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ABSTRACT

Reactors that are moderated with heavy water differ from those that
are moderated with graphite in that (1) the moderator temperature

is lower than 1t may be in graphlte reactors, (2) when the moderator
temperature is ralsed, the moderator-to-fuel ratlio decreases, and
(3} circulation in the moderator introduces local, random changes in
reactivity that distort the flux distrlbution. The large negatlive
contributions to the moderator temperature coefficlent from leakage
and resonance capture overshadow any posltlive contributicn from eta
that may accompany the bulldup of plutonium wlth exposure. The
effect of the coefficient con reactor safety depends upon the manner
in which the D,0 circulatlon couples the reactor power to the moder-
ator temperature.
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MODERATOR TEMPERATURE COEFFICIENTS IN HEAVY WATER REACTORS

INTRODUCTION

This report contains information that was dlscussed at a meeting held
between representatives of the Unlted Kingdom and of the Unlted States
on the subjects of graphlte temperature coefflcients and xenon
instabillty. Thls meeting was held at Argonne National Laboratory on
July 24 and 25, 1958. Since the primary interest at the meeting was
in moderator femperature ccefficients 1in reactors moderated wlth
graphlte, the followlng discussion of the temperature coefficlients
for reactors moderated wlth heavy water considers the differences
between the two systems. The dlifferences are such that the control
and safety 1mplicatlions of the coefflelents have a different emphasis
in reactors moderated with heavy water. Thus a comparison may bring
out polnts that are of Interest to the graphlte system but that are
masked 1n that system by other effects.

In thls report, the following toplces are dlscussed.

1. The differences between reactors moderated wlth graphilte
and those moderated wlth heavy water, with respect to the origin and
magnltude of the moderator ccefficlents

2. The method of measurement of effectlive moderator
coefficients

3. Some of the control and safety problems introduced by
the moderator coefflecient

DISCUSSION

MODERATOR TEMPERATURE COEFFICIENT IN REACTORS MCDERATED WITH D,0

The differences between graphite-moderated and heavy=-water-moderated
systems arlse principally from the following effects.

1. When the temperature of heavy water increases, the
denglty decreases, and heavy water is forced out of the fixed core
volume. The moderator-to-fuel ratio 1z reduced, the mcderatlng power
1s reduced, and leakage 1s markedly increased. In a graphlte reactor,
on the other hand, expanslon of the graphlte blocks merely fills the
interstices, with no large net change in moderator-to-fuel ratlic or in
moderating power.

2. In the Savannah Rlver reactors, the temperature is
maintalned below the bolling point of water, whereas the moderator
temperature in graphite reactors may be much higher and undergo much
larger temperature varlations.
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3. There 1z hydraulic circulation of the moderator in a
heavy water reactor, so that heat ls transmitted from one polnt teo
ancther by mass flow of the moderator and the moderator temperature
at a given polnt can change rapidly. In a graphlte reactor, the
moderator temperature can change only slowly.

The methods uszed at the Savannah River laboratory for calculatlon of
moderator ftemperature ccefficlents have heen published(l’a). Typlcal
values for the coefficients in heavy water reactors, with the
moderator temperature at about 80°C, are made up of the followlng
contributions:

Increased resonance capture -6 to -8 x 107° k/°C
Increased leakage -6 to -8
Change 1in n -5 to Q

TOTAL ~12 to -20 x 10 ° k/°C

In the above tabulation, it 1s seen that the large negative contri-
butions of the leakage and resonance absorption terms overshadow the
change in 7. Thus, even though the n term becomes more positive as
plutonium bullds Iin with exposure, 1t only reaches a value of zerc at
about 2000 MWD/T, and does not materially affect the safety or control
of a heavy water reactor.

EFFECTIVE MODERATOR COEFFICIENTS

In the Savannah River reactors, the D,0 flows through the coolant
channels and then out into the bulk of the moderator space. When the
power is raised, the coolant moderator heats up rapidly, but the bulk
moderater heats up more slowly at a rate that depends upon the degree
of mlxing of the coolant wlth the bulk before leaving the tank. This
mixing depends upon the detalls of the flow pattern within fthe tank
and changes as changes occur in power level, moderator temperature,
cr any detall of the hydraullc system.

Thus there 1s an effectlive moderator temperature ccefficient with a
value that depends upcn the steady-state moderator coefficlent and
upon the statistical weight of that fractlion cof the bulk moderator
that mixes effectively with the coclant moderator. It acts wilth a
characteristic tlme constant that depends upon the degree of mixing,
the heat capaclty of the moderator, and the amount by whlch the
moderator temperature exceeds the amblent fTemperafure per unit power.

The effectlve moderator temperature ccefflcient is measured ln the
reactor under conditions of full reactor power and flow by a control
rod cscillation technique(a). A callbrated amount of reactivity 1s
introduced by moving the control rods wlith a trapezoidal waveform.

Durlng the portion of the waveform in which the rods are moving, the
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response of the reactor is primarily dlctated by prompt multiplication
of the additlonal reactivity and by changes in the power distributlion.
During the perlod in whlch the rods remain atatlonary, however, the
response is characteristic of the amount of reactivity added by the
control rods and by the temperature coefficlents; 1t i1s thls response
that 1s analyzed to glve the temperature coeffilcients. Varylng the
length of time during which the rods remaln statlonary makes possible
good resolution of temperature coefflelents arising from varlous
sources and having different characteristic times. Measurements are
repsated when appreclable changes in the flow pattern in the tank or
in the power level are made.

Thilis measured effective moderator temperature coeffilclent iIs used in
the caleulation of the response of the system to hypothetical reactor
accldents.

CONTROL AND SAFETY IMPLICATIONS

In a heavy water reactor, the moderatcr temperature 1s not uniform
everywhere, and 1t 1s not constant with time at any one point. Small
randcm fluctuatlions in the flow patftern and larger fluctuations
assoclated with more or less stagnant regions that become overheated
are contlinually introducing small lccal changes 1n reactlvity. In a
large reactor these result in tllts in the power dlstribution, so that
the neutron flux measured at any one polnt outslde the reactor will
exhibit random fluctuations wlth an amplitude of perhaps 0.5% in a
reactor wlth a stable forced clrculation pattern or of several per cent
in a reactor wlth large semlstagnant areas 1n the moderator. These
fluctuations at one point are not correlated with those measured at a
polnt on another side of the pile. Thus, from an operatlional stand-
point, good mixing of the moderator is required to prevent moderator
overheating and large fluctuations in the flux pattern.

From the reactor safety standpoint, too, good mixing of the coclant
wlth the moderator 1s indicated, because this allows the negative
moderator temperature coefflcient to act rapidly in overcoming any
acclidental insertion of reactivity.

A large negative temperature coefflclent is not an unmlxed blesslng,
however. First, the random fluectuations in moderator temperature
throughout the tank can introcduce relatively large fluctuaticons In
reactlvity; second, the possibllity of the "cold water'" accldent 1is
introduced, and third, oscilllations in the reactor power may be made
possible through a coupling of the reactor coolant loop with the
neutron kinetics.

The "ecold water" accldent could occur during teats in the reactor in
which the reactor moderator 1s heated at low plle power with the
secondary cocolant system throttled down. If the secondary coolant is



then suddenly started, the sudden cooling of the primary system
introduces a slug of cold water and, hence, positlve reactlvity into
the reactor.

Osclllations assoclated wlth the delays 1n the coolant loop and in the
neutron kinetlcs will have periods of the order of magnitude of the
time regquired for coclant to be pumped through the ccolant loop. This
18 usually long encugh that such oscillations can be contrelled easily.
The oscilllations are damped for systems with small negatlve moderator
temperature coefficients but could become troublesome for systems with
large negative coefficlents.

In graphite reactors, by contrast, the moderator is not mixed with
the ccelant at all. This implies that the moderator coefflcient acts
wlth a time constant sc¢ long that it will have 1little or no effect
during the short times of concern during a reactor accident. Alsc,
the moderator stays in one place so that reactivity cannot be carried
about the pile as it can in the heavy water systems. This means that
the distribution of moderator temperatures will tend to follow the
power dlistribution.

The systems do have 1n common, however, a large slze and an easily
distorted power distribution. The primary control problem in each 1s
to maintain a good distributicon of power in splte of reactivity that
may be introduced locally through the moderator femperature
coefficients.

N

D. Sl St.
Theoretical Physics Division

BIBLIOGRAPHY

1. Dessauer, ., "Physics of Natural Uranium Lattlces 1in Heavy
Water". Proe. U. N. Intern. Conf. Peaceful Uses Atomlc Energy,
2nd, Geneva, 1958, 12, 320-40 (1958). P/590.

2, Dietrich, J. R. and Zinn, W. H., So0lid Fuel Reactors. Reading,
Mazssachusetts: Addison-Wesley Publications (1958).

%, Brown, H. D. and Loewe, W. E., "Analysis of Reactor Oselllations
for Coefficients of Reactivity". Nuclear Sci. and Eng. 5, 376-81

(1959) .




