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EDITORIAL

The New Look of Nuclear Safety

As announced in our previous issue (Vol. 34, No. 2), this issue begins a
semiannual publication frequency for the Nuclear Safety journal instead of the
quarterly appearance of the recent past.

It must be apparent that the subscription cost per issue of the journal repre-
sents only a small fraction of the total costs of producing this publication. In
fact, by government rules, the subscription price pays only for printing,
binding, and mailing, so all the editorial costs must be borne by our sponsor.
The reduction in publication frequency was mandated by a change in the
sources of financial support of the journal, which went from joint funding by
both the Department of Energy and the Nuclear Regulatory Commission
(NRC) to funding by the latter alone. Although the level of support from
the NRC has increased substantially, for which I am profoundly grateful to
Dr. Eric Beckjord, Director of the NRC’s Office of Nuclear Regulatory
Research, it is nevertheless less than the total from the two combined sources
in the past; this has led to the reduced publication frequency.

The change in appearance of Nuclear Safety as reflected in our new cover
design is the outward manifestation of the more significant changes in the
journal. The technical reviews and articles we publish form the backbone of
the journal. It would be difficult to maintain the broad and thorough subject
coverage that our title and history promise with only half as many articles per
year. As regular readers of Nuclear Safety will remember, the journal used to
carry, in addition to these technical articles, so-called current events items, in
particular, the “Operating U.S. Power Reactors,” “General Administrative
Activities,” and “Waste and Spent Fuel Management” as a regular part of each
issue. These items constituted about 30 percent of the pages of each issue.

Given the new constraints on number of pages per year, | decided, in
concert with the Nuclear Safety staff and with the support and concurrence of
our NRC sponsors, to drop these columns from the journal. We did so for two
reasons. The first is that, with publication only twice a year, the
newsworthiness and interest of the current events material would, in any event,
be greatly diminished. The second, and perhaps even more compelling reason
for eliminating these columns, is that the space they occupied is freed up
for printing more articles. Thus we will be able to carry not half, but rather
70 percent, as many pages of articles per year in two issues as had been carried
in four same-size issues in the past.

We will, of course, make every effort to maintain the quality of these
articles at as high a level as heretofore, and, in fact, the reduced number of
articles per year will provide a motive for even more stringent acceptance
criteria than we applied in the past. We will also significantly reduce the
number of announcements of future technical meetings and courses, publish-
ing only those which lie far enough in the future to be useful despite our
infrequent publication schedule and which are of wide interest and importance.

As it has for thirty-five years, the journal will aim to serve its readers by
presenting a wide spectrum of papers covering the entire range of disciplines
that make up the field of nuclear safety. Quality papers will be solicited and
accepted from around the world, with the only real criterion being that they be
of interest and use to the U.S. and international nuclear safety communities
and thus help establish and strengthen a safety culture that permeates every
organization involved with nuclear matters so as to make nuclear energy and
technology as safe and reliable as possible.

As before, subscriptions to Nuclear Safety may be obtained from the
Superintendent of Documents, U.S. Government Printing Office, Washington,
DC 20402-9371.

Dr. Ernest G. Silver, Editor-in-Chief




Chernobyl Accident Management Actions

By A. R. Sich?

Abstract: Accident Management Actions taken during the first
days after the Chernobyl accident either proved ineffective or
were not fulfilled as reported by the Soviets at the International
Atomic Energy Agency Meeting of Experts in Vienna in August
1986. Most significant to source-term analyses and estimates is
that it is now believed that approximately 71% of the initial
190.3-tonne UO,; fuel load was exposed to a high-temperature
oxidizing environment because the core was neither covered
with various materials thrown from helicopters 1o smother the
fire nor was the core purged with (liquid) nitrogen. Both these
actions were originally believed (on the basis of Soviet reports)
to have effectively brought the crises to an end. These results
seem to support earlier western far-field source-term estimates
that significantly more volatile radionuclides may have been
released as a result of the accident than reported by the Soviets
in August 1986.

Nuclear engineers have reached a consensus that the
main cause of the Chernobyl accident (from the technical
point of view) was reactor instability, primarily caused by
design shortcomings of the RBMK-1000 reactor
combined with violations of operating procedures
(see endnote a, p. 18). More broadly, the accident was a
direct result of fundamental design and administrative
deficiencies. Strong management emphasis had been
given to the importance of running a safety test before
Unit 4 was shut down for scheduled maintenance.
Management and operator actions placed a reactor of de-
ficient design into progressively more unsafe configurations.

“Massachusetts Institute of Technology.

CONTRADICTIONS AND CONCEALMENT

Various aspects of the accident that led to the destruc-
tion of Chemobyl Unit4 have, to a greater or lesser
extent, been studied and understood. The possibility of a
large-scale imbalance in the neutron flux, the influence
of thermo-hydraulic instabilities and pump cavitation,
the faulty design of the emergency control (scram) rods,
operator actions, etc., all played an important role in the
development of the accident. Although certain unknown
details may not change the general overview of the
processes and main conclusions on the causes of the
accident, their careful re-examination should be con-
ducted with emphasis on the study of data that are now
becoming available on the operation of Unit 4 just before
the accident.

In contrast, the “Active” or “Source Term” Phase of
the accident is investigated to a far lesser extent because
little beyond scant descriptive information has been pub-
lished or made available by the Russians or Ukrainians.
The active phase of the accident is defined as the period
from the initial destruction of the core, caused by the
violent interaction of fragmented or molten fuel as it
came into direct contact with the primary coolant and the
subsequent steam explosion to the puzzling and very
sharp drop in the release of radionuclides into the envi-
ronment approximately 10 days following the accident.
It is this stage that determined the distribution and state of
the fuel after the explosion(s) and consequently the local
conditions during the activity releases of the Active
Phase. An examination of Chernobyl releases in terms of
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2 THE CHERNOBYL ACCIDENT

physical and chemical processes taking place within the
reactor fuel during the Active Phase would be useful if a
relationship could be established between these processes
and the observed releases of radioactivity. In turn, it may
be possible to determine whether observations during the
Chernobyl accident have any relevance or applicability to
source-term predictions for severe accidents at other
types of reactor installations in the West.! Finally, if a
reliable model can be established, it may be possible to
account for discrepancies between the far-field measure-
ments of fallout from the accident and values presented
by the Soviets at Vienna. This would prove invaluable
for radiological experts to determine the extent of
contamination shortly after the accident and by extension
for comparisons with the currently observed rise in
children’s thyroid cancers in Ukraine and Belarus.23

Indeed, one of the frustrating consequences of the ac-
cident is the gap between the conclusions of scientific
research and the realities of the effects of the accident on
the population at large and upon the surrounding envi-
ronment.* Although some scientists and engineers have
concluded that in certain cases radiation fallout was too
low to have significant effects, in many villages there has
already been a discernible and even alarming rise in
oncological sicknesses, even though the latent period for
these cancers is somewhat greater than the time since the
accident (see endnote b, p. 18). In addition, although the
Soviets are to be commended for displaying a great deal
of candor at the International Atomic Energy Agency
(IAEA) Meeting in Vienna in August 1986, fission-
product release information presented there must be
reviewed to determine which data may be reliably used
to estimate release rates during the Active Phase of the
accident. Because of circumstances and the general
unpreparedness of the Soviets for an accident of this
magnitude, in part, brought on by their relatively lax atti-
tude toward nuclear safety,> much of the information,
including information on the source term, is presented in
a roughly summarized fashion. Moreover, many gaps in
the information render some of it (except general descrip-
tive accounts of what may have occurred a few days after
the accident) virtually unusable.

The advent of what some would call “true” glasnost
in the wake of the Chernobyl accident has heralded
disclosures of cover-ups regarding the magnitude and
extent of the accident®® (see endnote ¢, p. 18),
Belarusian, Russian, and Ukrainian scientists have inti-
mated in the press and to some of their colieagues in the
West that there truly are a number of Chernobyl accident
consequences and much data that were not discussed in
the initial Soviet report at Vienna (see endnote d, p. 18),
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despite the apparent openness of the Soviets in describing
the accident (see endnote e, p. 18); for instance, it is now
known that several pages detailing large quantities of ra-
dionuclides deposited 100 km and more northeast of
Chernobyl were removed from the Vienna report follow-
ing directives from the Soviet Central Committee. %11
The Soviet press in 1989 began carrying more and more
articles calling for an investigation into the “real” causes
and circumstances surrounding the accident, alleging that
the environmental impact was “tremendously
downplayed.”1? These allegations were confirmed in
mid-1989 (more than 3 years after the accident) when a
secret decree of the USSR Ministry of Health (June 27,
1986) ordering silence about the Chernobyl accident and
its effects upon the populace and cleanup workers was
rescinded.!31* Decisive action followed Ukraine’s inde-
pendence declaration of Aug. 24, 1991, and its Dec-
ember 1 independence referendum. Almost immediately
following the referendum, a special committee of the
Ukrainian Parliament presented to Ukrainian and Russian
State Prosecutors evidence for a top-level conspiracy to
conceal the extent and severity of the accident.

One of the most persistent myths concerning the ex-
tent of the accident—and perhaps the most relevant factor
for a proper source-term analysis—is the claim by the
Soviets at Vienna that the 5020 tonnes of sand, clay,
dolomite, boron carbide, and lead dropped by helicopters
on top of the reactor during the Active Phase of the acci-
dent and a liquid-nitrogen purging of the core together
succeeded in cooling, smothering, and sealing the core
almost completely from the environment and stopping
the further release of radionuclides.!®> Although INSAG-1
provides a generally positive appraisal of these Accident
Management [Mitigation] Actions (AMAs),!67 serious
doubts as to the validity of Soviet release estimates arose
quite soon after the accident.*'%19 Inexplicable in particu-
lar (and questioned by western experts) is the curious
shape of the total activity release curve (known as the
“bathtub” curve and reproduced as Fig. 1) obtained from
Soviet data.?® Also rather puzzling is that the supposed
filtration provided by the materials thrown onto the core
and cooling of the core with nitrogen seem to have been
ineffective in impeding the release of volatile radionu-
clides—especially if one considers the far-field estimates
to be more representative of Chernobyl releases.

In fact, as this article will detail, in contrast to what
was reported by the Soviets in August 1986, the material
thrown onto the core in an attempt to smother the burning
fire and the purging of the core with (ostensibly liguid)
nitrogen were not successful. The implication is that the
core “burned” virtually uncovered during the Active
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Fig. 1 Total Chernobyl Unit 4 releases over the Active Phase—the “bathtub” curve.2?

Phase of the accident—releasing radioisotopes into the
upper levels of the destroyed reactor building and directly
into the atmosphere. This not only calls into question
Soviet and western analyses of Chernobyl source-term
releases!?! but also may have important ramifications for
the planning of western accident management strategies.
Moreover, the health impact to former residents of the
30-km exclusion zone surrounding the station (some of
whom were not evacuated from this area until 8.5 days
after the accident)?? must be re-examined in light of the
greater releases suggested by this scenario.

CHRONOLOGY OF EVENTS AND
ASSESSMENT OF MITIGATION
EFFORTS TAKEN FOLLOWING
THE INITIAL DESTRUCTION

OF UNIT 4

This section will re-examine the effectiveness of
Soviet AMAs to mitigate the consequences of the
Chernobyl accident. Particular attention will be paid to
the two actions that have a direct bearing on source-term
releases, namely, the dropping of materials onto the core
to smother the fire and the purging of the core with liquid
nitrogen to cool it and hinder its ability to interact with
surrounding structures. Of minor significance to source-
term releases, but nevertheless interesting, are two other
AMAs that will also be examined: (1) the release of

water from the pressure-suppression pool to mitigate the
possible release of steam and enhanced transport of core
materials if the molten core contacted the water, and
(2) the construction of a flat-bed heat exchanger under
the foundation of the Unit4 reactor building to militate
against a possible “China Syndrome.”

Appraisal of the Situation and Fire
Containment

The tremendous task of mitigating the consequences
of the Chernobyl accident began almost immediately
after Unit 4 was destroyed (i.e., in the middle of the night
of April 26, 1986). As a result of the explosion, signifi-
cant quantities of reactor materials (in the form of large
chunks of graphite, pressure tubes, and fuel assemblies)
were hurled up to a distance of 150 m from the center of
the reactor. Because of their initial high temperature and
decay heat, these materials started more than 30 fires on
the roofs of the Units 3 and 4 auxiliary buildings, the
deaerator roof of Unit 3, and the machine hall above
turbogenerator 7; unfortunately, much of the roofing of
these buildings was pitched with tar (bitumen), which
exacerbated the fires. Inside the damaged Unit 4 reactor
building, other fires had started because fuel and lubrica-
tion oil pipes and containers were damaged. The immedi-
ate task, therefore, was to localize these fires to prevent
them from spreading to the adjacent Unit 3 and eventu-
ally to douse them. By 02:15, fires on the roof of the
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4 THE CHERNOBYL ACCIDENT

machine hall were localized; by 02:35, fires on the
reactor and auxiliary buildings were put out; and
by 06:35, all the fires in the vicinity had been
extinguished.2>-24

On Saturday morning (April 26th) the government
formed a Government Commission charged with coordi-
nating accident “liquidation” (see endnote f, p. 18)
(mitigation) tasks along with the mobilization of
resources necessary to carry out such tasks (see endnotes
g and h, p. 18). Unfortunately, because initially no one
seemed to know what had happened, nor was anyone
sure of the extent of the damage (see endnote i, p. 18),
incomplete information was being sent to Moscow as to
the nature and extent of the accident (Ref. 11, p. 83).
According to Serhij Vasyl’ovich Shirokov (Head of the
Division of Nuclear Power Stations in the Ukrainian
Ministry of Energy and Electrification at the time of the
accident, who was assigned as coordinator of mitigation
efforts in Kiev), at first it was very unclear what had
happened—mainly because Anatolyj Djatlov, Deputy
Chief Engineer of Units 3 and 4, and Viktor Brjukhanov,
director of the station, refused to believe what had
happened.? Although some plant personnel had risked
their lives to climb to the roof and see what was going on
(Ref. 11, pp. 81 and 82), they were either afraid to
describe what they saw or were simply not listened to
or believed. An attempt to cool the reactor with water
seemed to fail (Ref. 11, p. 80), although through a greater
part of the day on Saturday some station engineers
still thought the core was being at least partially cooled
by water. It was not until 10:00 p.m. on the day of the
accident that a specialist from NIKIET (the RBMK
design institute) flew over the reactor to assess the
damage and reported that indeed it had been destroyed
(see endnote j, p. 18). Apparently, first official recogni-
tion of what had occurred was around 3:00 in the
afternoon.?6 It is more likely, however, that the extent
of the damage was not known by the members of the
Government Commission until some time in the evening
after the reconnaissance mission was flown over the reac-
tor (see endnote k, p. 18). In response, the Government
Commission decided to “bomb” the reactor with various
materials to smother the fires inside the central hall area
(Ref. 11, pp. 106 and 107; Ref. 23, pp. 87 and 88).

Active Phase Accident Management Actions

Material Dumping to Smother the Reactor
Fire. Most descriptions and appraisals of Soviet AMAs
undertaken during the Active Phase to limit the release
of radionuclides and to seal the reactor from the
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environment do not fully reflect the reality of events
during this period. One of the chief methods used to
smother the fire was to dump thousands of tonnes of
materials by helicopter into the Unit 4 reactor building.
The materials dumped and reasons given by the Soviets
for using these materials follow:

* Boron carbide, B,C To ensure against
recriticality in the

core.

* Dolomite, MgCa(COs), To generate carbon
dioxide to provide a
smothering gas blan-
ket and contribute to
the dissipation of core

decay heat.

* A clay—sand mixture To quench the fire and
provide a filtration
layer to limit radioiso-

tope release.

* Lead” To absorb heat and
provide a liquid layer
that would solidify
upon cooling to seal
the core and shield the
surrounding environ-
ment from ionizing
radiation.

Between April 27 and May 2 more than 1800 “bomb-
ing campaigns” dropped 5020 tonnes of friable materials
into the reactor building—although some dumping of
sand and clay continued through May 10 (Ref. 22, p. 83).
[Helicopter logs indicate that, to the end of May 1986,
14 000 tonnes of solid materials, 140 tonnes of liquid
polymers, and 2 500 tonnes of trisodium phosphate
(a dust-suppressing liquid) were dropped into the dam-
aged reactor building.]?® Medvedev reports, “At 7 p.m.
on May 1, [Boris Y.] Shcherbina [Deputy Chairman of
the Soviet Council of Ministers and Chairman of the
USSR Chernobyl Commission] announced that the
volume to be dropped would be cut in half. There was
reason to fear that the concrete structures supporting the
reactor might not hold and that everything would collapse
into the suppression pool, causing a thermal explosion
and a massive release of radioactivity” (Ref. 24, p. 195)
(see endnote /, p. 18). A summary of materials dropped is
shown in Tables 1 and 2.

On the basis of these actions, many explanations have
been provided to account for the unusual shape of the
“bathtub” curve that were based partly on the data in
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Table 1 Dates When Materials Were Dropped Into the Reactor

Building of Unit 4°
Days Number of
after sorties Mass of materials, Mass-running

Date accident flown tonnes sum, tonnes
April 26 0 - -
April 27 1 44 150 150
April 28 2 93 300 450
April 29 3 186 750 1200
April 30 4 ? 1 500 2700
May 1 5 ? 1 900 4 600
May 2 6 ? 420 5020
May 3 7 0 - -
May 4 8 0 - -
May 5 9 0 - -
May 6 10 0 - -
Byendof May =35 Total > 1 800 1t 620 16 640

“From helicopter pilot logs

recorded in the

research  notes  of

Dr. Aleksandr Aleksandrovich Borovoi, Head of the Division of Radiation and Nuclear
Safety of the “Shelter” Inter-Branch Scientific and Technical Center of the Ukrainian

Academy of Sciences, Chernobyl, Ukraine.

bNote that material deposition did not begin until at least 16:00 on April 27, or

approximately 38 hours after the
Serhii Vasvl’ovich Shirokov.)

Table 2 Materials Dropped Into the Reactor

Building of Unit 4

Mass,

Material Chemical formula tonnes
Boron carbide B4C 40¢
Dolomite MgCa(CO3), 800
Clay and sand - 1760
Lead Pb 2 4000
Other solid - 9 000

materials

Liquid polymers - 140
Trinatriphosfatum - 2500
Total -~ 16 640

“The boron carbide arrived Sunday night (April 27)
(Shirokov).

#The lead arrived during the fifth day after the accident
(April 30) (Shirokov).

Table 4.10 of the Soviet report presented at Vienna
(Fig. 1), partly on ground and air radioactivity measure-
ments, and partly on the assumption that the materials
thrown into the reactor building covered the burning core.

accident.

(Private  conversation  with

Today, most agree that the materials thrown into the core
in the days immediately following the initial explosions
gave rise to the unusual shape of the “bathtub” curve
(Ref. 23, pp. 90 and 91); for example, according to
INSAG-1 (Ref. 16, p. 38), there are four possible
explanations for the apparent increase in fission-
product release rates beginning 5 to 6 days into the
accident (May 1 to 2):

1. Once the initial wave of matenial deposition was
stopped (on May 2), heat losses from the debris declined,
the temperatures rose, and vaporization releases were
enhanced.

2. Some increase in gas flow over the debris occurred
that enhanced material removal by vaporization or
enhanced chemical (oxidation) reactions.

3. The melting of deposited lead and the pyrolysis of
dolomite came to an end, so heat losses from the debris
dropped, the temperature of the debris rose, and vaporiza-
tion release again increased.

4. Enhanced oxidation from some unidentified mecha-
nism aided release.

Perhaps of greater interest than the increase in release
rates on the fifth and sixth days is the sudden drop to
almost negligible levels approximately 9 to 10 days after

NUCLEAR SAFETY, Vol. 35, No. 1, January-June 1994



6 THE CHERNOBYL ACCIDENT

the accident—signifying the end of the Active Phase.
To date, no definitive explanation for this phenomenon
has been available. One hypothesis, proposed also in
INSAG-1, is
that the release accelerates because core debris reheats and
liquefies. The required temperature for liquefaction is
2300-2900 K depending on the amount of unoxidized
zirconium present in the debris. Vaporization accelerates
upon debris liquefaction. The liquefied debris can relocate,
eventually falling into the lower pipe runs where it can
freeze. Continuing cooling flows of gas into the pipe runs
prevent the quenched debris from either melting or signifi-
cantly attacking concrete and steel structures in this part of
the reactor (Ref. 16, p. 91) (see endnote m, p. 19).

Also put forward is the hypothesis that bombarding the
core with materials may simply have done what it was
intended to do (i.e., smother and seal the remains of the
reactor)! (see endnote n, p. 19).

Investigations conducted from 1986 to 1989 have
shown that early ideas and descriptive models, concern-
ing the extent to which damage may have occurred
within Unit 4 after the accident, in most cases do not
correspond to the actual conditions of the destroyed reac-
tor. After a significant number of bore samples (about 70)
had been taken of the core region, subreactor region,
steam-distribution corridor, and a number of other areas,
radiation field measurements were taken to determine
which areas were safe enough to approach for closer
inspection.%3% Visual inspections of these areas were
then conducted either by remote-control visual aids
(video cameras, periscopes, or small robots), or, if
approachable, directly by researchers armed with photo
and video cameras. The most startling discovery was that
the core region turned out to be practically empty
(Fig. 2). Even more significant for the present discussion
was the fact that, according to chemical analyses, the
fuel-containing masses (FCMs or “lava” as it is com-
monly referred to) located in the lower regions of the
reactor building contain only trace amounts of the materi-
als thrown into the reactor in the atternpt to smother it—
rather, they have a material composition similar to that of
a mixture of corium, the Lower Biological Shield (LBS)
(see endnote o, p. 19), and other metal structures formerly
located beneath the core.3! [The LBS, containing serpen-
tine—a hydrous magnesium silicate 3MgO 2Si0, 2H,0
or Mge(Si40;9) (OH)g, cast iron-pebble filler material,
and stainless steel coolant piping surrounded by stainless
steel plating—is the only structure in the vicinity that
contains substantial quantities of magnesium, traces of
which are found in the FCMs. ]32

In addition to chemical analyses, detailed examination
of video clips of the damaged reactor taken from a

NUCLEAR SAFETY, Vol. 35, No. 1, January—June 1994

helicopter 2 to 3 days after the accident clearly shows that
the red-glowing mass of (presumably) buming graphite
(see endnote p, p. 19) is located away from the shaft of
the reactor in the area just to the east of the southern
spent-fuel pool on the level of the Central Hall (high-bay
area). Little is visible of the reactor shaft itself because it
is blocked by a significant amount of severely damaged
“upper water and steam communication piping” (i.e.,
coolant piping) and the Upper Biological Shield (UBS) is
positioned almost vertically on its side blocking most of
the shaft. Finally, visual investigations conducted later
showed that the vast majority of materials thrown into the
reactor area formed a huge pile approximately 8 to 12 m
high that partially covered the opening to the southern
spent-fuel pool precisely where the “burning” mass was
seen (see endnote g, p. 19) (see Figs. 2 to 4). Apart from
the fact that accurate bombing of a small target from 250
to 300 m in a highly radioactive environment constituted
an extremely difficult task for the pilots. Dispatch com-
mands were radioed from an observer either on the roof
of the Prypjat’s Communist Party Executive Committee
building (Miskvykonkom) or from the hotel Polissja in
the city (Ref. 11, pp. 107 and 123) (see endnote r,
p. 19)—3 km away and facing into the sun for the first
half of the day3? (see endnote s, p. 19). Evidently, the
helicopter crews, in an effort to smother the blaze, aimed
for the burning mass—missing the reactor shaft com-
pletely. It was not until 1990-1991 that the Soviets re-
ported the fact that few if any bags of materials had fallen
on top of the core?® (see endnote ¢, p. 19).3+36 It seems
that the Soviets knew this quite early on (see endnotes u
and v, p. 19) or at least could have deduced it from aerial
photographs over the destroyed reactor. As supporting
evidence for the renderings in Figs. 2 to 4, Fig. 5 is one of
these photographs. Clearly visible is the UBS hanging
inside the reactor shaft and the large pile of material
thrown in the area of the southern spent-fuel pool. It is
also clear from this photograph that no pile of materials
(contained in large canvas and plastic bags) covers the
UBS or the core shaft.

(Liquid) Nitrogen Purge of the Core Region. On
the basis of a May 1 decision by the Governmental
Chernobyl Commission, beginning early on May 6 (see
endnote w, p. 19) the authorities started to “purge the core
with nitrogen” by pumping it (using a station compres-
sor) under the core through the “lower piping communi-
cation” (coolant channels) under the reactor to eliminate
air ingress, to provide cooling for the core, and to prevent
further oxidation (burning) (Ref. 15, pp. 39 and 40)
(see endnotes x and y, p. 19). According to Medvedev,
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Fig. 2 Cross section (looking north) of the damaged Chernobyl Unit 4 reactor building and sarcophagus.

“liquid nitrogen was pumped. . . into all the spaces
around the reactor vault” and “a cloud of cold nitrogen
[gas] rose around the reactor. This proved to be an effec-
tive remedy. The temperature of the lower part of the
reactor began to fall. At the same time, the air drawn by
the chimney effect through the reactor core was gradually
replaced by nitrogen, which suppressed the graphite
fire. . . The fire began to die out.> A number of other
sources also credit this action with having fulfilled its
intended purpose (Ref. 16, p. 39; Ref. 23, pp. 88 and
89)3839 (see endnote z, p. 19). Unfortunately, as with the
material dumped to smother the core, this scenario does

not fully reflect the reality of events during the
Active Phase.

By all indications,* the original intent of the May 1
decision was to pump liguid nitrogen into the core shaft
to cool the core and to limit oxidation.*! An order went
out to bring as much liquid nitrogen as possible to the
station; and by May 6 (at 1:00 a.m., almost exactly 10
days after the accident and just after the end of the Active
Phase) (Ref. 11, p. 140) the first tanker trucks were arriv-
ing on the scene. Two N, and O, makeup stations, to
service the needs of Units 1 and 2 and Units 3 and 4
separately, were located on the territory of the power

NUCLEAR SAFETY, Vol. 35, No. 1, January—June 1994
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any bags of materials covering the UBS and surrounding structural debris. Note also the gaping hole in front of the UBS leading downward
into the core area as well as the hole over the southern spent-fuel pool. (Photo courtesy of Valentin Ivanovich Obodzinsky of the Kurchatov

Institute, Moscow.)
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plant along with a compressor station just to the northeast
of Unit 1 (Fig. 6). In addition, several large N, storage
tanks were located close to the western wall of Unit 4, but
because of debris from the explosions and high radiation
fields in that area, this supply was unusable. The objec-
tive was to take advantage of the 500-m3/h-capacity com-
pressors to pump gaseous nitrogen approximately 400 m
along existing 150-mm piping to the east face of Unit 3
(see endnote aa, p. 20). At this point, several walls (start-
ing from the east side of Unit 3 and continuing through a
number of rooms and Corridor 001 at level -1.0 m) were

Controlled Perimeter of
Station Industrial Complex

to be drilled through to assemble another 200 m of piping
that would carry nitrogen farther along until just before
the western wall of Unit 4. Here the pipes would be
directed upward to the second floor of the pressure-
suppression pool into which the nitrogen was to be released.
The decision was made to pump in the hope that the
gaseous nitrogen would eventually snake its way through
steam distribution piping on the second floor of the
pressure-suppression pool, through the steam distribution
corridor, up through the subreactor region, and into the core
to displace the oxygen and thus quench the fire (see Fig. 7
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Cooling Pond
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—
/ (s I S—
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Fig. 6 Map of the Chernobyl Nuclear Power Station.
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for a visual reference). Presumably this operation was
carried out. The pumping itself, however, was not started
before 1:00 a.m. on May 6 (i.e., after the Active Phase
when, for all intents and purposes, the major part of the
crisis was over). In fact, “Little of it [liquid nitrogen] was
used, however, because after twenty-four hours even
Legasov realized that the operation was a waste of time”
(Ref. 11, p. 140). By this time the core had melted
through the LBS and flowed into the lower regions of the
reactor building where it “froze” (Fig. 8). Of course, at
that point the nitrogen would have had no effect on the
core. Moreover, a tremendous amount of nitrogen was
needed considering that the free volume of air for the
pressure-suppression pool alone under nominal condi-

tions is 3700 m3—this is especially true given the fact
that the N,/O,: 28/32 = 0.875 mass ratio is quite ineffi-
cient for oxygen displacement (Ref. 40, pp. 2-46). In
addition, later investigations have shown that, in addition
to the very heavy damage suffered by areas immediately
adjacent to the reactor that would permit nitrogen gas to
filter out of the building and thus further reduce the effec-
tiveness of the core purge, the LBS (weighing approxi-
mately 1200 tonnes-equivalent) had descended 4 m,
crushed all the piping beneath it, and was heavily
damaged itself because fuel had melted through it.%?
Apparently, therefore, any attempt to pump nitrogen
through the structural debris as suggested in the Soviet
report would have proved futile (see endnote bb, p. 20).

Fig. 8 Photograph showing one of the three Steam Distribution Headers (part of the Accident Pressure Relief System) with waterfall-like
formations of frozen corium. This seems to indicate that, by the time the corium had melted through the Lower Biological Shield and
reached the headers, it was in a very viscous, molasses-like state able to solidify very rapidly. (Note that at more than 1000 °C the yield
strength of stainless steel is significantly lowered and that its melting point is in the range of 1300 to 1700 °C.) Note also that the header (as
well as other structural components of the lower regions of the reactor building) suffered relatively little damage from the corium.
(Particularly intriguing is the chain hanging from the header’s left outlet together with the corium flow.)

NUCLEAR SAFETY, Vol. 35, No. 1, January—June 1994




THE CHERNOBYL ACCIDENT 13

Why the Soviets reported in Vienna that this method was
a major contributor to successfully cooling the core and
arresting the release of radioisotopes without positive
confirmation is unknown.

Water Release from the Pressure-Suppression
Pool (see endnote cc, p. 20). Soviet engineers became
aware that the approximately 5000 tonnes of material
thrown into the heavily damaged Central Hall threatened
to compromise the structural integrity of the reactor
support (see endnote dd, p. 20) and possibly push the molten
core into the lower regions of the reactor building—creating,
as it were, an assisted “‘China Syndrome” situation. It was
reasoned that, if the molten fuel were able to penetrate
into the lower regions of the reactor building, where the
pressure-suppression pool and its 3200 m? of water were
located (see endnote ee, p. 20), the interaction of the fuel
with water would generate a tremendous amount of
steam that, in turn, would lead to enhanced releases of
radionuclides into the environment (see endnote ff, p. 20).
(Actually, “passages and air vents of the basement” also
became flooded with water from broken auxiliary feed
pipes used to supply water, albeit unsuccessfully, to the
destroyed reactor during the first day after the accident.)
(see endnote gg, p. 20). During the night of May 3 to 4*!
(see endnote hh, p. 20), sometime before excavation
design work for the flat-bed heat exchanger began (see
endnote ii, p. 20), three volunteers (A. Ananenko,
V. Bespalov, and B. Baranov) (Ref. 4, p. 157) in diving
suits managed to open slide or gate valves while fire
brigade pumps were used to drain the pool. Medvedev
states, “It took until May 8th [2 to 3 days after the Active
Phase] for the task to be completed, by which time some
20 000 tonnes of highly radioactive water had been
pumped out” (Ref. 37, pp. 58 and 59). The water was first
pumped into Corridor 001 on the northern side of the
basement of the reactor building and was later transferred
to a liquid waste repository on the station grounds.*® Not
all the water was drained from the basement, however,
and “fresh” water, in the form of precipitation, constantly
enters the basement. According to a 1992 Soviet report,
approximately 600 m? of radioactive water (a consider-
able amount that today remains a major issue in plans for
the construction of a new sarcophagus) is still located
within the sarcophagus (Ref. 30, p. 42). Also, the lava
that did encounter whatever water was left in the pressure-
suppression pool turned into a hard, pumice-like substance—
pieces of which actually floated away from the main pile
and spread contamination throughout these lower areas.

Subfoundation Flat-Bed Heat Exchanger. Still an-
other action taken to avert a possible “China Syndrome”

was the construction of a makeshift flat-bed heat
exchanger (initially designed to employ liquid nitrogen as
the working fluid) (Ref. 39, pp. 7-20) undemeath the
foundation of the Unit 4 building. It was reasoned that the
planned 25 tonnes/day of liquid nitrogen would keep the
soil frozen at a temperature of —100 °C and thus provide
not only a stronger support for the building’s foundation
but also cooling the foundation with the hope of arresting
the interaction of molten core with concrete. The decision
to begin construction was made early on in the accident
when little was known about the condition of the core or
how extensively damaged the lower regions of the reactor
building were, and construction was supposedly com-
pleted in late June. Table 3 provides a design schedule for
the planned version of the heat exchanger.

By all accounts the heat exchanger was built, but its
working fluid was water, and it was not completed until
the end of June, approximately 8 weeks after the end of
the Active Phase.?® The initial design called for the
entrance to an access tunnel to be located on the north
side of the spent-fuel storage building (Fig. 8) where the
construction and mining crews would be partially
shielded from the most contaminated areas surrounding
the destroyed Unit 4. This idea was quickly abandoned,
partly because the spent-fuel storage building was located
too far away (it would take too long to reach the intended
mark below the core) and partly because the foundation
had a vault-like shape running east to west; that is, the
tunnel from the north would have to be deeper and not
completely horizontal. Construction on the access tunnel
was started about 2 to 3 days after the end of the Active
Phase from the east side of Unit 3, whereas work on the
heat exchanger itself began on June 3 and was completed
on June 28 (Ref. 22, p. 97).

While design work was being completed on the heat
exchanger, the 168-m access tunnel was excavated. A
2-m-diameter tunnel was dug with ribbed ceiling sup-
ports; its working diameter was approximately 1.8 m
(Fig. 9). After the tunnel was completed, excavation
continued for another 30 m to the west, after which the
tunnel split to the north and to the south into 1.5-m-
diameter “arms,” each extending 15.4 m. The height of
the shafis was extended to 2.5 m where the top ran flush
with the bottom of the foundation of the reactor building.
When this set of “arms” was excavated, 100-mm-
diameter coolant tubing sheathed with a thin plate of
graphite was assembled and installed along with reinforc-
ing iron rods, 25 mm in diameter, running horizontally
and vertically and separated by a distance of 100 mm.
Heat detectors were placed flush against the concrete
foundation of the building as well as in other locations,

NUCLEAR SAFETY, Vol. 35, No. 1, January—June 1994
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Table 3 Design and Construction Schedule for the Chernobyl Unit 4 Reactor
Building Subfoundation Flat-Bed Heat Exchanger (Ref. 22, p. 338)

Scheduled
Goal/task Organization(s) responsible completion
Heat exchanger plate (1) PO-VNIPIET* May 15
Feasibility study and validation (2) Kurchatov Institute of Atomic Energy
Borehole soil freezing design (1) USSR Ministry of Transport Systems May 20
Construction

Horizontal tunnel design (1) USSR Ministry of the Coal Industry May 20
Heat exchanger plate design (1) Atomic Power Design and Construction May 20

(2) USSR Ministry of the Coal Industry

(3) Power Systems Construction

(4) Hydro-Station Special Design
Cooling water supply system design (1) PO-VNIPIET May 25

(2) Kurchatov Institute of Atomic Energy

(3) Hydro-Station Design
Complete design implementation and (1) Atomic Power Design and Construction May 30

appraisal (2) USSR Ministry of Coal Industry
Equipment

(3) Hydro-Station Special Design

(4) Hydro-Station Design
Final recommendation for exploitation (1) PO-VNIPIET May 30

(2) Hydro-Station Design

PO-VNIPIET—The Industrial Association—(All Union) Scientific Research and Design Institute of
Power Engineering: Vladimir Aleksandrovich Kurnosov. Director.

and concrete was poured in to strengthen and protect the
plate and to act as a major barrier to corium if it breached
the foundation of the building. Moving back to the east,
other sets of arms were thus excavated for the next sec-
tions of the heat exchanger. After the 30-m by 30.8-m by
2.5-m cavern and heat exchanger were completed, more
concrete was poured to make the plate a massive integral
object (Ref. 22, p. 338). After the tunnel had been sealed
and pressure and leakage tests were conducted with the
water working fluid, the project was abandoned.*0
Although a commendable attempt, with hindsight it
proved ineffective because, as mentioned earlier, later
investigations revealed that large quantities of corium
cooled quickly in the lower regions of the reactor build-
ing approximately 9 to 10 days after the accident and thus
caused relatively little damage to piping and other struc-
tural materials.

REASSESSMENT OF ACTIVE PHASE
AMAs

The AMAs taken at Chernobyl during the first few
days following the accident were generally ineffective.

NUCLEAR SAFETY, Vol. 35, No. 1, January-June 1994

The first attempt to supply water to the core from emer-
gency auxiliary feed pumps to quench the core debris
was apparently unsuccessful and quickly abandoned
(Ref. 15, p. 40). The subsequent steps, namely (1) dump-
ing of various materials into the reactor building to
smother the fire, (2) supplying nitrogen to bring down the
temperature in the core space and to reduce the oxygen
concentration in the air, (3) construction of a flat heat
exchanger beneath the foundations of the reactor
building, and (4) release of water from the pressure-
suppression pool, either were not fully implemented as
reported (as in the case of nitrogen purging), failed to
cover the reactor core (in the case of dumped material)
apparently because the main goal was to stop the burning
(which was visible) and not to cover the core (which was
partially hidden from sight by piping and debris), or were
not completed during the Active Phase of the accident (in
the case of the makeshift flat heat exchanger beneath the
reactor building, which was not completed until the end
of June 1986). Moreover, once the corium-lava ate
through the LBS, it had lost most of its heat energy in the
melting process, and the decay heat had decreased
significantly. In addition, the solidus of the corium-LBS
mixture had increased (because the materials of the LBS
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and surrounding structures had complicated the chemis-
try) and therefore decreased further its ability to interact
significantly with surrounding materials (see endnote jj,
p. 21). The lava then flowed downward (along existing
piping of the pressure-relief system and openings in the
damaged building structures caused by the explosions)

and eventually into the pressure-suppression pool—all
along the way solidifying in midflow, producing interest-
ing stalactite-like formations and clogging piping but
causing relatively little damage. A summary of AMAs
undertaken during the Active Phase is shown in Table 4
and Fig. 10.

Table 4 Summary of Accident Management Actions Taken During
the Active Phase of the Chernobyl Accident

Date Time Days Action and reasoning

Saturday, April 26 =01 0 Accident—destruction of Unit 4 reactor

Saturday, April 26 01:30-06:30  0-0.25 Firefighters extinguish blazes started by ejected core materials—
mainly on the roofs of the auxiliary buildings, Unit 3, and the
turbine-generator hall

Saturday, April 26 Morning 0.25-0.25  Feedwater pumps turned off—found ineffective apparently because
piping to core destroyed

Saturday, April 26 >15:00 >0.75 Official recognition of what had happened and extent of damage,
decision taken to begin material “bombing” campaigns

Sunday, April 27 =10:00 =1.4 Start of material “bombing” campaigns

Sunday, April 27 At night =2 Arrival of boron carbide

Wednesday, April 30 During day 4.5 Arrival of lead

April 30-May | 4-6 Apparent ebb in releases followed by increase in releases to the end
of the Active Phase

Thursday, May 1 During day 5.5 Decisions made to set up system to “purge the core with {ostensibly

with liquid ] nitrogen” and to design a subfoundation heat

exchanger to mitigate against a possible “China Syndrome”

Friday, May 2 During day =6.5 Temporary halt to material bombing until after the Active Phase—
feared that building support structures would be compromised
that could initiate an “assisted” China Syndrome or steam
explosion if reactor core were driven into the pressure-
suppression pool

May 34 At night =8 Divers open slide valves to drain water from the pressure-
suppression pool

Monday, May 5 9-10 Nitrogen-purging system installed

Monday, May 5 =10 Peak of releases observed followed by rapid and significant drop

Tuesday, May 6 =01:00 =10 First tanker trucks arriving with liquid nitrogen. Soon afterward
gaseous nitrogen started to be pumped into second floor of the
pressure-suppression pool

Tuesday, May 6 10-11 Releases drop to more than three orders of magnitude less than
during the initial 10 days—this signals the end of the Active
Phase

Thursday, May 8 =13 20 000 tonnes of highly radioactive water from the pressure-
suppression pools had been pumped out and into Corridor 001

Tuesday, June 3 =28 Construction start for subfoundation, flat-bed heat exchanger

Saturday, June 28 ~64 Completion of construction and testing of subfoundation, flat-bed

heat exchanger

NUCLEAR SAFETY, Vol. 35, No. 1, January-Jdune 1994
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Fig. 10 Summary of accident management actions.

One interesting consequence of the fact that the
corium-LBS did little damage to surrounding structures
in the lower regions of the reactor building (especially
considering the AMAs were ineffective and the burning—
melted core fell into a more stable state with no human
intervention) is that a “China Syndrome” now seems
much less likely even for an accident as severe as
Chernobyl. This has important implications for western
safety concerns; namely, it may be possible to avoid a
China Syndrome altogether at western nuclear power in-
stallations by desi