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TECHNICAL REVIEW OF ZPR=-I ACCIDENTAL TRANSIENT -~
THE POWER EXCURSION, EXPOSURES, AND CLINICAL DATA

by

R. O. Brittan, R. J. Hasterlik,
L. D. Marinelli and F. W, Thalgott

INTRODUCTION

On June 2, 1952, 15:52 hours, a large reactivity change was made
manually in a ZPR~I assembly causing a power excursion of about one kwh,
which resulted in damage to the reactor core components and radiation ex-
posure of some of the operating personnel to perhaps several hundred rep.

None of the contributing causes is reviewed here nor are the measures
which were taken to reduce the probability of a recurrence discussed since
these are considered administrative matters beyond the scope of this techni-
cal report. It is intended only to describe the incident, estimate the exposures,
and present available clinical data,

In Section I, prepared by R. O, Brittan, appears a general account of
the incident, leading chronologically from the experiment in progress through
the cleanup and restoration of the reactor. This is followed by a detailed
description of the power excursion, the shutdown mechanism, and a summary
estimate of the upper limits of exposures., Finally, the pertinent measurements
are presented, first those made with the accident core and its components and,
subsequently, those made with the reconstructed core. Section II has been
prepared by F. W. Thalgott to present calculations and considerations which
lead to the energy estimates and support the contended shutdown mechanism,
In addition, the analyses used to fill some gaps in the experimental estimates
of the space~time variation of the radiation fields are presented. The radi-
ation exposure doses are estimated in Section III by L. D, Marinelli, Doses
from prompt and delayed neutrons and prompt and decay gammas are covered,
Section IV, prepared by Dr. R. J. Hasterlik, is a clinical report on the four
persons exposed. The exposed individuals are identified throughout by the
names Art, Bill, Carl, and Don in decreasing order of relative exposures.
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SECTION I

R. O. Brittan

In this section and generally throughout the report, zero time is
taken to be the time at the end of the burst (15:52:00, 6/2/52) and will be
noted by to. Space coordinates are rectangular with the origin on the core
centerline in the core midplane (z positive upward, x positive East, y posi-
tive North). In some instances, cylindrical coordinates having the same
origin are used ( 6positive from the Tx~ to the ty-axis, z positive upward).
For convenience, the origin of coordinates is sometimes translated verti-
cally to the core bottom or top. General orientation is afforded by the
layout showing the significant section of Bldg. 316 (Figure 1). For back-
ground data on ZPIIK-I design and experiments, the reader is referred to
reports ANL-4684" and ANL-4770.2

The accounts in this section are supported directly or indirectly by
the work in Sections II and IIl and in the Appendices, The measurements
made with the accident core or its components and with the reconstructed
reactor have been collected and presented here as a source to be drawn on
by the authors of subsequent sections.

DESCRIPTION OF THE INCIDENT

This description first presents some information on the experiments
being run, then leads into an account of the experimental procedures leading
up to the accidental burst, the phenomena observed during the burst, and the
actions of the experimental crew. There follows information on the emer-
gency procedures, the cleanup, and the restoration.

The experiment in progress consisted of an attempt to compare the
reactivity of the 3" cross control rod used in ZPR-~I experiments with 3 ;
cross regulating rods fabricated for use in the Mark I core of STR. The in-
formation was to be used in relating experimental data previously obtained to
conditions as they would exist in the actual reactor. This would, incidentally,
constitute an absorption proof test of STR rods. Previous calibrations of 3"
cross rods in ZPR=I could not be used because the core composition had
just been altered.*

*Much of the previous information relating to the 3" cross rod was
obtained from a core having 50% zirconium by volume and a U?*® con-
centration of 0,0318 g/cc. Only as recently as six weeks before the
incident the fuel elements had all been converted to contain 20% more
zirconium by addition of one standard size zirconium plate to each. The
zirconium had thereby been increased to 60% by volume and the space
available for the light water moderator correspondingly reduced. Experi-
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A cylindrical core approximating a circular cross section was
assembled with four blade type rods acting as safeties near the periphery
and the ZPR-I 3" cross rod at the center. The core components are de-
scribed in detail in Appendix A, The loading requirements of 5261 grams
were estimated on the basis of earlier experiments. A criticality check
was started at about t = =5.5 hours to determine whether an adequate core
had been assembled. By t = =5 hours the reaction was made self-sustaining
with all four blade safety rods withdrawn from the core and the central
7ZPR 3" cross rod withdrawn to a height of 74.1 cm (origin at bottom of
active core, which is 109.2 cm high). Since it was desired to compare ZFR
and STR rods at other lower positions, additional fuel was needed to main=-
tain criticality with the central rod inserted as low as z = 20 cm. Estimates
of requirements led to the addition of 1526 grams bringing the total to
6787 grams of U2?3, The core then consisted of 324 standard fuel elements,
the special elements associated with cross-control rod assembly type #7M,
the control and safety rods and guide tubes, and the dummy elements in the
reflector region used to fill the area between the clamps and the core ele~
ment end caps. The core loading diagram is shown in Figure 2.

A second criticality check was made, this time with the ZPR cross
rod withdrawn to 20 cm. At critical, one of the blade safety rods had to be
fully inserted, one inserted to 48 cm, the other two remaining fully with-
drawn, Since these blade rods were thought to be worth about 400 inhours
apiece, a margin of about 1000 inhours of safeties remained.

Following this check, the ZPR cross rod was replaced with the
STR 3" cross rod shown in Figure 3. The rod was clamped in position
(not attached to the drive as the ZPR rod was) by the use of triangular
wood filler blocks and C~clamps, using the rod guide tube for support.
The active tip of the rod was 49.2 cm above the core bottom. Att = -0.5
hours the criticality check for this configuration was started. At about
t = =0.1 hour the position of the safety rods for criticality had been deter~
mined to be threeblades fully inserted and one blade inserted to 32.5 cm
above the core bottom. '

The withdrawn blade rod was inserted to make the assembly subcritical
and, with the water still in the reactor tank, the assembly room was entered
by Art, Bill, Carl, and Don. With Art, Bill, and Carl on the platform sur-
rounding the reactor tank, and Don on the steps leading up to the platform at
the positions indicated by Ag.5, Bg, Co, and Dy in Figures 4a and 4b, Art
leaned over the assembly, unclamped the central rod, and began to withdraw it.

ments with the new Zr:H,O ratio showed that cores built with it were less
reactive than cores of the same size having the lower Zr:H,O ratio. Thus,
additions or subtractions of fuel elements, and motions of poisons in the
core result in smaller reactivity changes than could have been expected

in earlier experiments with lower Zr:H,O ratio.

B I
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By the time the rod had been withdrawn about a foot, a dull thud
characterized as an underwater shock was heard and a blue light emanation
persisting for a fraction of a second was observed from the top. At the sam,
time the upper clamped surface formed by dummy element end caps buckled
allowing outward lateral displacements of the tops of the core elements. Tk
water displaced from the core rose suddenly, as a bubble, with some gas
evolution to a height of about 20 c¢cm before spreading to the sides of the tank,
Probably a few hundred milliseconds after sensory perception, Art dropped
the cross rod back down its guide tube intothe core, straightened up, then
followed Carl and Don rapidly out of the assembly room. Bill followed at a
more leisurely pace. The paths are shown in Figures 4a and 4b, times being
denoted by subscripts are in seconds after t = 0.

The water dump valve had been opened by one of the instrument trip
circuits very shortly after the burst, and the water began to leave the tank,
exposing the core. Just as Art left the assembly room he observed the tank
to be half full, Bill observed the water to be at the bottom of the core from
the same vantage point. After leaving the assembly room, the group were
shielded by the 12" brick wall separating the East wing from the assembly
room. On entering the control room from the wing, the group became
shielded by the 3' concrete wall,

ZPR=-II was in operation at the time and a scram was induced by the
sudden increase in neutron and Y background. The two reactors are separate
by a 3' concrete wall, with core centerlines about 25 feet apart. No useful
data were obtained from ZPR=-II chart records and it does not enter further
in the analysis here,

Shortly after entering the control room, the sliding door between the
control room and the East wing was closed, Health Physics and Medical
staffs were notified, and monitoring and preliminary clinical examinations
began. The forced ventilation of the assembly room ceased when the sliding
door was closed.

Some immediate information regarding the assembly was available
since three recording detectors were in operation at the time of the burst.
Examination of the records indicated that indeed the reactor was not oper-
ating, and that the radioactivity of the exposed core was decaying in a reason-
able manner, Attention was immediately directed to caring for the group
involved and to monitoring the control room and other parts of the building.
At about t = 2 hours, the exposed personnel were removed to Albert Merritt

Billings Hospital,

An accumulation of fission products occurred in the control room air
so that the room was evacuated at about t = 1 hour when the level was deter-
mined to be above tolerance. The fission products were entering through
cracks around the sliding door. Transport by air was halted when the 7000 cf
air make=~up fan in the control room was turned on, raising the pressure abov
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that existing in the assembly area. The control room purging was begun by
turning on the 2000 cfm exhaust fan in the vault work room. An external
survey of the building at about t = 1 hour indicated ¥ activity of several
roentgens per hour through the freight door in the South wall of the as~

semblY area,

A plenum chamber containing CWS filters was constructed and in-
stalled in the assembly room exhaust system in the penthouse ahead of the
plower by t = 9 hours. At this time, a predicted light rain began to fall, and
purging of the assembly room air was begun by turning on the 5000 cfm

- exhaust blowers. Eniry to the blower room and control room was made only

py personnel equipped with assault masks and protective clothing.

Air samples taken through a hole cut in the freight door indicated
that purging was adequate by t = 13 hours to allow entry with the precaution
of wearing assault masks and protective clothing. Several Y measurements
were made in the assembly room using Zeus survey meters. The steps to
the platform were mounted and Zeus readings six inches above the core
showed between one and two roentgens per hour of y rays. The appearance
of the core was as shown in the photographs,Figures 5a and 5b. The water deion-
izer was found tobe stillturned on, and water from the drumwhich was being filled
had overflowed to the floor and out the back door or into the dump tank pit.
The tap water source was shut off and the assembly area was evacuated

until the next day.

QOutside contamination was obscured by fallout of radioactive particles
which resulted from a bomb test in Nevada earlier. The levels on the ground
were not greater than elsewhere on the site or in the general Chicago area.
Levels in the rest of the building were well below established tolerances.
Checks on the other personnel in the building indicated that a few had picked
up radioactive iodine which had deposited in the thyroid. This short-lived
fission product rapidly decayed, so that no significant exposures were detect-
able a few hours later,

The next day (June 3) additional measurements of ~y activity around
the core were made to provide data for closer estimates of the magnitude of
the burst and exposure, since first estimates indicated a possible exposure of
several hundred roentgens, close to a possibly lethal dose, although the person-
nel involved showed none of the expected early symptoms. The 7y activity of the
core indicated that it must be removed before the area could be decontaminated
because determination of degree of contamination would be obscured by the
Y -flux field surrounding the core. Several of the fuel elements were removed
for inspection, survey, and fission product analysis. However, the decay
scheme indicated that it would be about t = 100 hours before the core removal
could be accomplished without undue exposure. On the fifth day (June 6) the
core elements were removed, placed in groups of four in capped iron pipes,
and transported to vault storage to await future inspection and disposition.
With the core gone, it was possible to survey the assembly room and East
wing preparatory to cleanup.



Figure 5a

Core after Incident
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Cleanup to general background levels was accomplished during the
five day interval beginning on the eighth day. The water which had been in
the reactor tank was removed from the storage tank to a mobile retention
tank, then transported to reclamation site. During its short contact with
the core it had picked up some fission products and a small quantity of «
emitters. If all the activity in the 700 gallons were attributed to U235 not
more than 18 milligrams were present. Assays indicated that about 1/2% 4
of the fission product activity was in the water. The water was retained for
three months. By this time the activity had decayed enough to dump the wate?
down the drain. Room contamination was due to fall out and deposition of
fission products. Decontamination was effected by a single application of
detergent and warm water everywhere in the Assembly Room and East wing.

Subsequently, the accident core was reconstructed (with modifications
and experiments were run to augment data for a detailed analysis of the incid

THE EXCURSION ¢

The measurements and examinations made, along with calculations
and estimates presented in some detail in Section II make it possible to
reconstruct quite closely the physical processes in the core during and
shortly after the excursion, The following discussion covers the power
excursion, the shutdown mechanism, and the decay. A summary of some
significant numbers is included.

The loading pattern of the core (Figure 2) shows the four blade safety
rods which were fully inserted. With the cross rod in its clamped position
the previous experiment established that the assembly could be made critical
by withdrawing one safety rod 32.5 cm. Calibration of the safety rod in the
reconstructed core indicated that the reactor was subcritical by 100 inhours
(or 0.25 per cent 0 k/k) when withdrawal of the central 3 in, cross from its
clamped position 49.2 cm above the core bottom began at t = 700 ms. By the
time the central rod had been withdrawn only a few cm then, the assembly wa
critical and reactivity was being added at a decreasing rate assuming constan
rod withdrawal speed. The variations of reactivity, power, and associated
quantities with time are as represented in the following table. It is assumed
that the reactor was initially at a power level corresponding to 1 fission
per gram of U235,

The position of rod at shutdown was determined by comparison of
residual activity in the fuel elements of the accident core with the flux dis~-
tribution of the reconstructed core and calculated flux distributions near
the tip of a partially inserted rod. Estimated variation of total fission energy
power level, and fuel strip temperatures is given in Figure 6.
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TIME - REACTIVITY - POWER RELATIONS DURING EXCURSION

: iti Rate of
Time, t | Ro¢ Position, it p 101 Reactivity € o Total Power
L z cm above Reactivity Fission
milli- Introduced by Rod Level
q core Change Energy N
seconds midplane inhours | % &k/k inhours/sec | watt-hours v
-700 -5.4 -100 -0.25 1350 rod starts out
625 -2.6 0 0 1290 delayed critical
~-545 0.4 100 0.25 1220
-460 3.6 200 0.51 1140
-370 7.0 300 0.76 1070 prompt critical
-280 10.4 394 1.00 990
-165 14.6 500 1.27 890 0. 05 normal operating power level
-70 18.2 580 1.48 - 810 2 680 total power significant
-25 19.9 620 1.57 770 175 61000 | plastic at softening temperature
-10 ;0. 4 630 1.60 760 260 165000 | net reactivity reduced to zero
0 20.8 635 1.62 750 1040 0 | power level zero (shutdown)

¥
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Prompt critical was reached at about t = 370 milliseconds and the
flux had increased to normal operating levels by t=-165 milliseconds. The
total power developed did not become significant until t=-70 milliseconds,

by which time the flux was increasing with a period of ~/ 102 seconds, and
the power level was several hundred kilowatts. By this time the plastic
strip was beginning to heat sensibly in the region of maximum power gener-
ation. With all but 1/2% of the oxide distributed in particles of 10 micron
diameter or less, the plastic was heated in a uniform manner considering a
piece of say one centimeter square, so that the over-all plastic temperature
rose in proportion to the fission fragment fraction of total power generated,
reaching about 25°C at t = =45 milliseconds, and the softening point (80°C) at
about t = =25 milliseconds. Coincidentally, the large particles of about 40
micron diameier were heating up with a volume to surface ratio eight times
that of the smaller particles on the average, The surface temperatures of
the large particles then were much higher than for the small particles at

the same time, resulting in hot spots or temperature perturbations in the
plastic. By the time the general temperature of the plastic had reached 80°C,
the softening point, the temperature of the plastic locally in the region of the
large particles had reached temperatures of several hundred degrees and
conditions existed for the start of bubble formation with the particles as nuclei,

As time went on, the average plastic temperature increased so that it
had reached several hundred degrees by t = -5 milliseconds. The hotter the
average temperature, the softer became the plastic, the hotter the region
near large particles, and the more rapid the growth of bubbles.

These plastic vapor bubbles, whether vaporized polystyrene, vapor-
ized monomer, or destructive distillation products, caused the plastic strip
to grow in volume, effecting a decrease in density. Since this decrease was
exponential, and since reactivity varies nearly as the square of the density,
the positive reactivity introduced by the continuing rod withdrawal rapidly
became very small in comparison to the negative reactivity caused by the
density change. Since it only required a change in strip thickness of 1/2%
to reduce the reactivity by 1%, the reactor was made subcritigal within a
few milliseconds after bubble formation began, and rapidly became subcrit-
ical by many percent, It is estimated that by t = ~10 milliseconds the reactor
was subcritical and the power level began to drop. Thus by t = 0 there were
relatively no fissions occurring and the reaction had stopped, except for delayed
neutrons.

Even after the reaction had ceasedthe bubbles grew, displacing all the
water and expanding the fuel elements laterally. The heat transfer to the
water was negligible since the water was driven out very rapidly, and since
the temperature at the interface even at t = 0 was only a few degrees above
boiling. Thus expansion of the plastic due to bubble formation around large
oxide particles being heated exponentially in a plastic field also being heated
exponentially and displacement of water was the mechanism of shutdown. Since
to the observer this shutdown was simultaneous with manifestations of the run-
away, the dropping in of the cross rod by Art several hundred milliseconds
later was of no importance. The fact that the water was permanently displaced
by the foamed plastic giving an assembly with 75% voids would have prevented
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The plastic expansion took place essentially in the last 10 millisec-
onds, filling the space formerly occupied by the water and forcing zirconium
strips laterally. The slap of zirconium strips from adjacent elements would
account for most of the noise heard by the personnel. Bulging of the assem-
blies at their centers greatly increased the lateral loads at the clamping
planes. The pressures developed and transmitted to the water which was
being ejected augmented these. Since the upper clamping surface had no
appreciable normal restraint it buckled, breaking some of the plastic tubes
connecting the upper and lower caps and allowing the tops of the fuel ele-
ments to be displaced radially. Buckling of the surface and radial spreading
of the core element tops provided a water escape route w?ich allowed the
water to slug upwards, producing the bubble. .

Very little steam formation could have occurred by conduction of
heat from the plastic. This is true first because the temperature at the
fuel strip -water interface never got more than a few degrees above 100°C,
second because the water was rapidly ejected and contact was lost., It is
unlikely that more than a fraction of a liter was vaporized. Most of this
would condense before escaping from the water, some of it would come off
with the water bubble. The fact that the personnel were not contaminated
makes it unlikely that significant amounts of vapor or splashed water left
the tank. The total power generated would be enough to raise all the water
in the tank about 1/4°C.

Of the total power generated (1040 watthours) based on 190 Mev/fission
only about 900 watt hours representing the energy in the fission fragments
went to heating the strips, an additional 25 waét hours came off as prompt
gammas. The remaining power excepting comes off after t = 0
as delayed neutrons, decay ¥’s and g’s. Following a sudden burst of this
nature where 90% of the fissions occur in 30 milliseconds before shutdown,
it can be assumed with small error that all the delayed neutrons come off
after t = 0 according to their regular decay scheme. With a total. of
1.22 x 107 fissions, 3 x 10!7 neutrons will be produced of which 2.2 x 10!®
neutrons are delayed. These appear after t = 0 according to their delay
schemes, 25% coming off prior to t = 1 second, 50% prior to t = 3 seconds.
Hence the delayed neutron production reduces from 4 x 10/sec att = 1 sec-
ond to 10*/sec at t = 5 seconds and to 4 x 10! at t = 10 seconds. A fraction
of these (~90%) leak out of the core. The fraction is estimated to be 2%
for the top of the core and 867 for the sides, Before water dump those
leaking out of the top are attenuated by a factor of 30 between core face
and water surface. It takes about a second for the water level to reach the
top of the core. Personnel seeing the core top receive the leakage delayed
neutrons without attenuation other than geometrical after this. The water
tontinues to drop, so that after 10 seconds the core is completely exposed
and all the delayed neutrons leaking out are unattenuated by water.

~

By t = 5 minutes all the delayedneutrons but 0.1% have come off, and
after this they need not be considered. The fission products have associated
decay gammas and betas. The energy of these decay radiations falls off
slowly right after fission, gradually decreasing at an increasing rate until

RS e



¢ =10 seconds, when the decay rate becomes proportional to t™'-2!, This
decay scheme is followed for about 75 hours, then gradually drops off

so that the exponent§ of t changes to =1 by t = 200 hours. At this time the
intensity is down by a factor of more than 10° over its value at t = 0,

Pertinent data relating to the excursion is presented in the table
which follows,

SUMMARY TABLE OF EXCURSION

(Most Probable Values)

5 k/k subcritical at start’ -0.25%
5 k/k added before shutdown 1.87%
5 k/k maximum 1.62%
§ k/k subcritical after shutdown -46%.

Shortest period 0.01 seconds
Maximum power level 165 megawatts
Total number of fissions 1.22 x 10'7 fissions
Duration of burst ~799% of fissions occurred in 50 milliseconds
Total fission energy release (190 Mev/fission) 1040 watt-hours
Duration of excursion 700 milliseconds
Average temperature reached in plastic at

position of peak flux 390°C

Mechanism of shutdown Introduction of voids by
bubble formation in plastic
around large uranium oxide
particles as nuclei

Prompt gamma burst 150r at water surface 8"
above core

Fast neutron burst 39r at water surface 8"
above core

Decay gamma intensity 200r/second at top of core
one second after shutdown
(water down)
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SUMMARY OF UPPER LIMIT OF DOSES

_consistent results among theinscl-ec which are several times higher than ty

A summary of exposures is included here for the convenience of the |
reader. Only the upper limits are given, and it should be pointed out that
it is equally probable that the fast neutron contributions might be only 40%
of those shown. If such were the case, some of the doses would be materi-
ally smaller. For example, those given for the eyes would be reduced by 3

Some of the measurements of fast neutron doses are not in agreemen
The various counters which must be biased to eliminate gammas seem to giv

results obtained by the use of NTA plates or by the subtraction method. This}
latter method uses differences between tissue-equivalent ionization chambersf
sensitive to both gammas and fast neutrons and gamma dosimeters which arez
insensitive to neutrons. The first scheme is said to have disadvantages,
among them being the difficulty of determining whether adequate discrimi-
nation has been achieved. The second scheme has a disadvantage in this
particular case of operating in a mixed fast neutron-gamma field where the
relative gamma ionization is more than ten times greater than the fast
neutron ionization, resulting in small differences between large numbers.
These differences sometimes are smaller than the experimental error as
was the case here. Rather than decide which measurements are correct,

it seems that the best thing to do is include all the evidence and possikle
errors when estimating the upper limits. The average doses to the trunk
are based on the dose at the badge position, where most of the measure-
ments are taken. Doses at the eyes, at the groin, and at the feet may be in-
ferred from the various surveys that were made. The following tabular
summary then is that of the upper limits of dose at the various positions.

The numbers represent rep (unidirectional in air), not badge rep, in the
case of the components and rem in the case of the totals. Because of the
difference in biological effectiveness of fast neutron type ionization and

.gamma induced ionization, the gammas and fast neutrons must be separated

to determine the equivalent doses. After separation, a biological effective-

ness factor must be applied to the fast neutron dose. This factor is assumed
to be 3, generally, but in the case of cataract formation it is considered to be
10. Thermal neutron doses are not included since these were less than 1 rep




TABLE OF UPPER LIMITS OF FAST NEUTRON-GAMMA EXPOSURES

(Unidirectional in Air) (a)

prompt decay total fast neutrons(¢) total total
gammas gammas gamnas( b) . prompt | delayed neutrons( <) dose( e)
. rep rep rep rep rep rep | rem(d) rem
padge Position
(Av. for trunk)

! Art 120 25 145 12.0 2.2 14.2 43 189
Bill 50 66 116 5.0 4.6 9.6 29 146
Carl 44 11 55 4.4 1.1 5.5 16 71
Don 1 9 10 0.6 0.2 0.8 2.4 12

Eyes
Art 165 16.2 162 327
Bill 111 9.1 91 . 202
Carl 51 5.1 51 102
Don 11 0.8 8 19
Groin
Art 154 . 13 39 193
Bill 163 19 57 220
Carl 77 10 30 - 107
Don 8 0.5 1.5 10
Feet
Art 220 14 42 192
Bill 308 29 87 303
Carl » 209 12 36 180
Don 4 0.2 1 3

(a)Gamna rep equivalent unidirectional in air = badge rep/1.39 plus dose missed by
badge because of body shielding.

(b) .+ 0
Accuracy: _agq

(c)(Lower limit, based on subtraction method and NTA Plates, is 40% of these values.)
Accuracy: 4:18%

(d)Rem = 3 x rep except in case of eyes where rem = 10 x rep

(e)Total dose = total gamma rep + total neutron rem,

MEASUREMENTS WITH THE ACCIDENT CORE

Here are presented and discussed, first, measurements made in the
assembly room following the burst with the core in place and, second, survey,
observation, and analysis of core components,

29
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ASSEMBLY AREA - CORE IN PLACE

Measurements made in the assembly room after the burst were,
of course, limited to those of delay y-flux variation in space and time.
There were a series of measurements made with the three recording
instruments in operation at the time of the burst. These indicated vari-
ation with time only. Other measurements were made at various times
and various positions with Victoreen chambers and Zeus survey meters.
Consider first the recording instruments,

Three recording instruments were turned on at the time of the
burst., These are designated P-V, P-VI, and P-VII and described as follows:

P-V  Argon filled pressure chamber giving a current
proportional to the y=flux. Active length = 12";
active diameter = 10"; active volume = 930 cm3;
pressure = 40 atmospheres. (Range: 6 decades
to 10~7 amp full scale.)

P-VI B!%F;-filled ion chamber detector, giving an ampli-
fied current reading proportional to the thermal
neutron flux, but sensitive also to ionization by V's.
Active length = 12"; active diameter = 2"; pressure
= 760 mm. (Range: 3 decades to 10~ amp full scale.)

P-VII B!%F,-filled ion chamber detector designed to give
a reading proportional to the logarithm of its cur-
rent. The chamber is of the same design as P-VI,

The relative locations of these instruments are shown rotated into the
x - z plane in Figure 7. The coordinates of the centers of the active
volumes of these detectors for z = 0 at midcore height are, in cm,

x y z R 2]
P-V  -143 +143 -5 202 135°
P-VI 93 16 -40 94 10°
P-VII" 53 =19 +71 56 340°

Because of slow response time, lack of range, and/or intermittent
operation, the records are imperfect. In all cases, the pen traveling at a
rate of 1/2 full scale/second was unable to keep up with the rise in power
level during the burst and showed an initial peak at 4/10 full scale. This
was where the pen reversed direction as the shutdown power decreased from
its true peak., The pen then followed the decrease, reaching a minimum as
the initial removal of the water shield allowed an increase in flux. As soon

"as P-V and P-VI saw the bare core they went off scale. P-VII however,
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which records proportional to the logarithm of the current, rose only to the
level commensurate with the ionization current from -y's and delayed neutrong
then followed their decay. P=-VI remained off scale for several minutes, then '
returned and followed the decay. P-V, however, stayed off scale for several
hours because of malfunctioning of a resistance changer switch.

Unfortunately, the recorders were turned on and off at various times
without record, so that the early decay curves could not be accurately recon-
structed. To offset this, a number of readings of the ammeters of P-V, P-V]
and P~VII were recorded along with the time of day. The best reconstruction
of chart data possible is shown in Figure 8 using the observed individual
points, During the first few minutes after t = 0, the chart records include
contributions of delayed neutrons. This contribution has certainly vanished
after ten minutes. Superimposed on the data are the straight line curves
proportional to t~!*?!, It is evident then that the burst is of short enough
duration toassume that the gammas decay pwopomional to t™!'+?!, Thevy
intensity was determined for P-V using the conversion factor of 2.63 x 10'°
mr/hr/amp established in later measurements on the reconstructed core.

The attempts at determining the ¥flux at several points in the assembly §
room with Victoreen chambers inserted through a small hole in the freight "
door introduced errors of such magnitude that the results are in question and
are discounted. Partial shielding by structural members, back=gcattering at
the door, and presence of fission products in the air contributed to the ques-
tionable observations. These observations are listed for record, however. At
various times after access, readings were taken with a Zeus survey meter.
One seems to be out of line by a factor of 2, which has been ascribed to an error}
in applying the scale factor. To compare the readings, the data has been adjusted§
tot = 5 hours assuming the decay proportioned to t™'+!, The space and time t
coordinates are given with the readings as well. All readings taken at core
midheight have been adjusted to the position of P~V in the last column of the
table (radial distance from core centerline = 202 cm). The average value at
this position for t = 5 hours is 928 ¥ 5% (mr/hr). The point 7y -flux measure-
ments at approximately midcore height are summarized in the table on the
following page.

FUEL ELEMENTS i

Fuel elements were removed from the core between the third and fifth
day for examination, survey measurements and fission product analysis. Each
standard element is identified by a serial number. Each special element é
making up the control rod sub-assembly is identified by a letter-number com-
bination. Locations in the core of the elements removed for inspection are
shown in Figure 2, The elements are N-3, N-5, N-6, N-7, N-8, 25, 103, 193,
215, 338, 433, 526, 587, 588, and 589.
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Distance -yInten- Corrected to

Time After
Instrument Burst, hr from sity 202 cm from Axis
' Core, cm mr/hr 5 hr After Burst
Victoreen Thimble 7.38 144 1560 1270
Victoreen Thimble 7.63 280 430 1367
Victoreen Thimble 8.13 462 176 1658
Zeus 1.63 466 1500 2060
Zeus 3.97 466 250 1010
Zeus 12.88 151 500 © 875
Zeus 13.38 75 2000 910
P-V 6.80 202 658 955 ?
P-v 9.80 202 421 951
P~V 21.88 202 150 892
P-Vv | 25.63 202 121 875

P~V 5.00 202 908 908
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Examination of Fuel Elements

Photographs of elements N=-6, N-7, N-8, and 587 were made and are
shown in Figures 9 to 14. The typical appearance can bedescribed for the
central section of an element as follows: The plastic fuel strips had expanded
to fill all of the space between zirconium plates. Where two fuel strips ex-
;sted between plates (in two spaces, since there are seven strips per assembly)
the space was expanded by bowing the zirconium out. The plastic had also
extruded in a direction parallel to the plates, contacting and fusing with extruded
plastic from the adjacent assembly to the extent that elements stuck together,
requiring some force to separate them. As the extruding plastic reached the
edge of the plate it appears to have flowed normal to the plate thus filling all
free space, The plastic is filled with small voids in the form of bubbles which
equal the original free space in volume, The appearance might be character-
ized as “foamed plastic.” This description is of the most altered section. The
extent of “foaming” was less toward the ends of the elements and in elements
farther from the center of the core, This latter characteristic may be seen
by comparing the photographs for elements N-6 and 587, located 6.6 and 25 cm
from the core centerline, respectively. Elements adjacent to a fully inserted
safety rod showed little or no foaming.

If two elements are stacked with their end caps together at the lower
end as in FigurelQ,the upper caps are well separated as a result of the bulging
in the central sections where the zirconium plates are bowed out, It is evident
then that the expanded plastic occupies more than the original free space, at
least in the central region.

To assist in the examination, some experiments were run on samples
of unused fuel strip to indicate gross behavior on heating. The samples were
placed for one minute between metal blocks heated to controlled temperatures
of 250, 300, 350, and 430°C and then quenched in water. Photographs of three
of the samples are shown in Figure 15. Below 300°C the plastic shows defor~
mation or plastic flow, but no foaming. At 350°C the plastic exhibits consider-
able gross foaming, and at 430°C is completely vaporized. Polystyrene
transition temperatures lie between 80°C and 85°C. At this temperature it
becomes very soft and can flow markedly under moderate pressures. Depoly-
merization begins to occur rapidly above 250°C and the monomer is attained
above 300°C. The monomer is in the gaseous state above 146°C (stp). Destruc-
tive distillation becomes evident when the polystyrene reaches 330°C and is
quite rapid above 360°C. Distillation products can be identified as toluene,
isopropenylbenzene rand others. Analysis of foamed strip showed presence of
free carbon, and the elements had characteristic odors associated with distil-
lation products.

About six weeks after the accident, the core fuel elements were examined
to establish salvage possibilities. In making the examination it was assumed
that only peripheral elements could be of further use. Hence, 15 peripheral
elements of one quadrant, including some from both sides of the safety rods
were chosen,
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Figure 14

14-c

14-b
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Figure 15
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The method of examination consisted of removing the bottom plastic
end cap and three of the five strips of polyethylene tape which holds the ele-
ment together. By spreading the zirconium strips apart, it was possible to
examine approximately 30 inches of the fuel strip.

Extensive damage was noted on all fuel strips which were cemented
to zirconium. The damage consisted of swelling, bubbling, or an apparent
increase in thickness of the fuel strip. On fuel strips which had earlier
required extensive repairs, it was noted that in areas where a great deal of
cement had been used, the amount of swelling or bubbling was greater than in
other areas, It is probable that all the solvent (xylene) in the cement had not
evaporated and the heat generated at the time of the accident caused the solvent
to volatilize with the resulting swelling in the fuel strip. Wherever plastic
spacers were used in the elements, deep indentations had been formed in the
fuel strips. It will not be possible to reuse any of the fuel strips which were
cemented to zirconium,

The extra fuel strips =~ those not cemented to zirconium ~~ are in
better condition. It is possible to salvage some of the extra fuel strips from
each element that was examined. The amount that can be saved ranges from
the entire strip down to pieces approximately six inches long from each end
of the strip. The type of damage to the extra strips was similar to that of the
strip cemented to zirconium, However, it was not as severe. The thickness
of one strip was checked and it was 0.020 inches, an increase of 0.007 inches.

On the basis of the examination it was estimated that not more than
2700 inches of strip, in pieces, could be reused. These strips would corres-~
pond to nine fuel elements, about 3% of the total.

A microscopic examination of unirradiated sections of fuel strip was
undertaken to obtain information on uranium oxide particle size and distri=-
bution, Originally the strip was fabricated using =325 mesh oxide which ex-
cludes particles greater than 40 microns in diameter. The microscope could
penetrate about 20 microns into the plastic. Nearly all (~100% ) of the particles
observed were about 10 microns in diameter. Maximum observed particle size
was 40 microns, with 20 such particles found on the average per cm? of surface
examined., There appeared to be no gradation between these sizes. It was esti-
mated that with each 20 micron layer containing 20 of the 40 micron diameter
particles/cm™, there would be found 10 such particles/cm?® of plastic or 300
particles per cm? of fuel strip. The associated particle volume is 3.4 x 10~4

cm®/cm?® of fuel strip.

In fabrication of the strip, 705 gm of plastic were mixed with 379 gm of
mixed oxide (nearly 100 % U,0g). If the density of the plastic is taken as 1.05
gm/cc and that of the oxide at 7 gm/cc, the specific volume of all the oxide is

. ~F46 cm®/cm® of strip.
0.0 YL
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Residual Activity of Fuel Elements

A survey of gross residual activities of each of fuel assemblies N=-3,

N-5, N-7, N-8, 526, 103, 338, 215, 193, 588, 589, 25, and 433 was made with
a Geiger counter located 220 cm from the elements. The relative activities 7
were normalized to the uranium density and size of standard element 338 and §
corrected for decay during the survey on the basis of a control element decay §
scheme, Finally, this survey contributed a mean radial residual activity plot ;
averaged over the core height, as shown in Figure 16, Determination of the §
axial distribution of residual activity in each of these fuel assemblies was ac- §
complished by a survey with a B -y detector, using a 7/8" slotted shield which
traversed the assembly. These distributions were normalized by applying the
%

integral values obtained in the gross survey to the integrated curves. The
axial distributions are shown in Figures 17a, 17b, and 17c.

The decay scheme of the core elements was studied, Gross activity :
of element 338 was measured from t = 25.6 hours through t = 72 hours. Later, i
the gross activities of elements. 338 and 588 were measured in the interval fron;;
t = 93 hours to t = 334 hours. The variation of activity with time is plotted for
these elements in Figure 8 along with the records on the whole core. The early
activities decay proportional to t™!-2! with the exponent of t decreasing to about
-1 for the activities in the later tests. Evidently very little error will be en-
tailed in assuming the decay proportional to t~!*?! for measurements made
before the core was removed on the fifth day.

Fission Product Analyses

Segments of fuel elements N~6 and 587 were removed for fission product
analysis by the Chemistry Division. Two segments from N=-6 were used, and
one from 587. Their extent and location in the core are given by the following
coordinates, with z = o at core midplane:

z X Y

top of bottom of center of
segment segment segment

cm cm cm cm cm
N6(A) +45.6 +50.6 +48.1 -6.4 -1.7
N6(B) -3.4 -1.4 -2.4 -6.4 -1.7
587 -5.4 +6.6 +0.6 +19.0 +16.5

Assays were made to isolate the fission product Mo??, From the activity, know:
yields, and concentration of U?*5 the number of fissions per gram were determi
for the three samples to be
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