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Experimental Determinations of the Self-Regulation and
Safety of Operating Water-Moderated Reactors

By J. R. Dietrich,* USA

INTRODUCTION

One of the important characteristics of a nuclear
reactor is the degree of hazard which it creates in the
surrounding area. If the usefulness of reactors, either
for research or for power production, is to be ex-
ploited effectively, the hazard must be minimized,
since isolation of the reactor compromises its utility
and increases its cost. It is, therefore, important to
find means for evaluating the hazards of specific
reactors and methods of improving the safety of re-
actors in general.

The ultimate question in an evaluation of reactor
safety is the question of what will happen if the
reactor is inadvertently made supercritical and al-
lowed to “run away” without any artificial limita-
tion of its power. For, although safety devices which
impose artificial limitations will certainly be pro-
vided for in the reactor design, the possibility of
their failure as well as the consequences of their
finite speed of operation must be recognized.

In general it can be said that the reactivity of a
reactor will be related to its power level once the
power has become sufficiently high to cause signifi-
cant changes in the temperatures of the reactor parts.
At moderate power levels this dependence can be
such as to cause the reactivity either to decrease or
to increase with power level, depending on the de-

* Argonne National Laboratory. Including work by C. C.
Bigelow—Pratt and Whitney Aircraft Corp,, R. A. Cam-
eron—Argonne National Laboratory, B. C. Cerutti—Argonne
National Laboratory, R. E. Coté—Pratt and Whitney Air-
craft Corp., W. R. Davis—University of Washington, J. J.
Dickson—Argonne National Laboratory, J. R. Dietrich—
Argonne National Laboratory, J. M. Harrer—Argonne Na-
tional Laboratory, R. O. Haroldsen—Argonne National Lab-
oratory, P. R. Kasten—OQOak Ridge National Laboratory,
1. D. P. King—Los Alamos Scientific Laboratory, N. L.
Krisberg—US Atomic Energy Commission, D. C. Layman
—Argonne National Laboratory, H. V. Lichtenberger—
Argonne National Laboratory, W. C. Lipinski—Argonne
National Laboratory, R. N. Lyon—OQOak Ridge National Labo-
ratory, M. Novick-——Argonne National Laboratory, V. K.
Paré—Oak Ridge National Laboratory, R. L. Ramp—Ar-
gonne National Laboratory, W. M. Sandstrom—University
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—California Research and Development Co., G. H. Stone-
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sign of the specific reactor, but eventually at some
power level any runaway reactor will become sub-
critical, through some degree of disassembly of it-
self if not by other means (Fig. 1). The safety
question has to do with how violent the energy re-
lease becomes before the eventual shutdown is
achieved.

The more important ways by which increasing
power can cause a reactor to lose reactivity are by
expansion of the fuel, by heating and expansion of
the moderator, and, if strong resonance absorbers:
are present, by Doppler broadening of the reso-
nances. In many cases the unknowns in the magni-
tudes of the applicable effects and in their speeds of
operation make safety evaluations quite uncertain.

The most straightforward way of evaluating the
unknown aspects of the reactor shutdown process is
by observing experimental runaways of actual re-
actors. Some experiments of this kind on two reac-
tor types which have particularly favorable power-
limitation characteristics, the solid-fuel, water-mod-
erated reactor and the water-moderated homogeneous
reactor, are reported here. In addition to the instru-
mental measurements reported here, motion picture
records, which add materially to the information
on the safety characteristics of the reactors, are
available.

Homogeneous reactors can, in general, he made
to have negative temperature coefficients of reac-
tivity. The negative coefficient results primarily from
thermal expansion of the fuel solution, which de-
creases not only the density of the moderator, but that
of the fuel as well. The coefficient is quite large for
small reactors with high neutron leakage. Further-
more, since the heat of fission is liberated directly
in the fuel solution, the action of the negative co-

- efficient is very rapid, and insofar as such reactors
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can limit their power by temperature coefficient
alone, they can be expected to be quite effectively
protected against destructive runaways.

The solid-fuel water-moderated reactor may get
a certain degree of power limitation from the Doppler
coefficient if it contains a large fraction of U238, Be-
yond this, power limitation comes from the modera-
tor temperature coefficient and expulsion of mod-
erator from the reactor core by the formation of steam
at the hot fuel element surfaces. The bulk tempera-
ture of the moderator does not change rapidly enough

L A



EXPERIMENTS ON WATER-MODERATED REACTORS 89

Figure 1. Effects of large reactivity additions to a water-moderated reactor; left, reactor shutting itself down safely by water expulsion after
being made supercritical by 2.1% k.ry; right, reactor destroyed by melting of fuel plates after being made supercritical by 3.3% keyy

to make the temperature coefficient effective against
rapid power increases, but early laboratory experi-
ments by Untermyer and later ones by West, Weills,
Hooker, and Schiltz showed that the expulsion of
moderator by steam can be very rapid!? The re-
actor experiments, initiated at the suggestion of
Untermyer, confirmed the effectiveness of the proc-
ess. They were begun in the early summer of 1953
by Argonne National Laboratory as part of an ex-
perimental program on boiling water-moderated re-
actors. The effectiveness of boiling as a safety
process was proved, and the following year the
severity of the experiments was increased to the
point of planned destruction of the reactor. A new
reactor was built in 1954 with which similar ex-
periments were made at elevated pressures.

In July and August of 1953 safety experiments
were run on the Los Alamos “Supo” reactor by
Lvon, Kasten, and others of Oak Ridge National
Laboratory and King, Zabel, and others of ILos
Alamos Scientific Laboratory. Shortly thereafter a
program of more drastic safety experiments was
run on the Homogeneous Reactor Experiment at
Oak Ridge National Laboratory by Paré, Visner
and others. Although these experiments were not
carried to conditions as severe as those used for the
experiments on solid-fuel reactors, they demon-
strated a high degree of inherent self-limitation of
power in the homogeneous systems.

EXPERIMENTS WITH HOMOGENEOUS REACTORS

The runaway behavior of the non-boiling homo-
geneous reactor, whose power is limited by the
temperature coefficient of reactivity, is the most
straightforward of those investigated. Reactors of

this type may have very high negative temperature
coefficients of reactivity which result primarily from
the expansion of fuel solution out of the reactor
proper as the temperature increases.

Figure 2 is a diagram of the Homogeneous Reactor
Experiment, which was used for the tests described
here. The core is normally full of the fuel solution
of enriched uranium in water. If the solution heats
and expands, the displaced fraction of the solution
is accommodated by the pressurizer tank, where it
contributes nothing to reactivity. The temperature
coefficient of the reactor was about —0.1% k., per
degree C. The volume of the core was 50 liters, and
the effective prompt neutron lifetime was 7.5X 1073

PRESSURIZER

HEAT
EXCHANGER

REFLECTOR

PUMP

Figure 2. Diagram of homogeneous reactor system
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Figure 3. Relation between excess reactivity and reactor period

sec. The relation between excess reactivity and
asymptotic reactor period is given by curve ¢, Fig. 3.
The deficiency in delayed neutron fraction results
from the circulation of the fuel solution. The re-
actor was pressurized to a pressure of 1000 psi.

If reactivity is added to such a reactor according
to some law of time variation, ko(t), resulting in a
period which is short compared to the residence
time of the fuel solution in the reactor, then the law
which expresses the variation of reactivity with time
is simply

B(t) = ko + ka(t) + C ﬁ P(r)dr (1)

where C is a characteristic constant of the reactor
which includes the heat capacity and the (negative)
temperature coefficient of reactivity, and P(r) is
the instantaneous reactor power. This equation must,
of course, be coupled with the usual differential
equations characteristic of the kinetics of the neutron
chain reaction to specify the variation of reactor
power with time. If the power increase is fast enough
that the compressibility of the fuel solution is im-
portant, still further relations must be included to
describe the dynamics of the system. Kasten has
treated these considerations at some length? Re-
gardless of the complications which may occur in
specific reactors, the safety experiments which have
been made indicate that the fundamental situation is
reasonably well understood.

The reactor used for the experiments was not
provided with special means for increasing reac-
tivity rapidly, and hence the experimental situations
were those relatively complex ones which would be
characteristic of practical reactor accidents. Reac-
tivity was increased experimentally by several meth-
ods: withdrawal of a weak control rod; increase of
fuel concentration; raising of the reflector level;

rapid cooling of the circulating fuel; and pumping
of precooled fuel solution into the reactor proper.
The latter method gave the largest and fastest re-
activity changes, and the results obtained by it are
the ones reproduced here.

The experiments were made by stopping the cir-
culating pump (Fig. 2), cooling the fuel solution
in the heat exchanger to about 100°C, and then re-
starting the pump to inject the cooled solution
rapidly. into the reactor core, which had been main-
tained at a temperature of about 180°C. The severity
of the experiment was adjusted by adjusting the
initial power level of the reactor before the cold
solution was injected. Figure 4 shows the measured
power variations for two different initial power
levels. Naturally, the lower initial level allows the
greater increase in reactivity before the reactor be-
gins to shut itself down and results in the higher
maximum power. The temporary power decrease
immediately after the pump starts is a result of the
initial loss of delayed neutron emitters as the old fuel
solution is displaced by the new.

This type of power transient can be characterized
by specifying both the rate of addition of reactivity
by the inflow of cold solution and the minimum re-
actor period reached during the transient. Figure 5
contains a set of theoretical curves giving the max-
imum power reached as a function of the minimum
period reached during the transient, with rate of
reactivity addition as the parameter. The experi-
mental results are plotted in the same figure, with
the rate of reactivity addition indicated by each. In
view of the relatively complex experimental condi-
tions, the agreement with theory is satisfactory.
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The experiments indicated, further, that for the
conditions tested the reactor would settle down to
steady operation after the transient. The power
level would then be determined simply by the rate
of heat removal from the heat exchanger: the re-
actor power would be self-regulating via the tem-
perature coefficient of reactivity.

The Supo reactor differs from the Homogeneous
Reactor Experiment in that its fuel solution is not
circulated ; heat is removed by a cooling coil in the
reactor vessel. Furthermore, the reactor vessel is
not completely full of solution. The temperature
coefficient is nevertheless strongly negative: about
— 0.0249% k4 per degree C. The reactor has been
described by King.t

The safety experiments were made in connection
with an investigation of boiling operation of the
reactor, The reactor was operated at powers of sev-
eral kilowatts as a hoiler, and the power under this
condition fluctuated, but was self-regulating. Sudden
reactivity additions up to about 0.4% k., were made,
under conditions of both boiling and non-boiling
operation. In both cases the reactor power was self-
limiting, but the excursion was terminated more
rapidly under boiling conditions. The experiments
indicated that there is no very long time delay in
the formation of steam bubbles in a homogeneous
reactor once the solution has reached saturation
temperature. Once this is known, it is to be ex-
pected that steam would be by far the more effective
shutdown agent for long-period power excursions
at atmospheric pressure. For whereas about 5000
calories of heat are required to produce 1 cm® of
effective void in liquid water by thermal expansion,
only about 0.3 calorie is required to evaporate suf-
ficient water to produce 1 cm?® of steam at atmos-

pheric pressure. It is by no means evident, however,
that the same situation would hold for very short
period transients or at very high pressure.

EXPERIMENTS ON SOLID FUEL REACTORS

In the experiments made with solid-fuel, water-
moderated reactors the expulsion of water by steam
formation was the important process in transient
limitation of the power. Since a quantitative theory
of the process has not been developed, it is necessary
to present the results and the experimental condi-
tions in some detail.

The experiments were made in two different re-
actors which were also used for investigation of the
steady-state characteristics of boiling reactors. The
pertinent differences between the two reactors lay in
their core characteristics. These differences will be
described, but differences in the mechanical details
of the two reactors will be ignored.

Description of the Reactors

Figure 6 is a cutaway drawing of the first re-
actor, which was constructed outside and which was
operated remotely from a control station half a mile
away. The reactor tank was contained in a larger
shield tank of ten-foot diameter which was sunk
part-way into the ground and had earth piled around
it for additional shielding. Adjacent to the shield
tank was a pit with concrete walls in which was
installed equipment for filling and emptying the re-
actor and shield tanks, and for preheating the water
in the reactor tank. The reactor tank, four feet in
diameter and about thirteen feet high, contained the
reactor core, which consisted of an adjustable num-

ber of plate-type fuel elements held at the hottom

by a supporting grid and at the top by a removable
cover grid.

In operation the reactor tank was filled with water
to a height of three to four and one-half feet above
the top of the core; this water constituted the re-
flector, moderator, and coolant. The shield tank was
filled with water only when the reactor was shut
down,

The reactor contained five cadmium control rods
which were operated by drive mechanisms located
in the rectangular housing above the shield tank.
The connection from the mechanism to the rods
was through spring-loaded magnetic couplings. These
couplings could be released in unison or individ-
ually, allowing the rods to drop freely downward
under the acceleration of the springs plus gravity.
When released, the center control rod dropped out
of the reactor core to apply the excess reactivity
used for the experiments. The other four rods when
released dropped into the reactor core to terminate
the experiments. Each rod traversed the length of
the core in about 0.2 sec.

The fuel elements were made of aluminum-clad,
aluminum-uranium alloy plates, of 60 mils total
thickness, fastened into aluminum side plates to
make boxes roughly 3 inches square. Figure 7 is a
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Figure 6. Cutaway

drawing of a fuel element for one of the reactors.
The other reactor used elements of identical out-
side dimensions, but each element contained only
ten of the fuel plates.

The two reactors will be designated I and 1I. Each
reactor was loaded, for any given experiment, with
the number of fuel elements which would give a
convenient amount of reactivity. Typical loadings
for the two reactors are diagrammed in Figure 8.
Reactor” 1T contained several elements of higher
uranium content around its periphery to flatten the
power distribution.

The relationship between asymptotic reactor period
and excess reactivity for the reactors is given in Fig. 3
(curves @ and b). For larger excess reactivities the
period () is given by

I*

T el —B) — B

where g is the total delayed neutron fraction and *
the effective neutron lifetime. Other characteristics of
the two reactors are summarized in Table 1.

(2)

Typical Transient Behavior of the Reactors

The experiments were made by the following pro-
cedure. The reactor water temperature was adjusted

drawing of reactor |

to the desired value, and the reactor was made criti-
cal at a low power (about 1 watt) by appropriate
positioning of the control rods. The center control
rod was then dropped out of the reactor core. The
initial power was sufficiently low and the speed of
rod ejection was sufficiently high so that in almost
all cases the rod was completely out of the core and
the reactor period reached its stable value before

Figure 7. Standard fuel assembly
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the reactor power had risen high enough to pro-
duce significant thermal effects. The power was
allowed to continue to rise until the formation of
steam in the reactor core reduced the reactivity
below criticality and caused the power to fall to a
low value. After it was evident that the power had
been safely limited by the formation of steam, the
remaining four control rods were dropped into the
reactor to terminate the experiment, referred to as
a power excursion. By proper adjustment of the
number of fuel elements in the reactor core and of
the positions of the four outer control rods, the re-
actor could be made critical with the center control
rod inserted to any desired degree in the core. The
magnitude of excess reactivity applied by ejection
of the center rod could thus be adjusted at will.
Figure 9 is a reproduction of a typical chart from
the multichannel magnetic oscillograph which re-
corded the data on the experiments. In this case the
applied excess reactivity was 1.4% key and re-
actor I was used. The neutron flux (proportional
to reactor power) was recorded over about three
decades by three different neutron-sensitive ion
chambers working through logarithmic amplifiers. The
stable reactor period () is indicated by the three
ion chamber records as 0.0096, 0.0107, and 0.0109
second, respectively. The temperature of one of the
fuel plates, which was situated at roughly the high-
est flux position in the core, is recorded by two
fast-response thermocouples. Both of the couples
were located near the position of maximum neutron
flux; one was installed on the surface of the plate,
the other at its central plane. There is little dif-
ference between the two temperatures, because of
the high thermal conductivity of the thin plate.
The ion chambers, which were calibrated in terms
of absolute power by thermal methods, indicate that
the reactor power reached a maximum value of 220
megawatts before the formation of steam checked
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Figure 8. Core loading diagrams for reactors | and |l

Table I. Comparison of Reactors | and If
Reactor 1 Reactor II
. volume aluminum in core
Ratio, volume water in core 0.626 0422
U content per fuel element 138.6 gm 934 gm
or
157.3gm

Number of fuel plates per
element 18 10

Plate spacing (between

center lines) 0.177 inch 0.324 inch
Measured reactivity loss with
temperature increase :
80°F to 200°F 0.82% kost 0.45% koys*
80°F to 280°F 1.93% Fketr 0.76% kosr*
80°F to 420°F - 1.57% kope*
Calculated loss of reactivity
caused by replacement of
10% of core water by
steam, at 200°F 2.4% ket 1.0% kotr*

Effective neutron lifetime (/%) 6.5 X 10-%sec 7.5 X 10-°sec*

* These values apply to the case in which the reactor is
loaded only with fuel elements of low uranium content.

the rise. Further generation of steam reduced the
reactivity below the critical value, and caused the
power to decrease very rapidly to a value of about
0.2 megawatt.

Once the initial power excursion has been checked
by boiling in the reactor the specific power variation
depends both quantitatively and qualitatively upon
the amount of excess reactivity to which the reactor
was initially subjected, and upon the bulk tempera-
ture of the reactor water. Figure 10 contains trac-
ings from excursion records for reactor I similar to
those of Fig. 9, but of longer duration. They sum-
marize the typical behavior of the reactor for various
amounts of applied excess reactivity when the re-
actor water is initially at saturation temperature.
When the excess reactivity applied is low, corre-
sponding to a reactor period of about 0.03 sec or
longer, the reactor power after the initial surge
settles down to a relatively steady value in the
neighborhood of half a megawatt (top -curve,
Fig. 10). For this type of excursion the self-regu-
lating characteristic of the reactor operates rapidly
enough to stabilize the power at a steady value
characteristic of the amount of applied excess re-
activity. After the power has reached this steady
value, further reactivity could, of course, be applied,
and the reactor would continue to operate stably in
steady boiling at a higher power.

If the excess reactivity which is applied by ejec-
tion of the control rod exceeds that corresponding
to a period of 0.02 or 0.03 sec, the initial power
excursion is followed by a series of qualitatively
similar excursions of smaller amplitude, which occur
at intervals of about 1 sec (second curve, Fig. 10).
The amplitudes of the successive excursions, al-
though they vary in an irregular manner, have no
sustained tendency to increase or decrease. This
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Figure 9. Typical record of power excursion

type of operation will hereafter be referred to as
“chugging.”

When the applied excess reactivity was greater
than that corresponding to about a 0.01-sec period,
the chugging was no longer observed, and the power
after the first surge remained at a low value. This
permanent shutdown was no doubt the result of ex-
pulsion of sufficient water from the reactor tank to
partially uncover the reactor core. The occurrence
of this behavior in other reactors would, of course,
depend upon the specific design of the reactor in
question.

When the applied excess reactivity was increased
to about 2% key to give periods in the 0.005-sec
range, the qualitative behavior of the reactor power
remained the same, but the fuel plate temperature
did not drop immediately after the power surge (bot-
tom curve, Fig. 10). The fuel plate temperature
remained high for almost a second after the power
surge and then decreased by small jumps, as though
the plate had been blanketed by steam for some
time after the power excursion,

Experiments of this type were not carried to
periods shorter than about 0.013 sec when the re-
actor water was cooler than the saturation tempera-
ture. With this condition, which will hereafter be
called the subcooled condition, chugging was never
experienced. In all cases after the initial power ex-
cursion the reactor power stabilized at some more
or less steady value. Figure 11 is a record of such
an experiment on reactor I, in which the initial
period was 0.014 sec. Although the reactor power
oscillated after the excursion, the oscillation ampli-
tude was very much less than that for typical chug-
ging operation.

Some of the details of the nuclear and thermal
behavior of the reactor during a power excursion
are illustrated by Figs. 12a and 12b, which apply
to the subcooled reactor I for excursions of two
different periods. The curves show the time varia-
tion of reactor power, on a linear scale, and the fuel
plate surface temperature. In these experiments the
fuel plate, with thermocouple attached, was coated
with a thermally insulating plastic over a section of

its length. The temperature of this section of the
plate is also included in the figures. This tempera-
ture, except for the effect of a small heat loss through
the thermal insulation, is proportional to the total
nuclear energy liberated in the plate. The point at
which there is a sharp deviation between the tempera-
ture of the bare section and that of the insulated
section evidently marks the beginning of rapid steam
formation at the bare plate surface. Up until this
time the temperature of the bare plate, like that of
the insulated plate, is roughly proportional to the
time integral of the reactor power.

Since no single fuel plate can produce sufficient
steam to shut the reactor down it is evident that
the time relationship between peak reactor power
and peak temperature of the bare fuel plate, as well
as the ratio of maximum bare plate temperature fo
maximum insulated plate temperature, will depend
upon the local value of power density at the plate
location relative to the power density elsewhere in
the reactor. The plate used for these measurements
was located at or near the maximum power density,
and the thermocouples were installed near the point
of maximum power density in the plate. Neverthe-
less, Fig. 12a indicates that for long-period excur-
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b 25ec — _s0¢
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Figure 10. Representative records of excursions at saturation temper-
ature with vorious excess reactivities
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Figure 11. Reactor power variation during 10-second run following initial excursion of 14-millisecond period

sions other plates were responsible for the first
formation of steam, since power began to decrease
before plate temperature reached saturation.

Effects of Several Variables on Power, Energy
and Fuel Plate Temperature

Both the total nuclear energy liberation and the
maximum fuel plate temperature reached during a
power excursion depend upon the amount of excess
reactivity involved in the excursion. In the following
presentation, the reciprocal of the stable reactor
period is used to characterize the excess reactivity.
The relation between the two is given in Fig. 3. In
Fig. 13 the total energyt liberated by the power

+ Throughout the section on solid fuel reactors the term
energy will be used to refer to the prompt fission energy which
is converted to heat in the fuel plates. The total energy release,
including delayed emission and energy converted to heat
directly in the reactor water, is about 15% higher, A consistent
definition is used for reactor power. By the total energy of a
power excursion is meant the energy liberation up to the time
of the first minimum in reactor power.
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excursion and the maximum fuel plate surface tem-
perature are plotted as functions of the reciprocal
period for the case in which the reactor water was
at saturation temperature before the excursion be-
gan. The shapes of the two curves are quite similar;
in fact, the maximum fuel plate temperature rise is
roughly proportional to the energy of the excursion
for all periods shorter than about 0.03 sec, and the
peak temperature corresponds to the temporary
storage in the fuel plate of 60 to 70 per cent of the
total energy of the excursion.

The energy liberation and maximum fuel plate
temperature for the condition in which the reactor
was initially at room temperature are given, for
reactor I, in Fig. 14. The plotted temperature is the
maximum above saturation temperature at atmos-
pheric pressure rather than the total temperature
rise. The fuel plate temperature is somewhat higher
(and the energy release is much higher) for a given
reactor period than in the case of saturated reactor
water.
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Figure 12. Power and fuel plate surface temperature rise during power excursions
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during the power excursion was nearly proportional
to the product of the maximum power and the
period. These quantities are plotted in Fig. 15 for
the experiments made with reactor I. The slope of
the line is about two.

In comparing the behavior of the two reactors,
1 and II, which differed in core size, it is more
informative to compare energy density or energy
per fuel plate than to compare total energy. The
latter comparison has been made. In Fig. 16 the
energy release per fuel plate is compared, as a func-
tion of reciprocal period, for the two reactors:
Fig. 16a is for the case of saturated reactor water,
and Fig. 16b for the case of room temperature
water. The dashed portion of Fig. 16b is an upper
limit only. The plotted energy release is that of the
fuel plate in the position of highest neutron flux. In
comparing the behavior of the two reactors, reference
should be made to Table I. Note that the volume of
water associated with each fuel plate is about twice
as great for reactor IT as for reactor I. If the energy
release per unit volume of water is compared, the
values for reactor II are only slightly higher than
those for reactor I, despite the fact that the steam
coefficient of reactivity is more than twice as great
for reactor I as for reactor II.

In reactor 11 the investigation of power transients
was extended to reactor pressures as high as 300 psi.
The pressurization of the reactor was by the vapor
from the reactor water. Consequently, only the satu-




EXPERIMENTS ON WATER-MODERATED REACTORS 97

4
s & REACTOR I
S |2} OREAGTOR I 2 60 I T ] T u
4 a
3 of .i'.’ S0
. 2
g ~
w 8F & g0t
-g %3
g 2
o [=]
@ 6i 8 301
3 5
s 4r Zoof
x =
- L o 2 REACTOR I
o 2 g 10 © REACTOR IT ]
W -3
o ! 1 1 t i i w ) ) ! { { |
o 10 20 30 40 50 60 70 0'0 0 20 30 a0 50 &0 70
RECIPROCAL OF PERIOD, sec-! RECIPROCAL OF PERIOD, sec™!
REACTOR WATER AT SATURATION TEMPERATURE REACTOR WATER AT ROOM TEMPERATURE
AND ATMOSPHERIC PRESSURE AND ATMOSPHERIC PRESSURE

Figure 16. Energy release of hottest fuel plate during power excursions in reactors | and 11; () left, reactor water at saturation temperature
and atmospheric pressure; (b) right, reactor water at room temperature and atmospheric pressure

rated condition could be investigated. The power  than about 5 psi as a result of an excursion. The
excursions were run with the reactor tank com-  effect of pressurization is to decrease both the energy
pletely closed. In no case did the pressure in the  released in an excursion of given period and the max-
steam space above the reactor water rise by more  imum temperature rise of the fuel plates (Fig. 17).
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The Destructive Experiment

In the short period experiments with reactor I at
atmospheric pressure, the steam pressure which
built up in forcing the water rapidly from the re-
actor resulted in permanent deformation of the fuel
plates. Because of this effect it was not possible to
extend the experiments to periods shorter than about
0.005 sec without damaging the reactor to the point
where it became unusable. Despite this mechanical
damage the maximum temperatures reached by the
fuel plates did not approach the melting tempera-
ture. It was decided that the reactor, which by this
time had fulfilled its other purposes, should be sac-
rificed in an experiment which was violent enough
to melt the fuel plates. For this purpose a control
rod worth 4% ke was completely ejected from the
reactor core. To increase the severity of the experi-
ment it was run with the reactor water at room
temperature. Although the ejection of the rod re-
quired only about 0.2 sec, the rod was only about 80
per cent out of the core when the reactor power
reached its peak value. The minimum period result-
ing from the ejection was 0.0026 sec.

The power excursion melted most of the fuel
plates. The pressure resulting from the molten metal
in contact with the reactor water burst the reactor
tank and ejected most of the contents of the shield
tank into the air. The sound of the explosion at the
control station, half a mile away, was comparable
to that resulting from the explosion of 1 to 2 pounds
of 40 per cent dynamite on the bare ground at the
same distance. Figure 1b, taken from motion picture
records of the experiment, shows one stage of the
explosion, as compared to the nondestructive ejec-
tion of water from the reactor when the period of
the excursion was 0.005 sec.

The total energy release during the excursion as
determined by calibrated cobalt foils in the reactor
core, was 135 megawatt seconds. Other data taken
during the excursion are less reliable because of the
violent mechanical effects of the explosion. Figure 18
is a reproduction of the transient record. The abso-
lute values on the power curve (A4) may be in error
by 30 or 40 per cent, and the shape of the decreas-
ing portion may not be correct. The fuel-plate
thermocouple (curve B) failed long before peak
power was reached. Curve C is a temperature record
from an insulated fuel plate installed some distance
outside the reactor core. It was used for an auxiliary
determination of total energy and does not give good
transient information, as it was connected to a rela-
tively slow recorder. A pressure transducer, which
was installed in the reactor tank adjacent to the
reactor core, failed before it recorded a pressure of

. significant magnitude (curve D). Analysis of the

mechanical damage of the transducer, however, in-
dicated that the peak pressure was at least as high
as 6000 psi, and was probably higher than 10,000 psi.

It was evident from examination of the reactor
debris that many of the fuel plates had been prac-
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Figure 18. Replot of records from destructive experiment

tically completely melted. Others, evidently those
at the edge of the core, had been only partly melted,
and portions of them remained fastened to the side
plates of the fuel elements (Fig. 19). Some of the
fragments which had evidently been molten appeared
as spongy metallic globules (Fig. 20). Other frag-
ments appeared to have been molten inside, while
the outside clad remained solid (Fig. 21).

Most of the heavy debris fell to the ground near
the shield pit. The control rod drive mechanism,
which weighed about a ton, fell on the side of the
earth shield, after having been thrown about 30 feet
into the air. Recognizable fuel plate fragments were
thrown as far as 200 feet from the reactor site. Sur-
veys of the total fission-product radioactivity of all
the debris indicated that practically all of the fuel
originally in the reactor could be accounted for with-
in a radius of 350 feet around the original reactor
location. Although these measurements necessarily
lacked precision, they showed that no large fraction
of the reactor core material left the site in the form
of airborne material. At the time of the experiment,
the wind velocity was 8 miles per hour at ground
level, and 20 miles per hour at 250 feet above
ground. Fifteen minutes after the experiment the
total beta plus gamma activity level, 3 feet above
ground, at a point 0.8 mile directly downwind of the
reactor, was 5 mr/hr. At all points farther from
the reactor the effects of fall-out were less than this
value. Momentarily during the explosion, a gamma
dose rate in excess of 400 mr/hr was indicated on
a survey meter half a mile from the reactor. This
indication decayed rapidly; the total dose received
at the half-mile point (cross wind) was less than
10 mr. ' :
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Both the observed radiation intensities and the
mechanical damage were roughly consistent with
the measured nuclear energy release of 135 megawatt
seconds. Although the explosion was spectacular, its
effects were comparable to those which could be
caused by a moderate amount of chemical explosive.
The destruction of the reactor tank was not sur-
prising, since it was constructed of relatively thin
(Y-inch) steel. Most of the equipment outside the
shield tank was either undamaged or repairable, and
much of it, including the control rod drive mecha-
nism, was decontaminated, reconditioned, and re-used
on reactor 11.

There was no evidence that the power-limitation
process in the destructive experiment differed qual-

[% 8 .
Figure 19. Fuel element side plate with attached cluster of fuel plate
fragments

Figure 20, Pellet of spongy aluminum-uranium mixture
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point

itatively from that which was effective in the earlier,
nondestructive experiments. It was quite evident
that the nuclear power release was terminated at an
early stage of the explosion; indeed, high-speed
motion pictures recorded the light flash emitted by
the reactor as it reached high power and showed that
it was extinguished before any ejected material ap-
peared above the top of the shield tank. The flash
lasted about 0.003 second. The energy stored in the
fuel plates as sensible heat and latent heat of fusion
during the relatively short nuclear power burst was,
of course, released during the much longer explosion
process.

Figure 22 is a plot of energy released as a function
of reciprocal period for all the power excursions
made with cold water in reactor I. In plotting the
curve, a constant energy of 4 megawatt-seconds has
been subtracted from each value. This is the quan-
tity of energy which has been released up to the
time when the center temperature of the average fuel
plate has reached the atmospheric boiling point of
water. The highest point on the curve, which refers
to the destructive experiment, does not appear in-
consistent with the other values.

Discussion

The experiments that have been described prove
that the reactors investigated possess a high degree
of inherent safety, and indicate that it is possible
to design practical reactors of these types which will
he safe against any reactivity accident which can
occur in practice. In this connection, the consistent
and regular behavior of the reactors during the ex-
periments is reassuring. Although such behavior
would be expected in the case of the homogeneous
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surprising in the cases where shutdown depends on
the rapid formation of steam. Actually, in the entire
series of some two hundred experimental runaways,
no inconsistencies of behavior were observed which
could not be attributed to instrumental errors result-
ing from rather difficult experimental conditions.

A few general remarks may be made in connec-
tion with the application of the results to the estima-
tion of the runaway behavior of other reactors. The
behavior of the homogeneous, non-boiling reactor
may be considered to be typical of the case in which
the loss of reactivity is roughly proportional to the
time integral of the transient reactor power. Thus
the behavior of power as limited by a negative

(L RIPRT L I P OTSPap vy de42ann A L6 ~2 e RS

prompt”$ temperature coefficient in a solid-fuel re-
actor would be expected to be qualitatively quite
similar. Quantitatively, of course, such ‘“prompt”
cocfficients are generally small and their effectiveness
is limited. In inferring the behavior of other steam-
limited reactors from the results presented here, it
should be remembered that the reactors used had
fuel plates of such high thermal conductance that in
all the non-destructive experiments the metal of the
plate represented no important impedance to the
transfer of heat to the water. Certainly the transient
behavior will be strongly modified and the effective-
ness of steam limitation of power will be decreased
if a departure is made from this condition, as it may
well be in certain power reactor designs. In such a
case the difference between the behavior of the re-
actor with saturated water and with subcooled water
may be a very important one, and reactors designed
for operation as boiling reactors may have important
safety advantages.

No complete theoretical treatment of the transient
limitation of power by steam has yet been developed.
Attention should be called to some of the general
experimental results which will have important bear-
ing on the formulation of such a theory. Perhaps
the most obvious is that there is no apparent simple
relation between the energy liberated during a tran-
sient and the energy content of a steam volume of
the size necessary to remove the applied excess re-
activity. For example, the heat of vaporization of
sufficient steam to- fill the entire core volume “of
reactor I at atmospheric pressure was only 0.087
megawatt-second, very much less than the energy
generation in any of the experiments. Furthermore,
in extending the experiments from reactor I to re-
actor II, the total energy release did not increase in
proportion to the volume of steam required to pro-
duce a given decrease of reactivity. Finally, when
the experiments were extended from atmospheric
pressure to 300 psig (Fig. 17) the energy release
for a transient of given period decreased by almost

1 The “prompt” coefficient is that component of the tem-
perature coefficient of reactivity which depends on fuel-ele-
ment temperature alone, It results from thermal expansion
of the fuel element and Doppler broadening of resonances.
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a factor of 3, whereas the energy conten
volume of steam increased by a factor of 16.

Certainly one of the important considerations is
that although the energy required to vaporize a
significant volume of steam is small, the tempera-
ture differences required to transfer this heat to the
water in the short time available during the transient
may be large. The heat capacity of all the fuel plates
of reactor I was 0.05 megawatt-second per degree F,
and the heat capacity of all the water in the core
was 0.15 megawatt-second per degree F. Thus the
establishment of steep temperature gradients re-~
quired the expenditure of significant quantities of
energy. A further consideration is that relatively
high steam pressures must be built up to expel the
water from the reactor core rapidly enough to ter-
minate the short-period transients. A few pressure
measurements were made in the reactor core which
indicated that the peak transient pressure increase
was about 15 psi during a transient of period 0.034
sec, and of the order 100 psi during the transient
of period-0.005 sec. Consequently, even when tran-
sients are run with the reactor water at the ambient
saturation temperature, the water is effectively in
the subcooled state during the power excursion. Not
only must the fuel plates be heated to temperatures
corresponding to the transient saturation condition,
but steam, once it forms at the hot fuel plate sur-
face, may recondense in the cooler water.

Approximate theoretical treatments of the steam
transient have been made by various workers to
extend the results of the experiments to other re-
actor designs. Golian et al.§ have assumed that
steam is formed in a laminar layer immediately
adjacent to the fuel plate, and that the thickness of
the layer grows by conductive transfer of energy
across the layer to the water boundary. Edlund and
Noderer{ employ a model in which the transient
pressure rise plays an important part. It is assumed
that the heat transferred to the water is contained
in a layer adjacent to the fuel plate, the average
temperature of which equals the transient saturation
temperature. The layer, which contains water and
steam, grows in thickness as though by a thermal
conductive process, but with a thermal diffusivity
determined empirically from the experiments. Both
approaches have shown reasonable agreement with
the results of the experiments on reactor I.

The semi-empirical approach to extension of the
experimental data is facilitated by the circumstance
that all of the experimental power transients have
quite similar shapes if time is measured in the non-
dimensional unit of asymptotic reactor period. This
characteristic is illustrated by Fig. 15. Despite this
regularity, however, detailed examination of the
power curves reveals significant differences in be-
havior as the conditions of the experiment are
changed. In Fig. 23 the power curves for three

§ US Naval Research Laboratory.
i Oak Ridge National Laboratory.
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Figure 23. Time variation of power, fuel plate temperature, and
reactivity during power excursions on reactor 1!

different reactor II transients of about the same
period are reproduced along with the fuel-plate tem-
perature records. The power curves have been an-
alyzed to vield the variation of reactivity with time.
The differences in magnitude of the power and tem-
perature variations with subcooling and with pres-
sure are striking, but it is interesting to note also
the reactivity variations, At atmospheric pressure
and saturation temperature the reactor shuts itself
down by more than 8% key. In the subcooled con-
dition the degree of subcriticality achieved is con-
siderably less, and the recovery to criticality is

rapid, no doubt because of condensation of the steam.
At 300 psi the degree of shutdown is again small,
evidently because of the relatively low heat storage
in the fuel plates. The recovery to criticality is, how-
ever, quite slow. A striking characteristic in all
cases is the small fraction of the total reactivity
change which suffices to stop the initial power rise.
As is to be expected theoretically, this is equal to
the initial prompt excess reactivity.

The limitation of power in fast transients is one
aspect of the self-regulating behavior of reactors with
strong negative power coefficients of reactivity. Ex-
perience with the solid-fuel boiling reactors (e.g.,
Fig. 10) has shown that the self-regulation is nor-
mally stable but that a type of instability (chugging)
can result if the reactor is subjected to sufficiently
large reactivity variations. Fortunately, even under
chugging conditions the power is limited and does
not reach a dangerous level. It is no doubt true for
all self-regulated reactors that for some amplitude
of reactivity excitation the characteristic rates of
change of power are too rapid for the self-regulating
process to maintain control, and instability will re-
sult. In the boiling reactors it is believed that the
rate of escape of steam from the core, rather than
the rate of formation of steam, represents the limit-
ing time constant in the regulating process. Conse-
quently, in subcooled boiling operation, where steam
can leave by condensation, the range of stability is
increased (Fig. 11). In any case, however, the range
of stable self-regulation of the reactors investigated
is more than adequate for practical use and probably
exceeds that which can be attained practically with
artificial control systems.
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