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ABSTRACT

On April 26, 1986 an explosion occurred at the newest of four

operating nuclear reactors at the Chernobyl site in the U.S.S.R. Its

occurrence, at 1:24 a.m., has been identified as the hallmark of the

worst commercial disaster in the international nuclear industry.

However, the accident also initiated an international technical exchange

of almost unprecedented magnitude; this exchange was climaxed with a

meeting at the International Atomic Energy Agency in Vienna during the

week of August 25, 1986. The meeting was attended by more than 540

official representatives from 51 countries and 20 international

organizations.

Information gleaned from that technical exchange is presented in

this report. A description of the Chernobyl reactor, which differs

significantly from commercial U.S. reactors, is presented, the accident

scenario advanced by the Russian delegation is discussed, and

observations that have been made concerning fission product release are

described.

I INTRODUCTION

At 1:24 a.m. on April 26, 1986, two explosions, one immediately

following the other, signalled the occurrence of the worst disaster in

the commercial production of nuclear power worldwide. The accident

occurred in the newest of four operating reactors at the Chernobyl site

in the U.S.S.R., approximately 80 miles north of Kiev. As of early



The core of the Chernobyl-4 reactor is a vertical cylinder 11.8 m

in diameter and 7 m high, and is formed from 2488 graphite blocks that

measure 0.25 x 0.25 x 7 m. The blocks are assembled into columns with

axial cylindrical openings into which are inserted 1661 fuel channels

and 211 channels that house the control rods of the control and

protection system. The in-core portion of each fuel channel is made of

a zirconium-2.5% niobium alloy; it is 88 mm in diameter and has a wall

thickness of 4 mm. Outside the core, the zirconium alloy tubes are

connected by a vacuum diffusion welding process to corrosion-resistant

steel tubing. The control rod channels are similar in fabrication to

the fuel channels, but have a wall thickness of 3 mm.

Each fuel channel contains a fuel assembly consisting of two

3.5 m-long sub-assemblies. The sub-assemblies, in turn, are comprised

of 18 fuel rods arranged in two concentric rings. The fuel rods consist

of a stack of sintered uranium dioxide pellets, each 11.5 mm in diameter

and 15 mm long, which are encased in a zirconium-1% niobium alloy tube

that is 0.825 mm thick and has an outer diameter of 13.6 mm. The

individual fuel rods are welded in a helium atmosphere.

The core is cooled through two independent coolant circuits. In

each circuit, cooling water is delivered to the bottoms of the fuel

channels by three main circulating pumps (a fourth is in standby). The

water enters the fuel channel at a temperature of about 270°C and flows

upward through the fuel assembly. It is heated to saturation

temperature and in the final one-third of its transit through the



channel is partially evaporated to a maximum steam content of 20%. The

steam-water mixture exits the core at a temperature of 284°C and is

delivered to one of two steam separators in the circuit. The steam is

subsequently transported to the turbine that is associated with the

particular circuit. Condensate from the turbine is mixed with coolant

in the steam separators and returns to the suction of the main

circulating pumps. These pumps discharge into group dispensing headers

which in turn feed batches of smaller piping which deliver the coolant

to the fuel channels. A separate cooling system circulates water down

through the control rod channels; this system provides additional

cooling for the graphite, which normally operates at a temperature of

about 700°C.

The entire core is enclosed in a thin cylindrical steel vessel

through which a helium-nitrogen gas mixture flows continuously; in this

manner heat transfer within the reactor vault is improved and oxidation

of the graphite is prevented.

The reactor vault is housed in a concrete pit, whereas other

primary circuit components, such as the steam separators, main

circulating pumps, and the coolant-dispensing headers, are located in

separate concrete chambers that surround the reactor. The base of the

reactor building contains a two-tiered pressure-suppression system which

is designed to mitigate the consequences of coolant circuit piping

failures by condensing the resultant steam in a suppression pool.



At the time of the accident, the Chernobyl-4 reactor was fueled

with uranium that was 2.0% enriched in fissionable U-235. At this

enrichment, the core reactivity responds in a positive way to a decrease

in density of the water coolant, i.e., the reactor has a positive void

coefficient. This feature, which is not characteristic of commercial

U.S. reactors, played a prominent role in the accident.

Ill THE CHERNOBYL ACCIDENT

As indicated previously, the purpose of the experiment which gave

rise to the accident was to determine the feasibility of supplying

electrical power to selected reactor components from the reactor's

turbogenerators, in the event of a station blackout, during turbine

coastdown. Similar tests had in fact been conducted previously, in 1982

and 1984, but were unsuccessful in the sense that the generator output

decreased much more rapidly than the inertial energy of the turbine

rotor. The new test was an attempt to determine if this characteristic

could be circumvented by modifications which were made to the

generator.

At 1:00 a.m. on April 25, 1986, the reactor operators began to

reduce the reactor power as a preliminary to a planned shutdown of the

reactor for maintenance purposes. At 1:05 p.m., while the reactor was

at 502 of its rated power, one of the two turbogenerators was isolated

from the circuit and shut down. The electrical system was then

configured so that electrical power for the reactor's own needs

(including four of the six operating main circulation pumps) was being



supplied by the turbogenerator that would subsequently be involved in

the experiment.

At 2:00 p.m., the reactor's emergency core cooling system was

valved out of the system in accordance with the test program procedures,

but the reactor shutdown operations were then interrupted in response to

a request to keep the reactor on the electrical grid. The reactor was

thus permitted to supply power to the grid for a period of time while

its emergency core cooling system remained isolated. Although this had

no bearing on the accident, it was nonetheless a clear violation of

operating procedures. The interruption in the power reduction

operations did result in a perturbation of the fission product xenon

equilibrium, however, and this was an important contributory factor.

At 11:10 p.m., the reactor was removed from the grid and the power

reduction was resumed. The experiment with the turbogenerator was to

begin when the power level was at 20-30Z, but an operational error

occurred involving the required transfer from local to global power

control, and the reactor power level fell below 1%. It was not until

1:00 a»m. on April 26 that the operators were able to stabilize the

core, and then only at a power level of 6%.

At 1:03 a.m. and at 1:07 a.m. one and then the other of the two

standby main circulation pumps were put into operation. At this point

two pumps in each circuit were being powered from the test

turbogenerator and the remainder from another power source. Because the

reactor power was considerably less than the level originally planned



for the test, the hydraulic resistance of the core and piping was lower

and, as a consequence, when all eight circulation pumps were put into

operation, some of the pumps were delivering flow rates in excess of

permissible values. This was a further violation of operational

procedures. More significantly, however, the increased flow of coolant

through the core resulted in a decrease of reactivity and changes in

pressure and water level in the steam separators.

The operators attempted to sustain the pressure and water levels

in the steam separators within the operational limits by manual means,

but when they were unable to do so completely, they blocked the

emergency protection signals associated with these parameters in order

to conduct the experiment. During this period the control rods were also

being manipulated in order to maintain reactivity in the core, and at

1:22:30 a.m. the operators noted that the reactivity reserve margin was

considerably less than the minimum permissible. This condition alone

warranted immediate shutdown of the reactor, but was ignored.

Just before the start of the experiment, the operators abruptly

reduced the flow of makeup water, and this would eventually cause a

reactivity increase in the core due to the positive void coefficient.

In addition, the operators also disarmed the automatic shutdown which

would have occurred when the steam supply to the test turbogenerator was

stopped, since a reactor scram would not have permitted a possible

second attempt at the performing the experiment.



Finally, at 1:23:04 a.m. the operators closed the valves to

Isolate the turbogenerator from its steam supply and the coastdown

began. The system steam pressure began to rise because the coolant flow

was decreasing as power to the four pumps being fed by the test

turbogenerator decreased.

At this point, however, the core had been brought to a state such

that a small change in reactor power would produce a change in

volumetric steam quality significantly greater than that which would

occur in normal operation. And, because of the positive reactivity

feedback, this would result in a further increase in power, so that the

two effects could produce a runaway condition.

Such a condition had in fact occurred, and an attempt was made to

scram the reactor at 1:23:40 a.m. At about 1:24 a.m. two explosions

were heard, one after the other, and fragments of burning material shot

into the air above the reactor building.

Currently two possible causes of the explosions have bsen

proposed. In the first, the initial explosion is thought to be due to

simple rapid overpressurization of the coolant system due to the

coolant-power mismatch, followed by fragmentation of the fuel and its

rapid ejection into whatever coolant remained. The second explosion

then resulted from the fuel-coolant interaction (a steam explosion).

The second hypothesis proposes that fuel fragmentation and the

resultant fuel-coolant interaction were responsible for the initial

explosion, which tore the core apart. The second explosion was then due



to the detonation of hydrogen which was formed by the reaction of the

zirconium alloy with steam and which was delivered and mixed with the

air in the reactor building during the first explosion.

The explosions, regardless of their nature, caused the Initial

releases of radioactivity to occur at elevated heights rather than at

ground level and, unfortunately, destroyed all capabilities to cool the

disrupted core by the systems designed for this purpose.

IV CONSEQUENCES

Military helicopters began to drop materials on the exposed core

on April 27. These included boron compounds (to prevent recriticality),

dolomite (to oxygen-starve the burning graphite), lead (to provide

shielding), and sand and clay (to act as a filter for the aerosols and

fission products).

After the initial release of radioactivity on April 26, the rate

of release of fission products gradually decreased and, between April 30

and May 1, appeared to level off at a value that was about one-sixth the

rate experienced on the day of the accident. However, on May 2 an

increase in fission product release began to occur and reached a maximal

value on May 5 that was about 75% of the April 26 release. (The Soviet

scientists corrected their results for decay using May 6, 1986 as the

basis . As a consequence, the amount of radioactive material (in Curies,

for example) actually released on May 5 was considerably less than 75%

of the April 26 release.) On May 6, after injecting nitrogen into the

space beneath the reactor, the rate of escape of fission products into
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the environment dropped sharply. On May 23, the release rate was

estimated to be about 20 Curies/day.

Studies had been made at Oak Ridge National Laboratory of the

distribution of fission products in samples of the radioactive fallout

in Scandinavia and Western Europe. It was concluded from this analysis

that the initial release, which was transported to Scandinavia, was

consistent with fragmentation of the fuel under conditions which were

generally of a chemically reducing character. The fallout over Western

Europe, however, which was characteristic of fission product release

from Chernobyl about April 28, yielded a fission product distribution

enhanced in ruthenium, molybdenum, tellurium, and possibly iodine. This

suggested a change in the chemical environment to oxidizing conditions

(which is consistent with burning of the graphite).

The Soviets estimated that about 3% of the fuel inventory (and its

associated fission products) had been released into the environment. In

addition, quantitative release of the noble gases (krypton and xenon)

were believed to have occurred, along with 10-20% of the inventories of

the moderately volatile fission products (iodine, cesium, and

tellurium).

In all, some 7 million Curies of iodine-131 (decay corrected to

May 6, 1986) were estimated to have been released into the environment

as a result of the Chernobyl accident, and, more significantly, about

1.5 million Curies of cesium-134 and cesium-137. The Three Mile Island

accident, in contrast, resulted in the release of about 15 Curies of
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iodine-131 and no detectable releases of radioactive cesium. Because of

the long half lives of the cesium isotopes (2 years for Cs-134 and

30 years for Cs-137), the extent to which these fission products can be

extracted or stabilized in the surrounding environs will determine the

habitability of the site and the area adjacent to it.

V CONCLUDING REMARKS

Not uncharacteristically, details concerning the Chernobyl

accident were slow to be released by the Soviets. Indeed, the first

indication of an accident involving a Soviet nuclear reactor was

initially released by Swedish experts on the basis of radioactive

fallout which occurred over Scandinavia almost 2 days after the event

occurred. Subsequently, the continued lack of information from

knowledgeable sources resulted in rampant speculation regarding both the

nature of the accident, the status of the reactor site, and the

consequences of the occurrence. No doubt some of the speculation could

have been alleviated had the Russian technical community reponded with

information in a more timely manner.

On the other hand, and in a move that appears to have no parallel

in modern history, the Russian govenment agreed to present its study of

the cause and consequences of the Chernobyl accident to the

international community through the International Atomic Energy Agency

(IAEA), and to submit its experts to inquiry by their international

colleagues, (in contrast, although two major investigations of a
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similar nature were made of the Three Mile Island accident, neither of

these, The Report of the President's Commission and the Report of the

Nuclear Regulatory Commission's Special Inquiry Group, had been

submitted in as formal a way to the international community.) The

meeting of the IAEA helped to highlight the need for broad technical

exchange not only in the area of nuclear reactor safety, but in accident

response and radioactivity decontamination as well.

The Chernobyl accident, like the acid rain issue associated with

the production of electrical energy from fossil fuels, served as ample

reminders of the extent to which interrelationships among the world

communities exist. The sophisticated technological advances that have

been made have given new meaning to the words penned over 350 years ago

by John Donne:

"No man is an island, entire of itself; every man is a

piece of the continent, a part of the main; if a clod

be washed away by the sea, Europe is the less, as well

as if a promontory were, as well as if a manor of thy

friends or of thine own were; any man's death diminishes

me, because I am involved in mankind; and therefore never

send to know for whom the bell tolls; it tolls for thee."

- Devotions XVII (1623)


