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INTRODUCTION

The IAEA sponsored Post-Accident Review Meeting
(PARM) for Chernobyl took place in Vienna from
August 25 to 29, 1986. A report by the International
Nuclear Safety Advisory Group (INSAG) and the group
of experts supporting them is under preparation and
will be available later in September.

In view of the importance of the meeting, this report
has been prepared by the AECL Conference delega-
tion to provide more rapid feedback. Since digestion
of the information will take much more time, we have
attempted to stick to what we heard, avoiding specula-
tion unless absolutely necessary. Since the Chernobyl
event was so serious, it is essential that the root
causes are identified, in order to avoid a related
occurrence. It is necessary that the design and opera-
tion of CANDU reactors be carefully reviewed to iden-
tify if any of the lessons have any relevance. This must
be done thoroughly and without complacency.

INTRODUCTION

La reunion d'etude apres accident (PARM) de Tcher-
nobyl, organisee par I'AIEA, a eu lieu a Vienne du
25 au 29 aout 1986. L'lnternational Nuclear Safety
Advisory Group (INSAG) et le groupe d'experts qui
le representent, redigent actuellement un rapport qui
sera diffuse a la fin du mois de septembre.

En raison de I'importance de la reunion, le present
rapport a ete redige par les delegues de I'EACL a
conference afin d'en obtenir plus rapidement des
commentaires. Etant donne que la compilation des
informations prendra bien plus de temps, nous avons
tache de nous borner a ce que nous avons entendu,
en evitant toute speculation sauf si cela etait vraiment
necessaire. Etant donne lagravite de I'evenement de
Tchernobyl, il est imperatif d'en degager les causes
fondamentales afin qu'un accident semblable ne se
reproduise pas. En outre, il est necessaire de passer
minutieusement en revue la conception et le fonc-
tionnement des reacteurs CANDU et voir quelles
lecons on peut tirer de Techernobyl. Cela doit etre
fait scrupuleusement et sans parti pris.
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1.0 SUMMARY (D.B. Primeau)

1 . 1 Accident Sequence

In the process of performing a safety related test just prior to
a scheduled shutdown, a previously unforeseen sequence of events
occurred which took the operating conditions outside the
permissible operating range and at the same time led to the
complete ineffectiveness of the emergency shutdown system. We
were told there had been no precursors. The combination of
operating conditions, control rod configuration, operator
violations of procedures, and the inherent core characteristics,
led to a high void holdup (30 ink), a distorted flux distribution
(peaked in top and bottom), a rapidly changing void (reducing
flow, increasing coolant temperature) and no fast emergency
shutdown capability (6 seconds away from bite). The power rise
(perhaps localized) became an excursion with a period consistent
with a super prompt reactivity (by calculation). The fuel-stored
energy reached a breakup level causing rapid fragmentation
affecting the bottom 30% of the core, that led to a steam
explosion and pressure rise in the circuit. Pressure tube
failures led to pressurization of the graphite space and loading
of the 1000 Mg top shield, expelling it from the well. Burning
fragments were ejected from the core, starting 30 fires in the
surrounding area. No damage to the spent fuel bay occurred.

1 . 2 Accident Consequences

After core disruption a second explosion occurred, either a
chemical explosion or a second power pulse/steam explosion. The
Soviets favour the former, and several features support their
speculation. The core had by this time expanded into the
surrounding space in the reactor "well", and a fuel/moderator
homogenization took the core subcritical (speculation supported
by some Soviet calculations). The severing of inlet feeders and
outlet risers and the destruction of the upper portion of the
building, plus the presence of water below the core led to steam
and air cooling of the core. Eventually air cooling (smoke) was
established. The graphite began to burn locally; ultimately 10%
was oxidized.

1.3 Radioactive Releases

Fragmented fuel and fuel aerosols were expelled and taken high
(0.8 - 1 km) into the atmosphere by a thermal plume. The
combination of high fuel temperatures and oxidizing conditions
also lead to the release of volatile i'.."iine, cesium and
te1lurium.
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The continuing thermal plume (graphite burning) and fuel
oxidation (forming UaOg) carried combustion aerosols and finely
dispersed fuel particles into the atmosphere. Reaction of fuel
and graphite at high temperature was also possible. The fuel
temperature stabilized, reducing the rate of release.

To stop the release the Soviets began to drop boron carbide
(to ensure shutdown), dolomite (to produce C0 2), lead (to absorb
heat and provide shielding), sand and clay (to create a filter
bed) to a total of 5000 tonnes (load limit). This led to a rise
in fuel temperature as the convective cooling was cut off. Again
the core reached a hot, oxidizing condition (peaking on May 4)
and fission product release rates increase again.

At this stage the Soviets fed nitrogen to the bottom of the
reactor well, cutting off the ingress of oxygen. The fuel
temperature dropped with a corresponding sharp reduction in
releases. The core was now in a stable air convective cooling
mode .

Total releases were: all of the noble gases, approximately 3.5%
of the remaining long-lived core inventory except for the
volatile species of which about 10-20% were released. These are
the Soviet estimates, and it was acknowledged there is
substantial uncertainty and some inconsistencies (Appendix E).

1.4 Accident Recovery

Fire fighting started immediately and fires were brought under
control. Material dropped by helicopters (plus nitrogen to cool
and inert), killed the core fire, and stabilized the core
conditions. Ultimately convective air cooling was established.

Extensive cleanup and decontamination began and is still
underway. Design of a "sarcophagus" utilizing a convective air
cooled system with open ventilation and a filtration system is
being prepared. Measurement of rubble temperatures and air flows
are being taken to aid design. Gamma field measurements have
been made to identify where the fuel isn't, to help establish
where it is. It seems to be largely in the reactor well, inlet
and outlet pipes and their "containment" rooms, with a small
amount in the steam separators.

Core meltdown was originally a concern but turned out not to be
so. Water was drained from the basement. Concrete is being used
to fill the original suppression pools. To prevent ground water
contamination a concrete wall is being built deep into the ground
around the area.
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Cleanup of Units 1 and 2 should permit restart by the end of
1986, probably limited by construction of new site living
quarters and progress in entombing Unit 4. Startup of Unit 3 was
less certain due to the high level of activity and the need to
check the health of the equipment. It was noted that unit 3 was
shut down in a "normal manner" some hours after the accident.
Control room fields in Unit 4 apparently did not cause death to
the operators who remained there.

In the area, soil is being skimmed, or covered by concrete.
Special sprays (liquid rubber, potassium and sodium silicate, and
plastic film) have been effective. Concrete barriers are being
erected along the nearby riverbank.

1 .5 Design/Operational Changes for Other RBMK Reactors

1.5.1

1. Improved effectiveness of the emergency shutdown system will
be achieved in the short term by increasing the number of
rods "dedicated" to providing the required reactivity margin
from 30 to 80, and also by limiting their uppermost removal
position to 1.2 m within the core.

As well as the effect the increase to 80 rods has on
shutdown system effectiveness, it also reduces the maximum
void holdup from the 20 mk level with 30 rods.

2. Additional operator information would be made available.
Little detail was given but boiling crisis margin was
mentioned.

3. In the longer term the fuel enrichment will be increased to
2.4%. They seemed comfortable they had a fuel design
already in place. This also reduces void holdup at the
expense of more holdup in the control rods (some fixed
absorbers).

4. A new (independent?) fast shutdown system will be added.
Poison injection (liquid or gas) into some control rod
channels was mentioned as a possibility.

The above mentioned changes were stated so as to achieve at
least -lB/s (t 5 mk/s) insertion rate for the most severe
accident conditions with the maximum net reactivity kept
below prompt critical .
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1.5 2 Operational

Appendix C discusses some of the key motivations relevant to this
accident. The areas that will receive emphasis are:

1. Violation of procedures.

2. Chain of command.

3. Man-machine interface/human factors.

The Soviet design did not seem to use interlocks to prevent
procedure violation but they sounded interested in exploring this
concept. They indicated an interest in design changes that would
be in the direction to prevent operator error.

1.6 Radiological Consequences

Of the 29 early fatalities (now 31), the dose distribution was as
follows:

Dose (rads) ft Patients # Deaths

600 - 1600 22 21
400 - 600 23 7
200 - 400 53 1

Treatment was complicated by the simultaneous skin damage from
beta/gamma radiation and steam. Because of this, anti-infection
therapy was most important, and bone marrow transplants
ineffective.

The Soviets estimated the collective dose commitment in the USSR
as :

30.6 x 10s man-rem external (over 50 years)
210 x 106 man-rem internal (over 70 years)

mostly coming from caesium in both cases. The latter figure was
challenged in discussion as being perhaps 10 times too high: the
Soviets did not strongly disagree. This number is the source of
the high number of delayed cancer fatalities reported in the
press.

Emergency response measures included:

1. Iodine tablets, administered to the population around
Pripyat, apparently successfully and vith minor side
effects.
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2. Sheltering for Pripyat before evacuation.

3. Evacuation once the plume shifted towards Pripyat.

Discussion occurred on the best methods for epidemiologica1
followup.
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2.0 ORGANIZATION OF THE CONFERENCE (V.Snell)

2.1 Location

The conference was held in the IAEA offices at the Vienna
International Centre from August 25 - 29, 1986.

2.2 Representation

Close to 600 delegates attended, representing over 50 countries,
plus organizations such as AIF, ANS, CEC, EPRI, EAF, ENS, FAO,
INPO, ICRP, ILO, JAIF, CSNI, UNSCEAR , WHO, etc.

The level of representation included senior technical staff and
senior management from regulators, utilities, designers, etc.

2.3 Agenda

For the two plenary sessions, at the beginning and end of the
conference, since everyone could not fit in one room, the session
was held "real life" for senior delegates in one room, and sent
by live video to the other delegates in an adjoining room. This
worked well.

At the first plenary session, Blix (IAEA Director-General) and
Rometsch (meeting chairman) set the objectives of the meeting;
then Legasov (Soviet delegation head) described the RBMK design,
and went through the accident sequence in detail, including a
superb video. This was followed by a further presentation by
Legasov. No questions were allowed.

Four working groups were then formed, which ran in parallel
sessions for 2-1/2 days:

Working groups 1 and 2 Cause of accident, sequence of events,
radioactive releases, short and
long-term plant stabilization.

Working groups 3 and 4 Evacuation, decontamination, treatment
of injured, dose to people,
environmental effects, public health
effects

Tuesday was taken up by detailed presentations by Soviet
specialists and on Wednesday and Thursday, questions were
answered.
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The procedure was as follows: Questions were submitted in
writing by all delegates. These were sifted, and selected
questions were presented to the Soviets by IAEA working group
chairmen. These were generally answered by the Soviets, except
for sensitive design-related issues.

In Group 1, the chairman attempted to get other countries to
describe their safety experiences. Canada briefly described the
1952 NRX incident (power excursion) and the lessons learned.
Thereafter m groups 1 and 2 only, the chairmen asked questions.
In Groups 3 and 4 , more interaction with the audience was
permi 11ed.

The final plenary session on Friday had all working group
chairmen summarize their sessions.

Rometsch then presented 13 recommendations to Blix: These were
from the working group chairmen only, not an overall consensus.
There were then closing speeches from Blix and Legasov, a
ceremonial gift of the video to IAEA, and a second screening of
the video.

For the duration of the meeting there was a Soviet exhibit
outside the meeting rooms, consisting of panels of photographs, a
model of Chernobyl, and another video on plant decontamination.

2.4 Press

Press conferences were held daily after the sessions. Media were
not allowed into the working group sessions.
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3.0 KEY DESIGN AND OPERATIONAL ASPECTS RELEVANT TO THE
ACCIDENT (D.B. Priraeau)

This section identifies key aspects of the Chernobyl-4 station
relevant to the accident. Detailed descriptions of the complete
design are readily found either in the open literature or that
prepared by the USSR for this meeting.

3.1 Conceptua1 Basis

Chernobyl unit 4 is of the RBMK type, and the most advanced of
the 1000 MW(e) series. It is a graphite moderated, boiling H 20
cooled, vertical Zr-Nb pressure tube design, using enriched (2%)
U0 2 fuel with on-power refuelling. It utilizes a direct cycle,
to produce electricity from twin turbines. It was considered by
the Russian operators as the best of the series by virtue of its
up-to-date design basis and design configuration. It was
acknowledged candidly that this aspect may have created some
complacency in operation.

The key reactor physics parameters in the equilibrium fuel state,
are its large positive void reactivity, and its strong dependence
on the operational configuration of the reactor. The design
basis was for a +20 mk void whereas at the accident conditions it
was reported to be +30 mk. The moderator temperature coefficient
is strongly positive, but because of the slow response
characteristics of graphite, it was unimportant to the accident.

The large core size is noteworthy since it leads to the potential
instability of the power distribution, and in the extreme, to
local criticality. In RMBK a spatial control system is required
primarily for moderator-temperature-induced instabilities and in
CANDU for xenon. The graphite moderator heat capacity is very
large, being at least 400 FPS (full power seconds) above ambient
at nominal conditions as compared to that of fuel (13 FPS), and
the primary coolant (150 FPS). A distinguishing feature of the
RBMK is the use of the primary circuit as the sink for the
moderator heat (5.5% of fission energy). Considerable
sophistication has gone into the design of the contact
conductance, and gas conductivity.
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With respect to the emergency shutdown system the most important
features were its slow rate of insertion and dependence of that
rate on the control rod configuration. Administrative controls
were required to ensure 30 rods equivalent. This heavy reliance
on administrative control was traced to early USSR experience
whereby automatic systems were less reliable than by the
operator. It was a design area that was evolving slowly because
of their success and, no doubt, cost of making changes.

3.2 Operational Design

With regard to the man-machine interface, it was candidly
acknowledged that the control panels were "saturated and
overloaded" and this was an area in which they recognized
improvements were necessary.

As to the operator training program, nothing is given in the
written material, and only brief, mention was made at the
meeting. It was clarified that a training simulator for RMBK
reactors existed at the Smolensk station only.

3.3 Thermalhydraulic Design

The RBMK thermalhydraulic design is based on a boiling heat
transport, direct cycle circuit. Steam mass qualities range from
11-22% at nominal conditions. Provision for individual channel
flow adjustment is made a few times between channel refuellings,
in order to match flow to power. There are two normally
independent primary circuits, which can be interconnected TO a
single turbine-generator at low power (as at time of the
accident). Moderator heat is added through the pressure tubes
leading to the need to design carefully for this large heat
source or sink during startup and shutdown.

The primary circuit flow is by pumped forced convection. The
pumps have significant rotational inertia that permits a
transition to thermosyphoning on loss of power without fuel heat
transfer concerns. There is a spare pump that can be started up
at power, leading to a reduction of the net pump suction head
(NPSH). Use of all pumps was a feature of the test, and "pump
cavitation" was mentioned several times as a concern. We are not
sure of its importance to the accident.

Feedwater flow is returned to the steam separator, and mixing
occurs in the drum. Changes in feedwater flow can therefore have
a direct feedback on core inlet temperature separated in time
only by a transport delay. This may have been an important
feature of the accident.
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The design of the emergency cooling system will not be described
since its blockage was acknowledged as the one "violation" that
would not have altered the course of the accident. Of minor
relevance was its relation to the test purpose. The use of
turbine mechanical energy was being demonstrated to provide power
to an ECC pump.

3.4 Containment Design

The containment "localization" system in Chernobyl was an
advanced RBMK design. In this design the containment was
basically divided into local compartments with distinct design
pressures and relief/pressure suppression to the "pools and
bubblers" situated at the bottom of the building.
Allowance for the removal of hydrogen production was provided,
but it had limited capability.

The top portion of the reactor (risers, fuelling machine room) we
believe was not within a pressure retaining containment. For
design basis events (like riser tube rupture), we believe the
Soviets felt that the large fuelling hall was adequate for the
limited discharge r&tes. In any case they acknowledged the
impracticality of building a containment of this size.

In the graphite core vessel, relief (eight 30-cm pipes) to the
bubbler pool was designed for a single channel rupture (discharge
rate not clear) .

In the accident, the first explosion was believed caused by the
rapid transfer of energy from fragmented fuel of the coolant
(steam explosion). This caused a pressure rise in the graphite
vessel well beyond its design basis. This lifted the top
shield.

Although not proven, the second explosion was probably caused by
a hydrogen deflagration. Although the explosion took place only
seconds after the first, the temperatures and fragmentation could
quite likely lead to very rapid Zr and U02 oxidation rates that
are consistent with the observations.

In summary, the containment localization system played no real
role in the accident. The basic structural integrity of the
lower "containment" compartments was preserved. The upper
portions unfortunately were designed for modest loadings and
suffered dramatically from the thermal and chemical explosions
that occurred.
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4.0 ACCIDENT SEQUENCE (V. Snell)

4.1 Test Description/Rationale

One of the design basis accidents in the USSR is a loss of
coolant plus loss of offsite power-.

The ECC system in the short term consists of gas-driven
accumulator injection into the broken loop, plus pumped
injection. The pumps used are the normally running feedu-ater
pumps. The water which is normally pumped to the downcomers is
redirected to the reactor inlet headers.

Between the time the grid is lost and the time the Class III
diesel generators start and are connected to the feedwater pumps
(25 s), the design intent was to power the feedwater pumps from
the inertial energy of the rotating turbine. In earlier tests of
this mechanism, the voltage dropped faster than anticipated. A
new exciter had been installed, and the purpose of this test was
to see if this prolonged the period of high voltage. Thus the
test broadly speaking involved:

1. Reduction of reactor power to 700 - 1000 MW(th)
2. Diversion of all the steam to one of the two turbines
3. Tripping the turbine
4. Use of the rotational energy of the turbine-generator to

suppi.7 in-house load for a few tens of seconds, and
5. Observation of the voltage rundown

The Soviets were at great pains to point out that keeping the
reactor at power was not necessary for the test after the turbine
was tripped.

The intent of the test was to have two heat transport pumps in
each loop connected to the grid, i.e., continuously operating.
This would ensure adequate flow as the other pumps, powered off
the turbine-generator, ran down. These pumps were "simulations
of the electrical load of the ECC pump - they did not want to
test this directly because of the risk of spurious injection.

4.2 Event Sequence

The event sequence starts with the reactor at full power on April
25 at 1:00 hrs. After the test, the reactor was to stay shut
down for a planned maintenance outage.

In the table below, the Soviet interpretation is paraphrased.
Our own comments are given in square brackets [ ]. We have
interspersed observed events with the most reliable portions of
the post-accident analysis done by the Soviets, using a model
verified against the observations of plant behaviour during the
time before core destruction.
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TIME EVENT COMMENTS

April 25
01 :00

13:05

14:00

23:10

April 26
0:28

Reactor at full power
Power reduction begins.

Reactor power 50% (1600
MW(th)). Turbine #7 tripped.

The emergency core cooling
system was isolated.
However, the electrical grid
controller requested the
reactor to stay at 50% power
because of electrical
demand.

Continue power rundown.

Switch from local automatic
power control to bulk
automatic power control.
Reactor power fell to
30 MW(th).

As per test intent
and planned shutdown

[all steam flow to
turbine #8 now]

As per test
procedure [to avoid
a spurious
injection]. The
delay in power
reduction meant that
the reactor
operated at high
power for 9 hours
with ECC disabled -
a violation of
procedure. However,
this did not affect
the outcome of the
accident.

The test called for
an initial power of
700-1000 MW(th).

The local automatic
control (LAC) is
ineffective at low
power. The setpoint
of the bulk auto-
matic control (AC)
was clearly not
matched to the
operating power at
the point of
transfer. The
Soviets claim the
operator was in
error in not
resetting the AC.
The result of the
error was a build-up
of xenon which made
it harder to raise
power again,
probably a severe
power maldistribu-
tion and need for
override reactivity.
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01 :00 Operator managed to raise
power to 200 MW(th)

01 :03-
01 : 07

The 4th (standby) heat
transport pump was started
each loop

The operator was fighting
xenon - hence the power
was well below that
intended. The
implication of the
"error" is that to get up
to 200 MW(th), he had to
pull out more control
rods than allowed by
operating procedures,
and there was less
boiling in the core.

The intent was to have 2
in pumps in each loop

operating after the
test. However, because
of the low power, the
void in the core was
greatly reduced by the
increased flow; hence a
drop in separator level
and pressure. Also
reduced NPSH.

01 : 19 Operator increased feedwater
flow

To restore separator
level. This caused a
further drop in primary
circuit void (cold water
at core inlet).

Between Shutdown system blocked on This is key. normally the
01:20 - low separator level. AC reactor would trip on low
01:22 control rods went up (removed separator level. Since

from core). the operator was
struggling to control
level manually, he
blocked the trip so as
not to preclude the
test. The disappearance
of the void caused a
reactivity drop which the
AC rods tried to
compensate. By now the
primary coolant was
saturated [with the void
almost entirely in the
risers and separators]

Manual control rods removed. [To give the AC rods some
manoeuvering room.]
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1:19:58 Operator closes condenser
steam dump valve

1:21:50

To keep up system
pressure. The separator
level was now ris.vng due
to the excessive
feedwater flow (3 times
heat balance value)

Manual decrease in feed-water The operator attempted to
flowrate. correct the excessive

flow. However, the new
flowrate was two thirds
of the heat balance
value. The result was
that during the next
minute, the channel inlet
temperature was
continually increasing,
and this added to the
sudden increase in void
discussed below.

1:22:10 Void growth begins, LAC rods
lower

1:22:30 The power distribution was
printed out.

1:22:45 Steam quality in core stops
rising.

1:23:04 Turbine #8 stop valves
closed.

Due to warmer water.
To compensate.

An operator request.
This showed that his
reactivity margin was at
a value requiring
immediate shudown [6 to 8
effective rods vs 30
required]. The flux was
peaked at the top and
bottom of the core.
Possibly, somewhat
distorted radially. The
top peak was due mainly
to the absence of
inserted rods. The
central dip was due to
xenon.

[Operator sees "pseudo-
steady state"]

Beginning of test. The
operator also disabled
the reactor trip on loss
of two turbines [timing
unclear]. The purpose
was to have a chance at
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1:23:21 Power rising.
AC rods move in.

1:23:40 Manual trip button pushed

necessary. [We believe
repeating the test if
there were still high
power/high rate trips].
[The closing of the stop
valve meant the reactor
had n_o heat sink except
for the main steam
safety valves.] The
blocking of the trips
was a procedural
violation and
unnecessary to achieve
test purpose.

{3 factors determined
the void, and hence the
power: the increase in
primary circuit, pressure
(no heat sink), the
decrease in flow (4 of 8
pumps coasting down) and
the increase in channel
inlet temperature
(reduced feedwater flow).
The latter two increase
the void, the former
decreases it. The net
void increased, and as
the channel was
saturated, travelled very
quickly down the channel.
ThiE caused a fast
reactivity increase.]

Rationale not clear-the
operator may have seen
the power rise, or may
have seen control rods
moving to offset the
power rise, or may have
decided on a normal test
termination. In any
case, with most of the
rods withdrawn, it would
have taken -\. 6 s to have
any significant
reactivity "bite". The
rods did not fully
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insert [core damage?] and
the operator cut the
current so they would go
in faster. Two shocks
vere felt in the control
room.

1:23:44 Power surge and fuel breakup. The reactor was now on a
short period, and was
predicted to have reached
about 100 times full
power in 4 s. The energy
input to the fuel caused
the onset of fuel breakup
(300 cal/gm (1.3 MJ/Kg)
estimated) [approx.
450 cal/gm to fuel
vaporization]. A rapid
surge of energy to the
coolant, and a steam
explosion in the core
followed [probably
failing pressure tubes].
Primary circuit relief
valves opened.

At this point the event sequence becomes more speculative,
following is one interpretation:

The

The steam explosion caused a further increase in power [no direct
evidence] and pressure. The escaping material blew the 1000 Mg
top shield structure off the reactor. [This disc, "vl7 m in
diameter x 2.8 m thick, of steel-encased serpentinite concrete
can be seen lying on its side in helicopter pictures, with
lengths of channels hanging from it]. Since all the channels are
anchored to this shield, the consequence was failure of any
remaining pressure tubes and ejection of control rods, which were
mostly out of the core region anyway. About 30% of the fuel
disintegrated. A second explosion was heard a few seconds later.
The Soviets would not commit themselves to the nature of this,
[there is even some question as to its existence] but the
possibilities are:

1. Explosion of the hydrogen and carbon monoxide formed by
rapid oxidation of the Zircaloy and U02 in water, and by
graphite-steam reaction

2. A second power pulse/steam explosion.
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The former was believed by the Soviets to be more likely.
The explosions were accompanied by burning lumps of material
shooting up in the air and landing on the roofs of the
reactor and turbine buildings.

The reactor was shut down by:

1. Dispersal of some of the fuel into the graphite. The
Soviets did a "homogeneous reactor" calculation which showed
this would lead to a reactivity decrease.

2. Dispersal of the graphite into the reactor vault (i.e.,
destruction of the radial reflector and water shield) (and
ejection of fueil into the upper and lower feeder areas].

The explosions destroyed the roof of the reactor building, most
of the north wall (away from the turbine) and a lesser amount of
the south wall (facing the turbine). Some graphite and fuel were
ejected onto the roofs and with the north rubble pile.
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5 .0 DAMAGES AND RELEASES

5.1 Post-Explosion State of Plant (D.R. Pendergast)

5.1.1 Introduction

The reactor core is housed in a vessel consisting of a thin-
walled vertical cylinder capped by thick endshields. The
endshields are each constructed of two 14.5 to 17 m diameter
plates connected by approximately 2000 tubes (through which the
fuel and control channels pass and a short (2 to 3 m ) thin-wall
cylinder. The plate structures are on the order of 20 - 40 mm
thick. The endshields are filled with serpentinite . The
cylindrical reactor vessel is surrounded by a series of annular
rings consisting of; an empty space about one meter thick, a
water-filled tank about one meter thick, about two meters of sand
and finally a two meter thick concrete vault wall. This
structure sits on top of and is partially enclosed by the
containment enclosures. The top is essentially open to the
fuelling machine room. Additional service structures are
installed around the containment enclosures as shown in the
figures of Appendix D.

5.1.2 Building and Core Damage

At the time of the reactivity excursion, outside observers
witnessed two explosions in close succession ( 2 - 3 seconds
apart). Some fuel and sparks were ejected onto the roof of the
adjacent turbine hall. This started about 30 fires on the roof.
Subsequent analyses indicate the first explosion was due to a
power excursion in the reactor which led to fuel breakup and
channel failure releasing steam into the reactor vessel. The
second was judged to be a chemical explosion with some
possibility of a second power excursion. About 30% of the core
was judged to be involved in the initial power excursion. (The
vessel was designed for a single pressure tube failure.) The
overpressure blew the upper shield off the reactor. Estimates of
200 MW.s were quoted as the necessary mechanical energy needed to
do this.

The roof of the reactor building was also blown away (primarily
away from the turbine building during the course of the
explosion(s)) and much of the structure of the reactor building
was damaged. The lower pressure suppression chambers housing the
pumps and inlet manifolding remained intact. (The pump motors
which are outside containment and exposed to view by the
destruction are still standing proud and upright in video views.)

Photographs of the installation show substantial destruction.
The upper shield (1000 tonnes) can be seen on edge at the top of
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the reactor in the fuelling machine hall with shreds of channels
attached to it. Fuel and control rods were pulled out by it.
All of the steam outlet (risers) lines were also destroyed by the
lifting of the lid. Most of the larger debris from the building
has fallen quite close to the reactor building. See Figure 7 of
Appendix D.

5.2.3 Fire fighting & Graphite Fire

Fire crews from the plant, Chernobyl, and Pripyat were called out
to fight the fires in the middle of the night (1:30 a.m.). Major
fires on the turbine building roof were extinguished within an
hour. Other minor fires were extinguished and brought under
control by about 5 a . <r..

Steam and smoke rose from the reactor for about a day until the
water in the vault was exhausted. The visible emissions were
then minor. A red glow could be seen in videos from helicopters
which could be due to heating from fuel or graphite oxidation.
An attempt to cool the reactor with water from the boiler
feedwater system was unsuccessful. No steam was seen, indicating
the water was not getting to the fire. Subsequent dumping of
boron, lead, dolomite, sand and clay on the reactor (5000 tonnes
total), combined with nitrogen injection, finally snuffed out the
graphite fire after about 10 days effort. Approximately 10% or
250 tonnes of graphite is judged to have burned. The reactor is
now cooled by natural air circulation.

5.2.4 Location of Fuel

Post-accident measurements and analyses suggest that fuel has
been dispersed through graphite to some extent. Some of the fuel
seems to have fallen into the containment enclosure at the inlet
to the reactor. Some is in the steam outlet area above the
reactor.

The Soviets also speculate that the core material has been forced
outward radially into the water, air, sand space at the sides of
the core. About 3.5% of the fuel is dispersed in a 30 km radius
zone around the reactor. 96% is thought to remain in v;he reactor
vault and immediate vicinity.

5.2.5 Entombment

An extensive cleanup operation is underway in preparation for the
construction of an enclosure. The enclosure will provide for
long-term air core cooling and activity control via a flow-
through ventilation and filtering system. Further details are
given in Appendix D.
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5.3 Core Temperature Evolution and Fission Product Release
(D. Torgerson)

The Soviets have identified four phases for the release of
radioactivity from the core. The first phase was the ejection of
fuel and fission-product-containing particles into the air due to
the explosion. This released a large number of radioactive
aerosols whose composition was similar to the fuel composition.
The force of the explosion drove the plume at least 800 m into
the air, and this resulted in long range transport of some of the
initial release, despite the fact that non-volatile species made
up most of the emission. The Soviets claim that, immediately
following the explosion, the effective temperature of the fuel
was 1600-1800 K for some tens of minutes, but that the fuel
temperature decreased due to heat transfer to the graphite and
structural materials. This high temperature, and the oxidizing
conditions, released volatile iodine, caesium and tellurium from
the core, especially during the early period following the
explosion. Thus, releases on April 26 were characterized by
aerosols containing activity in a ratio similar to the fuel
composition, and by volatile fission products released during the
initial high fuel temperature following the explosion. The
release on April 26 was 20-22 MCi (7.4 x 105 - 8.1 x 10s TBq).

Phase 2 of the releases (April 26-May 2) involved further
oxidation of the fuel by air, and the formation of U 30 8 powder.
At the same time, the graphite began to burn, creating a thermal
plume that carried combustion aerosols with finely dispersed fuel
particles into the atmosphere. The fuel temperature dropped to
about 900 K several hours after the explosion. The releases were
substantially smaller than the phase 1 releases, but ^10% of the
graphite burned over the next few days. The Soviets feared that
the fuel would eventually melt and that a critical mass might be
achieved. In addition, significant amounts of fission products
were being released during this time. As a result, the Soviets
began to cover the damaged core by dropping boron carbide,
dolomite (to produce C02) sand, clay, and lead from helicopters.
In total, about 5000 tonnes of material were dropped in the core
between April 27 and May 10.

Phase 3 of the releases began about May 2 and was characterized
by a sharp increase in ttu; fuel temperature, due to the
insulating layer of the material covering the core. The initial
releases were dominated by volatile species (especially iodine).
Eventually, the core reached approximately 2000 K on May 4. The
heat and oxidizing conditions caused an increase in the fission
product emissions that were similar in composition to the
irradiated fuel. The fission products migrated to the surface
and were attached to the graphite combustion aerosols.
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At this point, the Soviets attempted to reduce the temperature,
and to exclude oxygen from the core. Nitrogen was pumped from
the compressor station into the space beneath the reactor vault,
and by May 6 the temperature in the core was dropping. This
resulted in a sharp drop in the releases (Phase 4) and by the end
of May, the releases were a few tens of curies (i. 2 TBq) per day.
The Soviets have stated that the fuel is now being cooled by a
stable convective flow of air through the core.

The total releases were stated to be 50 MCi (2 x 106 TBq) of
noble gases (100% release) and 50 MCi (2 x 10G TBq) of other
species, corrected to the decay rate on May 6. The error in the
release numbers is stated to be about 50%. The 50 MCi
(2 x 10G TBq) of non-noble gas releases is stated to be
approximately 3.5% of the core inventory at the time of the
accident.

For volatile species, the Soviets are claiming that 20% of the
iodine, 15% of the tellurium, and 10-13% of the caesium were
released. In general, 2-5% of other less volatile species were
released, including transuraniums.
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6.0 DOSE AND CONSEQUENCE ESTIMATES FOR THE USSR
(R.V. Osborne)

6.1 Prompt Health Effect

At 2:10 A.M. on 26th April, 29 victims of radiation exposure were
admitted to hospital. By 6:00 A.M., 108 persons had been
hospitalized; eventually, 203 persons were diagnosed as suffering
from acute radiation sickness. Two people died at the site; one
at about 6:00 A.M. on the 26th; the other was not found. No
member of the public has been observed with symptoms of acute
radiation sickness.

The diagnosis and prognosis were based on the time of onset of
chemical symptoms (e.g., vomiting, skin reactions), changes in
the blood and chromosomal aberrations. The radiation doses that
had been received by the victims were estimated from the clinical
signs since no dosimeter values were available. The radiation
doses appeared in most cases to have been fairly uniform over the
bodies as judged by the distribution of chromosomal aberrations.

The distribution of victims and estimated doses was:

Doses No. of Patients No . Died

600 - 1600 rads (6-16 Gy) 22 21

400 - 600 rads (4-6 Gy) 23 7
200 - 400 rads (2-4 Gy) 53 1

No one with less severe effects has died.

The prognosis and treatment of many of the victims was
complicated by extensive skin burns - from beta/gamma radiation
and steam. Although the Soviets had made a detailed study of
radiation sickness and appeared to have had considerable
experience in handling such patients, they had never handled such
an extreme combination of burns and radiation exposure.

Internal contamination was important in causing death in only one
case although radionuclides were absorbed through damaged skin
and by inhalation by most victims. For two cases the doses from
absorbed iodine and caesium isotopes were estimated to be 150 and
400 rem (1.5 and 4 Sv).

The absence of short-lived activation of biological tissues was
interpreted as indicating that no neutron irradiation of the
victims had occurred.

Extremely detailed biochemical tests were carried out - and are
being continued-on the hospitalized victims in order to guide
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treatments. Bone marrow transplants were not effective and none
of the 13 recipients have survived - either skin/intestina1
damage or reactions to the transplant contribution to their
deaths. The latter complication was a new observation to them.

The main conclusions drawn V y th° Soviet medical team were that:

a) their experience allowed them to develop criteria for
handling the victims very quickly;

b) there was a low need for, and in fact danger from,
surgical intervention, particularly with the
complication of beta skin burns;

c) anti-infection therapy was most important; and

d) observation of chromosomal abberations was very helpful
in the dose range from a few hundred to 800 rad where
the treatment needed varied considerably.

The good capability and performance of the Soviets in
this field seemed to be generally acknowledged.

6.2 Doses to Members of the Public in the USSR

The Soviets have been able to calculate the doses from the plume
only very roughly. For the town of Pripyat, just west of the 3km
plant exclusion boundary, they estimate that the exposure was
10 to 15 rem 100 to 150 mSv. At 30km, the exposure was 0.2 rem
(2 mSv).

External gamma irradiation from deposited radionuclides was very
high close to the plant. Exposure rates in Pripyat remained at
about 1 rem/h (10 mSv/h) for many days. About 40km2 around the
plant still had exposure rates above 100 mrem/h (1 mSv/h) on
29th May.

Doses to individuals were avoided by sheltering, iodine
ingestion, and evacuation (see below). As a result, doses
received by most of the population before evacuation, were
believed to be not greater than 25 rem (250 mSv) . Some villages
may have received doses as high as 40 rem (400 mSv).

The collective dose from external radiation to the evacuated
population (135,000 people) was estimated to be 1.6 million
man-rem (16000 man-sieverts).

Doses from inhalation of radionuclides was considered to be
relatively unimportant. Of much greater importance was 1-131 in
milk and other foodstuffs. Generally, milk products were banned
at concentrations above 0.1 uCi/L (4000 Bq/L) in urban centres
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but in outlying areas consumption continued at concentrations up
to 10 uCi/L (400,000 Bq/L) resulting in closes as high as 500 rem
(5 Sv) in the thyroid. Nearly 100,000 people (mainly children)
were assayed for iodine-131; half had doses less than 30 rem
(0.3 Sv).

The Soviets estimate that the extra number of fatal thyroid
cancers over the next 30 years would be 1500 in the total
Ukrainian, Byelorussian and Russian Federation population of 75
mill ion.

Caesium 134/137 is of long-term concern, both as a source of
external radiation from ground contamination and as a contaminant
of food produce. The estimated dose from external caesium
radiation in the first year to an individual outside the 30-km
evacuated zone ranges down from 1 rem (10 mSv); the total for 50
years ranges down from 3 rem (30 mSv) .

The collective dose from this external radiation over the 75
million population is estimated to be 8.6 million man-rem
(860,000 man-sieverts) in the first year and 29 million man-rem
(290,000 man-sieverts) in 50 years. The average individual dose
rates are 100 mrem/a and 10 mrem/a (1 and 0.1 mSv/a)
respectively.

In food products, the doses that will be received are very
uncertain. Because of the high mobility of caesium and high
plant uptake from the soils of Ukrania and Byelorussia, doses are
predicted to be higher (per unit soil deposition) than usually
assumed in models. This, together with the additional presence
of caesium-134, and the export of 80% of the produce, results in
a greater relative importance of the ingestion pathway compared
with the external radiation pathway than for global weapon-
produced caesium.

The Soviets have estimated the collective dose to the 75 million
population by this route as 210 million man-rem (2.1 million
man-sieverts) over 70 years (and their data indicate that 40
million man-rem (0.4 million man-sieverts) would be in the first
year). They have, however, acknowledged that maximizing
assumptions have been made in the calculations. (This was a main
controversy in the discussions.) The results of measurements of
people, foodstuffs and soils support the idea that the actual
doses will be much less - possibly by as much as 10 times.

There seems to be little information on strontium-90 yet
available. The Soviets suggest its contribution to doses will be
less than from caesium but sufficient data will not be available
for a few years (for both strontium and cobalt) for accurate dose
estimates. Plutonium has been deposited over an extensive area.
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Air concentrations from resuspension were estimated to be close
to the limiting levels (1 mBq/m3) as far away as 30 - 60 km. No
doses have been estimated.

In summary, the radiation doses estimated so far for the USSR
population could result in extra fatal malignancies (and serious
genetic effects) as follows:

Populat ion
Number

135 ,000
(Evac. group)

75 ,000,000

75,000,000

Exposure

External

External
Foodstuffs

Iodine

Collective
Dose (Million
man-rem) (**)

1.6

29
(Cs) 21-210

Extra(*)
Cancers

320

5800 )
4200 to)
42,000

1500

%
Norma1
Cancers

1 . 6

0.08
to 0.4

1

(••') Using 2 cases per lO* man-rem (per 10* man-Sv)
(ft*) io6 man-rem = 10" man-sieverts

These are acknowledged to be uncertain estimates of doses by the
Soviets, particularly for the larger population, but we can but
believe that they are the best estimates they have. Some of the
data are difficult to interpret. There was also an absence of
information on the monitoring network in place and on modelling
packages .

6.3 Emergency Measures

6.3.1 Iodine (as iodate) was distributed to station staff and to
patients at 3:00 a.m. on 26th April. Distribution to the
Pripyat and surrounding population was started at 8:00 p.m.
on 26th April. The dose was 0.25 g. Staff received one
dose per day.

The effectiveness cannot be evaluated but there is
confidence that the early distribution might have been
effective. It certainly had a useful psychological effect.
aAn important observation is that no toxic side effects have
been observed; voice thinning out and throat inflammation
were noted - but no blood damage. Observations are
continuing.
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6.3.2 Sheltering and Evacuation

Sheltering is credited with 2-5 times reduction in doses
from external radiation. It was very important in Pripyat
since, although the decision to evacuate was made at 9:00
p.m. on 26th April, there was high risk in starting the
evacuation because of the high radiation fields that would
have to be crossed (the plume was not then over Pripyat) and
the logistics. The population was told to evacuate at 11:00
a.m. on 27th April and the evacuation of the 45,000
inhabitants completed from 2 to 5 p.m. There was a 10 km
line of buses.

Exposu 3 information that was used for decisions appears to
have t en obtained from equipment introduced after the
accident. There was no indication of any extensive field
array of radiological and meteorological equipment
associated with the site. The closest micro-meteorology
monitoring was at Kiev.

The number of medical and support staff involved in the
evacuation was high - 1,240 doctors, 920 nurses and more
than 4000 assistants.

The criteria used for evacuation were very similar to those
in other (European) countries. Below 25 rem (250 mSv)
potential dose evacuation is not considered; from 25 - 75
rem (250 - 750 mSv) evacuation is considered; above 75 retn
(750 mSv) evacuation is mandatory.

As expected, there were problems with the logistics of the
evacuation, with decontamination of people, clothes, and
with how to compensate for losses. Evacuation of rural
populations was difficult - peasants were not easily
persuaded to leave.

Cattle were evacuated immediately on the 26th in open trucks
- tens of thousands of head were removed.

The roles of the military and medical services were very
important. A very strong central HQ with wide powers was
essential. Medical brigades went with groups of evacuees to
ensure continuity of medical services. Clarity in taking
decisions was emphasized and an organization that allowed
constructive exchange between medical, dosimetric and other
experts was essential.
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6.3.3 Other Measures

In addition to banning foodstuffs, a major effort was made
to safeguard the water supply for Kiev and surroundings. An
alternative supply, from aquifers below another catchment
area, appears to have been developed.

6.4 Followup

The Soviets are proposing to study the exposed population,
although from the discussions it seems clear that their
objectives and those thought appropriate by Western scientists
are quite different. The Soviets emphasize studying individua 1 s
in great detail. The West would like to see an epidemiological
study on a defined group with an adequate control group.

It was felt that only the evacuated population of 45,000 from
Pripyat and the iodine-contaminated children were likely to form
satisfactory cohorts, i.e., ones that might yield useful data for
risk estimates. However, the Soviets pointed out that those
groups are now well dispersed (although tracked) and finding
controls would be difficult. Dosimetry would be difficult for
the evacuated population; the suggestion of an accuracy in the
dose date of about 50% even for the evaluated group is likely to
be very optimistic though no one speculated how accurate it might
be .

There is therefore a need to ensure that a study is carried out
with a satisfactory protocol. Collaborative efforts on this were
welcomed by the Soviets.
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7 .0 CHANGES IN DESIGN AND OPERATION TO IMPROVE
THE SAFETY OF RBMK-1000 (A.R. DASTUR)

Since the Soviets attribute the cause of the accident to a series
of violations of operating rules, their proposal to improve the
safety of the RBMK-1000 is based on

a) Changes to the operating rules which would render such
violations virtually impossible.

b) Changes to the plant design that would provide adequate
protection against the full range of design basis
events and against any adverse consequences of such
violations.

7.1 Operating Rules

The Soviets did not present an explicit set of changes to
operating rules, but indicated the general areas of emphasis:

1) Violation of operating rules will be considered a
criminal offence punishable by law regardless of
whether there were adverse consequences due to the
violation.

2) Changes will be made to improve the motivation and
alertness of the staff. How this would be achieved was
not clearly stated.

3) Adoption of procedures that will entail checks by
several levels of supervision before permission is
granted to deviate from the standard operational
practice.

A) Improved man/machine interfacing to assist operators in
decision making under abnormal operating conditions.

In addition to the above, several suggestions were made by
delegates of other countries which the Soviets may adopt to some
extent.

7.2 Design Changes

To mitigate any adverse consequences of operator error and
violation of rules, the Soviets are taking two approaches in the
short term.
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1) They will improve the capability of the emergency protection
system. This will be achieved by changing the limit on the
minimum number of rods from 30 to 80 that are mobilized for
emergency power reduction. (Mobilization of a rod means the
partial insertion of the rod from its parked position, which
is outside the core, to a position from which an adequate
rate of negative reactivity insertion can be achieved). In
addition, an upper limit will be placed on the extent to
which these rods can be withdrawn. This was indicated as a
distance of 1.2 m below the top of the core.

2) They will reduce the coolant void reactivity to the extent
provided by the increase in the number of rods from 30 to
80. (The mechanism of void reactivity reduction due to the
presence of absorber rods is explained -In Appendix A ) .

3) Additional information (such as boiling crisis margin) will
be made available to the operator.

In the longer term two changes have been planned:

1) The initial enrichment of the fuel will be increased from 2
to 2.4 wt% U-235. It is expected that this will result in a
relatively undermoderated lattice. The moderating role of
the coolant will then be enhanced. The loss of moderation
on voiding will therefore contribute a negative component to
void reactivity.

2) A new shutdown system will be added to enhance the negative
reactivity insertion rate. The design of this mechanism was
not disclosed but it was mentioned that injection of neutron
poison (either liquid or gas) into channels presently
containing absorber rods may be adopted.

3) The ECC water may also be poisoned.

The Soviets have said that by making all these changes they
achieve a net negative reactivity insertion rate of lfl per
second (IP = delayed neutron fraction) for the most severe of
their set of postulated credible accidents. It was not stated
how this figure was arrived at or whether it was the average or
the maximum negative insertion rate. They stated that with the
negative rate, this will prevent prompt criticality in the most
severe accident.
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7.3 CHERNOBYL UNITS 1, 2 AND 3

Although Units 1 and 2 were not damaged, they were contaminated
with the debris from Unit 4, especially during the fire that
burned for several days. Decontamination of Units 1 and 2 is in
progress and it is expected that they will restart in 1986.

The fate of Unit 3 is less certain. In addition to
contamination, the turbine hall was damaged by fire. There is
significant contamination of the turbine hall towards the area
where the Unit 4 turbogenerators are located. The Soviets did
not disclose clear plans for the startup of Unit 3. Their major
priority at present is the entombment of Unit 4 which is
described in Appendix D.
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8.0 INTERNATIONAL RESPONSE (D.B. Primeau)

8 . 1 Introduction

In general there was an insignificant level of design criticism
of any reactor concept. Further, the concern that the conference
would be ineffective by introducing discussion of other accidents
did not materialize either. The meeting focussed squarely on
Chernobyl and by virtue of some very capable chairmen, the
information was extracted without undue embarrassment to the
Soviets.

Blix noted a significant improvement in the atmosphere for
international cooperation and as will be discussed below, many
suggestions have been made by the Russians themselves, and even
more by the IAEA.

8.2 Draft Conventions

Two draft conventions had been prepared as a result of Chernobyl
for approval by the IAEA Board of Governors on September 22.
The se include:

1. Convention on Assistance in the case of a Nuclear Accident
or Radiological Emergency.

2. Convention on Early Notification of a Nuclear Accident.

8.3 Recommendations to IAEA

Without waiting for INSAG to report in the week following the
meeting, the chairman, R. Rometsch, tabled a list oT 13 proposals
for "improvement of nuclear safety". Many had been suggested by
the USSR during this session. These proposals are:

1. The international program on experimental and analytical
research on severe accident sequences should be expanded.

2. International exchange in the critical area of man-machine
interface should be further promoted.

3. A conference was proposed to discuss the balance of
automation and direct human action in the design of reactors
with the intent to minimize operator errors.

4. The exchange of experience in operating and training methods
should be promoted and the IAEA should consider
international training and creditation.
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U. The exchange of experience in operating and training methods
should be promoted and the IAEA should consider
international training and creditation.

5. Existing international standards (NUSS) should be reviewed
to ensure incorporation of the latest lessons learned.

6. The fire protection standards should be upgraded to
particularly reflect the needs of nuclear power plant
applications such as:

1) development of clearer rules and standards (development
of new NUSS sections);

2) development of scientific and technical criteria for
fire-fighting techniques development;

3) improvements and perfection of fire-fighting equipment:

4) IAEA to organize conference/symposium on fire
protection in nuclear installations.

7. With regard to intervention in the case of radioactive
releases, international cooperation to develop common
refei nee levels was recommended.

8. Also a workshop to exchange experience on decontamination
problems was proposed.

9. Exchange of environmental monitoring data in an agreed
format for validation of models was recommended in the
following fields:

1) atmospheric dispersion

2) radionuclide transfer through terrestrial food chains

3) radionuclide movement in groundwater.

4) radionuclide transfer through the freshwater and marine
environments.

10. Further work should be undertaken to improve the preliminary
assessments of individual and collective doses within and
outside the USSR, e.g., in the framework of UNSCEAR and
other international organizations. In that connection an
international workshop should be useful to help in selection
of appropriate methodology for a more refined dose
assessment in people exposed within the 30 km zone. This
population could form a cohort for potential epidemiologic
studies.
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11. An international workshop would also be warranted to arrive
at optimal epidemiologic methodology for studies of late
effects .

12. International cooperation would be useful for discussing the
efficiency of various treatment procedures with the aim to
arrive at recommended basic therapeutic schemes.

13. Two other topics could also be considered:

a) assessment of the frequency of delayed effects of KI
treatment .

b) possibilities of improved methodology of biological
dosimetry with the aim to accelerate and facilitate
acquisition of the data.

These will be reviewed for priorities by INSAG and the Director
General's office before finalizing.

8.4 IAEA Supplementary Program

As a result of Chernobyl, the IAEA secretariat is determined to
expand the currently approved program. An extra 2-3 $M/yr.
program in 1987 and 1988 has been submitted. Despite the fact
that many of the proposals are unrelated to Chernobyl, a program
of this magnitude has USSR and US support.
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9.0 KEY ISSUES RAISED (V.G. SNELL)

Our preliminary assessment of the potential impact of Chernobyl
on CANDU design/safety engineering has suggested a need to:

1. Review possible flux distributions of the reactor to
ensure that there is no operating state in which
shutdown capability is unacceptably degraded.

2. Review fire fighting, particularly in the presence of
radiation.

3. Deal with the perception of positive void coefficient.

We see the last item not as a design issue, but simply one of
explaining that all reactors have some means of introducing
positive reactivity, and therefore need a shutdown system, and
that the key is to match the shutdown speed and capability to the
worst accident - something the Soviets did not do and we believe
we have done.

It is likely that reactor owner/operators, and the AECB will
perform their own reviews to identify possible implications of
Chernobyl.
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APPENDIX A

REACTOR PHYSICS (A.R. DASTUR)

The RBMK-1OOQ is an enriched uranium, graphite-moderated
pressure-tube type reactor. The fuel channels are vertical and
boiling light water is used as the coolant. From the exit of the
fuel channels, the coolant passes into a steam separator from
which the steam is sent directly into the turbine. Water from
the turbine condenser is fed into the liquid phase of the steam
separator and then via downcomers to the suction of the main
coolant circulating pumps.

A.1 Lattice Physics

The graphite moderator and the boiling light water coolant are
the major determinants of the reactor physics of the RBMK-1000
lattice. The parasitic neutron absorption in the coolant results
in an increase in reactivity on voiding. The channels are
arranged on a square pitch of 25 cm which provides enough
graphite to produce an over-moderated lattice. This undermines
the role of the coolant as moderator and loss of coolant results
in a shift in the neutron spectrum in the fuel that adds to the
positive void effect.

The graphite temperature during normal operation varies
(depending on location) and can be as high as 75O°C (There is
some inconsistency in the values given in the various reports) .
The average coolant temperature is approximately 300°C. Fission
neutrons enter the fuel following moderation at velocities
corresponding to the moderator temperature and are further
thermalized in the coolant as the coolant temperature is lower.
Loss of coolant therefore results in an unthermalization of
neutrons in the fuel. This increase in neutron velocity affects
the reaction rates in the uranium and plutonium isotopes.
Neutron multiplication due to uranium-235 nuclides decreases
whereas multiplication due to plutonium isotopes increases. (A
significant contribution to the increase comes from the 0.3 ev
resonance in plutonium-239). The net reactivity effect is
dependent on the fuel composition (initial enrichment and
burnup). For fresh fuel, the void coefficient of reactivity is
negative and is significantly positive at equilibrium burnup
(Table A-l).

The fuel used in the RBMK-1000 reactor is sintered Uoz clad in a
free-standing zirconium-niobium alloy. The fuel bundles fcj--. 18
elements, with a central support tube for fuel handling. The
bundles are 350 cm in length. There are two bundles used per
channel. Continuous on-power fuelling is used and the fuel
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enters from the top of the reactor. Figure A-l shows a diagram
of the fuel.

The major effect of an increase in fuel temperature seems to
result from the Doppler broadening of the uranium-238 resonances.
In the thermal energy range, multiplication by uranium-235
nuclides is reduced while that by the plutonium isotopes is
increased. The magnitude of these effects depends on the fuel
composition and therefore on enrichment and burnup.

Since graphite is the major neutron scatterer in the lattice, an
increase in graphite temperature affects the neutron spectrum in
the fuel. A major effect is an increase in neutron flux in the
vicinity of the 0.3 ev resonance in plutonium-239. The
reactivity coefficient of moderator temperature shows a strong
dependence on fuel burnup. For fresh fuel it is zero or
negative (depending on the enrichment level) and is significantly
positive at the equilibrium burnup of 10.3 MW.d/te(U).

The moderator temperature also affects the extent of reactivity
increase on coolant voiding. A higher moderator temperature
enhances the moderating role of the coolant and increases the
void reactivity.

A.2 Core Physics

The RBMK-1000 reactor core is a heterogeneous array of fuel
channels, absorber rods and in-core instrumentation. There is a
total of about 1880 channel locations. Out of these, 211
locations are occupied by absorber rods mounted on mechanical
drive systems. (The operation of these absorbers is described in
Appendix B).

When the core is fresh (initial enrichment of 2.0 wt%) an
additional 240 "fixed" absorbers are required to suppress excess
reactivity. These absorbers are progressively replaced by fuel
as the excess reactivity decreases during the approach to an
equilibrium fuel burnup distribution. Cooling for the fixed
absorbers is provided by che primary heat transport system. The
movable absorbers have their own cooling circuit.

The fixed and movable (driven) absorbers are distributed almost
uniformly over the core. Figure A-2 shows the configuration of
the core in ths radial plane for one of the RBMK-1000 units.
Although not identical to that of the CHERNOBYL Unit 4, it is a
good indication of the core configuration.
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In the axial direction, a detailed core configuration is not
given in any of the documents that the Soviet delegates handed
out. It is known that approximately 24 of the 211 movable
absorbers are approximately half the length of the core and are
kept inserted in the top half in order to suppress the rise in
flux due to the boiling of the coolant. The remainder of the 211
absorbers are used for control and for emergency protection as
described in Appendix B.

The use of absorber rods to suppress reactivity (instead of using
dissolved poison), which is required when a solid moderator such
as graphite is used, has significant effects on the neutronics of
the RBMK-1000. These are mainly seen in two areas:

1) The presence of absorber rods reduces the reactivity
increase on coolant voiding. In the case of the
"fixed" absorbers, voiding of the coolant from the
primary circuit raises the flux in these absorber rods
mainly due to the loss of cooling water and therefore
of neutron absorption in the absorber rod channel.
Consequently, it raises the absorption rate in the
fixed absorbers and produces negative reactivity which
counters the positive reactivity produced by the loss
of coolant from the core. It should be pointed out
that this is the effect of a flux redistribution within
the lattice cell containing the absorber.

The presence of the movable absorbers also reduces the
coolant void reactivity. In this case the absorption
rate in the absorbers increases due to the global flux
redistribution produced by voiding. This global flux
redistribution depends on the burnup distribution of
the fuel. It can occur in both axial and radial
directions.

The effect of absorber rods on void reactivity seems to
have been of primary importance in the RBMK-1000 safety
analysis .

2) Another consequence of using absorber rods for
reactivity suppression is the difference that it
creates between system reactivity (or multiplication
constant) and lattice reactivity (or infinite
multiplication constant). In other words, although the
system reactivity is suppressed by the absorbers, the
lattice reactivity remains unsuppressed. By itself
this feature of the RBMK-1000 would not affect the
neutronics but it does so in combination with the large
neutronic size of the reactor.
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There are about 1670 fuel channels in the reactor core.
The relatively large number of channels (600 channels
are used in a CANDU core of comparable power output) is
a result of the average channel power being less than
2 MW(th) (as compared with over 5 MW(th) in CANDU).
The large size of the RBMK-1000 core means that if the
reactivity suppression were lost, the core will behave
like a group of --everal supercritical reactors. Since
it is possible to remove the movable absorbers rapidly
compared with moderator poison, this combination of
reactor size and method of reactivity suppression has
major implications on reactor control and safety.
These implications are relevant to the issues discussed
in Appendix B.

Some important parameters of the RBMK-1000 reactor, as obtained
from the Soviets, are given in Table A-l . It should be noted
that the value of void reactivity in this table corresponds to
the equilibrium core condition (no fixed absorbers present) at
rated power and coolant flow, and with 15 mk worth of movable
absorbers inserted into the core. For earlier versions of the
RBMK-1000 where the fuel enrichment was 1.8 wt% U-235 and a
larger number of movable absorber rods (worth *vr 66 mk) was used
(apparently to compensate for lack of experience in the control
of this system) the positive void reactivity coefficient was much
less .

Another feature of the RBMK-1000 that has a major effect on the
neutronics and on reactor control and shutdown requirements is
the positive feedback reactivity produced by increases in power
level. This feedback reactivity arises from the net effect of
changes in fuel temperature, coolant density and moderator
temperature, all of which are produced by changes in power.
(There is also a change in coolant temperature but because the
coolant is boiling this change is small and can be ignored).
Feedback reactivity is also produced by changes in the
concentration of xenon-135 which are induced by power changes.
To appreciate the effect of feedback reactivity on reactor
control and stability requires a knowledge of the contributions
from the different sources and on the time scale with which they
occur. This is relevant to the material in Appendix B. However,
a special feature of the RBMK-1000 in this regard has to be
emphasized. This is the relatively large effect on the feedback
reactivity of the operating conditions of the reactor. The most
important of these is the relationship between power and flow,
which determines the thermalhydraulic response of the channel to
a change in power. When flow is higher than rated for a given
power the steam quality at the channel exit is low and the mean
density of the coolant (void reactivity holdup) is high. Under
such conditions, a small change in power can produce a relatively
large reactivity feedback. The opposite is true when the flow is
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lower than rated for a given power level. Other factors that
determine channel response are system pressure, degree of
subcooling at the channel inlet and the pressure drop across the
channel in terms of the total pressure drop.

As described in Section 4.0, "Accident Sequence", the
thermalhydraulic conditions prior to the accident were such that
a large void reactivity feedback was imminent and was produced by
a relatively small perturbation of thermalhydraulic conditions.
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TABLE A-l

Thermal Power

Fuel Enrichment

Mass of uranium in fuel assembly

Number/diameter of fuel elements in fuel assembly 18/13.6 mm

Fuel burnup

Coefficient of non-uniformity in radial power
density

Coefficient of non-uniformity in vertical power
density

Maximum design channel power

3200

2.0%

114.7

18/13

2 0 MW

1.48

1 .4

3250

MW

(U-235)

kg

. 6 mm

• d/kg

kW

Isotopic composition of unloaded fuel:

Uranium-235

Uranium-236

Plutonium-239

Plutonium-240

Plutonium-241

Void coefficient of reactivity
at working point

Fast power coefficient of reactivity
at working point

Temperature coefficient of fuel

Temperature coefficient, of graphite

Minimum "weight" of CPS rods, K

Worth of manual control rods, K

Effect of replacing spent fuel by fresh
fuel (average)

4.5 kg/t

2.4 kg/t

2.6 kg/t

1.8 kg/t

0.5 kg/t

2.0x10-" vol.%
steam

-5xlO'6/MW

-2xlO-5/0C

6xlO-B/°C

10.5% (105 mk)

7.5% (75 mk)

0.02% (0.2 ink)
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APPENDIX B

REACTOR CONTROL AND SHUTDOWN (A.R. DASTUR)

B . 1 Control System Design ar.d Operation

The control function of the RBMK-1OOO reactor is
divided into:

1) Bulk reactivity control for power manoeuvering and for
maintaining criticality in the presence of
perturbations caused by absorber rod movement cr by
feedback reactivity.

2) Control of flux and power distribution in the radial
plane to limit channel power.

3) Emergency reduction of total reactor power to safe
power levels when necessary.

4) Emergency reduction of local reactor power to safe
power levels when necessary, and

5) Emergency shutdown of the reactor with the insertion
of all absorber rods at their maximum speed.

It is important to note that there is no physical or
fuiiCtional separation of the control and shutdown functions.
Demands on the absorber rods are made according to certain
rules. The auto-control system and hardware attempts to meet
these demands. If the operator finds that the auto-control
system is insufficient, he inserts or removes "supplementary"
absorbers manually.

The number of supplementary absorbers present at
anytime depends on a combination of factors. Some of these are:

1. The extent of power shaping required
2. The level of poisons being overridden
3. Any reduction in void holdup if required.

As the demand on the auto-control system increases,
supplementary absorbers are driven in to keep the auto-control
absorbers in their range of travel. However, in the units, 24
absorbers are kept outside the core to provide reactivity depth
on reactor shutdown.

A significant feature of this mode of operation is
that the maximum negative reactivity rate that will be achieved
in an emergency shutdown depends on the number of supplementary
absorbers that are present in the core and on the neutron
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importance of their positions. For this reason a minimum of a
total of 30 absorbers are always required in the core. Reference
to Section 4.0 will show that this rule was violated prior to the
accident. And in the near term following the accident, this
limit of 30 has been increased to 80 (Section 7.0).

Automatic control of total reactivity (or total power) is
provided over a range of about 0.5% and 100% full power. The
control system appears to be entirely analog rather than
digital .

Spatial control is mostly manual, using as many as 139 absorber
rods. The operator would use recommendations from the plant
monitoring computer as well as direct indication of flux
distribution from 130 radially distributed and 84 axially
distributed (7 at each of 12 locations) in-core flux detectors.
There is a fully automatic spatial control facility using 12
absorber rods laid c"t much like our CANDU zone controllers.

The protection system (shutdown system) is designed for both bulk
and spatial power excursions, but we have no clear list of trip
setpoints. Protection against overpower is based on three types
of signaIs :

1. Ion chambers outside the reflector are used for high
flux and high rate trips. One description states that
rate is monitored only below 10% full power. Some
degree of spatial protection is afforded by tripping if
two ion chambers on the same side of the reactor exceed
their setpoints. A total of 8 ion chambers is used by
the protection system.

2. Two fission chambers are located near each of the
automatic spatial control rods (in addition to the four
chambers used for control). Both chambers near one rod
must exceed their setpoint to cause a trip. There is
no reference to a rate trip on these measurements, nor
any indication of the power range over which the
instruments are effective.

3. 130 radially distributed in-core flux detectors (using
a silver emitter) are compared to appropriate
precalculated setpoints, and a partial forced power
reduction is initiated by the protection system if the
setpoint is exceeded. This system is stated to be
effective only above 10% full power. The detectors
have a slow response (25-second time constant), so this
system would be of no use during a fast excursion in
power.
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In summary, the ion chambers would give only poor spatial
protection, but their response is prompt. The fission chambers
give better coverage, but still not good, because there are only
a few detectors to cover a core much larger and more susceptible
to strong local distortions than a CANDU, which has 10 to 50 ROP
detectors per shutdown system channel. Fission chambers are
usually also prompt in their response. The in-core detectors
give very good coverage, but have a slow response (about 25
seconds) and are therefore useless except in near-steady-state
conditions.

The RBMK protection system is fundamentally different from our
CANDU shutdown systems. The action is not necessarily a full
shutdown; under some conditions only a partial power reduction is
initiated. The emergency rods are complex devices, which can be
inserted at various rates, the fastest of which is very slow
(about 10 seconds) compared with CANDU shutoff rods (about 1
second). The protection system reactivity depth also appears to
be limited. Trips do not appear to be latched in - when a flux
reading is no longer high, rod insertion is interrupted. Rods do
not appear to be rigidly assigned to the control or protection
systems; some appear to serve a dual role. Such a system can
probably be made to work adequately, but it does seem to have
significant weaknesses compared to the CANDU design.

Physics assessments show that the reactor is potentially subject
to very local, very large flux perturbations. As little as 2 to
10% of the core can sustain criticality. From what we know of
the protection system sensors, those which are widely distributed
are very slow to respond and would not adequately protect against
any reasonably fast power increase, while those which respond
quickly are small in number and would not adequately see a very
local power increase. In addition, the protection system action
is very slow, so that a power excursion is likely to see a
significant overshoot before it is turned around. Some
combination of the above effects could easily have contributed to
the accident, but the power increase must have had some external
cause, such as manual error in adjusting rods or void reactivity
or rod ejection. The naturally unstable modes of the reactor are
much too slow and too wide spread in their flux increases to have
escaped detection or successful suppression by the control and
protection systems.
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6.2 Summary of Reactor Measurements

3 Startup counters

3 Low-power ion chambers

12 Ion chambers for control of total power
(used four at a time)

8 Ion chambers used for protection

130 Radially distributed silver flux detectors for
1. computer monitoring
2. alarm on relative deviation (above 5% FP)
3. alarm and protection action on absolute

limit (above 10% FP)

84 Axially distributed silver flux detectors for
1. computer monitoring

2. alarm on relative deviation

28 Fission chambers for automatic spatial control

24 Fission chambers for local protection

NOTES: 1) The silver flux detectors have a full-power current of
15 microattips ; except for possible electronic equipment
limitations, they should be good down to a few percent
of full power. Their response is about a 25-second
time constant for 90% of the signal and a 2.4-minute
time constant for 10% of the signal. The burnout rate
is about 20% per year, and the expected life about 3
years .

2) Different versions of the RBMK-1000 reactor may have
different instrumentation. The above list is
indicative only.
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B.3 Summary of Control Rods

12 Automatic control of total power
(used four at a time)

12 Automatic spatial control

24 "Short" rods for manual axial control

139 Regular rods for radial/azimuthal manual control

24 Emergency protection

NOTE: Different descriptions have different numbers of rods
The above list is indicative only.
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APPENDIX C

OPERATING PROCEDURES (V.6. Snell)

The Soviets made much of human factors and operator error as the
sine qua non of the accident. Their evaluation of the reasons
for the violation of the numerous operating procedures (see
"Event Sequence") were:

1) The staff felt that the test was a purely electrical one,
and therefore were not concerned about, nor knowledgeable
about, the hazards on the reactor side.

2) Chernobyl was considered a model plant, with less trouble
than other RBMK types. Thus staff developed the impression
that the plant was less prone to difficulty.

3) On the test itself, the reactor was scheduled for a
maintenance outage after the test and the next test window
would be a year away. Thus the operators were under
pressure to complete the test.

4) They conceded that during the test it was difficult for the
operators to see they were in a non-regulated mode and with
the primary circuit near saturation. They acknowledged that
on their older units in particular an accident could produce
too many confusing signals.

Their remedies for these problems were:

1) criminal punishment for operators who violate procedures.
Besides firing of the senior staff members at Chernobyl,
many senior figures in the nuclear industry have also been
discredited. A new Ministry of Atomic Power Engineering has
been created to clarify lines of authority and improve
operator training and reactor safety.

2) some means of keeping the operator alert during long periods
of trouble-free operation [not clear this was relevant to
the accident].

Other countries reviewed training of operators. Issues raised
were :

1) violations of technical specifications is a criminal offence
(Italy)

2) a safety engineer is part of the operating team and in the
event of an accident does his own independent diagnosis
which ensures all events are accounted for (France)
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3) changes in body rhythm as operators move from day to night
shifts (Sweden)

4) education level of operators - a suggestion that IAEA
consider operator training and accreditation (? Egypt).

5) preventing trips from being casually changed or disabled
through a locked cubicle/key access system (UK).

The Soviets expressed an interest in international cooperation
and an exchange of experience on this topic [consistent with
their fingering it as the major accident cause].

The human factors/operator error issue was highlighted in the
closing plenary by the chairmen of Working Group #1 and #2
(Edmondson, Tanguy) and reflected in 3 of the 13 final proposals
from Rometsch to Blix.
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APPENDIX D

CONTAINMENT (D.R. Pendergast)

The Chernobyl Unit 4 RBMK 1000 reactor was fitted with
containment consisting of:

1) enclosures covering parts of the reactor and cooling
system designed to withstand approximately 1 to 4
atmospheres,

2) a pressure suppression system which functions by
forcing discharged steam through water pools,

3) a sprinkler cooling system,

4) hydrogen removal systems intended to cope with limited
hydrogen production in accidents,

5) ventilation and filtering systems,

6) a very tall stack.

The upper end of the reactor and fuelling machine is
not within a pressure-retaining containment enclosure. However,
there is (was) a building covering the fuelling machine area.
This building and its ventilation system plays j role in
collecting small discharges in that area.

Information provided indicates that the containment
system was unable to cope with the events that occurred during
the course of the accident. The enclosures (with the exception
of the vessel enclosing the graphite and fuel channels) were
basically undamaged by the destruction of the reactor above them.
The integrity of the enclosure immediately beneath the reactor
was lost by the severing of reactor piping leading into it. The
roof of the fuelling machine was blown off and substantial parts
of the non-containment building severely damaged.

An enclosure is being built to house the damaged
reactor by constructing a "lean-to" building utilizing intact
parts of the original structure as supports. The reactor will be
cooled by air circulating through this structure in a once-
through node.
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D. 1 Introduction

A good deal of general information is available in the literature
which pertains to the RBMK 1000 series. The most pertinent
information available to date is from the IAEA translation of the
Russian report on the accident(9). Translated abstracts of
Russian papers provide additional details of the pressure
suppression(6) and air cooling systems(7). A recently acquired
partial translation of a textbook(8) provides additional details
on the ventilation system in the reactor hall and above the
reactor.

Early reports of the accident claim that the reactor had no
containment. These may have been based on recollection of early
systems. The material available indicates that a containment
system consisting of enclosure(s) , pressure suppression systems
and other supporting systems was installed to contain releases
from a substantial part of the reactor. The fuelling machine of
the reactor is not enclosed in a pressure-retaining structure.
The steam separators, channel upper end and associated piping are
not enclosed in compartments of the pressure suppression system.

It is worth noting that the international nuclear industry was
going through the throes of evaluating the "performance" of
containment of water-cooled and moderated reactors following
"severe accidents" at the time of Chernobyl. There are still
some issues which have not been satisfactorily resolved, such as
the ability of enclosures to withstand loading arising from core
meltdown scenarios. Chernobyl containment certainly did not
"perform", as it was destroyed in part or bypassed by the
accident. It had been designed for a single pressure tube
failure in the reactor space (vessel). The accident which
occurred led to multiple tube failures. All of the channels were
ultimately severed.

D.2 Chernboyl Reactor Building/Containment

D.2.1 Core Container

Information provided indicates that the core of the reactor
including the channels and the graphite is contained in a low
design pressure (about 2 atmospheres) tank filled with inert
gas. This tank is fitted with relief valves down into the
containment. A helium/nitrogen mixture is circulated through
this tank during normal operation.
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D.2.2 Reactor Building

Tha fuelling machine and the top of the reactor are enclosed in a
building of conventional structure. This structure plays a role
in limiting releases from the fuelling machine area during normal
operation, (It is likely it would also substantially reduce
releases arising from outlet tubing failures). Pictures of the
site and reports from witnesses indicate that the structure was
blown away during the course of the accident.

D.2.3 Containment

Figure D-l (from Reference 2) shows a schematic of a gas tight
enclosure which covers many parts of the reactor. Figures D-5
and D-6 show additional details. The text and figures indicate
features such as :

1) double bubbler ponds (suppression pools in western
jargon - the reason for two is not apparent?)

2) complex valving arrangement between compartments. This
arrangement swaps the "wet well/dry well" depending on
failure location. This design is aimed at minimizing
containment volume and design pressure.

3) bubbler ponds condense steam from main safety valves as
well as accidents.

4) sprinkler cooling system for cooling of air during
normal operation and after accidents.

5) system to remove hydrogen from the enclosure. An
abstract (7) indicates that sources of hydrogen are
controlled by catalytic combustion. The system has a
capacity of 800 m3/h and is designed for a postulated
release of hydrogen from the oxidation of 30% of the
fuel sheath.

Figures D-2 and D-3(4) show additional details although many of
the features (twin pools, valves, pumps) of Chernobyl can be
identified. These figures are of Smolensk. The same figures are
used in the accident report (9). Features identified include:

1) concrete structure coincident with the gas-tight box.
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2) approximate box volume of 60 x 50 x 40 x 1/2 = 60,000
m3 if a half of the box is filled with equipment.

3) no biological shield in the turbine enclosure is
needed(5) .

4) ventilation system allows for access in some areas.

5) ventilation includes aerosol and iodine filters and
discharges to stack (approximately 150 m high).

A recently acquired textbook(8) discusses several
features of the area immediately above the reactor which
surrounds the outlet tubing (and the steam separators?). This
volume is bounded below by the top of the reactor vault structure
and above by the floor of the reactor hall which is composed of
loose fitting shielding blocks. A ventilation system is
described which draws the atmosphere from this volume and
discharges it to the stack. Ingress of air to this volume is
through the loose fitting floor. An air flow is thus established
from the outside atmosphere into the reactor hall fuelling
machine area, then into the volume surrounding the upper ends of
the pressure tubes and outlet tubing and through the stack to the
outside atmosphere. This system is intended to allow access tc
the reactor hall and collect discharges from the outlet
tubing/end fitting area. The flow capacity of the ventilation
system is not provided. A section (8) on accident analysis which
discusses channel cooling with broken inlet feeder piping
indicates a minimum flow of 25t/hr. The inlet piping is 57 mm in
diameter. The outlet piping is somewhat larger at 76 mm
diameter. The text(8) discusses 1eak-before-break at
considerable length with respect to the 900 mm lines to the
pumps. Breaks in small pipes are said not to affect the
conditions of cooling circuit. (This information on the area
above the reactor suggests that the containment philosophy there
is that the steam separators will not fail and that any discharge
from broken outlet piping will be relatively uncontaminated (no
fuel failures) and sufficiently well "contained" by the
ventilation system and filters).

Figure D-4(6) identifies features of the suppression
system and an experimental model of it (1/70 scale of volume).

Abstract(6) shows design pressure of 0.35 MPa for pump
chambers and 0.18 MPa for lower feed pipework
(Chernobyl #2). These numbers are 0.45 MPa and 0.08
MPa.respectively, for Unit #4.
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D.3

No mention of steam line isolation valves has been
identified.

The upper ends of the channels are fitted with a
complex plug and seal(8) removable by the fuelling
machine.

Oxygen forms in the cooling system and is continuously
removed (T-10 mg O2/kg in separators (8)).

Entombment

The Soviets are proceeding to build an enclosure to
cover the damaged reactor and its associated buildings. It will
have concrete walls about a meter thick. It will also be fitted
with a once-through ventilation system which is intended to
remove decay heat from the remains of the reactor. A
recirculating ventilation system with a heat exchanger was
considered but recently rejected on the basis that a once-through
system would be easier to maintain. A hydrogen concern was also
mentioned.

During the early days following the accident there was
a concern the core would melt through the bottom of the building.
A heat exchanger on a concrete slab was built under the
foundations of the building to meet this eventuality. The system
turned out to be superfluous as the fuel remained in the reactor
vault.

D.4 Summary

Chernobyl Unit 4 was fitted with a containment with
many features of the containment systems with which we are
familiar. Major features include enclosure(s) pressure
suppressors, ventilation systems with filtering, stack,
atmospheric cooling, hydrogen removal, and iodine removal with
water sprays.

The enclosure covers less of the cooling system than in
western practice. The steam separators are outside the leak-
tight containment enclosure. The outlet piping from each channel
and the upper end of the channels is outside the containment
enclosure .

The containment system remained essentially intact with
the exception of the reactor space (vessel) following the
accident. The remainder of the containment was bypassed. A new
containment (entombment) consisting of an enclosure, ventilation,
filtering and monitoring systems is under construction at
Chernobyl Unit 4.
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fif. 1. Schematic diagram of gas-tight box: 1, I—'(as-tight box (caergency
and oon-eaergincy halves respectively); 2—dovneoaer lines; J—collectors of
main circulating pumps; A—distributing group collectors; 5~lower water line
conpartaent; A—reactor; 7—safety valve; 9—»ain circulating puap; 10—»oin
circulating puap lines| 11—bypass valve; 12—check valve panel; 13—lever
water line check valve; U—overflow tube; 15— surface type heat •schangcrs;

16—a teas duap linea {olloving aaln safety valves; 17—bubbler tank

Figure D-l
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Fig. 3-13. Cross-sectional vinw of the main building at Smolrnsk
;_f j r s t -stage condensate jjump- 5—125/20-1 overhead travelling cranr: .7 — sefiaralor-itenm superl't .ilrr; <— K-Tiilii •> •"./ ".UOii -.1 cam I in lime. ••>— con-
denser- 6—additional cooler; 7— low-pressure hratcr; «—deacrator, 9 — iu/in-t overhead travellinp n,mc; ;o —main i irculalun: pump, //--electric
motor'of main circulating pump; J2—drum separator; ; j —Mi/id-t lemoiely rontrolled nvcrJiead tr.ivellm- crane; 14 — refueling mecliainsm; 75 —
RBMK-1000 reactor- 16—accident containment valves; 17 — bubbler pond; IS— pipe aisle; to—modular eontrnl board; :u — location bcnentli control
board room- 21—liouse svitchcear locations; ''2—exhaust ventilation plant locations: ;'.7 —plenum vi-mil.ition plant lnri l ion^
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APPENDIX E

SOURCE TERM CONSIDERATIONS (D. Torgerson)

In general, the composition of the aerosols released during the
accident were reported by the Soviets to be characteristic of the
irradiated fuel composition, except for enhanced releases of
iodine, tellurium, and caesium.

The initial reactivity excursion is reported to have shattered
the fuel in the bottom 30% of the reactor. The fuel particles
dropped into water, producing a steam explosion (and hydrogen)
that destroyed the core, and produced a graphite/fue1 mixture.
The second explosion released fuel and fission products into the
air. Until the explosions, conditions in the fuel were highly
reducing, due to formation of hydrogen. Once the reactor vessel
was breached, oxygen entered the core and the shattered fuel
particles began to oxidize. This broke down the fuel matrix and
allowed fission products to escape. Fission products that are
volatile at 1700°C (I, Cs, Te) were released as gases. Non-
volatile fission products were released as aerosols. An
important point is that the hot, oxidizing conditions would
prevent the formation of Csl, and we would expect iodine to be
released as I2. As the I2 cooled, it would attach to aerosol
material. This is in marked contrast with release of iodine and
caesium in an HWR or LWR , where the hot reducing conditions in
the core would produce Csl, and only relatively cold oxidizing
conditions would be encountered in containment. Furthermore, the
hot oxidizing conditions brought about the enhanced release of
several low-volatile species that would not be expected in our
accident that does not involve fuel melting.

A further consideration is the graphite/fuel mixture. At high
temperatures (i.e., 1500°C), graphite and fuel can react to form
uranium carbide. This could contribute to the destruction of the
fuel matrix, and further enhanced the release of fission products
from the fuel.

Finally, the large scale release of fission products from the
fuel may also have enhanced the reaction of some species with the
material dumped on the core, with graphite and with oxygen.
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