

Standby Water Supplies such as that obtained from a gasoline
engine, in order that essential cooling and fire protection

be maintained when normal process water supplies are interrup-
ted. Both (3) and (%) will be discussed in other courses.

ASSTGNMENT
On what basls is a safety standard established for a new in-
dustry such as the nuclear power industry?

Define a "satisfactory safety standard" for a nuclear power
industry.

In what allowable nuclear accident frequency does such a
standard result?

what stages of containment are provided in a nuclear station?

What is the primary purpose of the protective devices pro-
vided in a nuclear station?

R. Kelly
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EMERGENCY INJECTION AND CONTAINMENT SYSTEMS

Protective devices, in a nuclear station, prevent or reduce
the escape of fission products from the fuel into the building
enclosure, if failure of process equipment has occurred. Con-
tainment provisions prevent or reduce escape of radiocactive
material from the building if both process equipment and pro-
tective devices fail.

One protective device, the emergency injection system, and
all the containment devices will be discussed further in this
lesson,

Emergency Injection Systems

If there is an appreciable loss of the normal heat trans-
port fluid during reactor operations, there is a decrease in
pressure and the remaining fluid boils. This reduces the heat
transfer from the fuel. If the Reactor Boiler Protective System
responds rapidly enocugh to shut down the reactor, heat generation
in the fuel is reduced to that provided by fission product de-
cay. However, if the fluid is not replaced fuel temperatures
may rise sufficiently to cause the fuel to melt and allow the
release of fission products into the heat transport system. The
emergency injection system automatically provides a separate
alternative supply of cooling water, in such an event, so that
heat removal from the fuel is restored and the rise in tempera-
ture is restricted.

The most obvious separate source of heavy water for such
an injection system is the moderator system. In NPD, Douglas
Point and Pickering, there are interconnections between the
moderator system and the heat transport system. The arrange-
ment in NPD is shown in Fig. 1. 1In the event of a serious loss
of heat transport fluid, heavy water, from the moderator system
is pumped into the reactor inlet headers by the "charging" pump,

Floor drainage is arranged so that spilt heavy water is
collected in a recovery sump. It is then possible to return
the recovered water to the moderator system or directly into
the charging pump suction, through remotely operated valves,

A similar system is used in Douglas Point and Pickering
with minor differences. No charging pump is used so that D20

December 1966 (R-0) -1l -



133.91-2

injection takes place

under moderator pump pres-

sure, through a check Heat
valve and an isolating
valve, Therefore, D,0
injection will not olcur
until the heat transport S S
system pressure drops , ;
below the moderator pres- iREACTOﬂ
sure. Recovered heavy -

water is returned to the
moderator pump suction.

— jF —=—H20
Injection
Transport™
System h

i I i

An alternative supply

of water may be required é}f“ DgO onm
if the D,0 injection cannot f:»*__wﬂqu ~+—="Moderator
cope witﬁ the situation or -

if the moderator water level ﬁ' 5 o F

drops too low to supply H0 Su%p ggﬁgvery

emergency injection. In NPD
a light water injection sys-
tem is provided as an alter-
native. Pipes from a Fig, 1

250,000 gallon storage tank

are connected, through check valves, to the inlet and outlet
headers, If the loss of heat transport fluid is extensive
enough to drop the system pressure below the static head in the
storage tank, light water will be admitted into the system. In
Douglas Point and Pickering, provisions are made to connect a
light water supply to the system if and when it is required,

Injection

Containment Provisions

It was stated in the previous lesson that there are four
stages of containment of fission products, the fuel itself, the
fuel sheath, the heat transport system and the building. The
building and other containment provisions are required to pre-
vent escape of radicactive material into the environment in the
event that the first three stages of containment fail. All
systems containing, or potentially containing, significant quan-
tities of radiocactive material and operating at elevated temp-
eratures or pressures are placed within a containment structure
designed to:

1. limit the release of radioactive material to a value set
by the exposure criteria for a particular site,

2. withstand any calculated pressure increase, which may occur
as a result of an accident, without exceeding the specified
leak rate,

3. have adequate provisions for testing at predetermined inter-
vals.
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Since such a structure contains the reactor boiler plant
and the associated shielding and material handling facilities,
it would, of necessity, be very large. Such a structure is
usually made of steel or concrete.

The potential energy release inside such an enclosure would
cause a pressure increase beyond the capabilities of most prac-
tical structures. Severe thermal stresses would alsc result
from such a release. Therefore, additional measures are required
to absorb part of the released energy. These additional measures
are:

(a) Use of Pressure Relief Systems

In this type of system the building itself may be used to
contain the radicactive materials. However, to avoid the
effect of the initial pressure increase on the structure,
the initial blast resulting from the explosion is allowed
to escape through a relief duct into the atmosphere.

Such a relief duct, as used

in NPD, is shown in Fig. 2. FFF ]
This relief of pressure re- 7
duces the pressure build-up .
from the explosion and the -
structural thicknesses re- <
guired to withstand such a /gZZj;lij:’ﬂ

pressure, It is assumed

that the initial escape of Boiler
steam and air only contains  poom L

tritium, since fuel failure Relief Duct
will only occur subsequent TP T LSl ]
to the loss of heat trans-

port filuid. Immediately

following the initial blast,

a door closes in the relief 55577,
duct, preventing escape of £727
fission products released

after fuel failure. Fig., 2

Door

SRR

NN
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4

Pressure relief may be used,

as in Pickering G.S., as a

means of reducing the pres- : :
sure build-up evgn though Turbine Building
a containment shell is
used. Such a pressure
relief would reduce the
thickness of the contain-

ment shell required, eactor
The type of arrangement Buildings
proposed is as shown in Relief

Fig. 3. Each reactor Ducts

and associated heat trans- Pressure Relief

port system will be housed Vessel

in a 4 ft thick cylindrical

concrete containment building. Fig, 3
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The various rooms, in the reactor building, are isolated
by blowout panels soc that increase in pressure in one area
will relieve into the rest of the building. This arrange-
ment is alsc used in Douglas Feint. However, in Pickering,
a pressure increase in the reactor building will cause re-
lief louvers and valves to open allowing pressure relief
into the pressure relief building., This building is main-
tained at a pressure of 1 psia by vacuum pumps., No such
pressure relief exists at Douglas FPoint.

(b) Use of Pressure Suppression

Since most of the accidents that can be contemplated result
in a violent release of steam containing radicactive mat-
erial, containment of the radicactive material is effected
if all the steam can be condensed. Such pressure suppres-
sion can be obtained bv allowing the pressure buildup to
initiate a dousing system which spray-ceols the steam. The
dousing system may have to be used with a pressure relief
system or a containment shell, However, the shell would

be thinner and less expensive, It was estimated that, with-
out dousing, a containment system for NPD would have to
withstand a 40 psia increase in pressure with 100 Btu of
heat released. In one Pickering unit around 2.4 X 108 Btu
of heat would have to be dissipated during the type of
accident envisaged. Yet at Douglas Point, with dousing

but no pressure relief, the maximum internal pressure es-
timated in the containment vessel is only 6 psi, Consequent-
ly the containment vessel walls can be made of 4 ft thick
concrete with a corresponding thickness of steel in the
dome. The leakage rate out of this enclosure can be kept
down to 0.1% of the total volume per hour.

A dousing tank, containing 400,000 cu ft of water is loca-
ted in the roof of the vacuum building at Pickering.

Pressure suppression has an added advantage since some
radiocactive iodine will be absorbed.

ASSIGNMENT

1. Explain how water from the moderator system is used to pro-
vide emergency injection water for the heat transport sys-
tem.

2. Why is an alternative light water supply also provided?

3, What is the purpose of a containment structure in a nuclear
station and what are its design requirements?

k. Explain the use of Pressure Relief Systems and Pressure
Suppression Systems in a nuclear station.

R. Kelly
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SAFETY SYSTEM PERFORMANCE

The development of a safety standard, for nuclear power
stations was discussed in a previous lesson. The standard ap-
plied to NPD was that the annual risk of a nuclear accident
should be less than 10-2,

This lesson considers some of the techniques being developed,

at NPD and more recent stations, to measure the effectiveness of
safety systems against this safety standard.

The Probability of Nuclear Accidents

Nuclear accidents may be defined as circumstances during
which sufficient quantities of fission products escape from the
fuel to populated areas to cause injuries or deaths,

The escape of fission products is prevented by the various
containment barriers, each of which must fail before an accident
can occur. If all barriers were completely independent so that
no fault could affect more than one barrier then the annual ac-
cident probability could be calculated by taking the annual
probability of failure of each barrier and obtaining the product
of all terms, Thus, if the annual probability of failure of
each of 5 containment barriers was 1/10 then the annual accident

probability would be (1/10)° or 10'5, the required standard. If
on the other hand a single fault could cause failure of all con-
tainment barriers, then the annual accident probability would
become the annual probability of the fault.

The faults which can potentially effect more than one con-
tainment barrier are less probable than other faults, but they
are, nevertheless, of greatest concern in the design and opera-
tion of nuclear power stations, The safety systems, as discussed
in the previous lesson, reduce the probability of such faults by
independently protecting the containment barriers. Thus, nuclear
accidents can not occur unless there are simultanecus failures
of the following equipment:

(a) The process eguipment which normally prevents fuel failures
by restricting power production in the fuel and maintaining
adegquate heat removal from the fuel. Fuel failures are
possible if the fuel temperature increases because of
failure of this equipment, either as a result of mechanical
faults or human error.

December 1966 (R-0) -1
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(b) The protective equipment fails to limit fuel temperatures
either by rapid shutdown of the reactor or by emergency
injection., Fuel and fuel sheath failures then occur,

{c) The containment equipment fails to prevent the escape of
fission products, which were released into the heat trans-
port system, to inhabited areas.

If the protective equipment and containment equipment are
constructed and maintained independent of each other and the
process equipment, so that they are not affected by the same
faults then the annual accident probability is reduced to the

product of the annual probability of failure of each group of

equipment. Thus, if an analysis of process equipment indicated
that the probable frequency of faults which may cause fuel
failures is once per year, then our safety standard would indi-
cate that the annual probability of failure of both the protec-
tive and containment equipment shouid be less than 10-> per year
or typically an annual failure probability of 3 x 10-3 for the
protective equipment and 3 x 10-3 for the containment equipment.

Safety System Performance

Increased favourable operating experience in nuclear power
stations will lead to an increased confidence that a nuclear
accident will never occur, as a result of simultaneous failures
of process, protective and containment equipment. The safety
standard can, however, be used to set an acceptable failure rate
for individual process or safety systems and to judge the re-
quired effectiveness of the safety systems.

A tentative Reactor Siting and Design Guide, prepared by
the Atomic Energy Control Board of Canada sets the following
limits for equipment failures:

1. Single Failures -~ failures of process equipment which could
lead to fuel failures but are safely terminated by protec-
tive and containment equipment should not exceed 1/3 per
year.

2. Dual Failures -~ failures of process equipment potentially
leading to fuel failures combined with failures of either
protective or containment equipment_shculd not exceed 1 in
1000 years or an annual risk of 10~3., Dual failures are
terminated by correct operation of the remaining contain-
ment or protective equipment.

The Siting Guide, which is discussed in Course 131, sets
standards for the maximum allowable fission product release
following single and dual failures. The allowable releases are
limited both by an allowable individual and an allowable inte-
grated population dose., Process failures only are assumed to
be frequent enough to form part of the normal ocperating effluent
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and the release is limited by the allowable annual exposure of
the general public. The release following dual failures is
limited below the allowable once per lifetime exposure of the
the general public since these would not occur more often than
once per 1000 years.

These standards set limits for the required effectiveness
of safety systems, (eg, leak tightness of building containment},
and for the allowable annual failure probability of the safety
systems,

Safety System Unreliability

Safety systems are normally inactive and are only required
to operate if there is some process equipment failure. Thus,
faults which incapacitate the system may develop and go unnoticed
until operation is attempted. To avoid this, safety systems are
tested regularly and all observed faults promptly recorded, cor-
rected and their duration estimated,

An estimate of the system reliability can be calculated as
the proportion of total time during which the system would have
operated correctly if called upon. However, this normally re-
sults in numbers which are awkward to use, such as 99.999. To
simplify the mathematics the proportion of total time during
which the system would have failed to operate is calculated re-
sulting in a number such as .00l or 1 x 10-2, This portion of
total time, during which it was in a failed condition, or the
probability of failure, is identified as the system unreliability.

The duration of a fault is frequently difficult to estimate
so it is usually assumed that it occurred at the mid point be-
tween discovery and the last successful test, Thus, if a sys-
tem is tested daily and one fault is discovered, during a year,
which causes system failure then the system unreliability can
be calculated as follows:

P = Duration of Failed Condition _ FT

=

Total Time 2

where P is the system unreliability, F the number of faults per
year and T the test interval in years.

In the case quoted; F =1 and T = 1/365

Therefore, P = Elx—’g%? As 0,001



133-91“3

Component Unreliability

It may be impractical to completely test all the safety
systems after a nuclear power station is operating. It may also
be that system failures are so rare that it would take too long
to accumulate valid statistics on system unreliability. If the
components of each safety system are carefully tested, it is
possible to obtain an accurate estimate of the system unreliab-
ility from an analysis of the observed component faults,

If the indicated unreliability of a component is too high
it may be improved either by reducing the test interval or by
reducing the failure frequency.

For a reduction in test interval it is usually necessary
that facilities for remote on power tests be available since
many components are located in areas that are accessible only
during shutdown and shutdowns must occur with a minimum of fre-
quency in base loaded nuclear power statioms,

If the component failure frequency cannot be reduced by
replacement or maintenance then redundant components should be
provided so that system failures do not occur unless there are
multiple component faults., If these components are independently
arranged so that they are not affected by the same fault then
the system unreliability is a function of the product of their
individual failure rates.

Suppose, for example, that 3 independent pumps are available
for adding injection water following a process failure and that
any one pump will provide sufficient flow to prevent fuel fail-
ures, If the pumps are tested once each year and records indi-
cate that on the average one pump fails every 3 years then the
unreliability of each pump can be calculated as follows:
Duration of Failed Condition _ F _ T

Total Time n X2

P =

where P is the unreliability of each pump, F is the average
failures per year for all pumps, n is the total number of pumps
and T is the test interval in years.

In the example, F=1/3, n=3 and T =1
Therefore, P = % x % x % &~ 0.06

The unreliability of all three pumps, (ie, the probability
that they will all fail at the same time), is approximately P3
or 0.0002., This is the safety system unreliability due to the
pumps ,

The analysis of each safety system will show that it may
fail for any one of several reasons. Thus, an emergency injec-
tion system may fail if pumps fail, or if valves do not open, or
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if a water supply is not available. The calculated unreliability

of the safety system is the sum of the unreliabilities of each
of these groups of components, Therefore, the unreliability of
each group must be less than the required unreliability of the

system,.

Operating Considerations

Experience at NFD has indicated that the deterioration of
components, which sit idle and unattended for long periods of
time in inaccessible areas, tends to be higher than predicted,
This applies to both moveable components, such as valves and
dampers, and static components such as lines containing stagnant
water. On the other hand the performance of components which
can be tested fregquently has been better than predicted and so
provision should be made for remote component tests wherever
possible,

If facilities are available for on power safety system com-
ponent tests, then the facilities must provide either for con-
tinued availability of the system during the test or for its
rapid return to service. For routine testing these facilities
must not interfere with normal operation of the station. Thus,
if dousing components are tested, all lines must be drained re-
motely to avoid spilling of dousing water into the reactor area,

ASSIGNMENT

1. (a) Which faults are of greatest concern in the design and
operation of nuclear power stations?

(b) How do the safety systems reduce the probability of
such faults?

2. What limits for equipment failures are set by the AECE
Reactor Siting and Design Guide?

3. (a) Why is it desirable to test safety systems regularly?

(b) A safety system is tested once every six months and one
fault was discovered in 4 years. What is the apparent
system unreliability?

(¢) Why would the unreliability, as calculated in 3(b), not
be too valid?

L, How can component testing provide an estimate of the system
reliability and what previous experience suggests that pro=-
visions should be made for remote component tests whenever
possible?

R. Kelly
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CHEMISTRY OF WATER CIRCUITS

Water circuits in a nuclear-electric generating station
are widely varied «5 is the chemistry associated with them.
In most cases we a' e concerned with corrosion and contaminant
control in such systems as the moderator, primary coolant,
boiler-feedwater and storage bays and with the production of
pure water from a raw water source to supply the light water
systems. Also, where municipal water services are not avail-
able such as at NPD and Douglas Point, raw water must be
treated to meet regulations for domestic consumption. In the
same respect sewage treatment must be controlled.

This lesson will, however, deal mainly with the chemistry

of the main heavy water systems - moderator and coolant and
with the boiler water.

The Need for Chemistry

The need for chemistry arises from a number of problems
that are encountered in a nuclear-electric station. Following
are some of the more important of these problems with a des-
cription of the more significant factors associated with the
problem,

1. Corrosion: Corrosion is defined as the destruction of a

metal by chemical or electrochemical reaction with its
environment, In the corrosion of ferrous metals in contact
with moisture, reversion of the metal to the oxide form takes
place. The tendency to corrode is electrochemical. However,
the rate at which corrosion proceeds is dependent on the resis-
tance to continued attack caused by the products of the corro-
sion reaction.

In water systems, the principal factors influencing the
corrosion of ferrous metals are the water characteristics tem-
perature, rate of water flow and contact with dissimilar metals.
The chief variables controlling the corrosive characteristics
of a water are its dissclved oxygen concentration, carbon dioxide
content, pH and dissolved solids. Other factors may be free
mineral acid, hydrogen sulfide, sulfur dioxide, etc, 1In general,
however, dissolved oxygen and carbon dioxide are the chief pro-
blems, with pH directly affected by the carbon dioxide concen-
tration. Increased dissolved solids, particularly chlecride and
sulfate, increase the corrosive effect of oxygen and carbon

dioxide,

November 1966 (R-0) -1
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2. Embrittlement: EHmbrittlement is usually encountered in
bollers or other systems where free sodium hydroxide is
present either intentionally or by decomposition of sodium phos=~

phate. It can occur 1In primary coolant systems if too high a
pH is maintained with lithium hydroxide. Three factors must be
present for embrittlement.

(a) Leakage - to permit escape of steam and concentration
of water at point of leakage

(b) Stress - either internal or external

(¢) The concentrated water must possess embrittling
characteristics and chemically attack the metal.

3. Heat Trapsfer Reduction: Heat Transfer Reduction 1s
normally the result of foullng of some sort. It may be
due to algae and/or slime growths in heat exchangers or con-
densers due to lmproper or insufficient chlorination of the
cooling water supply. Chlorine demand can vary from season to
season and healthy shots once or twice a day over a 1 to 2 hour
period is preferred to continuous chlerination. Heat reduction
can also result from deposits of hardness scale on hot boiler
surfaces or corrosion products, commonly referred to as crud,
depositing on fuel element surfaces causing an increase in fuel
temperature.

4. Domestic Water Supplies: Regulations have been established
by Ontario Hydro, Departments of Health and the Ontario
Water Resources Commission controlling the chlorination of water
supplies for human consumption where municipal supplies are not

available. In most cases this presents no problem except for
changing chlorine dose rates to meet changing water conditions
and sending samples to the Department of Health for bacterio-
logical examination. The chemical unit may also be required to
provide samples for O0.W.R.C. where sewage effluent is being dis-
charged to open bodies of water.

5. Radipactivity: Radloactivity 1is a natural occurrence in a
nuclear-electric station and shielding is designed for the
predicted radiation. However, unpredictable impurities in
water systems that are subject to neutron radiation will bhecome
radicactive and contribute to radiation fields to the extent that
if they were not removed, extra shielding would be required or
areas would become inaccessible. These impurities may be corro-
sion products or trace impurities added with other chemicals.
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The sodium - 24 detected in NPD heavy water systems is believed
to be due to small amounts of sodium in the lithium hydroxide
added to the PHT system. Similarly sodium could be introduced

at Douglas Point as well as impurities with the boric anhydride.
It might be noted here that any impurities with boron are likely
to be cations which will necessitate a 100% cation exchange column
while boron is being used extensively during early operation.

6. wWater Treatment: Water treatment is important in that pure

water must be available for boiler-feedwater, storage bays
and light water systems subjected to neutron radiation. Closed
cooling circuits will also require pure water for corrosion con-
trol. Failure to provide sufficiently pure water can lead to
more complicated boiler water chemistry as will be shown later
as well as a number of other problems such as corrosion and
radiation. Water treatment problems will vary as the raw water
supply. The humic acids of the Ottawa River resulted in NPD
taking its raw water suvply for water treatment from a spring.
The changing lake conditions appear to be the major problem at
Douglas Point for coagulation control.

7. Gas: Gases, mainly dissolved, can lead to a number of prob-
lems. The corrosion effect of oxygen and carbon dioxide was
discussed above. High gas concentrations in high pressure systems
such as the Primary Coolant can result in gas locking in the lower
pressure auxiliary circuits due to gas coming out of solution at
the lower pressure. Deuterium and oxygen in the moderator systems
due to radioclysis of heavy water must be controlled to prevent
explosive concentrations of deuterium accumulating. This is done
by recombining the deuterlium and oxygen to heavy water in cata-
lytic recombiners. Corrosion control and protection of the mag-
natite coating in the high pressure - high temperature systems is
maintained with some free deuterium or hydrogen and no oxygen.

pH and Conductivity

Two terms, pH and conductivity, are used extensively when
referring to nuclear-electric water systems. These should
probably be defined before discussing the chemistry of the main
water systems.

)

Exactly defined, pH is the logarithm of the reciprocal of
the hydrogen ilon concentration. A more simple explanation is
that a number between O and 1L denoting various degrees of
acldity or alkalinity. Neutral water has a pH of 7. Values
below 7 and approaching O are increasingly acid while values
from 7 to 14 are increasingly alkaline.
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To return to the original definition, a pH of 6 would indicate
that a solution contained 10-6 grams of hydrogen per liter
whereas & pH of % means 10-% grams hydrogen per liter. Thus a
change of 2 in the pH scale means a change of 100 in the hydro-
gen or acid concentration or alkalinity if we were referring to
the upper end of the scale. A 0.5% solution of sulfuric acid
would be approximately pH 1 while a 0.4% solution of sodium
hydroxide would be about pH 13. It might be of interest to
note that where the neutral point of light water is pH 7 the
equivalent PH or more correctly pD of heavy water is 7.36 due
to difference in disscclation constants.

It might be noted that pH measurements are not reliable
in pure or low conductivity water. This is true for in-line pH
meters and more particularly laboratory readings where the
sample is open to the atmosphere and is affected by atmospheric
gases.

Pig. 1 shows the relationship between conductivity and pH
(or pD) in Ds0, for a pure acid below pH 7 and lithium hydroxide
above pH 7.

Conductivity

Speclfic conductance is defined as the conductivity of 1
cubic centimeter of solution and is the reciprocal of the
resistance of a solution to current flow measured between elec-
trodes 1 sq. e¢m. in cross section and 1 em. apart. "Mho! is
the basic unit of conductivity and is actually ohm spelled back-
wards. Since we are usually dealing with pure solutions which
would have a high resistance and hence a low conductance, most
conductivities will be expressed in micromhos which is millionth
of a mho or is equivalent to a specific resistance of 10 ohms.
Conductivity provides a rapid means of measuring the purity of
the water either by in-line instruments or by taking samples to
the laboratory. It is not specific for any one ion but rather a
measure of the total ionic concentration. Changes in conduc-
tivity will indicate changes in the system and can serve as a
warning that further investigation 1s required. in example of
this took place at NPD where a lithium hydroxide concentration
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of about 10‘}+ molar 1s maintained in the PHT system to give a
pH of about 10. The conductivity was observed to gradually
drop whereas no change in the lithium concentration could be
detected. The cause was found to be the formation of lithium
bicarbonate and carbonates from the radiolytic breakdown of

0il or chemical grout. The effect of the carbonates on conduc-
tivities is shown below where the specific conductances of the
three lithium solutiﬁns are listed. 1In all cases the lithium
concentration is 107" molar.

Li0H {(hydroxide) --——-——emmmemmaawe 23,7 micromhos
LiHCO3 (bicarbonate} =----re-e-cwwen- 8.3 micromhos
L15C03 (carbonate) w-cmwemcccecrraee—— 10.3 micromhos

HEAVY WATER CHEMISTRY

The chemistry of the two main heavy water systems, modera-
tor and pressurized coolant is similar in that the three basic
problems, radiolysis, corrosion product transport and purifica-
tion are common to both systems although one problem may be more
significant to one system than the other.

HEAVY WATER MODERATORS

1. Radiolytic Reactlons in Moderators

Radiolytic reactions may invelve either water alone or
both water and other components of a system. These reactlions
have an important bearing on the design of systems and the
choice of materials.

(a) Water Decomposition

When heavy water is irradiated equilibrium concentrations
of dissolved Do and 02 are rapidly established. The Do and 02
concentrations depend on the ionizing density of the radiatlion,
the temperature and concentrations of impurities. The amount
of Do 1s usually slightly more than twice that of O because 02
is taken up in corrosion reactions and in the oxida%ion of any
organic impurities. The helium present strips the D2 and 02
from the water and if no action were taken, their concentrations
in the gas phase would eventually reach eguilibrium with the
dissolved gas concentrations and net decompositlon would stop.
The gas, however, would contain 10-50 per cent D2 and 5-25 per
cent O» and would be potentially explosive. The helium is,
therefore, recirculated through a palladium catalyst bed to
convert the Do and 02 to D20 at a rate to maintain the D2 con-
centration in the system below 4 per cent. Should a high D2
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concentration occur with insufficient 02 for complete recombina-
tion, 02 is usually added.

(b} Nitric Acid Formation

Wwhen mixtures of nitrogen, oxygen and water vapour are
irradiated, nitric acid is formed. Where the helium is passed
through carbon adsorbers to remove nitrogen, nitric acid produc-
tion is small. However, in NPD with no adsorbers, air leaking
into the subatmospheric gas space causes high nitrogen concen-
trations in the hellum system. The nitrogen concentration 1is
normally kept in the range 15-30 per cent by purging with helium
and acid formation is about 1 gram mole/day. An economic balance
has been struck for NPD between the cost of helium to purge the
nitrogen from the system and the cost of ion exchange resin
columns to remove the nitric acid formed.

(¢) OQOrganic Decomposition

The presence of oil or other organic material in the water
will result in the production of carbonates by oxidation of the
organic material. Normally this oxidation will be slow in the
cold moderator but the presence of excess air due to air in-
leakage will increase the rate of production. The presence of
01l has caused no operating problems in NPD other than an increase
in the rate of consumption of ion exchange columns. Where car-
bonates and nitrates are present together as in NPD, it is diffi-
cult to remove the carbonates completely even though the source
of organic decomposition has been eliminated, without sacrificing
an expensive ion exchange column. when a new column is placed in
service, the carbonates are removed from the system in about two
days. However, as nitric acid is produced the nitrates disvplace
the carbonates from the resin and at the end of the useful life
of the column for nitrates all the carbonates are back in the
system.

2. Corrosion Product Transport in Moderators

Release of corrosion products to the relatlvely cold modera-
tor is very small except for aluminum in aluminum calandrias and
presumably iron in stainless steel units. A small amount of
alumina may accumulate in D20 if neutral conditlons are main-
tained but this is not troublesome. There are some activation
products of aluminum and stainless steel but these have given no
difficulties.
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3. Purification of Moderators

Heavy water moderators are readily maintained at a very
low impurity level by a continuous by-pass flow through a mixed
bed lon exchange resin column. These beds remove all ionic
materials and also have a high efficiency for removing sus-
pended solids. Where large amounts of anions such as carbonates
and nitrates are to be removed two beds may be used in parallel,
one being 100% anion resin and the other mixed or 100% cation.
Alternately the mixture may be varied in a single column to suit
the operating conditions. In aluminum systems it 1s better to
operate at a pD of 5.5 to 6 rather than with pure water and so
minimize corrosion.

Stalinless steel systems are normally operated with a pH,
neutral to slightly alkaline. However, the boron removal being
a determining factor with CANDU reactors it may be necessary to
maintain the moderator in the pH range 5 to 6 for more efficilent
boron removal. In which case evidence of corrosion will have to
be watched closely. No significant increase in corrosion is
expected from the boric acid used for poison contrel since it is
a weak acid. A solution of 2 grams per liter (2000 ppm H3BO3)
would have & pH of about 5.2.

Chloride ion must be controlled in stainless steel systems
since oxygen in combination with very small concentrations of
chloride (0.1 ppm) can cause severe stress corrosion cracking
problems.

PRESSURIZED HEAVY WATER COOLANT

1. Radiolytic Reactlons in Coo ts

Wwater Decompositio

At the operating temperatures of 250 to 300 C, there
is negligible decomposition of water and only low concen-
trations of dissolved D2 and Op form. However, any dis-
solved 02 should be avoided to prevent pitting of carbon
steels or alkaline leaching of chromates, manganates, etc.,
from stainless steels. Oxygen attack 1is more llable to
oceur at ambient temperatures than at operating temperatures.
Oxygen concentrations are readily maintained below the
detectable 1imit (0.0l ppm) by adding excess dissolved DB.
Hydrogen (or deuterium) concentrations in the range 10-5
cem3 (STP)/kg water are commonly employed in American PWR's
to prevent coolant decomposition. However, NPD and CRNL
loops have operated with deuterium concentrations In the
order of 5 cm3/kg D20, with no adverse effects even at
1 em3/kg D20. That is - no conversion of the iron oxide
carried by the water from Fe3Oh (magnetite) to Fep03 (ferric
oxide) has been detected. IT required, deuterium can be



133092*1

added from cylinders but this is expensive (£1.00 per liter
in 100 liter quantities). A hydrogen generator suitable for
deuterium is now on the market for less than £5.00 U.S3. that
will produce pure deuterium at pressures up to 60 psig.
Operating cost would be less than $0.05 per liter deuterium
including the cost of the heavy water.

Organic Decomposition

Organic matter such as o0il, resin beads or chemical
grout as in the case of the December 3rd, 1962 incident at
NPD will oxidize more rapidly in the high temperature pres-
surized systems than in the cooler moderator. Here, H2
(or D2) will be formed in amounts equivalent to the CO2 pro-
duced. Although the Hp (or Dp) 1s beneficial to the system,
the CO2 makes pH control difficult as will be discussed later
under purification.

2. Corrosion Product Transport

High temperature water reacts with metals in varying degrees
to produce corrosion products or what is referred to as "erud'.
In the case of steels this product of the corrosion is magnetite,
I'eq04, which also contains oxides of the other constituents of
stgeel, Cr, Ni, Mn, etec. Some of the corrosion products remain
on the surface of the metal and form a protective coating which
reduces the corrosion rate, while some are released to the water
and are transferred throughout the system in particulate or col-
loidal form. This crud release to the water can create several
problems.

(a) 1t can accumulate in places causing reduction in flow
rate. If this occurs in fuel channels the temperature
of the fuel will rise.

(b) it can cause wear and malfunction of moving parts made
to close tolerances.

(¢) 1t can deposit on fuel surfaces causing a change in
heat transfer properties and increasing the tempera-
ture of the fuel.

(d) it can be activated in the neutron flux and then
deposited in the out-reactor parts of the system
causing radiation problems when maintenance is required.

The most serious of these problems 1s that of deposition
on fuel element surfaces. When a system is faced with a crud
problem care should be exercised during start-ups due to crud
bursts from stagnhant parts of the system. It may even be neces-
sary to hold power, il.e., fuel temperature down until suffi-
cient crud is removed from the system by filtration and settling,

-0 -
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to prevent large amounts of crud depositing on the hot fuel
surfaces.

It has been found that by operating oressurized water
systems, stainless steel and carbon steel, with 10-4M 1ithium
hydroxide in the water to give pH 10 (or pD 10.7) the concen-
tration of corrosion products in the water remalns low and their
depositlon of fuel=-sheath surfaces is small.

Crud concentrations are obtained by in-line filtration of
a cooled side stream through a 0.4%5 micron (1.7 x 10-5 in)
filter. Soluble and colloidal corrosion products are difficult
to determine. Some may be determined by gamma spectrometry if
their activation products have sufficiently long enough half-
lives and are not masked by other radionuclides.

Lithium hydroxide has been selected for pH control in pres-
surized water systems since it prgsents no_radlation problems.
The resulting tritium from the Li® (n«),1H3 reaction is not
significant in heavy water systems. Sodium or potassium hy-
droxides would result in high energy gamma radiation from Na-24%
or K-42. Unforturnately, a small amount of light hydrogen is
added with each lithium hydroxide addition. Lithium oxide is
not commerclally available and lithium metal 1s too difficult
to handle being more reactive than sodium metal. The use of
ammonia for pH control has been 1lnvestigated but crud levels
were found to be considerably higher than with lithium hydroxide
and deposition of crud on the fuel was somewhat greater.

3. Purification of Coolants

The purification of pressurized water systems is normally
a small by~-pass flow which is depressurized and cooled before
passing through the ion exchange purification columns. [For pH
10 operation the exchange sites of the cation resin are in the
lithium form instead of hydrogen (or deuterium) in the case of
moderator columns. In this way not only is lithium exchanged
for any scluble cations removed but the lithium added to the
system for pH control 1s not removed by the ion-exchange resin.
The resin bed removes impuritles such as ammonia, carbonate,
silica, etc., and any soluble corrosion products. Also, soluble
fission products should they occur. Normally the ion-exchange
bed is a 1:1 mixture of anion and cation resin. This can be
adjusted to meet existing requirements. For example, a 100%
anion resin bed may be on standby to remove carbonate periodi-
cally when there is sufficient lithium in the system but the pH
is low due to lithium carbonate. Such a column would only be
used during such times as it was necessary to remove carbonate.

- 10 =
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The synthetlc organic ion-exchange resins currently in
use are strictly temperature limited to prevent damage to the
resin. The cation type resin belng used in nuclear stations
has a maximum operating temperature of 250 F and anion resin
a maximum of 140 F. Thus a mixed bed is limited to a maximum
temperature of 140 F. High temperature operation ion exchangers
such as zirconium phosphate and zirconium oxide which have been
operated up to 590 F may, in the future, allow for high tempera-
ture high pressure purification.

To get the maximum life from a resin column it should be
preceded by a filter to remove any crud from the water. The resin
column itself acts as an efficient, although expensive, filter and
if particulate material 1is not removed from the coolant before it
enters the column it will ccllect on the resin, reducing its
exchange capacity and shortening its effective 1life. Also, a
strainer should be installed downstream from the column to trap
resin beads in the event of a resin bed screen failure. Such a
failure occurred at NPD a very short time after a strainer was
installed.

BOILER WATER CHEMISTRY

Boiler water chemistry must meet two requirements. Corro-
sion to the boller metal and associated plping must be prevented
or held to a minimum and contaminants such as hardness, silica,
copper and iron must be treated to prevent scale formation, silica
deposits and further corrosion. The only 100% safe way to operate
a high-pressure boliler 1is to keep out all contaminants and keep
the boller water absolutely pure. Few plants can afford to
approach 100% safety because expensive polishing equipment would
be required in the condensate. Where more than one contaminant
is present, the optimum treatment must be selected to control con-
taminants likely to give the most trouble if ignored.

The first step towards long-run boller economy is to reduce
corroslion in the pre-boiler cycle. This 1s done by keeping
oxygen out of the system by means of tight shaft seals on pumps
or Temoving it by deaerators. The small amount of oxygen that
does enter the system or which cannot be removed is treated by
feeding sufficient hydrazine into the feedwater cycle to react
with the dissolved oxygen.

Boiler water chemistry has heen under considerable investi-
gation in recent years to meet the exacting demands of high
pressure boilers. As pressure has increased, specifications have
become more stringent with less and less solids and chemicals
being permitted in boiler water. Table 1 illustrates the limits
for total sollds and suspended solids as related to operating
pressures.

- 11
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TABLE
Solids Content in Boiler Water

Operating Total Solilds Suspended
Pressure psig ppm Seclids ppm
0-300 3500 300
301-450 3000 250
451 -600 2500 150
601-750 2000 100
751-900 1500 60
901-1000 1250 L0
1001=-1500 1000 20
1501-2000 750 10
2001 and higher 500 5

1. Pre-Boiler Chemistry

Hydrazine removes dissolved oxygen in accordance with the
following reaction:

water + nitrogen

hydrazine + oxygen

Since the products of the reaction are water and nitrogen,
no sollds are added to the boiler water. Excessive hydrazine
can result in ammonia and nitrogen by decomposition. The
ammonla 1s alkaline and therefore will not attack steel. How-
ever, 1f present in sufficient quantity, it can attack copper
bearing alloys when oxygen is present.

Theoretically, 1.0 ppm hydrazine 1s requlred to react with
1.0 ppm of dissolved oxygen. In practice hydrazine is usually
fed at 1.5 to 2.0 parts of oxygen. To avold excessive ammonia
concentration in the steam, the residual hydrazine concentra-
tion in the boiler water is usually meaintained at O.1 ppm or
less.

In some instances both sodium sulfite and hydrazine is
used. In these cases a very low sulfite excess is carried in
the boller water so that the potentlal for corrosion from acidic
gases is minimized but a reserve of deaerant is avallable to
react with an oxygen surge. The reaction of sulfite with dis-
solved oxygen is:

- 12 -
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2Na, S04 + 0, 2Na,S0,

sodium sulfite + oxygen = sodium sulfate

The removal of 1.0 ppm dissolved oxygen theoretically
requires 7.88 ppm of chemically pure sodium sulfite. Both the
sulfite and sulfate contribute solids to the boiler.

The effect of carbon dioxide towards corrosion is overcome
by the addition of one of the volatile neutralizing amines. The
fact that the amines are volatile results in protection to the
entire boiler feedwater system since the concentration in the
steam 1s the same as the condensate. Neutralizing amines, how-
ever, do not protect return lines against oxygen attack. Of the
neutralizing amines available, morpholine is the most commonly
used. Approximately 1.5 ppm morpholine is required for each
1.0 ppm carbon dioxide to elevate the pH to 7.0.

Filming amines are a more recent means of boller feedwater
protection. Unlike the neutralizing amines, the filming amines
do not neutralize the carbon dioxide, but form an impervious,
non-wettable film on the metal surfaces that act as a barrier
between the metal and condensate thus protecting against both
oxygen and carbon dioxide attack. The film formed is substan-
tially monomolecular thickness and does not inerease in thickness
with continued treatment. Thils amine will penetrate corrosion
products present on a metal surface and deposit a protective film
on the metal.

2. Boiler Chemistry

There are few cases where contaminants are not present to
some degree. Although the contaminant may not seem to be signifi-
cant in the make-up water it can become concentrated in the boiler
to the extent that difficulties can be encountered. Where con-
taminants are present the type of boiler water treatment will be
determined by the contaminant most likely to give trouble if
ignored.

In Table 11 are listed the various factors requiring boiler
water treatment and the relative merits of each of the methods.
These methods will be described later. Table 111 gives six
hypothetical situations where one type of contaminant predominates,
plus the most suitable treatment based on the ratings in table 11.
The disadvantage of the particular method is also listed.

There are four basic types of boiler water treatment as
shown in Tables 11 and 111. These are:
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Table 11

Relative Boiler waler “reatment

Significant Precision Coo. .nated <Congruent Pure
factors control phosphate- control water
pH control

Corrosion 4 a 2 1
Carryover 3 2 1
Buffering ability 1 1 1 L
Silica volatility 1 2 3 L
Turbine deposit

solubility 1 2 3 L
Scale formation 1 1 2 L
Sludge adherence 1 3 2 L
Oxide formation

rate 1 2 3 4

Aluminum solubility L 3 2 1

(1 is most favourable, 4 is least favourable)

Taple 111
Recommended Boiler Water Treatment for Various Contaminants
Predominant Disadvantages
Contaminant Best Treatment of Treatment
Aluminum Precision control Promotes gouging
Coordinated phosphate - Promotes gouging
pH control and carryover
Silica Precision control Promotes gouging

Cation leakage

Anion leakage
(other than
silica)

Condenser
leakage

Corrosion
products

None

Congruent control

Congruent control

Precision control

Pure water

Pure water

No protection
agalnst silica
or sludge

No protection
against silica
or sludge

Promotes gouging

No protection
against silica
or scale

None

-1 -
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1. Precision control

2. Coordinated phosphate - pH control
3. Congruent control

4. Pure water

The first three methods employ the use of orthophosphates
and sodium hydroxide to varying degrees while the fourth as the
name implies involves no chemical treatment other than corrosion
control chemicals fed into the feedwater, namely, hydrazine and
morpholine. Pure water control has been proposed for Douglas
Point.

Precision Control

Thls is the oldest of the chemical treatments for modern
high pressure bollers. A residual of 2-4 ppm orthophosphates
and 15-50 ppm sodium hydroxide is maintained in the boiler.
This method keeps the generating surfaces free of magnesium
phosphate sludge while reducing soluble silica concentration
in the boiler water. However, as boiler pressure increased the
metal temperatures also increased and it was found that when
solidum hydroxide concentrated on hot surfaces or beneath corro-
sion products, it not only failed to restart corroslion but
accelerated it. This caustic attack was characterized by large
pits or grooves on the metal.

Coordinated Phosphate - pH Control

This method of treating boiler water was developed to pre-
vent caustic embrittlement. The boller water is kept below a
curve, Fig. 2, representing phosphate - pH coordinates for tri-
sodium phosphate. Theory is that caustic attack cannot occur
without free caustic. However, caustlc damage did show up and
carryover was encountered in the 100 to 200 ppm phosphate con-
centrations that were originally used. Phosphate concentra-
tions have been reduced so that the recommended upper phosphate
level is between 10 and 15 ppm. However, it has been shown that
being just below the theoretical curve may not be enough since
sodium hydroxide can be produced from sodium phosphate under con-
ditions of hideout.

Copgruent Control

Congruent control - where the composition of both the liquid
and solid phases are the same, has been developed to avoid the
the production of sodium hydroxide under hideout conditions. In
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Approximate pH Values of Trisodium Phosphate Solutions
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this method of control, the mol ratio of Na-POy is maintained
between 2.85 and 2.6. The mol ratio of Na-POy in trisodium
phosphate 1s 3 and the upper curve in Flg. 3 is actually the
1ow end of the curve in Fig. 2. A 2-4 ppm phosphate residual
is maintained in the boiler and using an arbitrary minimum pH
of 8.5 the shaded area in Fig. 3 designates the operating region
for congruent control. Depending on the contaminants entering
the boiler, control can usually be held within the area by
adding phosphoric acid, monosodium phosphate, disodium phos-
phate, trisodium phosphate, sodium hydroxide or a mixture of
these materials.

Pure Water Control

Pure water control 1s employed when only corrosion products
are the contaminants. It simplifies boiler water treatment in
that no chemicals are added other than morpholine and hydrazine
to the feedwater cycle. However, this method provides no pro-
tection for contaminants entering the cycle. Condenser leakage
leads to scale and silica problems, cation leakage to the

- 16 -



133 L 92-1

Congruent Control
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development of caustic and anion leakage to acidic bociler water.
With this method not only must chemicals be withheld but extreme
care is necessary to keep the water pure.

Mention might be made of two contaminants that must be
carefully controlled, namely, silica and chloride. Silica from
certain compounds can volatilize from the boiler and deposit on
the turbine blading. The water treatment plants must be operated
as directed, observing the maximum gallonage for the cycle even
though the effluent from the unit appears satisfactory as far as
conductivity is concerned. ©Silica compounds have a very low
speclfic conductance and are therefore not detected by conduc-
tivity cells in trace quantities. Fig. 4 shows the maximum
silica concentration in boller water to limit silica in steam
to 0.02 ppm as related to boiler pressure.

Silica can be controlled by blowdown or by one of the phos-
phate treatment procedures discussed previously.
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Chloride 1s a contaminant that must be given serious con-
sideration due to its corrosive properties. Control is by
blowdown since there is no chemical means of complexing the
chloride in the boiler. The source of chloride is usually
condenser leakage.

In summary, what high pressure boiler operations need 1is a
good, inexpensive, high-temperature corrosion inhibitor, giving
the advantages of phosphates and caustie without having their
disadvantages.
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CHEMICAL SAMPLING AND ANALYSIS

Proper chemical conditions for the satisfactory operation
of the water circuits in a nuclear-electric generating station
can only be maintained by chemical sampling and analysis of the
variables involved, either %y laboratory analysis or by moni-
toring with in-line instruments. '

Regardless of how much care i3 itzken in carrying out the
analysis or the accuracy of the method, the result can only be
as good as the sample. Unless a truly representative sample
is taken, the result will have _Ilttle meaning and can, in fact,
lead to adjustment of chemlecal cconditions that are not necessary.
Sample points should be provided so that good samples can
be taken from all major systems, and where ion exchange columns
are being used, before and after sample lines are required.

Three types of samples and analyses wlll be discussed,
heavy water, light water and gas.

HEAVY WATER SAMPLING

Special technigues are required in heavy water sampling for
two reasons:

(a) High grade heavy water 1is very hygroscopic and can be
easily downgraded with light water vapour if exposed
to air. This is especlally true when sampling for
isotopic purity.

(b) Heavy water exposed to i neutron flux in a reactor will
contain tritium which i3 an internal radiation hazard
as the heavy water vapour can be easily inhaled or
absorbed through the skin.

(1) Manual Sampling

Manual samples are renuired where fhe sample must be taken
to the laboratory for analysis or processing. Manual sampling
may be by:

(a) Hypodermic Cyrings

Heavy water is ailorcd to circulate through a stain-
less steel pot which is scaled with a neoprene rubber
diaphragm. By this method sample lines can be flushed
through a closed system without loss or downgradlng.
Samples are taken with a standard hypodermic needle
and syringe by puncturing the diaphragm and drawing

- 19 -
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(a) Hypodermic Syringe (cont'd)

the samples into the syringe. The diaphragm 1s self-
sealing when the needle is withdrawn. When larger
samples are required from such a sample point, 3 -way
stopcocks are avallable that can be fitted between the
needle and syringe to which is attached a length of dry
tubine.

(b) Bomb_Sampling

Bomb samples are taken when the amount of dissolved gas
is to be determined at system pressure. For primary
coolant samples, the water must be cooled before passing
through the bomb for handling purposes. It is preferred
that high pressure couplings similar to those being used
with the Crud Filter, Fig. 5, be used for high pressure
bombs instead of swagelok fittings. The former can be
disconnected by hand or with a minimum of tools. Coup-
lings for the lower pressure bombs, such as Moderator,
are readily available and are in common use at C.R.N.L.
Samples are normally processed in a vacuum system where
the gas is extracted from the water and then either
analyzed in the system or by gas chromatography.

(c)}) Miscellaneous Sampling

Other heavy water samples are taken as required for a
variety of analyses including aluminum, iron, chloride,
boron, nitrate by spectrophotometric methods, pH, car-
bonate, 0ll, radicactivity, etc. In many cases the
heavy water 1s contaminated with chemicals to the extent
that recovery is not practical. In some cases archive
samples of Moderator and Coolant are kept for compara-
tive purposes.

2. In-Line Sampling

Some variables are measured continuously by instruments
installed in the system and recorded or indicated in the Control
Room or on local charts. These include pH, conductivity, boron,
and isotopic purity. Crud and dissolved oxygen are considered
to be in-line but a certain amount of manual manipulation is
required.

(a) pd

As mentioned previously, pH measurements of pure water are
not reliable and this refers particularly to Moderator. During

- 20 -
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early operation of Douglas Point when the Moderator will have
boric acid for peolson, pH could be of some value. Later, when
the Moderator is operating '"clean" pil will have little meaning.
However, a continuous pH measurement of the primary coolant where
lithium is added for pH control will, along with a conductivity
measurement, give a good indication of the condition of the

system chemistry. PH meters should be installed upstream of
lon exchange columns to remove any chloride ions that may leak
from the potassium chloride solution of the pll system.

(b) Conductivity

- 22 -

Conductivity measurements are the best indication of Modera-
tor purity. This applies to NPYD and should apply egqually well to
Candu reactors since the boric acid is only slightly ionized and
is not expected to contribute appreciablyto the conductivity. 1In
coolant systems, conductivity measurements are used in conjunction
with pH to control the system chemistry.

Normally, conductivities are measured before and after ion
exchange columns to determine the effectiveness of the resin,
This is valid for clean systems such as the Moderator where the
effluent conductivity will be lower than the influent if the
resin is operating satisfactorily. If the water 1s very clean
and contamination is slight, there will be very little difference.
In cooclant systems, conductlivities are much higher and effluent
conductivity from the lon exchange column may even be higher than
the influent if anions such as carbonates and bicarbonates are
being removed. If the coolant is clean,except for lithium
hydroxide, there willl be little or no difference hetween inlet
and outlet conductivities and an alternative method must be used
to determine when the resin requires changing.

(¢) Isotopic Purit

The isotopic purity of a heavy water stream can be deter-
mined by passing a cooled sample through a quartz or calcium
fluoride cell. The instrument compares the infrared light
absorbed by the sample to that absorbed by a known standard and
reads out % D20. In the 99.7% D20 range the instrument will
indicate within 0.005% D20.

(d) Boron

An in-line boron analyzer is to be installed in Douglas
Point for poison control. The instrument operates on the colori-
metric or spectrophotometric principle. It has been checked out
at CRNL but there has been no operating experience with this
instrument.
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(e) Crud

The Crud Filter, Fig. 5, is installed so that flows may be
continued for extended periods of time, e.g., overnight if the
erud level 1is low. Assoclated equipment includes a cooling coil,
flow orifice, D.P. cell, transmitter and counter to record volume
flow. It is preferred to have the filter mounted in a dry box
because of tritium hazard as it is 1lmpossible to remove crud
samples without spilling some water. The processing of the crud
sample and final weighing is carried out in the laboratory. The
erud colour 1g a good indication of the condition of the coolant
piping. Black crud indicates the desired Fe3Oy or magnetite,
whereas a reddish crud indicates Fes0q of the presence of oxygen
in the system. Colours varying from brown, red, green, yellow
and black were seen durlng start-ups at NPD after chemical grout
had entered the system.

(f) Dissolved

Dissolved oxygen concentrations down to 0.005 ppm 02 can
be detected by a thallium type analyzer used for loop chemistry
by CRNL and a laboratory conductlvity meter. Any oxygen in
water passing through a column of thallium turnings reacts with
the thallium to form soluble thallium hydroxide. The difference
in conductivity before and after the thallium column is due to
thallium hydroxide and thus directly related to the oxygen. A
small ion exchange column removes soluble ions in the influent
to Increase sensitivity while a second column removes thallium
to prevent it going into the systemn.

LIGHT WATER SAMPLING

The precautions required for D20 sampling are not applic-
able to the light water systems in our station. However, cer-
tain precautions must be taken for specific samples. For
example:

(a) Air bubbles must be excluded from samples for dis~
solved oxygen

(b) Samples for sulfite and hydrazine must not be exposed
to air because of oxidation

(¢) Conductivity measurements on low conductivity systems
should be taken locally in flow cells to avoid con-
tamination from atmospheric absorption.

-23 -
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1. Manual Sampling

Manual samples are normally taken in clean plastic or glass
bottles that are well rinsed with the sample. Since many light
water samples can not be circulated az in the case of D20 sample
pots, care must be taken that all hold-up is flushed from the
line and that the sampie collezcted is actually that of the system
at the time. Samples are taken manually for a number of analyses
ineluding hardness, hydrazine, organics, iron, aluminum, chloride,
silica phosphate, morphnoline, copper, solids, sulfate, etc.

2. In-Line Sampling

In-line sampling of light water ~ystems is similar to that
of heavy water and includes pH, dizsolved oxygen, conductivity
and isotopic purity.

(a) pH

PH of the feedwater cycle 1is measured and recorded. At
Douglas Point, in-line pH measurements will be used to control
morpholine injectlon. PH measurements are also recorded for the
water tresatment at Douglas Point. 7The pH measurements of the
raw water or filter inlet samplies will be wvalid but the measure-
ments of the anion and mixed bed effluents will have little
meaning because of low conductivities as was stated previously.

(b) Conductivity

Continuous conductivity measurements are provided exten-
sively in the condensate and feedwater circuits as well as the
water treatment plant. Here conductivities are a good indica-
tion as to how well the systems are operating chemically.

(e) Dissolved Oxygen

Dissolved oxygen in the feedwater is measured and recorded.
The hydrazine dose rates are based on these measurements.

(d) Isotopic Analyzer

Whereas the isotopic analyzers in Do0 circuits measures 020
purity to detect Hp0 leaks into DpO, similar analyzers are pro-
vided in 1light water circults to detect Dp0 leaks by measuring
HoO isotopic purity. Circuits being monitored include secondary
side of the boilers, heavy water heat exchangers, gland seals, etc

- 24 .
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3. Gas Sampling

Certain gas systems require frequent or continuous sampling.
Deuterium - oxygen concentrations before and after recombination
units indicate whether the units are operating satisfactorily,
whether the deuterium level is dangerously high or if oxygen
should be added to the system. Nitrogen concentrations will
indicate air leakage into the system. The C0O2 in the reactor
vault atmosphere and hydrogen for generator cooling must be
checked for purity.

(a) Manual Samplin

Manual gas samples may be taken in = number of ways depend-
ing on the method of analysis. Samples for an Orsat or Burrell
type analysis may be taken 1In a glass sampling bulb or sampled
directly into the apparatus. Gases to be analyzed by gas chro-
matography in the laboratory can be sampled with special gas
syringes similar to the hypodermic syringes used for heavy water,
or in special glass sampling bulbs that are specially made to
adapt to the instrument.

(b) In-Line Sampling

A process gas chromatograph may be set up to sample and
analyze a number of gas streams on a timed cycle. The helium
streams before and after recombination are the more important
of these. Helium is used as a carrier gas in the instrument and
precautions must be taken to ensure a continuous supply to pre-
vent damage to the instrument. In addition, purity meters will
monitor the CO2 in the vault atmosphere and hydrogen in the
generator coolling system.

HEAVY WATER ANALYSIS

The analysis of heavy water for isotopic purity is one of
the more important analyses performed in nuclear electric sta-
tions where heavy water is used as the moderator and coolant.
There are several methods for determining the isotople purity
of heavy water including density, mass specirometry, refractive
index and infrared analysis. Of these, infrared and refractive
index are the two more commonly used for routine work.

The infrared method is based on the absorption of infrared
light at a certain frequency. It is best suited for D20 con-
centrations greater than 99.5% or less than 1%. Intermediate
concentrations can be determined with decreasing sensitivity as
50% is approached. In the high range concentration maximum
absorbance is read at a frequency of 3400 cm~1 which actually
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determines that light water in the sample. At the other end
of the range absorbance is measured at 2500 em~1 and this is
the D20 in the light water.

Refractive index is based on the fact that with reference
to the D~line of sodium, heavy water has a refractive index of
1.32844 while light water has a refractive index of 1.33300.
Although this difference may seem small, a good refractometer
can distinguish a difference of slightly more than 1% D20 over
the entire range, providing the samples are clean., The mailn
disadvantage to the refractive index method is that soluble
salts will alter refractive index readings. Samples from
unknown sources are usually distilled before being analyzed.

MISCELLANFEQOUS

Previous mention was made to the fact that conductivity
measurements can not always be used to determine whether or not
an lon exchange column is spent and requires replacing. This
1s applicable to primary coolant ion-exchange columns in par-
ticular. 1In this case the decontamination factor across the
resin is measured for gross activity or for an active nuclide
which is normally removed efficiently by the resin. The decon-
tamination factor is the ratio of the influent concentration to
the effluent concentration of the nuclide considered. The resin
1s usually changed when this factor is less than 10,

The chemical conditions of the water circuits in a nuclear-
electric station change with changing reactor technology and
operating conditions whether light or heavy water systems. How-
ever, the basic requirements of chemical control are minimum
corrosion and minimum contaminants to enter the circuits.

C.A. MeKerlie

ASSIGRMANT

1. The pD of the heavy water moderator was found to be k.5
(a) Would you consider this to be serious iIn an aluminum
system, and a stainless steel system? Wwhy?

(b) What chemical would you likely add and how much to
raise the pD to 6.5, if there were 200,000 1bs. of
Do0 present at pD 4.5?
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The analysis of the helium cover gas showed 12% D», 6%

O~ present and the remainder helium. Suppose that the

f%ow through the recombination units was 20 cfm of gas

and the efficiency of the unit was 80%. How long would
it take to reduce the concentration of Do to 3% if the

cover gas system held L4000 cu. ft. of gas?®

In stalnless steel systems chlorides are to be kept at
very low concentrations. Why?

Suppose the boiler in your station held 20,000 lbs of
water and had an Op concentration of 6 parts/million.
Show by calculation the theoretical amount of hydrazine
required to reduce this O, concentration to zero.

The boiler contain 20,000 lbs of water, how much tri-

sodium phosphate must be added to precipitate 5 ppm of
Mg**t and 7 ppm of Ca*t ions?

A. Williams
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